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Abstract: 
Bovine leukemia virus is an RNA virus of the Retrovivridae family. It causes a chronic infectious disease in farm animals that 
poses a serious threat to global cattle farming. According to phylogenetic studies, the pathogen is classified into 12 genotypes. 
This comprehensive bioinformatic analysis featured new bovine leukemia virus isolates (n = 57) sampled from various regions 
of the Russian Federation with different epizootic situations. The analysis featured both new sequences and old samples from 
Russia available in the National Center for Biotechnology Information. This large-scale approach made it possible to cover all 
known genotypes. 
G4 genotype was associated with major amino acid substitutions in gp51 (T47A, A73P, R121H in epitope G; S56F in epitope H;  
I144T in ND2; D166G in CD8+). These substitutions provide a selective advantage through immune evasion mechanisms, 
including escape from humoral immunity, impaired T-cell recognition, and increased receptor affinity. G4 also correlated with 
rapid progression.
The rapid replacement of G7 by G4 in the Tyumen Region and the general dominance of G4 in Russia were due to a more 
aggressive course of infection resulting from the genetic ability of the pathogen to adapt to the host immune system. The 
obtained data underscore the necessity of developing genotype-specific diagnostic systems and implementing routine 
molecular-genetic monitoring to control the spread of bovine leukemia virus. New data on genetic variability and its impact on 
genotype-phenotype correlations may help curb the infection.

Keywords: Bovine leukemia virus, bioinformatic analysis, genotype G4, gp51, amino acid substitutions, env gene, epitope, 
epizootiology, virus evolution, diagnostics
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INTRODUCTION 
Bovine leukemia virus (BLV) belongs to the Del-

taretrovirus genus of the Retroviridae family. It causes 
enzootic bovine leukemia (EBL) [1–4]. The infection 
has a prolonged latent stage with the virus triggering 
polyclonal expansion of infected B-lymphocytes that 
express the phenotypic markers CD5⁺ and IgM⁺. This 
proliferation clinically manifests as persistent lympho-
cytosis which progresses to malignant B-cell lymphoma 
or leukemia in the terminal stage [5–7].

The surface glycoprotein gp51 (SU) is crucial for 
BLV pathogenesis. It is encoded by the env gene. The 

receptor binding domain (RBD, 1–173 amino acids) in-
teracts with the CAT-1 receptor of B-cells [8, 9]. Neu-
tralizing domains ND1 (97–106 amino acids), ND2 
(131–150), and ND3 (210–225) are targets for antibodies 
that block the infection [10, 11]. T-cell epitopes (gp51N5, 
gp51N11, gp51N12) induce the CD4⁺/CD8⁺ cytotoxic re-
sponse [12]. 

The pathogenic adaptation of env is driven by its ge-
netic variability, particularly in the N-terminal region [13]  
of gp51 (1–155 amino acids). Substitutions in the neu-
tralizing domains disrupt the conformation of ND1 
epitopes, thus reducing the affinity of neutralizing anti-
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bodies [14, 15]. N-glycosylation mutations enhance the 
fusion of viral and cellular membranes, increasing the in- 
fectivity [13]. Recombination between G4/G7 genotypes 
in the env region may result in chimeric strains [16]. 
Apart from affecting laboratory diagnostics, such quasi-
species with their altered pathogenicity pose risks of in-
terspecies transmission [17–19].

Mutations in env can alter the infectivity, replica-
tive capacity, and pathogenicity of BLV. Studying them  
is important for new diagnostic and preventive strate-
gies [15, 20–22].

In industrial cattle farming, effective diagnostic and 
preventive measures depend on the severity and the rate  
of pathological and clinical symptoms. These  two factors  
are important from a practical perspective [1, 2, 23, 24]. 
Faulty laboratory control data to correlate with the ge-
netic variability of individual pathogen isolates. Genetic 
variability in the ND of gp51 directly compromises the-
accuracy of standard serological tests, e.g., ELISA (en-
zyme-linked immunosorbent assay) or AGID (agar gel 
immunodiffusion) kits. It happens as a result of a mis-
match between the epitopes of the test system and the 
circulating strain. For some BLV genotypes, the sensi-
tivity of AGID drops by 15–30% [1, 20, 25]. For natural 
epizootic, the polymerase chain reaction (PCR)-based 
identification often fails due to the genetic variability of 
the pathogen mutations in the target sites of primers.

Early studies of the env gene were limited to 444 base  
pairs, failing to detect many recombinations of the gly-
coprotein gp51 and quasispecies. Current strategies in-
clude a larger fragment when assessing important amino 
acid substitutions in the BLV glycoprotein gp51 (SU). 
The whole-genome sequencing covers 8,714 base pairs 
with subsequent classification into phylogroups (A, B-1, 
B-2, C) [26]. The deep sequencing includes 970 base 
pairs. It amplifies the region that encompasses all func-
tional domains of gp51 (RBD, ND1-ND3, T-epitopes) [20,  
25, 27–29]. Currently, researchers continue to accumu-
late more data on nucleotide substitutions in the env re-
gions associated with BLV infectivity, replication, and 
pathogenesis [15, 20].

Our study featured the genetic heterogeneity and 
pathogenetic mechanisms of BLV. It relied on the mo-
lecular genetic determinants (amino acid substitutions 
in the gp51 glycoprotein of the env gene) from samples 
obtained across Russia.

The EBL epidemic safety differs from region to 
region. Our research is the first all-Russian compre-
hensive genetic analysis of BLV. For G4 strains, we es-
tablished the range of specific amino acid substitutions 
in the domains of the gp51 glycoprotein that determined 
its antigenic properties (T47A, A73P, R121H in the G 
epitope; S56F in H; I144T in ND2; D166G in CD8+). As 
a result, we modelled a molecular mechanism that ex-
plains the selective advantage and increased virulence 
of the G4 genotype. The identified substitutions cause 
a complex impairment of the immune response. Modi- 
fied G and H epitopes were the primary drivers of the 
evasion of humoral immunity while the changes in the 

CD8+ domain resulted in impaired T-cell recognition. 
We established a direct correlation between the circula-
tion of genotype G4 and unfavorable epizootic indica-
tors, including the prompt clinical manifestations. This 
fact confirms that G4 is more virulent than G7. The 
new fundamental data substantiate the need to improve 
the diagnostic and monitoring system for BLV. Geno-
type-specific diagnostic systems and regular molecular 
genetic monitoring may track the genetic changes in 
BLV and curb the spread of EBL.

STUDY OBJECTS AND METHODS 
The study was conducted at the Ural Scientific Re-

search Veterinary Institute – structural subdivision 
of the Ural Federal Agrarian Scientific Research Cen-
tre, Ural Branch of the Russian Academy of Sciences 
(Yekaterinburg, Russia). The clinical trials took place on 
agricultural premises in the regions of Sverdlovsk, Tyu-
men, and Krasnodar. The subjects included local cattle 
of various age and sex, as well as experimental sheep.

The animal studies followed the primary Interna-
tional Guiding Principles for Biomedical Research In-
volving Animals (Council for International Scientific 
Organizations, Geneva, 1985); the European Conven-
tion for the Protection of Vertebrate Animals used for 
Experimental and Other Scientific Purposes (Stras-
bourg, 1986); the Position on the Ethics of Animal Use 
in Research (Russian Science Foundation). The ani-
mal experiment protocol was approved by the Ethics 
Committee of the Ural Scientific Research Veterinary 
Institute – structural subdivision of the Ural Federal 
Agrarian Scientific Research Centre, Ural Branch of the 
Russian Academy of Sciences (Yekaterinburg, Russia). 
All experiments followed the procedures for virological 
bioassays (Gulyukin, 2008). All animal manipulations 
were performed by qualified veterinarians. Animal 
housing and nutrition followed standard physiological 
and veterinary-sanitary guidelines. 

The serological screening relied on a solid-phase en-
zyme-linked immunosorbent assay (ELISA) using the ID  
Screen® bovine leukemia virus (BLV) Competition re-
agent kit (Vet Factor LLC, Russia). The results were re-
corded using an iMark TM photometer (Bio-RAD, USA).

The hematological studies involved an Abacus Junior 
Vet hematology analyzer (Diatron, Hungary) and a Mi-
cros MCX100 microscope (Micros Austria, Austria).

The immunological parameters in animals were deter- 
mined by assessing the content of T- and B-lymphocytes  
in a spontaneous e-rosette test with sheep erythrocytes  
for T-lymphocytes (E-ROL), T-helper lymphocytes 
(CD4+), and T-suppressor lymphocytes (CD8+), as well  
as with murine erythrocytes for B-lymphocytes (M-ROL).

The phagocytic activity and neutrophil index were 
obtained by the opsonophagocytic reaction using latex 
phagocytosis as proposed in Smirnov’s methodologies. 

The circulating immune complexes were described 
by selective precipitation with polyethylene glycol on a 
Bio-Rad iMark microplate photometer (Bio-Rad Labo-
ratories, USA).
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The blood microscopy was imaged with a micro-
scope equipped with an Axiocam 208 digital camera 
(Carl Zeiss, Germany). 

The DNA extraction and quality control involved a 
commercial AmpliPrime RIBO-prep VET kit (Nekst-
Bio LLC, Russia).

The DNA concentration was measured using a Qubit4  
Fluorometer (Thermo Fisher Scientific, USA) with a Qu- 
Dye dsDNA HS reagent kit (200×; Lumiprobe, Russia).

The molecular genetic screening relied on a realtime  
PCR using the commercial Ampli Sens Leukosis reagent  
kits (InterLabServis LLC, Russia) and a CFX96 Touch 
thermal cycler (Bio-Rad, USA).

The procedure of targeted amplification was as fol-
lows. We amplified 970 base pairs of env using a modified  
semi-nested PCR method. The mix consisted of 100 mM  
Tris-HCl (pH 8.5 at 25°C); 100 mM KCl; 0.4 mM of each  
dNTP; 4 mM MgCl2; 0.06 units/µL Taq DNA polymerase, 
0.2% Tween 20; and HS-Taq DNA polymerase stabiliz-
ers, 0.35 µM of each primer.

The primers and amplification conditions were repli-
cated from a study of Pluta et al. [27] with minor mod-
ifications. Round 1 involved AP_4762 and ZM2_5786  
at the following temperature conditions: 95°C – 5 min; 
40 cycles: 95°C – 25 s, 62°C – 25 s, 72°C – 50 s, 72°C –  
10 min. Round 2 featured AP_4762 and ZM5_5733 at 
the same temperature conditions, except for the higher 
annealing temperature (66°C).

The Sanger sequencing was performed on an Ap-
plied Biosystems 3500 Genetic Analyzer in two direc-
tions, using forward (AP_4762) and reverse (ZM5_5733) 
primers. This test provided sequences up to 900 nucle-
otide pairs. The bioinformatics analysis included such 
software as FinchTV, SeqScape 3.0, and megax 10.0.5, 
as well as the BLAST web service. The analysis started  
with a primary alignment to the BLV reference whole- 

genome sequence from the National Center for Biotech-
nology Information (NC_001414.1) followed by manual 
editing (Fig. 1). 

The analysis included a fetal lamb kidney (FLK) 
BLV sample obtained from a virus-producing cell line 
that was prepared and cryopreserved in the laboratory 
in advance.

RESULTS AND DISCUSSION
The molecular-genetic studies featured biological 

material of bovine leukemia virus (BLV)-seropositive 
animals from three Russian regions. According to rou-
tine serological and hematological studies as of early 
2023, these regions had the following enzootic bovine 
leukemia (EBL) situations. Krasnodar Region: 823 clus-
ters, 472 animals with hematological stage; Tyumen 
Region: 282 clusters, 152 animals with hematological 
stage; Sverdlovsk Region: 26 clusters, no animals with 
hematological stage [30].

Previously, the following BLV genotypes were re-
ported in these areas. Krasnodar Region: G4 (Belgian) 
and G7 (Australian), with G4 predominating; Sverdlovsk 
Region: G7; Tyumen Region: G4 in all samples, with G7 
predominating in 2010. These results indicated a shift in 
the BLV genotype circulating in these cattle populations. 

Based on clinical and immunological studies, sub-
leukemic (leukocyte concentration 25.1–40.0×109/L) and  
leukemic stages (≥ 40.0×109/L) were more frequent in 
the regions with G4 genotype. Subleukemic cows ex-
hibited severe endogenous intoxication with an active 
inflammation, stressed hematopoietic system, and im-
balanced reactions in the cellular and humoral parts of 
the immune system. They also had varying degrees of 
deviations in the T-cell and B-cell mediated immunity. 
This fact indicated a persistent epizootic situation in the 
region and a severe course of the disease.

Figure 1 Aligning amino acid sequences of bovine leukemia virus glycoprotein gp 51 from different Russian regions in megax 10.0.5
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We studied the pathogenetic characteristics by in-
fecting laboratory sheep with biomaterial from cattle 
with different BLV genotypes.

The sheep (7–8 months; n = 6) were injected abdomi- 
nally with virus-containing leukocyte material from 
whole bovine blood. Group 1 received G4, Group 2 re-
ceived G7, and Group 3 remained intact. The sheep 
stayed under clinical observation for 70 days. Samples 
were first collected on day 1 for baseline values, and then  
on days 10, 30, 40, and 70 after infection. The test para- 
meters included: peripheral blood, relative and absolute 
counts of T-lymphocytes and B-lymphocytes, phagocytic  
activity of neutrophil cells, and circulating immune 
complexes. On days 1 and 2, the experimental animals 
revealed no immediate or delayed hyperimmune reac-
tions to the virus-containing leukocyte material.

Enzyme-linked immunosorbent assay (ELISA) and 
polymerase chain reaction (PCR) tests were used to di-
agnose BLV infection in sheep from both experimental 
groups on days 14–27, i.e., the interspecies barrier was 
overcome during parenteral inoculation of infected 
biological material. The T-cell and B-cell immunity 
demonstrated a higher count of T-lymphocytes in both 
experimental groups on day 10. The count of T-lympho-
cytes increased by a factor of 1.2–1.3 (3.48–3.77×109/L), 
compared to the background values (2.90 ± 0.13×109/L). 
The increase was quite natural, associated with anti-
body response to the antigen. On day 30, we observed 
an almost identical increase in the count of B-cells: in 
was 2.01–2.34×109/L in the infected animals, with back-
ground values of 1.81 ± 0.09×109/L. These results con-
firmed the adequacy of the immune response to BLV 
antigens in the experimental animals.

The Group 1 sheep infected with BLV genotype G4 
developed a more severe pathological process.

The semi-nested PCR method [27] yielded 57 ampli-
cons of various origins.

To determine the BLV genotype, the amplicons were 
aligned with isolates from the NCBI GenBank database. 
The isolates were of different geographic origins. Ac-
cording to phylogenetic analysis, they belonged to geno-
types G1 to G12. The analysis involved sequences from 
other regions of Russia (including old data). The total 
number of isolates in the multiple alignment and subse-
quent bioinformatics analysis was 166 (Table 1).

A separate stage of the bioinformatic research was 
the study of amino acid substitutions in the epitopes or 
functional domains of gp51 (SU) using the megax soft-
ware package (Fig. 2–4). 

Figure 2 shows the differences from the reference 
sequence FLK-BLV M35242.1 (G1), which, togeth-
er with NC_001414.1/BLV ref (isolate G4), served as a 
control. Sequence numbers are on the left. The colored 
horizontal bands above the alignment show the anti-
genic determinants in the structure of the surface gly-
coprotein gp51: Signal peptide (pink), conformational 
epitopes F (orange), G (blue), H (purple), ND1 – neu-
tralization domain (light green), and CD4+ and CD8+ 
T-cell epitopes (green).

Figure 3 illustrates the differences from reference 
sequence FLK-BLV M35242.1 (G1). It was sequenced 
together with other isolates and included in the multiple 
alignment data as a control together with NC_001414.1/
BLV ref (isolate G4). Sequence numbers are on the left. 
The colored horizontal bands above the alignment show 
the antigenic determinants in the structure of the sur-
face glycoprotein gp51: Conformational epitope G (blue), 
linear epitopes E, E’ (gray), ND 1,2 – neutralization do-
mains (light green), and CD4+ and CD8+ T-cell epitopes 
(green). The zinc-binding peptide region is marked with 
light blue, and the hinge region of GYDP is yellow.

Figure 4 shows the differences from reference se-
quence FLK-BLV M35242.1 (G1). It was sequenced with 
the isolates to serve as a control together with reference 
NC_001414.1/BLV ref (isolate G4). Sequence numbers 
are on the left. The colored horizontal bands above the 
alignment show the antigenic determinants in the struc-
ture of the surface glycoprotein gp51: Linear epitopes A, 
B, B’ and D, D’ (gray), ND 3 (light green), and trans-
membrane hydrophobic region (TMHR) (red).

The major amino acid substitutions were localized 
in an N-terminal part of gp51 (SU) polyprotein: T47A, 
A73P, A119T, and R121H in epitope G; S56F in epitope 
H; D81N, N84D; ND2 in epitope of CD8+ T-cells (N5); 
I144T, L149V, K150R, L155I in epitope of CD8+ T-cells 
(N11 and N12), in the zinc-binding region of the pep-
tide; and D166G in CD8+ epitope, in the hinge region 
β-turn structural motif of GYPD (Table 2).

Some of the identified amino acid substitutions 
were reported in [25, 27, 31–35], but some were unique 
in Russia (T47A, A119T, D81N, N84D, L155I, D166G), 
maybe, even random.

For the first time, we identified samples of genotype 
G4 with H121R substitution, which are more typical of 
G7 isolates (samples kk1, kk7).

The highest number of amino acid substitutions be-
longed to G4 isolates. However, sequences of genotype 
G7 were more conservative.

The nucleotide substitutions in the glycoprotein gp51 
(SU) are responsible for infectivity, replication, and 
pathogenesis, i.e., they may lead to a more malignant 
course of EBL.

Major amino acid substitutions and their func-
tional impact. Epitope G (T47A, P73A, A119T, R121H). 
Epitope G (48, 73, 74, 82, 121 amino acids) is the key 
immunodominant B-cell determinant of gp51 (SU) [11].

Antibodies that target this glycoprotein domain ac-
tively neutralize viral particles. Epitopes F, G, and H 
of gp51 (SU) are conformational, thus the shape of the 
macromolecule depends on disulfide bonds and glyco-
sylation [36].

T47A is a region near G epitope. We detected its 
substitution in G4 samples from the Tyumen Region 
(to3-to41). Threonine at position 47 can form hydrogen 
bonds due to its hydroxyl group. Substituting it with al-
anine (a hydrophobic amino acid) can disrupt the local 
hydrophilicity and lead to the loss of the glycosylation 
site, disrupting protein folding and stability.
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Table 1 Bovine leukemia virus isolates in multiple alignment and amino acid substitution analysis of glycoprotein gp51 (n = 166)

Region of origin Genotype Name/ NCBI code Number
Sverdlovsk Region (this study) G7 tu3, tu5, tu6, tu8, tu9, tu10, tu11 7

Tyumen Region (this study)
G4 to1, to3, to4, to5, to6, to7, to8, to9, to11, to14, to15, to16, to17, to19, to21, 

to24, to26, to28, to29, to31, to32, to33, to34, to36, to38, to39, to41, to42
28

G7 to10, to13, to18, to44 4

Krasnodar Region (this study)
G4 1kk, 2kk, 3kk, 4kk, 6kk, 7kk, 8kk, 9kk, 10kk, 11kk, 12kk, 13kk, 14kk, 

16kk, 17kk, 18kk, 19kk, 20kk
18

Bashkortostan Republic, 2021 G4 bash3, bash11, bash16, bash18, bash20, bash27 6

Tyumen Region, 2020

G4 OK283585.1/1CH, OK283599.1/2CH, OK283602.1/3CH, 
OK283614.1/9CH, OK283570.1/10CH, OK283580.1/17CH, 
OK283582.1/18CH, OK283588.1/21CH, OK283591.1/23CH, 
OK283595.1/25CH, OK283598.1/28CH, OK283586.1/1F, 
OK283587.1/20F

13

G7 OK283612.1/8CH 1

Historical samples, 2010

G4 1.Russia (Krasnodar), 2.Russia (Krasnodar), 2k.Russia (Kurgan), 6T.Russia 
(Tyumen), JF720358.2/10C (Chelyabinsk), 4Z.Russia (Chelyabinsk), 
5Z.Russia (Chelyabinsk)

7

G7 3k.Russia (Kurgan), 4k.Russia (Kurgan), 5T.Russia (Tyumen), 5T.Russia 
(Tyumen), JQ353633.1/1S-c6 (Tyumen), JF720350.2/2S (Tyumen), 
JF720351.2/3S (Tyumen), JF720352.2/4S (Tyumen), 4_Russia 
(Sverdlovsk), 5_Russia (Sverdlovsk Region), HM563749.3/5_ (Sverdlovsk 
Region), HM563750.2/2 (Sverdlovsk), HM563760.2/3-3  
(Sverdlovsk Region)

13

Novosibirsk Region 
G4 OP850751.1/Tatarsk58, ON799104.1/57_Bol, OL660389.1/51_Koch, 

OP850795.1/Toguchin55, OL660248.1/75_Razd
5

G7 OL660401.1/53_Koch, OL660358.1/49m_Koch_, JQ686119.1/NK13 3

Elsewhere in Russia 
G4 JQ686091.1/MC45 (Moscow Region) 1
G7 JN695879.1/9V (Vologda Region) 1
G8 JQ675760.1/MKC3511 (Moscow Region) 1

Foreign references

G1 flk, M35242.1/FLK-BLV, D00647.1/pBLV-A1 (Australia), EU266063.1/
Tehran (Iran)

4

G2 AF257515.1 (Argentina), LC080654.1/lima40 (Peru) 2
G3 AF033818.1/G4 (USA), KP201465.1/GBGS-12 (Korea) 2
G4 MG204552.1/IR-Esfehan (Iran), EF065648.1/USCA-2 (USA), U87872.1/3 

(Germany), MN966688.1/K1170 (SAR), M35240.1/LB285 (Belgium), 
M35238.1/LB59 (France), LC498580.1/DZ1.4 (Egypt), LC193462.1/
Zambia01-2016 (Zambia), LC060795/1_4 (Mongolia), KF801459.2/8MD 
(Moldova), HQ902258.1/1 (Belarus), HM563781.2/4-2 (Ukraine), 
HM563778.2/70 (Poland), HM563774.3/68 (Poland), EU262575.2/301 
(Poland), S83530.1/I2 (Italy), AY515273.1/96 (Chili), FJ808596.1/LS-
SFB (Argentina), MK820044.1/B3008 (China), OK945989.1/26AT 
(Kazakhstan), OK945958.1/K5 (Kazakhstan), OK945979.1/8D_BKO 
(Kazakhstan), (Kazakhstan), OK945972.1/50K_CKO (Kazakhstan), 
OK945959.1/K8 (Kazakhstan), OK631885.1/1PZ (Kazakhstan), 
NC_001414.1/BLV ref

26

G5 EF065645.1/CRAG-1 (Costa-Rika), EF065643.1/CRLV (Costa-Rika) 2
G6 FJ808582.1/PL-1238 (Argentina), AY185360.2/151 (Brazil), LC080656.1/

par62_PAR (Paraguay)
3

G7 LC060801/1_10 (Mongolia), KF801467.2/1MD (Moldova), 
KF801464.2/14MD (Moldova), KF801457.1/13MD (Moldova), 
HM563763.2/160 (Poland), EU262555.2/151 (Poland), OK945983.1/11be 
(Kazakhstan), OK631887.1/12PP (Kazakhstan), OK945970.1/12K_CKO 
(Kazakhstan)

9

G8 HM563764.3/4-6 (Ukraine) 1
G9 LC080659.1/mon1_BOL (Bolivia), LC080668.1/por28_BOL (Bolivia) 2
G10 LC154064.1/L2 (Myanmar), KU233561.1/Sa8-H1 (Thailand) 2
G11 KU764747.1/E102 (China), KU764746.1/E101 (China) 2
G12 OK945975.1/9S_BKO (Kazakhstan), OK945974.1/7S_BKO (Kazakhstan), 

OK945977.1/15D_BKO (Kazakhstan)
3
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The A73P substitution was detected in all isolates 
of G4 genotype. Alanine at position 73 imparts flexibil-
ity to the local polypeptide chain. Proline has a cyclic 
structure (pyrrolidine ring). Substitution with proline 
can increase chain rigidity by affecting its shape or 
hinge, which potentially correlate with the conforma-
tional dynamics of the entire region. 

We detected the A119T substitution in the G7 isolate 
from the Sverdlovsk Region (tu3). This substitution was 
not random, as it had been detected in the same region 
in 2020 (3CH, 17CH, 23CH, 1F, 20F), but it was iden-
tified for G4 genotype. Alanine at position 119 is a hy-
drophobic amino acid whereas threonine is polar. This 
substitution may increase the hydrophilicity of this re-
gion of the N-terminal region of gp51 (SU). An extra 
potential glycosylation site may affect protein folding 
and stability, which correlates with antibody interaction.

The R121H substitution is typical of all BLV G4 
samples. However, we registered its reverse variant, 
H121R, in two BLV G4 isolates from the Krasnodar Re-
gion (kk1, kk7). H121R is typical of G7 (in this study as 
well). As with A119T, this phenomenon indicates cross- 
recombination between the G4/G7 genotypes of BLV. 
Arginine has a positively charged guanidine group 
while histidine has a variable charge, i.e., it can be 
neutral or positive, depending on the environment pH. 
This substitution can significantly alter the electrostat-
ic properties of this glycoprotein region, thus disrupting 
salt bridges or hydrogen bonds with other amino acids. 

Changes in the electrostatic potential affect the binding 
to cellular receptors and recognition by neutralizing an-
tibodies due to the changes in epitope conformation.

Epitope H is a crucial neutralizing epitope. We iden-
tified the amino acid substitution substitution of S56F in 
the G4 samples from the Tyumen Region (TO3, TO11, 
TO14, TO15, TO19, TO24, TO26, TO32, TO33, TO36, 
TO38, TO41). It was previously reported in Novosibirsk,  
Moldova, Kazakhstan, and France. A small polar amino  
acid (serine) is replaced with a large hydrophobic aromat- 
ic amino acid (phenylalanine), which can cause steric 
obstacles and significant changes in protein conforma- 
tion. The S56F substitution must alter the antigenic archi- 
tecture of this epitope, which allows the virus to evade 
recognition by existing antibodies. Mamoun et al. [37] 
proved that the amino acid substitution of S56F in the 
H epitope altered the recognition of the monoclonal an-
tibody to this immunogenic region by replacing a small 
serine residue with a large hydrophobic phenylalanine 
residue [25].

The N-terminal region of gp51 (SU) contains con-
formational epitopes F, G, and H, which are critical 
for recognition by neutralizing antibodies [38]. It con-
tains (1–173 amino acids) the receptor-binding domain 
(RBD), which mediates binding to the cellular recep-
tor (CAT1/SLC7A1) and triggers membrane fusion [9]. 
Johnston et al. [8] reported systematic single amino acid 
substitutions in 23 BLV env gene variants. The substi-
tutions in the N-terminal region (SU) often retained the 

Table 2 Amino acid substitutions in bovine leukemia virus glycoprotein gp51 (SU) (n = 57)

Epitope  
or region

Mutation Biochemical changes Possible structural effects Possible immune effects Genotype

G

T47A –OH group lost (Thr → Ala) Hydrogen bond disrupted Lower antibody affinity G4
A73P More rigid (Ala →Pro) β-hinge changed Poor recognition  

of conformational epitopes
G4

A119T –OH group added (Ala → Thr) Possible glycosylation Epitope masking G4, G7
R121H Different charge (Arg → His) Hydrogen bonds with 

other amino acids 
disrupted

Poor recognition 
of epitopes; poor 
neutralization; bonds with 
cellular receptors disrupted

G4, G7

H S56F Hydrophobization (Ser → Phe) Immersion in lipid bilayer Loss of antibody affinity G4

CD8+  
T-cell N5

D81N Negative charge lost (Asp → Asn) TCR bonds disrupted Low CTL activation  
(↓ proliferation)

G4

N84D Negative charge added (Asn → Asp) Orientation in MHC-I 
changed

Impaired recognition  
of TCR (↓ IFN-γ)

G4

ND 2, CD8+ 
T-cell (N11, 
N12), zinc 
finger

I144T Hydrophobe → polar (Ile → Thr) Hydrophobic core 
disrupted;
zinc finger destabilized

Poor neutralization  
of antibodies

G4

L149V Smaller size (Leu → Val) Denser structure; zinc 
finger destabilized

Low antibody avidity G4

K150R Longer chain (Lys → Arg) Stronger ionic 
interactions; zinc finger 
destabilized

Resistance to antibodies G4

CD8+, zinc 
finger

L155I Neutral change (Leu → Ile) Minor local compactions 
of protein structure; zinc 
finger destabilized

– G4

CD8+ (GYPD 
hinge)

D166G COO– group lost (Asp → Gly) Hinge disrupted; 
conformation changed

Poor recognition G4
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ability to induce syncytia. The substitutions sometimes 
exhibited signs of misfolding, which reduced the bind-
ing of monoclonal antibodies to conformational epi-
topes.

Callebaut et al. [10] built a structural model of the 
N-terminal region of BLV gp51SU 1 based on align-
ment with the RBD of the ecotropic murine leukemia 
virus (Friend, F-MuLV). Most of the residues with sub-
stitutions that determine the antigenic properties of the 
leukemia virus (including region 73) were exposed on 
the surface of the molecule. This fact means that they 
were accessible for direct contact with antibodies and 
immune cell receptors. Therefore, a substitution at one 
of these positions, e.g., A73P, can directly alter the effi-
ciency of immune recognition of the virus.

The substitutions of D81N and N84D (T-cell epitope 
N5) were random: we detected them in one sample from 
the Krasnodar Region (kk1) and one from the Tyumen 
Region (to31). The D81N polymorphism from nega-
tively charged aspartic acid to neutral asparagine can 
eliminate the negative charge at position 81. This result 
potentially disrupts the electrostatic interactions with 
positively charged regions of the T-cell receptor (TCR), 
e.g., in CDR3. N84D is the reverse substitution: it adds 
a negative charge, which can lead to a new electrostatic 
repulsion or attraction with the TCR.

The D81N and N84D substitutions in antigenic BLV 
peptides may represent a mechanism for T-cell eva-
sion. This mechanism is due to the modification of the 
charged residues that are critical for electrostatic inter-
action with the TCR. This effect alters recognition of 
the peptide-MHC-I complex, which is consistent with 
the mechanisms of immune evasion reported for other 
viruses, e.g., HIV-1. In these viruses, such substitutions 
directly reduce the TCR binding affinity and the effi-
ciency of T-cell activation [39]. However, in the case of 
BLV, this mechanism remains hypothetical and requires 
experimental confirmation. 

Substitutions in the zinc-binding motif (137–156 
amino acids) of gp51 (SU) belonged to ND2 and CD8+ 
epitope (N11, N12). Mutations of I144T were found in 
most isolates from the Tyumen Region (to1, to3-to9, 
to11, to14-to17, to19, to24, to26, to28, to29, to31-to34, 
to36, to38). This amino acid substitution was previously 
identified in some historical samples from Chelyabinsk 
(G4), Tyumen (G4), Novosibirsk (G4), Krasnodar (G4) 
(2010, 2020), Moldova (G4), Kazakhstan (G4), Mongo-
lia (G4), France (G4), South Africa (G4), Zambia (G4), 
Iran (G4), China (G11), Thailand (G10), Myanmar (G10), 
Brazil (G6), and Bolivia (G9). Substitutions of L149V 
(13kk) and K150R (kk1-kk4, kk6-12kk, 14kk, 16kk, 
18kk-20kk) were previously reported for isolates from 
Bashkortostan and Kazakhstan. Substitutions of L155I 
(kk2, kk4, kk14) were found in the Krasnodar Region. 

The zinc-binding region is critical for protein sta-
bility and structure. Substitution of the hydrophobic 
isoleucine with the polar, hydrophilic threonine at po-
sition 144 may disrupt the hydrophobic core. Altered 
hydrophobicity may compromise the stability of the 

zinc-binding motif or alter the conformation of the 
ND2 and CD8+ epitopes, potentially reducing antibody 
recognition. Leucine at position 149 has a larger side 
chain (isobutyl group). Its substitution with valine (iso-
propyl group) may lead to minor changes in the com-
paction of the hydrophobic core and flexibility of the 
protein chain. Arginine at position 150 has a longer and 
more rigid guanidine group in the side chain than ly-
sine (amino group). This substitution maintains a posi-
tive charge. This fact is important for interactions with 
negatively charged cellular receptors or other molecules 
but may alter steric parameters and hydrogen bonding. 
Leucine and isoleucine at position 155 are stereoisomers 
with very similar sizes and hydrophobic properties. The 
only difference is the position of the methyl group: it is 
branched in leucine, and it is linear in isoleucine. This 
substitution is conservative (neutral) and has a slight ef-
fect on the local compaction of the gp51 structure (SU). 

A substitution in the CD8+ epitope occurs in the 
GYPD motif region (D166G) [11]. The GYPD motif is 
conserved and typical of other retroviruses. It is presum-
ably involved in the formation of a hinge in the structure 
of the gp51 glycoprotein (SU) [40]. The D166G substitu-
tion may disrupt this hinge, altering the conformation of 
the region.

As described by de Brogniez et al. [15], gp51 SU 
(137–156 amino acids) contains residues (H150, D153) that  
coordinate a zinc ion (Zn2+) and forms part of a confor-
mational epitope. Zn2+ binding is crucial for stabilizing 
the tertiary structure of the protein, which, in turn, is 
necessary to develop a neutralizing epitope [15]. The 
functional importance of this region is confirmed by mon- 
oclonal antibody-based assays, e.g., mAbs 3C8 or 1H1. 
Binding to this epitope entirely depends on the presence 
of a Zn2+ and the native conformation of the protein [41].

Biophysical studies of ion mobility and mass spec-
trometry demonstrate that amino acid substitutions in 
zinc-binding motifs can significantly affect zinc affinity 
and structural conformations of peptides [42]. Extrapo-
lating these data to the current study, we may conclude 
that amino acid substitutions or combinations in ND2 
(I144T, L149V, K150R, L155I) can disrupt Zn2+ coor-
dination and destroy the zinc-binding site. It partially 
or completely destabilizes the conformational epitope, 
making it unrecognizable to neutralizing antibodies. 
This mechanism is crucial for the formation of BLV re-
sistance to neutralization, as confirmed by other studies. 

Furthermore, substitutions in CD8+ T-cell epitopes 
(N11, N12) can disrupt the processing and presenta-
tion of peptides by histocompatibility complex class I 
(MHC I) molecules. This, in turn, inhibits the activity 
of virus-specific cytotoxic T-lymphocytes (CTLs). This 
means weak cytotoxic T-cell response and a weak key 
mechanism for the elimination of virus-infected cells [12]. 

CONCLUSION
Amino acid substitutions in glycoprotein gp51 of 

bovine leukemia virus (BLV) proved to concentrate in 
the key functional domains that interact with the host  
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immune system. Being a mechanism of immune eva-
sion for the virus, these substitutions are often associat-
ed with high pathogenicity.

Genotype G4 possesses a selective advantage over 
G7 due to the cumulative effect of specific amino acid 
substitutions (in epitopes G, H, zinc motif of ND2, etc.) 
and their combinations in crucial neutralizing epitopes 
of the glycoprotein gp51 (SU). 

We identified sequences with up to five simultaneous 
different amino acid substitutions, e.g., in the G4 isolates 
from the Tyumen Region. For example, isolate to26 from 
this region had six substitutions, i.e., T47A, A73P, R121H 
(G epitope); S56F (H epitope); I144T (ND2), and D166G 
(CD8+ T-cell epitope). In the same region, we identified a 
shift in the genetic landscape from G7 to G4.

Substitutions in the N-terminal region of gp51(SU) 
lead to antigenic drift, and the combined effects of weak-
ening both the cellular (CTL) and humoral (antibody) 
immune responses allow the virus to evade immune 
control. The poor immune recognition ultimately leads 
to viral persistence in the host. The combined effect of 
high viral infectivity may also be achieved through im-
proved receptor binding and accelerated membrane 
fusion, as indicated by substitutions in the receptor bind-
ing domain polypeptide region. Mutations are markers 
of virulence. Mechanisms and their cascades associated 
with impaired immune control allow the virus to repli-
cate freely. They correlate with the development rate of 
clinical symptoms, persistent lymphocytosis, and the 
development of B-cell lymphomas in susceptible ani-
mals. Enzootic bovine leukemia induced by G4 BLV in 
cattle with an average age of 3.5 years was most often 
described in the subleukemic and leukemic stages [43]. 
The rate of pathological development is an important in-
dicator in leukemia. An increase in the proviral load me-
diates the spread of the pathogen in the population [44]. 
This thesis is confirmed by compared results of epizo-

otic, molecular-genetic, and clinical immunological anal-
ysis across Russia. The lowest infection rate belonged 
to the G7 genotype while medium infection could be 
caused by both G7 and G4, and high infection rate was 
associated with G4.

Changes in the antigenic structure of the glycopro-
tein may reduce the effectiveness of enzyme-linked 
immunosorbent assay and polymerase chain reaction di-
agnostics, thus leading to false-negative results.

Monitoring the antigenic landscape of the leukemia 
pathogen proved to be a relevant research issue, as did 
the studies of the epizootiology and immunobiology of 
its genetic variants in various Russian regions. They 
may contribute to more effective diagnostic strategies 
and disease control measures. New genotype-specif-
ic diagnostic tests and innovative vaccines should take 
into account the antigenic characteristics of the partic-
ular strain.

Further scientific research requires whole genome 
sequencing to monitor the genetic variability of BLV.  
It will help predict risks using molecular modeling, im-
munochemical analysis, and interreceptor interactions.
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INTRODUCTION
The packaging industry is a significant contributor to 

global plastic production, with millions of tons of plastic 
packaging materials being produced annually [1]. How-
ever, the environmental impact of these traditional mate-
rials has become a major concern, as they are primarily 
derived from non-renewable fossil fuels and contribute 
to plastic waste accumulation in landfills and oceans [2]. 
The urgent need for sustainable and eco-friendly pack-
aging solutions has led to the exploration of alternative 
raw materials, such as starch, for the development of 
biodegradable plastic packaging films [3–5]. Starch, a 
naturally abundant and renewable polysaccharide, is the 
second most abundant biomass resource on Earth after  
cellulose. Its unique properties, such as biodegradability, 
non-toxicity, and renewability, make it an attractive raw 
material for the development of sustainable packaging 

films [5, 6]. Starch-based packaging films have the po-
tential to replace traditional plastic packaging materials 
in various applications, including food, pharmaceutical, 
and cosmetic packaging [5, 7]. 

Recent studies have focused on improving the prop-
erties of starch-based packaging films through various 
modification techniques, such as chemical modifica-
tion [8, 9], blending with other biopolymers [5, 10], and 
nanocomposite formation [11, 12]. These advancements 
have enhanced the mechanical, barrier, and thermal 
properties of starch-based packaging films, making 
them more competitive with traditional plastic packag-
ing materials [9].

Despite these advancements, starch-based packag-
ing films still face several challenges, including mois-
ture sensitivity, poor mechanical properties, and limited 
scalability [9, 13]. Therefore, extensive research and 
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development efforts are necessary to overcome these 
limitations and fully exploit the potential of starch as a 
sustainable raw material for plastic packaging films.

This review aimed to provide a comprehensive over-
view of the current state of starch-based packaging 
films, discussing their development, properties, and ap-
plications. We also examined the challenges and limita-
tions associated with starch-based packaging films and 
explored future perspectives and potential solutions to 
overcome these challenges. 

STUDY OBJECTS AND METHODS
We examined the latest research on starch-based 

bioplastics focusing on the starch structure, extraction, 
modification, and processing, as well as applications, 
challenges, and future directions. The data were sys-
tematically gathered, evaluated, and organized into log-
ical sections.

Starch was defined as a natural polysaccharide con-
sisting of amylose and amylopectin repeat units, which 
are linked together by α-1,4 and α-1,6 glycosidic bonds.

Bioplastic was defined as a type of plastic that is 
made from renewable biomass sources such as plants, 
animals, micro-organisms or agricultural waste rather 
than traditional fossil fuels. It has the advantage of be-
ing biodegradable unlike petroleum-based plastics.

Packaging was defined as a material used to enclose, 
protect, and prepare a product for distribution, storage, 
and safety.

A comprehensive search of peer-reviewed articles 
and reviews was conducted in the period of 2022–2024 
using Google scholar. The following keywords were 
used in the search: starch, bioplastics, packaging. Our 
aim was to gather and evaluate relevant publications in 
the reputable journals.

RESULTS AND DISCUSSION
Recent studies on starch-based bioplastic pack-

aging. Starch-based bioplastic packaging has gained 
significant attention in recent years due to its biode-
gradable and renewable nature. Researchers have fo-
cused on improving the properties of starch-based 

bioplastics through various modification techniques, 
blending with other biopolymers, and nanocomposite 
formation (Fig. 1).

Among the various modification techniques, chemi-
cal modification of starch has been widely explored to 
enhance its properties. For example, Altuna et al. [14] 
reported that modifying starch with octenyl succinic 
anhydride improves its paste properties such as viscos-
ity, while lowering its gelatinization temperature for 
pharmaceutical applications. Similarly, Chen et al. [15]  
modified tapioca starch by crosslinking it with citric 
acid, which resulted in enhanced thermal stability and 
tensile mechanical properties. The crosslinking pro-
cess created a network of starch molecules that are 
held more closely together, providing better resistance 
to thermal energy and tensile stretching. Furthermore, 
Choi et al. [16] developed sweet potato starch-based ed-
ible films through the chemical modification of starch 
for improved water solubility in vegetable and dairy 
products packaging. 

Blending starch with other biopolymers has also 
been investigated to improve its properties. In a recent 
study, Gao et al. [17] investigated the effect of blend-
ing on the physiochemical properties of polylactic acid 
(PLA)/modified starch blend. Their findings demon-
strated that PLA/modified starch blend exhibited im-
proved thermal and mechanical properties, as well as 
substantial biodegradability, when compared to native 
starch. In another study, Omoike et al. [5] developed a 
cassava starch/polyvinyl alcohol (PVA) blend with po-
tential applications in food and pharmaceutical pack-
aging. The focus was on determining the optimal blend 
ratio to achieve superior properties, including tensile 
mechanical strength, barrier properties, and thermal 
stability. The study revealed that the optimal blend ratio 
of 40% cassava starch and 60% PVA exhibited the best 
balance of properties. Furthermore, researchers have 
explored the potential of using crosslinking agents to 
enhance the properties of biopolymer blends. In a no-
table study, Wu et al. [18] utilized citric acid as a cross-
linking agent in a potato starch-chitosan blend. This 
significantly improved the water resistance, mechan-
ical properties, and antimicrobial activity of the blend, 

Figure 1 Graphical overview of starch as a source for bioplastics
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demonstrating the effectiveness of crosslinking agents 
in optimizing biopolymer blend performance.

Nanocomposite formation has also been explored 
to enhance the properties of starch-based bioplastics. 
Coelho et al. [19] successfully developed starch-based 
nanocomposite films reinforced with cellulose nano-
crystals extracted from grape pomace. The incorpo-
ration of cellulose nanocrystals increased the tensile 
strength and lowered the water vapor permeability of 
the starch-based nanocomposites, which are important 
parameters in packaging. Furthermore, Wang et al. [20] 
developed starch-based nanocomposites with graphene 
oxide to enhance their thermal stability and barrier 
properties.

Starch chemistry. Structurally, starch is a polysac-
charide consisting of α-D-glucopyranose repeat units, 
which are linked together by α-1,4 and α-1,6 glycosidic  
bonds [21, 22]. These bonds are formed through the con- 
densation reaction of neighboring α-D glucose mole-
cules, resulting in the release of water molecules. The 
polymerization of glucose units leads to the formation 
of two main polysaccharide fractions: linear amylose 
and branched amylopectin. Amylose is primarily a lin-
ear fraction with few branches, consisting of long chains 
of α-D-glucopyranose residues connected by α-1,4-gly- 
cosidic bonds [23]. In contrast, amylopectin is a highly 
branched fraction with a complex molecular structure, 
comprising short and long chains [23]. The branched 
architecture of amylopectin with its intricate network of 
branching points enables the formation of a more exten-
sive and complex branched structure. This significantly 

influences the rheological properties of starch solutions, 
particularly their viscosity and texture [15]. The branch-
ing points in amylopectin are classified into three types: 
A-chains (short, unbranched chains), B-chains (branched 
chains), and C-chains (long chains with branching 
points) [24]. The structure and properties of starch are 
influenced by various factors, including genetic condi-
tions, plant species and varieties, cultivation conditions, 
and non-polysaccharide components [25]. These factors  
contribute to the diversity of starch grains and their phys- 
ical and chemical properties (Fig. 2).    1

Native starch is insoluble in cold water and most or-
ganic solvents due to the presence of the amylose frac-
tion, which is insoluble or sparingly soluble. However, 
starch grains can absorb water through reversible swell-
ing, increasing their volume by up to 30% [26]. This 
swelling is an exothermic process where water mole-
cules are absorbed into the amorphous zone and bond-
ed to free hydroxyl groups of glucose units in polymer 
chains through hydrogen bonds [27]. 

Starch gelatinization. When starch is heated above 
a certain temperature, its granules undergo gelatini-
zation, a thermal transition characterized by spherical 
swelling and amorphization leading to the formation of 
a more viscous structure [28]. The gelatinization tem-
perature varies depending on the botanical starch type 
and is a range rather than a single value, as it depends 
on the grain size. For example, potato starch gelatinizes 
1 Structure and Function of Carbohydrates. Biology for Majors I. [cited 
2024 Sept 10]. Available from: https://courses.lumenlearning.com/
wm-biology1/chapter/reading-types-of-carbohydrates/

Figure 2 Structure of amylose (a) and amylopectin (b)1
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at 50–70°C [29]. Gelatinization is accompanied by loss 
of birefringence, which is the ability of starch granules 
to split light into two beams with different polarizations 
and velocities [30]. This property is due to the ordered 
arrangement of starch molecules in the granule. When 
starch granules are heated during gelatinization, the or-
dered arrangement of molecules is disrupted, leading to 
a loss of birefringence [30]. During starch gelatinization, 
the viscosity of the starch suspension increases signifi-
cantly due to the following factors: starch granule swell-
ing, breakdown of crystalline structure leading to more 
disordered and random arrangement of starch molecules, 
uncoiling of starch molecules, and increased molecular 
interactions via new hydrogen bonding [31, 32].

Furthermore, gelatinization increases the electrical 
conductivity of starch due to the hydration of starch 
molecules, formation of more conductive pathways, and 
increased ionic mobility. Gelatinization increases the 
mobility of ions within the starch matrix enabling them 
to carry electrical charge more efficiently [33].

Starch retrogradation. Starch retrogradation is a 
process where gelatinized starch molecules re-associate 
and re-crystallize, leading to a more ordered and rigid 
structure [32]. This process occurs over time, often re-
sulting in a loss of flexibility and an increase in brittle-
ness. During retrogradation, the starch molecules that 
were previously uncoiled and hydrated during gelatini-
zation start to re-form their crystalline structure. This 
re-association is driven by hydrogen bonding between 
the starch molecules, leading to a more rigid and inflex-
ible network [32]. 

Starch extraction. Starch extraction is a process of 
isolating starch from plant sources, such as corn, pota-
toes, and cassava [34]. This process is crucial for var-
ious industries, including food, pharmaceuticals, and 
paper production, as starch is a versatile ingredient with 
numerous applications.

The first step in starch extraction is harvesting, 
where the plant material is collected from its source and 
washed to remove dirt, soil, and other impurities. It is 
then pulverized into a milky mash and suspended in 
water to soften the tissues and remove the starch gran-

ules. This pulverization process is typically done using 
a mill or grinder, and the resulting mash is mixed with 
water to create a starch suspension. The starch suspen-
sion is then centrifuged or sieved to separate the starch 
from the other plant components. The centrifuge spins 
the mixture at high speeds, causing the starch to settle 
at the bottom of the centrifuge, while the supernatant 
is removed. The starch is then washed with water to re-
move any remaining impurities and dried to remove ex-
cess moisture [34–36]. 

There are different methods of starch extraction, in-
cluding wet milling (Fig. 3), dry milling, enzymatic 
extraction, and alkaline extraction. Wet milling is the 
most common method, which involves grinding the 
plant material in water. Dry milling, on the other hand, 
involves grinding the plant material without water and 
is used for plants with a low moisture content. Wet 
milling generally yields higher purity starch compared 
to dry milling due to its superior ability to separate 
starch from proteins, lipids, and fibers. This is because 
wet milling uses water to hydrate and swell the starch 
granules, making them more easily separable from the 
other components. In contrast, dry milling relies solely 
on the mechanical force to break down the starch gran-
ules, which can lead to a higher likelihood of contami-
nation with proteins, lipids, and fibers [37]. Enzymatic 
extraction uses enzymes to break down the plant cell 
walls and release the starch, while alkaline extraction 
uses an alkaline solution to achieve the same result.

The efficiency of starch extraction depends on vari-
ous factors, including plant variety, moisture content, 
grinding method, water quality, and temperature. Differ- 
ent plant varieties have different starch contents and 
properties, which affect the extraction process. The mois- 
ture content in the plant material also plays a crucial role, 
as excessive moisture can lead to poor starch yields. The 
grinding method can also impact the release of starch 
from the plant cells, and the quality of water can affect 
the purity of the extracted starch.

Starch extraction has numerous applications in various  
industries. In the food industry, starch is used as a thick-
ening agent, stabilizer, and emulsifier in food products 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Harvesting of starchy plant tubers and cereals from farmlands 

Peeling, chopping, and washing to remove dirt 

Pulverization to milky mash 

Centrifugation or sieving of starch suspension 

Washing, removal of supernatant liquid and drying to powder 

Figure 3 Flowchart for the extraction of starch from plant sources (wet method)
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such as soups, sauces, and baked goods. In the pharma-
ceutical industry, starch is employed as an excipient in 
tablets, capsules, and ointments. In the paper industry, 
starch is used as a sizing agent to improve the strength 
and durability of paper. It is also used as a sizing agent 
in the textile industry and as a sustainable alternative to 
synthetic polymers in biodegradable packaging [9].

Starch modification. Starch modification is a pro-
cess of altering the properties of starch to enhance its 
functionality and performance in various applications [38].  
Starch is a versatile carbohydrate that can be modified in 
various ways to suit specific requirements.

Chemical modification. One common method of 
starch modification is chemical modification, which in-
volves treating starch with chemicals to alter its struc-
ture and properties. This can include reactions such as 
etherification, esterification, and cross-linking, which 
can improve starch stability, solubility, and resistance 
to degradation. Chemical modification can also be used 
to introduce new functional groups, such as hydroxyl or 
carboxyl groups, which can enhance starch reactivity 
and versatility [39, 40]. 

Physical modification. Physical modification in-
volves treating starch with physical agents such as heat, 
light, or radiation to alter its structure and properties [41].  
This can include processes such as heat treatment, me-
chanical treatment, high pressure application, moisture 
treatment, and electrical treatment. These methods can 
improve starch solubility, gelatinization, viscosity, crys-
tallinity, and stability for various industrial applica-
tions. Physical modification can also be used to create 
new starch-based materials, such as nanocrystals and 
nanoparticles, which have unique properties and applica-
tions [42]. 

Enzymatic modification. Enzymatic modification 
is another method of starch modification, which in-
volves using enzymes to break down or modify starch 
molecules. This can include processes such as hydro-
lysis, which can break down starch into simpler sugars, 
and transglycosylation, which can create new glycosidic  
bonds and modify the starch structure and properties. 
Enzymatic modification can be used to improve digest-
ibility, solubility, and stability of starch, as well as to 
create new starch-based products with specific proper-
ties and applications.

Genetic modification. Genetic modification of 
starch refers to the use of biotechnology techniques to 
alter the genetic code of plants to produce starch with 
desired properties [43]. This is achieved through the in-
troduction of specific genes or changes to existing genes 
that regulate starch biosynthesis, structure, and func-
tionality [44]. One approach is to enhance the starch 
content and yield in plants, allowing for increased pro-
duction and efficiency. This can be done by introducing 
genes that regulate starch biosynthesis, such as those 
involved in the production of the enzymes ADP-glucose 
pyrophosphorylase or starch synthase. Alternatively, 
genes that limit starch production can be suppressed to 
increase yields [45]. 

Another strategy is to modify the starch structure 
and properties (e.g., increase its amylose content) to im-
prove its suitability for specific applications. This can 
be achieved by introducing genes that encode enzymes 
involved in starch biosynthesis, such as granule-bound 
starch synthase, or by modifying the existing genes to 
alter their activity [46, 47]. For example, RNA inter-
ference technology can be used to silence the genes re-
sponsible for amylose degradation, resulting in a higher 
amylose content. Genetic modification can also be used 
to introduce new functional properties into starch, such 
as improved thermal stability, biodegradability, or resis-
tance to degradation [43]. This can be achieved by intro-
ducing genes from other organisms, such as bacteria or 
fungi that encode enzymes with desired activities. For 
example, introducing a gene that encodes a heat-stable 
enzyme can improve the thermal stability of starch.

Starch-based bioplastic processing techniques. 
Starch-based bioplastics are a sustainable alternative 
to traditional plastics and are made from renewable re-
sources such as corn starch, potato starch, or tapioca 
starch. Their processing involves various methods to 
convert starch into a plastic-like material.

One common technique is extrusion, where starch is 
mixed with other biodegradable polymers and additives, 
and then fed into an extruder. The extruder converts 
the mixture to a flowable viscous melt by heating. The 
viscous melt is then homogenized and forced through a 
die by means of a rotating screw where it is shaped into 
a desired form [47]. This process can produce a wide 
range of products, including packaging materials, dis-
posable cutlery, and bags (Fig. 4).

Another technique is injection molding, which in-
volves melting starch-based pellets in an extruder and 
injecting the molten plastic into a mold cavity of specific 
shapes and designs. As the molten plastic cools and so-
lidifies in the mold, it takes the shape of the mold cavity. 
The final solidified product is ejected from the mold [49]. 
This process is often used for producing high-precision 
items with fast production rates and quality.

Blown film extrusion is another method used to 
produce starch-based bioplastics, particularly for pack-
aging materials like bags and wraps. This process in-
volves extruding starch-based pellets through a die to 
create a tube, which is then blown up like a balloon and 
cooled to form a thin film [50]. Thermoforming is also 
used to process starch-based bioplastics, where a sheet 
of starch-based material is heated to a pliable and flex-
ible form and molded into a specific shape by cooling 
in a mold [49]. This process is often used for producing 
trays, containers, and other packaging materials.

Solvent casting is a technique used to produce 
starch-based bioplastics with specific properties, such 
as transparency and flexibility. This process involves 
dissolving starch and other additives in a solvent (usu-
ally water), heating, and stirring for the viscous solution 
to gelatinize and homogenize. This is followed by cast-
ing it into a thin film, and then evaporating the solvent 
to create a solid material (Fig. 5) [5, 51].



275

Omoike B.A. et al. Foods and Raw Materials. 2027;15(2):270–284

Three-dimensional printing is also being explored 
as a processing technique for starch-based bioplastics, 
allowing for the creation of complex shapes and de-
signs with high precision and accuracy [52]. It involves 
layer-by-layer deposition of starch-based filaments to 
create a physical object. Here, a starch-based plastic fil-
ament is fed through a heated extruder, which melts and 
deposits the material on a build platform or substrate. 
The deposited material is then cooled and solidified 
thereby bonding to the previous layer. This process is 
repeated until the entire object is printed (Fig. 6) [52]. 

The advantages of starch-based bioplastic processing 
techniques include the use of renewable resources, bio-
degradability, and reduced greenhouse gas emissions. 
However, challenges still exist, such as high production 
costs, limited scalability, and the need for improved 
material properties. Research and development is on-
going to overcome these challenges and improve the 
processing techniques for starch-based bioplastics. This 
includes the development of new starch-based materials 
with improved properties, the optimization of process-
ing conditions, and the scale-up of production processes.

Scanning electron microscopy characterization of 
starch-based bioplastics. Scanning Electron Micros-
copy (SEM) characterization of starch-based bioplastic 
packaging provides valuable insights into the material’s  

surface morphology, structure, and properties. The 
SEM analysis reveals the texture, porosity, and topogra-
phy of the bioplastic surface, which is essential for un-
derstanding its performance and functionality [5, 54]. 

The SEM images of starch-based bioplastic pack-
aging typically show a smooth and continuous surface 
with no visible pores or cracks. This morphology is at-
tributed to the well gelatinization of starch granules and 
good compatibility with other biopolymers and suitable 

Figure 4 Extrusion of starch-based bioplastics using a single screw extruder (adapted from Bacalhau et al. [48]) 
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Figure 6 Three-dimensional printing of bioplastic coating  
on objects (adapted from Andanje et al. [53])
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Figure 5 Preparation of starch-based plastics using solvent casting techniques 
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additives [5, 55–57]. The surface morphology can affect 
the bioplastic’s barrier properties, mechanical strength, 
and biodegradability.

The SEM analysis also reveals the presence of starch 
granules, their size and distribution, and the extent of 
gelatinization. The degree of gelatinization affects the 
bioplastic’s properties, such as its solubility, swelling 
behavior, and enzymatic digestibility. In addition, SEM 
can detect the presence of additives, such as plasticizers, 
fillers, or reinforcing materials, and their distribution 
within the bioplastic matrix.

The SEM characterization of starch-based bioplastic 
packaging can be used to study the effect of processing 
conditions on the bioplastic’s microstructure and proper-
ties. It can also analyze the bioplastic’s degradation be-
havior under different environmental conditions, as well 
as compare the properties of starch-based bioplastics 
with those of conventional plastics. In summary, SEM 
is a powerful tool for understanding the microstructure 
and properties of starch-based bioplastic packaging, en-
abling the development of high-performance, sustainable 
packaging materials.

X-ray diffraction. X-ray diffraction (XRD) analysis 
reveals the crystal structure, degree of crystallinity, mo-
lecular arrangement, and lattice spacing, which are es-
sential for understanding the bioplastic’s properties and 
behavior [58]. The XRD patterns of starch-based bioplas- 
tic packaging typically show a semi-crystalline struc-
ture, with both amorphous and crystalline regions [5, 57, 
59]. The crystalline regions are attributed to the ordered 
arrangement of starch molecules, while the amorphous 
regions are due to the disordered structure. The de-
gree of crystallinity affects the bioplastic’s mechanical 
strength, thermal stability, and barrier properties [5].

The XRD analysis can also detect the presence of dif-
ferent polymorphs, such as A, B, or C, which are related  
to the starch source and processing conditions. The poly-
morphs have different crystal structures and properties 
that influence the bioplastic’s behavior [60]. Furthermore, 
XRD can monitor changes in the crystal structure and 
crystallinity during processing, aging, or degradation, 
providing valuable information on the bioplastic’s stabil-
ity and durability [58]. 

Thermogravimetric analysis. Thermogravimetric 
analysis (TGA) is a powerful analytical technique used 
to characterize the thermal properties of starch-based 
bioplastic packaging. The TGA instrument measures the 
weight loss of the bioplastic as a function of tempera-
ture, providing valuable insights into its thermal stabil-
ity, decomposition behavior, and moisture content [61].  
The TGA curves of starch-based bioplastic packaging 
typically exhibit a multi-step decomposition process. 
The first step involves the loss of moisture, which occurs 
at temperatures below 150°C [5, 62]. The second step 
corresponds to the decomposition of starch molecules, 
which takes place between 200 and 300°C [63]. The final  
step involves the degradation of the bioplastic matrix, 
which occurs at temperatures above 300°C [5, 57].

TGA provides important information on the bioplas-
tic’s thermal stability, which is essential for its process-
ing and application. The decomposition temperature 
and weight loss associated with each step provide in-
sights into the bioplastic’s degradation mechanism and 
volatile content, which can affect its performance and 
shelf life. Additionally, TGA can detect the presence of 
additives, such as plasticizers or fillers, which can affect 
the bioplastic’s thermal behavior.

Tensile mechanical properties of starch-based 
bioplastics. Starch-based bioplastics are biodegradable 
polymers derived from renewable resources such as corn 
starch, potato starch, or tapioca starch. The mechanical 
properties of starch-based bioplastics are crucial in de-
termining their suitability for various applications. Their 
tensile mechanical properties, such as tensile strength, 
percentage elongation at break, and tensile modulus, can 
be evaluated using tensile testing machines.

The tensile strength is the maximum stress a mate-
rial can withstand when subjected to tensile force. For 
starch-based bioplastics, the tensile strength ranges 
from 1 to 100 MPa, depending on the type of starch and 
processing conditions [64]. This is lower than the ten-
sile strength of traditional plastics such as polyethylene  
(20–30 MPa) and polypropylene (30–40 MPa) [65]. Stud- 
ies have shown that the greater the strength of molecu-
lar interaction between polymer constituents, the high-
er the tensile strength [5, 57]. The tensile strength of 
starch-based bioplastics can be improved through incor-
poration of biopolymers such as PVA or chitosan [5], as 
well as through reinforcement with nanofillers such as 
clay, carbon black, and fibers [9].

The percentage elongation at break is a measure of 
the flexibility and extensibility of a polymer material, 
indicating its ability to stretch and deform without rup-
turing. In starch-based bioplastics, while high tensile 
strength is desirable, a substantial level of flexibility 
is equally important to meet packaging requirements. 
In particular, flexibility ensures that the material can 
withstand handling, storage, and transportation without 
cracking or breaking. The incorporation of plasticizers 
into starch film matrices can provide higher molecular 
mobility and increased flexibility, allowing the bioplas-
tic film to become more pliable and less brittle [66, 67]. 
The elongation at break for starch-based bioplastics 
ranges from 10 to 50%, depending on the type of starch 
and processing conditions. This is lower than the range 
for traditional plastics such as polyethylene (50–100%) 
or polypropylene (100–200%) [68].

The tensile modulus is defined as a ratio of stress to 
strain within the proportionality limit of a material, in-
dicating its stiffness and resistance to deformation. For 
starch-based bioplastics, the tensile modulus ranges  
from 100 to 500 MPa, which is lower than the range 
for traditional plastics such as polyethylene (1000– 
1500 MPa) or polypropylene (1,500–2,000 MPa) [69]. 

Water vapor barrier properties. Starch-based 
bioplastics have barrier properties that are essential for 
various applications, including packaging and dispos-
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able products. The barrier properties of starch-based 
bioplastics refer to their ability to prevent the passage of 
gases, vapors, and liquids through the material [6]. 

One of the critical barrier properties of starch-
based bioplastics is their water vapor transmission rate. 
Starch-based bioplastics have a higher water vapor 
transmission rate compared to that of traditional plas-
tics, which can be a limitation for applications requiring 
high moisture barrier properties [5, 51, 70]. 

Starch-based bioplastics also have a relatively high 
oxygen transmission rate, which can affect their ability 
to protect products from oxidation [71]. This can be a 
concern for applications such as food packaging, where 
oxygen can cause spoilage or degradation. However, 
some starch-based bioplastics have been developed with 
improved oxygen transmission rate properties, making 
them suitable for specific applications.

The carbon dioxide transmission rate (CO2TR) of 
starch-based bioplastics is another essential barrier 
property. Starch-based bioplastics have a higher CO2TR 
compared to traditional plastics, which can affect their 
ability to maintain pressure and prevent carbonation 
loss in applications such as beverage packaging.

The barrier properties of starch-based bioplastics 
can be improved through various techniques, such as 
adding barrier coatings or layers, using nanoclay or 
other reinforcing materials, optimizing processing con-
ditions, and blending with other biodegradable poly- 
mers [9]. Some starch-based bioplastics have been de-
veloped with improved barrier properties, making them 
suitable for food packaging, pharmaceutical packaging, 
and cosmetic packaging.

Biodegradability assessment. Starch-based bio-
plastics are biodegradable, meaning they can break 
down naturally in the environment through microbial 
action, enzymatic degradation, or chemical hydrolysis. 
The biodegradability of these bioplastics is influenced 
by various factors, including the type of starch used, 
processing conditions, and the presence of additives or 
coatings [57, 72]. 

The biodegradability of starch-based bioplastics can  
be assessed through various tests, such as ASTM D6400, 
ASTM D6868, and ISO 14855 [73]. These tests evaluate  
the biodegradability of plastics in different environ-
ments, including composting, soil, and water. The bio-
degradability of starch-based bioplastics is affected by 
several factors including crystallinity, molecular weight, 
and hydrophilicity [57, 74]. Bioplastics with lower crys-
tallinity, molecular weight, and higher hydrophilicity are 
more biodegradable. Additionally, the presence of addi-
tives or coatings can also impact the biodegradability of 
starch-based bioplastics. Biodegradability offers several 
benefits, including reduced plastic waste, lower carbon 
footprint, and improved sustainability. 

Applications of starch-based bioplastics. Starch-
based bioplastics have a wide range of applications 
across various industries, including packaging, dispos-
able cutlery and tableware, agricultural films, medical 
devices, and three-dimensional printing.

Food packaging. Starch-based bioplastics are used 
in food packaging as a biodegradable and renewable 
alternative to traditional plastics. They are applied in 
various forms, such as flexible packaging films, rigid 
containers, disposable cutlery, and edible packaging 
materials. Starch-based bioplastics have been success-
fully utilized in packaging various food products, in-
cluding baked goods, fresh produce, dairy products, 
and beverages [75]. These bioplastics can enhance 
food safety, quality, and shelf life, as well as improve 
packaging performance, by providing a barrier against 
moisture, oxygen, and other external factors [76]. Fur-
thermore, several studies have shown that starch-based 
bioplastics can be engineered to possess antimicrobial 
and antioxidant properties to further extend the shelf 
life of packaged food products [57, 77, 78]. Additionally, 
starch-based bioplastics are compostable and therefore 
they reduce food waste and environmental impact. They 
can also be customized to meet specific packaging re-
quirements, making them an attractive solution for sus-
tainable food packaging. 

The development of starch-based bioplastics has also 
led to the creation of innovative, smart packaging ma-
terials that can monitor food freshness and quality. For 
instance, starch-based bioplastics infused with natural 
extracts, such as anthocyanins, can change color in re-
sponse to changes in pH levels, indicating spoilage or 
contamination [79]. Additionally, starch-based bioplas-
tics can be designed to release preservatives or nutri-
ents in a controlled manner, enhancing food quality and 
safety [5]. With ongoing advancements in nanotechnol-
ogy, electrospinning, and three-dimensional printing, 
the potential applications of starch-based bioplastics in 
food packaging are vast and promising, offering a sus-
tainable and environmentally-friendly alternative to tra-
ditional plastic packaging materials.

Medicine and pharmaceutical industry. In medi-
cine, starch-based bioplastics offer useful applications 
as biodegradable and biocompatible medical implants, 
such as bone screws and plates that can dissolve over 
time, eliminating the need for surgical removal [75]. 
The breakthroughs in biodegradable starch materials 
have paved the way for innovative biomedical applica-
tions, including the creation of advanced drug delivery 
systems such as capsules and tablets, which can release 
medication in a controlled manner [80]. Starch-based 
bioplastics are also used in wound dressing materials, 
surgical meshes, and tissue engineering scaffolds that 
promote tissue growth and regeneration [80]. For in-
stance, the study by Kiran et al. [81] shows the potential 
of starch-based bioplastics obtained from banana peel 
to be used as material for intravenous tubes for medi-
cal operations, thereby reducing the application of sin-
gle use plastics which could constitute environmental 
waste. Furthermore, starch-based bioplastics are used 
in pharmaceutical packaging, such as compostable blis-
ter packs and containers, also reducing environmental 
waste. In a recent study, Omoike et al. [5] developed a 
starch/PVA blend to be used as a coating in food and 
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pharmaceuticals applications. This innovative blend 
combines the biodegradable and renewable properties of 
starch with the flexibility and strength of PVA, making 
it a viable material in sustainable drug packaging.

Agriculture and agro-allied industry. Agricultur-
al films made from starch-based bioplastics are used as 
mulch films, greenhouse covers, and soil conditioning 
materials [82]. These bioplastics improve soil health and 
reduce water consumption. They are also used in con-
trolled-release fertilizer coatings, seed coatings, and 
plant growth promoters that enhance crop yields and 
reduce environmental impact [83]. Additionally, they 
are applied in biodegradable planting pots, trays, and 
containers, which eliminates the need for plastic waste 
disposal. Furthermore, starch-based bioplastics are used 
in animal feed packaging, agricultural packaging mate-
rials, and bio-based composites for agricultural equip-
ment. Overall, starch-based bioplastics offer a versatile 
and biodegradable solution for various agricultural and 
agro-allied applications, reducing plastic waste and pro-
moting sustainability.

Cosmetological industry. Starch-based bioplastic 
are used in the cosmetological industry as a biodegrad-
able and renewable material for various applications. 
They are used to create edible skin-care, hair products, 
and edible packaging for cosmetics and personal care 
products, thereby enhancing human well-being and sus-
tainability [84]. Starch-based bioplastics offer a sustain-
able alternative in the production of disposable makeup 
remover wipes, facial masks, and exfoliating scrubs that 
are gentle on the skin and the environment. Addition-
ally, they find promising application in biodegradable 
microbeads for skin care products, replacing traditional  
plastic microbeads that harm the environment [85]. 
Overall, starch-based bioplastics provide a sustainable 
and eco-friendly solution for the cosmetological indus-
try, reducing plastic waste and promoting environmen-
tal responsibility.

Future prospects of starch-based bioplastics. Starch- 
based bioplastics have promising prospects, with poten-
tial growth and expansion in various industries. 

Increasing demand. The demand for starch-based bio- 
plastics is expected to rise significantly due to the grow-
ing concerns about plastic pollution, climate change, and 
sustainability [86]. Governments, consumers, and busi-
nesses are increasingly seeking eco-friendly alternatives 
to traditional plastics, driving the demand for biodegrad-
able plastics. This trend is expected to continue, with 
starch-based bioplastics playing a crucial role in reduc-
ing plastic waste and promoting sustainable practices.

Technological advancements. Ongoing research 
and development in the field of starch-based bioplastics 
is expected to improve their performance, scalability, 
and cost-effectiveness. New technologies will enhance 
their mechanical properties, barrier properties, and pro-
cessing capabilities, making them more competitive 
with traditional plastics [87]. These advancements will 
also enable the production of starch-based bioplastics 
with tailored properties for specific applications.

Expanded applications. Starch-based bioplastics will  
find new applications in various industries, including 
textiles, automotive, and construction. They will be used  
in a wider range of products, such as biodegradable fi-
bers, composites, and building materials [49]. This ex- 
pansion will be driven by the growing demand for sus-
tainable materials and the need to reduce plastic waste.

Sustainable agriculture. Starch-based bioplastics 
will promote sustainable agriculture practices by utiliz-
ing waste biomass and reducing synthetic fertilizer use. 
This will contribute to a circular economy and reduce 
environmental impacts [88]. The use of starch-based 
bioplastics will also provide new revenue streams for 
farmers and rural communities.

Biodegradable plastics. Starch-based bioplastics 
will play a crucial role in replacing traditional plastics in 
packaging, disposable products, and single-use items [89].  
They will help reduce plastic waste and marine pollution, 
which are major environmental concerns. The use of 
biodegradable plastics will also reduce greenhouse gas 
emissions and mitigate climate change.

Global market growth. The global starch-based bio-
plastic market is expected to grow significantly, driven 
by the increasing demand, technological advancements, 
and expanding applications [90]. The market growth will 
also be fueled by government policies, regulations, and 
incentives that promote the use of biodegradable plastics. 
This will also create new business opportunities and 
jobs in the sustainable materials sector.

Current challenges and limitations of starch-
based bioplastics. While starch-based bioplastics offer 
tremendous potential for driving eco-friendly innova-
tions, their adoption is hindered by several key chal-
lenges and limitations. Recognizing and addressing 
these constraints is essential for successfully harnessing 
their benefits.

Lower strength and durability. One of the signif-
icant challenges hindering the widespread adoption of 
starch-based bioplastics is their lower strength and du-
rability [72]. The incorporation of starch, a natural com-
ponent, can compromise the structural integrity and 
mechanical properties of the resulting polymer blend. 
This can make it unsuitable for applications that require 
robustness and long-term durability, such as packaging 
and durable goods manufacturing. This limitation un-
derscores the need for further research and development 
to enhance the mechanical strength and durability of 
starch-based bioplastics, thereby expanding their poten-
tial applications and promoting their adoption as a sus-
tainable alternative to traditional plastics.

Moisture sensitivity. High moisture sensitivity pos-
es a significant challenge to the use of starch-based bio-
plastics. These materials are prone to water absorption, 
which can trigger degradation and compromise their 
performance and shelf life [72]. This sensitivity to en-
vironmental moisture can be particularly problematic 
in humid climates or in applications where exposure to 
water is unavoidable, such as packaging for food or bev-
erages. As a result, moisture sensitivity of starch-based 
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bioplastics can limit their utility and reliability, empha-
sizing the need for further research and development to 
enhance their water resistance and durability.

Limited shelf life. The limited shelf life of starch-
based bioplastics is a significant concern, as these ma-
terials tend to degrade more rapidly than traditional 
plastics. Their shorter shelf life can lead to a decline 
in their mechanical properties, such as strength and 
flexibility, ultimately affecting their performance and 
integrity over time [91]. As a result, starch-based bio-
plastics may become brittle, crack, or break down, 
which renders them unsuitable for long-term applica-
tions. Moreover, the degradation process can also lead 
to the release of volatile compounds, potentially impact-
ing the quality and safety of packaged products. This 
highlights the need for improved formulations and pres-
ervation methods to extend the shelf life of these biode-
gradable materials.

Limited scalability. The limited scalability of 
starch-based bioplastics is a significant hurdle to their 
widespread adoption, primarily due to their higher 
production costs compared to traditional plastics. The 
expense of starch-based bioplastics can be attributed 
to various factors, including the cost of raw materials, 
processing, and manufacturing. Consequently, large-
scale production of starch-based bioplastics becomes 
challenging, making it difficult for manufacturers to 
achieve economies of scale and reduce costs. This scal-
ability limitation can hinder the ability of starch-based 
bioplastics to compete with traditional plastics in terms 
of price. This can restrict their market penetration and 
adoption in various industries, such as packaging, tex-
tiles, and automotive.

Limited availability of raw materials. Starch-rich 
crops such as corn, potatoes, and tapioca are the pri-
mary feedstocks for starch-based bioplastics, but their 
availability can be regionally constrained. This limited 
availability can lead to fluctuations in raw material pric-
es, affecting the overall cost of production and making 
it difficult for manufacturers to maintain a stable supply 
chain [50]. Furthermore, reliance on specific geographic 
regions for raw material sourcing can also create logis-
tical challenges and increase transportation costs. This 
can exacerbate the environmental impact of production, 
ultimately hindering the growth and development of the 
starch-based bioplastics industry.

Lack of standardization. There is a lack of stan-
dardization in the production and processing of starch- 
based bioplastics, which can affect their quality, perfor- 
mance, and overall reliability.

Without standardized manufacturing protocols, the 
resulting bioplastics can exhibit varying levels of me-
chanical strength, thermal stability, and biodegradability, 
making it difficult for manufacturers to ensure consis-
tency and predictability in their products. This lack of 
standardization can also hinder regulatory frameworks 
and industry-wide quality control measures.

Limited compatibility with existing infrastruc-
ture. The limited compatibility of starch-based bioplas-

tics with the existing packaging infrastructure poses a 
significant barrier to their widespread adoption. Many 
conventional packaging facilities and equipment de-
signed to handle traditional plastics may not be suitable 
for processing starch-based bioplastics, which can have 
different melting points, viscosity, and other physical 
properties. This incompatibility can lead to difficulties in  
manufacturing, filling, and sealing, ultimately increasing 
costs and reducing efficiency. This highlights the need  
for specialized infrastructure and equipment to support 
the production and use of starch-based bioplastics.

Public perception and awareness. Limited pub-
lic awareness and understanding of starch-based bio-
plastics can hinder their adoption and use. Consumers 
may be skeptical or uninformed about the benefits and 
characteristics of these biodegradable materials. With-
out adequate education and awareness, consumers may 
not recognize the environmental advantages of starch-
based bioplastics, such as their renewable sourcing, bio-
degradability, and reduced carbon footprint. There is 
therefore a need for targeted educational campaigns and 
outreach initiatives to promote awareness and accep-
tance of these sustainable materials.

CONCLUSION
This review provided an exhaustive examination of 

the production process, properties, applications, chal-
lenges, and future directions of starch-based bioplastic 
packaging, demonstrating its potential to transform the 
packaging industry. The merits of starch-based bioplas-
tics are multifaceted, including biodegradability, com-
postability, renewability, and reduced greenhouse gas 
emissions. These benefits make them an attractive solu-
tion to the environmental and sustainability concerns 
associated with traditional plastics. The versatility of 
starch-based bioplastics has been demonstrated through 
their successful application in various packaging sec-
tors, including food, beverage, and cosmetic packaging. 

While challenges persist, ongoing research and de-
velopment is addressing the limitations of starch-based 
bioplastics, such as high production costs, limited scal-
ability, and inferior mechanical properties. The future 
directions for starch-based bioplastics are promising, 
with potential applications in edible, smart, and nano-
technology-enhanced packaging. Policy support and 
public awareness are crucial in promoting the adoption 
of starch-based bioplastic packaging, so encouraging 
regulations and education will drive the growth of the 
bioplastic industry. The development of starch-based 
bioplastics has the potential to revolutionize the packag-
ing industry, mitigating plastic waste and reducing en-
vironmental pollution. 

In summary, this review comprehensively demon-
strated that starch-based bioplastic packaging is a sus- 
tainable alternative to conventional plastics, offering im-
proved environmental and sustainability benefits. Our 
findings have significant implications for the packaging 
industry, policymakers, and consumers, highlighting the 
need for a shift towards sustainable and biodegradable 
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packaging solutions. Overall, this review lays a foun-
dation for further research and development in starch-
based bioplastic packaging, driving innovation and 
sustainability in packaging technologies. 
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Abstract: 
Tripe has a high protein level, which could serve as a functional ingredient in the meat industry.
Raw and boiled beef tripe and frozen beef meat were examined for proximate composition, mineral and amino acid content, 
fatty acid profile, protein quality indices, microbiological safety, and functional parameters. Tripe was incorporated into corned 
beef and sausage formulations, which were analyzed for their nutritional quality, microbial stability, and consumer accept- 
ability. 
The raw tripe exhibited a favorable pH (6.83 ± 0.08), moderate water holding capacity (58.86%), and acceptable cooking yield 
(64.88%), indicating functional suitability. The boiled tripe demonstrated a superior protein content (24.15%) and energy value 
(146.71 kcal/100 g), compared to the raw tripe and frozen beef meat. Mineral analysis showed significantly higher levels of 
calcium (up to 112.5 mg/100 g), iron (4.19 mg/100 g), and copper (0.28 mg/100 g) in the raw tripe. The boiled tripe had a well-
balanced amino acid profile, with its essential amino acid content (37.98%) exceeding the FAO/WHO standards. It also showed 
improved protein quality indices, namely the computed protein efficiency ratio of 2.38 and the biological value of 74.19%. 
Boiling also enhanced the lipid quality by increasing unsaturated fatty acids. Microbial analysis confirmed the safety of the 
boiled tripe, with pathogen counts below permissible limits. The tripe-based corned beef and sausage showed higher fat, ash, 
and energy contents than their beef counterparts, while maintaining acceptable protein levels and sensory qualities. Sensory 
evaluation revealed that the overall acceptability of tripe-based products was comparable to that of traditional meat products. 
These findings highlight that boiled beef tripe is a safe, nutrient-rich, and sensory-acceptable ingredient. They also support its 
use as a sustainable, cost-effective ingredient in value-added meat products such as sausages and canned meats. 

Keywords: Meat by-products, rumen, sausage, corned beef, amino acids, microbiology, functional products

Please cite this article in press as: El-Sayed EM, Elsebaie EM, El-Farsy MFA, Shehata RA, Hozifa SA, et al. Beef tripe as 
an innovative and alternative protein source in meat products. Foods and Raw Materials. 2027;15(2):285–295. https://doi.org/ 
10.21603/2308-4057-2027-2-709

INTRODUCTION 
Ensuring global food security remains one of the 

most critical challenges, particularly with the increasing 
population and rising food prices [1]. Meat, compris-
ing muscle and organ tissues, has long been recognized 
as a vital component of the human diet due to its high- 
quality protein and essential mineral contents [2]. How-
ever, economic constraints and changing consumer 
preferences have intensified the search for alternative, 
cost-effective protein sources, including edible bovine  
by-products [3].

Bovine by-products such as liver, kidney, heart, tripe,  
and lungs are traditionally consumed in many cultures 

and offer considerable nutritional value [4]. Tripe, de-
rived from the stomach chambers of cattle, represents a 
significant portion of slaughter by-products but remains 
underutilized due to its unfavorable microbiological 
profile and sensory characteristics [5]. Despite these 
challenges, tripe is recognized for its rich protein con-
tent and could serve as a functional ingredient in food 
systems [6].

Tripe, also referred to as rumen meat or “potti”, ac-
counts for approximately 1.3% of the animal’s live weight,  
with an average mass of 4.36 to 5.45 kg per animal [5]. 
Different sections of tripe include the rumen (blanket or 
smooth tripe), reticulum (honeycomb or pocket tripe), 
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and omasum (book or leaf tripe), all of which have culi-
nary uses, especially in soups and sausages [7].

The inherent toughness of tripe due to its collagen 
content, combined with its poor sensory attributes and 
limited shelf life, has constrained its industrial applica-
tion. However, with appropriate processing to improve 
palatability and safety, tripe can be transformed into a 
high-value component of meat products [6]. In Egypt 
and several other countries, including India, tripe re-
mains underutilized despite its nutritional potential.

Beef sausage is among the most traditional processed 
meat products in Egypt and widely accepted across all 
age groups. It is typically composed of beef, fat, rusk, 
salt, and spices [8]. Corned beef, a shelf-stable product 
with historical roots in the British Empire, is valued for 
its high protein and mineral contents (especially sodium 
and zinc) and a long shelf life of 2 to 4 years [9].

In this context, we aimed to assess the nutritional 
quality and microbiological profile of underutilized beef 
tripe. Additionally, we explored its potential application 
as an alternative animal protein source in the industrial  
production of traditional comminuted meat products 
such as sausage and corned beef tripe.

STUDY OBJECTS AND METHODS
Fresh beef tripe was procured from the municipal 

slaughterhouse in Tanta, Egypt. All the media (plate 
count agar, potatoes dextrose agar, sulfite polymyxin  
sulfadiazine agar, skim milk agar, Tributyrin agar, 
Baird-Parker agar with egg yolk tellurite, violet red bile 
agar, xylose lysine deoxycholate agar, and salmonella- 
shigella agar) used in the microbial examination were 
purchased from Oxoid, UK. All the analytical-grade 
chemicals utilized in this study were sourced from 
El-Gomhoria Company.

Beef tripe processing. The beef tripe was initially 
rinsed under tap water, followed by brief immersion in 
boiling water to facilitate cleaning. Subsequent scalding 
with a sharp knife was performed until the tripe attained 
a white coloration. The cleaned tripe was divided into 
two portions: one underwent cooking for 40 min, while 
the other remained uncooked. Each portion was individ-
ually minced and homogenized using an industrial food 
blender (Moulinex, France) to achieve uniform consis-
tency. The homogenized samples were then packaged 
and stored at −18°C until further analysis. All the sam-
ples were analyzed in triplicate to ensure reproducibility.

Preparation of tripe-based products. Tripe sausage  
formulation. Sausage formulations were prepared as de-
tailed in Table 1, following the methodology described 
by Evanuarini et al. [10]. Each formulation was emul-
sified using a bowl cutter (Nr-963009, Scharfen-Witten, 
Germany), incorporating chilled water and homogeniz-
ing for 2 min. The resulting batter was stuffed into nat-
ural sheep casings, with links formed at approximately  
15 cm intervals. The sausages were then grilled briefly to 
evaluate color and texture attributes.

Corned beef preparation. Corned beef was prepared 
according to the protocol outlined by Silalahi et al. [11], 

with formulations presented in Table 1. Both beef meat 
(control) and boiled beef tripe were subjected to wet 
curing in a pickle solution containing salt, black pepper,  
cardamom, coriander, and bay leaves for 48 h at 4 ± 1°C.  
After curing, the samples were drained, boiled for 30 min,  
and then mixed thoroughly with wheat flour, salt, corn 
oil, gelatin, a spice mixture, onion powder, and garlic 
powder. The mixture was ground through a 3-mm plate, 
filled into glass containers while warm, partially sealed, 
and exhausted in steam to achieve an internal tem-
perature of 77°C. The containers were then sealed and  
autoclaved at 121°C for 20 min, followed by cooling 
with water.

Physical properties of tripe products. Cooking loss,  
%, and yield, %. Cooking loss was determined by mea-
suring the weight difference of the samples before and 
after frying, conducted in triplicate. The calculations 
were as follows:

                – Cooking loss =  100× i f
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              (1)

where Wi is the weight of the samples before frying, g; 
Wf is the weight of the samples after frying, g.

          Cooking yield = 100 – Cooking loss             (2)

Water holding capacity. The water holding capacity 
(WHC, %) was assessed using the method described by 
Elsebaie et al. [12]. The percentage of bound water was 
calculated based on the area, representing the WHC, us-
ing the conversion factor of 8.4 mg of free water per cm2.
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where M is the moisture, %; A is the area, cm2.
pH measurement. A 10 g sample was homogenized 

in 100 mL of distilled water, and the pH was measured 
using a calibrated pH meter (Model JENCO 608, USA), 
following the procedure by Abdelhakam et al. [13].

Table 1 Beef and tripe meat products formulations

Ingredient, g/100 g Corned beef Beef sausage
Meat Tripe Meat Tripe

Frozen beef meat 80.0 – 75.0 –
Boiled beef tripe – 80.0 – 75.0
Fat 8.0 8.0 12.0 12.0
Starch – – 3.0 –
Wheat flour 2.5 2.5 – 3.0
Salt 1.5 1.5 1.5 1.5
Spice mixture 1.5 1.5 1.5 1.5
Garlic powder 0.3 0.3 1.0 1.0
Chilled water – – 6.0 6.0
Onion powder 0.3 0.3 – –
Gelatin powder 2.0 2.0 – –
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Chemical analyses. Proximate composition. Mois-
ture, protein, ether extract, ash, and crude fiber contents 
were determined according to the AOAC methods1. The 
carbohydrate content was calculated by difference.

Mineral content. The samples were ashed and di-
gested with concentrated nitric acid. Mineral concentra-
tions (Ca, Mg, Na, K, Zn, and Fe) were quantified using 
an atomic absorption spectrophotometer (PerkinElmer 
Model 4100 ZL), as per the AOAC guidelines2.

Amino acid composition and protein quality. Amino 
acid analysis. Approximately 100 mg of a dried, ground 
sample was hydrolyzed with 10 mL of 6N HCl containing 
0.1% mercaptoethanol at 110°C for 24 h. After the hydrol- 
ysis, the sample was filtered, diluted to 25 mL, and 5 mL  
of aliquot was evaporated under vacuum. The residue was  
reconstituted in 1 mL of sodium citrate buffer (pH 2.2) 
and analyzed using a Beckman amino acid analyzer 
(Model 119 CL), following the protocol by Ali et al. [14].

Chemical score calculation. The chemical scores 
were computed by comparing the amino acid profile of 
the sample to the FAO/WHO/UNU reference pattern, 
identifying the limiting amino acid as per Ali et al. [14].

The computed protein efficiency ratio (C-PER) was 
calculated using Eq. (4): 

                          C-PER = –0.468 + 0.454 × 
         × Leucine content – 0.105 × Tyrosine content     (4)

The biological value (BV) was determined using the 
formula, as described by Metwaly et al. [15]: 

                BV = 49.09 + 10.53 × C-PER                  (5)

Fatty acid composition. Lipids were extracted from 
10 g samples using a 2:1 (v/v) chloroform/methanol mix-
ture, following the method of Li et al. [16]. The extracts 
were filtered, washed with 0.72% KCl solution, and the or- 
ganic phase was concentrated using a rotary evaporator.  
Fatty acid methyl esters were prepared and analyzed via 
gas chromatography (Hewlett Packard 6890) equipped 
with an HP-5 column (30 m × 0.32 mm, 0.25 μm film 
thickness). The operating conditions included an initial 
oven temperature of 150°C (held for 2 min), injector tem- 
perature of 220°C, detector temperature of 250°C, and 
nitrogen as the carrier gas at a flow rate of 1 mL/min. 
Fatty acid percentages were calculated accordingly.

Microbiological analyses. Microbial assessments in- 
cluded total plate counts, molds and yeasts, and psychro-
philic bacteria, following the protocols outlined by de 
Souza et al. [17]. Spore-forming, proteolytic, and lipoly- 
tic bacteria were enumerated as per Liu et al. [18]. 
Staphylococcus spp. were identified according to Econo- 
mou et al. [19], coliforms were detected as described 
by Medhat et al. [20], and Salmonella and Shigella spp. 
were assessed following Ahmed et al. [21] procedures.
1  Latimer GW. The official methods of analysis of AOAC international 
(22nd Edition). Gaithersburg, MD: AOAC International; 2023. https://doi.
org/10.1093/9780197610145.001.0001
2  The same.

Sensory evaluation. A panel of ten trained individ- 
uals from the Department of Food Science and Tech-
nology, Faculty of Agriculture for Girls, Al-Azhar Uni-
versity, conducted sensory evaluations of the prepared 
beef and tripe products. The assessments were based 
on a 10-point hedonic scale evaluating taste, flavor, col-
or, texture, and overall acceptability, with 1 indicating 
a strong dislike and 10 indicating a strong like, as de-
scribed by Essa & Elsebaie [22].

Statistical analysis. The data were analyzed using 
analysis of variance (ANOVA) via the SPSS software. 
Duncan’s multiple range test was employed to deter-
mine significant differences among the means at a sig-
nificance level of p ≤ 0.05.

RESULTS AND DISCUSSION
Physical properties of raw beef tripe. The physical  

properties of the raw beef tripe under study (Table 2)  
indicated its promising potential for application in 
processed meat products. The recorded pH value of  
6.83 ± 0.08 fell within the typical range for bovine offal 
and suggests a favorable environment for protein solu-
bility and microbial stability, both of which are critical 
in meat product formulation [23]. The water holding 
capacity was measured at 58.86 ± 0.06%, reflecting the 
material’s moderate ability to retain moisture, which is 
essential for maintaining juiciness and improving yield 
during thermal processing [24]. The cooking loss and 
cooking yield amounted to 35.12 ± 0.04 and 64.88 ± 
0.05%, respectively. These values were consistent with 
those observed in other studies involving cooked tripe 
and edible by-products [25, 26]. The relatively high 
cooking loss might be due to the elevated collagen con-
tent in tripe. However, the yield remained within the 
acceptable limits for comminuted meat products. Col-
lectively, these findings support the use of beef tripe as 
a viable alternative protein source in the development of 
value-added meat products such as sausages and canned 
meats, particularly when formulated with suitable fat, 
binders, and water-retaining agents to optimize their 
texture and stability.

Gross chemical composition of main raw materi-
als. The proximate chemical composition of the main 
raw materials revealed significant differences among the 
frozen beef meat, raw beef tripe, and boiled beef tripe 
(Table 3), providing insight into their nutritional value 
and processing potential. The boiled beef tripe exhibited 
the highest crude protein content (24.15 ± 0.12%), surpass- 
ing both raw tripe (15.39 ± 0.05%) and frozen beef meat 
(19.79 ± 0.04%). This increase is primarily attributed 

Table 2 Physical properties of raw beef tripe 

Parameter Value
pH 6.83 ± 0.08
Water holding capacity, % 58.86 ± 0.06
Cooking loss, % 35.12 ± 0.04
Cooking yield, % 64.88 ± 0.05

https://doi.org/10.1093/9780197610145.001.0001
https://doi.org/10.1093/9780197610145.001.0001
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(19.79 ± 0.04%). This increase is primarily attributed  
to moisture reduction during cooking, which concen-
trates the protein fraction, a phenomenon commonly 
observed in thermally treated animal tissues [23]. The 
elevated protein levels in the boiled tripe suggest its suit-
ability as a protein-dense ingredient in value-added meat 
products. Conversely, the raw tripe had the highest mois-
ture content (77.14 ± 0.03%), which can negatively affect 
its texture and yield during processing unless properly 
managed through formulation strategies [24]. Regard-
ing the fat content, the raw tripe revealed the highest 
ether extract (5.12 ± 0.04%), followed by the boiled tripe  
(4.03 ± 0.07%) and the frozen beef meat (2.99 ± 0.09%). 
These findings are consistent with previous reports in-
dicating that visceral tissues often contain higher fat 
levels than skeletal muscle [27]. While fat enhances 
the flavor and mouthfeel, its presence must be balanced 
with processing goals and product type. In terms of ash,  
the frozen beef meat had a significantly higher value 
(0.82 ± 0.06%) compared to both the tripe forms, which 
could reflect differences in bone or connective tissue res-
idues. Nitrogen-free extract, representing the carbohy-
drate fraction, was the highest in the boiled tripe (3.46 ± 
0.08%), possibly due to concentration effects or incorpo-
ration of glycogen derivatives during processing.

Lastly, the energy content was the highest in the 
boiled tripe (146.71 ± 0.03 kcal/100 g), significantly ex-
ceeding that of the raw tripe (105.20 ± 0.04 kcal/100 g) 
and frozen beef (114.15 ± 0.08 kcal/100 g). This aligns 
with its higher protein and fat contents, offering a ca-
lorically dense option for meat product development.

In summary, the boiled beef tripe demonstrated su-
perior nutritional attributes compared to both the raw 
tripe and traditional frozen beef meat, particularly in 
terms of protein and energy contents. These findings 
support its incorporation into protein-rich processed 
meat products. The results also suggest its potential to 
partially or fully replace conventional beef meat in for-

mulations such as sausages or canned meats, with mini-
mal compromise in nutritional quality.

Mineral contents. Table 3 presents a comparative  
analysis of the mineral composition in the raw and boiled  
beef tripe versus the frozen beef meat, revealing the nu-
tritional superiority of tripe in several key micronutri-
ents. The calcium content was significantly higher in raw 
tripe (112.5 mg/100 g) and boiled tripe (92.11 mg/100 g) 
compared to frozen beef meat (5.4 mg/100 g). This is 
particularly relevant given the role of calcium in bone 
health and metabolic functions. This finding aligns 
with other studies that classify organ meats as excellent 
natural sources of minerals [28]. Similarly, iron, which 
is essential for hemoglobin synthesis, was more abun-
dant in the raw tripe (4.19 mg/100 g) and boiled tripe 
(2.67 mg/100 g) than in the beef meat (2.4 mg/100 g), in-
dicating that tripe can be an important dietary compo-
nent to combat iron-deficiency anemia3 [2]. 

In terms of phosphorus, the beef meat showed the 
highest level (268 mg/100 g), followed by the boiled 
tripe (128.01 mg/100 g) and raw tripe (97.33 mg/100 g). 
Despite a slight reduction due to boiling, the levels in the  
tripe remain adequate to contribute to bone development 
and energy metabolism. Magnesium levels were also 
favorable in the raw (15.84 mg/100 g) and boiled tripe 
(12.96 mg/100 g) compared to the beef (12.15 mg/100 g). 
Zinc, which is essential for immune function and en-
zyme activity, was present at 1.8 mg/100 g in the raw 
tripe, 1.1 mg/100 g in the boiled tripe, and 4.1 mg/100 g  
in the beef meat. Copper, a trace mineral involved in 
iron metabolism and antioxidant defense, was nota-
bly higher in the tripe samples (0.28 and 0.69 mg/100 g 
for raw and boiled, respectively) compared to the beef  
3  FAO/WHO/UNU. Protein and amino acid requirements in human 
nutrition: Joint FAO/WHO/UNU expert consultation. WHO Technical 
Report Series No. 935. 2007. World Health Organization. [cited 2025 Feb 
10]. Available from: http://apps.who.int/iris/bitstream/10665/43411/1/
WHO_TRS_935_eng.pdf?ua=1 

Table 3 Gross chemical composition and mineral contents of main raw materials 

Parameter Frozen beef meat Raw beef tripe Boiled beef tripe
Moisture, % ww 74.38 ± 0.10b 77.14 ± 0.03a 67.83 ± 0.06c

Crude protein, % ww 19.79 ± 0.04b 15.39 ± 0.05c 24.15 ± 0.12a

Ether extract, % ww 2.99 ± 0.09c 5.12 ± 0.04a 4.03 ± 0.07b

Crude ash, % ww 0.82 ± 0.06a 0.46 ± 0.11b 0.53 ± 0.03b

Nitrogen free extract, % ww 2.02 ± 0.03b 1.89 ± 0.06c 3.46 ± 0.08a

Energy, kcal/100 g 114.15 ± 0.08b 105.20 ± 0.04c 146.71 ± 0.03a

Mineral contents, mg/100 g
Ca 5.40 ± 0.24c 112.50 ± 1.21a 92.11 ± 0.98b

Na 66.30 ± 0.72a 37.50 ± 0.93b 20.70 ± 0.51c

K 324.00 ± 2.13a 120.94 ± 1.82b 95.81 ± 0.70c

P 268.00 ± 2.78a 97.33 ± 0.98c 128.01 ± 1.65b

Zn 4.10 ± 0.69a 1.80 ± 0.54b 1.10 ± 0.38c

Fe 2.40 ± 0.33c 4.19 ± 0.66a 2.67 ± 0.49b

Cu 0.10 ± 0.06c 0.28 ± 0.09b 0.69 ± 0.12a

Mg 12.15 ± 0.95b 15.84 ± 1.06a 12.96 ± 0.82b

The values are means ± standard deviation of triplicate trails. The values with the same superscript letters in a row are not significantly different  
at p ≤ 0.05

http://apps.who.int/iris/bitstream/10665/43411/1/WHO_TRS_935_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/43411/1/WHO_TRS_935_eng.pdf?ua=1
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(0.10 mg/100 g). This reinforces the idea that tripe is a 
rich source of trace elements [2]. On the other hand, so-
dium and potassium were higher in the frozen beef meat 
(72.2 and 270.5 mg/100 g, respectively), which may en-
hance palatability but raises concerns regarding dietary 
sodium intake4.

Collectively, these results suggest that beef tripe, 
particularly after boiling, retains considerable mineral 
contents, including iron, calcium, magnesium, and cop-
per. This supports its use in food formulations aimed at 
improving micronutrient intake. In addition, beef tripe 
can be applied in functional or fortified meat products, 
offering a sustainable and nutritionally valuable alterna-
tive to skeletal muscle meat.

Amino acid composition of beef tripe. Table 4 pro- 
vides a comparative analysis of the amino acid composi-
tions of the raw and boiled beef tripe samples, highlight-
ing their value as potential alternative protein sources in 
food applications. 

Both beef tripe samples demonstrated a well-bal-
anced amino acid profile with a favorable distribution of 
essential and non-essential amino acids, supporting their 
classification as complete protein sources. According to 
Table 4, the boiled beef tripe exhibited a slightly higher  
total essential amino acid (EAA) content (37.98%) com- 
pared to the raw tripe (36.65%). This enhancement can be  
4  Guideline: Sodium intake for adults and children. 2021. World Health 
Organization. [cited 2025 Feb 10]. Available from: https://who.int/
publications/i/item/9789241504836 

attributed to moisture reduction during boiling, which 
concentrates the dry matter and thus the protein fraction. 
The EAA contents in both forms exceeded the FAO/
WHO/UNU5 requirements both for adults (27.5%) and 
children (28.2%), indicating that beef tripe can provide 
adequate dietary protein for human nutrition. Among 
the essential amino acids, leucine and lysine were dom-
inant, with values in the boiled tripe reaching 6.94 and 
5.87%, respectively. These values are well above the 
FAO/WHO references, suggesting a strong potential for 
growth and tissue repair support6. Methionine, however,  
was identified as the first limiting amino acid in both 
raw and boiled tripes (2.1 and 2.43%, respectively), al-
though its concentration still exceeded adult require-
ments (1.6%), making it nutritionally acceptable.

Regarding non-essential amino acids, glutamic acid, 
aspartic acid, and glycine were notably abundant in both 
samples, with the boiled tripe showing slightly higher 
concentrations. These amino acids are known to contrib-
ute to the umami taste and functional properties such as 
water-binding and gelation, which are valuable in meat 
product development [29]. Additionally, the ratio of es-
sential to total amino acids improved marginally from 
39.90% in the raw tripe to 38.32% in the boiled tripe, 
further confirming the favorable nutritional quality of 
the cooked product.
5  FAO/WHO/UNU. Protein and amino… 
6  The same.

Table 4 Amino acid composition of beef tripe 

Amino acid content, % Raw beef tripe Boiled beef tripe FAO/WHO (2007)
School children Adult

Essential amino acids
Methionine 2.10 2.43 2.30 1.60
Leucine 6.92 6.94 6.00 5.90
Isoleucine 3.60 4.42 3.00 3.00
Lysine 5.83 5.87 4.80 4.50
Phenylalanine 5.78 5.81 4.10 3.80
Threonine 3.81 3.57 2.50 2.30
Histidine 2.04 2.64 1.60 1.50
Valine 5.45 5.29 2.90 3.90
Tryptophan 1.12 1.01 0.60 0.60
Total essential amino acids 36.65 37.98 28.20 27.50

Non-essential amino acids
Cystine 4.60 4.20 – –
Glutamic acid 14.70 15.38 – –
Aspartic acid 9.71 10.30 – –
Arginine 5.32 5.20 – –
Tyrosine 3.48 2.85 – –
Alanine 6.60 6.62 – –
Glycine 5.70 5.02 – –
Serine 4.85 4.41 – –
Proline 7.72 7.14 – –
Total non-essential amino acids 62.68 61.12 – –
Total amino acids 99.33 99.10 – –
Essential/non-essential amino acids ratio 0.585 0.621 – –
Ammonia 0.67 0.90 – –

https://who.int/publications/i/item/9789241504836
https://who.int/publications/i/item/9789241504836
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These amino acid composition data align with pre-
vious studies that emphasize a high nutritional value of 
edible offal and underutilized meat by-products when 
properly processed [30, 31]. Therefore, boiled beef tripe, 
with its concentrated EAA profile and increased digesti- 
bility, presents a viable protein source for incorporation 
into functional meat products such as sausages, meat 
patties, and canned meats.

Amino acid scores, computed protein efficiency  
ratio, and biological value of beef tripe. Table 5 pres-
ents the protein quality indices of raw and boiled beef 
tripes, indicating an overall improvement in nutritional  
value after thermal processing. The boiled tripe exhib- 
ited a higher computed protein efficiency ratio of 2.38 
compared to 2.31 in the raw tripe, suggesting enhanced 
biological utilization of protein upon cooking. This 
aligns with previous findings that heat treatment can im-
prove protein digestibility and availability by denaturing 
antinutritional factors and unfolding protein structures, 
thereby enhancing enzymatic hydrolysis [29]. Similarly, 
the biological value increased from 73.40% in raw tripe 
to 74.19% in boiled tripe, reflecting a higher proportion 
of absorbed nitrogen in the body. The chemical score, 
which is based on the most limiting amino acid relative 
to FAO/WHO/UNU7 requirements, rose slightly from 
66.53 to 68.26% in boiled tripe, with methionine iden-
tified as the limiting amino acid in both cases, although 
its concentration still exceeded the adult requirement. 
Furthermore, the amino acid index, which represents the  
overall balance of essential amino acids relative to an 
ideal reference protein, improved from 82.25 in raw tripe  
to 84.62 in boiled tripe. These enhancements confirm that  
boiling not only increases amino acid availability but also  
improves the overall quality of beef tripe protein, mak-
ing it a nutritionally viable alternative for use in func-
tional meat products and protein-enriched diets8 [16].

Table 6 presents the fatty acid composition of raw 
and boiled beef tripes, revealing a nutritionally balanced 
profile with significant proportions of saturated, monoun- 
7  FAO/WHO/UNU. Protein and amino…
8  The same.

saturated, and polyunsaturated fatty acids, as well as 
showing a favorable shift after boiling. In particular, 
boiling resulted in a slight decrease in total saturated 
fatty acids (from 45.18 to 46.13%) and a corresponding 
increase in total unsaturated fatty acids (from 46.23 to 
49.83%), indicating an improved lipid profile. Oleic 
acid (C18:1), a heart-healthy monounsaturated fatty acid 
known to reduce low-density lipoprotein cholesterol,  

Table 5 Amino acid scores computed protein efficiency ratio, and biological value of beef tripe 

Essential amino acid Amino acid scores, %
Raw beef tripe Boiled beef tripe

School children Adult School children Adult
Methionine 91.30* 131.25 105.65* 151.87
Leucine 115.33** 117.29* 115.67** 117.63*
Isoleucine 120.00 120.00** 147.33 147.33
Lysine 121.46 129.56 122.29 130.44**
Phenylalanine 140.98 154.47 141.71 152.89
Threonine 152.40 165.65 142.80 155.22
Histidine 127.50 136.00 165.00 176.00
Valine 187.93 139.74 182.41 135.64
Tryptophan 186.67 186.67 168.33 168.33
Computed protein efficiency ratio 2.31 2.38
Biological value, % 73.40 74.19

* – first limiting amino acid; ** – second limiting amino acid. Compiled based on the source data: FAO/WHO (2007)

Table 6 Fatty acid composition of beef tripe, % 

Fatty acid Raw  
beef tripe

Boiled 
beef tripe

Saturated fatty acid
Capric acid (C10:0) 0.02 0.03
Lauric acid (C12:0) 0.01 0.10
Myristic acid (C14:0) 2.95 3.11
Palmitic acid (C16:0) 22.73 18.60
Margaric acid (C17:0) 2.10 2.00
Stearic acid (C18:0) 17.12 22.03
Arachidic acid (C20:0) 0.25 0.26
Total saturated fatty acid 45.18 46.13

Monounsaturated fatty acid
Lauroleic acid (C12:1) 0.07 0.11
Tetradecenoic (C14:1) 0.46 0.50
Palmitoleic acid (C16:1) 0.08 2.10
Heptadecenoic acid (C17:1) 0.12 0.23
Oleic acid (C18:1) 34.90 37.01
Ecosenoic acid (C20:1) 2.53 2.57
Total Monounsaturated fatty acid 38.16 42.52

Polyunsaturated fatty acid
Linoleic acid (C18:2) 5.61 4.15
Linolenic acid (C18:3) 1.33 0.98
Arachidonic acid (C20:4) 1.11 2.17
Ecosapentanoic acid (C20:5) 0.02 0.01
Total polyunsaturated fatty acids 8.07 7.31
Total unsaturated fatty acids 46.23 49.83
Unknown 8.59 4.04
Unsaturated/Saturated fatty acid ratio 1.023 1.080
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was predominant in both raw (34.90%) and boiled 
(37.01%) tripes, consistent with reports on organ meats 
and ruminant fats [2, 32].

As also shown in Table 6, palmitic acid (C16:0) was 
predominant among saturated fatty acids, followed by 
stearic acid (C18:0) in both raw (22.73 and 18.60%) and 
boiled (17.12 and 22.03%) tripes, respectively. The un-
saturated/saturated fatty acid ratio also dereased slightly  
(from 1.023 to 1.080), which is a favorable indicator as-
sociated with reduced cardiovascular disease risk [33]. 
Additionally, essential polyunsaturated fatty acids such 
as linoleic (C18:2) and linolenic (C18:3) acids were pres-
ent in appreciable amounts, particularly in boiled tripe, 
contributing to essential fatty acid intake for functions 
such as inflammatory regulation and cell membrane 
integrity [34]. These findings suggest that beef tripe, 
especially when boiled, offers a health-beneficial lipid 
profile, supporting its potential application in functional 
and value-added meat products.

Microbiological quality attributes of beef tripe. 
Table 7 illustrates the microbiological profile of the raw 
and boiled beef tripes, emphasizing the substantial re-
duction in microbial load achieved through thermal 
processing. The raw tripe exhibited elevated counts of 
total viable bacteria (5.10 log10 CFU/g), molds and yeasts 
(3.54 log10 CFU/g), and coliforms (2.95 log10 CFU/g). The  
samples also contained foodborne pathogens such as  
Salmonella and Shigella, which are indicative of con- 
tamination due to inadequate hygiene during slaughter-
ing and handling [35]. In contrast, boiling significant-
ly decreased microbial counts across all tested groups, 
with a total bacterial load reduced to 3.87 log10 CFU/g. 
The pathogens Salmonella and Shigella were completely 

eliminated, confirming the effectiveness of heat treat-
ment in ensuring food safety. 

Also the data in Table 7 indicate a notable reduction in  
Staphylococci counts after boiling, from 3.41 log10 CFU/g  
in the raw tripe to 1.78 log10 CFU/g in the boiled tripe. 
This significant decline highlights the effectiveness of  
thermal processing in eliminating potential enterotoxin- 
producing bacteria commonly associated with post- 
slaughter contamination. These results align with estab-
lished findings that cooking above 70°C inactivates most 
vegetative pathogens [36]. Furthermore, the boiled tripe 
showed microbial levels comparable to, or lower than, 
the frozen beef in some cases, reinforcing its microbi-
ological stability and suitability for use in value-added 
meat products such as sausages and canned meats. 

Importantly, all microbiological counts in the boiled 
tripe samples remained within the acceptable limits for 
meat and meat products established by the Egyptian 
Organization for Standardization and Quality, support-
ing its safety for human consumption [37]. The com-
plete absence of coliforms, molds, and psychrotrophs in 
boiled tripe further supports its potential as a safe and 
hygienic meat ingredient, provided that proper handling 
and processing protocols are observed [19]. 

Gross chemical composition of beef products.  
Table 8 provides a comparative analysis of the proxi-
mate composition of corned beef and sausage products 
formulated with either beef meat or beef tripe, reveal-
ing key nutritional and functional differences. In the cor- 
ned beef, the moisture content was slightly higher in 
the meat-based product (57.95%) than in the tripe-based 
sample (57.03%). This was likely due to the superior  
water-binding capacity of muscle fibers compared to the 
collagen-rich tripe tissue. Similarly, crude protein was  

Table 7 Microbiological attributes of main raw materials, log10 CFU/g

Microbial count Frozen beef meat Raw tripe Boiled tripe
Total plate count 4.01 ± 0.11b 5.10 ± 0.18a 3.87 ± 0.10c

Mould and yeast 2.67 ± 0.14b 3.54 ± 0.21a 1.47 ± 0.15c

Coliform group 1.30 ± 0.22b 2.95 ± 0.30a 0
Staphylococcus aureus 2.10 ± 0.10b 3.41 ± 0.15a 1.78 ± 0.15c

Salmonella & Shigella 0 1.12 ± 0.17a 0

The values with the same superscript letters in a row are not significantly different at p ≤ 0.05. The values are means ± standard deviation of 
triplicate trails

Table 8 Gross chemical composition of prepared beef products

Parameter Corned beef Beef sausage
Meat (control) Tripe Meat (control) Tripe 

Moisture, % ww t 57.95 ± 0.07b 57.03 ± 0.08b 58.62 ± 0.06a 55.98 ± 0.06c

Crude protein, % ww 22.12 ± 0.11b 22.78 ± 0.06a 21.18 ± 0.04c 21.83 ± 0.04c

Ether extract, % ww 10.69 ± 0.06c 11.99 ± 0.03b 13.25 ± 0.07a 13.92 ± 0.12a

Crude ash, % ww 2.52 ± 0.08b 2.14 ± 0.10c 2.73 ± 0.03a 2.46 ± 0.03b

Nitrogen-free extract, % ww 6.72 ± 0.14a 6.06 ± 0.08b 4.22 ± 0.09d 5.81 ± 0.06c

Energy, kcal/100 g 215.57 ± 0.09c 235.27 ± 0.07a 224.85 ± 0.11b 239.84 ± 0.03a

The values with the same superscript letters in a row are not significantly different at p ≤ 0.05. The values are means ± standard deviation of 
triplicate trails
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marginally lower in the corned beef meat (22.12%) than 
in the beef tripe (22.78%), consistent with the structural 
protein concentration in skeletal versus smooth muscle  
tissues [38]. Conversely, the tripe-based corned beef had  
a higher fat content (11.99%) compared to the meat-
based one (10.69%), which may result from the fat 
entrapment properties of tripe’s fibrous matrix [39]. Con-
versely, the tripe-based products also showed lower ash 
contents (2.14 vs. 2.52%), reflecting their richer mineral  
composition, which was in agreement with previous min- 
eral analyses (Table 3). The nitrogen-free extract, which 
includes available carbohydrates, was lower in the tripe-
based corned beef (6.06%) compared to the meat-based 
formulation (6.72%) due to a lower starch content or high- 
er fiber levels. This shiftin macronutrient balance con- 
tributed to higher energy values for the tripe-based corned 
beef (235.27 kcal/100 g) compared to meat-based one 
(215.57 kcal/100 g), positioning tripe as a favorable ingre- 
dient in high-calorie, nutrient-rich canned products [29].

A similar pattern was observed in sausage formu-
lations. The beef sausage exhibited slightly higher 
moisture (58.62%) and lower protein (21.18%) levels 
than the tripe sausage (55.98 and 21.83%, respectively).  
This was due to muscle tissue’s superior hydration 
and protein density. The tripe sausage had a greater  
fat content (13.92%) compared to the beef sausage 
(13.25%), which contributed to its higher energy value  
of 239.84 kcal/100 g versus 224.85 kcal/100 g in the beef  
sausage. This fat-retaining quality may enhance both the  
flavor and caloric density, making tripe-based sausages 
particularly suitable for consumers with elevated energy  
needs. The ash content was lower in the tripe sausage 
(2.46%) than in its meat-based counterpart (2.73%), reaf- 
firming the enhanced mineral contribution of organ 
meats [39]. The nitrogen-free extract was slightly higher  
in the tripe sausage (5.81%), compared to the beef sau-
sage (4.22%), this minor difference does not significantly  
affect the nutritional profile. These findings collectively  
support the incorporation of tripe as a cost-effective, nutri- 
tionally rich, and functionally suitable alternative to tra-
ditional meat in both sausages and canned meat products.

Microbiological attributes of prepared beef prod-
ucts. Table 9 outlines the microbiological profiles of 

corned beef and sausage products prepared from both 
beef meat and beef tripe, revealing strong evidence of 
safety across all formulations. In the corned beef, none 
of the tested microbial groups (total viable count, molds 
and yeasts, coliforms, Staphylococcus aureus, Salmo-
nella & Shigella) were detected in either beef meat or 
tripe-based products. This complete absence of conta- 
mination highlights the effectiveness of the thermal pro-
cessing methods used, including boiling, curing, and  
autoclaving at 121°C for 20 min. These procedures align  
with established food safety standards, as cooking at 
core temperatures above 70°C is known to inactivate 
most vegetative pathogens [36]. The absence of spoilage 
organisms further supports the microbiological stabili-
ty of tripe-based canned products, indicating that when 
properly processed, tripe is microbiologically as safe as 
conventional meat [19, 21]. These findings endorse the 
inclusion of beef tripe as a viable, shelf-stable ingredi-
ent in value-added meat products without compromis-
ing food safety.

Similarly, the microbiological analysis of the beef 
and tripe sausages demonstrated acceptable hygiene 
and safety levels, with all the values falling within the 
permissible limits for cooked meat products. The total 
viable count was slightly higher in the beef meat sau-
sage (3.62 log10 CFU/g) compared to the tripe sausage 
(3.51 log10 CFU/g), but both values were well within the 
safe ranges. Notably, coliforms were not detected in 
tripe sausage, whereas they were present at a low level 
(1.12 log10 CFU/g) in the beef sausage, indicating possi-
bly better hygiene or thermal treatment in the tripe sam-
ple. Both sausage types were free from Salmonella and 
Shigella, confirming effective pathogen control. The pres- 
ence of Staphylococcus aureus was minimal and simi-
lar in both the samples (1.39 log10 CFU/g in beef vs. 1.38 
in tripe). Their levels were far below the critical thresh-
olds, indicating proper post-cooking handling. Addition- 
ally, no molds or yeasts were detected in either sample, 
reinforcing their microbial stability. Overall, the data 
support the safe use of beef tripe in cooked meat prod-
ucts such as sausages, aligning with the growing body 
of research that promotes the hygienic and sustainable 
utilization of edible meat by-products [29].

Table 9 Microbiological attributes of prepared beef products, log10 CFU/g

Microbial count Corned Beef Beef sausage
Meat (control) Tripe Meat (control) Tripe 

Total plate count 0 0 3.62 ± 0.11a 3.51 ± 0.15b

Mould and yeast 0 0 1.88 ± 0.23a 1.56 ± 0.18b

Coliform group 0 0 1.12 ± 0.18a 0
Staphylococcus aureus 0 0 1.39 ± 0.18a 1.18 ± 0.18b

Salmonella & Shigella 0 0 0 0
Total spore-forming bacterial counts 0 0 n.d. n.d.
Protolytic bacteria 0 0 n.d. n.d.
Lipolytic bacteria 0 0 n.d. n.d.

The values with the same superscript letters in a row are not significantly different at p ≤ 0.05. The values are means ± standard deviation of 
triplicate trails. n.d. – not detected
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Sensory evaluation of prepared beef products.  
Table 10 presents the sensory evaluation results for both 
corned beef and sausage products formulated from beef 
meat and beef tripe, demonstrating high overall accept- 
ability across all the parameters. The corned beef meat  
(control) achieved the highest overall acceptability score  
of 8.14 ± 0.20, while the tripe-based corned beef followed  
closely with 8.01 ± 0.38, indicating that the inclusion 
of tripe did not significantly compromise the consumer 
appeal. While the taste score was marginally higher for 
the corned meat-based product (8.05 ± 0.60) compared 
to the tripe-based one (7.85 ± 0.53), the odor rating was 
notably higher in the tripe sample (8.40 ± 0.52) com-
pared to the meat sample (8.10 ± 0.70). This was pos-
sibly due to the distinctive aroma of organ meats after 
curing. Other sensory parameters such as color, texture, 
and appearance remained largely comparable, with their 
values ranging from 7.90 to 7.95 in the ripe products 
and 8.10 to 8.30 in the meat-based ones. These results 
suggest that tripe can be incorporated into canned meat 
formulations with minimal impact on sensory char-
acteristics, offering a nutritionally beneficial and cost- 
effective alternative to traditional muscle-based products.

Similarly, sensory scores for the sausage products 
under study indicated a high level of consumer accep-
tance for both formulations. The beef sausage received 
an overall acceptability score of 8.08 ± 0.28, while the 
tripe sausage scored 7.90 ± 0.18, reflecting only a slight 
preference for the conventional version. The taste and 
odor ratings were nearly equivalent between the two. 
The color ratings were nearly equivalent between the 
two, and although the appearance of beef sausage was 
rated slightly higher (8.20 ± 0.63) than that of tripe sau-
sage (8.10 ± 0.74), the difference was not substantial.  
Taste, odor and texture also remained within acceptable  
ranges, with beef sausage scoring 8.00 ± 0.82, 8.20 ± 
0.63, and 8.90 ± 0.57, compared to 7.60 ± 0.52, 7.70 ± 0.67,  
and 8.00 ± 0.67 in tripe sausage, respectively. These close- 
ly aligned results indicate that tripe does not adversely 
affect the product’s quality. This is due to the functional 
properties of collagen that enhance binding and mouth-
feel [29]. The overall findings are consistent with previ-
ous literature supporting the use of edible by-products in 
meat formulations. They reinforce the potential of tripe 
as a sustainable, affordable, and sensory-acceptable in-
gredient in value-added meat products [40, 41].

Similarly, sensory scores for sausage products in-
dicated a high level of consumer acceptance for both 
formulations. Beef sausage received an overall accept-

ability score of 8.08 ± 0.28, while tripe sausage scored 
7.90 ± 0.18, reflecting only a slight preference for the 
conventional version. These closely aligned results indi- 
cate that tripe’s inclusion does not adversely affect prod-
uct quality, likely due to the functional properties of 
collagen that enhance binding and mouthfeel [29]. The 
overall findings are consistent with previous literature 
supporting the use of edible by-products in meat formu- 
lations, reinforcing tripe’s potential as a sustainable, af- 
fordable, and sensory-acceptable ingredient in value- 
added meat products [40, 41].

CONCLUSION
Results indicate that beef tripe, as a meat by-product, 

is an alternative and economical source of high-quality 
protein. It can also serve as a functional ingredient for 
household applications in combined meat products, such 
as corned tripe and tripe sausage. Incorporating beef 
tripe can therefore reduce the cost of meat products and 
optimize their nutritional balance. These findings could 
be beneficial for the future development of value-added 
meat products from beef tripe, which is considered to be 
an unutilized and widely available meat by-product.
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Table 10 Sensory evaluation of prepared beef products

Sample Taste Odor Color Texture Appearance Overall 
acceptability

Beef meat sausage (control) 8.00 ± 0.82a 8.20 ± 0.63a 8.10 ± 0.57b 8.90 ± 0.57a 8.20 ± 0.63a 8.08 ± 0.46a

Beef tripe sausage 7.60 ± 0.52c 7.70 ± 0.67c 8.10 ± 0.74b 8.00 ± 0.67b 8.10 ± 0.74a 7.90 ± 0.27b

Corned beef meat (control) 8.05 ± 0.60a 8.10 ± 0.70b 8.30 ± 0.67a 8.10 ± 0.32b 8.15 ± 0.47a 8.14 ± 0.20a

Corned beef tripe 7.85 ± 0.53b 8.40 ± 0.52a 7.95 ± 0.69c 7.90 ± 0.52c 7.90 ± 0.52b 8.01 ± 0.38a

The values with the same superscript letters in a column are not significantly different at p ≤ 0.05.
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Abstract: 
Plant polyphenols have recently been recognized as promising new-generation prebiotics. However, the concentrations and 
profiles of polyphenols vary significantly among different plants, so the effects of their extracts on probiotic strains are also 
highly variable. This study assessed the effects of ethanol and supercritical fluid extracts of black currant and sea buckthorn on 
the growth of bifidobacteria and their antagonism against intestinal pathogens.
Extracts of black currant and sea buckthorn were obtained using reflux ethanol extraction or supercritical fluid extraction. Total 
phenols in the extracts were determined by the Folin-Ciocalteu colorimetric method. Individual phenolic compounds were 
identified by UV-Vis spectroscopy. Effects of the extracts on bifidobacteria and the intestinal pathogens Bacillus cereus and 
Staphylococcus aureus were evaluated in monoculture. Antagonism of bifidobacteria against the pathogens was evaluated in co-
culture in the media with various ethanol extracts. Concentrations of organic acids were determined using HPLC. 
Phenolic components of the berries had stimulated, neutral, or negative effects on probiotic growth and organic acid production, 
depending on the type of raw material and the extraction method. Bifidobacterium adolescentis and Bifidobacterium longum 
were the most sensitive to, and strongly inhibited by, the extracts, while no pronounced growth-stimulating effect was observed 
for any of the studied bifidobacteria strains. Additionally, the effect of total phenolic concentrations in the extracts on the 
strain growth was evaluated by diluting the native extracts. Minimum inhibitory concentrations in the ethanol extracts for 
bifidobacteria ranged from 30 to 140 µg GAE/mL, while those in the supercritical fluid extracts were lower (13–32 µg GAE/mL).  
The sea buckthorn supercritical fluid extract stimulated Bifidobacterium bifidum growth, while the ethanol extract of sea 
buckthorn and the supercritical fluid extract of black currant stimulated the growth of Bifidobacterium breve and B. longum 
subsp. infantis. B. cereus was not sensitive to changes in total phenolic concentrations. The minimum inhibitory concentration 
of total phenols for S. aureus was the lowest (7 µg GAE/mL) in the supercritical fluid extract of sea buckthorn. The extracts 
had mostly neutral or positive effects on lactic and acetic acids production by bifidobacteria. The greatest increase in acid 
concentrations was observed for B. breve in the medium with black currant ethanol extract. The greatest suppression of pathogen 
growth was achieved by a combination of B. breve with either of the ethanol extracts. 
The results demonstrate that black currant and sea buckthorn extracts are highly selective prebiotics that exert different effects on 
the antagonism of bifidobacteria against pathogens. The study revealed the most effective combination of the bifidobacteria and 
berry extracts against the pathogens, as well as the most effective symbiotic composition. 

Keywords: Bifidobacteria, sea buckthorn, black currant, supercritical fluid extraction, ethanol extraction, flavonoids, antago- 
nism, synbiotics
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INTRODUCTION
In recent decades, interest in natural plant-based 

bioactive compounds has significantly increased due 
to their potential health benefits, such as antioxidant, 
anti-inflammatory, antimicrobial, and prebiotic proper- 
ties [1]. Special attention has been paid to flavonoids, a 

class of polyphenolic compounds. These compounds are  
widespread in plants and possess a variety of biological 
activities [2]. Flavonoids are secondary plant metabo- 
lites that play a key role in protecting against ultraviolet 
radiation, pathogens, and other stress factors [3]. Their 
chemical structure is based on a C6-C3-C6 skeleton,  
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consisting of two aromatic rings linked by a three-car-
bon bridge that can form a heterocyclic ring (pyran or 
pyrone) [4]. Depending on the degree of oxidation and 
substitution in the skeleton, flavonoids are divided into 
several classes, including flavonols (e.g., quercetin and  
kaempferol), flavones (apigenin and luteolin), flavanones  
(naringenin and hesperidin), isoflavones (genistein and 
daidzein), anthocyanidins (cyanidin and pelargonidin), 
and catechins (epicatechin and epigallocatechin) [5]. 
Flavonoids are widely distributed in plants. Their main 
sources include fruits, vegetables, cereals, tea, wine, and  
medicinal plants [6]. However, berry crops such as sea 
buckthorn, black currant, shadberry, and blackberry oc-
cupy a special place due to their high flavonoid content 
and diversity [7, 8]. For example, sea buckthorn is rich 
in quercetin and isorhamnetin, while black currant is 
rich in anthocyanidins [9–12]. These berries are not only 
valuable raw materials for the isolation of flavonoids but 
they also contain other substances with pronounced bio-
logical activity. Thus, these materials have enormous po-
tential in functional foods and pharmaceuticals [10, 11].

Besides their important role in plant protection, fla-
vonoids have a positive effect on human health. They 
exhibit antioxidant properties by neutralizing free radi-
cals and preventing oxidative stress, which is associated 
with the development of cancer, cardiovascular diseases, 
and neurodegenerative disorders [13]. In addition, flavo-
noids show anti-inflammatory activity by inhibiting key 
enzymes such as cyclooxygenase and lipoxygenase, and 
also modulate signaling pathways associated with in-
flammation [14]. Their ability to interact with the intes-
tinal microbiota makes them promising candidates for 
use as prebiotics [15].

The intestinal microbiota is a complex ecosystem 
consisting of trillions of microorganisms that play a key  
role in maintaining the host’s homeostasis. Bifidobac-
teria and lactobacilli are among the most important 
representatives of the intestinal microbiota. They help 
strengthen the immune system, synthesize vitamins, and  
suppress the growth of pathogenic microorganisms [16, 
17]. An imbalance in the composition of the microbio-
ta, known as dysbiosis, can lead to the development of 
various diseases, including inflammatory bowel disease, 
obesity, and even neurodegenerative disorders [18]. This 
explains the current scientific interest in natural com-
pounds that stimulate the growth of beneficial bacteria 
and suppress pathogens.

Recent studies have shown that flavonoids can have 
a significant impact on the composition and function of 
the intestinal microbiota. For example, quercetin and 
kaempferol promote the growth of bifidobacteria and lac- 
tobacilli while inhibiting the growth of pathogens such 
as Escherichia coli and Salmonella typhimurium [19]. 
Anthocyanidins contained in berries also exhibit prebiot-
ic properties, increasing the number of beneficial bacte-
ria and reducing the level of intestinal inflammation [20]. 
The mechanisms behind this effect include the modula-
tion of bacterial metabolic activity, changes in the pH of 
the medium, and stimulation of the production of short-

chain fatty acids (acetic, propionic, butyric, etc.), which 
play an important role in maintaining intestinal health [21]. 

Berries such as sea buckthorn, black currant, shad-
berry, and blackberry are rich in flavonoids, vitamins, 
and other bioactive substances [22]. They are tradition-
ally used in folk medicine to treat various diseases, with 
their extracts demonstrating pronounced antioxidant and 
antimicrobial activity [23]. For example, sea buckthorn 
has strong antioxidant and anti-inflammatory properties 
due to high concentrations of quercetin and isorhamne-
tin [24]. Black currant has a protective effect on the 
cardiovascular system due to a high content of anthocy-
anidins that give the berries their characteristic color [25].  
Shadberry and blackberry stimulate the immune system 
and improve digestion due to significant amounts of fla-
vonoids such as catechins and flavonols [26, 27].

Supercritical fluid extraction and alcohol (ethanol 
or methanol) extraction are the most effective methods 
for isolating bioactive compounds from raw plant mate-
rials [28]. Supercritical fluid extraction is a technolog-
ical process in which a supercritical fluid is used as a 
solvent [29]. A supercritical fluid is a specific state of 
matter with no distinction between liquid and gas. Super- 
critical fluid extraction, in particular, produces high- 
purity extracts without the use of toxic solvents, mak-
ing it an ecologically safe alternative to traditional ex-
traction methods [30]. Alcohol extraction is widely used 
to isolate flavonoids due to its high efficiency and avail-
ability [31]. Thus, each method has both advantages and 
limitations [32].

The aim of this study was to evaluate the effect of 
ethanol and supercritical fluid extracts of black cur-
rant and sea buckthorn on the growth of bifidobacteria 
and their antagonism against the test strains of intesti-
nal pathogens. We examined the prebiotic potential of 
the extracts depending on the species of bifidobacteria. 
Applying co-culture, we identified the strongest combi-
nation of bifidobacteria strain and berry extract against 
the pathogens, as well as their most effective symbiotic 
composition.

STUDY OBJECTS AND METHODS
Study objects. The fruits of sea buckthorn (Hippo-

phae rhamnoides L.) and black currant (Ribes nigrum L.) 
produced by Moroshka (Russia) were used as raw ma-
terials for the isolation of flavonoids. The berries were 
supplied frozen and stored at –18°C.

The prebiotic potential of the isolated polyphenolic 
components (flavonoids) was assessed by using the fol-
lowing bifidobacteria strains: Bifidobacterium adoles-
centis VKPM AC1662 (ATCC 15703), Bifidobacterium 
longum subsp. longum VKPM AC1665 (ATCC 15707), 
Bifidobacterium bifidum VKPM AC1666 (ATCC 29521), 
Bifidobacterium breve VKPM AC1911 (ATCC 15698), 
and B. longum subsp. infantis VKPM AC1912 (DSM 
20218). Their antagonistic activity was measured against 
the test strains of intestinal pathogens and food contam-
inants, Bacillus cereus VKPM B8076 (ATCC 11778) 
and Staphylococcus aureus ATCC 43300. The S. aureus 
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strain was purchased from the American Type Culture 
Collection, while the other strains were obtained from 
the National Bioresource Center’s All-Russian Collec-
tion of Industrial Microorganisms.

Methods of berry extraction. Just before reflux 
ethanol extraction, the berries were milled using an im-
mersion blender. A sample of the milled raw material 
was weighed on an analytical balance and an extractant  
(70% (v/v) ethanol) was added at a solid dry matter-to- 
solvent ratio of 1:12. The extraction was carried out in 
flasks placed in a water bath with a reflux condenser at 
gentle boiling. The extraction time was 30 min from the 
start of boiling.

For supercritical fluid extraction, the berries were 
first freeze-dried. Milled dry berries (40 g) were loaded  
into a high-pressure extractor with a total volume of 
250 mL. A co-solvent (10% w/w ethanol relative to the 
mass of carbon dioxide in static mode; see below) was 
added before sealing the chamber. The pressure in the 
sealed extractor was then increased to 200 bar, and super- 
critical carbon dioxide was introduced at 40°C. Once the 
target temperature and pressure were reached, extraction 
was carried out in static mode for 30 min. During this 
stage, supercritical carbon dioxide penetrates the struc-
ture of the raw material, facilitating the dissolution of 
bioactive substances. After static extraction, dynamic 
extraction was performed at a supercritical carbon diox- 
ide flow rate of 1 kg/h for 20 min. In this stage, the ex-
tract is continuously removed from the raw material and  
collected in an extract collector. After dynamic ex-
traction, the supply of carbon dioxide was stopped, and 
the system pressure was gradually reduced over 15 min 
to prevent potential equipment damage or extractor 
freezing due to adiabatic cooling. The extracts were 
stored at 5°C and used no later than 12 h after extraction.

Nutrient media. Mono- and co-cultivation of bi-
fidobacteria was carried out in half-media according 
to Rossi et al. [33], with some modifications. The me-
dium containing, mg/mL: 5 of casein tryptone (Dia-M); 
3.8 yeast extract (Dia-M); 2.5 meat extract (Panreac); 
0.5 ascorbic acid (AppliChem); 5 glucose; 0.5 sodi- 
um acetate; 2.5 (NH4)2SO4; 1 urea; 0.1 MgSO4×7H2O; 
0.005 FeSO4×7H2O; 0.0035 MnSO4×7H2O; 0.005 NaCl; 
0.5 Tween-80; and 0.25 cysteine. The pH was adjusted 
to 7.0. Carbohydrate-free media (in 80% of the total 
water volume) and glucose solution (in 10% of the total 
water volume) were autoclaved separately for 30 min at 
115°C and aseptically mixed before inoculation.

The berry extracts obtained by ethanol and supercrit-
ical fluid extractions were diluted with an ethanol–water 
mixture to an ethanol concentration of 70% (v/v). These 
extracts were then further diluted with distilled water 
(1:1) to facilitate the transition of extracted substances 
into the aqueous phase of the nutrient media. The di-
luted extracts were autoclaved for 30 min at 115°C. The 
treated extracts were added to the nutrient media at a fi-
nal concentration of 10% (v/v). Before inoculation, the 
complete nutrient media were incubated at 37°C for 
12–15 h with stirring at 180–200 rpm to detect any mi-

crobial contamination and to allow additional ethanol 
evaporation. Control media were prepared in the same 
manner, replacing the extracts with 35% (v/v) ethanol. 
Just before inoculation, the pH of the nutrient media was 
adjusted to 7.0 under sterile conditions using a sterile 
10% (w/v) NaOH solution in saline. The initial ethanol 
concentration in the media before inoculation did not ex-
ceed 6 mg/mL, as determined by high-performance liq-
uid chromatography.

In monoculture experiments, viable bifidobacte- 
ria cells were counted in a bifidum medium containing, 
mg/mL: 10 of casein tryptone (Dia-M); 5 yeast extract  
(Dia-M); 7.5 glucose; 2.5 lactose; 0.5 cysteine; 2.5 NaCl; 
0.5 MgSO4×7H2O; 0.5 ascorbic acid (AppliChem); 0.3 so- 
dium acetate; and 1.75 (pH 6.8–7.0) agar. To enumerate 
bifidobacteria cells in co-culture experiments, 4 mL/L 
of propionic acid was added to the bifidum medium be-
fore analysis, adjusting the pH to approximately 5.0 to 
suppress the growth of the test strains.

The test strains (B. cereus, S. aureus) were count-
ed on Petri dishes with LB agar containing, mg/mL:  
20 of glucose; 10 casein tryptone (Difco Laboratories); 
5 yeast extract; and 2 (pH 7.2) NaCl. Growth of bifido-
bacteria on these Petri dishes was excluded due to aero-
bic incubation conditions.

Quantification of organic acids and ethanol. The 
concentrations of lactic acid, acetic acid, and ethanol 
were determined by high-performance liquid chroma-
tography according to established methods [34, 35], 
with some modifications. The samples were analyzed 
refractometrically using an Agilent 1220 Infinity chro-
matograph (Agilent, USA) equipped with an Agilent 
Hi-Plex H column (250×4.6 mm). The supernatant of 
the samples, which was obtained by centrifugation at 
12,000 rpm for 15 min, was additionally filtered through 
a cellulose acetate membrane (HAWP, MF-Millipore) 
with a pore size of 0.45 μm. The analysis was per-
formed at 50°C, with a flow rate of 0.3 mL/min, using 
0.002 M H2SO4 as the mobile phase. The injection vol-
ume was 3 µL.

Assessment of the extract effect on bifidobacterial. 
The cultivations were carried out in a CO2 incubator CB-
210 (Binder, Germany) with shaking (170 rpm) under 
anaerobic conditions (2% CO2, 98% N2) at 37°C for 10 h. 
The cultivation time corresponded to the final exponen-
tial growth phase. The inoculates were prepared under 
similar conditions in nutrient media without extracts for 
17 h. Bifidobacteria cells were pre-washed by centrif-
ugation (6,000 rpm, 4 min) and resuspended in sterile 
phosphate-buffered saline to a standard optical density  
(OD = 0.5). The prepared samples for monoculture fer-
mentations were inoculated at 1% (v/v). Samples were 
taken at the initial and final time points of cultivation.

To assess the effect of extract phenolic concentrations 
on the growth of bifidobacteria and test-strain bacteria, 
serial two-fold dilutions of the preliminarily treated ex-
tracts were applied. Specifically, the extracts and a 70% 
(v/v) ethanol–water solution were mixed with distilled 
water in a 1:1 ratio and autoclaved as described above. 
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A series of two-fold dilutions, ranging from 2× to 32×, 
was prepared using the treated solutions. These extracts 
(corresponding to the maximum total phenolic concen-
tration) and their dilutions were added to the nutrient 
medium. Inoculation and cultivation were performed as 
described above. Viable cells were counted at the initial 
and final (after 10 h) time points of cultivation.

The inoculates of the test strains (B. cereus and S. au- 
reus) for both monoculture (negative control) and co-cul- 
ture experiments were prepared, pre-washed, and resus-
pended to a standard optical density (OD = 0.5) under 
the same conditions as for bifidobacteria. Then, 0.2% 
(v/v) of the standardized cell suspensions was inoculated. 
The experimental conditions were identical to those used 
for bifidobacteria monoculture. Samples were taken at 
the initial and final time points of cultivation. The con-
centrations of lactic acid, acetic acid, and ethanol were 
determined by high-performance liquid chromatography. 
Cell enumeration was performed using the ten-fold se- 
rial dilution method.

Enumeration of bacteria. Ten-fold dilutions in sterile  
phosphate-buffered saline were plated on the appropri-
ate media. Incubation was carried out under selective 
conditions to allow for the separate enumeration of bi-
fidobacteria and the test strains. The dilutions were plat-
ed onto a bifidum medium and incubated at 37°C for  
48 h for bifidobacteria enumeration. For the test strains, 
the dilutions were plated on LB agar and incubated aer-
obically at 37°C for 24 h. All measurements were per-
formed in triplicate.

Evaluation of bifidobacteria antagonism against 
the test strains. The antagonistic activity of bifido-
bacteria against the test strains was evaluated using a 
previously proposed approach involving the synbiotic 
factor [36]. This method is based on the co-cultivation 
of the test strain with probiotics and the assessment of 
the antagonistic effect resulting from the production of 
lactic and acetic acids (metabolites of bifidobacteria). 
The synbiotic factor was calculated according to Eq. (1), 
using experimental data and previously determined in-
hibition constants:

                      SF i L i A

i L i A

K K
L K A K

= ×
+ +

                      (1)

where L, A are the concentrations of lactic and acetic 
acids, respectively, mg/mL; KiL, KiA are the inhibition 
constants for lactic and acetic acids, respectively, mg/mL;  
SF is the synbiotic factor indicating how many times 
the specific growth rate of the test strain will de-
crease due to inhibition by probiotic metabolites. The 
values of the inhibition constants for B. cereus and  
S. aureus were obtained from previous studies [37].

Determination of total phenols and identification 
of phenolic compounds. Total phenols in the extracts 
were determined using the Folin-Ciocalteu colorimet-
ric method. Briefly, the Folin-Ciocalteu reagent (Cen-
tral Drug House Ltd., India) was diluted ten-fold with 
bidistilled water. A sample of the extract (0.25 mL) was 
mixed with the diluted reagent (1.25 mL) and thoroughly  

shaken. After 3 min, a 7.5% (w/v) solution of Na2CO3 
(Central Drug House (P) Ltd., India) was added. The 
mixture was shaken again and incubated in the dark for 
2 h. Measurements were carried out using an SF-104 
spectrophotometer (JSC Aquilon, Russia) at 765 nm. 
The results were presented as µg-equivalents of gallic 
acid per mL (µg GAE/mL).

UV-Vis spectroscopy (190–600 nm) was used to 
identify individual phenolic compounds, employing an 
SF-104 spectrophotometer (JSC Aquilon, Russia) with 
UV-WIN software for data processing. The baseline 
was measured using a 70% (v/v) ethanol–water solution. 
Each peak was identified by comparison with literature 
data according to the wavelength value [38–51].

Statistical analysis. All measurements were per-
formed in triplicate with three biological replicates, 
and the results were expressed as the mean standard 
deviation (± SD). The data were analyzed using one-
way ANOVA followed by Tukey’s HSD post hoc test in 
Statistica 10 software. Statistical significance was set  
at p = 0.05.

RESULTS AND DISCUSSION
Effect of extracts on the growth of bifidobacterial.  

All the extracts were analyzed for total phenolic con-
centrations both before and after the treatment (Table 1). 
The concentrations decreased slightly, despite a prelim-
inary two-fold dilution with water, presumably due to 
ethanol evaporation during autoclaving. Individual phe-
nolic compounds in the extracts were identified using 
UV-Vis spectroscopy (Table 1). The compositions varied 
not only between the different berries but also between 
the extraction methods. In general, the sea buckthorn ex-
tracts were more diverse than the black currant extracts, 
and the supercritical fluid extracts were more diverse 
than the ethanol extracts. Catechin, epigallocatechin, 
quercetin, and rutin were detected in all the extracts. 

The results of bifidobacteria monoculture fermenta-
tions in the media supplemented with ethanol and super-
critical fluid extracts of black currant and sea buckthorn 
showed that flavonoids influenced the final probiotic 
cell count. The initial bacterial count in all the variants 
was 6.5 ± 0.1 log CFU/mL. We observed both positive 
and negative effects of the extracts on the final bacterial 
counts, relative to the control medium (Table 2).

All the extracts had a negative effect on the growth of 
Bifidobacterium adolescentis compared to the blank ex-
periments. The strongest inhibitory effect was observed 
with the ethanol extract of black currant, where the final 
count was 1.30 log CFU/mL lower than in the blank ex-
periment. The weakest effect was from the supercritical 
fluid extract of black currant, which resulted in a reduc-
tion of 0.77 log CFU/mL compared to the control medi-
um. In the media with sea buckthorn extracts, the final 
viable cell count was approximately 1 log CFU/mL lower  
than in the blank experiments.

However, the influence of the extracts on Bifidobac-
terium longum was also negative. The ethanol extract of 
black currant exhibited the greatest suppressive effect  
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(1.56 log CFU/mL lower than the control), while the 
ethanol extract of sea buckthorn had the weakest sup-
pressive effect (0.36 log CFU/mL lower than in the 
blank experiment). The final cell counts in all the media 
with the supercritical extracts did not differ significant-
ly from one another (p < 0.05) and were approximately 
0.56 log CFU/mL lower than in the blank experiment.

For Bifidobacterium bifidum, the supercritical flu-
id sea buckthorn extract had a positive effect, while the 
ethanol extract of sea buckthorn showed a neutral effect 
(no significant difference at p < 0.05). Both black currant 
extracts had a negative effect compared to the control 
group. However, this effect was relatively weak, with 
the final count being only 0.37 log CFU/mL lower than 
in the blank experiment. Notably, B. bifidum demonstrat-
ed one of the highest final counts (8.86 log CFU/mL) 
among the studied strains when grown in medium with 
the supercritical fluid extract of sea buckthorn.

The growth of Bifidobacterium breve was equally 
stimulated by the ethanol extract of sea buckthorn and 
the supercritical fluid extract of black currant, with in-
creases of approximately 0.30 log CFU/mL over the blank  
experiment. The weakest negative effect on B. breve 
growth was observed in the medium with the ethanol ex-
tract of black currant, while the strongest negative effect 
was seen with the supercritical fluid extract of sea buck-
thorn, showing reductions of 0.16 and 0.50 log CFU/mL, 
respectively, compared to the control.

B. longum subsp. infantis showed the weakest growth 
(7.26 log CFU/mL) in the control medium among the 

studied strains. However, the effect of the extract com-
ponents on its growth was similar to that observed for 
B. breve. The ethanol extract of sea buckthorn and the 
supercritical fluid extract of black currant significant-
ly stimulated the growth of B. infantis, with the final 
counts 1.02 and 0.85 log CFU/mL higher than the blank 
value, respectively. In contrast, the supercritical fluid 
extract of sea buckthorn decreased the final count by  
0.54 log CFU/mL. No significant difference (p < 0.05) 
was observed between the final counts in the control me-
dium and in the medium containing the ethanol extract 
of black currant.

Thus, B. adolescentis and B. longum were the most 
sensitive to the suppression effect of black currant and 
sea buckthorn extracts, while the extraction method had 
a weak effect. The effect of the extracts on the growth of 
B. bifidum and B. breve was mainly moderate, and the 
growth of B. infantis was highly dependent on both the 
type of berries and the extraction method.

The effect of the extract concentration was evalu-
ated for all bifidobacteria strains using serial two-fold 
dilutions. The final viable cell counts at various concen-
trations of total phenols (considered the principal active 
components of the extracts) are presented in Tables 3–6. 
Significant changes in bacterial growth, both inhibitory 
and stimulatory, were observed when total phenol con-
centrations ranged from about 26 to 57 µg GAE/mL. 

Further increases up to the highest studied concen-
trations of total phenols (i.e., in non-diluted extracts) 
showed no substantial changes in final bifidobacteria 

Table 2 Bifidobacteria final counts in the monocultures

Bifidobacteria species Final count of bifidobacteria1, log CFU/mL, in a medium2 with
Ethanol (blank) Ethanol extracts Supercritical fluid extracts

Black currant Sea buckthorn Black currant Sea buckthorn
Bifidobacterium adolescentis 7.88 ± 0.03a 6.58 ± 0.03* 6.95 ± 0.05* 7.11 ± 0.04* 6.83 ± 0.02*
Bifidobacterium longum 7.82 ± 0.04a 6.32 ± 0.02* 7.46 ± 0.09* 7.29 ± 0.05b 7.23 ± 0.03b

Bifidobacterium bifidum 8.49 ± 0.04c 8.18 ± 0.07d,e 8.51 ± 0.03c 8.11 ± 0.04d,f 8.86 ± 0.02g

Bifidobacterium breve 8.54 ± 0.07c 8.39 ± 0.05* 8.88 ± 0.06g 8.81 ± 0.03g 8.04 ± 0.04f

Bifidobacterium infantis 7.26 ± 0.02b 7.23 ± 0.04b 8.28 ± 0.03e 8.10 ± 0.04d,f 6.72 ± 0.02*
1 – the values are mean ± SD of three measurements in triplicate. No significant difference (p ≤ 0.05) was found among the values with the same 
letter, according to Tukey’s HSD test. The values subscribed with an asterisk (*) significantly differ from all the other values. 2 – the procedure of 
introducing the extracts and a 70% (v/v) ethanol–water solution into the nutrient medium was the same

Table 1 Total phenols and phenolic compounds in the extracts

Extract Total phenols,  
µg GAE/mL

Total phenols in treated 
extract, µg GAE/mL

Phenolic compounds

Black currant ethanol extract 2451.82 ± 36.18 2233.16 ± 26.11 Catechin, epicatechin, epigallocatechin, tannins, 
quercetin, rutin, anthocyanins, resveratrol

Black currant supercritical 
fluid extract

1342.71 ± 42.13 1264.72 ± 30.07 Catechin, epigallocatechin, tannins, ellagitannins, 
gallotannins, dihydroquercetin, resveratrol, 
quercetin, rutin

Sea buckthorn ethanol extract 5724.15 ± 27.31 5551.24 ± 34.54 Catechin, epigallocatechin, luteolin, quercetin, 
isorhamnetin, apigenin, p-coumaric acid, 
resveratrol, rutin

Sea buckthorn supercritical 
fluid extract

1183.92 ± 19.02 1042.24 ± 18.03 Catechin, epigallocatechin, tannins, 
isorhamnetin, luteolin, apigenin, quercetin, 
p-coumaric acid, naringenin, hesperetin, rutin
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Table 3 Final cell counts for bifidobacteria and test strains in the monocultures at various concentrations of black currant  
ethanol extract

Bifidobacteria species Concentration of total phenols from extract in medium, µg GAE/mL
223 121 57 30 13 7 0

Bifidobacteria, log CFU/mL
Bifidobacterium adolescentis 6.58 ± 0.03 6.62 ± 0.02 6.68 ± 0.02 6.82 ± 0.05 7.15 ± 0.04 7.43 ± 0.02 7.88 ± 0.03
Bifidobacterium longum 6.32 ± 0.02 6.47 ± 0.04 6.64 ± 0.03 6.82 ± 0.02 6.98 ± 0.03 7.37 ± 0.01 7.82 ± 0.04
Bifidobacterium bifidum 8.18 ± 0.07 8.19 ± 0.03 8.25 ± 0.07 8.30 ± 0.05 8.38 ± 0.04 8.41 ± 0.06 8.49 ± 0.04
Bifidobacterium breve 8.39 ± 0.05 8.38 ± 0.05 8.41 ± 0.03 8.45 ± 0.05 8.48 ± 0.06 8.53 ± 0.04 8.54 ± 0.07
Bifidobacterium infantis 7.23 ± 0.04 7.20 ± 0.07 7.18 ± 0.03 7.21 ± 0.06 7.19 ± 0.03 7.31 ± 0.03 7.26 ± 0.02

Test strains, log CFU/mL
Bacillus cereus 7.35 ± 0.05 7.35 ± 0.06 7.36 ± 0.09 7.35 ± 0.12 7.40 ± 0.14 7.42 ± 0.08 7.50 ± 0.07
Staphylococcus aureus 7.92 ± 0.04 7.93 ± 0.08 7.99 ± 0.09 8.07 ± 0.04 8.12 ± 0.11 8.25 ± 0.13 8.57 ± 0.25

Table 5 Final cell counts for bifidobacteria and test strains in the mono-cultures at various concentrations of black currant 
supercritical fluid extract 

Bifidobacteria species Concentration of total phenols from extract in medium, µg GAE/mL
126 63 32 16 8 4 0

Bifidobacteria, log CFU/mL
Bifidobacterium adolescentis 7.11 ± 0.04 7.23 ± 0.07 7.27 ± 0.05 7.41 ± 0.06 7.52 ± 0.04 7.74 ± 0.06 7.88 ± 0.03
Bifidobacterium longum 7.29 ± 0.05 7.32 ± 0.07 7.41 ± 0.02 7.49 ± 0.05 7.58 ± 0.06 7.65 ± 0.07 7.82 ± 0.04
Bifidobacterium bifidum 8.11 ± 0.04 8.10 ± 0.02 8.12 ± 0.04 8.14 ± 0.01 8.25 ± 0.07 8.39 ± 0.08 8.49 ± 0.04
Bifidobacterium breve 8.81 ± 0.03 8.79 ± 0.07 8.80 ± 0.08 8.72 ± 0.03 8.63 ± 0.04 8.59 ± 0.08 8.54 ± 0.07
Bifidobacterium infantis 8.10 ± 0.04 7.94 ± 0.05 7.86 ± 0.08 7.79 ± 0.07 7.57 ± 0.06 7.38 ± 0.05 7.26 ± 0.02

Test strains, log CFU/mL
Bacillus cereus 7.33 ± 0.06 7.31 ± 0.07 7.35 ± 0.05 7.39 ± 0.07 7.41 ± 0.07 7.48 ± 0.04 7.50 ± 0.07
Staphylococcus aureus 8.42 ± 0.11 8.40 ± 0.08 8.39 ± 0.09 8.43 ± 0.12 8.50 ± 0.18 8.51 ± 0.21 8.57 ± 0.25

Table 6 Final cells count for bifidobacteria and test strains in the mono-cultures at various concentrations of the extracts

Bifidobacteria species Concentration of total phenols from extract in medium, µg GAE/mL
104 52 26 13 7 3 0

Bifidobacteria, log CFU/mL
Bifidobacterium adolescentis 6.83 ± 0.02 6.87 ± 0.07 6.91 ± 0.05 7.02 ± 0.04 7.33 ± 0.06 7.61 ± 0.08 7.88 ± 0.03
Bifidobacterium longum 7.23 ± 0.03 7.25 ± 0.07 7.27 ± 0.02 7.33 ± 0.05 7.42 ± 0.07 7.59 ± 0.08 7.82 ± 0.04
Bifidobacterium bifidum 8.86 ± 0.02 8.84 ± 0.09 8.86 ± 0.06 8.81 ± 0.04 8.74 ± 0.06 8.62 ± 0.05 8.49 ± 0.04
Bifidobacterium breve 8.04 ± 0.04 8.05 ± 0.08 8.09 ± 0.11 8.12 ± 0.02 8.23 ± 0.01 8.36 ± 0.08 8.54 ± 0.07
Bifidobacterium infantis 6.72 ± 0.02 6.71 ± 0.03 6.74 ± 0.07 6.81 ± 0.03 6.92 ± 0.07 7.01 ± 0.09 7.26 ± 0.02

Test strains, log CFU/mL
Bacillus cereus 7.26 ± 0.05 7.25 ± 0.07 7.25 ± 0.04 7.28 ± 0.09 7.31 ± 0.09 7.39 ± 0.07 7.50 ± 0.07
Staphylococcus aureus 8.19 ± 0.08 8.19 ± 0.08 8.21 ± 0.12 8.25 ± 0.08 8.31 ± 0.13 8.43 ± 0.06 8.57 ± 0.24

Table 4 Final cell counts for bifidobacteria and test strains in the mono-cultures at various concentrations of the extracts

Bifidobacteria species Concentration of total phenols from extract in medium, µg GAE/mL
555 278 139 69 35 17 0

Bifidobacteria, log CFU/mL
Bifidobacterium adolescentis 6.95 ± 0.05 7.01 ± 0.05 7.03 ± 0.05 7.14 ± 0.05 7.39 ± 0.05 7.61 ± 0.05 7.88 ± 0.03
Bifidobacterium longum 7.46 ± 0.09 7.51 ± 0.06 7.59 ± 0.05 7.61 ± 0.07 7.63 ± 0.03 7.75 ± 0.05 7.82 ± 0.04
Bifidobacterium bifidum 8.51 ± 0.03 8.49 ± 0.06 8.50 ± 0.05 8.52 ± 0.06 8.49 ± 0.03 8.47 ± 0.05 8.49 ± 0.04
Bifidobacterium breve 8.88 ± 0.06 8.85 ± 0.06 8.81 ± 0.06 8.82 ± 0.06 8.72 ± 0.06 8.62 ± 0.06 8.54 ± 0.07
Bifidobacterium infantis 8.28 ± 0.03 8.13 ± 0.06 8.01 ± 0.02 7.82 ± 0.05 7.64 ± 0.04 7.42 ± 0.05 7.26 ± 0.02

Test strains, log CFU/mL
Bacillus cereus 7.64 ± 0.08 7.63 ± 0.07 7.62 ± 0.07 7.60 ± 0.07 7.61 ± 0.07 7.55 ± 0.07 7.50 ± 0.07
Staphylococcus aureus 7.37 ± 0.13 7.40 ± 0.08 7.58 ± 0.11 7.66 ± 0.08 7.95 ± 0.01 8.12 ± 0.09 8.57 ± 0.25
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counts. Therefore, for cases with growth inhibition, these  
concentrations can be considered as the minimum inhib-
itory concentrations (Table 7). Exceptions were observed 
for B. bifidum with the ethanol extract of sea buckthorn 
and B. infantis with the ethanol extract of black currant, 
where the effect of total phenols remained neutral at all 
the studied concentrations. Growth stimulation was ob-
served for B. infantis and B. breve with the ethanol ex-
tract of sea buckthorn and the supercritical fluid extract 
of black currant, as well as for B. bifidum with the super-
critical fluid extract of sea buckthorn.

Gwiazdowska et al. [52] showed that the effect of phe- 
nolic compounds, particularly flavonoids, on the growth 
of bifidobacteria depends on the concentration, specific 
compound, and microorganism species involved, which 
is consistent with our results. The effect can be stimu-
lating, neutral, or suppressive [53]. Therefore, the dif-
ferences in bacterial growth observed in our study are 
likely due to variations in the qualitative composition of 
the extracts. Supercritical fluid extraction predominantly  
yields non-polar flavonoids (such as flavanols and flava-
nones), while the total polyphenol yield is often lower. 
In contrast, reflux thermal extraction using organic sol-
vents typically results in a higher polyphenol yield due 
to the extraction of polar compounds, including antho-
cyanins and phenolic acids [54]. In the ethanolic gem-
motherapy extract of black currant, about 80 flavonoids 
have been identified. The most abundant non-glycosidic 
flavonoids are luteolin, quercetin, and apigenin, which 
together account for 91.7% of the total flavonoid content, 
while the presence of kaempferol is relatively minor [53]. 
The polyphenolic composition of sea buckthorn berries 
includes gallic acid, catechin, epicatechin, p-coumaric 
acid, caffeic acid, ferulic acid, rutin, quercetin, resvera-
trol, myricetin, and others [55]. Among these, the most 
polar compounds, rutin, myricetin, and quercetin, are 
likely to predominate in alcoholic extracts. 

Gwiazdowska et al. [52] also reported an inhibitory  
effect of quercetin and hesperidin on the growth of 
B. adolescentis NCFB 2004 and B. bifidum NCFB 2235.  
This effect was dose-dependent, with changes in concen- 
tration causing significant differences in bacterial growth  
rates. Another study found that galangin inhibited 

the growth of B. adolescentis JCM 1275T by 30–70%, 
while quercetin and fisetin caused only minor inhibi-
tion (~ 20%) [56]. These findings indicate that the ef-
fects of flavonoids are not only species-specific but also 
strain-specific. Thus, the qualitative composition of ber-
ry extracts plays a critical role in determining their bio-
logical activity. Further analysis of extract composition 
is needed to more accurately understand its influence 
on different Bifidobacterium strains, which will be ad-
dressed in future studies.

Effect of extracts on the production of lactic and 
acetic acids by bifidobacterial. The presence of black 
currant and sea buckthorn extracts in the nutrient media 
had a weak effect on lactic acid production by B. adoles-
centis (Table 8). The effect of the supercritical fluid sea 
buckthorn extract was statistically insignificant com-
pared to the blank experiment (p < 0.05). 

For B. longum, a slight stimulation of lactic acid pro-
duction was observed (an increase of 0.12 to 0.19 mg/mL)  
in the media with all the extracts, except for the ethanol 
extract of sea buckthorn, which showed a neutral effect. 

Lactic acid production by B. bifidum was not affected 
by the sea buckthorn ethanol extract or the black currant 
supercritical fluid extract (p < 0.05). However, the ethanol  
extract of black currant and the supercritical fluid ex-
tract of sea buckthorn increased lactic acid production 
by 0.22 and 0.48 mg/mL, respectively. 

The ethanol extracts stimulated lactic acid produc-
tion by B. breve relative to the control medium, with in-
creases of 0.54 mg/mL (black currant) and 0.31 mg/mL 
(sea buckthorn). The supercritical fluid extract of black 
currant had no effect on B. breve, while the supercritical 
fluid extract of sea buckthorn reduced lactic acid pro-
duction by 0.11 mg/mL compared to the control. 

A similar pattern was observed for B. infantis. Lac-
tic acid production in the media with the supercritical 
fluid extracts did not differ significantly (p < 0.05), but 
greater stimulation was observed with the sea buck-
thorn ethanol extract, which increased lactic acid levels 
by 0.27 mg/mL compared to the blank.

A similar pattern was observed for acetic acid pro-
duction (Table 9). None of the extracts significantly affect- 
ed acetic acid production by B. adolescentis compared 

Table 7 The minimum inhibitory concentration of total phenols, µg GAE/mL, for bifidobacteria and test strains 

Cultures Ethanol extract Supercritical fluid extract
Black currant Sea buckthorn Black currant Sea buckthorn

Bifidobacteria
Bifidobacterium adolescentis 57.0 ± 0.5 140.0 ± 0.5 32.0 ± 0.5 26.0 ± 0.5
Bifidobacterium longum 30.0 ± 0.5 35.0 ± 0.5 32.0 ± 0.5 13.0 ± 0.5
Bifidobacterium bifidum 57.0 ± 0.5 n.a. 17.0 ± 0.5 26.0 ± 0.5*
Bifidobacterium breve 57.0 ± 0.5 70.0 ± 0.5* 32.0 ± 0.5* 13.0 ± 0.5
Bifidobacterium infantis n.a. 140.0 ± 0.5* 17.0 ± 0.5* 26.0 ± 0.5

Test strains
Bacillus cereus n.a. n.a. n.a. n.a.
Staphylococcus aureus 13.0 ± 0.5 140.0 ± 0.5 n.a. 7.0 ± 0.5

n.a. – not affected; * – shows maximum growth stimulation
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to the blank experiment (p < 0.05), except for the sea 
buckthorn ethanol extract, which weakly stimulated the 
synthesis. 

For B. longum, acetic acid production in the media 
with the extracts did not differ significantly from the 
blank (p < 0.05). The exception was the supercritical fluid  
extract of black currant, which increased the acetic acid 
concentration by 0.18 mg/mL compared to the control. 

When B. bifidum was cultivated in the medium with 
the sea buckthorn ethanol extract, acetic acid levels were 
comparable to the control (p < 0.05). However, stimula- 
tion was observed with all the other extracts. The stron-
gest effect (0.82 mg/mL increase compared to the control)  
was observed with the supercritical fluid extract of sea 
buckthorn, while the weakest effect (0.14 mg/mL in-
crease) was noted with the supercritical fluid extract of 
black currant. 

Stimulation of acetic acid production by B. breve 
was observed in the media with most extracts. The eth-
anol extract of black currant produced the strongest ef-
fect, increasing acetic acid levels by 0.97 mg/mL over 
the control, whereas the supercritical fluid extract of sea 
buckthorn had no significant effect. 

For B. infantis, the supercritical fluid extract of sea 
buckthorn and the ethanol extract of black currant had 
no significant effect on acetic acid synthesis (p < 0.05). 
In contrast, the ethanol extract of sea buckthorn and the 
supercritical fluid extract of black currant stimulated the 
production, increasing its levels by 0.76 and 0.28 mg/mL, 
respectively, compared to the blank experiment.

The data on the stimulation or suppression of lactic 
and acetic acid production by bifidobacteria in the pres-

ence of flavonoids are relatively limited. In an in vitro 
batch colonic fermentation study, the addition of poly-
phenol-enriched extracts from three Chilean boiled 
beans (extracted with a ethanol–water solution, 7:3) did 
not influence acetate production, with acetate levels not 
being significantly different from those in the negative 
control [57]. In another study, polyphenols, particularly 
gallic acid, were shown to reduce short-chain fatty acid 
synthesis in the gut microbiota of mice in vivo, while 
simultaneously increasing polysaccharide and bile acid 
metabolism [58]. In contrast, our study found neutral 
or positive effects of the extracts on organic acid pro-
duction by bifidobacteria. Particularly, significant stim-
ulation of acid production was observed for B. bifidum 
with the supercritical fluid extract of sea buckthorn, for 
B. breve with the black currant ethanol extract, and for 
B. infantis with the sea buckthorn ethanol extract. These 
results suggest that flavonoids may stimulate the cata-
bolic activity of bifidobacteria, leading to increased pro-
duction of lactic and acetic acids [59]. In our study, the 
effect was clearly species-specific, highlighting the im-
portance of selecting compatible components when de-
signing synbiotic compositions. Since organic acids are 
the key factors in the inhibition of intestinal pathogens 
and food contaminants by probiotics, their enhanced 
production can be exploited to develop targeted synbiot-
ic formulations aimed at suppressing pathogen growth.

Antagonism of bifidobacteria against test strains in 
co-culture studies. The suppression of pathogen growth  
by probiotics is known to be mediated by the production  
of several substances, including organic acids. In addi-
tion, prebiotics can enhance their antagonistic activity. 

Table 8 Lactic acid production by bifidobacteria monocultures 

Bifidobacteria species Lactic acid production1, mg/mL, in a medium2 with
Ethanol (blank) Ethanol extract Supercritical fluid extract 

Black currant Sea buckthorn Black currant Sea buckthorn
Bifidobacterium adolescentis 0.53 ± 0.02a 0.57 ± 0.02b 0.60 ± 0.02b 0.59 ± 0.02b 0.56 ± 0.02a,b

Bifidobacterium longum 0.90 ± 0.04c 1.02 ± 0.05d 0.94 ± 0.04c 1.09 ± 0.05e 1.03 ± 0.05d

Bifidobacterium bifidum 0.65 ± 0.03f 0.87 ± 0.04c 0.62 ± 0.02b,f 0.66 ± 0.03f 1.13 ± 0.05*
Bifidobacterium breve 0.76 ± 0.03g 1.30 ± 0.06* 1.07 ± 0.05* 0.72 ± 0.03g 0.65 ± 0.03f

Bifidobacterium infantis 0.60 ± 0.02b 0.65 ± 0.02f 0.87 ± 0.04c 0.61 ± 0.02b,e 0.61 ± 0.02b

1 – the values are mean ± SD of three measurements in triplicate. No significant difference (p ≤ 0.05) was found among the values with the same 
letter, according to Tukey’s HSD test. The values subscribed with an asterisk (*) significantly differ from all other values. 2 – the procedure of 
introducing the extracts and a 70% (v/v) ethanol–water solution into the nutrient medium was the same

Table 9 Acetic acid production by bifidobacteria monocultures 

Bifidobacteria species Acetic acid production1, mg/mL, in a medium2 with
Ethanol (blank) Ethanol extract Supercritical fluid extract 

Black currant Sea buckthorn Black currant Sea buckthorn
Bifidobacterium adolescentis 0.72 ± 0.03a 0.71 ± 0.03a 0.80 ± 0.03b 0.76 ± 0.03a,b 0.77 ± 0.03a,b

Bifidobacterium longum 1.19 ± 0.05c 1.16 ± 0.05c,d 1.23 ± 0.05c 1.37 ± 0.06e 1.24 ± 0.05c,f

Bifidobacterium bifidum 0.99 ± 0.04g 1.29 ± 0.05f 1.03 ± 0.04g 1.13 ± 0.05d 1.81 ± 0.08*
Bifidobacterium breve 1.10 ± 0.05d 2.07 ± 0.09* 1.62 ± 0.07* 1.40 ± 0.06e 1.13 ± 0.05d

Bifidobacterium infantis 0.73 ± 0.03a 0.74 ± 0.03a,b 1.49 ± 0.06* 1.01 ± 0.04g 0.79 ± 0.04b

1 – the values are mean ± SD of three measurements in triplicate. No significant difference (p ≤ 0.05) was found among the values with the same 
letter, according to Tukey’s HSD test. The values subscribed with an asterisk (*) significantly differ from all other values. 2 – the procedure of 
introducing the extracts and a 70% (v/v) ethanol–water solution into the nutrient medium was the same
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To study the antagonistic effect of synbiotic compositions  
(bifidobacteria + berry extract) against the test strains 
of intestinal pathogens, we selected three bifidobacte-
ria strains (B. longum, B. bifidum, and B. breve) based 
on their highest accumulation of organic acids in the 
respective nutrient media variants. Since acid produc-
tion by the bifidobacteria monocultures was higher in 
the media with ethanol extracts, supercritical fluid ex-
tracts were excluded from this part of analysis. The final  
counts of the test strains (Fig. 1a) co-cultured with the 
bifidobacteria in the media with black currant or sea 

buckthorn extracts were compared with those for the 
co-cultures in the control extract-free medium (blank) 
and the test strain monocultures (negative blank). As 
an additional measure of synbiotic antagonism, the pre-
viously proposed synbiotic factor was applied (Fig. 1b). 
The synbiotic factor indicates how many times the spe-
cific growth rate of the test strain is reduced as a result 
of inhibition by probiotic metabolites (lactic and acetic 
acids) [36]. A lower synbiotic factor value corresponds 
to a lower specific growth rate of the test strain and, con-
sequently, a lower final bacterial count.

Figure 1 Effect of black currant and sea buckthorn ethanol extracts on the antagonistic activity of bifidobacteria against Bacillus 
cereus and Staphylococcus aureus: (a) final count of test-strain cells, log CFU/mL; (b) synbiotic factor

Antagonism is expressed through the growth of test strain cells (final count) in the co-cultures with bifidobacteria in the media  
with the extracts or in the control medium (blank), and th  rough the synbiotic factor based on the final concentrations of lactic and acetic acids. 

Data on test strain growth in all the media are also included to demonstrate the solo effects of the extracts (negative control)
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Antagonism is expressed through the growth of test 
strain cells (final count) in the co-cultures with bifido-
bacteria in the media with the extracts or in the control 
medium (blank), and through the synbiotic factor based 
on the final concentrations of lactic and acetic acids. 
Data on test strain growth in all the media are also in-
cluded to demonstrate the solo effects of the extracts 
(negative control)

Both black currant and sea buckthorn extracts had a  
weak effect on the growth of Bacillus cereus in the 
monoculture. In the control medium (without extracts), 
the test strain’s count reached 7.5 log CFU/mL. In the 
medium with sea buckthorn extract, the count was  
0.14 log CFU/mL higher, whereas in the medium with 
black currant extract, it was 0.15 log CFU/mL lower.  
The suppression of Staphylococcus aureus growth by  
the extracts in the monoculture showed more varia- 
tion. In the control medium, the test strain reached  
8.57 log CFU/mL at the end of fermentation. In the pre- 
sence of sea buckthorn and black currant extracts, the fi-
nal counts were 7.37 log CFU/mL and 7.92 log CFU/mL,  
respectively. Thus, sea buckthorn extract showed the 
strongest suppression of S. aureus growth in the absence  
of probiotics. Additionally, we determined the minimum  
inhibitory concentrations of total phenols for each ex-
tract (Table 7). 

In the co-culture experiments in the control medi-
um (without extracts), different bifidobacteria strains 
showed varying levels of antagonism against B. cereus.  
No suppression was observed in the co-culture with  
B. infantis or B. bifidum (final counts were 7.71 and  
7.47 log CFU/mL, respectively). B. longum decreased 
the final count of B. cereus by 0.99 log CFU/mL com-
pared to the monoculture, while B. breve showed the 
greatest antagonistic effect, reducing the test strain’s 
count by 2.15 log CFU/mL. For S. aureus, the co-cul-
ture with any bifidobacteria strain in the control me-
dium resulted in a lower final count compared to the 
monoculture. B. infantis and B. bifidum had moderate 
antagonistic effects, reducing the count by 1.44 and  
1.32 log CFU/mL, respectively. The strongest suppres-
sion was observed with B. longum, which decreased the 
final count of S. aureus by 3.25 log CFU/mL compared 
to the monoculture.

In the co-cultures (test strains + bifidobacteria) in 
the media containing black currant extract, B. breve  
had the most pronounced antagonistic effect, reducing 
the final counts of S. aureus and B. cereus by 4.5 and 
4.9 log CFU/mL, respectively, compared to their mono-
cultures. The antagonistic effects of B. longum and B. bi- 
fidum in combination with black currant extract were 
significantly lower than those of B. breve. These results 
are consistent with the levels of organic acid produc-
tion observed in the monocultures, suggesting a spe-
cies-specific interaction with the extract components. 
The highest total organic acid production was recorded 
in the combination of B. breve with the ethanol extract 
of black currant. Notably, this extract significantly en-
hanced the antagonistic activity of B. breve against 

both test strains. It also increased the antagonism of 
B. longum and B. bifidum against S. aureus when com-
pared to the co-cultures in the control medium. When 
co-cultured with S. aureus, the two bifidobacteria had 
an additive antagonistic effect, likely resulting from the 
combined effects of their metabolites and the extract 
components. In contrast, the combination of B. breve 
with black currant extract demonstrated a clear syner-
gistic effect, as the observed suppression exceeded the 
sum of the individual effects. This is further supported 
by the lowest synbiotic factor values, calculated as 0.013 
for B. cereus and 0.012 for S. aureus co-cultured with  
B. breve. In comparison, the co-culture of B. longum 
with S. aureus produced the highest synbiotic factor 
value (0.058), indicating the lowest efficiency of this 
synbiotic combination against the test strain.

In the co-cultures (test strains + bifidobacteria) in 
the media containing sea buckthorn extract, the greatest  
antagonistic effect against both test strains was again de- 
monstrated by B. breve. In this medium, the final counts 
of S. aureus and B. cereus were reduced by 3.8 and 
5.2 log CFU/mL, respectively, compared to their respec- 
tive monocultures. B. longum and B. infantis also actively  
suppressed the growth of the pathogens in the presence 
of sea buckthorn extract, each reducing the final count 
by approximately 3 log CFU/mL relative to the monocul- 
tures. Notably, in all the co-culture variants, antagonis-
tic activity was higher in the presence of extract compo-
nents than in the control medium (without extracts). The 
synbiotic factor values were also lower for all combina-
tions with sea buckthorn extract compared to the con-
trol medium, confirming increased inhibitory efficiency. 
The most pronounced difference in the synbiotic factor 
values was observed in the co-cultures with B. infantis, 
which showed weak suppression of pathogen growth in 
the absence of the extracts. In contrast, when sea buck-
thorn extract was present, the differences in final test 
strain counts between the monocultures and the co-cul-
tures were substantial, indicating a clear synergistic effect.

The antimicrobial activity of plant polyphenolic com- 
pounds, including flavonoids, against pathogens has been  
demonstrated in several studies. Suppressive effects on 
bacterial growth have been reported for both individual 
flavonoids and whole plant extracts, which typically con-
tain a complex mixture of active compounds [60]. Anti-
microbial activity against various strains of S. aureus has 
been shown for alcoholic extracts of rosemary [61], eth- 
anol extracts of sage (containing limonene, among other  
compounds) [62], Heliotropium europaeum L. ethanol 
extracts [63], and ethanol extracts of thyme and sage 
(which include caffeic acid) [64]. Among individual fla-
vonoids, quercetin, morin, naringenin, and kaempferol 
have demonstrated inhibitory effects on staphylococcal 
growth [65]. The growth of B. cereus was also inhibited  
by ethanol extracts of thyme and sage [64], whereas many  
other plant extracts had no significant effect on this spe-
cies [60].

While the influence of flavonoids on the growth of 
bifidobacteria and the production of organic acids is 
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relatively well studied, data on their ability to activate 
antagonistic activity are limited. Nonetheless, several  
studies have examined the effect of prebiotics on the an-
tagonistic activity of probiotics against various patho-
gens in co-culture in vitro experiments. For example, 
the suppression of Clostridioides difficile by B. infan-
tis JCM 1222 was stronger in a medium containing the 
next-generation prebiotic galactosyl-β1,4-L-rhamnose 
compared to a glucose-containing medium [66]. Lacti-
plantibacillus plantarum and Lacticaseibacillus rham-
nosus inhibited the growth of Salmonella and Shigella 
strains when cultured in the media supplemented with 
oligosaccharide extracts from various plant sources [67]. 
Similarly, the antimicrobial activity of Lactobacillus 
strains against Klebsiella oxytoca was demonstrated in 
co-culture with commercial prebiotic fructans [68]. The 
formulation of synbiotic preparations has also been sup-
ported by a series of in vitro experiments, where the use 
of commercial prebiotics as carbon sources enhanced 
the antagonistic activity of Lactobacillus strains against 
Salmonella spp. and Listeria monocytogenes [69]. Bifi- 
dobacteria combined with fructans extracted from bur-
dock root or Jerusalem artichoke tubers (precipitated 
with 20% ethanol) exhibited enhanced antagonistic ac-
tivity against S. aureus ATCC 43300 when applied as 
synbiotics [70]. In our study, we employed a similar ap-
proach to investigate the influence of black currant and 
sea buckthorn extracts on the antagonistic activity of 
Bifidobacterium strains against B. cereus and S. aureus. 
The results revealed a promising synergistic synbiotic 
composition involving B. breve and both black currant 
and sea buckthorn ethanol extracts.

CONCLUSION
We studied the effects of ethanol and supercritical 

fluid extracts of black currant and sea buckthorn on the 
growth of five Bifidobacterium species currently accept-
ed as probiotics. The phenolic components of the ber-

ries demonstrated stimulating, neutral, or suppressive 
effects on probiotic growth and organic acid produc-
tion, depending on both the type of raw material and 
the extraction method. In addition, we evaluated the 
synergistic potential of the Bifidobacterium strains and 
the ethanol extracts based on their ability to suppress 
the growth of intestinal pathogens in co-culture. The 
results revealed that black currant and sea buckthorn 
polyphenols may act as highly selective and strain-spe-
cific prebiotics. Among the tested combinations, synbi-
otic compositions involving B. breve and either extract 
were the most promising, with strong antagonistic ef-
fects against Bacillus cereus and Staphylococcus au-
reus. Future research will focus on a more detailed 
characterization of polyphenol composition to better 
understand the mechanisms underlying these effects. 
Additionally, there is a need for optimizing supercritical 
fluid extraction techniques based on the biological ac-
tivity of the resulting extracts.
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Abstract: 
Dragon fruit (Hylocereus spp.) peel is a waste product rich in bioactive components. 
This study developed and evaluated three experimental formulations of functional dragon peel squash with different 
acidulants, nutritional values, and sensory profiles. The acidulants were amla juice, citric acid, and lemon juice. The 
experimental samples were compared with the control sample and analyzed using standard methods, which included the 
proximate analysis, the Folin-Ciocalteu assay for phenolics, the DPPH assay for antioxidant activity, and a nine-point hedonic 
scale for sensory evaluation. The color degradation was evaluated over three successive one-week storage intervals.
The proximate composition (wet basis) showed that the peel consisted of 92.81% moisture, 1.49% ash, 0.528% protein, 0.20% 
fat, and 4.9% carbohydrates. The squash showed 40–47°Brix of total soluble solids, pH 2.32–4.83, 0.18–1.5% titratable acidity, 
and ≤ 108 mg/100 mL ascorbic acid. The sample with amla juice possessed the highest phenolic content (5.20 mg GAE/100 g) 
and the control has highest antioxidant level (IC50 = 0.725 mg/mL), as well as the lowest microbial load (1.3×10³ CFU/mL) after 
three weeks of storage. As for the sensory assessment, the amla juice sample was preferred for color and aroma, while the 
sample with lemon juice received a higher score for taste. The ANOVA test (df  = 2.4) showed a stable L* over 21 days, whereas 
the b* values tended to increase in all four formulations, and the a* value increased in the sample with lemon juice (p < 0.05). 
The significant change in b* indicated poor storage stability, which is to be improved by reformulation with color stabilizers.
In this research, dragon fruit peel was converted into a nutritious and organoleptically attractive squash. This functional 
beverage offers a sustainable strategy for valorizing agricultural waste. 

Keywords: Squash, dragon fruit peel, pitaya, total polyphenol content, DPPH, sensory quality, storage stability

Please cite this article in press as: Alim MA, Hossain I, Yesmin T, Islam MT, Zaman R, et al. Valorisation of dragon fruit peel 
in functional squash. Foods and Raw Materials. 2027;15(2):311–323. https://doi.org/10.21603/2308-4057-2027-2-712

INTRODUCTION
Dragon fruit, also known as pitaya or pitahaya, is a 

delicious fruit belonging to the Cactaceae family and 
two distinct genera: Hylocereus and Selenicereus [1, 2]. 
The most popular commercially cultivated variants are  
from the Hylocereus genus, which consists of 16 differ-
ent species [3]. They are cultivated in about 20 countries, 
including Bangladesh, Japan, Malaysia, the Philippines, 
Taiwan, Vietnam, Thailand, Indonesia, the United States, 
and China [2]. 

Dragon fruit peel is an agricultural by-product in 
the fruit juice processing sector. Most often, it is uti-
lized as fertilizer. Wastes discarded mostly by the bev-
erage industry include 25–30% of peels, followed by 
seeds, cores, pulp, pomace, etc. However, all these ma-
terials have a good potential as natural functional food 
components [4–7]. Dragon fruit peels are rich in bio- 

active substances. For instance, quercetin, gallic acid, 
and chlorogenic acid are known for anti-cancer, antihy- 
perlipidemic, antidiabetic, and antioxidant properties. 
Other health-beneficial substances include phenolic 
compounds and betacyanins. As peel is primarily com-
prised of such antioxidants as pectin, betacyanin pig-
ments, and dietary fiber, it has stronger phenolic and 
radical scavenging activity than pulp [8–11]. 

Squash is a concentrated fruit-flavored and non-alco-
holic syrup prepared from fruit juice, water, and sugar or 
its substitute [12]. Fruit squashes, which contain around 
25% of fruit juice, are gaining popularity over synthetic 
beverages due to their superior flavor, taste, nutritional 
value, and storage stability. As a result, squash has be-
come a popular nutritious soft drink [13, 14]. 

Dragon fruit peel constitutes 20–22% of the whole 
fresh fruit, yet it is disregarded as waste, despite its 
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great health advantages. This research featured a new 
value-added dragon fruit squash made of underutilized 
peel waste and provided with detailed physiochemical, 
sensory, and storage profiles.

STUDY OBJECTS AND METHODS
Experimental site. The study was carried out in 

the laboratory of the Department of Food Engineering 
and Technology, Bangladesh Agricultural University  
(Mymensingh, Bangladesh).

Materials and equipment. The dragon fruits were 
purchased from a local market in Mymensingh, Bangla-
desh. The trays, knife, slicer, chopping board, balance, 
spatula, crucible, desiccator, and other tools came from 
the laboratory stock. The drying operation involved 
a cabinet dryer (Model No. 1816, Modern Laboratory 
Equipment, USA). 

Formulation. Mature dragon fruits were washed 
and peeled to eliminate the scales on the outer layer. The 
pulp and inner peel, once separated, were finely chopped 
into small pieces. Seeds were extracted by pressing, fol-
lowed by filtration through paper cloth. Amla juice, cit-
ric acid, or lemon juice were added to dragon fruit peel. 
Next, we added sugar syrup to those experimental sam-
ples and thoroughly mixed it with a spoon. The soluble 
solids content was adjusted to 40–50° in the concentrate 
resulted in a final drink with 10–15°Brix after dilution. 
The control sample did not include any acidifying agents. 
Figure 1 illustrates the method. Table 1 demonstrates the 
formulations of the squash under study.

Proximate analysis. The fresh dragon fruit peel was 
analyzed for moisture and protein (Kjeldahl method) as 
recommended by the Association of Official Agricul-
tural Chemists (AOAC)1. The fat and ash contents were 
determined by Ranganna’s method [15] while the carbo-
hydrate content was calculated using Pearson’s test [16]. 

Physicochemical analysis. The physicochemical analy- 
sis for total soluble solids in the squash involved a hand re- 
fractometer (Model No. 8987, Puji Kuki, Japan) followed 
by AOAC (2012)2. The pH, titratable acidity, and ascorbic 
acid were tested as recommended by AOAC (2005)3. 

1  Official methods of analysis of AOAC International. 19th ed. In: Horwitz 
W, Latimer GW, editors. Rockville: AOAC International; 2012.
2  The same.
3  Official methods of analysis of AOAC International. 18th ed. Washington: 
AOAC International; 2005.

Total phenolic content. To determine the total pheno- 
lic content, we applied the Folin-Ciocalteu reagent tech- 
nique followed by Zahan et al. [17]. Gallic acid (GAE)  
served as reference during the colorimetric experiment. 
Briefly, we mixed 1 mL of extract solution with 5 mL of 
Folin-Ciocalteu’s reagent for 2 min and added 4 mL of 
7.5% (w/v) sodium carbonate. After a 15-s vortexing, the 
mix was allowed to stand for 30 min at room tempera-
ture for color development. The absorbance was mea-
sured at 765 nm with a Photolab 7600 spectrophotometer 
(UV-Vis, EU). Gallic acid was employed for calibration. 
The estimate was done in triplicate, and the findings 
were averaged before being expressed as GAE mg/g dry 
extract.

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scav- 
enging activity. The DPPH radical is a stable free rad- 
ical or oxidizing radical that is subsequently reduced by 
the antioxidant. It also serves as a reaction marker. We 
used DPPH to assess the ability of the extract to elimi-
nate free radicals. The antioxidant activity of the pow-
der was assessed as recommended by Nitisuk et al. [18]. 
A set of ethanol solutions with varying concentrations 
(60, 80, 100, 120, 140, and 160 µg/mL) were created by 
diluting while the control was conducted similarly but 
with ethanol. This experiment combined a 1 M DPPH 
solution with a 1 mL extract solution at various concen-
trations. The total volume was then adjusted to 10 mL 
using ethanol. After agitating the contents for 15 s, we 
placed the solutions in a lightless environment at an 
ambient temperature for 30 min to facilitate the chem- 
ical reaction. Subsequently, we measured the absorbance  

Table 1 Formulations of experimental dragon fruit peel squash

Ingredient Sample
Control Peel + 

amla 
juice

Peel + 
citric 
acid

Peel + 
lemon 
juice

Peel, g 70 70 70 70
Sugar, g 200 200 200 200
Water, g 730 580 715 580
Amla juice, mL – 150 – –
Citric acid, g – – 15 –
Lemon juice, mL – – – 150
Total, g/mL 1,000 1,000 1,000 1,000

Figure 1 Scheme for preparing dragon fruit peel squash

Harvesting fresh dragon fruit

Washing and peeling outer skin

Separating pulp and inner peel

Cutting peel into small pieces

Blending peel

Making sugar syrup by adding water with heat

Heating the syrup up to 40°Brix

Cooling the syrup

Mix with water (1:3 squash-to-water ratio)

Mixing with citric acid, amla juice,  
and lemon juice separately



313

Alim M.A. et al. Foods and Raw Materials. 2027;15(2):311–323

at a wavelength of 517 nm using a single beam spectro-
photometer (Photolab 7600, UV-Vis, EU) with a blank 
as reference. The capacity to scavenge DPPH radical 
was determined as in Eq. (1):

                  0

0

DPPH radical  × 100A   A 
A
−

=  

 
cTotal plate count

 × 0.1 f

A
D

=  

               (1)

where A0 is the absorbance of the control solution, which 
contained the same reagents but no dragon fruit peel 
extract; A is the absorbance of the DPPH solution con-
taining the dragon fruit peel extract. The DPPH rad-
ical scavenging activity, %, was plotted against the 
concentration of dragon fruit peel extract to determine 
the concentration necessary to decrease the DPPH radi-
cal scavenging by 50% (IC50).

Storage conditions. The squash samples were 
stored at 4 ± 1°C in a refrigerator (RT28T3122S, Sam-
sung Electronics, South Korea) for 21 days. Initially, the 
samples were evaluated immediately after preparation, 
and subsequent evaluations were performed at seven- 
day intervals.

Total plate count. To obtain the total plate count in 
the dragon fruit peel squash, we used the conventional  
plate count method4. The samples stored at 4 ± 1°C were 
aseptically collected (10 mL) on days 0, 7, 14, and 21, di-
luted in 90 mL of sterile 0.1% peptone water (1:10), and 
serially diluted (10–2 to 10–6). Using pipette aids, we 
spread in triplicate 0.1 mL of each dilution onto plate 
count agar, incubated them at 35 ± 1°C for 48 ± 2 h, and 
counted colonies (25–250 per plate) to calculate the total 
plate count, CFU/mL, as in Eq. (2):

                

0

0

DPPH radical  × 100A   A 
A
−

=  

 
cTotal plate count

 × 0.1 f

A
D

=                    (2)

where Ac is the average colonies; Df is the dilution factor.
Sensory evaluation during storage. The sensory  

evaluation was performed by a panel of ten faculty mem- 
bers, staff, and students of the Department of Food En-
gineering and Technology, Bangladesh Agricultural 
University (Mymensingh, Bangladesh). As in a study 
by Hasan et al. [19], the hedonic scale ranged from 1 to 
9 and covered the color, aroma, taste, flavor, and over-
all acceptability of four squash samples, including the 
control (Fig. 2). The scale was arranged as follows: 9 – 
like extremely; 8 – like very much; 7 – like moderately; 
6 – like slightly; 5 – neither like nor dislike; 4 – dislike 
slightly; 3 – dislike moderately; 2 – dislike very much; 
and 1 – dislike extremely.

Color parameters during storage. The color of squash  
powder was measured according to Khan et al. [20]  
using a CR-400/410 Chroma Meter (Konica Minolta,  
Japan). Using the Hunter L, a, b color scale, we conduct-
ed the measurements under illuminants *C and D65.  
In Fig. 3, L*, a*, and b* stand for greenness (−), blueness 
(−) or yellowness (+), and lightness (100:white, 0:black). 
The tests were conducted in duplicate.
4  Zhang G, Ferguson M, Blodgett RJ. Bacteriological analytical manual. 
Chapter 3: Aerobic Plate Count. May 2025 ed. Silver Spring: FDA; 2025, 
pp. 2–13.

Statistical analysis. The statistical analysis was per- 
formed in Microsoft Excel 2019 and then exported into 
SPSS Version 27.0 software (SPSS Inc., USA), where 
we applied ANOVA to compare mean values among 
treatments. The Phyton programming (Python Software 
Foundation) made it possible to visualize the graph. The 
results were reported with 5% significance level.

RESULTS AND DISCUSSION
Proximate analysis. To determine the moisture con-

tent, ash, protein, fat, and carbohydrates in the dragon 
fruit peel, we applied a chemical analysis that involved 
both water content and dry weight (Table 2).

The peel demonstrated a high moisture content of 
92.81% (wet basis). The protein content was 0.528% wet 
basis and 7.350% dry basis, while the fat content was 
relatively low at 0.20% wet basis and 2.78% dry basis. 
The ash contents were 1.49% wet basis and 20.72% dry 
basis, reflecting the presence of essential minerals. The 
content of carbohydrates, which contributed to the en-
ergy status of the experimental beverage, accounted 
for 4.90% wet basis and 68.15% dry basis. Thus, we 

Figure 2 Experimental dragon fruit peel squash samples  
for sensory evaluation: control (a); peel + amla juice (b);  
peel + citric acid (c); and peel + lemon juice (d)

                      a                                            b

                      c                                          d

Figure 3 Hunter L, a, b color scale [23]

White L = 100

Black L = 0

Yellow +bGreen –a

Blue –b Red +a
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confirmed the nutritional potential of dragon fruit peel, 
supporting its application in value-added food products.

In this particular research, the moisture content 
in dragon fruit peel was 92.81% (wet basis) (Table 2).  
This aligns almost perfectly with Nur et al. [22] and 
Alam et al. [23], who reported a moisture content of 
86.95 and 92.24% (wet basis), respectively. Meanwhile, 
Qalbi et al. [24] reported a much lower water content 
of 9.73% in dragon fruit peel powder (dry weight). The 
variation might be due to the differences in the drying 
methods, stage of maturity, environmental effects, or 
post-harvest handling.

In our case, the protein content in dragon fruit peel 
was 0.528% wet basis and 7.350% dry basis (Table 2),  
which exceeded the crude protein (4.35%) in dried peel  
powder [25]. Nur et al. [22] (dragon fruit peel) and 
Arivalagan et al. [26] (dragon fruit) reported lower pro-
tein contents. Other sources give a higher protein range 
of 13.07 to 15.18% (dry basis), indicating that the compo-
sition depends, to some extent, on the species or sample  
processing method [24]. A complimentary feed of soy- 
bean and fish paste with added dragon fruit peels de- 
monstrated a higher protein content (16.28–20.60% dry 
basis) [27]. However, the protein percentage was low- 
er than the results published by Alam et al. [23] and  
Yasmin et al. [28]. 

The amount of ash in a food product is the leftover 
inorganic material that remains after organic matter [29]. 
In this research, the ash content was 1.49% wet basis and 
20.72% dry basis for fresh dragon fruit peel. Our results 
were very close to the 15.91% reported by Chumroen-
vidhayakul et al. [30]. In Rosiana et al. [27], the ash con-
tent also ranged from 4.28 to 5.05%. Thus, dragon fruit 
peel is extremely rich in minerals. Another study, how-
ever, reported as low as 3.56% (wet basis) of ash content 
in dragon fruit peel [23]. These variations across the 
studies can be due to the differences in soil, plant variety, 
and processing conditions.

The fat content in this study was relatively low, mea-
suring 0.20% wet basis and 2.78% dry basis. Our finding 
agreed with the value (0.76 %) in Prasad’s research [31] 
on carrot squash drink but was much lower than in [22]. 
However, Rosiana et al. [27] detected a much higher fat 
content, ranging from 15.51 to 15.60% in complementary  

feeding from soybeans and dragon fruit peels. Due to the  
antioxidant effect, a lower fat content in dragon fruit peel  
helped keep the produce fresh for a longer period [32].

In terms of bioactive compounds and antioxidant ac-
tivity, the dragon peel had 3.2 mg GAE/100 g (wet basis) 
of total phenolic content. Its IC50 value was 0.729 mg/mL  
(wet basis), indicating a moderate radical scavenging 
ability (Table 2). However, Madane et al. [32] reported 
36–39 mg GAE/100 g in dragon fruit peel, accompanied  
by good radical scavenging activity. Another study show- 
ed an IC50 value of 0.112 mg/mL in aqueous dragon fruit 
extract, which was below our findings [11]. In our case, 
the total phenolic content was relatively low while the 
IC50 was high, which could be due to the fresh state of 
peel and the extraction methods.

Fruits are rich in carbohydrates, but the exact content 
depends on the type of fruit, ripeness, and origin. Carbo- 
hydrates in fruit juices are a crucial source of energy for 
recovering patients [33]. The carbohydrate contents of 
dragon fruit peel in this study were 4.9% wet basis and 
68.15% dry basis (Table 2), which was compatible with 
Rosiana et al. [27]. Qalbi et al. [24] observed a compa-
rably lower carbohydrate content in the range of 34.99 to 
39.49% (dry basis) in dragon fruit peel powder, whereas 
Chumroenvidhayakul et al. [30] documented a slightly 
higher carbohydrate content in dragon fruit peel than in 
the current study. The high carbohydrate content sug-
gests that dragon fruit peel could be a valuable source of 
dietary fiber and other polysaccharides. 

Physicochemical analysis. Table 3 summarizes the 
physicochemical properties of different parts of two drag- 
on fruit species. The physicochemical properties dif-
fered across the formulations, depending on the type 
of acidulants used, i.e., amla juice, lemon juice, and 
citric acid. The total soluble solids ranged from 40.30 
to 47.00°Brix, the pH values were between 2.32 and 
4.83, the titratable acidity was 0.15–1.50%, and the  
content of ascorbic acid (Vitamin C) ranged from 0.40 
to 108.00 mg/100 mL (Table 3). The sample with amla 
juice showed the highest contents of total soluble solids 
(47.00°Brix) and ascorbic acid (108.00 mg/100 mL), in-
dicating excellent nutritional and sensory quality. The 
control sample showed the highest pH (4.83) and the low- 
est total soluble solids (40.30°Brix) and titratable acidity 
(0.15%), compared to other formulations (Table 3).

Our total soluble solids were higher than those pre-
viously reported for fresh dragon fruit peels and pulp, 
which generally ranged between 7.03 and 10.78°Brix [22],  
or equaled 8.73°Brix for white flesh dragon fruit [23]. 
Our results also exceeded the values found in cucumber 
and summer squash fruits [34] but were quite compara-
ble to squash products fortified with lime (41–45°Brix), 
mango (47.91°Brix), and dragon fruit (48.5°Brix) [12, 14, 
35]. Apparently, the product demonstrated good sweet-
ness and concentration. 

The pH value was at its maximum in the control 
sample (4.83) (p < 0.05), but the other formulations had  
almost the same values (2.90, 2.32, and 2.42) (Table 3).  
These results coincided with the findings for various 

Table 2 Proximate composition of fresh dragon fruit peel

Parameter Wet basis Dry basis
Moisture content, % 92.81 ± 0.42p –
Protein, % 0.528 ± 0.080p 7.350 ± 0.310q

Ash, % 1.49 ± 0.11p 20.72 ± 0.95p
Fat, % 0.20 ± 0.03p 2.78 ± 0.14q

Carbohydrate, % 4.90 ± 0.01p 68.15 ± 1.03q

Total phenolic content,  
mg GAE/100 g

3.20 –

IC50, mg/mL 0.729 –

The values are presented as mean ± standard deviation. The values 
with same superscripts in the same row are not significantly different 
(p < 0.05)
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squash products, e.g., tamarind squash (2.60) [36] or 
mango and guava blended squash (2.70–2.82) [13]. 
However, they were comparatively lower than those re-
ported for dragon fruit peel squash (3.40) [14], mango  
squash (3.30–3.45) [22], or carrot squash (6.0) [31]. An- 
other study detected a higher pH value in a refined 
squash peel extract [37]. The low pH in our squash sam-
ples suggested higher acidity and potentially better mi-
crobial stability. 

In terms of titratable acidity, the maximal level be-
longed to the combination of dragon peel with citric acid 
(Table 3). The titratable acidity values of the samples 
with citric acid and lemon juice aligned well with those 
in peach squash (1.52%) [31] and carrot squash (1%) [38]. 
This acidity level suggested better taste and preservation. 

High levels of vitamin C boost antioxidant capaci- 
ty [27]. For ascorbic acid, the maximal recorded value 
was (108.00 mg/100 mL) in the sample with amla juice, 
compared to the control (4.70 mg/100 mL), the sample 
with citric acid (0.40 mg/100 mL), and the sample with 
lemon juice (9.50 mg/100 mL) (p < 0.05), which exceeded 
the values reported for dragon fruit peel (9.81 mg/100 g) 
in [22], tamarind squash (46.75 mg/mL) [36], and mango 
and guava blended squash (33.05–39.30 mg/100 mL) [13]. 
Even carrot squash had a much lower range of ascor-
bic acid, which was quite comparable with the sample 
with citric acid [31]. The high vitamin C content in the 
sample with amla juice was likely due to its exceptional 
ascorbic acid concentration.

Total phenolic content levels. In functional foods, 
phenolics are responsible for antioxidant properties asso-
ciated with scavenging free radicals and chelating metal 
ions. In humans, they react against bacteria, inflamma-
tion, and oxidation [39, 40]. In our study, the concentra-
tion vs. absorbance curve for gallic acid was as in Fig. 4, 
which led to the following regression Eq. (3): 

                           y = 0.0011x + 0.2758                     (3)
R2 = 0.9961

where y is the absorbance at 765 nm; x is the amount of 
gallic acid. 

The absorbance increased proportionally with the 
concentration of gallic acid in dragon fruit peel (Fig. 3). 
The regression equation yielded a total polyphenol con-
tent of 3.20 mg GAE/100 g (Table 2).

The total phenolic content across the dragon fruit 
peel squash formulations in this study ranged from 2.89 

to 5.20 mg GAE/100 g, with sample 1 (amla juice) exhib-
iting the maximum (Table 4). These values were modest 
but consistent with those reported for other experimental 
processed fruit beverages. For instance, the total pheno- 
lic contents in dragon fruit peel extracts and powders were  
significantly higher, e.g., 454.79 mg GAE/g powder [30] 
and 35.81 mg/g dry basis [41], which could be attributed 
to the concentrated nature of those samples.

Other studies on dragon fruit peel and squash-like 
products report similar total phenolics [42]. In general, 
our results validated that the squash from dragon fruit 
peel retained its functional phenolic content, thus con-
firming its values as a health-beneficial beverage and a 
way for sustainable utilization of fruit waste.

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scav- 
enging activity. The antioxidant capacity depends on 
the ability of the substance to neutralize stable organic  

Table 3 Physicochemical profile of experimental dragon fruit peel squash

Parameter Sample
Control Peel + amla juice Peel + citric acid Peel + lemon juice

Total soluble solid, °Brix 40.30 ± 0.27r 47.00 ± 0.58p 41.00 ± 0.32r 46.00 ± 0.51q

pH 4.83 ± 0.05p 2.90 ± 0.02q 2.32 ± 0.06q 2.41 ± 0.07q

Titratable acidity, % 0.15 ± 0.02r 0.18 ± 0.01r 1.50 ± 0.23p 0.90 ± 0.11q

Ascorbic acid, mg/100 mL 4.70 ± 1.25q 108.00 ± 1.25q 0.40 ± 0.02r 9.50 ± 0.45p

The values are presented as mean ± standard deviation. The values with different superscripts in the same row are significantly different (p < 0.05) 

Figure 4 Concentration vs. absorbance (765 nm) curve  
of gallic acid in dragon fruit peel
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Table 4 Total phenolic content and DPPH radical scavenging 
activity in experimental dragon fruit peel squash

Sample Total phenolics, 
mg GAE/100 g

IC50, mg/mL

Control 2.89 ± 0.10n 0.725 ± 0.020s

Peel + amla juice 5.20 ± 0.12m 0.633 ± 0.015p

Peel + citric acid 3.41 ± 0.43l 0.711 ± 0.101q

Peel + lemon juice 4.24 ± 0.14m 0.691 ± 0.021r

The values are presented as mean ± standard deviation. The values 
with different superscripts in the same column are significantly 
different (p < 0.05)
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free radicals. The inhibitory function or DPPH (2,2- 
diphenyl-1-picrylhydrazyl) scavenging activity, in our 
case, increased with the extract concentration (Table 4).  
The IC50 values represent the concentration needed to 
eliminate 50% of DPPH free radicals [43]. Greater DPPH 
radical scavenging percentage and lower IC50 value sug-
gest higher antioxidant ability [24]. 

We studied the DPPH radical scavenging activity 
of dragon fruit peel extract at different concentrations.  
By plotting the absorbance of gallic acid against con-
centration in linear graph paper, we obtained a regres-
sion line and a regression Eq. (4):

                         y = 0.0018x + 31.708                       (4)
R2 = 0.9955

where y is the absorbance at 765 nm; x is the concentra-
tion of gallic acid, µg/mL. 

As the concentration increased, the percentage of rad- 
ical scavenging activity rose from 39.86 to 76.51% (Fig. 5),  
highlighting a clear concentration-dependent antioxidant 
effect. The IC50 value was 0.715 mg/mL (Table 2).

The formulated squash showed IC50 values from 0.633  
to 0.725 mg/mL, which were higher than those reported 
for other varieties of dragon fruit [28]. However, dragon 
fruit peel powders showed the highest antioxidant activ-
ity [24]. Another study on dragon fruit peel found good 
antioxidant activity consistent with the current results [41].  
All in all, our experimental squash demonstrated power-
ful antioxidant activity. 

Total plate count during storage. Microbial safety 
is an essential quality factor when it comes to assessing 
the shelf-life and acceptability of fruit beverages [44, 45].  
According to the Bangladesh Food Safety Authority, 
ready‑to‑drink fruit beverages must not exceed a total 
plate count of 1×104 CFU/mL to be considered microbio- 
logically safe; otherwise, the beverage may cause po-
tential health risks and spoilage5. In this study, the total 
plate count was monitored on storage days 0, 7, 14, and 
21 across all formulations (Table 5). 

The control sample experienced a significant in-
crease in microbial load, jumping from 1.8×102 to 
8.7×106 CFU/mL by day 21 (Table 5). This phenomenon 
indicated the susceptibility of untreated fruit-based bev-
erages to microbial contamination over time, consistent 
with previous findings in unprocessed dragon fruit pulp 
and juice [46, 47]. In contrast, the sample with amla 
juice demonstrated the most effective microbial control, 
with only 1.3×103 CFU/mL at the end of storage (Table 5).  
This reduction was likely due to the natural antibacte-
rial properties of amla juice, which contained a lot of 
polyphenols and ascorbic acid (Tables 3 and 4), which 
are known to suppress microbial growth in fortified 
herbal beverages [44, 48]. 

The sample with citric acid showed moderate micro-
bial control, with the value rising to 2.2×104 CFU/mL af-
ter 21 days (Table 5). The acidic environment created by 
citric acid may have contributed to the microbial inhi-
bition, aligning with other studies that reported the pre-
servative effects of such acidulants as ascorbic and citric 
acid in dragon fruit products [46, 49]. 

The sample with lemon juice included vitamin C, 
which effectively limited the microbial growth from 
1.9×102 to 1.8×103 CFU/mL (Table 5). Our results were 
comparable to the antimicrobial activities of lemon juice 
observed in sugarcane juice [50]. Therefore, the sam-
ples with amla and lemon juice demonstrated more ac-
ceptable microbial limits throughout the storage period, 
which meant a more extended shelf-life and a safer con-
sumption than in the other samples.

Sensory evaluation. The current trends in function-
al beverages are towards the favor of fruit squashes over 
synthetic beverages. Due to their taste, flavor, nutritive 
value, and storage stability, squash drinks have really 
5  Food Safety (Determination and Control of microbiological contaminants) 
Regulations. Dhaka: Bangladesh Food Safety Authority; 2023.
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Figure 5 DPPH scavenging activity of dragon fruit peel

Table 5 Total plate count during storage

Sample Total plate count, CFU/mL, during storage, day
0 7 14 21

Control 1.8×102 ± 25aD 5.2×103 ± 300aC 3.1×105 ± 4,500aB 8.7×106 ± 95,000aA

Peel + amla juice 1.5×102 ± 20aC 2.8×102 ± 35cC 6.0×102 ± 80cB 1.3×103 ± 150cA

Peel + citric acid 2.1×102 ± 30aD 1.1×103 ± 150bC 4.5×103 ± 500bB 2.2×104 ± 2,500bA

Peel + lemon juice 1.9×102 ± 25aC 3.5×102 ± 40cC 7.8×102 ± 90dB 1.8×103 ± 200cA

The results are given as means ± standard deviation. Lowercase letters in the same column (same storage time) indicate significant differences 
across samples (Tukey’s HSD, p < 0.05). Uppercase letters in the same row (same sample) indicate significant differences across storage times 
(Tukey’s HSD, p < 0.05)
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taken the market across the globe as an important nutri-
tious drink [5, 6]. The expert panel evaluated the experi-
mental dragon fruit peel squash in terms of color, aroma, 
taste, flavor, and general acceptance (Table 6).

Color. Food color is a crucial factor in establishing 
the first visual impression; typically, bright and striking 
colors have more appeal for consumers [51]. The sensory 
evaluation revealed a distinct ranking across the samples 
regarding color preferences at storage time up to 21 days. 
The sample with amla juice received the highest score of 
7.40 (“like moderately”), followed by the control (6.80, 
“like slightly”) and the sample with citric acid (6.20, 
“like slightly”). The sample with lemon juice received 
the lowest score (5.30), indicating the least preferred 
color (Table 6). The initial value in the control sample 
dropped to 4.10 by day 21, showing the poorest color 
retention, while the sample with amla juice consistently 
scored highest for color, starting at 7.40 (day 0) and de-
clining to 5.80 (day 21). It maintained its visual appeal 
despite a significant decrease over time (p < 0.05). The 
color score in the samples with citric acid and lemon 
juice decreased from 6.20 and 5.30 to 4.80 and 3.60, re-
spectively, after 21 days (Table 6). A similar color deg-
radation pattern was reported for mango squash during 
eight weeks of storage [14] and dragon fruit pulp during 
three months [44].

The superior color retention in the sample with amla 
juice was likely due to the antioxidant properties of 
ascorbic acid in amla juice, which stabilized betacyanin  
pigments in dragon fruit. Ascorbic acid had a similar 

protective effect on betalains [52]. Color preference often 
collaborates with visual appeal [51]. Obiloma et al. [33], 
who also studied fruit drinks, reported similar appear-
ance scores of 5.30–8.35, which aligned with the color 
score in the current study. In another study, dragon fruit 
squash scored higher in color and appearance, i.e., con-
sumers tend to prefer colored products [35]. Thus, the vi-
sual appeal of the sample was positively received.

Aroma. Aroma influences consumer preference and 
product quality. The samples from this study scored 
impressively, with an aroma score ranging from 4 to 7 
across samples under different storage times. In the 
control, the initial value of 5.80 fell to 4.00 at the end of 
experimental storage (p < 0.05). The sample with amla 
juice achieved the highest initial aroma score of 7.00, 
which declined to 5.70 by day 21 (p < 0.05). The samples 
with citric acid and lemon juice initially scored 6.50 and 
6.70, respectively, dropping significantly to 5.10 and 5.30 
(p < 0.05) (Table 6). 

Our values were comparable to those detected in leh 
berry fruit squash, where the aroma score ranged from 
6.40 to 8.20 [52]. Obiloma & Afam-Anene [33], however, 
provided a higher aroma score in fruit drinks. The high 
initial aroma score in the sample with amla juice may 
be attributed to the aromatic compounds in amla juice, 
which enhanced the sensory appeal, as seen in [44], 
where ascorbic acid-treated pulp maintained favorable 
aroma. The relatively high aroma score in the sample 
with lemon juice may stem from the volatile compounds 
in lemon juice, which provided a fresh citrus note, align-

Table 6 Sensory evaluation of experimental dragon fruit peel squash during storage

Sensory 
characteristic

Sample Storage time, day
0 7 14 21

Color Control 6.80 ± 0.15cA 6.20 ± 0.13cB 5.50 ± 0.19cC 4.10 ± 0.21cD

Peel + amla juice 7.40 ± 0.12aA 7.00 ± 0.35aA 6.50 ± 0.13aB 5.80 ± 0.22aC

Peel + citric acid 6.20 ± 0.20bA 5.80 ± 0.11bB 5.30 ± 0.22bC 4.80 ± 0.21bD

Peel + lemon juice 5.30 ± 0.21dA 4.80 ± 0.27dB 4.20 ± 0.30dC 3.60 ± 0.24dD

Aroma Control 5.80 ± 0.20dA 5.30 ± 0.24dB 4.90 ± 0.29dC 4.00 ± 0.33dD

Peel + amla juice 7.00± 0.25aA 6.60 ± 0.31aB 6.20 ± 0.22aC 5.70 ± 0.15aD

Peel + citric acid 6.50 ± 0.28bA 6.10 ± 0.74bA 5.60 ± 0.35bB 5.10 ± 0.38bC

Peel + lemon juice 6.70 ± 0.26cA 6.30 ± 0.46cA 5.80 ± 0.54cB 5.30 ± 0.67cC

Taste Control 5.50 ± 0.22cA 5.10 ± 0.16dA 4.30 ± 0.31dB 3.10 ± 0.26dC

Peel + amla juice 6.70 ± 0.23bA 6.30 ± 0.21bB 5.80 ± 0.23bC 5.30 ± 0.27bD

Peel + citric acid 6.70 ± 0.24bA 6.30 ± 0.23bA 5.80 ± 0.14bB 5.30 ± 0.64bC

Peel + lemon juice 7.30 ± 0.33aA 6.90 ± 0.42aA 6.40 ± 0.38aB 5.90 ± 0.13aC

Flavor Control 5.20 ± 0.30cA 4.90 ± 0.26cB 4.40 ± 0.31cC 3.00 ± 0.27cD

Peel + amla juice 6.70 ± 0.42aA 6.20 ± 0.20aB 5.70 ± 0.42aC 5.20 ± 0.42aD

Peel + citric acid 6.00 ± 0.50bA 5.60 ± 0.34bB 5.10 ± 0.65bC 4.60 ± 0.52bD

Peel + lemon juice 6.00 ± 0.48bA 5.50 ± 0.23bB 5.00 ± 0.46bC 4.50 ± 0.83bD

Overall 
acceptability

Control 5.50 ± 0.25cA 5.10 ± 0.19cB 4.40 ± 0.41cC 3.30 ± 0.54cD

Peel + amla juice 6.50 ± 0.21aA 6.10 ± 0.24aB 5.60 ± 0.61aC 5.00 ± 0.29aD

Peel + citric acid 6.50 ± 0.23aA 5.90 ± 0.42aB 5.30 ± 0.55aC 4.70 ± 0.44bD

Peel + lemon juice 6.20 ± 0.24bA 5.70 ± 0.14bB 5.20 ± 0.63bC 4.60 ± 0.25bD

The results are given as means ± standard deviation. Lowercase letters in the same column (same storage time) indicate significant differences 
for that sensory characteristic across samples (Tukey’s HSD, p < 0.05). Uppercase letters in the same row (same sample) indicate significant 
differences across storage times for that sensory characteristic (Tukey’s HSD, p < 0.05)
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ing with other findings for herbal beverages [53]. Overall, 
the experimental dragon fruit peel squash scored quite 
satisfactory for aroma.

Taste. Taste is often the most influential senso-
ry attribute [51]. Following the taste evaluation, the 
control sample scored the lowest, falling from 5.50 to 
3.10 during experimental storage (21 days), while the 
samples with amla juice and citric acid both exhibit-
ed similar reduction values (from 6.70 to 5.30). The 
sample with lemon juice scored highest at 7.30 at day 
0, decreasing to 5.90 by day 21, indicating better taste 
retention compared to others (p < 0.05) (Table 6). A re-
port on dragon fruit pulp displayed a decreasing trend 
with storage time up to three months [44]. Other stud-
ies also exhibited a similar decreasing behavior of con-
sumer taste preference profile for prepared fruit squash 
during storage [14, 52]. The moderate taste score in the 
sample with amla juice was less preferred than in the 
sample with lemon juice. Obiloma & Afam-Anene [33] 
obtained similar taste scores (6.20–9.00) for other fruit 
drinks. However, Archana et al. [35] obtained a taste 
score of 8 for dragon fruit squash, which was slightly 
higher than in the current study. All in all, our samples 
received good taste scores with moderate sweetness, 
therefore supporting that carefully adjusted ratios and 
processing control lead to optimal taste profiles.

Flavor. Flavor is a mix of various sensations derived 
from foods [54]. The control sample showed the lowest 
score range (5.20–3.00) for flavor preference. The sam-
ple with amla juice displayed the highest score (6.70)  
at the initial stage, falling to 5.20 on day 21, followed  
by the samples with citric acid (6.00–4.60) and lemon 
juice (6.00–4.50) (Table 6). The poor flavor retention in 
the control sample aligned with [44], where untreated 
pulp showed significant flavor loss after three months  
of storage. 

The present result is positively comparable with other 
studies. Archana et al. [35] reported a very similar flavor 
score in dragon fruit value-added products. In [14], the 
flavor score dropped from 5.93 to 6.78 for mango squash 
after eight weeks, which was in concurrence with our 
dragon fruit peel squash after 21 days of storage. The 
experts in the current research confirmed that the flavors 
were well-balanced and within an acceptable limit. 

Overall acceptability. Overall acceptability inte-
grates all sensory attributes. The control sample scored 
the lowest range (5.50–3.30), while the samples with 
amla juice and citric acid received the same scores (6.50) 
at day 0, which reduced to 5.00 and 4.70, respectively, 
over 21 days of storage (Table 6). The high acceptability 
of the sample with amla juice stemmed from its superior 
color and aroma, aligning with the higher acceptability 
range for dragon fruit juice beverages [53]. The accep-
tance score for leh berry fruit squash corroborated with 
our findings [52]. Archana et al. [35] revealed a higher 
acceptance score of 8.20 whereas mango squash and 
mixed fruit drinks had similar scores [14, 33]. 

Products featuring dragon fruit or other tropical 
fruits tend to gain high consumer approval due to their 

appealing sensory combinations [35]. For instance, an 
ice cream with pumpkin and dragon fruit (50:50) was 
also top-rated [51]. Well-balanced formulations lead to 
greater acceptability [42]. These observations together 
back up the idea that the formulation took the best route 
in ingredient pairing, which led to its high marks for 
sensory parameters, and it is degraded with prolonged 
storage may be due to chemical changes and microbi-
al acceleration. All in all, the current formulated prod-
uct mirrored the successful trends seen across multiple 
studies, and its scores ensured its position as a strong 
contender in consumer preference.

Color parameters during storage. The color attrib- 
utes of dragon fruit peel squash are crucial in determin-
ing consumer acceptability and overall product quality. 
In the present study, the color values of the dragon fruit 
peel squash samples were recorded in terms of lightness 
(L*), redness (a*), and yellowness (b*), and were evaluat-
ed during 1, 2, and 3 weeks of storage (Fig. 6–8).

Lightness (L*) reflected distinct trends across the for- 
mulations. The control showed a gradual increase in L* 
from 17.01 to 17.83, likely attributable to the sedimenta- 
tion of suspended particles. Thermally treated fruit juices  
stabilize color and cloudiness by inactivating enzymes 
and coagulating proteins [55]. The sample with amla 
juice displayed fluctuating L* values, increasing from 
17.05 to 17.33 during week 2, then dropping to 16.70 by 
week 3. This pattern suggested an initial stabilizing ef-
fect of ascorbic acid that diminished over time [56]. The 
sample with citric acid was more acidic (pH 2.32). It dis- 
played a consistent L* increase from 14.48 to 16.23. Cit-
ric acid was reported to stabilize anthocyanins and re-
duce enzymatic browning [57, 58]. The sample with 
lemon juice had the brightest lightness at 21.40 in week 2,  
but then it fell to 16.66 by week 3, indicating unstable 
interactions between lemon juice components and peel 
pigments (Fig. 6). 

Archana et al. [35] recorded L* value for dragon fruit 
squash, which stood at 20.51. In contrast, Qalbi et al. [24]  
reported L* values for dried peel powder that ranged 

Figure 6 Lightness (L*) in dragon fruit peel squash during 
storage
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from 29.68 to 30.23, indicating a lighter appearance 
compared to the product in this study. This difference 
might be due to more browning reactions occurring in 
the current samples. Nurhadi et al. [59] observed a dis-
cernible pattern of betacyanin pigment in dragon fruit 
peel powder with storage time in dragon fruit-based 
beverages, which correlated with our L* values due to 
the state of pigment polymerization and browning reac-
tions. Additionally, the dragon fruit peel showed a wider  
range of L* values, from 32.43 to 45.47, which were no-
tably higher than the recent findings [42]. Interestingly, 
even non-red fruits, like butternut squash [60], displayed 
much higher lightness values with the emphasis of the 
darker natural pigment profile of dragon fruit peel prod-
ucts. The lower L* values observed in this study could 
be linked to pigment degradation during storage or 
specific characteristics of formulations in the samples, 
which could reduce light reflectance.

Redness/greenness (a*). Redness (a*) is the most 
critical parameter for betalains stability and visual ap-
peal. Its value shows the range from red to green, with 
red being positive and green being negative of the sam-

ple [24]. In this study, it rose in all samples between 
week 1 and 2 and dropped during week 3. This trend 
indicated initial color enhancement of red pigment, per-
haps, via enhanced extraction or stabilization followed 
by degradation. In the control sample, a* increased 
from 3.41 to 5.19 and then decreased to 4.28. the sam-
ple with amla juice showed a more pronounced increase 
(3.19 to 6.26), maybe, because of the protective action of 
ascorbic acid on pigment [61], before declining to 4.36. 
In the sample with citric acid, the value of a* rose from 
3.30 to 5.00, then dropped to 4.13 with its low pH (2.32) 
by 21 days. This result closely corroborated the study 
where maximum betalains deteriorated in pH 2.0 [62], 
potentially accelerating degradation. The sample with 
lemon juice also peaked as 6.71 in week 2 but dropped 
to 2.98 by week 3, showing that lemon juice deteriorated  
long-term redness stability (Fig. 7).

Archana et al. [35] reported an a* value of 22.18, which  
indicated a much stronger reddish tone compared to our 
experimental product. Additionally, Martínez et al. [60] 
highlighted very high a* values in butternut squash hy-
drocolloids. Other investigations into dried peel prod-

Table 6 ANOVA results for color parameters during storage

Sample Color parameter Storage time, week F-value Significance
1 2 3

Control L* 17.01 17.52 17.83 0.073 n.s.
a* 3.41 5.19 4.28 1.649 n.s.
b* 1.37 2.66 1.73 11.823 *

Peel + amla juice L* 17.05 17.33 16.70 0.006 n.s.
a* 3.19 6.26 4.36 4.07 n.s.
b* 1.33 2.77 1.78 12.056 *

Peel + citric acid L* 14.48 15.09 16.23 0.1778 n.s.
a* 3.30 5.00 4.13 1.225 n.s.
b* 1.64 3.2 2.4 13.467 *

Peel + lemon juice L* 14.21 21.4 16.66 3.069 n.s.
a* 2.95 6.71 2.98 7.87 *
b* 1.39 2.57 1.31 10.989 *

n.s. – not significant (p ≥ 0.05, F ≤ 6.944); * – significant (p < 0.05; F > 6.944)

Figure 7 Redness/greenness (a*) in dragon fruit peel squash 
during storage
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Figure 8 Yellowness/blueness (b*) in dragon fruit peel squash 
during storage
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ucts revealed slightly elevated redness values [24, 42]. 
Hence, the existing previous values showed very reddish 
squashes, especially when the squashes were ripe and 
the acidity was adjusted to maintain pigmentation. The 
relatively lower redness observed in the current samples 
(Fig. 7) could be attributed to the gradual degradation 
of such natural red pigments as betalains or lower initial 
concentrations of these pigments in the sample matrix.

Yellowness/blueness (b*). The yellowness (b*) showed  
the same pattern, rising from week 1 to 2 and decreasing 
during week 3 across all the samples, indicating a tem-
porary production and a breakdown of yellow pigments. 
This phenomenon occurs when betalains degrade into 
betalamic acid, which contains yellow betaxanthins [63]. 
In the control sample, the value of b* rose from 1.37 to 
2.66 and dropped to 1.73. The sample with amla juice 
was 2.77 in week 2, possibly as a result of the amla juice 
effect. The sample with citric acid was 3.2, likely owing 
to its high acidity accelerating degradation. The sample 
with lemon juice increased to 2.57 during week 2 before 
decreasing to 1.31, which indicated rapid color shifts to-
wards yellow colors.

Our values were considerably below those document- 
ed in other publications. Qalbi et al. [24] observed the 
b* values in dried peel powders between 15.20 and 16.53, 
which tended to drop as the drying time increased; yet, 
their results remained significantly higher than ours. 
Raj & Dash [42] also registered much higher b* values 
(23.97–28.33) in dragon fruit peel, likely due to the color 
concentration through drying. Martínez et al. [60], who 
studied butternut squash peels, found even more pro-
nounced b* values. Therefore, the lower b* values in 
the current study suggested either minimal yellow pig-
ment presence or substantial degradation during stor-
age. These results are expected to reflect betacyanin-rich 
compositions with yellows but not overly predominant. 

ANOVA test for color parameters during storage.  
Table 6 presents the color parameter values (L*, a*, b*) 
for dragon fruit peel squash formulations across samples  
during weeks 1 (7 days), 2 (14 days), and 3 (21 days), 
with F-values testing the effect of storage time within  
each sample. Twoway ANOVA (Df = 2,4; critical F =  
6.944) involved a common MSE (L* = 4.3575; a* = 0.590;  
b* = 0.045). The lightness (L*) did not vary significantly 
with storage time in any sample (F < 6.944, ns); the red-
ness (a*) increased significantly only in the sample with 
lemon juice (F = 7.87, p < 0.05), and the yellowness (b*) 
changed significantly in all four formulations.

The L* values started to alter in just over 21 days, 
showing good overall lightness retention; however, the 
values of a* and b* increased considerably, showing dif-
ficulty in retaining the normal red–pink color under stor-
age conditions. Compared to [24] with L* 29.68–30.23 
in dried peel powder and L* 32.43–45.47 in dragon fruit 

peel, our experimental squash showed poorer color sta-
bility, most probably as a result of the greater pigment 
breakdown in the aqueous matrix. For enhanced shelf 
life and consumer acceptability, future studies would 
need to investigate formulation adjustments (e.g., natural 
color stabilizers) and storage optimization (light-protect-
ed, antioxidant-supplemented packaging) to reduce the 
existing a* and b* drift.

CONCLUSION
This study demonstrated the feasibility of utilizing  

dragon fruit peel for the production of functional squash.  
Conventionally regarded as waste, dragon fruit peel 
proved to be a highly valued functional ingredient. The 
chemical analysis revealed 92.81% of moisture con-
tent, 1.49% ash, 0.528% protein, 0.20% fat, and 4.90% 
carbohydrate (wet basis). The formulated squash sam-
ples were within the acceptable microbial range and 
possessed favorable physicochemical properties, espe-
cially total soluble solids, which ranged from 45.00 to 
47.00°Brix. The low pH and sufficient acidity guaran-
teed safety and palatability. The samples fortified with 
amla juice and citric acid tied in overall acceptability 
(6.50), with oversteps in color (7.40) and aroma (7.00). 
The sample with with lemon juice was ahead in taste 
(7.30). The formulation with amla juice showed a su-
perior ascorbic acid content (108.00 mg/100 mL) and 
antioxidant activity (IC50 = 0.633 mg/mL). The ANOVA  
result revealed storage time effects on redness (a*, 
p < 0.05), as well as storage time and sample type effects  
on yellowness (b*, p < 0.05), indicating pigment break-
down after three weeks of storage. In general, the drag-
on fruit peel squash proved to be a healthy drink with 
a good commercial potential, but it requires optimized 
storage conditions or natural stabilizers to maintain col-
or qualities that are significant to consumer acceptance. 
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Abstract: 
This study optimized the polyphenol extraction conditions for Cassia fistula L., commonly known as the Osaka tree. Its fruit 
contains a complex of valuable natural compounds, which remain underexploited in Vietnam and other countries where Osaka 
trees grow in abundance. 
Methods employed included phytochemical screening, determination of total phenolic and moisture content, preliminary factor 
screening, and optimization using Response Surface Methodology (RSM) with a Box-Behnken design, followed by statistical 
analysis using t-tests, ANOVA, and Tukey’s HSD post-hoc test.
Most previous studies focused on testing and evaluating individual extraction parameters, such as temperature, solid-to-solvent 
ratio, and time. This study comprehensively integrated these factors into a unified optimization model. Based on the design 
of preliminary diagnostic experiments, the solid-to-solvent ratios ranged from 1:10 to 1:50 (w/v), the extraction temperature 
was 30–70°C, and the extraction time ranged from 5 to 30 min. The Box-Behnken model combined with response surface 
methodology made it possible to optimize multiple factors simultaneously. The total polyphenol content reached its highest 
value of 10.64 mg GAE/g DW under the following optimal conditions: 50°C; 21.15 min extraction time; 1:31.69 (w/v) solid-to-
solvent ratio. The model demonstrated high reliability (R2 = 0.94), confirming its industrial potential. 
The results obtained open up new prospects for sustainable exploitation of natural polyphenols from C. fistula in functional 
foods and pharmaceuticals.

Keywords: Cassia fistula L., Osaka tree, bioactive compounds, extraction, optimization, response surface methodology, Box-
Behnken model

Please cite this article in press as: Phuong DV, Thuan NN. Cassia fistula L. fruit: Optimal conditions for total polyphenol 
extraction. Foods and Raw Materials. 2027;15(2):324–332. https://doi.org/10.21603/2308-4057-2027-2-714

INTRODUCTION
Bioactive compounds derived from plants have been 

of interest in recent years because they are not only a 
source of food but also a valuable source of pharmaceu-
ticals. In this context, indigenous plant species often be-
come the focus of research due to their biodiversity and 
medicinal applications [1–4]. Cassia fistula L. is com-
monly known as the Osaka tree, Indian laburnum, or 
golden shower tree (Fabaceae). This plant stands out for 
its bright yellow inflorescences and is highly valued for 
its medicinal properties. It contains a cluster of bioactive 
compounds with antibacterial, insecticidal, and antioxi-
dant properties [5, 6].

Cassia fistula L. fruit has a unique elongated cylin-
drical shape and turns dark brown when ripe. Beside its 
aesthetic value, the pod-like fruit has long been appre-
ciated for its powerful laxative properties, as well as for 

its antibacterial, anti-inflammatory, neuroprotective, and 
cardioprotective effects [7]. However, its industrial use 
requires more scientific studies to verify its medicinal 
profile. Recent phytochemical studies demonstrated that 
Osaka fruits are rich in polyphenols, flavonoids, anthra-
quinones, and anthraquinone glycoside derivatives [8, 9].  
These compounds exhibit strong antioxidant activity, 
which can protect cells from free radical damage, thus 
preventing such serious chronic diseases as diabetes, 
cancer, and neurodegenerative disorders. These findings 
open up many new application prospects for the func-
tional food industry, pharmaceuticals, and cosmetics [10].

In Vietnam, Osaka trees are widely distributed in 
humid and tropical environments, but their medicinal 
potential has not been fully exploited [11]. Most appli-
cations are still limited to folk remedies. This shows a 
huge gap between the abundance of resources and their 
effective application. To maximize the exploitation pro-
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cess and enhance the economic value of this promising 
plant, scientists and affiliated companies must conduct 
more in-depth investigations [12]. One of the most 
promising directions is to optimize the extraction of 
bioactive compounds, especially total phenolics, which 
are known for their anti-inflammatory and cardiopro-
tective effects [13]. 

The extraction of natural compounds from plants is 
a complex process because the yield depends on many 
factors. In this research, we combined the response sur-
face methodology with the Box-Behnken experimental 
design to reduce the number of experiments, thereby 
reducing time and cost compared to the traditional tri-
al and error method. In addition, this method also helps 
understand the multidimensional correlation between 
different factors in the extraction process [14]. Further-
more, advanced techniques, such as microwave-assisted 
extraction or ultrasound-assisted extraction can further 
improve the phenolic recovery [15].

This study had two main objectives: 
	– to evaluate the effects of such technological factors 

as ethanol solvent concentration, temperature, and extraction 
time on the total phenolic yield;
	– to use the response surface methodology to develop 
an accurate mathematical model that would make it possi- 
ble to optimize the polyphenol extraction process while 
minimizing time and cost. 

Although extraction time is not an absolutely import-
ant factor, it was included in this study as an indepen-
dent variable based on previous studies. For instance, 
Wei et al. [16] demonstrated a significant correlation be-
tween time and bioactive compound yields (triterpenes). 

This study stems from the significant potential and 
challenges associated with maximizing the industrial 
value of the Osaka tree. The results not only provide im-
portant and comprehensive scientific information on the 
bioactive profile of Cassia fistula L. fruit, but also pro-
vide support for the future development of high-value 
application products, e.g., safe and effective natural cos-
metics and functional foods. Furthermore, the sustain-
able use of C. fistula fruit is consistent with the general 
goals of green and sustainable production.

STUDY OBJECTS AND METHODS
Materials. The pulp of Cassia fistula L. fruit was 

obtained from trees cultivated in Ho Chi Minh City, 
Vietnam. After harvesting fresh fruits, the seeds and 
husks were manually removed to isolate the fleshy pulp 
for extraction and analysis (Fig. 1). 

Chemicals and equipment. The Folin-Ciocalteu 
reagent (Merck) was used to determine total phenolic 
content. The key equipment comprised a UV-Vis spec-
trophotometer (Shimadzu UV-1800), an infrared mois-
ture analyzer (Ohaus MB45), and a blender (Fuki).

Phytochemical screening. Exactly 5 g of C. fistula 
fruit pulp was macerated in ethanol at a 1:30 (w/v) sol-
vent-to-sample ratio for 8 h to obtain the primary extract. 
The extraction process was repeated twice under identi-
cal conditions. The three extracts were then combined, 
concentrated under reduced pressure, and subjected to 
a qualitative phytochemical analysis for bioactive com-
pounds (Table 1) [17].

Determining the total phenolic content. The total 
phenolic content was determined according to the meth-
od developed by Sirichan et al. [19], with minor modifi-
cations to adapt to the experimental conditions. Briefly, 
5 g of C. fistula fruit pulp was macerated in 30 mL of 
98% ethanol in a 250-mL Erlenmeyer flask for 24 h at 
room temperature, followed by filtration to obtain crude 
extract. The extraction process (soaking and washing) 
was triplicated, and the combined extracts were pooled 
and adjusted to a final volume of 100 mL with ethanol.

For total phenolic content quantification, the extract 
was diluted 10-fold and analyzed using ultraviolet-visible  
spectroscopy at 765 nm, with gallic acid as the standard 

Table 1 Phytochemical screening of bioactive compounds [18]

Qualitative compound Methodology Reaction result
Polyphenols and tannin 2 mL extract + 2 mL H2O + 2–3 drops 5% FeCl3 Dark blue, brown, blue
Alkaloids 2 mL extract + 3–4 drops Wagner’s reagent Red-brown precipitate
Flavonoids 2 mL extract + 2 mL 10% lead acetate Yellow precipitate 
Saponins 2 mL extract + 10 mL distilled water (boiled 2 min) Persistent foam formation
Terpenoids and steroid 5 mL extract + 2 mL CHCl3 + 3 mL concentrated H2SO4 Red-brown interface ring
Coumarins 2 mL extract + 3 mL 10% NaOH Yellow coloration

Figure 1 Cassia fistula L. tree (a) and Cassia fistula L. 
fruit (b)

                                 a                                             b
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reference compound. The total phenolic content, mg 
GAE/g DW, was calculated using the following formula:
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where Cx is the measured gallic acid concentration, ppm, 
obtained from the standard curve; Vdm is the final vol-
ume of the standardized extract, mL; 103 served as the 
conversion factor from μg to mg; W is the sample mois-
ture content, %; a is the initial sample mass, g; and K is 
the dilution factor applied when necessary.

Determining the moisture content. The moisture 
content was determined by the constant-weight drying 
method at 105°C [20].

Preliminary factor screening. Three key extraction 
parameters to be investigated included:
	– extraction time: 5, 10, 15, 20, 25, and 30 min (fixed 
at 50°C and 1:30 g/mL solid-to-water ratio);
	– temperature: 30, 40, 50, 60, and 70°C (fixed at 20 min 
and 1:30 g/mL ratio); and
	– solid-to-water ratio: 1:10, 1:20, 1:30, 1:40, and 1:50 g/mL  

(fixed at 20 min and 50°C).
All experiments were triplicated, with the total phe-

nolic content determined as previously described.
Optimizing the response surface methodology. 

Based on the preliminary screening results, we selected  
the optimal ranges for key extraction parameters for fur-
ther optimization using the Box-Behnken experimen-
tal design: extraction time (15–25 min), temperature 
(40–60°C), and solid-to-water ratio (1:20–1:40 g/mL).  
A 15-run experimental matrix relied on the JMP 10 soft-
ware (SAS Institute) to evaluate the effects of these pa-
rameters and their interactions on total phenolic content:
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where Y is the total phenolic content; Xi is the indepen-
dent variables (time, temperature, ratio); β0, βi, βii, βij de-
noted regression coefficients. The model adequacy was 
evaluated using R2 and p-values.

Experimental validation. The optimal conditions pre- 
dicted by the response surface methodology were exper-
imentally validated in triplicate. To compare the predict-
ed and the actual values, we used t-tests (Statgraphics).

Statistical analysis. After developing a multivari-
ate regression model, we designed further experiments 

using the Box-Behnken approach implemented in the 
JMP 10 software (SAS Institute, USA). This statistical 
tool enabled optimization of extraction conditions for  
C. fistula fruit polyphenols while excluding variables 
that were not statistically significant (p > 0.05) based on 
experimental results.

To validate the model and assess the medicinal ef-
fects, we applied ANOVA followed by Tukey’s honestly 
significant difference post-hoc test using the Statgraph-
ics Centurion XI software (Statgraphics Technologies, 
Inc., USA). This analysis confirmed the model’s reli-
ability and revealed statistically significant differences  
(p < 0.05) between experimental treatments, ensuring 
the robustness of the research findings.

RESULTS AND DISCUSSION
Qualitative analysis of bioactive compounds in 

Cassia fistula L. fruit. Table 2 illustrates the prelimi-
nary qualitative results for secondary metabolite groups 
in C. fistula fruit. This analysis demonstrated a potential 
diversity in the chemical composition of the plant, with 
marked differences in the levels of presence of each me-
tabolite group.

Three dominant groups of compounds were phenolic 
compounds, tannins, and flavonoids, which exhibited 
high contents (+++). C. fistula indeed proved to be a rich 
source of bioactive components with therapeutic poten-
tial. For phenolic compounds, their presence at highest 
levels correlated with antioxidant, anti-inflammatory, 
and antibacterial properties [21]. Tannins are complex 
polyphenols with properties similar to the phenolic group,  
which is prominent for its strong antioxidant and an-
tibacterial profile [22]. Flavonoids also belong to the 
polyphenol group, known for its cardioprotective, anti- 
inflammatory, and antioxidant effects [23].

The list of compounds with moderate content (++) in-
cluded coumarins, terpenoids, and steroids. Coumarins 
and their derivatives have clinically significant antico-
agulant and anti-inflammatory effects [24]. Terpenoids 
possess reliable antibacterial and anticancer properties. 
Steroids include both hormonal compounds and phytos-
terols, which may contribute to the overall biological ac-
tivity of the plant [25].

The compounds with low content (+) included alka-
loids and saponins. Alkaloids possess potent pharmaco-
logical effects, but their presence is quite low, indicating 

Table 2 Qualitative identification of secondary metabolites in Cassia fistula L. fruit

Compound class Test method Detection result Relative abundance
Polyphenols Folin-Ciocalteu +++ High
Tannins Ferric chloride +++ High
Flavonoids Aluminum chloride +++ High
Coumarins NaOH test ++ Moderate
Alkaloids Mayer’s reagent + Low
Terpenoids Salkowski test ++ Moderate
Steroid Liebermann-Burchard ++ Moderate
Saponins Foam test + Low
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that the therapeutic effect in C. fistula fruit is not high. Sa-
ponins were detected in trace form. They have character- 
istic foaming properties and biological activity, but their  
presence does not indicate any therapeutic efficiency [26].

Overall, C. fistula fruit pulp demonstrated a remark-
able chemical composition with phenolics, tannins, and 
flavonoids. We conducted a detailed quantitative analy-
sis to measure the concentration of each bioactive com-
pound, thus creating a solid basis for the exploitation 
and application of the Osaka tree in medicine, cosmet-
ics, and many other fields.

Effect of extraction time on total phenolic yield. 
According to Zainal et al. [27] and Zhang et al. [28], 
extraction time is an important factor affecting total 
phenolic content. Longer time often facilitates better 
solubilization and diffusion of phenolic compounds. 
Figure 2 shows that the total phenolic yield increased 
together with extraction time. Specifically, starting 
from the lowest value of 9.939 mg GAE/g DW recorded 
after 5 min, the total phenolic content showed a signifi-
cant increase at subsequent times. After 10 min, the val-
ue rose to 10.273 mg GAE/g DW, followed by a sharp 
increase to 11.193 mg GAE/g DW after 15 min, reach-
ing 11.587 mg GAE/g DW after 20 min.

However, after 20 min, the increase rate slowed down  
significantly, indicating a tendency towards saturation 
or equilibrium during the extraction process. When the 
extraction time reached 25 min, the total phenolic con-
tent only increased slightly to 11.598 mg GAE/g DW, 
showing an insignificant difference compared to the  
20-min value. At the peak of the survey (30 min), the to-
tal phenolic content peaked at 11.699 mg GAE/g DW but 
showed no significant difference compared to the sam-
ples obtained at 20 and 25 min. 

The total phenolic content tended to increase over 
time, but the pattern was not linear. Most of the rapidly  
soluble and diffusible phenolic compounds entered the 
solvent during the initial extraction stage [29]. As extrac- 
tion time increased, the remaining phenolics were locat-
ed deep within the cell structure or became more tightly 
bound. This phenomenon required either increasing the 

extraction kinetics or extending the time. In addition, 
the equilibrium established between the solid and liquid 
phases further slowed down the extraction process [30].

Thus, the extraction time had a significant effect on 
the phenolic recovery, especially in the early stages of 
the process. Extending the extraction time can help in-
crease the total phenolic content, but not significantly. 
Therefore, determining the optimal extraction time is 
very important to balance the extraction efficiency and 
cost. In this study, 20 min was the best choice to recover 
most phenolics.

Effect of temperature on total phenolic yield. Fig- 
ure 3 shows a complex correlation between the extraction  
temperature and the total phenolic content. In the range 
of 30–50°C, the phenolic extraction efficiency increased 
significantly, going from 9.27 to 11.02 mg GAE/g DW. 
This phenomenon could be explained by an increase in 
molecular kinetic energy and a decrease in solvent vis-
cosity, which improved the diffusion and solubility of 
polyphenols into the extract. However, when the tem-
perature exceeded 50°C (≤ 70°C), the total phenolic con-
tent dropped to 9.62 mg GAE/g DW, possibly due to the 
degradation of some thermosensitive polyphenols with 
increasing temperature. In addition, high temperatures 
might destroy their chemical structures or cause unde-
sirable reactions [31].

Our results were similar to those reported by  
Vuong et al. [32], who examined the changes in the to-
tal phenolic content for Carica papaya L. In their case, 
the initial total phenolic content increased together with 
temperature, but as the temperature continued to in-
crease, the total phenolic content decreased due to ther-
mal decomposition.

Based on experimental data, 50°C proved to be the 
optimal temperature to maximize the total phenolic 
yield from C. fistula This temperature balanced the en-
hancing mass transfer and the minimizing polyphenol 
degradation. For systematic optimization in further 
studies, the temperature range should be 40–60°C. 

Effect of C. fistula fruit pulp/water ratio on total 
phenolic content. The raw material/solvent ratio is as 

Different lowercase letters (a, b, c) indicate statistically significant 
differences at (ρ < 0.05)

Figure 2 Effect of time on total phenolic content
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important for phenolic extraction as time or temperature. 
In [16], the optimal raw material/solvent ratio ranged 
from 1:10 to 1:50 (w/v), and the extraction process re-
quired heating.

In this research, the raw material/solvent ratio be-
tween 1:10 and 1:30 (w/v) increased the total phenolic 
content significantly, from 10.72 mg GAE/g DW to a peak  
value of 12.38 mg GAE/g DW (Fig. 4). This phenomenon 
could be explained by the enhanced solubility and diffu- 
sion of phenolic compounds in larger solvent volumes [33].  
A larger solvent ratio increased the contact surface area 
between the raw material and the solvent, thereby im-
proving the mass transfer and maximizing the phenolic 
release into the extract [34].

If the ratio continued to increase beyond 1:30, the to-
tal phenolic content decreased significantly, dropping to 
9.62 mg GAE/g DW at the ratio of 1:50. This decrease 
might be due to either the dilution effect of phenolic 
concentration [34] or the decreased solvent selectivity, 
meaning that when the solvent ratio went up, the viscos-
ity of the solution went down, thereby reducing the sol-
ubility of phenolic compounds [35].

Sulaiman et al. [36] obtained similar results for phe-
nolic extraction and reported the suitable solvent ratio 
as 1:40. Similarly, Myo & Khat-Udomkiri [37] observed 
that the solid/solvent ratio below 1:10 was not effective in 
extracting phenolic compounds, possibly because the sol- 
vent volume was not enough to dissolve the compounds.

The raw material/solvent ratio proved to be an im-
portant factor in achieving the highest phenolic yield. 
Based on the experimental data, we chose the ratio of 
1:30 as the basis for the solvent ratio optimization ex-
periment. The raw material/solvent ratio between 1:20 
(lower limit) and 1:40 (upper limit) was selected to es-
tablish the optimal range.

Optimizing the extraction conditions. Optimal ex- 
imental modeling. In this study, we selected three opti-
mization parameters, i.e., time, temperature, and solvent 
ratio. Table 3 presents the variation range for these factors.

Optimal extraction conditions. Table 4 shows the re-
sults of applying the JMP 17 pro-optimization software 
and the Box-Behnken model to the experimental matrix. 
The total polyphenol content fluctuated quite strongly, 
ranging from 6.30 to 11.37 mg GAE/g DW. This fluctua- 
tion shows the significant impact of various extrac- 
tion parameters on the phenolic yield. The lowest total 
phenolic content (6.30 mg GAE/g DW) occurred under 
suboptimal conditions: short time (15 min), low tempera-
ture (40°C), and low solvent ratio (1:20 w/v). The high-
est total phenolic content (11.37 mg GAE/g DW) was 
achieved under a more favorable combination of time 
and solvent ratio.

We used a quadratic regression model to determine 
the correlation between the independent variables (X1 – 
time; X2 – temperature; X3 – solvent ratio) and the total 
phenolic content objective function (Y):

Y = 10.56 + 0.53X1 – 0.03X2 – 0.42X3 – 0.38X1X2 +
+ 0.85X1X3 + 0.56X2X3 – 1.50
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adjR  Table 5 shows the optimal results, corresponding to 

the experimental data (Table 4) and combined with the 
Box-Behnken prediction model. The correlation coef-
ficient of R2 = 0.9429 was quite high, meaning that the 
regression equation explained > 94% of the actual data 
collected. In addition, the p-value of > 0.05 showed that 
the initial selection model was consistent with the exper-
imental data. This result was also consistent with some 
previous studies. For instance, Szpisják-Gulyás et al. [14]  
reported an R2-value of 0.94, which confirmed the accu-
racy and reliability of our approach.

The p-value of the regression equation was ≤ 0.05, 
indicating that the initially selected model was signifi-
cant at 5%, i.e., the independent variables of time, tem-
perature, and solvent ratio all had an effect on the final 
phenolic yield. 

The correction coefficient 
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the regression model explained > 84%, demonstrating a 
high accuracy of agreement between the experimental 
values and the predicted model values. In addition, Q2 
was a parameter to evaluate the model’s ability to pre-
dict the accuracy. If Q2 > 0.5 and R2-Q2 < 0.3, the model  
had a fairly high accuracy [38]. The Q2 value in this 
case (0.8115) was considered satisfactory. Therefore, 
the initially selected model was able to predict the data 
generated by such factors as solvent ratio, extraction 
temperature, and extraction time.

Table 3 Levels of experimental factors to optimize  
the extraction process

Independent variable Symbol Coded level
–1 0 1

Time X1 15 20 25
Temperature X2 40 50 60
Fruit/water ratio X3 20 30 40

Different lowercase letters (a, b, c) indicate statistically significant 
differences at (ρ < 0.05)
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The model yielded the following optimal extraction 
conditions: 21.15 min extraction time, 50°C extraction 
temperature, and 1:31.69 (w/v) solvent ratio. The optimal 
parameters given predicted the highest total phenolic 
content of 10.67 mg GAE/g DW (Fig. 5).

Experimental validation. The validation experi-
ments were conducted with the predicted optimal condi-

tions to evaluate the reliability and predictability of the 
optimization model. Table 6 compares the modeled total 
phenolic contents with those obtained by experimental 
extraction at the optimal conditions.

The difference between the predicted model and the 
experimental survey was very small (0.28%). The re-
sults demonstrated that the initially selected model was 

Table 4 Experimental design matrix and anticipated outcomes

Formula Independent factor Total phenolic content, mg GAE/g DW
X1 X2 X3 Time, min Temperature, °C Fruit/water ratio, g/mL Experimental value Predicted value

1 0 + + 20 60 40 9.63 9.54
2 – 0 – 15 50 30 7.67 7.35
3 0 0 0 20 50 30 10.04 10.24
4 + 0 – 25 50 30 7.11 7.25
5 0 0 0 20 50 30 10.28 10.24
6 – + 0 15 60 40 8.17 8.14
7 + + 0 25 60 40 8.39 8.27
8 0 – + 20 40 20 8.45 8.48
9 – – 0 15 40 20 7.58 7.46
10 0 + – 20 60 40 7.21 7.25
11 0 – – 20 40 20 8.26 8.38
12 0 0 0 20 50 30 10.37 10.24
13 – 0 + 15 50 30 6.30 6.35
14 + 0 + 25 50 30 9.20 9.26
15 + – 0 25 50 20 9.32 9.38

“–” – low level encoding; “0” – center of variables; “+” – high level encoding

Table 5 Variance analysis and regression equation coefficients

Y Coefficient Standard error p-value 

Constant 10.563333 0.315916 < 0.001*
X1 0.5375 0.193458 0.0390*
X2 –0.02625 0.193458 0.8974
X3 0.41625 0.193458 0.0841
X1X1 –0.38 0.273591 0.2235
X2X2 0.865 0.273591 0.0250*
X3X3 0.5575 0.273591 0.0972
X1X2 –1.507917 0.284763 0.0032*
X1X3 –0.690417 0.284763 0.0598
X2X3 –1.485417 0.284763 0.0034*
N = 20 R2 = 0.9429 R2

adj = 0.8402 Q2 = 0.8115
Regression equation model: p-value = 0.0125*
Lack of fit: p-value = 0.9617

Figure 5 Effects of solvent-to-material ratio, extraction temperature, and extraction time on total polyphenol content:  
(a) Response surface plots, (b) prediction profiler

                                   a                                                                                                                b
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consistent with the experiment and demonstrated the 
high accuracy and predictive ability of the response 
surface methodology in determining the most effective 
extraction conditions for total phenolic yield from C. fis-
tula fruit.

CONCLUSION
This study successfully optimized the extraction 

conditions for total phenolic yield from Cassia fistu- 
la L. (Osaka) fruit using the response surface meth-
odology and the Box-Behnken model. The optimal re-
sults obtained from the initial selection model were 
as follows: the highest total phenolic content reached  
10.64 mg GAE/g DW at 21.15 min extraction time, 50°C 
extraction temperature, and 31.69 (w/v) solvent ratio.

The optimized model was consistent with the ex-
perimental studies, providing reliable practical data for 
industrial scale-up of polyphenol extraction. These find-
ings highlight the potential of C. fistula as an abundant 

natural source of such bioactive compounds as polyphe-
nols, which can be used to develop new functional foods 
and pharmaceutical products.
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Abstract: 
Garlic is used in traditional medicine due to its diverse bioactive components. 
The study focused on three garlic varieties, namely the multi-clove Honan and Tawangmangu cultivars and the single-clove 
Lanang garlic. To evaluate their biochemical profiles, a comprehensive analytical approach was employed, involving LC-MS/MS 
and HPLC for phenolic compound quantification, GC-FID for fatty acid analysis, and HS-SPME-GC-MS for the identification of 
volatile organosulfur compounds, followed by PCA and ANOVA for statistical evaluation.
This study investigated the biochemical composition of a new Indonesian single-clove garlic variety (Lanang) in comparison 
with two multi-clove varieties (Honan and Tawangmangu) in order to assess its potential as a traditional medicinal source.  
A total of 23 phenolic compounds, 9 volatile organosulfur compounds, and 8 types of fatty acids were identified and quantified 
using UPLC-MS/MS and GC-MS analyses. Lanang garlic exhibited the highest concentration of kainic acid among the phenolic 
compounds (80.774 µg/g) and showed a dominant presence of such volatile compound as diallyl disulfide (86.41%). Meanwhile, 
Honan garlic recorded the highest concentrations of most fatty acids, particularly linoleic (27.90%) and oleic acid (17.16%). 
The principal component analysis revealed that Lanang garlic contributed most significantly to PC1 for volatile compounds 
(76.90%) and phenolic compounds (69.93%), while Honan garlic did so for fatty acids (88.24%). Tawangmangu garlic showed 
lower biochemical diversity compared to the other varieties. 
These findings demonstrate that Lanang garlic has a unique and enriched biochemical profile, particularly in phenolic and 
volatile compounds, indicating its strong potential as a medicinal garlic variety.

Keywords: Bioactive components, garlic, fatty acids, phenolics, organosulfur compounds, PCA

Please cite this article in press as: Budianto, Arumsari AG, Yusup A, Gumintang M, Rosidin ZS. Correlation patterns of 
biochemical compounds in single-clove and multi-clove garlic varieties. Foods and Raw Materials. 2027;15(2):333–343. https://
doi.org/10.21603/2308-4057-2027-2-713

INTRODUCTION
Lanang garlic, a single-clove variety, has long been 

used in traditional medicine and is believed to enhance 
immunity and promote overall health [1]. However, the 
scientific understanding of its bioactive components 
remains limited, while more common garlic varieties 
have been extensively studied. This creates a significant 
knowledge gap, where health claims related to Lanang 
garlic have largely not been verified through rigorous 
scientific investigation. The high functional potential of 
Lanang garlic based on its traditional use [2] calls for 
research into its specific biochemical components that 
may contribute to its health benefits.

Although Lanang garlic grows naturally in unique 
geographical environments [3], it is rarely compared to 
other garlic varieties that are more commonly used as 
spices, which leaves a gap in the literature. If Lanang 

garlic is found to contain different or higher levels of 
bioactive compounds than other varieties, this could 
open up new opportunities for its application in both 
healthcare and food industry.

The advantages of single-clove garlic have been 
well-researched, such as its soluble sugar content (which 
has been proven higher compared to the Taicangbaipi,  
Ershuizao, and Hongqixing varieties [4]), its fructan mol- 
ecular weight [5], antioxidant activity, hepatoprotective 
effects, and phenolic [6] and organosulfur content [7]. 
However, significant differences have also been found 
between single-clove and regular garlic in terms of 
morphology, active components, and pharmacological 
properties [8]. However, correlation patterns are yet to 
be revealed between the biochemical compounds of La-
nang garlic, as well as its position among other varieties. 
Visualization can be employed to show the biochemical 
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profiles of different varieties, demonstrating the vast 
and complex richness of garlic.

The use of garlic as a natural remedy in traditional 
medicine has been recognized for centuries, primarily 
due to its diverse bioactive components. Compounds 
such as phenolics, volatiles, and fatty acids in garlic 
have attracted significant research efforts due to their 
potential health benefits. In particular, garlic has been 
studied for its role in preventing various diseases, in-
cluding cancer [9], cardiovascular diseases [10], and mi-
crobial infections [11]. Phenolic compounds in garlic are 
known for their antioxidant activity, which can protect 
the body from free radicals [12], while its volatile com-
pounds are often associated with antimicrobial proper-
ties that help combat infections [13]. Fatty acids, on the 
other hand, play a crucial role in cardiovascular health 
by maintaining blood vessel elasticity and regulating 
blood pressure [14].

Furthermore, several studies have demonstrated the 
potential of garlic in cancer prevention through its orga-
nosulfur compounds, such as diallyl disulfide (DADS) 
and diallyl trisulfide (DATS). These compounds are as- 
sociated with mechanisms that inhibit cancer cell pro-
liferation and trigger apoptosis [15]. Garlic’s role in 
maintaining heart health is also significant, with allicin 
compounds proven to have antioxidant effects and sup-
port vascular functions [16].

This study aimed to analyze the bioactive composi-
tion of different garlic varieties, highlighting their poten-
tial for promoting health, both in disease prevention and 
as therapeutic agents in traditional medicine. Specifical-
ly, we investigated the organosulfur compounds, phe-
nolic acids, and fatty acids present in the single-clove 
variety (Lanang garlic), as well as in the multi-clove 
varieties (Honan and Tawangmangu). In addition, we 
identified correlation patterns among the biochemical 
compounds using the Principal Component Analysis.

STUDY OBJECTS AND METHODS
Sample preparation. Garlic samples of the multi-

clove varieties (Honan and Tawangmangu) and the sin-
gle clove variety (Lanang garlic) were purchased online 
from a supermarket in Indonesia (May 2024). The garlic 
samples were peeled and cut into small pieces measur-
ing 3 mm. They were sun-dried in the shade (30°C) un-
til a moisture content of 8–10% was achieved. The dried 
samples were then stored in airtight bottles and labeled 
for identification. 

Identification and quantification of phenolic com-
pounds by liquid chromatography-tandem mass spec- 
trometry (LC-MS/MS). The analytical method was 
adapted from Kayiran et al. [17] and involved a LC-MS/
MS system consisting of an ultra-high-performance 
liquid chromatographer (Thermo Scientific UltiMate 
3000) and a triple quadrupole mass spectrometer  
(Waters Xevo TQ-XS). The liquid chromatography sys-
tem included a pump, a degasser, a column oven, and an 
autosampler. Separation was performed on a C18 Kine-
tex column (100×2.1 mm, 2 μm). Ultra-pure water was 

used as  the mobile phase A, and acetonitrile was used 
as the mobile phase B. 

To enhance separation and ionization, 8 mM ammo-
nium formate and 0.1% formic acid were added to the 
water phase. The flow rate of the mobile phase was set 
at 0.3 mL/min, with an injection volume of 5 μL. Elec-
trospray ionization (ESI) operated in both negative and 
positive modes. The LC- ESI-MS/MS data were pro-
cessed using the Empower software (Waters, USA) in 
the multiple reaction monitoring mode. The mass spec-
trometer parameters included an interface temperature 
of 360°C, a desolvation line temperature of 240°C, and 
a nebulizer gas (N2) flow rate of 2.5 L/min.

Identification and quantification of phenolic com-
pounds by HPLC. We used 1.2 M HCl and 45% meth-
anol to extract phenolic compounds from the Honan, 
Tawangmangu, and Lanang garlic varieties. The extrac- 
tion process lasted for 1.5 h at 75°C. After cooling, the sam- 
ples were filtered using Whatman No. 4 paper (0.45 μm). 
25 μL of the filtrate was injected into an Agilent HPLC 
system, which consisted of a model 1260 pump and a 
G1314B UV detector. The detection wavelength for phe-
nolic compounds was set at 275 nm. Chromatography  
was performed using an XBridge BEH C18 column 
(4.6×250 mm, 5 μm) with elution using 0.1% phosphoric 
acid (A) and acetonitrile (B) with the following gradient 
profile: 0 min, 10% B; 30 min, 25% B; 50 min, 10% B. 
The flow rate was set at 0.9 mL/min. After elution, the 
column was washed and stabilized for 8 min. The con-
centration of the compounds was reported as mg/kg 
based on the total weight of the dried varieties. The detec- 
tion wavelength for reference compounds was set at 
270–390 nm, and the standard UV spectrum was com-
pared with the sample.

Extraction and identification of fatty acid com-
position by GC-FID. Our research method was based 
on the method of Jarukas et al. [18] with some modi-
fications. For gas chromatography (GC) analysis, fatty 
acids in the lipids must be converted to their methyl 
ester derivatives. Lipids were extracted using a hexane/
isopropanol mixture (3/2 v/v). The sample (5 g) was ho-
mogenized for 30 s in the hexane and isopropanol mix-
ture. The mixture was then centrifuged at 9,000 rpm 
for 12 min. The supernatant was collected and placed 
in a sealed test tube. A total of 4 mL of 2% methano-
lic sulfuric acid was added and mixed well using a 
vortex. This mixture was left to undergo methylation 
in a water bath at 52°C for 10 h. Afterwards, the tube 
was removed from the water bath, cooled to room tem-
perature, and 6 mL of 5% sodium chloride was added, 
followed by thorough mixing. The fatty acid methyl es-
ters formed in the test tube were separated with 4 mL  
of hexane. The hexane phase was collected using a pi-
pette, treated with 4 mL of 2% KHCO3 solution, and al-
lowed to stand for 3 h for phase separation. The methyl 
esters were then isolated and measured using gas chro-
matography with flame ionization detection (GC-FID) 
(L-Analytix GC, model 22, Malaysia) connected to GC 20  
Version 2 software for data recording.
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Analysis of volatile organosulfur compounds by HS- 
SPME and GC-MS. Volatile organosulfur compounds 
were analyzed by the HS-SPME (Headspace Solid Phase 
Microextraction) method with some modifications [19]. 
Garlic samples from the three varieties (Honan, Tawang-
mangu, and Lanang garlic) were finely ground. A total 
of 100 mg from each sample was placed in a 1.5-mL 
SPME screw-cap vial, and (Z)-3-hexenyl acetate dis-
solved in water was added to a final concentration of 2 µg  
per vial. The SPME fiber was manually inserted into 
the vial containing the sample and incubated at 50°C for 
30 min. After incubation, the fiber was withdrawn and 
inserted into the injection port of the gas chromatography- 
mass spectrometry (GC-MS) instrument for analysis.

The GC-MS analysis was performed using a Mitra  
GCX 600 gas chromatograph connected to a Mitra MASS- 
9000 mass spectrometer (Mitra Lab Instruments, Malay-
sia). The system was equipped with a DB-5 capillary col- 
umn (30 m×0.25 mm i.d.×0.25 µm film thickness; Supelco).  
The injector and interface temperatures were set at 220°C.  
The temperature program for volatile analysis started  
at 40°C for 3 min, then increased to 180°C at a rate 
of 12°C/min, was held for 5 min, and then further in-
creased to 240°C at a rate of 40°C/min, and was held 
for 5 min. Helium was used as the carrier gas at a flow 
rate of 0.9 mL/min. A splitless injection mode was chosen  
due to   the low concentration of volatiles in the samples.

To ensure complete elution of the volatile com-
pounds, the SPME fiber was conditioned in the injec-
tor at 220°C for 2 min before each analysis. Blank tests 
were performed between the sample analyses. The mass 
spectrometer operated in the Electron Ionization (EI) 
mode at 70 eV with a scanning range of m/z 40–500.

Volatile components were identified by comparing 
the retention indices relative to n-alkanes (C6–C20) and 
matching the mass spectra with those established by the 
National Institute of Standards and Technology [20] and 
present in Wiley libraries, as well as with available ref-
erence standards. Peaks were analyzed using the AM-
DIS software from the National Institute of Standards 
and Technology before mass spectrum matching.

Statistical analysis. We employed the Principal 
Component Analysis (PCA) to identify patterns of vari-
ation and reduce the dimensionality of biochemical data 
across the three garlic varieties: Honan, Tawangmangu, 
and Lanang garlic. PCA was instrumental in revealing 
the main differences among the varieties.

To test for biochemical differences between the va-
rieties, we performed ANOVA followed by post-hoc 
Tukey HSD test using SPSS version 26, with a signifi-
cance level of p < 0.05. Data  visualization was conduct-
ed using a Chord Diagram in Origin Pro to facilitate 
interpretation of the relationships between the biochem- 
ical components and the garlic varieties.

RESULTS AND DISCUSSION
Phenolic compounds. The parameters such as m/z 

(parent ion), LOD (limit of detection), LOQ (limit of 
quantification), and UCL (upper confidence limit), %, in 

the LC-MS/MS (liquid chromatography-tandem mass 
spectrometry) analysis play a critical role in ensuring 
the accuracy and sensitivity of the method. For instance, 
the m/z value of 578.05 for rhoifolin confirmed the iden-
tity of this compound within the samples. The LOD and 
LOQ were 3.20 and 4.00 µg/g, respectively, demonstrat-
ing the method’s ability to detect and quantify com-
pounds at low concentrations. The UCL of 0.0940% 
ensured a high level of confidence in the quantification 
results. Although rhoifolin was not detected in any of 
the three garlic varieties, these parameters affirm the re-
liability and precision of the employed method.

Gallic acid emerged as the dominant phenolic com-
pound across all the samples (Table 1). Statistical com-
parisons revealed a significant difference (p < 0.05) in  
the gallic acid content between Lanang garlic and both 
Honan and Tawangmangu varieties. However, no signif- 
icant difference was found between Honan and Tawang-
mangu garlics (p > 0.05). Notably, Tawangmangu exhib- 
ited the highest gallic acid concentration at 172.648 ±  
1.949 µg/g. This aligns partially with the findings of 
Bozin et al. [21], who reported average total phenolic 
contents of 6.5 mg GAE/g in garlic samples, much lower 
than in our study. This discrepancy may stem from the 
differences in the cultivar type, extraction procedures, or 
environmental growth conditions.

Kainic acid was the second most abundant phenolic 
compound, showing significant inter-varietal variation 
(p < 0.05). Lanang garlic recorded the highest concen-
tration at 80.774 ± 0.528 µg/g, suggesting a distinct phy-
tochemical profile that supports its potential medicinal 
use. Malic acid, ranking third, was most concentrated 
in Tawangmangu garlic (93.992 ± 0.918 µg/g), with sig-
nificant differences across all the varieties (p < 0.05). 
These results demonstrate a clear biochemical differen-
tiation, supporting the hypothesis that single-clove garlic  
(Lanang) possesses a unique and more potent phenolic 
composition compared to its multi-clove counterparts.

Qualitatively, a total of 12 phenolic analytes were 
identified in Lanang garlic, while only 11 were detected  
in Honan and Tawangmangu. Only Lanang garlic con-
tained 4-OH-benzoic acid and chlorogenic acid. In con- 
trast, coumarin was present in Honan and Tawangman-
gu but absent in Lanang. This compositional divergence 
supports the Principal Component Analysis (PCA) re- 
sults, which indicated that Lanang garlic had a distinct-
ly different phenolic profile compared to that of the 
multi-clove varieties. Such variation may reflect genetic 
and environmental influences, which are common de-
terminants in secondary metabolite biosynthesis among 
Allium species.

Comparative literature reports total phenolic con-
tents in garlic ranging from 0.98 to 10.8 mg GAE/g, de-
pending on the variety and method used [21, 22]. Our 
findings fall within this range but highlight a more de-
tailed compound-specific distribution, which provides a 
deeper understanding of bioactive profiles. Furthermore, 
the absence of certain phenolics such as sinapic acid  
(< 0.1 mg/kg in literature) in our samples may be due 
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to their concentrations being below the detection limits  
or varietal metabolic expression.

In summary, the phenolic compound profile of La-
nang garlic had a larger number and a higher concen-
tration of unique analytes, particularly kainic acid and 
chlorogenic acid, compared to the multi-clove varieties. 
These results, corroborated by robust analytical valida-
tion and significant statistical differences, demonstrate 
Lanang’s strong potential for further development as a 
medicinal garlic variety.

Volatile compounds. The composition of volatile 
compounds in the Honan, Tawangmangu, and Lanang 
garlic varieties was analyzed using the gas chromatog-
raphy-mass spectrometry (GC-MS) method (Table 2). 
The parameters such as the retention time and the reten-
tion index play a crucial role in compound identification. 

In particular, the retention time helps determine the 
time taken for a compound to reach the detector, while 
the retention index provides information about the po-
larity and volatility of the compounds. Additionally, the 
relative abundance percentage reveals the proportion of 
each compound within the total mixture.

The analysis of volatile compounds revealed diallyl 
disulfide as the predominant compound, with its highest 
concentration in Lanang garlic (86.405%), followed by 
Honan (56.762%) and Tawangmangu (38.889%). This 
result is consistent with previous reports showing that 
diallyl disulfide dominates in several garlic varieties, 
ranging from 21–26% [23]. Other studies, however, re-
ported the dominance of diallyl trisulfide at 33.4% [24]. 
This indicates that Lanang garlic has a stronger aromatic  
potential compared to the other varieties.

Table 2 Composition of volatile compounds in Honan, Tawangmangu, and Lanang garlics according to gas chromatography-mass 
spectrometry (ISTA Laboratory, Jakarta, Indonesia, 2024)

Code Analyte Retention  
time, min

Retention  
index

Relative abundance, %
Honan Tawangmangu Lanang

S1 Diallyl sulphide 5.46 845 0.522 ± 0.030a 0.814 ± 0.047b 2.663 ± 0.090c

S2 1-Propenyl methyl disulphide 6.92 919 5.350 ± 0.053b 3.464 ± 0.131a 8.803 ± 0.213c

S3 Dimethyl trisulphide 7.78 952 7.402 ± 0.234b 4.638 ± 0.179a 9.560 ± 0.222c

S4 Dimethyl trisulphide isomer 8.15 965 0.628 ± 0.171a 0.520 ± 0.074a 7.531 ± 0.163b

S5 2-Acetylpyrrole 9.54 1,056 12.386 ± 0.193b 10.430 ± 0.115a 14.473 ± 0.415c

S6 Diallyl disulphide 9.73 1,064 56.762 ± 0.031b 38.889 ± 0.107a 86.405 ± 0.400c

S7 Tetramethylpyrazine 10.05 1,089 3.686 ± 0.062b 5.528 ± 0.062c 1.791 ± 0.125a

S8 2-Propenylthioacetonitrile 10.21 1,092 3.502 ± 0.096b 2.652 ± 0.037a 7.328 ± 0.332c

S9 Isopropyl-α-mercaptopropionate 10.27 1,098 9.158 ± 0.720b 5.652 ± 0.181a 21.663 ± 0.185c

S10 Allyl methyl trisulphide 10.68 1,111 3.374 ± 0.386b 1.462 ± 0.154a 1.306 ± 0.532a

S11 Diethanol disulphide 10.83 1,133 9.324 ± 0.221b 4.424 ± 0.360a 15.583 ± 0.255c

S12 Methyl pentyl disulphide 11.00 1,152 18.632 ± 0.222b 5.318 ± 0.192a 23.695 ± 0.169c

S13 Cis-methyl propenyl sulphide 11.09 1,163 2.156 ± 0.160c 1.174 ± 0.107b 0.735 ± 0.178a

S14 Allyl methyl trisulphide 11.18 1,176 15.286 ± 0.142a 16.454 ± 0.280b 21.555 ± 0.195c

S15 Geranyl nitrile 11.32 1,192 0.738 ± 0.180a 0.580 ± 0.128a 0.718 ± 0.128a

S16 Methyl 2-methylheptanoate 11.46 1,208 n.d. n.d. 0.363 ± 0.426a

S17 3-Ethenyl-1.2-dithi-4-ene 11.65 1,210 n.d. n.d. n.d.
S18 Diallyl disulphide isomer 11.78 1,225 n.d. n.d. n.d.
S19 3-Vinyl-1.2-dithiacyclohex-5-ene 11.98 1,249 31.830 ± 1.217b 29.034 ± 0.775a 44.486 ± 1.107c

S20 3-Ethenyl-1.2-dithi-5-ene isomer 12.08 1,262 n.d. n.d. n.d.
S21 Dimethyl tetrasulphide 12.15 1,272 4.344 ± 0.331a 5.252 ± 0.379b 11.496 ± 0.377c

S22 p-Cuminaldehyde 12.36 1,302 n.d. n.d. 0.776 ± 0.851a

S23 3-Isopropyl benzaldehyde 12.57 1,314 n.d. n.d. 1.825 ± 0.0.988a

S24 4.7-Dimethylundecane 12.74 1,321 1.634 ± 0.597a 1.418 ± 0.294a n.d.
S25 Diallyl trisulphide 13.01 1,325 17.770 ± 0.586b 12.472 ± 0.385a 32.370 ± 0.396c

S26 (Allylsulfanyl)acetonitrile 13.23 1,331 5.848 ± 0.111a 6.266 ± 0.480a 12.256 ± 0.220b

S27 Dipropyl trisulphide 13.78 1,341 4.180 ± 0.292b 3.244 ± 0.687a 7.503 ± 0.549c

S28 Diallyl trisulphide isomer 14.54 1,453 5.272 ± 0.294b 1.926 ± 0.160a 8.698 ± 0.950c

S29 4-(Methylsulfinyl)butanenitrile 14.76 1,478 n.d. n.d. 0.433 ± 0.484a

S30 Diallyl tetrasulphide 15.78 1,592 6.416±0.889b 3.670 ± 0.549a 3.960 ± 0.535a

S31 2.4-Dimethyl-5.6-dithia-2.7-nonadienal 15.96 1,634 n.d. n.d. 2.695 ± 0.396a

S32 Ethyl dodecanoate 16.56 1,673 n.d. n.d. 2.246 ± 0.267a

S33 Diethyl phthalate 16.89 1,698 n.d. n.d. 3.293 ± 0.411a

S34 2.4-Dimethyl-5.6-dithia-2.7-nonadienal 17.00 1,789 22.534 ± 0.557c 15.214 ± 0.401a 16.470 ± 0.306b

n.d. – not detected. The data were analyzed using ANOVA followed by post hoc Tukey’s HSD test at a significance level of p < 0.05. The results 
are expressed as mean ± standard deviation. Different superscripts within the same column indicate significant differences. All analyses were 
performed in five replicates
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Other key compounds such as 1-propenyl methyl 
disulfide and dimethyl trisulfide also showed signifi-
cant accumulation in Lanang garlic (8.803 and 9.560%, 
respectively), contributing to its distinct aromatic char-
acteristics. The presence of 2-acetylpyrrole, which con-
tributes to roasted flavors, was also higher in Lanang 
garlic (14.473%) compared to the multi-clove varieties. 
Similarly, methyl pentyl disulfide reached 23.695% in 
Lanang, further enhancing its sensory appeal.

In contrast, 2.4-dimethyl-5,6-dithia-2,7-nonadienal 
was higher in Honan garlic (22.534%) than in Lanang 
(16.470%) or Tawangmangu (15.214%), showing specific  
variation between the varieties. The absence of three 
compounds across all the samples may be due to degra-
dation or transformation during storage and analysis [25].  
Overall, the volatile compound profile of Lanang garlic 
showed higher intensity and diversity, supporting its po-
tential as a superior variety in terms of aroma and com-
mercial value.

Fatty acids. The analysis of fatty acids was based 
on gas chromatography with flame ionization detection 
(GC-FID), which has high sensitivity and stability in 

detecting volatile compounds such as fatty acids. The 
use of the retention index provides greater consistency 
in compound identification compared to relying solely 
on the retention time. According to the results (Table 3),  
oleic acid (FA11) was the most abundant fatty acid, 
particularly in Lanang (28.464%) and Tawangmangu 
(27.476%) garlics, compared to Honan (13.340%). This 
was in line with previous studies reporting oleic acid, 
along with linoleic and palmitic acids, among the domi-
nant fatty acids in Allium species [26].

Lauric acid (FA1) was also the highest in Lanang  
(0.550%) and Tawangmangu (0.535%), compared to Ho- 
nan (0.085%). Conversely, myristic acid (FA2) showed 
a unique trend, with Honan garlic recording the highest  
level (1.552%). Similar patterns were observed for cis- 
10-pentadecanoic acid (FA4), which was significantly 
lower in Honan (3.046%) compared to Tawangmangu 
and Lanang (both around 8%).

Gamma-linolenic acid (FA13) was especially high 
in Honan (3.06%) compared to Tawangmangu (0.218%) 
and Lanang (0.19%), indicating unique lipid accumula-
tion. On the other hand, palmitic (FA5) and palmitoleic  

Table 3 Composition of fatty acids in Honan, Tawangmangu, and Lanang garlics according to gas chromatography  
with flame ionization detection

Code Analyte Retention 
time, min

Relative abundance, %
Honan Tawangmangu Lanang

FA1 Lauric acid 16.90 0.085 ± 0.004a 0.535 ± 0.004b 0.550 ± 0.010c

FA2 Myristic acid 21.90 1.552 ± 0.175b 0.725 ± 0.004a 0.723 ± 0.006a

FA3 Pentadecanoic acid 25.95 0.015 ± 0.003a 0.860 ± 0.015b 0.850 ± 0.012b

FA4 Cis-10-pentadecanoic acid 26.96 3.046 ± 0.061a 8.020 ± 0.114b 7.988 ± 0.081b

FA5 Palmitic acid 28.95 8.504 ± 4.226a 7.746 ± 0.129a 7.630 ± 0.045a

FA6 Palmiteloic acid 29.40 0.034 ± 0.010b 0.008 ± 0.002a 0.007 ± 0.001a

FA7 Heptadecanoic acid 31.20 0.601 ± 0.099b 1.156 ± 0.036c 0.017 ± 0.001a

FA8 Cis-10-heptadecanoic acid 31.90 n.d. n.d. n.d.
FA9 Stearic acid 33.59 n.d. n.d. n.d.
FA10 Elaidic acid 34.60 n.d. n.d. n.d.
FA11 Oleic acid 34.80 13.340 ± 1.230a 27.476 ± 0.886b 28.464 ± 1.093b

FA12 Linoleic acid 36.08 8.022 ± 1.013a 19.400 ± 1.557b 19.060 ± 1.281b

FA13 γ-Linolenic acid 38.19 3.060 ± 0.091b 0.218 ± 0.019a 0.190 ± 0.015a

FA14 α-Linolenic acid 38.56 7.336 ± 0.416b 3.312 ± 0.465a 3.438 ± 0.484a

FA15 Arachidic acid 39.32 2.468 ± 0.320a 4.638 ± 0.395b 4.716 ± 0.451b

FA16 Cis-11-eicosenoic acid 39.76 1.782 ± 0.214b 0.682 ± 0.112a 0.468 ± 0.124a

FA17 Heneicosanoic acid 41.34 5.032 ± 0.141c 3.180 ± 0.151b 1.938 ± 0.154a

FA18 Cis-11.14-eicosadienoic acid 41.78 1.420 ± 0.192b 0.598 ± 0.110a 0.634 ± 0.056a

FA19 Cis-8.11.14-eicosatrienoic acid 42.49 1.292 ± 0.086b 0.260 ± 0.023a 0.278 ± 0.019a

FA20 Behenic acid 42.68 0.808 ± 0.199b 0.320 ± 0.130a 0.200 ± 0.059a

FA21 Cis-11.14.17-eicosatrienoic acid 42.98 1.720 ± 0.216b 0.772 ± 0.090a 0.708 ± 0.115a

FA22 Erucic acid 43.12 5.312 ± 0.577b 2.340 ± 0.207a 2.416 ± 0.171a

FA23 Arachidonic acid 43.67 1.988 ± 0.069a 2.008 ± 0.448a 0.994 ± 0.074a

FA24 Tricosanoic acid 44.64 2.892 ± 0.154b 0.672 ± 0.097a 0.616 ± 0.168a

FA25 Cis-13.16-docosadienoic acid 45.27 4.970 ± 0.195c 1.460 ± 0.167a 3.786 ± 0.398b

FA26 Cis-5.8.11.14.17-eicosapentaenoic acid 46.34 3.068 ± 0.111b 0.342 ± 0.133a 0.482 ± 0.127a

FA27 Lignoceric acid 47.34 6.640 ± 0.502b 3.140 ± 0.219a 3.124 ± 0.195a

FA28 Nervonic acid 47.98 3.874 ± 0.177b 1.564 ± 0.352a 1.342 ± 0.267a

FA 29 Unknown 48.05 4.000 ± 0.111b 0.526 ± 0.063a 0.536 ± 0.076a

n.d. – not detected. The data were analyzed using ANOVA followed by post hoc Tukey’s HSD test at a significance level of p < 0.05. The results 
are expressed as mean ± standard deviation. Different superscripts within the same column indicate significant differences. All analyses were 
performed in five replicates
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(FA6) acids showed no significant differences among 
the three varieties. Differences were also observed in 
arachidic (FA15) and heneicosanoic (FA17) acids, with 
Honan garlic showing significantly different values 
compared to the other two varieties.

These results align with previous findings that garlic 
lipids consist of approximately 60% neutral lipids, 23% 
phospholipids, and 14% glycolipids, with oleic, linoleic,  

palmitic, and α-linolenic acids as dominant compo- 
nents [26, 27]. The fatty acid profiles highlight distinct bio- 
chemical traits among the varieties, particularly higher un- 
saturated fatty acid contents in Lanang and Tawangmangu.

Principal component analysis. Volatile compounds. 
The principal component analysis (PCA) of volatile com-
pounds from the Lanang, Tawangmangu, and Honan 
garlic varieties (Fig. 1a and 1b) successfully identified 

Figure 1 Principal component analysis of Lanang (LG), Tawangmangu (TMG), and Honan (HG) garlic varieties. Cluster plot 
of volatile compounds (a), phenolic compounds (c), and fatty acids (e). Cluster plot with confidence for volatile compounds (b), 
phenolic compounds (d), and fatty acids (f)
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two principal components: PC1, which accounted for 
76.90% of the variance, and PC2, with 12.64%. Overall, 
these two components capture nearly 90% of the infor-
mation from the analyzed data, providing a clear over-
view of the differences in volatile compound profiles 
among the three varieties.

Lanang garlic is positioned in the upper right and 
lower right quadrants, indicating a positive correlation 
of its volatile compounds with PC1, while exhibiting 
variability in PC2. The position in the upper right quad-
rant suggests that several volatile compounds exhibit 
strong characteristics on both components, whereas 
those in the lower right quadrant are more dominant in 
PC1 but demonstrate a negative contribution to PC2.

In contrast, the Tawangmangu garlic variety is lo-
cated in the lower left quadrant, signifying a negative 
correlation of its volatile compounds with both PC1 and 
PC2, particularly for analyte S7. This positioning indi-
cates that this variety possesses a significantly different 
volatile profile compared to Lanang garlic, demonstrat-
ing an opposing pattern in relation to both principal 
components.

On the other hand, Honan garlic displays a more 
dispersed distribution, with several analytes (S24, S10, 
S34, S23, and S30) located in the upper left quadrant. 
This suggests that the volatile compounds from this gar-
lic variety have a negative correlation with PC1 while 
showing a positive correlation with PC2. This illustrates 
a considerable difference between Honan and the other  
varieties, particularly regarding the characteristics ex-
plained by PC2. However, some other analytes from 
Honan follow a pattern more similar to Lanang garlic, 
indicating a resemblance in the volatile compound pro-
files at certain points.

Phenolic compounds. The PCA analysis of pheno-
lic compounds from the three garlic varieties revealed 
that PC1 accounted for 69.93 % of the variance, while 
PC2 accounted for 26.36 % (Fig. 1c and 1d). The PCA 
diagram shows intriguing results in the distribution of 
the garlic varieties. Lanang garlic is located in the upper 
right quadrant, with identified analytes 3, 5, 7, 8, 9, 11, 

and 13. This position indicates that the phenolic com-
pounds in this variety possess strong and positive char-
acteristics, correlating with both principal components 
and creating a prominent profile in this analysis.

In contrast, Tawangmangu is positioned in the lower  
left quadrant, with analyte 4. This suggests that the phe- 
nolic compounds from this variety tend to correlate 
negatively with both PC1 and PC2, indicating a differ-
ent and lower profile compared to Lanang garlic. This 
implies that the composition of phenolic compounds in 
Tawangmangu is less diverse or exhibits weaker charac-
teristics than those in   the other varieties.

Honan garlic occupies the upper left quadrant, with 
analytes 1, 2, 15, 16, and 23. This position suggests that 
the phenolic compounds in this variety correlate posi-
tively with PC2 but negatively with PC1. This reflects 
the unique characteristics of the phenolic compounds in 
Honan, which differ from Lanang yet share some simi-
larities with Tawangmangu. Overall, Lanang garlic dis- 
plays the richest and most diverse profile, Tawangmangu  
presents a simpler profile, and Honan exhibits a combi-
nation of distinct characteristics.

Fatty acids. The PCA analysis of fatty acids from 
the three garlic varieties (Fig. 1e and 1f) indicates that 
PC1 accounted for 88.24%, reflecting a significant con-
tribution to the data variation, while PC2 accounted for 
only 8.13%, highlighting additional important variation.

Honan garlic stands out in both the upper right and 
lower right quadrants, indicating a rich diversity in fatty  
acids, which reflects its high potential for nutritional  
composition. Tawangmangu is located in the lower left  
quadrant, with analytes FA4, FA12, FA3, and FA1, sug- 
gesting a simpler yet stable fatty acid profile, with 
unique characteristics that can be further explored.

Lanang garlic is situated in the upper left quadrant, 
with analytes FA8, FA10, FA15, and FA11, demonstrat-
ing a specific fatty acid composition that differs from 
that of Tawangmangu.

Visualization of biochemical distribution. In the 
chord diagram illustrating the distribution of pheno-
lic compounds (Fig. 2a), the total band width showed 

Figure 2 Chord diagram visualizing the biochemical distribution in the Lanang (LG), Tawangmangu (TMG), and Honan (HG) 
garlic varieties: (a) phenolic, (b) volatile, and (c) fatty acid

                               a                                                                b                                                                  c
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that Lanang garlic had the highest value at 434.68, fol-
lowed by Tawangmangu at 403.31, and Honan garlic  
at 332.96. Gallic acid was the dominant compound ac- 
ross the three varieties, indicating its significant pres-
ence in each. Additionally, Lanang also showed the 
highest levels of other analytes such as protocatechuic 
acid and 4-hydroxybenzoic acid, compared to the other 
two varieties.

In the chord diagram illustrating volatile compound 
distribution (Fig. 2b), Lanang garlic had the largest to-
tal band width at 375, followed by Honan at 246.3, and 
Tawangmangu at 178.33. Lanang showed the highest 
levels of analytes such as S6, S19, S25, and S12, com-
pared to the other two varieties. The chord diagram 
depicting fatty acid distribution (Fig. 2c) shows that 
Tawangmangu garlic had the highest total band width 
at 97.1588, followed by Lanang at 93.864, and Honan 
at 91.004. The distribution of analytes across the three 
varieties appeared to be relatively even, reflecting the 
consistency of fatty acid content among the varieties. 
Despite this even distribution, analytes FA11 and FA12 
dominated, indicating that these fatty acids were pres-
ent in higher concentrations compared to the other ana-
lytes across the three varieties. 

Based on this study, Lanang garlic demonstrated  
significant potential in treating various diseases, par-
ticularly those related to cardiovascular disorders and 
cancer [28]. The richer and more diverse phenolic 
compound profile of this garlic compared to the other 
two varieties indicates its strong antioxidant potential. 
These phenolic compounds play a key role in prevent-
ing cellular damage caused by free radicals, which con-
tribute to the development of chronic diseases such as 
cancer and heart disease [29]. The profile exhibited by 
Lanang garlic suggests its superior pharmacological po-
tential in maintaining health and preventing degenera-
tive diseases.

Garlic phenolics have been extensively studied for 
their ability to neutralize free radicals and provide pro-
tective effects on cells and tissues. This potent antiox-
idant function is critical in preventing oxidative stress, 
which contributes to plaque formation in arteries and 
cancer cell development [30]. Furthermore, phenolics 
possess anti-inflammatory properties that may reduce 
the risk of diseases such as type 2 diabetes and chron-
ic inflammation [31]. With its stronger phenolic profile, 
Lanang garlic offers significant health benefits that sup-
port its traditional use in treating various diseases.

The analysis of volatile compounds in the three gar-
lic varieties revealed significant differences in their ar-
omatic characteristics. Lanang garlic exhibited a wider 
and more pronounced variety of volatile compounds, 
contributing to its rich and complex aroma. This may 
explain why Lanang is frequently used in various culi-
nary and traditional medicinal applications, as a strong 
aroma is often associated with higher bioactive poten-
tial. These findings align with previous studies on orga-
nosulfur compounds in single-clove garlic [7, 8]

Volatile compounds play a crucial role in creating 
distinctive aromas and flavors, which not only affect the 
palatability of food but also provide therapeutic effects [32].  
The position of Lanang garlic in the upper right quad-
rant suggests the presence of volatile compounds with 
strong characteristics, which are potentially linked to 
antimicrobial [33] and antioxidant activity [34]. This 
makes Lanang a valuable choice for enhancing nutri-
tional and health benefits. In contrast, Tawangmangu 
garlic had a negatively correlated profile, which may in-
dicate volatile compounds with lower functional poten-
tial in this regard. However, its unique characteristics 
could add value in certain culinary applications. Mean-
while, Honan garlic showed a more dispersed distribu-
tion, reflecting a diversity of volatile compounds. This 
might indicate a range of sensory properties and health 
benefits that need further exploration. The diversity 
and interactions among these compounds provide each 
garlic variety with distinct advantages, which can be 
harnessed in the development of functional foods and 
herbal products [35, 36].

The diverse fatty acid compounds found in Hon-
an garlic may significantly contribute to its nutritional 
value, including anti-inflammatory effects, cholesterol 
regulation, and potential protection against cardiovascu-
lar diseases [14]. The variation in its fatty acid compo-
sition suggests the possibility of a unique combination 
that could be optimized for use in food formulations or 
health supplements. On the other hand, the simpler yet 
stable fatty acid profile of Tawangmangu garlic may of-
fer consistency in the final product, which could be ad-
vantageous in the food industry. Meanwhile, Lanang 
garlic, with its specific fatty acid composition, shows po-
tential for developing functional properties that could be 
further explored in food or pharmaceutical applications.

CONCLUSION 
Our study demonstrated the dominance of Lanang 

garlic in terms of phenolic and volatile compound con-
tents. The phenolic content in Lanang garlic, specifi-
cally kainic acid, was higher than in the other varieties 
(80.774 ± 0.528 µg/g). Gallic acid was the most abun-
dant phenolic compound, with the highest concentration 
found in Tawangmangu garlic (172.648 ± 1.949 µg/g), fol- 
lowed by kainic acid and malic acid. Lanang garlic con-
tained the largest number of analytes (12), including two 
specific compounds not present in the other varieties. 

Among the volatile compounds, diallyl disulfide 
was dominant, with Lanang garlic recording the high-
est concentration (86.405%). Other variations were ob-
served in the compounds such as 1-propenyl methyl 
disulfide and dimethyl trisulfide, where Lanang garlic 
again exhibited the highest concentrations. Meanwhile, 
the highest levels of oleic acid were found in Lanang 
(28.464%) and Tawangmangu (27.476%), compared to 
Honan garlic (13.340%). Honan garlic, however, had the 
highest concentrations of most fatty acid compounds.

The principal component analysis revealed clear 
differences in the chemical profiles of the three garlic 
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varieties. For volatile compounds, PC1 accounted for 
76.90% of the variation, with Lanang garlic showing a 
strong positive correlation and Tawangmangu garlic 
correlating negatively. In the phenolic compound analy- 
sis, Lanang garlic had the richest profile, contributing 
69.93% to the variation, whereas Tawangmangu dis-
played lower diversity. In the fatty acid analysis, PC1 
accounted for 88.24%, indicating high diversity in Hon-
an garlic and unique characteristics in both Lanang and 
Tawangmangu garlics. These findings indicate that each 

variety has a distinct chemical composition, which may 
influence its nutritional quality and health benefits.
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Abstract: 
The substitution of imported supplements and flavorings with domestic products is the key to food security in Russia and 
Belarus. Essential oils are used in a variety of sectors, including medicine, cosmetics, perfumery, food, and confectionery. The 
depth and rate of their extraction determine the efficiency of the essential oil industry. Cold plasma treatment increases the rate 
of extraction by 15–20%. The use of this treatment can make Russian producers more competitive in the domestic market, as 
well as give them a competitive advantage internationally by ensuring high quality. 
This review examines the use of cold plasma treatment in preparation for essential oil extraction, briefly describing its 
mechanism of action, as well as process and equipment. The scientific papers published between 2010 and 2025 were subjected 
to retrospective analysis.
Essential oil materials were classified and their essential oil receptacles were examined structurally to determine the type 
of cold plasma treatment to be used. We analyzed the surface and penetrating cold plasma effects on the morphology and 
microstructure of material tissues. Cold plasma generation methods were classified and their applications were presented for 
materials with external and internal essential oil receptacles. We described factors that affect the efficiency of essential oil 
extraction. Finally, potential applications were outlined for cold plasma technology in essential oil extraction and production of 
high-quality target products. 
This review demonstrates the critical importance of developing innovative electrophysical technologies for the food and 
essential oil industries. Cold plasma treatment of freshly harvested essential oil materials is a promising approach to ensure 
high extraction efficiency and high quality of the resulting products.
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INTRODUCTION 
The choice of essential oil extraction method de-

pends on the properties of plant material, the type of tis- 
sue that contains essential oil, the composition of oil 
and the properties of its components, as well as the 
nature of bond between essential oil and material.  
If essential oil is in a bound state, the material is fer-
mented before or during extraction. A properly select- 
ed method for preparing and processing plant materi-
al ensures the highest yield and the best quality of the 
product [1]. Many plant materials are rich not only in 
essential oils but also in other bioactive substances. 
Therefore, an integrated technology should be applied 
to ensure the maximum extraction of all components. 
Essential oil can be extracted by the following physic- 
ochemical and mechanical methods [2, 3]: steam dis-

tillation; extraction with volatile organic solvents; ex-
traction with non-volatile solvents (maceration); water 
extraction; extraction with liquefied gases; sorption 
with various sorbents (enfleurage and dynamic sorp-
tion); and mechanical pressing.

Extraction is one of the primary methods for process-
ing essential oil materials. Its products include essential 
oils, fragrant resinous substances, waxes, and wax-like 
substances. The cosmetic industry uses mixtures of es-
sential oil, resins, and waxes extracted with volatile 
hydrocarbon solvents [4]. The food industry produces 
hydroalcoholic, hydroalcoholic glycerin, and oil extracts 
from essential oil materials [5]. These extracts contain 
bioactive substances such as carotenoids, tocopherols, 
flavonoids, etc. The efficiency of the essential oil indus-
try is determined by the depth and rate of extraction.
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According to the Russian Ministry of Energy, high 
energy intensity is a pressing issue in essential oil produc- 
tion, which significantly limits its competitiveness [6].

The shortage of local essential oil materials and their 
extracts forces the producers to spend millions of dol-
lars annually on importing them [7, 8]. Currently, as part 
of import substitution policy, the industry is seeking to 
restore domestic essential oil production, its technology 
and equipment [6].

Improving essential oil extraction technology to in-
crease extract yield and maintain extract quality is an 
important step in intensifying mass transfer processes. 
Figure 1 shows what methods of essential oil extraction 
are available today.

Extraction can be intensified by both thermome-
chanical methods (grinding, flattening, wet-heat treat- 
ment, fermentation) and modern “green” technologies [9]  
which make use of high-precision instruments and equip- 
ment. Today, the food industry usually uses solvents to 
extract target components from essential oil plant ma-
terials [10]. In solid-liquid extraction, a solid sample is 
immersed in a solvent, and the extracted component be-
gins to separate due to the difference in concentrations 
at the phase boundary. Extraction efficiency can be in-
creased by using external methods such as microwave 
heating [11, 12], ultrasound [13], intense electric fields, 
and discharge technologies [14, 15]. These methods of-
fer unique advantages for extraction under specific tem-
peratures. However, microwave heating is not widely 
applied in essential oil extraction due to difficulties con-
trolling the process and possible overheating. Ultrasonic  
vibrations demonstrate good efficiency, but have a nar-
row operating range, necessitating the use of a large 
number of ultrasonic sensors in large-scale production.

A promising way of increasing extraction efficiency 
is to develop a surface structure by cold plasma treat-
ment at atmospheric pressure. Such preparation can help  

predict the process’s direction, which is important for its  
control. However, intensive extraction using cold plasma  
treatment is in need of scientific support, since the esti-
mated relationships available are, in most cases, empir- 
ical and have a limited scope of application. This is pri-
marily due to a lack of understanding of the morpholog- 
ical and structural changes that occur during cold plas-
ma treatment, or the chemical reactions that take place 
when reactive plasma particles interact with essential oil 
material tissue.

Of interest are some studies that show changes in the 
structure of a colloidal capillary-porous body, describing 
the presence of additional channels formed by cold plas-
ma treatment [16, 17]. This new continuum results from 
a unique relaxation transfer process caused by a change 
in the shape of the moisture or oil bond [18–20].

STUDY OBJECTS AND METHODS
This review examines the use of cold plasma treat-

ment in preparation for essential oil extraction, briefly 
describing its mechanism of action, as well as process 
and equipment. The keywords “essential oil material”, 

“cold plasma”, and “assisted extraction” were used to 
search the Scopus, Web of Science, and eLIBRARY.RU 
databases. The scientific papers published between 2010 
and 2025 were subjected to retrospective analysis.

Classification of essential oil materials. Essential 
oil-bearing plant materials can be classified by the part 
of a plant used industrially and by the type of interaction 
between essential oil components and other substances 
such as carbohydrates. According to the plant part, plant 
materials are classified into five groups [3, 21]:
	– grains and fruits: coriander, anise, fennel, caraway, dill;
	– leaves, stems, and branches: mint, rose geranium, patchouli, 

eucalyptus, sweet bay, wormwood, catnip, sweet violet, rose- 
mary, grindelia, dill, lemon, conifers, tobacco, mock orange, 
fennel, anise, etc.;

Figure 1 Methods of essential oil extraction
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	– flowers and flower buds: azalea, rose, clary sage, lavender, 
lavandin, Spanish jasmine, tobacco, white lily, regal lily, 
lilac, false acacia, silver-green wattle acacia, chamomile, 
yarrow, mock orange, iris, clove tree (buds), etc.;
	– roots and rhizomes: calamus, vetiver, iris; and

– materials for obtaining fixatives: lichen – oak moss 
and cistus.

Each essential oil plant is usually a source of one 
type of material and one type of essential oil. This is 
typical for plants in which essential oil is found in only 
one organ or has similar compositions in different or-
gans (e.g., coriander seeds, mint leaves and flowers, ba-
sil, and laurel branches). Some plants can be a source of 
two types of material and a single type of essential oil. 
Exceptions include citrus fruits, whose young branches 
yield petitgrain essential oil (bergamot-like aroma due 
to linalyl acetate), whose flowers yield neroli oil (citrus 
blossom aroma due to methyl anthranilate), and whose 
fruits yield lemon oil, orange oil, and other essential 
oils (characteristic aroma due to citral, limonene, and 
other compounds).

Essential oils in plants exist in both free and bound 
forms. If the oil is bound, this plant material does not 
have a scent characteristic of any particular essential 
oil, as its components are in the form of glycosides. The 

oil can be released only after hydrolysis or enzymatic 
cleavage of the glycosides.

Localization of essential oils in plant materials.  
Bound essential oils are usually distributed evenly 
throughout the plant tissues and are not strictly localized. 
Free essential oils and resinous substances are found in 
special excretory structures, or essential oil receptacles, 
on the surface or within plant tissues (Fig. 2).

Waxy substances can be found on the surface of all 
plant organs, in the cell membranes of the skin (epider-
mis), in the cuticle, and on its surface. In the outer walls 
of the epidermal cell membranes, they form cuticular 
layers alternating with cellulose. The cuticle, which cov-
ers the epidermis, is primarily composed of these layers. 
Waxes, which come in the form of small grains, thin 
rods, or solid crusts, form a waxy coating above the cuti-
cle. The thickness of the cuticle and waxy coating varies 
among different plants, their organs and parts [22, 23].

RESULTS AND DISCUSSION
Composition and application of essential oils. 

Essential oils are widely used in the food industry as 
flavoring agents (plant extracts), as well as in the phar-
maceutical and cosmetic industries (Fig. 3). An essential 
oil is a plant-based complex of mostly fragrant volatile  

Figure 3 Essential oil applications
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External oil receptacles (left): (a) geranium hair; (b) rosemary gland; (c) patchouli hair; (d) papillary hairs of rose petal;  
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Internal oil receptacles (right): (a) idioblasts of calamus rhizomes; (b) resin duct (channel); (c) essential oil channel of coriander 
fruit; (d) eucalyptus leaf gland; (e) water-bearing idioblasts of geranium with essential oil in a finely dispersed state
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terpene compounds, which are responsible for the plant’s 
scent [24]. Physicochemically, essential oils are usually  
transparent, or sometimes yellowish, optically active 
liquids. Some oils are exceptions and have rich colors: 
dark brown (cinnamon oil), green (bergamot oil), blue or  
greenish-blue (wormwood, chamomile, and yarrow oils), 
or red (thyme oil). Almost all essential oils have a relative  
density of less than 1 g/cm3 (except for clove, basil, and 
cinnamon oils), as well as unique taste and aroma [25].

Terpene compounds in essential oils are primarily  
members of the mono- and sesquiterpene classes, as well  
as their oxygen-containing derivatives (ketones, alco-
hols, aldehydes, acids, esters, lactones, etc.) known as 
terpenoids. These compounds are systems of conjugated 
double bonds, making them extremely reactive during 
metabolic processes within plant cells. Terpenes are also  
essential components of natural balsams and resins [26].  
In addition to terpenes, essential oils contain aromatic  
hydrocarbons, organic sulfides, amines, as well as phe-
nolic and heterocyclic compounds. Typically, a predomi- 
nant terpene or terpenoid (or a mixture of both) deter-
mines the specific scent of oil, as well as its pharmaco-
logical properties.

In the food industry, essential oils are used as flavor-
ing agents in soft drinks (kvass), confectionery (ginger-
bread, lollipops, caramel, chewing gum, fruit desserts), 
tea, meat dishes, cheeses, and liqueurs. They are also 
added to enrich the flavor of various spices, seasonings, 
sauces, table salt, sugar, and table vinegar. Their intro-
duction into food products in the form of food essences 
or flavorings is regulated by State Standard 10-237-99 

“Food Flavorings. Specifications” [27]. Since essential 
oils mainly consist of bioactive terpene compounds, 
they can be used in parapharmaceutical dietary supple-
ments. These supplements are taken as part of preven-
tative and adjuvant therapy, as well as to support the 
functional activity of organs and systems within physi-
ological limits. However, they cannot be used to correct 
the chemical composition of human food, unlike nutra-
ceuticals [2].

According to some studies [28], the active compo-
nents of essential oils improve digestion and normalize 
the cardiovascular system, as well as have powerful 
effects on the genitourinary system and nervous tissue. 
All of this provides grounds for developing dietary sup-
plements based on essential oils. As noted in a study 
of Baser and Bonello, the demand for plant extracts of 
essential oils is expected to grow due to a global trend 
toward replacing synthetic components in food products 
with natural ones [29]. In this regard, essential oils are 
a natural alternative to synthetic flavors and food pre-
servatives, and they can be used to improve food safety 
and extend shelf life. 

Essential oils have potential as additives for increas-
ing the shelf life of food products. Patrignani et. al. [30] 
refer to many studies that used essential oils in pure 
form or as part of preparations and observed a signifi-
cant increase in the shelf life of food products stored in 
containers made of cardboard, tin, glass, polyethylene, 

or natural fabrics. Furthermore, one of the studies found 
that some components of essential oil, such as citral, cit-
ronellol, eugenol, farnesol, and nerol, can protect chili 
seeds and fruits from fungal infection for six months. 
The authors also reported that the essential oil isolated 
from Ageratum conyzoides L. increased the shelf life 
of mandarins by 30 days by fighting against blue mold 
rotting. In other studies, the essential oils of lemongrass 
(Cymbopogon nardus (L.) Rendle) and basil (Ocimum 
basilicum L.) controlled the development of anthracnose 
on bananas, increasing their shelf life by 21 days. Thus, 
essential oils are promising biocontrol agents acting 
against fungal and bacterial pathogens. Some research-
ers are exploring their use for integrating pathogens into 
food containers. For example, some oils can be used as 
fumigants in containers made of natural fabric, card-
board, and even wooden planks. They can also be intro-
duced as fumigant sprays into the product itself [31].

Extraction of essential oils pre-treated with cold 
plasma. Cold plasma characteristics. The term “plas-
ma”, which was introduced by Irving Langmuir in 1927, 
was based on an analogy between its complex compo-
sition and that of blood plasma [32]. In the 1970s, plas-
ma technologies were commercially used mainly in the 
electronics and polymer industries [33]. Over the past  
5 years, however, cold plasma has been actively ap-
plied to food processes and technologies. Cold plasma 
is formed through the ionization of a gas by an electric 
discharge using various media (air, argon, oxygen, etc.). 
A cold plasma jet generates cations, anions, free and 
excited electrons, and a number of volatile atoms and 
molecules [34], which can be divided into reactive oxy-
gen species and reactive nitrogen species. Its interaction 
with food products causes complex physical and chemi-
cal reactions to occur. Their effects include sterilization, 
enzyme inactivation, impact on the anatomical integrity 
of plant cells, and surface changes [35, 36]. The diversity 
of active cold plasma particles indicates high chemical 
activity, which is used for various purposes, including 
the bactericidal treatment of food products [37, 38].

As cold plasma technology developed, it began to be 
used to modify the surface and capillary-porous structure  
of food materials due to a so-called “etching” effect [39].

Cold plasma generation methods. Cold plasma can 
be generated in various ways (Fig. 4): a dielectric barrier  
discharge (two oppositely charged plates), an arc dis-
charge [40], a microplasma jet [41], a corona discharge, 
and a microplasma jet supported by thermionic emission. 
The processes of cold plasma treatment are shown in Fig. 4.

Thermionic emission-supported cold plasma can form  
a thin cord of charged particles with a directed energy 
effect on the object treated. Furthermore, due to thermi-
onic emission, electric field strengths are in the range of 
6–8 kV/cm, compared to the typical range of 15–20 kV/cm  
for other cold plasma generation methods [35]. This re-
duces overall energy consumption and creates a con-
trolled plasma combustion and treatment. With this type 
of electrophysical action, the material remains unheated, 
and the process can be scaled up in the flow [20, 42].
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gas flow rate [43]. Compared to other methods, a plasma 
jet is more flexible and is not limited by the space be-
tween the electrodes. Its major drawback, however, is a 
limited surface area and low penetration into the mate-
rial structure, similarly to a corona discharge.

For a dielectric barrier discharge, the object under 
treatment is positioned between metal electrodes coat-
ed with a dialectic material. To cover a larger area, two 
plane-parallel electrodes are used, with at least one of 
them coated with a dielectric material [44]. To ensure 

With a corona discharge, cold plasma generation 
requires a system of point-on-plane electrodes spaced 
at 3–10 cm from each other. Although low energy con-
sumption is an advantage of cold plasma, the corona 
discharge only has an “etching” effect on the surface of 
the material without penetrating its internal structure.

A cold plasma jet with pressurized gas supply is 
used most widely for cold plasma generation. The inten-
sity of cold plasma treatment can be controlled by the 
generator power, treatment time, distance, and working 

Gas

Figure 4 Cold plasma treatment schemes: (a) radio frequency discharge; (b) microwave discharge; (c) dielectric barrier discharge; 
(d) microplasma discharge; (e) glow discharge flow; and (f) corona discharge
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discharge stability, the distance between the two elec-
trodes is limited to a few millimeters. A discharge at 
atmospheric pressure requires a sinusoidal or pulsed 
high-voltage power source. The main advantage is that 
food materials can be treated with cold plasma in di-
electric packaging, such as polyethylene film. Howev-
er, given the treatment area of several millimeters, this 
method can be used primarily for powdered materials.

A Jacob’s Ladder can be used to demonstrate an arc 
discharge in the air. For this, two or more electrodes are 
positioned perpendicularly to the plane. An arc is first 
ignited in the narrowest gap between the two electrodes 
and then slides in the direction of the injected gas, 
lengthening [45]. The sliding arc discharge has high 
energy and gas consumption, and most of the energy is 
used to stimulate chemical reactions rather than to heat 
the gas. Furthermore, compared to other plasma-gener-
ating devices, the sliding arc discharge can have a uni-
form effect over a large area, which enables its use in 
heat and mass transfer processes [40, 46].

Surface-type cold plasma treatment of essential oil 
materials. Figure 5 shows the principle that explains 
the mechanism of cold plasma action on the surface 
of plant materials. Particles of reactive oxygen species 
and reactive nitrogen species bombard and interact 
with the surface of the plant material in the form of a 
shell and a covering layer. This interaction between re-
active particles and plant tissue components can be ex- 
plained by lipid oxidation processes, membrane electro-
poration, protein denaturation, and nucleic acid cleav-
age [47]. Most studies describe it through the “etching” 
effect, which is associated with the decomposition of 
the wax shell [35] and the disintegration of plant cell 
membranes [48, 49]. Other approaches require high-pre-
cision equipment and a full spectrum of analyses, from 
the data on reactive plasma particles to the parameters 
of bioactive compounds.

Essential oil materials, with their target compo- 
nent in the internal structure, have a wax shell which 
acts a “diffusion barrier” for mass transfer [50]. Cold 
plasma treatment of the surface layer and the capil-
lary-porous structure of the material reduces this barrier.  
Macedo et al. [51] studied the effect of cold plasma on 
the surface morphology of kapok fibers. The treatment 
parameters were: an electric current of 0.09–0.12 A, a 
voltage of 400–500 V, a sample’s temperature of 72°C, 
an oxygen flow rate of 10 cm3/min, and a working dis-
tance of 4.0 cm. The authors analyzed changes in fiber 
roughness and absorption characteristics caused by the 
treatment. Karunanithi et al. [52] reported the effect 
of dielectric barrier plasma on the morphology of be-
tel leaf fibers. The authors found significant structural 
changes, the presence of damaged cells, and an etching 
effect. The impact of reactive particles on the integrity of  
oil globules affected the yield of subsequent extraction.

Khudyakov et al. [53] treated tobacco leaves (Nico-
tiana tabacum L. var. virginia) with cold plasma. The 
authors varied the discharge current and observed two 
main results. At low discharge currents (5 mA), the cel-
lular structure acquired a darker color due to the inter-
action between reactive particles and tobacco leaf tissue. 
The resulting oxidation indicated the intense action of 
oxygen-containing reactive particles in cold plasma.  
Increasing the discharge current caused through holes 
to form on the surface of the tobacco leaf plate (Fig. 6).

The change in color can be explained by the deg-
radation of chlorophyll. Ahmadian et al. [54] reported 
chlorophyll degradation and changes in phenolic com-
ponents of peppermint, stinging nettle, and Schisandra 
leaves after cold plasma treatment using a dielectric 
barrier discharge. However, the specific mechanism of 
interaction between cold plasma particles and bioactive 
components of the plant materials remains unknown.

ROS – reactive oxygen species; RNS – reactive nitrogen species

Figure 5 Interaction between cold plasma and plant cell surface
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Noteworthily, Baser and Bonello reported that the 
temporary pores formed as a result of cold plasma 
treatment changed their size over time [29]. Pore size is 
known to directly affect the efficiency of extracting the 
target component from essential oil receptacles. There-
fore, further research is needed to maximize the effect 
of cold plasma. In a study by Bunse et al. [28], an ap-
ple disc treated with cold plasma had a pore diameter 
of 100 µm. These electrically induced pores accelerated 
mass transfer by 15–20%. It should be noted that pores 
and channels can form on the surface of herbaceous 
plants as well. For example, positive effects were ob-
served when treating the stem of hyssop (Hyssopus offi-
cinalis L.) with cold plasma [54, 56].

The effectiveness of the “etching” effect of cold plas-
ma treatment depends on the thickness of the material 
layers and the presence of air gaps. Consequently, lon-
ger treatment and higher moisture of the material can 
significantly increase the number of micropores and 

cracks on the treated surface, which affects the duration 
of the drying process [20, 49].

Penetrating cold plasma treatment of essential oil 
materials. As noted above, the surface effects caused 
by cold plasma can accelerate the removal of the diffu-
sion barrier in the material. However, cold plasma can 
also affect the internal structure of the material. Since 
essential oil receptacles can be located in its thickness, 
removing the diffusion barrier of the wax shell is only 
the first part of deep processing. The next barrier to ef-
fective mass transfer during essential oil extraction lies 
in plant cell membranes and internal tissue structures. It 
was not until recently that researchers began to examine 
the use of cold plasma to improve essential oil extraction 
by modifying the internal structure of the material. 
Spark discharge or thermionic emission methods (Fig. 4) 
are typically used for penetrating effects.

As shown in Fig. 7, essential oil receptacles are lo-
cated in the thickness of a laurel (Laurus nobilis L.) leaf, 

Figure 7 A section of a laurel leaf with internal essential oil receptacles (scanning electron microscope image) [57]
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which requires penetrating cold plasma exposure. The 
discharge passed through the structure of the material, 
creating a developed structure on the surface of essential 
oil receptacles. Khudyakov et al. [57] observed similar 
effects of a low-current spark discharge on the tissues of 
lavender inflorescences.

Auguste et al. [58] reported the effects of cold plas-
ma treatment on the physical and biochemical properties 
of basil leaves. The highest concentration of estragole 
was found in the leaves, while linalool dominated in the 
flowers, followed by estragole, eugenol, eucalyptol, and 
methyl cinnamate. Overall, cold plasma treatment in-
creased the yield of antioxidant components in the essen-
tial oil extracts.

Cold plasma treatment had a penetrating effect on 
tobacco leaves, forming through holes of 40–50 μm in 
the leaf blade [53]. Keshavarzi et al. [59] studied the 
effects of cold plasma on the components of Camellia 
sinensis (L.) Kuntze leaves. Pectin and cellulose are the 
main components of a plant cell wall. Based on the data 
obtained by Cao et al. [60], we can assume that pectin 
molecules may be ruptured by the cleavage of the C4–O 
covalent bond, resulting from oxidation caused by cold 
plasma exposure. Consequently, cold plasma treatment 
can promote the rupture of covalent bonds in the cell 
wall, thereby increasing the rate of water diffusion.

Despite the complexity of cold plasma impact on 
multicomponent food products, only the “etching” ef-
fect and the electroporation of plant cell membranes 
have been confirmed for most of the studied materials. 
However, important factors include the depth of cold 
plasma penetration into the material structure, the na-
ture of its propagation in the cross-section of the mate-
rial, and the size of pores and channels forming in the 
thickness of the material. Various research groups are 
working on these problems in Europe, China, America, 
and the Middle East [40, 61, 62].

Efficiency factors of essential oil extraction using 
cold plasma treatment. There has been limited research 

into the effects of cold plasma on essential oil extraction. 
This is primarily due to high demands placed on exper-
imental design and lack of high-tech equipment. These 
studies mainly focus on increasing the yield of essential 
oil. However, their results are quite contradictory. Some 
studies demonstrated a negative effect of cold plasma on 
essential oil yield. For example, Jangi et al. [63] report-
ed a decrease in the yield of essential oil from hyssop 
(H. officinalis) leaves treated with cold plasma. Similar 
results were observed by Ebadi et al. [64] for lemon 
verbena (Aloysia citrodora L.) extracts exposed to pro-
longed cold plasma treatment. A positive effect of cold 
plasma treatment was reported for betel leaves (Piper  
betle L.) [52], mint leaves (Mentha spicata L.) [65],  
thyme leaves (Thymus vulgaris L.) [66], black pepper 
(Piper nigrum L.) [67], and cumin seeds (Cuminum 
cyminum L.) [68]. The extraction efficiency was ana-
lyzed against such parameters as the power level and 
duration of cold plasma treatment, the plant type (ma-
trix structure, type of cutting), and the use of concomi-
tant extraction methods (Table 1).

The use of surface plasma treatment required high 
energy consumption and long exposure times, with a 
relatively small increase in essential oil yield [66]. How-
ever, the use of a combined approach (e.g., cold plasma 
and microwave exposure) shortened the extraction time 
or reduced the amount of energy consumption, increas-
ing the yield of essential oil [52].

As noted above, cold plasma treatment improves 
extraction primarily by changing the microstructure of  
the material surface (e.g., creating micro-holes in plant 
cell walls), thereby accelerating mass transfer [69]. In 
addition, reactive plasma particles destroy non-cova-
lent bonds in the polymer bonds that make up the cell 
walls, reducing their stability and promoting the forma-
tion of additional intercellular spaces and cavities [70]. 
Namjoo et al. [69] also reported changes in the physico-
mechanical properties of the materials. Jangi et al. [63] 
suggested that cold plasma destroys glandular trichomes –  

Table 1 Parameters and efficiency of cold plasma treatment 

Material and method of treatment Treatment efficiency Reference
Hyssop leaves (Hyssopus officinalis L.)  
Barrier discharge

Decrease in essential oil yield by 33–56% [63]

Lemon verbena (Aloysia citrodora L.)
Microwave plasma in a low-pressure gas environment

Decrease in essential oil yield by 36.7% [64]

Betel leaves (Piper betle L.)
Microwave plasma

Increase in essential oil yield by 3.33 ± 1.2% [52]

Mint leaves (Mentha spicata L.) 
Barrier discharge

Increase in essential oil yield by 1.81% [65]

Thyme leaves (Thymus vulgaris L.) 
Barrier discharge

Increase in essential oil yield by 20% [66]

Lavandin inflorescences (Lavandula hybrid var. grosso) 
Barrier discharge

Increase in essential oil yield by 0.25% after treatment  
for 1 min and decrease by 0.12% after treatment for 10 min

[16]

Black peppercorns (Piper nigrum L.)  
Sliding discharge

Increase in essential oil yield by 27.6% [67]

Cumin seeds (Cuminum cyminum L.)
Argon plasma

Increase in essential oil yield by 44% compared to control [68]
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epidermal structures found in 30% of all plants. These 
structures are responsible for the production and storage 
of eosinophils. Low exposure to cold plasma can in-
crease the yield of eosinophils.

Shokoohi et al. found that pretreatment with cold 
plasma can affect not only the yield of essential oil in the 
extract, but also its composition [66]. Although some re-
searchers observed no such effects [66, 68], most stud-
ies emphasized the duration and intensity of plasma 
treatment as having the key effect on the quality of es-
sential oil.  Jangi et al. reported a significant decrease 
in the contents of major compounds in hyssop leaves 
treated with cold plasma for longer times at all intensity  
levels [63]. At high intensity and the longest treatment 
time, the contents of trans-pinocamphone, β-pinene, and 
cis-pinocamphone decreased by 17, 21.3, and 28.6%, re-
spectively. However, at low and medium intensity and a rel- 
atively short time (1 and 5 min), cold plasma treatment  
had a positive effect on the composition of essential oils.

In general, oxygenated compounds are not as im-
portant for the quality of essential oils as monoterpene 
hydrocarbons, which have a more pronounced scent. 
The above studies found a direct relationship between 
the duration of cold plasma treatment and its intensity, 
as well as the contents of oxygenated compounds and 
monoterpene hydrocarbons. Short treatments of 1–3 min 
increased the conversion of monoterpene hydrocarbons 
over time. Longer treatments of over 3 min had the op-
posite effect – an increased amount of monoterpene hy-
drocarbons caused by the decomposition of oxygenated 
monoterpenes [64].

A combined use of cold plasma and ultrasound had 
a positive effect on the composition of essential oils [71], 
increasing the amount of oxygenated compounds. Com-
bining cold plasma with microwave treatment resulted in 
a yield of 3.33% compared to the control at 2.87% [72]. 
This was because oxygenated molecules with higher di-
pole moments interacted vigorously with microwaves 
compared to monoterpene hydrocarbons with lower 
dipole moments, resulting in a smaller thermal and hy-
drolytic effect [73]. Other factors that influence the final 
composition of essential oils include the type of cold 
plasma working gas, the type of essential oil material, 
the location of essential oil receptacles, and the composi-
tion of bioactive components [74]. 

Although the studies show that cold plasma treatment 
is used to accelerate extraction, we still do not know 
how it affects the solid phase of the capillary-porous 
body of essential oil material. It is still unclear whether 
the plasma treatment modifies its structure creating new 
channels, or whether the essential oil undergoes a transi- 
tion from a bound to a free form. To address this, we need  
to develop a method for evaluating extraction kinetic 
curves that describes the bond form of the essential oil.

Industrial application of cold plasma technology 
for essential oil extraction. Industrial belt-type units 
have been created to prepare plant materials for ex-
traction [42]. Figure 8 shows one of such units devel-
oped by the Kuban State University of Technology in 

partnership with Shelris Company. This unit can treat 
up to one ton of material per hour, followed by its trans-
fer for extraction or steam distillation.

The past year saw a steady increase in the number 
of patents related to the use of cold plasma in the food 
industry. For examples, Pańka et al. [75] presented a pi-
lot system based on a belt conveyor for using cold plas-
ma to sterilize food product surfaces. This system could 
potentially be adapted for preparing essential oil mate-
rials for extraction.

Technological challenges of using cold plasma for 
essential oil extraction. The implementation of inno-
vative solutions in the food and essential oil industries 
requires combined efforts of scientists from various 
fields, as well as manufacturers and agricultural suppli-
ers. Cold plasma treatment offers a number of advantag-
es. In particular, cold plasma can: reduce the diffusion 
barrier in the essential oil material by having an etching 
effect that can improve subsequent extraction; increase 
the yield of essential oil extraction (although quality as-
sessment is vital at every stage); and be generated by a 
variety of highly efficient and scalable methods.

Below are several directions for the intensive implemen- 
tation of cold plasma in essential oil extraction processes.

The current equipment for cold plasma treatment is 
expensive and needs to be adapted for each type of plant 
material. Commercial units are being developed for gen-
erating cold plasma for extraction, but mostly on a small 
scale. Therefore, the limited facilities that are available 
today have to be tried out on a wide range of plant ma-
terials, which, in turn, have to be adapted to industrial 
conditions. This process can be facilitated by expanding 
and advancing research and development in this area.

One of the limitations of cold plasma is its low pene-
tration into thick materials. This can reduce the efficiency  

Figure 8 Industrial belt-type unit for cold plasma treatment 
created by Kuban State University of Technology and Shelris 
Company



353

Sherstyukov A.G. et al. Foods and Raw Materials. 2027;15(2):344–357

of the equipment, making it inapplicable on a large scale, 
and lower the quality of the treatment. Therefore, better 
technical organization of the process and special prepa-
ration (e.g., unifying thickness and fill rate) are needed 
to ensure high-quality cold plasma treatment.

Promising research directions. Food Industry 5.0 re- 
quires the use of alternative, less energy-intensive ap-
proaches to extracting essential oils. This process can be 
made more efficient and cost-effective by incorporating 
modern electrophysical technologies into traditional pro-
cesses and using smart systems at all stages of the food 
supply chain [88]. Furthermore, these technologies need 
to be green and ensure high quality of the resulting essen- 
tial oils. Therefore, a promising direction could be a sym- 
biosis of advanced electrophysical technologies in the 
overall food production chain (Fig. 9). This approach can  
have a multiple synergistic effect, enabling the produc-
tion of high-quality essential oils in sufficient quantities.

The analysis of innovative physical methods in es-
sential oil production revealed a number of technological 
barriers for cold plasma treatment. To overcome them, 
we need to:
	– identify reactions and mechanisms of interaction between 
reactive plasma particles and individual components 
of food matrices (lipids, proteins, carbohydrates, etc.). Our 
systematic review of experimental studies showed a lack 
of data on the effects of cold plasma treatment on individual 
food components, including wax shells, pectin, cellulose, 
and others. This requires an in-depth analysis of reactive  
cold plasma particles and component compositions 
of materials under treatment;
	– optimize cold plasma generation methods and ensure 
a continuous material flow to reduce overall energy costs. 
For example, atmospheric cold plasma treatment takes 
place under ambient conditions without the use of vacuum 
equipment. In addition, there is a need for a standardized 
methodology for calculating energy indicators of cold 
plasma treatment;
	– analyze the effect of cold plasma treatment on the size of  

electrically induced pores and channels, as well as determine 

the effect of the pore size on the chemical composition 
of the resulting essential oil, which is an important quality 
indicator; and
	– determine the electrical and dielectric characteristics of  
essential oil materials, essential oils, and by-products. 
The dielectric properties of essential oils are understudied, 
although the use of electrophysical treatment requires 
a thorough understanding of the mechanism by which 
electromagnetic fields affect plant materials, as well as their 
response.

CONCLUSION
This review presented the latest advances in the ap-

plication of cold plasma treatment in essential oil ex-
traction. Cold plasma treatment significantly increases 
the depth of extraction and accelerates the rate of es-
sential oil recovery by 15–20%. Various modes of cold 
plasma treatment create an “etching” effect on surface 
tissues and cause electroporation of essential oil glob-
ule membranes. These effects contribute to a developed 
capillary-porous structure in essential oil materials. 

One of the downsides to cold plasma treatment is 
insufficient penetration of reactive plasma particles into 
the plant material structure, limiting the disruption of 
essential oil globule membranes. Further research is 
needed to identify optimal modes of cold plasma treat-
ment for essential oil materials with varying thickness. 
Localized overheating from cold plasma can affect the 
quality of the resulting essential oil and therefore must 
be avoided.

A methodology for assessing the form of essential 
oil binding to the capillary-porous structure needs to 
be developed to better understand the mechanism by 
which cold plasma affects essential oil extraction. This 
methodology will describe the physical model of es-
sential oil transfer and lay the foundation for develop-
ing a mathematical model for extracting essential oils 
pre-treated with cold plasma.

The existing studies use a limited range of essential 
oil materials to explore the potential of cold plasma for 

Figure 9 Preparation of food materials for extraction (based on Industry 5.0)
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extraction. Therefore, the range of plant materials needs 
to be expanded to test the technology of cold plasma 
treatment and adjust it to industrial processes and scales.
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Abstract: 
Cashew apples are often discarded after nut extraction, despite their potential for juice production. This study aimed to clarify 
cashew apple juice using pectinases extracted from the epicarp of papaya cultivar Solo 8. 
These enzymes were previously purified using ammonium sulfate precipitation followed by dialysis and isoelectric focusing. 
Cashew apples were sourced from a village plantation in Bondoukou, Gontougo region. Clarification tests were conducted using 
standard methods. 
According to the results, the juice clarity improved significantly over 120 minutes: from 44.67% to 83.18% with pectin 
methylesterase, to 93.32% with polygalacturonase, and to 72.44% with pectin lyase. The browning index and color intensity 
of the raw juice decreased from 82.98 to 41.69% and from 75.86 to 26.91%, respectively. The vitamin C content declined 
from 327.82 to 202.94 mg/100 mL (pectin methylesterase), 280.99 mg/100 mL (polygalacturonase), and 208.70 mg/100 mL 
(pectin lyase). Viscosity reductions were also notable: 67% with pectin methylesterase, 72% with polygalacturonase, and 59% 
with pectin lyase. Among enzyme combinations, the most effective was a mix of pectin methylesterase (0.087 mg/mL) and 
polygalacturonase (0.264 mg/mL), which reduced the juice’s viscosity by over 76% and increased its clarity by more than 50%. 
These findings highlight the potential of papaya-derived pectinases in improving cashew apple juice quality and marketability.

Keywords: Carica papaya L., cashew apple, juice valorization, epicarp, pectinases, clarification, viscosity
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juice with pectinases extracted from the epicarp of papaya cv. Solo 8. Foods and Raw Materials. 2027;15(2):358–369. https:// 
doi.org/10.21603/2308-4057-2027-2-715

INTRODUCTION
Coffee and cocoa have always been the mainstay of 

Ivorian agriculture. However, other crops, although con-
sidered minor, have also begun to experience signifi-
cant development. These crops include the cashew tree 
(Anacardium occidentale L.). The main producers of ca-
shew are Côte d’Ivoire, India, Vietnam, and Nigeria. The 
cashew tree is primarily cultivated for its nut, which is 
the main commercial product and represents approxi-
mately 8–12% of the total fruit weight, whereas the ca-
shew apple accounts for the remaining 88–92% [1].

Cashew apple has a high water content (85.5 to 90%) 
and a low protein content. It is rich in sugars and micro-
nutrients such as iron, phosphorus, calcium, vitamin C, 
flavonoids, and polyphenols [2, 3]. Its high water con-
tent makes cashew apple a highly perishable food in its 
fresh state, raising the importance of its transformation 
into stable products. In Togo, just as in Côte d’Ivoire, 

cashew apple valorization trials have enabled the use of 
cashew apple powder in animal feed [4, 5]. A study in 
Benin has demonstrated the use of cashew apple powder 
in the bread-making industry [6]. In Côte d’Ivoire, the 
work of Sahie et al. [7] highlighted the influence of pro-
cessing steps on the nutritional and organoleptic quality 
of cashew apples, as well as on clarification, stabiliza-
tion, concentration, and dehydration methods. Similarly, 
the study by Adou et al. [8] focused on the stabilization 
and sensory evaluation of cashew apple juices.

The processing of fruits into juice is generally con-
sidered the main method of their valorization [9–12]. 
However, the cashew fruit is usually harvested for the 
nut, with the apple being left in the fields without prop-
er valorization [13]. Moreover, the juice extracted from 
cashew apple is astringent due to the presence of con-
densed tannins and turbid due to the high concentration 
of pectins [11, 14]. Pectins are complex polysaccharides 
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found in the cell walls of most higher plants [12]. Their 
high concentration in cashew apple leads to the forma-
tion of colloids [15, 16]. Cloudy juices need to be clari-
fied since most consumers find them unacceptable [17]. 
Clarified cashew apple juice is clear and has a pale yel-
low color. Its astringent taste, which dries the mouth, is 
eliminated by almost 95%. Studies have shown that vari- 
ous enzymes are involved in the clarification of cloudy 
fruit juices, particularly pectinases. For example, fungal 
pectinases have been extensively used to clarify fruit 
and vegetable juices [11, 18]. 

Cashew apple, a by-product of the cashew tree (A. oc- 
cidentale) has been widely used in juice production [8, 
19]. However, the turbidity of cashew apple juice low-
ers its marketability. Some authors have used different 
clarification techniques to reduce its viscosity, includ-
ing tangential microfiltration, membrane coupling, elec-
troflotation, and ultrafiltration [20–22]. However, these 
techniques require significant financial resources, cre-
ating a need for finding more affordable ways of clari-
fying cashew apple juice. For example, our recent study 
showed that the epicarp of commercial papaya cultivar 
Solo 8 contained three pectinases, namely polygalac-
turonase (acidic and mesophilic), pectin methylesterase 
(alkaline and thermophilic), and pectin lyase (alkaline 
and mesophilic) [23]. We purified these pectinases by 
using three separation steps: ammonium sulfate precip-
itation, dialysis, and isoelectric focusing. The purifica-
tion yielded specific activities of 198 U/mg of protein for 
pectin methylesterase, 3.62 IU/mg of protein for polyga-
lacturonase, and 0.176 IU/mg of protein for pectin lyase. 
When purified, these enzymes could be used for clari-
fying cashew apple juice. Therefore, this study aimed 
to use these pectinolytic enzymes in cashew apple juice 
clarification trials.

STUDY OBJECTS AND METHODS
Biological material. Cashew apples (Fig. 1) were 

harvested from a village plantation in Mérékou on the 
Tanda-Assuéfry axis in the Gontougo region, located 
about 384 km from the Félix Houphouët-Boigny Airport 
in Abidjan (Côte d’Ivoire).

Cashew apple sampling. Yellow cashew apples were  
harvested at the mature stage in April 2016. Harvesting 
was done manually, and only ripe, undamaged cashew 
apples were picked. Once in the laboratory, the fruits 

were pitted, then washed and disinfected. The apples 
were divided into 10 kg batches to undergo a series of 
operations detailed in the apple juice extraction section.

Juice extraction. The technique described by Abdul- 
lah et al. [24] was slightly modified to obtain raw ca-
shew apple juice (Fig. 2). At the end of extraction, 2.5 L 
of juice was obtained from 10 kg of cashew apples. 

Enzymatic clarification. To perform the clarification,  
the following parameters were previously determined: 
incubation time (15–120 min), enzyme concentration 
(0.008 to 0.140 mg/mL), and the concentration of each 
substrate (0.5–2.0%). The clarification was performed 
using the modified technique of Anuradha et al. [25]. 
In fact, a determined volume of each enzyme (50 µL of 
pectin lyase, 100 µL of polygalacturonase, and 100 µL of  
pectin methylesterase) was added to 100 mL of cashew  
apple juice. Then, the reaction mixture was incubated in 
a water bath at the optimal temperature for each enzyme 
(45°C for polygalacturonase, 50°C for pectin lyase, and 
60°C for pectin methylesterase) for 120 min. At regular  
intervals of 15 min, an aliquot of 10 mL was taken and 
heated at 85 °C for 5 min to inactivate the pectinases.  
After cooling, the reaction medium was centrifuged 
at 10,000 rotations/min for 15 min and the supernatant, 
which constituted the clarified juice, was collected in 
tubes for the analyses below.

Physicochemical analyses of clarified juice. To as-
sess the physicochemical and nutritional quality of the 
clarified juice, we determined its pH, titratable acidity, 
and vitamin C content using standard and referenced meth- 
ods. The soluble solids expressed in °Brix were mea-
sured with a portable refractometer equipped with a tem- 
perature corrector (model FG103/113, Milan, Italy). Clarity,  
color, and browning index were determined using a 

Figure 1 Cashew fruit
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Figure 2 Flow chart of cashew apple juice extraction ([24] 
modified)
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spectrophotometer (NanoDrop® ND-1000, Thermo Fis- 
cher Scientific) at the respective wavelengths of 660 nm, 
440 nm, and 420 nm, with the use of distilled water as 
a control [9, 26, 27]. Viscosity was determined using a 
viscometer (Visco Star R, fungilab.S.A.).

Statistical analyses. All the analyses were per-
formed in triplicate, and the data were expressed as the 
arithmetic mean with the corresponding statistical stan-
dard deviation. One-way analysis of variance (ANOVA) 
was performed on all the results to determine signifi-
cant statistical differences between the calculated mean 
values. Significant statistical differences were demon-
strated using Duncan’s test at the 95% confidence level. 
The statistical analysis was performed using Statistica 7.1  
software.

RESULTS AND DISCUSSION
This study was conducted in two stages. The first 

stage consisted of verifying the individual effect of each 
pectinase on the clarification of cashew apple juice. The 
second stage involved combining two most effective 
pectinases for the clarification of cashew apple juice.

Clarification with purified pectinases. Study of the  
minimum clarifying concentration. Purified pectinases  
isolated from the epicarp of papaya cultivar Solo 8 were 
used to clarify cashew apple juice. Their concentra-
tions were 0.008 mg/mL for pectin lyase (0.176 IU/mg), 

0.0348 mg/mL for pectin methylesterase (198 U/mg), and  
0.0352 mg/mL for polygalacturonase (3.6  IU/mg) (Fig. 3).

Clarification of cashew apple juice with pectin 
methylesterase. Clarity, color, and browning index. 
Table 1 shows the changes in clarity, color, and brown-
ing index of cashew apple juice after the addition of pec-
tin methylesterase. As can be seen, the clarity of cashew 
apple juice increased from 44.67 to 83.18% during the 
120-min clarification period, stabilizing after 105 min. 
However, the color and browning decreased throughout 
clarification, reaching respective values of 43.65 and 
28.18% at 120 min. Furthermore, the color intensity of 
cashew apple juice no longer changed after 105 min.

pH, titratable acidity, soluble solids, and vitamin C. 
After the addition of pectin methylesterase, the pH and 
titratable acidity of cashew apple juice changed very 
little (Table 2). In particular, the pH slightly decreased 
from 4.87 ± 0.03 to 4.77 ± 0.03, whereas titratable acid-
ity slightly increased from 0.208 ± 0.030 to 0.240 ±  
0.010 g/100 mL at the end of clarification. Statistical 
analysis revealed that there was no significant differ-
ence in the pH values after 15 min of clarification. How-
ever, it showed a significant difference in the titratable 
acidity of the juice clarified with pectin methylesterase 
between 0 and 120 min. The initial soluble dry extract 
of the raw juice (12°Brix) decreased during clarifica- 
tion to reach a value of 7.90 ± 0.01°Brix at 105 min. 

Figure 3 Influence of pectinase concentration on the appearance of cashew apple juice: (a) pectin methylesterase, PMI;  
(b) polygalacturonase, PG; and (c) pectin lyase, PL
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Furthermore, the initial vitamin C content (327.82 ± 
0.00 mg/100 mL) of cashew apple juice decreased to 
218.54 ± 0.01 mg/100 mL after 90 min of clarification 
and remained at this level after 105 min of the treat-
ment. Statistical analysis also showed a significant differ-
ence between the soluble dry extract and the vitamin C  
content of the juice clarified with pectin methylesterase.

Clarification of cashew apple juice with polygalac-
turonase. Clarity, color, and browning index. The ad-
dition of polygalacturonase caused an increase in clarity 
and a decrease in color and browning index (Table 3). In 
particular, the clarity of the raw juice increased signifi-

cantly from 44.67 ± 0.01 to 93.32 ± 0.00% between 0 
and 120 min, with no significant difference between 105 
and 120 min. The color and browning index decreased 
to 43.65 ± 0.01 and 29.51 ± 0.01%, respectively.

pH, titratable acidity, soluble solids, and vitamin C.  
The treatment of cashew apple juice with polygalacturo-
nase caused a decrease in its pH, refractometric solids,  

°Brix, and vitamin C, as well as an increase in its ti-
tratable acidity (Table 4). In particular, the raw juice’s 
pH of 4.87 ± 0.03 and vitamin C content of 327.82 ±  
0.00 mg/100 mL decreased to 4.77 ± 0.00 and 280.99 ±  
0.03 mg/100 mL, respectively, after 120 min of clarifica- 

Table 2 Changes in pH, titratable acidity, soluble solids, and vitamin C during clarification of cashew apple juice using pectin 
methylesterase

Clarification time, min Parameter
pH Titratable acidity, g/100 mL Refractometric dry extract, 

°Brix
Vitamin C, mg/100 mL

0 4.87 ± 0.03a 0.208 ± 0.000c 12.00 ± 0.00a 327.82 ± 0.00a

15 4.80 ± 0.03b 0.212 ± 0.000c 11.40 ± 0.01b 304.41 ± 0.03b

30 4.79 ± 0.01b 0.220 ± 0.010b,c 10.60 ± 0.00c 280.99 ± 0.03c

45 4.79 ± 0.03b 0.224 ± 0.000a,b,c 10.10 ± 0.03d 257.56 ± 0.03d

60 4.79 ± 0.01b 0.224 ± 0.000a,b,c 9.30 ± 0.03e 249.76 ± 0.03e

75 4.79 ± 0.00b 0.232 ± 0.000a,b 8.60 ± 0.01f 234.15 ± 0.01f

90 4.78 ± 0.01b 0.232 ± 0.000a,b 8.20 ± 0.03g 218.54 ± 0.00g

105 4.77 ± 0.01b 0.240 ± 0.000a 7.90 ± 0.01h 218.54 ± 0.01g

120 4.77 ± 0.03b 0.240 ± 0.010a 7.76 ± 0.00i 202.94 ± 0.03h

Means ± standard deviations followed by the same lowercase letter on a line for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test

Table 3 Changes in clarity, color, and browning index of cashew apple juice after addition of polygalacturonase

Clarification time, min Clarity (660 nm), % Color (440 nm), % Browning (420 nm), %
0 44.67 ± 0.01h 82.98 ± 0.03a 75.86 ± 0.01a

15 50.12 ± 0.03g 74.13 ± 0.01b 57.28 ± 0.00b

30 54.95 ± 0.03f 51.29 ± 0.01c 48.98 ± 0.01c

45 66.07 ± 0.04e 46.77 ± 0.01d 39.81 ± 0.01d

60 75.86 ± 0.03d 46.77 ± 0.00e 34.67 ± 0.01e

75 81.28 ± 0.03c 45.71 ± 0.01f 32.16 ± 0.01f

90 87.09 ± 0.01b 45.71 ± 0.00f 30.90 ± 0.01g

105 93.32 ± 0.01a 44.67 ± 0.01g 30.20 ± 0.01h

120 93.32 ± 0.00a 43.65 ± 0.01h 29.51 ± 0.01i

Means ± standard deviations followed by the same lowercase letter in a column for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test

Table 1 Changes in clarity, color, and browning index of cashew apple juice after addition of pectin methylesterase

Clarification time, min Clarity (660 nm), % Color (440 nm), % Browning (420 nm), %
0 44.67 ± 0.01h 82.98 ± 0.03a 75.86 ± 0.01a

15 50.12 ± 0.04g 72.44 ± 0.01b 58.88 ± 0.00b

30 52.48 ± 0.03f 56.23 ± 0.03c 43.65 ± 0.01c

45 63.09 ± 0.06e 50.12 ± 0.01d 38.02 ± 0.01d

60 72.44 ± 0.01d 46.77 ± 0.01e 35.48 ± 0.01e

75 75.86 ± 0.01c 45.71 ± 0.01f 33.11 ± 0.01f

90 81.28 ± 0.03b 44.67 ± 0.03g 30.20 ± 0.03g

105 83.18 ± 0.03a 43.65 ± 0.01h 28.84 ± 0.03h

120 83.18 ± 0.01a 43.65 ± 0.00h 28.18 ± 0.01i

Means ± standard deviations followed by the same lowercase letter in a column for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test
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tion. Furthermore, its soluble solids (12.00 ± 0.00°Brix) 
decreased to 7.79 ± 0.01°Brix in 120 min. On the other 
hand, the titratable acidity of the juice increased from 
0.208 ± 0.000 to 0.236 ± 0.000 g /100 mL after 120 min. 
Statistical analysis showed no significant difference be-
tween the pH values of the clarified juice from 15 min 
of the treatment. It found no significant difference be-
tween the acidity values of the juice from 45 min of clar-
ification. However, the analysis revealed a significant  
difference for the soluble solids and vitamin C values 
during the treatment.

Clarification of cashew apple juice with pectin  
lyase. Clarity, color, and browning index. Table 5 
shows changes in the clarity, color, and browning index 
of cashew apple juice after adding pectin lyase. In par-
ticular, the clarity increased from 44.67 to 72.44% and 
no longer changed after 90 min of preincubation with 
pectin lyase. The color intensity decreased from 82.98 
to 41.70% at the end of clarification, stabilizing after  
90 min. Furthermore, the initial browning index (75.86%)  
of cashew apple juice decreased by half (38.90%) after 
45 min of hydrolysis.

pH, titratable acidity, soluble solids, and vitamin C.  
The physicochemical parameters of cashew apple juice 
measured after the addition of pectin lyase are given 
in Table 6. During the clarification process, the initial 

pH decreased from 4.87 to 4.78 after 120 min, while 
the soluble solids and vitamin C decreased from 12 to 
7.76°Brix and from 327.82 to 208.70 mg/100 mL, respec-
tively, after 120 min. In contrast, the titratable acidity 
increased from 0.208 to 0.232 g/100 mL after 120 min. 
Furthermore, statistical analysis revealed no significant 
difference in titratable acidity during clarification. How-
ever, it indicated a significant difference in pH values 
after 15 min of the treatment. The analysis of soluble 
solids, °Brix, and vitamin C results showed significant 
differences during the clarification of cashew apple juice 
with pectin lyase. 

Clarification of cashew apple juice with pectin 
methylesterase and polygalacturonase. Clarity, color,  
and browning index. Table 7 shows changes in the 
clarity, color, and browning index of cashew apple 
juice after the addition of different mixtures of pectin  
methylesterase and polygalacturonase, namely 0.087 + 
0.264 mg/mL (mixture 1), 0.174 + 0.176 mg/mL (mix-
ture 2), and 0.261 + 0.088 mg/mL (mixture 3), respec-
tively. As can be seen, mixture 1 provided greater clarity  
than the other two mixtures during the clarification 
period. In particular, it increased the clarity to 83.18% 
after six minutes, while mixtures 2 and 3 provided a 
clarity of 81.28 and 79.43%, respectively, after 75 min 
of clarification. After 105 min of treatment with mix-

Table 4 Changes in pH, titratable acidity, soluble solids, and vitamin C during clarification of cashew apple juice  
by polygalacturonase

Clarification time, min Parameter
pH Titratable acidity, g/100 mL Refractometric dry extract, 

°Brix
Vitamin C, mg/100 mL

0 4.87 ± 0.03a 0.208 ± 0.000c 12.00 ± 0.00a 327.82 ± 0.00a

15 4.79 ± 0.03b 0.212 ± 0.000c 11.60 ± 0.01b 320.01 ± 0.03b

30 4.78 ± 0.01b 0.224 ± 0.000b 10.80 ± 0.03c 312.21 ± 0.04c

45 4.78 ± 0.03b 0.232 ± 0.000a 9.90 ± 0.03d 312.21 ± 0.01c

60 4.77 ± 0.00b 0.236 ± 0.000a 9.50 ± 0.03e 304.41 ± 0.01d

75 4.77 ± 0.01b 0.236 ± 0.000a 9.30 ± 0.04f 296.60 ± 0.01e

90 4.77 ± 0.03b 0.236 ± 0.000a 8.20 ± 0.03g 296.60 ± 0.00e

105 4.77 ± 0.01b 0.236 ± 0.000a 7.90 ± 0.01h 288.80 ± 0.01f

120 4.77 ± 0.00b 0.236± 0.000a 7.79 ± 0.01i 280.99 ± 0.03g

Means ± standard deviations followed by the same lowercase letter on a line for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test

Table 5 Changes in clarity, color, and browning index of cashew apple juice after addition of pectin lyase

Clarification time, min Clarity (660 nm), % Color (440 nm), % Browning (420 nm), %
0 44.67 ± 0.01g 82.98 ± 0.03a 75.86 ± 0.01a

15 48.98 ± 0.01f 82.98 ± 0.00b 61.66 ± 0.02b

30 52.48 ± 0.02e 54.95 ± 0.01c 43.65 ± 0.01c

45 53.70 ± 0.01d 50.12 ± 0.01d 38.90 ± 0.05d

60 63.10 ± 0.04c 45.71 ± 0.02e 33.11 ± 0.01e

75 70.80 ± 0.01b 43.65 ± 0.01f 32.36 ± 0.03f

90 72.44 ± 0.03a 41.69 ± 0.01g 28.18 ± 0.01g

105 72.44 ± 0.01a 41.69 ± 0.00g 26.91 ± 0.01h

120 72.44 ± 0.03a 41.69 ± 0.01g 26.91 ± 0.00h

Means ± standard deviations followed by the same lowercase letter in a column for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test
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ture 1, the juice showed a maximum clarity of 95.50%, 
compared to 91.20 and 87.10% for mixtures 2 and 3, re-
spectively. Furthermore, the three mixtures decreased 
the color intensity of cashew apple juice from 82.98 to 
43.65%. The color intensity stabilized after 105 min. 
Finally, the browning index of cashew apple juice de-
creased by half after 45 min of treatment with the three 
mixtures.

pH, titratable acidity, soluble solids, and vitamin C  
of cashew apple juice clarified with mixture 1. Mixture 1  
(0.087 mg/mL pectin methylesterase + 0.264 mg/mL poly- 
galacturonase) resulted in a reduction in pH, soluble 
solids, and vitamin C values (Table 8). Statistical anal-
ysis revealed a significant difference in soluble solids 
during the enzymatic clarification process (P < 5%). 
This analysis also showed a significant difference in 

Table 6 Changes in pH, titratable acidity, soluble solids, and vitamin C during clarification of cashew apple juice by pectin lyase

Clarification time, min Parameter
pH Titratable acidity, g/100 mL Refractometric dry extract, 

°Brix
Vitamin C, mg/100 mL

0 4.87 ± 0.03a 0.208 ± 0.000a 12.00 ± 0.00a 327.82 ± 0.00a

15 4.80 ± 0.00b 0.210 ± 0.000a 11.40 ± 0.04b 304.41 ± 0.03b

30 4.79 ± 0.04b 0.220 ± 0.000a 10.16 ± 0.03c 288.80 ± 0.01c

45 4.79 ± 0.03b 0.228 ± 0.000a 10.12 ± 0.03d 280.99 ± 0.03d

60 4.78 ± 0.01b 0.232 ± 0.000a 9.30 ± 0.03e 265.36 ± 0.03e

75 4.78 ± 0.01b 0.232 ± 0.000a 8.60 ± 0.04f 248.76 ± 0.01f

90 4.78 ± 0.00b 0.232 ± 0.000a 8.20 ± 0.04g 234.15 ± 0.01g

105 4.78 ± 0.03b 0.232 ± 0.000a 7.90 ± 0.05h 218.54 ± 0.03h

120 4.78 ± 0.01b 0.232 ± 0.000a 7.76 ± 0.03i 208.70 ± 0.01i

Means ± standard deviations followed by the same lowercase letter on a line for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test

Table 7 Changes in clarity, color, and browning index of cashew apple juice after addition of mixtures of pectinases (pectin 
methylesterase and polygalacturonase)

Clarification time, min Enzymes concentration Clarity (660 nm), % Color (440 nm), % Browning (420 nm), %
0 Mixture 1 44.67 ± 0.01 82.98 ± 0.01 75.86 ± 0.01

Mixture 2 44.67 ± 0.01 82.98 ± 0.01 75.86 ± 0.01
Mixture 3 44.67 ± 0.01 82.98 ± 0.01 75.86 ± 0.01

15 Mixture 1 52.48 ± 0.06 54.95 ± 0.04 51.29 ± 0.01
Mixture 2 50.12 ± 0.01 67.61 ± 0.03 54.95 ± 0.03
Mixture 3 50.12 ± 0.03 67.61 ± 0.03 61.66 ± 0.04

30 Mixture 1 66.07 ± 0.09 48.98 ± 0.01 46.77 ± 0.03
Mixture 2 54.95 ± 0.06 52.48 ± 0.04 50.12 ± 0.04
Mixture 3 54.95 ± 0.01 54.95 ± 0.03 46.77 ± 0.03

45 Mixture 1 79.43 ± 0.03 46.77 ± 0.03 35.48 ± 0.01
Mixture 2 66.07 ± 0.06 48.98 ± 0.01 38.02 ± 0.03
Mixture 3 67.61 ± 0.03 50.12 ± 0.01 43.65 ± 0.03

60 Mixture 1 83.18 ± 0.01 45.71 ± 0.03 35.48 ± 0.03
Mixture 2 72.44 ± 0.01 46.77 ± 0.03 34.67 ± 0.01
Mixture 3 74.13 ± 0.03 46.77± 0.03 39.81 ± 0.03

75 Mixture 1 91.20 ± 0.04 44.67 ± 0.03 31.62 ± 0.01
Mixture 2 81.28 ± 0.06 46.77 ± 0.04 30.90 ± 0.04
Mixture 3 79.43 ± 0.03 45.71 ± 0.01 33.88 ± 0.04

90 Mixture 1 93.32 ± 0.06 44.67 ± 0.01 30.20 ± 0.01
Mixture 2 89.12 ± 0.03 45.71 ± 0.03 29.51 ± 0.03
Mixture 3 83.18 ± 0.03 44.67 ± 0.03 31.62 ± 0.03

105 Mixture 1 95.50 ± 0.03 43.65 ± 0.03 29.51 ± 0.03
Mixture 2 91.20 ± 0.03 43.65 ± 0.03 29.51 ± 0.01
Mixture 3 87.10 ± 0.01 43.65 ± 0.01 29.51 ± 0.03

120 Mixture 1 95.50 ± 0.01 43.65 ± 0.01 28.84 ± 0.04
Mixture 2 91.20 ± 0.06 43.65 ± 0.01 28.18 ± 0.03
Mixture 3 87.10 ± 0.03 43.65 ± 0.03 28.18 ± 0.03

Mixture 1: pectin methylesterase (0.087 mg/mL) + polygalacturonase (0.264 mg/mL); Mixture 2: pectin methylesterase (0.174 mg/mL) + 
polygalacturonase (0.176 mg/mL); and Mixture 3: pectin methylesterase (0.261 mg/mL) + polygalacturonase (0.088 mg/mL)
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vitamin C levels (P < 5%). However, there was no sig-
nificant difference in the pH values during the clarifica-
tion time intervals of 30 to 75 min, or 90 to 120 min of 
treatment. In particular, the initial pH of 4.87 ± 0.03 de-
creased to the value of 4.82 ± 0.03 after 15 min of treat-
ment. This value hardly varied, reaching 4.79 ± 0.00 
after 75 min of treatment. From 90 to 120 min, the pH 
value stabilized at 4.78. Furthermore, the soluble solids 
of the raw juice varied very little during the first half 
hour of clarification. However, after 45 min of treat-
ment, the soluble solids decreased from 10.4 ± 0.28 to 
7.77 ± 0.01°Brix at 120 min. Finally, the vitamin C con-
tent decreased according to the clarification time. After 
half an hour of clarification, it decreased from 327.82 ±  
0.00 to 312.21 ± 0.03 mg/100 mL. It then continued to de- 
crease to reach 241.95 ± 0.01 mg/100 mL. On the other 
hand, the titratable acidity of cashew apple juice (0.208 ±  
0.000 g/100 mL) increased during the treatment (Table 8)  
to reach 0.232 ± 0.000 g/100 mL after 75 min. This val-
ue remained stable until the end of the treatment.

pH, titratable acidity, soluble solids, and vitamin C  
of cashew apple juice clarified with mixture 2. Chang-
es in the parameters of cashew apple juice clarified 
with mixture 2 (0.174 mg/mL pectin methylesterase +  
0.176 mg/mL polygalacturonase) are presented in Table 9.  

As can be seen, the pH, soluble solids, and vitamin C 
decreased during the clarification process, while the 
titratable acidity increased. In particular, the initial pH 
of 4.87 ± 0.03 decreased to 4.77 ± 0.00 after 90 min of 
clarification, where it remained stable for up to 120 min.  
Furthermore, the vitamin C content of the raw juice 
(327.82 ± 0.03 mg/100 mL) decreased with the dura-
tion of the clarification treatment to reach 241.74 ± 
0.03 mg/100 mL after 120 min. The soluble dry extract 
of the raw juice decreased from 12.00 ± 0.00 to 7.77 ± 
0.00°Brix at the end of clarification. Statistical analysis 
revealed no significant difference between the pH val-
ues after 15 min of the treatment but it showed a sig-
nificant difference between the pH values at different 
clarification times and the control juice. The analysis 
also showed a significant difference between the con-
tents of soluble solids and vitamin C. However, no sig-
nificant difference was found for titratable acidity after 
75 min of clarification.

pH, titratable acidity, soluble solids, and vitamin C  
of cashew apple juice clarified with mixture 3 consist- 
ing of pectin methylesterase (0.261 mg/mL) and poly- 
galacturonase (0.088 mg/mL). The clarification of ca-
shew apple juice with mixture 3 (0.261 mg/mL pectin  
methylesterase + 0.088 mg/mL polygalacturonase) caused  

Table 8 Changes in pH, titratable acidity, soluble solids, and vitamin C during clarification of cashew apple juice with mixture 1

Clarification time, min Parameter
pH Titratable acidity, g/100 mL Refractometric dry extract, 

°Brix
Vitamin C, mg/100 mL

0 4.87 ± 0.03a 0.208 ± 0.000c 12.00 ± 0.00a 327.82 ± 0.00a

15 4.82 ± 0.03b 0.210 ± 0.000c 11.60 ± 0.08a 320.01 ± 0.03b

30 4.80 ± 0.01b,c 0.212 ± 0.000c 11.00 ± 0.04b 312.21 ± 0.03c

45 4.80 ± 0.00b,c 0.220 ± 0.000b 10.40 ± 0.06c 296.60 ± 0.01d

60 4.79 ± 0.01b,c 0.228 ± 0.000a 9.50 ± 0.00d 288.80 ± 0.03e

75 4.79 ± 0.00b,c 0.232 ± 0.000a 8.90 ± 0.14e 280.97 ± 0.03f

90 4.78 ± 0.00c 0.232 ± 0.000a 8.40 ± 0.00f 265.36 ± 0.01g

105 4.78 ± 0.00c 0.232 ± 0.000a 7.80 ± 0.07g 249.75 ± 0.03h

120 4.78 ± 0.00c 0.232 ± 0.000a 7.77 ± 0.01g 241.95 ± 0.01i

Means ± standard deviations followed by the same lowercase letter on a line for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test

Table 9 Changes in pH, titratable acidity, soluble solids, and vitamin C during clarification of cashew apple juice with mixture 2

Clarification time, min Parameter
pH Titratable acidity, g/100 mL Refractometric dry extract, 

°Brix
Vitamin C, mg/100 mL

0 4.87 ± 0.03a 0.208 ± 0.000e 12.00 ± 0.00a 327.82 ± 0.00a

15 4.80 ± 0.03b 0.212 ± 0.000d,e 11.60 ± 0.03b 320.01 ± 0.03b

30 4.80 ± 0.01b 0.216 ± 0.000d 11.00 ± 0.03c 312.21 ± 0.03c

45 4.79 ± 0.01b 0.224 ± 0.000c 10.20 ± 0.01d 294.55 ± 0.01d

60 4.79 ± 0.00b 0.232 ± 0.000b 9.00 ± 0.03e 286.66 ± 0.03e

75 4.78 ± 0.01b 0.240 ± 0.000a 8.40 ± 0.03f 279.47 ± 0.01f

90 4.77 ± 0.00b 0.240 ± 0.000a 8.00 ± 0.00g 273.17 ± 0.03g

105 4.77 ± 0.00b 0.244 ± 0.000a 7.79 ± 0.01h 257.56 ± 0.01h

120 4.77 ± 0.00b 0.244 ± 0.000a 7.77 ± 0.00h 241.74 ± 0.03i

Means ± standard deviations followed by the same lowercase letter on a line for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test
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a reduction in the initial physicochemical parameters, 
except for titratable acidity (Table 10). This reduction 
was accentuated over the clarification time. Indeed, the 
initial vitamin C content of 327.82 ± 0.00 mg/100 mL de- 
creased to 312.21 ± 0.03 mg/100 mL after 15 min. It then 
continued to decrease reaching 234.15 ± 0.03 mg/100 mL  
after 120 min. The pH values decreased to stabilize at 
4.77 after 75 min of clarification. Statistical analysis re-
vealed no significant difference between the pH values 
after 15 min of clarification. The content of soluble sol-
ids in the juice also decreased with clarification time. At 
the beginning of the treatment, its variation was low but 
after 30 min, it became more noticeable. The titratable 
acidity, however, increased from 0.208 to 0.24 g/100 mL 
after 75 min of the treatment. This value remained stable 
until the end of clarification. Statistical analysis showed 
a significant difference between the contents of vitamin 
C and soluble solids during the clarification process.

Viscosity. The raw cashew apple juice had a viscosity  
of 18 cP (18 mPa·s), which decreased after its clarifica- 
tion with the enzymes (pectin methylesterase, polygalac- 
turonase, and pectin lyase) (Fig. 4). In particular, poly-
galacturonase produced a lower viscosity than the other  

two enzymes. Furthermore, mixture 1 (0.264 mg/mL poly- 
galacturonase and 0.087 mg/mL pectin methylesterase) 
reduced the viscosity to 4.3 mPa·s. This viscosity value 
was lower than that produced by the other two mixtures. 
Indeed, the clarification treatment using this mixture re-
sulted in a 76% reduction in the initial viscosity.

Clarification is a very important process in the juice 
industry as it improves the product’s acceptability. In 
this study, we tested the effect of pectinases isolated, and 
partially purified, from the epicarp of papaya cultivar 
Solo 8 on the turbidity of cashew apple juice. We found 
that the use of pectin methylesterase, polygalacturonase, 
and pectin lyase reduced the viscosity of the juice by 67, 
72, and 59%, respectively. In modern fruit juice manufac- 
turing, enzymes (pectinases, hemicellulases, cellulases, 
amylases) should be used to optimize the process. The 
main objectives are to increase the extraction of juice 
from raw materials; improve the processing efficiency; 
and generate a final product that is clear and visually at-
tractive to the consumer [9]. The transmittances at 660, 
440, and 420, which are excellent indices of clarity, color, 
and browning, made it possible to conduct the enzymatic  
clarification of cashew apple juice [9, 26, 27]. 

Table 10 Changes in pH, titratable acidity, soluble solids, and vitamin C during clarification of cashew apple juice with mixture 3

Clarification time, min Parameter
pH Titratable acidity, g/100 mL Refractometric dry extract, 

°Brix
Vitamin C, mg/100 mL

0 4.87 ± 0.03a 0.208 ± 0.000e 12.00 ± 0.00a 327.82 ± 0.00a

15 4.80 ± 0.03b 0.212 ± 0.000d,e 11.60 ± 0.03b 320.01 ± 0.03b

30 4.80 ± 0.01b 0.216 ± 0.000d 11.00 ± 0.03c 312.21 ± 0.03c

45 4.79 ± 0.01b 0.224 ± 0.000c 10.20 ± 0.01d 294.55 ± 0.01d

60 4.79 ± 0.00b 0.232 ± 0.000b 9.00 ± 0.03e 286.66 ± 0.03e

75 4.78 ± 0.01b 0.240 ± 0.000a 8.40 ± 0.03f 279.47 ± 0.01f

90 4.77 ± 0.00b 0.240 ± 0.000a 8.00 ± 0.00g 273.17 ± 0.03g

105 4.77 ± 0.00b 0.244 ± 0.000a 7.79 ± 0.01h 257.56 ± 0.01h

120 4.77 ± 0.00b 0.244 ± 0.000a 7.77 ± 0.00h 241.74 ± 0.03i

Means ± standard deviations followed by the same lowercase letter on a line for a parameter are not significantly different at the 5% threshold 
according to Duncan’s test

Figure 4 Viscosity of cashew apple juice clarified with pectinases
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To obtain visual clarity, the juice needs to be com-
pletely depectinized by adding pectinases. In particular, 
partially purified pectin methylesterase, polygalacturo-
nase, and pectin lyase required concentrations of 0.034, 
0.028, and 0.008 mg/mL, respectively, to initiate clari-
fication. The use of these enzymes could be explained 
by their reaction mechanism. Indeed, pectin lyases 
require a lower concentration because they act on pec-
tins, oligomers, and polymers of galacturonic acid by 
catalyzing the breakage between two galacturonic acid 
units by a β-elimination mechanism [28]. In addition, 
only pectin lyases are able to degrade pectins without 
the prior action of other enzymes [29, 30]. This low con-
centration required for pectin lyase could also be due to 
the satisfactory purity of this enzyme compared to the 
other two enzymes (pectin methylesterase and polyga-
lacturonase), which were partially purified. 

The duration and temperature of heat treatments af-
fect the clarity, color, browning index, brix, pH, titratable 
acidity, viscosity, and vitamin C content of the juice. The 
use of pectinases increases the clarity of juices during 
processing. Generally, pectinases are added to cashew ap-
ple juice to hydrolyze colloids. It is well known that pec-
tin is the main cause of opalescence of the juice [31, 32]. 
Indeed, interactions between the negatively charged sites 
of demethylated pectin and divalent ions (Ca2+ and Mg2+) 
lead to the formation of insoluble pectic salts.

In the clarification experiments using partially pu-
rified pectinases extracted from papaya epicarp, po-
lygalacturonase (PG) showed a greater effect on the 
reduction of cashew apple juice turbidity than the other 
enzymatic fractions. This higher efficiency can be ex-
plained by the structural characteristics of pectic poly-
saccharides present in cashew apple, which are mainly 
composed of homogalacturonan regions susceptible to 
hydrolysis by polygalacturonase. Recent studies have 
highlighted that the degradation of pectic substances by 
polygalacturonase promotes the breakdown of the pec-
tin network, facilitating the aggregation and sedimenta-
tion of suspended particles and consequently improving 
juice clarity [33, 34]. 

Furthermore, the pectinases added for clarification 
caused the hydrolysis of pectins, which are mainly re-
sponsible for the cloudiness of cashew apple juice. Also, 
we found that the clarity of the juice increased over time 
and stabilized thereafter. This finding is consistent with 
the results of Sharma et al. [35]. According to them, the 
increase in juice clarity with incubation time reflects the 
progressive hydrolysis of pectic polysaccharides by pecti-
nases. As the enzyme–substrate interaction proceeds, the 
pectin network is disrupted, reducing colloidal stability 
and facilitating the sedimentation of suspended particles. 
Once most of the accessible pectin has been hydrolyzed, 
further incubation has little effect on juice clarity, resul-
ting in a stabilization phase.

During the clarification of cashew apple juice, its col-
or intensity decreased by almost half after 60 min. Thus, 
the juice was neither too pale nor too dark. To be more 
competitive on the market, the color of the juice must 

be an effective means of attracting the consumer [36].  
The decrease in the yellow color intensity of cashew 
apple juice could be explained by the destruction of ca-
rotenoids responsible for the yellow color. Indeed, carot-
enoids are molecules sensitive to oxygen, light, acidity, 
metals, and heat [37]. However, the enzymatic clarifi-
cation tests of cashew apple juice were carried out in a 
lit laboratory in the presence of oxygen from the air. In 
contrast, high-temperature processing has been widely  
reported to promote non-enzymatic browning in fruit 
juices through ascorbic acid degradation, 5-hydrox- 
ymethylfurfural (5-HMF) formation, and Maillard-type 
reactions, leading to increased color intensity. Therefore, 
the discrepancy between our findings and those reported 
for thermally processed cashew apple juice is most likely 
due to the absence of severe heat treatment in the pres-
ent study [38].

The low viscosity of the juice clarified with poly-
galacturonase is a good indicator of this enzyme’s ef-
fectiveness. This decrease in viscosity has also been 
highlighted by Ninga et al. [39] and Falcão et al. [40]. 
For these authors, the depolymerization of pectin re-
duces its ability to keep particles in suspension by cau-
sing their precipitation. This process causes a reduction 
in the viscosity of the juice [41]. However, the three 
enzymes used in our study showed different results 
in clarifying cashew apple juice. In particular, pectin 
methylesterase, polygalacturonase, and pectin lyase 
decreased the viscosity of the raw juice by 67, 72, and 
59%, respectively. Although reducing viscosity, pectin 
methylesterase should be used with caution because its 
action generates methanol, which is toxic.

The decrease in pH and the increase in titratable 
acidity during the enzymatic clarification of cashew ap-
ple juice could be explained by the presence of organic 
acids in the medium. Indeed, the hydrolysis of pectin 
by pectinases leads to the formation of galacturonic ac-
ids. Our results corroborate those of Nguyen et al. [42]. 
These authors also showed that the pH of clarified apple 
juice decreases, while its acidity increases during clari-
fication. 

The decrease in soluble solids from 12 to 7.76°Brix in 
all the treatments was due to the loss of suspended par-
ticles. Indeed, after the action of pectinases the juice is 
centrifuged to remove its pellet. Our results are contrary 
to those of Sharma et al. [35], who reported an increase 
in soluble solids during the clarification of cloudy fruit 
juices. This difference could be explained by the juice 
extraction protocol and the state of maturity of the fruit 
used for juice production.

Finally, the vitamin C content also decreased during 
the clarification. This decrease was more pronounced 
with higher heating time and the loss of vitamin C was 
due to its thermolability. Our results were consistent 
with those of Nguyen et al. [42], who studied the clarifi-
cation of apple juice by pectinases. 

Of all the combinations tested, the most effective 
was mixture 1, consisting of pectin methylesterase 
(0.087 mg/mL) and polygalacturonase (0.264 mg/mL). It re- 
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duced the viscosity of raw cashew apple juice (18 mPa·s)  
by more than 76%, while increasing its clarity by more 
than half. This performance of mixture 1 could be  
explained by the synergistic action of the two en- 
zymes on natural pectins. Indeed, pectin methyles-
terase creates demethoxylated sequences allowing hy- 
drolysis by polygalacturonase. Our findings agree with 
those Flores-Fernández et al. [43], Padma et al. [44] and  
Lhamo et al. [45]. However, the use of pectin methy-
lesterase in this combination could be a limiting factor 
for its application because its action generates methanol, 
which is a toxic product.

CONCLUSION
The partially purified pectinases from the crude 

epicarp extract of papaya cultivar Solo 8 were effective 
in reducing the viscosity of cashew apple juice. Of the 
three enzymes, polygalacturonase resulted in the great-
est reduction of the juice’s viscosity (72%). The com-
bination of pectin methylesterase (0.087 mg/mL) and 
polygalacturonase (0.264 mg/mL) led to an even great-
er viscosity reduction of 76%, while also increasing the 
clarity of cloudy juice by half. Thus, these pectinases 
can be used to clarify local cloudy juices.

Our results open up new research avenues for a bet-
ter use of papaya and cashew nuts, which are widely 

produced in Côte d’Ivoire. The scientific rigor of this 
study could be strengthened by measuring the resid- 
ual concentration of sulfur dioxide and quantifying pro-
topectin before and after enzymatic treatment. A pre- 
liminary mechanical clarification would also help op-
timize enzymatic efficiency and enhance the clarity of 
the results.
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Abstract: 
This study investigated the impact of the diet of broiler chickens 10% Sargassum sp. on their productive performance, gut 
health, and immune status. 
The study was conducted in Maracay, Venezuela, and involved 264 Ross broilers distributed between two treatments (control 
and 10% Sargassum sp.) over three phases (Pre-starter, Starter, and Finisher). A one-way Analysis of Variance design was used, 
with three replicates of 44 birds. 
The inclusion of Sargassum sp. did not significantly affect the final body weight (p > 0.05) (2759.34 vs. 2743.88 g for the 
control). However, the Sargassum sp. diet demonstrated two noteworthy benefits: it drastically improved the feed conversion 
ratio in all the phases (e.g., 1.07 vs. 1.53 in the Finisher) and considerably reduced mortality in the Pre-starter phase (6.82 vs.  
20.25% for the control). The blood analysis demonstrated a positive hypocholesterolemic effect, with the Sargassum sp. 
treatment normalizing cholesterol levels and potentially reducing total lipids. However, the drinking water analysis revealed 
some quality issues (no residual chlorine, high nitrate levels), suggesting a high-stress environment and its possible influence 
on the overall health and performance results.
The inclusion of 10% Sargassum sp. in the broiler diet improved feed efficiency and early viability in broilers, although its 
growth-promoting effects may be limited by antinutritional factors (high ash) at this inclusion level. 
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INTRODUCTION
The global poultry industry faces a constant chal-

lenge in balancing the quality and cost of feed rations, 
which typically account for 60 to 70% of total operating 
expenses [1]. These formulations are dominated by tra-
ditional ingredients, primarily soybean meal and corn, 
as well as fishmeal. However, reliance on these products 
makes farmers vulnerable to price volatility and compe-
tition for resources on the global market. Furthermore, 
there is growing concern about the sustainability of 
these ingredients, linked to deforestation (soybeans) and 
overfishing (fishmeal).

At the same time, the poultry industry is undergo-
ing a health transformation. The ban on, and growing 
public concern about, the use of antibiotic growth pro-
moters in animal feed to increase bacterial resistance 
have created an urgent need for alternatives. This has 
spurred research into functional additives (eubiotics) 
that not only provide nutrients but also actively promote 

gut health and immunity in poultry. In this context, ma-
rine resources, specifically macroalgae, have emerged 
as a promising and sustainable alternative [1–4].

Macroalgae as a sustainable functional resource. 
Macroalgae, commonly known as seaweed, are a natu-
rally abundant biomass. They are taxonomically classi-
fied into Phaeophyceae (brown), Chlorophyceae (green), 
and Rhodophyceae (red) [1]. The genus Sargassum 
(brown algae) is particularly interesting. These algae are 
rich in protein, minerals, vitamins, polysaccharides, and 
polyphenols [3]. The use of locally available natural re-
sources such as macroalgae contributes significantly to 
food security and the sustainability of production sys-
tems [2]. In addition to their nutritional potential, mac-
roalgae play a critical role in carbon dioxide capture and 
nutrient cycling in the marine ecosystem.

Brown seaweed and its derivatives are used as struc-
tural modifiers, antioxidants, preservatives, moisture- 
retaining agents, and sources of vitamins and minerals 
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in the development of functional and preventive food 
products. They are also used as ingredients in meat, 
dairy, bakery and flour products, as well as in food addi-
tives and beverages, to provide potential health benefits 
and essential nutrients. Studies have proven the func-
tional effectiveness of food products containing brown 
seaweed and its derivatives. The incorporation of sea-
weed components into functional foods could contribute 
to global food security [5].

The species of the genus Sargassum, which inhabit  
a wide range of habitats, can form large floating mats 
adrift in the open ocean. The massive recurrence of Sar-
gassum in the Atlantic has generated a significant envi-
ronmental and socioeconomic challenge. This challenge 
spurs efforts to transform this excessive biomass into an 
opportunity for various sectors, including animal feed. 
These algae utilize carbon dioxide and other nutrients, 
such as nitrogen and phosphorus, for their growth. Fur-
thermore, they possess the capacity to absorb various 
pollutants from the aquatic environment.

Nutritional and biochemical profile of Sargas- 
sum sp. Seaweed is a complex and concentrated source 
of crucial nutrients, including proteins, minerals, vita-
mins, and carbohydrates [1]. Chemical analysis reveals 
that the crude protein content in seaweed can vary wide- 
ly (from 9.07 to 63.63%), suggesting that it can partially 
replace imported protein sources in poultry feed [6].

A comparative analysis of the nutritional composition 
of different macroalgae has revealed specific character-
istics for Sargassum. For example, Sargassum wightii 
Greville ex J. Agardh has a comparatively higher con-
tent of crude fiber, ether extract, acid-insoluble ash, and 
calcium, compared to Gracilaria corticata (J. Agardh)  
J. Agardh, 1852 and Ulva lactuca Linnaeus, 1753. In con- 
trast, species such as G. corticata tend to have a higher 
content of crude protein and gross energy [7].

Furthermore, Sargassum species are notably rich in 
beta-carotene and various vitamins. Supplementing the 
base feed with Sargassum powder (at levels of 1 to 4%) 
has been shown to provide a greater amount of essential 
amino acids, long-chain fatty acids, and minerals nec-
essary for poultry growth, compared to the diet without 
supplementation [8]. The lipid profile of algae includes 
fatty acid derivatives, terpenoids, and aliphatic hydro-
carbons, many of which have a functional impact on an-
imal physiology [7].

Functional effects and modulation of health. Sci-
entific interest in applying biotechnology to nutrition 
focuses on the potential of macroalgae to act as nutra-
ceuticals or functional additives. This functionality 
stems from the presence of bioactive molecules that 
exhibit antioxidant, anti-inflammatory, antifungal, and 
antimicrobial properties. These bioactive components 
possess remarkable medicinal properties, including anti- 
inflammatory, cholesterol-lowering, and hepatoprotec-
tive effects [7].

The dietary inclusion of brown algae has been 
shown to improve the health and physiological state of 
broilers, namely:

	– immune response. Supplementation with algae such 
as Sargassum sp., Spirulina sp., or Gracilaria sp. can posi- 
tively modulate the immune status of broiler chickens [9].  
Specifically, supplementation with 0.13% of brown algae 
(S. wightii) has been shown to significantly improve cell- 
mediated immune response and increase the weight of  
lymphoid organs (thymus and spleen), the key elements in  
the body defense [3]. A study with Sargassum siliquastrum 
(Mertens ex Turner) C. Agardh 1820 in Japanese quail also 
reported a significant improvement in immune response [10];
	– lipid metabolism (a positive cholesterol-lowering effect). 

In specific trials, dietary supplementation with Sargassum 
muticum extract has been shown to significantly reduce 
total cholesterol in broiler chickens [11, 12].

Zootechnical challenges and antinutritional factors.  
Despite the clear immunological and metabolic poten-
tial of macroalgae, their incorporation into monogastric 
diets presents significant challenges, mainly due to the 
presence of antinutritional factors. The main of such fac-
tors in the brown algae Sargassum sp. is their high algi-
nate content [13]. Alginates are polysaccharides that can 
increase the viscosity of intestinal contents, hindering 
the digestion and absorption of nutrients and binding to 
them, which can potentially reduce feed efficiency.

This challenge highlights the need to optimize the 
inclusion and processing of macroalgae to ensure maxi- 
mum nutrient assimilation. For example, processing me- 
thods were investigated to reduce the alginate content in 
Sargassum binderi Sonder ex J. Agardh, 1848 for use in 
laying hen feed [13]. Similarly, other authors reduced the 
salt content in Sargassum crassifolium J. Agardh, 1848 
meal by immersion, achieving an inclusion rate of up to 
18% without adverse effects on internal organs [14].

Environmental and food safety risk. A crucial as-
pect of food traceability and safety is the ability of algae 
to absorb and concentrate contaminants from the aquatic 
environment. The main concern is the bioaccumulation 
of heavy metals (such as arsenic) and, to a lesser extent, 
organic contaminants. Furthermore, the presence of nat-
urally occurring radioactive elements such as lead and 
polonium has been reported in algae [2]. Although Sar-
gassum has been considered as antinutrient-free in some 
contexts, the risk of heavy metal contamination is a crit-
ical consideration that requires strict quality control and 
monitoring of the harvesting source. The occurrence of 
harmful algal blooms also poses a risk to the safety of 
using algae in animal feed [2].

Evidence of productive performance. Scientific  
literature presents a mixed picture of using algae at dif-
ferent inclusion levels. A systematic review and meta-
analysis confirmed the strong interest in using seaweed 
as a functional ingredient in poultry feed [15]. Regard-
ing production outcomes, there is conflicting evidence, 
although the immunological and lipid metabolism ben-
efits are well documented. For example, in a trial with 
broiler chickens, supplementation with 0.13% of brown 
algae (S. wightii) resulted in greater weight gain and a 
better feed conversion ratio [3]. In another study, Sar-
gassum’s growth-promoting ability reached its maximum  
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effect at 2% inclusion, achieving a significantly greater 
weight gain compared to the control group [8]. The inclu- 
sion of up to 18% S. crassifolium or up to 2% (20 g/kg) 
algae mixtures, respectively, did not significantly affect 
the chickens’ growth performance (daily weight gain 
and feed conversion ratio) or live weight, although the 
supplementation had a positive effect on their gastroin-
testinal ecology [14, 16].

Therefore, we aimed to evaluate the inclusion of 10% 
Sargassum sp. in the formulation of a balanced feed for 
broiler chickens, focusing on productive variables and 
blood parameters.

STUDY OBJECTS AND METHODS
Location and environmental conditions. The study  

was conducted at the Nicolino Ierrobueno agricultur-
al production unit (Maracay, Aragua State, Venezuela). 
The average temperature at the study site was 30.3°C 
and the humidity was 57.5%.

Experimental design and bird management. A one- 
way Analysis of Variance (ANOVA) design was used, 
with two treatments, each consisting of 132 one-day-old 
Ross chicks divided into three replicates of 44 broilers, 
across three stages: Pre-starter (1–10 days), Starter (11–
22 days), and Finisher (23–42 days). The chicks were 
raised in pens measuring 4.84 m² with rice husk bedd- 
ing, as shown in Fig. 1. They were provided with water 
and feed ad libitum. During the Pre-starter stage, the 
broilers had heat lamps all day and in the Starter phase, 
only at night.

Dietary treatments. The control group received com- 
mercial feed, and the experimental group received com-
mercial feed with 10% of the macroalgae Sargassum sp.

Feed and water analysis. The bromatological anal-
ysis of the raw materials and feed was carried out ac-
cording to the official methods of analysis developed by 
the Association of Analytical Communities1. The quali-
ty of drinking water was evaluated in accordance with 
ISO 5667.

Productive variables and data collection. Weighing  
was performed on an HZ50002B CGoldenwall balance. 
Fifteen birds per treatment were weighed at various stag-
es, namely on days 1, 4, 7, and 10 (Pre-starter); 14, 21, 
and 22 (Starter); and 28, 35, and 42 (Finisher). The feed 
offered but not consumed was weighed daily. We evalu-
ated: initial body weight, final body weight, daily feed 
intake, daily weight gain, increased weight gain, feed 
conversion ratio, mortality, complete blood count, and 
blood biochemistry. The equations were as follows: 

               DFI  
Total number of animals

o cF  F−
=  

 
FCR  f

g

Q
W

=  

 
Total deaths × 100% Mortality  
Total population

=  

                 (1)

where DFI is the daily feed intake, g; Fo is the feed of-
fered, g; and Fc is the feed not consumed, g.

                        IBW = FBW – IBW                         (2)
1  AOAC. Official methods of analysis of the association of official analytical 
chemists. 20th ed. Washington: AOAC Inc., 2016.

where IWG is the increased weight gain, g; IBW is the ini- 
tial body weight, g; and FBW is the final body weight, g.
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where FCR is the feed conversion ratio; Qf is the quan-
tity of feed consumed during a period, g; and Wg is the 
weight gain during the same period, g.
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Blood and biomarkers. Chicken blood was drawn 
by cardiac puncture. On day 1, a pooled sample was tak-
en from the broiler chicken without any dietary interven-
tion as a baseline value. From day 7 onward, the blood 
profile was monitored weekly (Fig. 2), with processing 
carried out according to ISO 15189:2022 (the quality  
of clinical laboratories).

Statistical analysis. The data were analyzed using 
the Statistical Product and Service Solutions (SPSS) 
software, IBM SPSS version 21. The following model 
was used to describe the diets’ effects on the productive 
traits:

                           Yij = μ + Ti + eij                           (5)

where μ is the overall mean; Ti is the treatment effect 
(i = control, Sargassum sp.); and eij is the experimental 
error.

Mortality data, being binomial, were analyzed sepa- 
rately using the Chi-square (χ2) test to determine the sig- 
nificance of differences between the treatments. The differ- 
ences were considered statistically significant at p < 0.05.

a

b

 Figure 1 Experimental facilities: а – experimental pens; b – 
pre-starter phase
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Ethical considerations. In compliance with the eth-
ical standards, we followed the institutional and nation-
al guidelines for the care and use of laboratory animals 
under the directives of the Bioethics Committee for An-
imal Research of the Venezuelan Institute for Scientific 
Research2.

RESULTS AND DISCUSSION
Proximate composition of Sargassum sp. Table 1 

shows the proximate analysis of the brown macroalgae 
Sargassum sp. This alga has high mineral, fiber, and pro-
tein contents. Its significant nutritional value makes it an 
important raw material for feed formulations in all three 
growth phases evaluated in chickens. Various authors 
obtained similar bromatological results, suggesting that 
this alga can partially substitute imported protein and 
other nutrient sources used for poultry feed [2, 12, 14].

Proximate composition of the diets. In the prox-
imate composition profiles of the diets used (Table 2), 
slight variations were observed between the control and 
Sargassum sp. treatments for parameters such as mois-
ture, protein, fat, ash, fiber, calcium, and phosphorus  
at different stages (Pre-starter, Starter, Finisher). These 
diets were isocaloric and isoprotein, consistent with the 
literature [3, 4, 9]. The protein content in the Sargas-
sum sp. diet was slightly higher in the Pre-starter phase 
(20.48%) compared to the control (19.36%). This differ-
ence, although small, could contribute to better early 
development, considering that the seaweed is a complex 
source of crucial nutrients, including proteins [7–9]. 
However, at the Finisher stage, the protein content in 
the Sargassum sp. diet was slightly lower (18.98%) com-
2  Bioethics Committee for Animal Research of the Venezuelan Institute 
for Scientific Research. COBIANIM 2025-02; May 13, 2025.

pared to the control (19.44%). These variations in protein 
could influence the daily weight gain and feed conver-
sion efficiency. As can be seen in Fig. 3, the Sargassum sp.  
treatment showed a lower feed conversion ratio in the 
Pre-starter, Starter, and Finisher stages, suggesting bet-
ter feed utilization efficiency. 

Regarding fiber, the Sargassum sp. diet exhibited 
slightly higher values at all stages. This increase in fiber, 
although modest, could have implications for the intes-
tinal health of the birds. Dietary fiber has been shown 
to influence intestinal morphology and cecal microbio-
ta, which are essential for nutrient digestion and absorp- 
tion [17, 18]. The presence of fiber in seaweed can con-
tribute to a healthier intestinal environment, which in 
turn optimizes the overall performance of chickens.

The fat content in the Sargassum sp. diet was lower 
than in the control in the Pre-Starter (7.72 vs. 7.88) and 
Starter (10.17 vs. 10.27) stages. However, in the Finisher  
stage, the supplemented diet had a higher fat content 
than the control (10.23 vs. 9.56). 

Regarding minerals, differences were observed in 
ash, calcium, and phosphorus contents. Ash, which rep-
resents the total mineral content, was generally higher 
in the Sargassum sp. diet in the Starter (8.21 vs. 6.15%) 
and Finisher (7.44 vs. 5.46%) stages. This is consistent 
with the studies highlighting seaweed as a rich source 
of minerals [7–9]. The calcium content in the Sargas-
sum sp. diet was slightly higher in the Finisher stage 
(1.08 vs. 0.90%). The phosphorus content in the supple- 
mented diet was lower than, or equal to, that in the con-
trol. The availability of these minerals is crucial for 
bone development and other physiological functions in 
broiler chickens.

Drinking water quality. The analysis of the quality  
of the drinking water used in the study (Table 3)  

Figure 2 Blood samples

Table 1 Proximate composition of Sargassum sp., %

Parameter Sargassum sp.
Moisture 14.17
Protein 6.99
Fat 0.42
Ash 32.13
Fiber 10.60
Calcium 4.66
Phosphorus 0.09

Table 2 Proximate composition of the diets at various stages, %

Parameter Pre-Starter Starter Finisher
Control Sargassum sp. Control Sargassum sp. Control Sargassum sp.

Moisture 9.50 10.87 9.35 10.81 11.42 11.51
Protein 19.36 20.48 19.38 20.10 19.44 18.98
Fat 7.88 7.72 10.27 10.17 9.56 10.23
Ash 9.36 8.94 6.15 8.21 5.46 7.44
Fiber 2.42 2.90 2.27 2.89 2.68 2.87
Calcium 1.60 1.61 1.19 1.19 0.90 1.08
Phosphorus 0.68 0.65 0.60 0.60 0.62 0.58
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revealed that some values fell outside the regulated 
range, which is a critical factor to consider in poultry 
production.

Specifically, the free residual chlorine was 0 mg/L Cl,  
which is below the accepted range of 0.3–1.0 mg/L Cl. 
The absence of residual chlorine can compromise the 
microbiological quality of the water, since chlorine is a 
fundamental disinfectant for controlling the prolifera-
tion of microorganisms in poultry farm drinking water 
systems [19]. Poor microbiological water quality can in-
crease the microbial load in the gastrointestinal tract of 
chickens, affecting their health and performance [17, 18]. 
The water pH (6.32) was also found to be outside the reg-
ulated range of 6.5–8.5. A slightly acidic pH, such as the 
one observed, can influence the palatability of the water  
and, consequently, the birds’ water intake. Moreover, the 
water’s pH can affect the efficacy of certain additives and  
overall intestinal health. For example, Mohamed et al. [20]  
demonstrated that ionized water with a slightly alkaline 
pH can improve the productive performance and physi-
ological status of broiler chickens. Although we did not 
use ionized water, the deviation from the optimal pH 
could have influenced the results.

Another parameter outside the acceptable range was 
nitrate (34.53 mg/L NO3), exceeding the reference value  
for the sum of nitrite + nitrate as N (< 10 mg/L). Ele-
vated nitrate levels in drinking water can be harmful 
to avian health, affecting their performance and overall 
well-being. Water quality is a key component in main-
taining the health, well-being, and productive perfor-
mance of birds [20].

Productive parameters. Figure 3 illustrates the av-
erage body weight of the chickens over time. While a 
similar growth pattern was observed in both treatments, 
the Sargassum sp. treatment showed a slightly high-
er weight in the final stages of the study. The statistical 
analysis of daily weight gain in the broilers showed no 

significant differences (p < 0.05) between the control 
and Sargassum sp. treatments.

The improved weight in the experimental group is 
consistent with various studies that have reported Sargas- 
sum sp.’s positive effects on the nutritional value of feed, 
productive parameters, and the health of the birds [2, 3, 
6, 7, 9, 11, 12].

Table 4 demonstrates the productive parameters eval-
uated at different stages of the study. In the Pre-starter 
phase, the Sargassum sp. treatment showed slightly 
higher final body weight (285.40 g) and increased weight 
gain (246.82 g) compared to the Control (265.80 and 
227.16 g, respectively). This initial increase in yield sug-
gests an early beneficial effect of the macroalgae. The daily  
feed intake was also notably higher in the Sargassum sp.  
treatment at this stage (43.41 vs. 25.11 g). Combined with  
greater weight gain, this translates into better efficiency.  
These results are consistent with those of Kumar [8], 
who conducted dietary supplementation with Sargassum 
wightii Greville ex J. Agardh. and observed improved 
feed intake and body weight gain in poultry. A partic-
ularly relevant finding in the Pre-starter phase was that 
the feed conversion ratio was significantly lower in the 
Sargassum sp. treatment (0.35 vs. 0.75). This indicates 
that the birds use feed more efficiently for growth, which 
is a crucial factor from an economic perspective in poul-
try production. These findings are consistent with those 
in previous studies [11, 12, 14, 16, 21], which reported a 
marked improvement in the feed conversion ratio. 

Mortality was lower in the Sargassum sp. group in 
the Starter phase but higher in the Finisher phase, com-
pared to the Control (3.03 vs. 6.06% and 5.30 vs. 0.00%, 
respectively). The Pre-starter phase demonstrated the 
significant decrease in mortality in the Sargassum sp. 
treatment (6.82%) compared to the Control (20.45%). 
This reduction in mortality is an important indicator of 
improved overall health and well-being of the broilers 
supplemented with Sargassum sp., especially during the 
most vulnerable phases of the chicks’ life. Algae can be 

Table 3 Drinking water quality

Parameter Result Regulated value
Residual free chlorine, 
mg/L Cl*

0 0.3–1.0 (provisionally 
accepted up to 3.0)

Turbidity, NTU 1.5 5
Apparent color, Pt/Co 5 15
pH* 6.322 6.5–8.5
Total iron, mg/L Fe 0.1 0.3 (provisionally 

accepted up to 1.0)
Manganese, mg/L Mn 0 0.5
Nitrite, mg/L NO2 0.02 (Nitrite + Nitrate as N) 

< 10 mg/L
Nitrate, mg/L NO3* 34.53 (Nitrite + Nitrate as 

N) < 10 mg/L (approx. 
7.85 mg/L N from 
nitrate)

Chloride, mg/L Cl 17.85 300
Sulfate, mg/L SO4 23.53 500
Total dissolved solids, mg/L 247.04 1,000

* – values found out of range
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used as an alternative to antibiotics in broiler chickens 
to improve productive performance and reduce harmful 
pathogens in the gut [3–9]. The authors reported a pos-
itive effect of brown algae dietary supplementation on 
broiler performance and health. In another study, supple-
mentation of broiler feed with algae such as Sargassum 
sp. improved the birds’ cellular and humoral immune 
status, as well as their healthy intestinal microflora [2].

In the Starter and Finisher phases, the productive 
parameters such as the final body weight, daily feed 
intake, and increased weight gain were relatively sim-
ilar between the two treatments. However, the feed 
conversion ratio in the Sargassum sp. group remained 
consistently lower than that of the Control group in the 
Starter phase (0.77 vs. 0.99) and in the Finisher phase 
(1.07 vs. 1.53). This reinforces the idea that the inclusion 
of Sargassum sp. in the diet improves feed efficiency 
throughout the entire production cycle, even though the 
differences in weight gain are not as pronounced in the 
later phases.

These findings align with the literature reporting 
positive effects of various seaweed species on broiler per- 
formance. For example, supplementation with S. wightii 
has been shown to increase weight gain and improve 
the feed conversion ratio [8]. Similarly, the inclusion of 
Sargassum siliquastrum (Mertens ex Turner) C. Agardh 
1820 in the diet of Japanese quail has positively influ- 
enced its body weight [10]. The ability of algae to im-
prove small intestine morphology and nutrient absorp- 
tion, as observed with Chaetomorpha linum (O.F. Müller)  
Kützing, 1845 [21], resulted in improved weight gain, 
body weight, and feed conversion ratio. Furthermore, the  
use of brown seaweed meal such as Sargassum crassifo-
lium J. Agardh, 1848 has been shown to positively affect 
growth performance, even at inclusion levels of 18% [14].

Complete blood count. The complete blood count 
results allowed for the evaluation of health and physio-
logical status for both treatments throughout the study. 
In the Control group, hemoglobin levels were below the 
reference range on day 7 (7.3 g/dL), with leukocytes and 
platelets frequently above or below the reference values 
throughout the study (Table 5). Segmented neutrophils 
and lymphocytes also showed fluctuations outside the 
normal ranges on some days. 

According to Table 6, hemoglobin in the Sargas- 
sum sp. group was also below the normal range on day 7  
(6.5 g/dL). Leukocytes were above the reference range 
for almost the entire study and platelets were below the 
reference range throughout the trial. Segmented neutro-
phils and lymphocytes also showed variations relative 
to the reference values.

However, a study that evaluated the effect of dietary 
supplementation with S. wightii and Gracilaria corti-
cata (J. Agardh) J. Agardh, 1852 on the blood profiles 
of TANUVAS Aseel chickens found these parameters 
within the reference ranges, namely hemoglobin, seg-
mented neutrophils, lymphocytes, eosinophils, mono-
cytes, and platelets [6]. Another study revealed that the 
addition of Sargassum sp., Spirulina sp., and Gracilar-
ia sp. significantly reduced leukocytes [2]. The authors 
also reported that the Sargassum sp. treatment showed 
the same levels of heterophils and lymphocytes as in 
the control group, as well as the highest levels of mono-
cytes among the treatments.

Blood biochemistry. Table 7 shows the blood bio-
chemistry parameters of the control broilers. As can be 
seen, urea, alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), total bilirubin, and total pro-
tein showed out-of-range values (mostly above) through-
out the study. Blood glucose, creatinine, and calcium 

Table 4 Productive parameters of broiler chickens at various stages

Parameter treatment Pre-starter Starter Finisher
Control Sargassum sp. Control Sargassum sp. Control Sargassum sp.

Initial body weight, g 38.64 38.58 265.80 285.40 1092.07 1099.27
Final body weight, g 265.80 285.40 1092.07 1099.27 2743.88 2759.34
Daily feed intake, g 25.11 43.41 98.95 73.75 214.90 214.68
Increased weight gain, g 227.16 246.82 826.27 813.87 1651.81 1660.08
Feed conversion ratio 0.75 0.35 0.99 0.77 1.53 1.07
Mortality, % 20.45 6.82 6.06 3.03 0.00 5.30

Table 5 Complete blood count of the control chickens

Parameter Reference 
value

Days
7 14 21 28 35 42

Hemoglobin, g/dL 8.00–18.00 7.3* 11.6 10.4 9.7 8.0 10.4
Leucocytes, cell/µL or mm3 4,000–40,000 29,751 90,871** 59,583** 21,450 31,949 45,117**
Segmented, % 20–50 51** 35 46 50 55** 46
Lymphocytes, % 45–75 47 62 50 46 42* 52
Eosinophils, % 0–2 1 1 2 2 1 1
Monocytes, % 2–10 1* 2 2 2 2 1*
Platelets, cells/µL or mm3 15,000–35,000 2,000* 3,000* 3,000* 1,000* 2,000* 10,000*

* – below reference value; ** – above reference value. Values not determined
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levels fluctuated, with some values falling outside the 
reference ranges at several time points. Cholesterol and 
triglycerides showed mostly normal values, with some 
values falling outside the reference range.

The blood biochemistry parameters of the Sargas-
sum sp.-treated broilers are presented in Table 8. As can 
be seen, blood glucose, urea, creatinine, ALT, and to-
tal bilirubin levels were outside the normal range, pre- 
dominantly above the reference values. AST and total 
protein showed some deviations from the normal ranges. 
These results were similar to those reported in a study 
evaluating the supplementation with S. wightii and 
G. corticata in TANUVAS Aseel chickens. In particular, 

the authors recorded elevated uric acid and creatinine 
levels in all the treatments and a highly significant re-
duction in AST [6].

The heterophil, lymphocyte, eosinophil, and throm-
bocyte counts, as well as the heterophil-to-lympho-
cyte ratio, serum sodium, and uric acid are significant 
markers of physiological stress in broiler chickens sub-
jected to crowding or feed deprivation stress [22]. It is 
noteworthy that blood calcium was below the reference 
range on day 7 (0.99 mg/dL) and above it on day 21 
(12.84 mg/dL). These extreme fluctuations in calcium 
levels cause concern, as calcium is vital for bone health, 
nerve function, and muscle function in birds. Although 

Table 7 Blood biochemistry of the control chickens

Parameter Reference 
value

Days
1 7 14 21 28 35 42

Blood glucose, mg/dL 200–370 244 248 321 225 195* 248 219
Urea, mg/dL 2.50–5.00 17.50** 5.70** 1.70* 3.90 11.30** 0.36* 8.10**
Creatinine, mg/dL 0.17–0.42 2.24** 0.42 0.29 0.38 0.14* 0.18 0.24
ALT, UI/L or U/L 20–50 252** 10* 138** 157** 150** 260** 321**
AST, UI/L or U/L 25–275 287** 8* 302** 169 165 270 313**
Total bilirubin, mg/dL 0.006–0.120 0.28** 0.78** 0.15** 0.69** 0.77** 0.46** 0.47**
Total protein, mg/dL 2.50–4.50 1.82* 2.59 2.06* 2.24* 2.83 2.43* 3.17
Blood calcium, mg/dL 8.00–11.00 9.96 9.47 10.33 10.59 8.07 11.97** 9.07
Cholesterol, mg/dL 87–192 249** 231** 167 142 174 141 89
Triglycerides, mg/dL 31–166 51 168** 31 102 124 67 14*

ALT – alanine aminotransferase; AST – aspartate aminotransferase; * – below reference value; ** – above reference value

Table 8 Blood biochemistry of Sargassum sp.-treated chickens

Parameter Reference 
value

Days
1 7 14 21 28 35 42

Blood glucose, mg/dL 200–370 244 127* 129* 381** 262 254 381**
Urea, mg/dL 2.50–5.00 17.50** 2.6 7.70** 2.30* 12.10** 10.50** 6.80**
Creatinine, mg/dL 0.17–0.42 2.24** 0.02* 0.02* 0.40 0.21 0.45** 0.19
ALT, UI/L or U/L 20–50 252** 5* 25 125** 156** 241** 251**
AST, UI/L or U/L 25–275 287** 3* 274 175 187 222 254
Total bilirubin, mg/dL 0.006–0.12 0.28** 0.61** 2.01** 0.53** 1.76** 0.36** 0.99**
Total protein, g/dL 2.50–4.50 1.82* 0.8* 4.01 3.09 2.91 2.6 2.68
Blood calcium, mg/dL 8.00–11.00 9.96 0.99* 10.25 12.84** 10.32 10.69 10.49
Cholesterol, mg/dL 87–192 249** 211** 153 153 175 131 99
Triglycerides, mg/dL 31–166 51 175** 76 225** 199** 63 58

ALT – alanine aminotransferase; AST – aspartate aminotransferase; * – below reference value; ** – above reference value 

Table 6 Complete blood count of Sargassum sp.-treated chickens

Parameter Reference 
value

Days
7 14 21 28 35 42

Hemoglobin, g/dL 8.00–18.00 6.5* 9.1 9.4 9.3 8.9 9.5
Leucocytes, cell/µL or mm3 4,000–40,000 53,788** 83,380** 64,030** 24,465 47,243** 29,836
Segmented, % 20–50 60** 61** 47 49 46 46
Lymphocytes, % 45–75 35* 36* 50 47 51 51
Eosinophils, % 0–2 2 1 1 2 2 2
Monocytes, % 2–10 3 2 2 2 1* 1*
Platelets, cells/µL or mm3 15,000–35,000 – 2,000* 2,000* 1,000* 1,000* 1,000*

* – below reference value; ** – above reference value. Values not determined
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seaweed is rich in minerals, including calcium [7–9], 
the dynamics of its absorption and metabolism in the 
presence of Sargassum sp. could be complex, requiring 
further investigation. 

Regarding lipids, cholesterol in the Sargassum sp. 
treatment was above the normal range on days 1 and 7,  
but then normalized. Triglycerides also showed ele-
vated values on days 7, 21, and 28, and although peaks 
were observed, the overall trend toward normalization 
in the final stages could be a positive effect. The hypo-
cholesterolemic effect of Sargassum sp. might be due 
to its active ingredients, such as saponins, hemicellulo-
ses, mucilages, tannins, and pectins, which help reduce 
low-density lipoprotein cholesterol in the blood. In an-
other study, the total lipid profile showed a significant 
reduction in total cholesterol in broiler chickens exposed 
to dietary supplementation with Sargassum muticum 
(Yendo) Fensholt, 1955 extract [12]. The inclusion of 
S. muticum and Pulicaria undulata (L.) C.A. Mey. ex-
tracts was also found to significantly decrease total plas-
ma lipids and, at the same time, increase high-density 
lipoprotein cholesterol levels in broiler chickens [11].

CONCLUSIONS
The inclusion of the macroalgae Sargassum sp. into 

broiler diets demonstrates its potential as a functional 
additive. The proximate analysis confirmed its richness 
in minerals, with 32.13% ash and 10.6% fiber, position-
ing it as a valuable ingredient for feed formulation.

Throughout the three growth phases, the inclusion 
of 10% Sargassum sp. had a notable effect on the pro-
ductive parameters. While the final body weight was 
not significantly different (p > 0.05), the supplemented 
diet significantly improved the feed conversion ratio and 
notably reduced early mortality. The improved feed con-
version ratio, particularly significant in the Pre-starter 
phase (0.35 vs. 0.75), indicates that the broilers used the 
feed more efficiently. Furthermore, the significant reduc-
tion in mortality (6.82% in the Sargassum sp. group vs. 
20.45% in the Control group) suggests a positive effect 
of the alga’s bioactive agents on the overall well-being of 
the chickens, as supported by the literature.

Despite these positive results, it is important to con-
sider the impact of drinking water quality, since out-of-

range values for residual free chlorine, pH, and nitrates 
could have influenced the performance and health pa-
rameters of the broilers in both treatments.

While fluctuations in hematological and blood bio-
chemistry parameters were evident in both treatments, 
the Sargassum sp. diet showed a trend toward normaliz-
ing cholesterol levels in the final stages, consistent with 
the hypocholesterolemic effect reported in other studies. 
However, extreme calcium variations were observed in 
the Sargassum sp. treatment, which warrants further in-
vestigation to understand the dynamics of this mineral’s 
absorption and metabolism.

Finally, our findings support the feasibility of using  
Sargassum sp. as a nutritional supplement in broiler 
chicken feed. Its benefits in feed conversion efficiency 
and the reduction of early mortality highlight its po-
tential to improve the sustainability and profitability of 
poultry production. However, they also suggest areas for 
future research, such as optimizing the dosage and gain-
ing a deeper understanding of its physiological impact.
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Abstract: 
This study addressed the research gap in the comprehensive elemental profiling and bio-accessibility assessment of various 
plant parts of two indigenous Carissa carandas (karonda) types.
Fresh fruits, leaves, bark, and roots were freeze-dried, ground, and sieved (300 µm). The samples underwent microwave-assisted 
digestion with sub-boiled nitric acid and hydrogen peroxide, followed by inductively coupled plasma mass spectrometry to 
quantify 20 elements. The list included major (P, K, Ca, Na, and Mg), minor (B, Mn, Fe, Cu, Zn, etc.), and toxic trace elements 
(Ni, Cd, Pb, etc.). The hydrochloric acid extractability was assessed using 0.03 N HCl incubation at 37°C for 4 h to simulate 
gastric conditions.
The study revealed significant tissue-specific variations in the mineral content: the leaf samples exhibited the highest levels 
of phosphorus (3,836.69 mg/kg) and magnesium (4,682.87 mg/kg), the fruits were rich in potassium (2,971.64 mg/kg), the 
bark accumulated high calcium amounts (8,823.55 mg/kg), and roots contained elevated sodium levels (2,129.18 mg/kg). The 
hydrochloric acid extractability also varied, with potassium and phosphorus showing high extractability in the fruit samples 
(80.06 and 87.51%, respectively) while magnesium and boron were more extractable in the leaves. Such toxic elements as lead 
(43.32 mg/kg, roots) and cadmium (1.22 mg/kg, bark) exceeded permissible limits, raising safety concerns.
C. carandas proved to be a potential source of essential minerals, particularly its leaves and fruits, which demonstrated good 
nutraceutical prospects. The study provides a scientific basis for targeted use of specific C. carandas plant parts with an outlook 
of in-vivo bioavailability examination.

Keywords: Carissa carandas, karonda, inductively coupled plasma mass spectrometry, mineral bio-accessibility, hydrochloric 
acid extractability, trace elements
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INTRODUCTION 
Carissa carandas L., also known as karonda and 

Christ thorn tree, is an evergreen shrub belonging to the 
Apocynaceae family. It grows in tropical and sub-trop-
ical regions [1]. It is native to and commonly found 
throughout India, Java, Sri Lanka, Malaysia, Pakistan, 
and Myanmar, especially in its wild form [2]. C. caran-
das thrives on inferior and marginal lands where other 
fruit trees fail to grow [3]. It is cultivated primarily for 
its colored edible fruits, but its thorns make it an excel-
lent hedge plant for orchards. Karonda fruits are a res-
ervoir of essential nutrients. They are exceptionally rich 
in iron and calcium. Therefore, karonda fruits and foods 
are a valuable component of anti-anemic diet. Addi-
tionally, karonda fruits contain more ascorbic acid than  

apples [4]. Acidic and sweet mature fruits are popular 
as food. Other C. carandas parts are also rich in various 
phytocompounds, i.e., saponins, phenolics, cardiac gly-
cosides, alkaloids, flavonoids, and triterpenoids [5].

Some elements are essential for human health in 
small amounts because they participate in enzymatic 
processes. Minor and trace elements are very important 
due to their essential nutritious value; however, excess 
intake may be harmful. Therefore, an accurate anal-
ysis of these elements in food is necessary. Inductively 
coupled plasma mass spectrometry (ICP-MS) provides 
accurate quantification of minor and trace elements 
in food. 

Previous studies offer rather meagre information 
about the descriptive elemental profile of C. carandas 
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fruits, leaves, bark, and roots while other berries are 
a popular subject of elaborated studies. For instance,  
Hua et al. [6] conducted an ICP-MS multi-element analy- 
sis on strawberries and blueberries and determined the 
concentration of 18 elements (B, Na, Mg, Al, P, K, Ca, 
Cr, Mn, Fe, Ni, Cu, Zn, Ge, As, Se, Cd, and Pb). More 
descriptive elemental profiles of raspberries [7, 8], wild 
berries [9], and other berry-type fruits have been as-
sessed in recent years. However, these studies focus 
mostly on the elemental profile of berries and fail to 
cover other plant parts, i.e., bark, leaves, roots, stem, 
etc. Moreover, no comparative analysis of various plant 
parts with respect to elemental profile has been docu-
mented for berries, specifically for C. carandas. 

To incorporate C. carandas plant into human diet, it 
is imperative to assess its elemental profile and hydro-
chloric acid (HCl) extractability. Its mineral profile may 
assist food scientists in developing new nutraceutical 
functional products. 

Consequently, the goal of this research was to as-
sess the levels of 20 elements (Li, B, Na, Mg, Al, P, K, 
Ca, Mn, Co, Ni, Fe, Cu, Zn, Ga, Sr, Pb, Cd, Ba, and Bi) 
along with their HCl extractability, i.e., bio-accessibility, 
in fruits, leaves, bark, and roots of two indigenous C. ca-
randas types (pink and green).

STUDY OBJECTS AND METHODS
Plant material. We studied two local plant types of 

Carissa carandas L., i.e., pink and green. Fresh fruits, 
leaves, bark, and roots of both types were obtained 
from the Regional Research Station, Bawal, Chaudhary 
Charan Singh Haryana Agricultural University, Hisar,  
India. The plant parts were cleaned properly and dried in 
a freeze dryer to be ground into a fine powder, sieved to 
a uniform particle size (< 300 µm), and stored at –18℃ 
till further experimentation.

Reagents and standards. The research featured ni-
tric acid HNO3 (69%; Sigma-Aldrich CHEMIE, USA), 
hydrogen peroxide H2O2 (30%) and hydrochloric acid 
HCl (Merck, Germany), and type I water (American So-
ciety for Testing and Materials; resistivity of 18.2 mΩ/cm  
at 25°C; Millipore Water Purification System). 

The calibration standards for twenty elements under 
study (7Li,11B, 13Na, 14Mg, 17Al, 31P, 39K, 40Ca, 55Mn, 59Co, 
59Ni, 56Fe, 64Cu, 65Zn, 70Ga, 88Sr, 107Pb, 111Cd, 137Ba, and 
209Bi) were prepared with 0.1% HNO3 (v/v) by adequately  
diluting multielement stock solutions (1,000  mg/L; Ab-
solute Standards, Merck, Germany). Argon (purity 
≥ 99.999%; Sigma Gases, New Delhi) was employed as 
the carrier gas.

Equipment. The multi-elemental trace analysis in-
volved an inductively coupled plasma mass spectrom-
etry (ICP-MS) iCAP RQ Series device (Thermo Fisher 
Scientific, USA) equipped with an autosampler (Au-
tosampler ASX-560, Thermo Fisher Scientific, USA). 
The sample introduction system consisted of a cyclonic 
chamber and a concentric nebulizer. The system con-
trol relied on the Qtegra™ Instrument Control software. 
The samples were digested using the Anton Paar Mul-

tiwave Pro microwave digestion system. Table 1 illus-
trates the operational conditions. 

Specification resume for ICP-MS. We placed 200 mg  
of each sample in microwave vials with 1 mL H2O2 
(30%) and 4 mL sub-boiled HNO3 (69%). The vials were  
left open for 20 min to prevent a sudden increase in 
pressure during the digestion process. The heating pro-
gram consisted of three successive steps. During the first 
step, the temperature was rising from 25 to 100°C over 
10 min. During the second step, the temperature was  
increasing linearly to 170°C to remain at this tempera-
ture for 30 min. The last step was a 10 min cooling phase.  
After opening the digestion vials, we obtained a colorless  
solution, clear of any particles, which signified a suc-
cessful digestion. After cooling it to room temperature, 
we transferred the mix to 50-mL polypropylene tubes, 
diluted with ultrapure deionized water, and syringe-fil-
tered it using 0.2-µm polytetrafluoroethylene membrane 
filters. The reagent blanks were prepared simultaneously 
in triplicate. The elemental analysis of the finally diluted 
solution in polypropylene tubes was also triplicated.

HCL extractability of minerals. We used  
0.03 N HCl to extract minerals from the powdered 
samples. A 200-mg test sample was mixed with 10 mL 
of HCl (0.03 N) and incubated in an orbital shaker  
(100 rpm) maintained at 37°C for 4 h. The mix was then 
centrifuged at 5,000 rpm; the clear supernatant was 
dried at 100°C till 2–3 mL of extract remained. These 
extracts were digested in the same way as the powders. 
The extractable minerals in the digested samples were 
determined by the methods described above. To esti-
mate the extractability, %, of each mineral component, 
we used the following Eq. (1):

Mineral extractable in 0.03 N HClHCl extractablity
Total mineral content

=  (1)

Table 1 Operational conditions for inductively coupled plasma 
mass spectrometry

Parameter Value/setting
Nebulizer Glass, concentric, 0.4 mL/min 

sample consumption
Torch vertical alignment, mm 0.2–0.5
Sampling depth, mm 15
Cooling water flow, L/min 0.59
Auxiliary gas flow rate, L/min 0.8
Dwell time, ms 50
Focus lens voltage, V 18.09
Spray chamber Quartz, cyclonic
Radio frequency power, kW 1.54
Torch horizontal alignment, 
mm

0.4–1.0

Number of replicates per 
sample

3

Cool gas flow rate, L/min 13.9
Nebulizer gas flow rate,  
L/min

1.0–1.07

Sweeps/readings 10
Sample uptake rate, mL/min 0.24
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RESULTS AND DISCUSSION
Carissa carandas L. is a rich source of various min-

erals famous for its high iron content among all fruits. 
In this study, we explored the mineral profiles of other 
karonda parts for various application prospects, i.e., nu-
traceuticals and pharmaceuticals. Additionally, we also 
assessed the hydrochloric acid (HCl) extractability of 
minerals to measure the bio-accessibility of these miner-
als in digestive systems. In Table 2, the elements are di-
vided into major (P, K, Ca, Na, and Mg), minor (B, Mn, 
Fe, Cu, Zn, Li, Co, Ga, Sr, and Al), and toxic trace ele-
ments (Ni, Cd, Ba, Pb, and Bi). 

Major minerals. In relation to major minerals, we 
observed a significant difference between various plant  
parts for both pink and green types of C.  carandas.  
The highest phosphorus content belonged to the leaves of 
pink and green types as 3,836.69 ± 31.13 and 3,743.58 ±  
111.36  mg/kg, respectively, with significant (p < 0.05) 
differences. The lowest value was observed in green 
karonda roots (1,810.87 ± 32.16 mg/kg). On the other hand,  
the HCl extractability of phosphorus was at its highest  
in pink karonda fruits (87.51 ± 2.60%) and at its lowest 
in pink karonda roots (55.55 ± 0.40%). The general trend 
for total phosphorus content and its extractability was 
leaf > bark > fruit > root and fruit > bark > leaf > root, 
respectively. 

The high phosphorus content in leaves can be at-
tributed to their role in photosynthesis and metabolic 
processes, which require significant amounts of phos-
phorus [10]. After absorption, phosphorus is loaded 
from the roots into the xylem and distributed into the 
shoots. It then accumulates in leaves during the plant 
growth phase until leaf senescence. Thereafter, plants 
remobilize phosphorus from the senescing leaves into 
the reproductive structures [11]. This could partly ex-
plain the higher extractability of phosphorus in C.  ca-
randas fruits. However, high phosphorus levels are not 
necessarily desirable, especially when it is in the form of 
phytate, which is not absorbed by humans and limits the 
bioavailability of dietary zinc and iron [12]. Moreover, 
high levels of phytic acid, such as in leaves and bark,  
restrict the solubilization of phosphorus: phytic acid 
binds to phosphorus and lowers its extractability [13].

Similarly, C.  carandas leaves were rich in magne-
sium content with the highest content in green karonda 
leaves (4,682.87 ± 21.11 mg/kg) while the lowest con-
tent was observed in green karonda roots (1,217.67 ± 
32.93 mg/kg). However, the extractability trends dif-
fered from those of phosphorus. The highest extract-
ability of magnesium belonged to pink karonda leaves 
(97.72 ± 1.32%), followed by green karonda leaves 
(91.83 ± 0.99%), while the lowest was observed in green 
karonda roots (49.72 ± 0.96%). The general trend for 
both magnesium content and its extractability was the 
same, i.e., leaf > bark > fruit > root. 

The high magnesium content in leaves can be at-
tributed to its role as a central component of chlorophyll, 
which is vital for photosynthesis [14]. It facilitates the 
capture of light energy and the conversion of carbon di-

oxide and water into carbohydrates and oxygen, thereby 
playing a crucial role in plant growth and biomass accu-
mulation. Therefore, most magnesium in plants is bound 
or incorporated in cellular compartments, with the 
highest concentrations in chloroplasts, i.e., leaves [12].  
Beyond photosynthesis, magnesium acts as a co-factor 
for numerous enzymes involved in metabolic processes, 
including ATP synthesis, nucleic acid stabilization, and 
carbohydrate metabolism [15]. Leaf tissues are gener-
ally more permeable than bark or root tissues, allow-
ing extracting agents to penetrate deeper, which might  
be responsible for the higher HCl extractability of mag-
nesium [16].

Concerning potassium content, the highest val-
ues were observed in green and pink karonda fruits as 
2,971.64 ± 24.08 and 2,855.44 ± 108.21 mg/kg, respec-
tively. The lowest content belonged to pink karonda 
roots (789.06 ± 24.81  mg/kg). A similar trend was ob-
served regarding the extractability of potassium. The 
highest potassium extractability was registered in pink 
karonda fruits (80.06 ± 2.67%), which was non-signifi-
cantly followed by green karonda fruits (79.66 ± 3.09%). 
The lowest potassium extractability was observed in 
green karonda roots (30.34 ± 1.31%). The overall trend 
for both potassium content and its extractability was the 
same, i.e., fruit > leaf > bark > root. 

Potassium plays vital roles in water relations, pho-
tosynthesis, and assimilating transport during fruit 
growth [17]. The present investigation aligns with the 
study conducted by Cheng et al. [18], who demonstrated 
that potassium accumulation varied significantly across 
different parts of apple trees during different growth 
stages. The increased potassium supply led to higher 
concentrations of potassium in all plant organs, sup-
porting the notion that fruits naturally accumulate more 
potassium to support their development. 

A study on strawberry fruit development indicated 
that potassium channels may play a critical role in fruit 
quality. The expression of potassium transporter genes 
was closely associated with fruit ripening and such 
quality attributes as firmness and sugar content. This 
correlation suggests higher potassium concentrations in 
fruits as compared to other plant parts. The high extract-
ability can be explained by the fact that fruits possess 
specialized cellular mechanisms for potassium uptake 
and transport, which facilitate the movement of K+ ions 
into vacuoles within fruit cells, increasing the solubility 
and bioavailability of potassium [19]. 

These channels are particularly active during the 
ripening process, allowing fruits to accumulate higher 
levels of potassium compared to leaves or roots. In ad-
dition, the chemical composition of fruits also affects 
potassium extractability. Fruits often contain organic 
acids and sugars that can form complexes with potassi-
um, enhancing its solubility [20]. 

Unlike magnesium, phosphorus, and potassium, 
the calcium content was highest in green karonda bark 
(8,823.55 ± 310.98 mg/kg) while the lowest result be-
longed to green karonda fruits (958.80 ± 10.37 mg/kg).  
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However, the extractability showed some different sce-
nario. The highest extractability of calcium was ob-
served in pink karonda fruits (77.06 ± 1.81%) while the 
lowest was registered in pink karonda leaves (28.17 ± 
0.71%). The overall trend for total calcium content and 
concerned extractability was bark >  leaf >  root >  fruit 
and fruit > root > bark > leaf, respectively. 

Calcium plays a crucial role in cambial activity and 
xylem development, which is important for structural 
integrity. Therefore, woody tissues, such as bark, tend 
to accumulate higher concentrations of minerals due to 
their slower turnover rates compared to more metaboli-
cally active tissues like leaves and fruits. This accumu-
lation serves as a nutrient reserve that supports growth 
during critical developmental phases [21]. Regarding 
extractability, Hocking et al. [22] supported this no- 
tion, indicating that fruit tissues often contain more sol-
uble forms of calcium, which are readily available for 
extraction.

The sodium content was at its maximum in the root 
samples. The highest sodium content belonged to pink 
karonda roots (2,129.18 ± 94.04 mg/kg) with the low-
est extractability (59.05 ± 1.86%). The lowest sodium 
content was observed in green karonda bark (353.49 ±  
4.46 mg/kg). The highest extractability belonged to pink  
karonda leaves (72.87 ± 0.99%). The overall trend for to- 
tal sodium content and extractability was root >  fruit > 
 leaf > bark and leaf > fruit > bark > root, respectively. 

The higher sodium content in roots can be attributed  
to its primary role in osmotic regulation, maintaining 
turgor pressure, and facilitating water uptake. The higher  
accumulation of sodium in roots indicates their direct 
contact with saline soils [23]. Despite the high sodium 
content in roots, their extractability is lower compared 
to leaves and fruits. This phenomenon can be explained 
by the compartmentalization of sodium ions within root 
cells, where they are sequestered in vacuoles to mitigate 
toxicity [24]. Compartmentalization serves as an import-
ant mechanism for plants to manage excess sodium, pre-
venting it from interfering with cellular processes [25]. 
In contrast, the higher extractability in leaves indicates 
that these tissues may contain more soluble forms of so-
dium or less complex binding sites for this nutrient [26].

Minor minerals. In this study, the list of minor 
minerals included B, Mn, Fe, Cu, Zn, Li, Co, Ga, Sr, 
and Al. Leaves were found richer in total boron con-
tent as compared to other plant parts. The highest boron 
content was observed in pink karonda leaves (261.31 ± 
6.76  mg/kg) while the lowest was detected in green 
karonda roots (10.14 ± 0.06 mg/kg). Extractability trends  
were also similar: the highest extractability of boron be-
longed to leaves, specifically in the pink karonda sam-
ples (88.66 ± 2.22%), while the lowest boron content 
was found in green karonda roots (50.24 ± 1.59%). The 
general trend for both total boron content and extracta-
bility was leaf > bark > fruit > root. 

Boron plays a crucial role in the synthesis of pectin 
and maintaining cell wall structure in leaves, which 
is also essential for the proper functioning of chloro-

plasts. This phenomenon explains why boron accumu-
lation is highest in leaves [26, 27]. It can be attributed 
to the presence of less complex binding sites in leaf tis-
sues. This finding was in line with Ali et al. [28], who 
explained the high extractability in leaves as a result of 
physiological adaptations.

Similarly, leaves also demonstrated the highest man-
ganese content, especially the pink karonda variety  
(135.78 ± 3.06 mg/kg), followed by pink karonda bark  
(132.30 ± 2.62 mg/kg) and green karonda leaves (132.08 ±  
4.41 mg/kg). The lowest manganese content was in 
green karonda fruits (32.65 ± 0.77 mg/kg). We detected  
the highest extractability of manganese in green 
karonda leaves (92.28 ± 1.33%) and the lowest in pink  
karonda roots (55.98 ± 1.16%). The general trend for  
total manganese content and extractability was leaf  >  
bark > fruit > root and leaf > fruit > bark > root. 

Similar findings were reported by Imenšek et al. [12] 
in different plant parts of various elderberry (Sambu- 
cus spp.) interspecific hybrids. Marschner [29] observed 
a meagre distribution of manganese in plants: it accu-
mulated primarily in photosynthetically active leaves. 
Bark was also found rich in manganese but could not 
be recommended for use because of its difficult accessi-
bility and because bark harvesting is destructive for the  
plant [30]. Moreover, leaves showed the highest extract-
ability of manganese as it exists in various chemical 
forms within plant tissues, with a significant proportion 
being water-soluble or bound to organic compounds [31]. 
Acidic environment can effectively release manganese 
from vacuolar storage, resulting in higher extractability 
from leaves. Iron is an antagonist to manganese extract-
ability: high concentrations of iron in the plant restrict 
manganese mobility and solubility [32]. Plants often 
sequester excess manganese in vacuoles to mitigate po-
tential damage in response to manganese toxicity. For 
example, Liu et al. [33] reported higher accumulation of 
manganese in peanut leaves (Arachis hypogaea L.) than 
in roots under the conditions of manganese toxicity.

C.  carandas fruits are famous for their high iron 
content; however, its other parts are much higher in 
iron content with a lower HCl extractability. The high-
est iron content was observed for pink karonda bark 
(2,945.25 ± 97.19 mg/kg) while the lowest belonged 
to green karonda fruits (112.89 ± 0.71 mg/kg). The ex- 
tractability trends were significantly different: the 
highest iron extractability was observed in fruit sam-
ples, specifically in the pink karonda variety (62.38 ± 
1.12%), while the lowest belonged to green karonda bark 
(18.43 ± 0.07%). The general trend for total iron con-
tent and extractability was bark > root > leaf > fruit and 
fruit > root > leaf > bark, respectively. 

Mohammadzadeh et al. [34] obtained similar results 
for Persian oak. A semi-systematic review of iron con-
tent across 1,228 plant species indicated that bark often 
contains substantial amounts of iron, although specific 
concentrations vary widely among species [35]. How-
ever, Imenšek et al. [12] detected more iron in blue-
berry roots than in bark while the lowest content was 
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observed in berries. This variation of iron across plant 
parts could be attributed to the lower solubility of iron 
and its cell compartmentalization in roots and bark [36]. 
The high extractability of iron in fruits may be due to 
organic acids, and iron is highly soluble in acidic envi-
ronment [32].

The highest content of copper belonged to pink 
karonda bark (39.05 ± 1.23 mg/kg) while the lowest 
belonged to pink karonda leaves (14.47 ± 0.63 mg/kg),  
non-significantly followed by green karonda roots 
(14.94 ± 0.50 mg/kg). The highest extractability of cop- 
per was in pink karonda roots (77.08 ± 1.46%) while the  
lowest was in pink karonda bark (43.15 ± 0.08%). The 
general trend for total copper content and extractability 
was bark >  fruit >  leaf >  root and root >  fruit >  leaf >  
bark, respectively. 

Our studies were in agreement with Imenšek et al. [12]  
and Walkowiak-Tomczak et al. [37], where elderberry  
bark was found richer in copper than other plant parts. 
The higher concentration of copper in bark also in-
dicates its structural role in plant system. However, 
wetland and metallophyte plant species tended to accu-
mulate copper in roots [38, 39]. The high copper extract-
ability from root may be traced to the ability of plants 
to sequester excess copper in vacuoles. It allows for the 
detoxification and storage of this micronutrient, which 
maintains cellular homeostasis and makes copper more 
available [40]. Additionally, copper ions can readily 
bind to cell walls and membranes, which can enhance 
the solubility of copper [41]. Similar findings were re-
ported by Gul et al. [42] while working on Berberis bal-
uchistanica Ahrendt: the total copper concentrations 
were higher in bark and leaves while the extractability 
was significantly greater in roots.

In a similar way, barks of both plant types contained 
high amounts of zinc and strontium. The highest con-
centration of zinc was observed in pink karonda bark 
(194.29 ± 6.48 mg/kg) and the lowest belonged to green 
karonda roots (115.51 ± 3.02 mg/kg). The extractability  
trends for zinc were somewhat different. We observed 
the highest extractability in pink karonda leaves 
(39.39 ± 0.46%) and the lowest in green karonda bark 
(9.26 ± 0.20%). The general trend for total zinc con-
tent and extractability was bark > fruit > root >leaf and 
leaf > fruit > root > bark, respectively. 

Zinc deficiency are observed in those human pop-
ulations that stick to diets high in phytate and low in  
meat [29]. Zinc shows good mobility within plant tis-
sues and is actively transported through the phloem. 
Therefore, its content in plant roots does not exceed its 
content in other plant parts [43]. Zinc was preferentially  
available in leaves, nodes, and developing buds owing  
to its main role in photosynthesis and maintaining  
adequate levels for growth during critical developmen-
tal stages, which might be a cause for its higher extract-
ability in leaves [44].

As mentioned previously, barks of both plant types 
also contained high amount of strontium: the highest was 
observed in green karonda bark (370.33 ± 11.35 mg/kg)  

and the lowest was detected in green karonda fruits 
(33.12 ± 1.02 mg/kg). The extractability trends for stron-
tium showed converse results. The highest extractability 
belonged to pink karonda fruits (84.76 ± 3.44%) while 
the lowest one belonged to green karonda bark (36.49 ±  
0.86%). The general trend for total strontium content 
and extractability was bark  >  leaf  >  root  >  fruit and 
fruit > root > leaf > bark, respectively. 

The results of our study were in close agreement 
with those reported by Imenšek et al. [12], who found 
the highest strontium content in plant leaves followed 
by shoots and the lowest in flowers and fruits of various 
elderberry (Sambucus spp.) hybrids. Such results were 
most likely caused by the movement of strontium from 
roots to stem and then to the leaves. Strontium is poorly 
phloem-mobile: it is distributed in plants mainly through 
the xylem, which makes it poorly available in fruits [29]. 
In smaller quantities, strontium had a positive effect on 
metabolic bone diseases in humans [45]. On the other 
hand, strontium had various toxic effects on lungs and 
reproductive system when consumed in higher amounts, 
which majorly happens through leafy vegetables [46]. 
The higher extractability of strontium in fruits may be 
attributed to the presence of organic acids and the high 
acidic environment, which makes it more extractable 
and bioavailable in fruits [36]. 

In this research, the barks of both C. carandas types  
accumulated some minerals in a trace amount which 
was not found significant in terms of their nutritional  
value or toxicity to humans. Bark tended to accumu-
late higher concentrations of lithium with the highest  
content being observed in pink karonda bark (4.78 ±  
0.13 mg/kg) and the lowest in pink karonda fruits 
(0.62 ± 0.01 mg/kg). On the other hand, the extractability  
was at its maximum in pink karonda leaves (90.50 ±  
0.33%) and at its minimum in green karonda bark 
(47.42 ± 1.45%). The general trend for total lithium con-
tent and extractability was bark > leaf > root > fruit and 
leaf > fruit > root > bark, respectively. 

This accumulation pattern was consistent with pre-
vious research suggesting that bark often serves as a 
reservoir for various minerals, including lithium, due to 
its structural and protective roles [47]. The high extract-
ability in leaves may be attributed to their thinner cellu-
lar structure [48].

In a similar way, the highest content of gallium was  
observed in pink karonda bark (1.49 ± 0.06 mg/kg) while 
the lowest belonged to green karonda fruits (0.05 ±  
0.01 mg/kg), non-significantly followed by pink karonda  
fruits (0.06 ± 0.01 mg/kg). The highest extractability 
of gallium was in pink karonda fruits (83.33 ± 2.70%) 
while the lowest was in pink karonda bark (6.71 ± 0.08%).  
The general trend for total gallium content and extract-
ability was bark >  root >  leaf >  fruit and fruit >  leaf >  
root > bark, respectively. 

According to Ha et al. [49] , the concentration of gal-
lium in plants can vary significantly depending on the 
species and the specific cultivation conditions. For in-
stance, couch grass and dandelions accumulated gallium 
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with concentrations ranging from 0.34 to 8.70 mg/kg in 
roots and from 0.21 to 6.75 mg/kg in leaves. Also, Shtan-
geeva [50] reported higher gallium content in roots than 
in leaves of natural plants. On the other hand, fruits tend 
to have higher extractability due to their composition, 
which often includes organic acids that enhance mineral 
solubility [32].

In our study, the bark samples of both plant types 
also contained meagre concentrations of cobalt and 
nickel. The highest cobalt content was observed in pink 
karonda bark (1.83 ± 0.04 mg/kg) while the lowest was 
observed in green karonda roots (0.10 ± 0.02 mg/kg). 
Cobalt was not detected in fruits. Similarly, nickel was 
not detected in leaves and fruits of both plant types. The 
highest contents of nickel belonged to green karonda 
bark (5.29 ± 0.05 mg/kg), which surpasses the generally 
accepted safe level of about 1 mg/kg established by the 
European Food Safety Authority [51]. The extractability 
of both minerals was much lower than for other minerals. 

Certain plants can accumulate exceptionally high lev- 
els of nickel. For instance, Brassicaceae family, such as 
Alyssum caricum T.R. Dudley & Hub.-Mor. and Thlaspi  
oxyceras (Boiss.) B.D. Jacks., can accumulate up to 12.27  
and 13.77 g/kg of nickel in their leaves, respectively [52],  
which was not a case in our study. We detected neither 
of the elements in fruits, which makes them safe for 
human consumption. While specific data on cobalt in 
plant parts has not been documented in research world-
wide, certain plant species are known to accumulate co-
balt under conditions similar to nickel. Generally, plants 
that thrive in metal-rich soils or those that have evolved 
mechanisms to tolerate heavy metals tend to accumulate 
both nickel and cobalt [53, 54].

Toxic trace elements. In this research, five elements 
were categorized as toxic, i.e., Cd, Al, Ba, Pb, and 
Bi. The highest content of aluminum was observed in 
pink karonda bark (2,733.26 ± 34.49 mg/kg) while the 
lowest was detected in green karonda fruits (125.03 ± 
5.07 mg/kg), non-significantly followed by pink karonda  
fruits (130.00 ± 4.45 mg/kg). The highest extractability 
of aluminum belonged to green karonda fruits (94.32 ±  
0.26%), non-significantly followed by pink karonda  
fruits (93.57 ± 2.24%). The lowest content was in pink  
karonda bark (8.53 ± 0.23%). The general trend for total  
aluminum content and extractability was bark >  root >  
leaf > fruit and fruit > leaf > root > bark, respectively.

Aluminum is often found in higher concentrations 
in acidic soils, where it can be more soluble and readily 
taken up by plant roots [55]. Gallium behaves similarly 
in terms of mobility as it can accumulate in plant tissues 
alongside aluminum. Its higher extractability in fruits is 
attributed to the higher acidic conditions in fruit tissue 
that are responsible for its higher solubility [56].

In a similar way, the highest content of barium was 
observed in pink karonda bark (57.46 ± 2.28 mg/kg) 
while the lowest was detected in green karonda fruits 
(6.72 ± 0.10 mg/kg). The highest extractability of barium 
belonged to pink karonda roots (87.03 ± 1.10%) while the 
lowest was in green karonda roots (60.25 ± 0.22%). 

Barium is often present in soils derived from parent  
materials rich in barium-bearing minerals, and its avail- 
ability may depend on soil pH and organic matter con-
tent. The differences in extractability can also be at-
tributed to the chemical forms of barium present in plant 
tissues. Barium can exist in various forms, including sol- 
uble salts and complexed forms that may affect its avail-
ability for uptake [57].

The highest content of bismuth was observed in 
green karonda fruits (2.80 ± 0.11 mg/kg) while the low-
est belonged to pink karonda leaves (0.18 ± 0.01 mg/kg). 
Conversely, we detected the highest extractability of 
bismuth in green karonda leaves (79.17 ± 0.57%) and the 
lowest in green karonda fruits (7.86 ± 0.10%). 

Bismuth is a heavy metal that can be absorbed by 
plants [58]. High bismuth content in green karonda fruits 
may indicate a more favorable interaction with soil con-
ditions that promote bismuth uptake or an enhanced 
ability to tolerate and accumulate this metal. The high 
extractability observed in green karonda leaves suggests 
that its leaf tissues are more conducive to releasing bis-
muth into a soluble form, making it more accessible for 
uptake by organisms or during extraction processes [59]. 

The highest content of lead was found in pink karon-
da roots (43.32 ± 0.47 mg/kg), which was dramatically  
above the acceptable limit of approximately 0.1 mg/kg  
for foodstuffs1. The lowest amount belonged to pink karon- 
da fruits (5.41 ± 0.24 mg/kg). However, the highest lead  
extractability belonged to the samples of green karon-
da roots (83.39 ± 2.93%) while the lowest belonged to 
pink karonda bark (33.58 ± 1.17%). The general trend  
for total lead content and extractability was root > bark >  
leaf > fruit and leaf > root > fruit > bark, respectively. 

Lead is a non-essential heavy metal for plants, and 
its accumulation may result in various toxic effects in 
humans. A previous study on Glycine max L. (soybean) 
indicated substantial lead accumulation in roots com-
pared to other plant parts [60]. While bark can store 
significant amounts of lead, its dense cellular structure 
may limit the solubility and availability of this metal for 
biological uptake or extraction processes [61].

We observed the highest content of cadmium in pink 
karonda bark (1.22 ± 0.05 mg/kg), which by far exceed-
ed the maximal permissible levels of 0.05–0.1 mg/kg2. 
The lowest content belonged to the samples of green 
karonda fruits (0.31 ± 0.01 mg/kg). The highest ex-
tractability of cadmium was observed in green karonda 
leaves (86.49 ± 2.03%) while the lowest was detected in 
pink karonda leaves (59.62 ± 1.83%). The general trend  
for total cadmium content and extractability was bark >  
root  >  leaf  >  fruit and bark  >  root  >  leaf  >  fruit, re- 
spectively. 

Cadmium is a toxic heavy metal that poses serious 
environmental and health risks [62]. The high extract-
ability observed in green karonda leaves suggests that 
the structural characteristics of leaf tissues, including 
1  FAO/WHO. Joint FAO/WHO food standards programme codex committee 
on contaminants in foods. FAO/WHO. Rome, 2011.
2  The same.
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thinner cell walls and higher concentrations of organ-
ic acids, may facilitate this enhanced extractability. 
While bark can store significant amounts of cadmium, 
its dense cellular structure may limit the solubility and 
availability of this metal for biological uptake or ex-
traction processes [63]. 

Multivariate analysis. The principal component  
analysis made it possible to explore the variation 
among different plant parts based on principal compo-
nents (Fig. 1). The analysis successfully reduced the di- 
mensionality of the dataset while preserving the most 
significant variance in their mineral composition and 
HCl extractability. 

Regarding the total mineral content, the first two 
principal components (PCs) accounted for a significant 
portion of the variance, explaining 54.64 and 24.85%, 
respectively. Together, these two components captured 
79.49% of the total variance. PC1 was affected by Mg, 
P, Mn, Fe, Li, Ga, Cd, Al, Ba, and Sr, which exhibited 
strong positive correlations with it. PC2 was primarily 
associated with B, K, and Na, which also showed posi-
tive correlations. In contrast, Mg, Fe, Al, and Ni had nega- 
tive loadings, indicating an inverse relationship with 
PC2. This suggests that PC2 differentiated samples 
based on the relative proportions of alkali metals versus  
transition metals. Pink karonda bark, pink karonda 
roots, and green karonda bark had high PC1 scores, show- 
ing enrichment in heavy elements, while pink karonda 
leaves and green karonda leaves had high PC2 scores, 
dominated by alkali metals. The following correlations 
were strong, indicating geochemical relationships: Mg-P,  
Fe-Ga, Li-Fe, Cd-Al, and Ba-Sr. In contrast, Na-Ca, 
K-Sr, and Ni-Li exhibited inverse correlations.

Regarding HCl extractability, the first three principal 
components accounted for a major portion of the vari-
ance, explaining 38.89, 22.94, and 18.08%, respectively. 

Together, these three components captured 79.91% of the 
total variance. PC1 was strongly affected by Fe, Al, Ga, 
Zn, and P, while PC2 depended on B, Mn, Mg, Zn, and 
Na. The rest of the elements had a strong impact on PC3. 
Pink karonda fruits and green karonda fruits had high 
scores for PC1. Pink karonda leaves, pink karonda bark, 
and green karonda bark had high scores for PC2. Pink 
karonda roots and green karonda roots showed high 
scores for PC3. The test showed strong positive correla-
tions between Mg-K, Mn-Zn, Fe-Ga, and Al-Ga while 
Cd-Ga, Co-Li, and Pb-Fe (–0.41) were found negatively 
correlated.

Hierarchical cluster analysis (HCA). To get a clearer  
understanding of the dataset, we conducted an unsuper-
vised hierarchical cluster analysis of total mineral con-
tent and extractability. The hierarchical clustered heat 
map provides a visual representation of the correlation 
and clustering based on the intrinsic similarity between 
different groups (Fig. 2). 

Regarding the total mineral content, we observed 
three major clusters. Cluster 1 included Mn, Mg, K, Na,  
and P, which showed high variability across samples, 
with significant changes in concentration. Cluster 2 in-
cluded Pb, Bi, B, Ba, Co, Ni, and Cd with a low to mod-
erate presence, which suggests their limited natural 
abundance or a lack of significant contamination in the 
samples. Cluster 3 included Fe, Ga, Al, Ca, Sr, Cu, Zn, 
and Li, which demonstrated moderate and uniform dis-
tribution. These elements likely play structural or met-
abolic roles and are uniformly present in biological and 
environmental samples. 

Regarding mineral extractability, we also detected 
three major clusters. Cluster 1 included Na, K, and Bi, 
which showed high variability in extractability across 
the samples. Cluster 2 included Ni, Pb, Cu, Zn, Co, Fe, 
Ge, Al, Li, and Cd. These elements showed moderate 
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Figure 1 Principal component analysis biplots for total mineral content (a) and hydrochloric acid extractability (b) of green  
and pink Carissa carandas L. types: PC1 – Principal component 1; PC2 – Principal component 2; Pl – pink karonda leaves;  
Pf – pink karonda fruits; Pb – pink karonda bark; Pr – pink karonda roots; Gl – green karonda leaves; Gf – green karonda fruits; 
Gb – green karonda bark; Gr – green karonda roots
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and uniform extractability except for Pb. Cluster 3 in-
cluded Ba, Ca, Sr, P, Mn, B, and Mg, which generally 
showed low to moderate extractability. 

CONCLUSION
This study provided a detailed elemental analysis of 

different plant parts of two local types of Carissa caran-
das L. (green and pink), revealing significant variations 
in mineral content and hydrochloric acid extractability 
across tissues. Leaves were particularly rich in phospho-
rus and magnesium; fruits demonstrated elevated potas-
sium levels; bark accumulated high amounts of calcium; 
roots showed a pronounced sodium content. 

The differences in extractability suggest that the tis-
sue-specific biochemical properties and cellular struc-
tures affected the mineral bio-accessibility, highlighting 
the complexity of nutrient distribution within the plant. 
These findings underscore the potential of C. carandas 
as a valuable source of minerals for nutraceutical and 
pharmaceutical applications. 

Future research should focus on in vivo studies to 
further investigate the bioavailability of these minerals 

in human diet. Integrating advanced omics technolo-
gies, such as metabolomics and proteomics, could pro-
vide deeper insights into the underlying mechanisms 
that regulate mineral accumulation and extractability. 
Such studies will pave the way for the development of 
targeted functional foods and novel therapeutic agents 
derived from local types of C. carandas.
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Abstract: 
The development of sleep-enhancing food products can improve sleep quality. Understanding the relationship between food 
consumption and sleep is essential for selecting suitable ingredients for these products. 
Electroencephalography is a valuable tool for identifying foods and raw materials used in sleep-promoting products, 
providing critical insights into their effectiveness. 
This review examined the relationship between food consumption and sleep based on research from 2004 to 2024 utilizing 
electroencephalography tools in human and animal models. The effects of food intake on sleep were examined during  
the initial stage, slow-wave sleep, and the subsequent stage, rapid eye movement, with measurable parameters recorded.  
The intake quantity and concentration of specific foods or ingredients were analyzed in human and animal models, 
considering both normal sleep patterns and sleep disorder models. The analysis revealed that foods associated with sleep,  
as determined by electroencephalography testing, can be classified into six categories: essential oils, Chinese herbal 
medicines, plant and fungi extracts, tea and cocoa, probiotics and prebiotics in fermented foods, and food supplements.  
All the food types predominantly influenced the initial stage of sleep, specifically slow-wave sleep during non-rapid eye movement. 
In contrast, foods containing Chinese herbal medicines or extracts demonstrated a significant effect on the rapid eye movement stage. 
These findings provide valuable insights into the development of functional foods aimed at improving sleep quality.

Keywords: Sleep monitoring, slow-wave sleep, rapid eye movement sleep, sleep-enhancing food products, functional food 
development, sleep quality
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INTRODUCTION
Health maintenance in humans encompasses vari-

ous approaches, one of which is to consume foods that 
promote overall well-being. Numerous food products 
not only contribute to general health but also modulate 
specific physiological functions within the human body. 
Among these, functional foods with bioactive com-
pounds that influence sleep have been the focus of ex-
tensive research. These compounds may facilitate sleep 
onset or, conversely, disrupt the sleep process by inter-
fering with natural sleep mechanisms. The functional 
food market has demonstrated remarkable growth, with 

its global value estimated to increase from USD 119.2 
billion in 2024 to USD 165.8 billion by 20291. 

Electroencephalography (EEG) has been employed 
as a critical tool to investigate the relationship between 
food consumption and sleep. This technique measures 
brain wave patterns to elucidate correlations with sleep 
quality and is utilized in both animal and human studies.
1 Functional food ingredients market by type (probiotics, protein & 
amino acids, phytochemicals & plant extracts, prebiotic, omega-3 fatty 
acids, carotenoids, vitamins), application, source, form, health benefits 
and region: global forecast to 2029. Markets and Markets. [cited 2025 Feb 
10]. Available from: https://www.marketsandmarkets.com/Market-Reports/
functional-food-ingredients-market-9242020.html 
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Figure 1 Workflow diagram of the study identification and selection process
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Sleep is a critical physiological function ex-
plained by several interrelated theories, including 
the inactivity theory, restoration theory, energy con-
servation theory, and brain plasticity theory [1]. Ac-
cording to the American Academy of Sleep Medicine, 
sleep is divided into two main phases: slow-wave 
sleep (SWS) and rapid eye movement (REM) sleep. 
These phases are distinguished by specific brain-
wave patterns, muscle activity, and eye movements. 
Slow-wave sleep is further divided into three stag-
es, the first known as non-rapid eye movement [2].  
Slow-frequency brainwaves, such as theta and delta 
waves, dominate during slow-wave sleep. In contrast, 
higher-frequency waves, such as alpha, beta, or gam-
ma waves, predominate in the wake state, depending 
on activity levels. REM sleep is regulated by REM-on 
neurons, which induce this stage through superior col-
liculus stimulation to generate rapid eye movements, 
cholinergic neuron activation in the cortex to produce 
beta wave-dominant brain activity, and motor neuron 
inhibition of the medullary reticulospinal tract to induce 
muscle atonia. These mechanisms collectively under-
score the complexity of sleep regulation and its physio-
logical foundations [3].

In addition to EEG, electromyography (EMG) and 
electrooculography are standard techniques used for sleep 
staging. In recent years, polysomnographic devices that 
emphasize EEG and EMG have advanced significant-
ly, enabling the measurement of objective sleep param-
eters through automatic sleep scoring algorithms [4].  

In animal studies, cortical electrodes are chronically im-
planted and securely attached to the skull using invasive 
techniques for sleep monitoring [5]. In human applica-
tions, setups range from full laboratory configurations to 
portable devices with a limited number of electrodes, pro-
viding flexibility for various research contexts [6].

Theoretically, EEG can differentiate between the 
stages of slow-wave sleep: theta waves are prominent 
during SWS stage 1, sleep spindles and K-complex-
es characterize the transition to SWS stage 2, while 
high-voltage, slow-frequency delta waves dominate 
in SWS stage 3. In animal studies, the sleep stages are 
typically categorized into SWS, REM, and wake states. 
They are often analyzed using fast Fourier transform 
techniques to quantify brainwave activity [7].

In this review, we compiled and analyzed data on 
foods associated with sleep regulation to enhance their 
understanding and provide a foundation for their devel-
opment. This review was conducted using a systematic 
approach, incorporating research articles published be-
tween 2004 and 2024.

STUDY OBJECTS AND METHODS
Electroencephalography is a valuable tool for identify-

ing foods and raw materials used in sleep-promoting prod-
ucts, providing critical insights into their effectiveness.

Methods. The data for our systematic review were 
collected from the electronic databases such as Scopus, 
PubMed, and Google Scholar as described in Fig. 1.
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Research question. The Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses exten-
sion for systematic scoping reviews was employed as 
a guideline during the preparation of this review. This 
approach ensured transparency, rigor, and a structured 
methodology throughout the review process. Our pri-
mary aim was to provide an updated and comprehensive 
synthesis of evidence addressing the following research 
question: “How have sleep-related functional foods 
been studied using electroencephalography?”

Search strategy. To comprehensively address the re-
search question, the study was strategically focused on sen-
sitivity and specificity to identify literature related to food, 
sleep, and electroencephalography. Three electronic data- 
bases – Scopus, PubMed, and Google Scholar – were uti-
lized, with the search conducted by two independent re-
viewers (A. Sattayakhom & P. Koomhin) on October 30, 
2024. The search strategy was “food*” + “electroenceph-
alogra*” + “sleep” or “food” + “electroencephalography” + 
“sleep”.  The search was limited to the articles published  
until 2024. After the initial acquisition, the studies were 
further screened. EndNote 20 (PDFNet SDK © PDFTron™ 
Systems Inc., 2001–2020, distributed by Clarivate Analyt-
ics (US) LLC under license) was used for importing and 
managing the references.

Study selection. To ensure data integrity, End-
Note was employed for the identification and removal 
of duplicate studies. Two reviewers (A. Sattayakhom &  
P. Koomhin) independently checked the titles for eligi-
bility. Then, three reviewers (A. Sattayakhom, P. Koom-
hin, and N. Matan) independently assessed the titles and 
abstracts of all the studies, applying the predetermined 
inclusion and exclusion criteria. Full texts of the select-
ed studies were then retrieved and thoroughly reviewed. 
We included original research articles investigating the 
effects of functional foods on sleep, regardless of elec-
troencephalography use. The articles excluded were 
those which studied substances not intended for human 
consumption, lacked sleep-related outcomes, or did not 
utilize electroencephalography. Disagreements during 
the selection process were resolved through discussions 
and mutual agreement among the three reviewers.

Data charting process. Three reviewers (A. Sattayak-
hom, P. Koomhin, and N. Matan) independently extracted 
data using a standardized form in Microsoft Excel, includ-
ing the author, year, country, substance and food type, 
subject characteristics, study design, intervention, and 
outcomes. Disagreements were resolved through discus-
sion and consensus among the reviewers. Tables summa-
rizing the characteristics of included studies were created 
to present the findings of the selected studies.

RESULTS AND DISCUSSION
General findings and characteristics of the studies. 

A total of 61 publications were included in the review. Their 
analysis showed a strong regional focus in East Asia, with 
the Republic of Korea and Japan collectively contributing 
62.30% of the total research entries. Specifically, the Re-
public of Korea accounted for 37.70% (23 entries), while 

Japan contributed 24.59% (15 entries), underscoring their 
substantial involvement in food and sleep research utiliz-
ing electroencephalography (EEG). The foods reported in 
the research papers were classified based on their purpose, 
origin, function, nutritive value, and functional properties. 
They were then grouped into six categories: essential oils, 
Chinese herbal medicines, plant and fungi extracts, tea and 
cocoa, probiotics and prebiotics fermented foods, and food 
supplements. Our analysis revealed that plant and fungi ex-
tracts, as well as Chinese herbal medicines, were the most 
frequently studied ingredients, collectively accounting for 
52.46% of the total research entries, namely 29.51% (18 oc-
currences) for plant and 22.95% (14 occurrences) for fungi 
extracts. This highlights a global focus on natural and bo-
tanical products, particularly in Korea and Japan. Probiot-
ics and prebiotics fermented foods accounted for 14.75% 
(9 occurrences), with Japanese research dominating in the 
field of traditional fermentation techniques. Essential oil 
compounds made up 13.11% (8 occurrences), with Thailand 
contributing 75.00% (6 occurrences), showcasing the coun-
try’s expertise in aromatic and culinary applications. Other 
categories, including food supplements (9.84%) and tea and 
cocoa (9.84%) contributed equally to the overall study, rep-
resenting a blend of niche and generalized contributions.

The studies utilized a diverse array of experimen-
tal models, with animal and human subjects accounting 
for 77.42 and 22.58% of the total research entries, re-
spectively. Among the animal models, commonly used 
species included Institute’s of Cancer Research (ICR) 
mice, Wistar rats, Sprague-Dawley rats, and C57BL/6N 
mice. These models were employed to investigate va- 
rious sleep mechanisms, such as pentobarbital-induced 
sleep, caffeine-induced insomnia, and both acute and 
chronic sleep disorders. Human studies were character-
ized by rigorous methodologies, frequently employing 
double-blind, placebo-controlled, or randomized cross-
over designs. These studies encompassed a wide range 
of demographic groups, including healthy adults, in- 
dividuals with poor sleep quality, and specific occupation-
al populations. This multifaceted approach highlights the 
comprehensive scope of research on the effects of sleep-re-
lated food products across diverse biological and contextual 
settings.

Advantages of electroencephalography in analyz-
ing food-related sleep studies. EEG has demonstrated 
its utility in examining the relationship between food 
intake and sleep. The studies included in this review 
predominantly consisted of animal (~ 80%) and hu-
man (~ 20%) models. The animal studies were further 
categorized into those involving normal animals and 
those with induced sleep disorders. The common induc-
tions of sleep disorders included pentobarbital-induced 
sleep, caffeine-induced insomnia, and ACTH-induced 
(stress-induced) sleep disturbances. Animal studies of-
fer some advantages, such as the ability to assess the 
toxicity of unknown substances and explore underlying 
mechanisms. Notable examples of such research include 
the studies on crude extracts of tea, cocoa, plant and 
fungi extracts, and herbal products (Table 1).
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Table 1 Characteristics of EEG studies of food types influencing sleep function

Authors, year Country Substance Subject/model Intervention Reference
Essential oils (8 entries)
Cheaha et al., 
2016

Thailand Vetiver Wistar rats (male; 300–350 g,  
3 months old)

Vetiver essential oil inhalation 
for 1 h (inhalation chamber)

[30]

Koomhin  
et al., 2020

Thailand Michelia × alba DC. Healthy adult subjects (male  
and female, aged 19–25 y.o., 
sleep more than 6 h prior to the 
test day)

Inhalation of 50 µL of undiluted 
Michelia × alba DC. oil on a 
filter paper

[24]

Chandhara-
kool et al., 
2020

Thailand Tangerine Healthy adult subjects (male  
and female, aged 19–25 y.o., 
sleep more than 6 h prior to the 
test day)

Inhalation of 25 µL of essential 
oil that contains a tangerine 
essential oil concentration of 
1:1,000 dilution (spotted on a 
filter paper)

[25]

Kwangjai  
et al., 2021

Thailand Citrus reticulata 
Blanco cv. Sai-Nam-
Phueng

Wistar rats (male; adult,  
300–350 g)

Inhalation of 200 μL of Citrus 
reticulata Blanco on cotton 
wool put on saw dust in the rats’ 
home cage inside a soundproof 
chamber

[26]

Ko et al., 
2021

Taiwan Lavandula angusti-
folia Mill.

Healthy, right-handed volunteers 
(mean age 22 ± 2 years)

Inhalation of Lavandula angusti-
folia Mill. essential oil repeat-
edly released starting from 1.5 h 
after bedtime to 1.5 h before the 
waking

[27]

Zhou et al., 
2023

China Anshen essential 
oil (tangerine peel, 
rose, atractylodes, 
lavender, etc.)

ICR mice (male; 6–8 weeks 
old, 25–35 g); Sprague-Dawley 
rats (half male and half female; 
female weight 150–180 g, male 
weight 200–220 g)/pentobarbital- 
induced sleep; 
10 subjects with poor sleep 
quality or insomnia (male; aged 
20–40 y.o., weight 60–75 kg, 
height 1.68–1.82 m, without any 
disease)/self-controlled experi-
ment

The mice sniffed essential oil in 
an aromatherapy room for  
1 h every day for 7 consecutive 
days; 

The human subjects were ex-
posed to essential oil from 22:00 
on the first night to 7:00 the next 
morning for 3 consecutive nights

[31]

Cheaha et al., 
2023

Thailand Jasmine ICR mice (male; weighing be-
tween 25 and 45 g)

Orally administered jasmine oil 
(10 mL/kg body weight)

[28]

Sinthupachee 
et al., 2024

Thailand Smoke-dried fish 
hydrolysates with 
Litsea cubeba 
(Lour.) Pers. vapor

Twelve non-smoking volunteers 
(six males and six females) aged 
20–45 years

Oral administration: 60 µL of 
fish protein hydrolysates was 
placed directly into the subject’s 
mouth and chewed quickly

[29]

Chinese herbal medicine (14 entries)
Choi et al., 
2014

Republic 
of Korea

Gastrodiae rhizoma ICR mice (4 weeks old) and 
Sprague-Dawley rats (8 weeks 
old)/pentobarbital-induced sleep

Oral administration (25, 50, and 
100 mg/kg)

[40]

Abdollahne-
jad et al., 
2016

Iran Amygdalus commu-
nis L. (almond)

Wistar rats (male; 250–300 g)/
pentobarbital-induced sleep

Intraperitoneal injection of 
almond extract (100, 200, and 
400 mg/kg)

[42]

Yoo et al., 
2017

Republic 
of Korea

Sinomenium acutum 
(Thunb.) Rehder & 
E.H. Wilson

ICR mice (male; 20–25 g, 4 
weeks old) and Sprague-Dawley 
rats (male; 300–320 g, 8 weeks 
old)/pentobarbital-induced sleep

Oral administration (20 and  
40 mg/kg)

[35]

Woo et al., 
2017

Republic 
of Korea

Decursinol angelate 
from Angelica gigas 
Nakai

ICR mice 20–24 g and 
Sprague-Dawley rats weighing 
220–250 g/pentobarbital-induced 
sleep

Oral administration (10, 25 and 
50 mg/kg)

[33]
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Wei et al., 
2017

China Stilbene glucoside 
from Polygonum 
multiflorum Thunb.

Kunming mice (three-week old) Intravenous injection (10, 20, 40, 
and 80 mg/kg/d)

[32]

Kwon et al., 
2017

Republic 
of Korea

Rosmarinic acid of 
Perilla frutescens 
(L.) Britton

ICR mice 20–24 g and 
Sprague-Dawley rats weighing 
220–250 g)/pentobarbital- 
induced sleep

Oral administration (0.5, 1.0, and 
2.0 mg/kg)

[34]

Yoon & Cho, 
2018

Republic 
of Korea

Triphlorethol A 
found in seaweed 
(Ecklonia cava)

ICR mice (male, 18–22 g) and 
C57BL/6N mice (male, 27–30 g)/
pentobarbital-induced sleep

Oral administration (50 mg/kg) [36]

Lin et al., 
2019

China Pinelliae rhizoma 
praeparatum cum 
alumine

SPF C57BL/6J mice 20–25 g 
(male; 10–12 weeks old)

Intragastric administration (9, 
18, and 36 g/kg)

[37]

Yamashiro et 
al., 2020

Japan Polyherbal formu-
lations

Wistar rats (male; 300–450 g, 
8–10 weeks old)

Intraperitoneal administration of 
herbal extract (15 mL/kg)

[43]

Martinez- 
Mota et al., 
2021

Mexico Calea zacatechichi 
Schltdl.

Swiss Webster mice (male; adult, 
20–30 g) and Wistar rats (male; 
adult, 250–300 g)

Oral administration (50, 100, 
or 1,000 mg/kg, in a constant 
volume of 10.0 mL/kg for mice, 
and 2.0 mL/kg for rats)

[44]

Murthy et al., 
2022

India Ashwagandha (With-
ania somnifera (L.) 
Dunal)

Swiss albino mice (male; 25– 
30 g) and Wistar rats (both sexes; 
195–225 g)/pentobarbital- 
induced sleep

Intraperitoneal administration of 
a single acute dose of test sub-
stances (5, 25, and 50 mg/kg)

[38]

Miyazaki et 
al., 2022

Japan Eurycoma longifolia 
Jack (Tongkat ali)

C57BL/6N mice (male) Oral administration: the mice 
had a diet mixed with extract 
final ratios of 0.25, 0.5, and 
0.75% (w/w)

[39]

Hua et al., 
2022

China Lonicerae Japonicae 
Flos extract

C57BL/6J mice (male; 8–12 weeks  
old, weighting 20–25 g)

Intragastric administration  
(100 mg/kg)

[41]

Park et al., 
2023

Republic 
of Korea

Ashwagandha root ICR mice (male; 28–30 g,  
6 weeks old) and Sprague-Dawley 
rats (male; 180–200 g, 6 weeks 
old)/caffeine-induced insomnia/
pentobarbital-induced sleep

Oral administration (80 mg/kg) [14]

Plant and fungi extracts (18 entries)
Yoon et al., 
2014

Republic 
of Korea

Ecklonia cava etha-
nol extract

C57BL/6N mice (male; 27–30 g; 
12 weeks old)/pentobarbital- 
induced sleep

Oral administration (100, 250, or 
500 mg/kg)

[54]

Yamatsu et 
al., 2015

Japan GABA and AVLE Sixteen subjects (7 males and 9 
females with PSQI scores of 6 or 
more, average age 36.8 ± 8.9)

Oral administration of gelatin 
capsules containing GABA  
(100 mg of GABA and 50 mg of 
dextrin) or AVLE (50 mg of AVLE 
and 100 mg of dextrin) or GABA 
(100 mg) and AVLE (50 mg)

[12]

Uchida et al., 
2016

Japan Mycelial extract of 
cultured Cordyceps 
sinensis extract

Sprague-Dawley rats (male; 
250–300 g)

Oral administration of Cordy-
ceps sinensis extract (1 g/kg)

[58]

Abdollahne-
jad et al., 
2016

Iran Aloe vera (L.) 
Burm.f. extract

Wistar rats (male; 250–300 g)/
pentobarbital-induced sleep

Intraperitoneal injection of Aloe 
vera (L.) Burm.f. aqueous ex-
tract (50, 100, and 200 mg/kg)

[42]

Kwon et al., 
2017 

Republic 
of Korea

Perillae herba etha-
nol extract

ICR mice and Sprague-Dawley 
rats/pentobarbital-induced sleep

Oral administration (12.5, 25, 
and 50 mg/kg)

[34]

Hong et al., 
2018

Republic 
of Korea

RE, SE and their 
mixture

ICR mice (male, 4 weeks) and 
Sprague-Dawley rats (male,  
8 weeks)/pentobarbital-induced 
sleep

Post-oral injection of RE (80, 
100, 120, 140, and 160 mg/kg), 
SE (40, 50, 80, 100, and  
120 mg/kg), and a combination of 
RE/SE (40, 100, and 120 mg/kg)

[50]
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Rahimi et al., 
2019

Iran Hydroalcoholic 
tarooneh extract 
(spathe of phoenix 
dactylifera; a hard‐
covering envelope of 
male date palm)

Wistar rats (male; 270 ± 20 g) Intraperitoneal injection of 
tarooneh extract (62.5, 125, and 
250 mg/kg)

[53]

Kim et al., 
2019

Republic 
of Korea

Green romaine 
lettuce extract

ICR mice and Sprague-Dawley 
rats/pentobarbital-induced sleep

Oral administration (80, 100, 
120, and 160 mg/kg)

[13]

Takeda et al., 
2020

Japan Saffron extract Healthy Japanese adults (male 
and female; aged 20–64 y.o.)

Oral administration of one tablet 
(6.6 μg of safranal and 0.66 mg 
of crocin) per day

[45]

Li et al., 2021 Taiwan Hericium erinaceus 
mycelium

C57BL/6 mice Oral administration (75 and  
150 mg/kg)

[56]

Li et al., 2021 Taiwan Armillaria mel-
lea (Fr.) P. Karst. 
mycelia

Sprague-Dawley rats (male;  
8 weeks old, 250–300 g)

Oral administration of Armillar-
ia mellea (Fr.) P. Karst. aqueous 
and ethanolic extract (75 and 
150 mg/kg)

[55]

Kim et al., 
2021

Republic 
of Korea

Quercetin-3-o-glucu-
ronide in the ethanol 
extract of lotus leaf

Male ICR mice and 
Sprague-Dawley rats/pentobarbi-
tal-induced sleep/caffeine- 
induced insomnia model

Oral administration of ethanolic 
lotus leaf extract (150 [LLE] and 
300 [HLE] mg/kg) 1 h before the 
analysis

[47]

Jo et al., 2021 Republic 
of Korea

Green lettuce leaf 
extract

Drosophila Canton-S strain, 
Sprague-Dawley rats, and ICR 
mice (male; 6 weeks old)/pento-
barbital-induced sleep

Drosophila was treated with 
green lettuce leaf extract (0.5 
and 1.0%), each concentration 
added to 5% sucrose and 2% 
agar media and exposed for nine 
days.  
In mice: oral administration (80, 
120 mg/kg)

[51]

Kim et al., 
2022

Republic 
of Korea

Poria cocos (Schw.) 
Wolf extract

ICR mice (male; 7 weeks old, 
20–23 g) and Sprague-Dawley 
rats (male; 8 weeks old, weighing 
180–190 g)/pentobarbital-in-
duced sleep, caffeine-induced 
sleep disturbance, ACTH- 
induced sleep disorder

Oral administration of Poria co-
cos (Schw.) Wolf extract (10, 20, 
40, 80, 160, and 320 mg/kg)

[57]

Kim et al., 
2022

Republic 
of Korea

Green kiwifruit peel 
ethanol extract

C57BL/6N mice (male; 27– 
30 g)/pentobarbital-induced sleep

Oral administration of green ki-
wifruit peel ethanol extract (250, 
500, and 1,000 mg/kg/day)

[18]

Ahn et al., 
2022

Republic 
of Korea

Lotus rhizome 
extract

ICR mice (male; 5 weeks old, 20 
± 2 g) and Sprague-Dawley rats 
(male; 8 weeks old, 180 ± 20 g)/
pentobarbital-induced sleep

Oral administration of lotus rhi-
zome extract (120 or 150 mg/kg)

[46]

Kim et al., 
2023

Republic 
of Korea

Chrysanthemum 
× morifolium var. 
gracile Hemsl. 50% 
ethanol extract

ICR mice (male; 32–35 g) and 
Sprague-Dawley rats (male; 
280–300 g)/pentobarbital- 
induced sleep

Oral administration of Chrysan-
themum × morifolium var. gracile 
Hemsl. 50% ethanol extract (50, 
100, and 200 mg/kg)

[17]

Ahn et al., 
2023

Republic 
of Korea

Heukharang lettuce 
leaf extract

ICR mice (male; 6 weeks old, 
30 g) and Sprague-Dawley rats 
(male; 5 weeks old, 130 g)/pento-
barbital-induced sleep

Oral administration of Heu-
kharang lettuce leaf extract (50, 
80, 100, and 150 mg/kg)

[49]

Tea and cocoa (6 entries)
Panagiotou et 
al., 2019

The 
Nether-
lands

Caffeine C57BL/6JOlaHsd mice (male;  
12 weeks old)

Oral administration of 6 mL per 
day of caffeine containing water 
(0.8 mg/mL caffeine (0.08%))

[59]

Kwon et al., 
2019

Republic 
of Korea

Phlorotannin (brown 
seaweed polyphenol) 
supplement

C57BL/6N (male, 27–30 g,  
11 weeks old)/caffeine-induced 
sleep disruption

Oral administration of phlorotan-
nin supplement (500 mg/kg)

[61]
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Kim et al., 
2019

Republic 
of Korea

GABA and L-the-
anine

ICR mice (male; 4 weeks old, 
18–20 g) and Sprague-Daw-
ley rats (male; 8 weeks old, 
160–180 g)/pentobarbital- 
induced sleep

Oral administration of GABA 
(60, 80, and 100 mg/kg), L-the-
anine (20, 30, and 40 mg/kg), or 
both (GABA/L-theanine) (80/20, 
80/30, 100/20, and 100/30 mg/kg)

[13]

Oishi et al., 
2020

Japan Natural cocoa seed 
powder

C3 H/HeN mice (male; 5 weeks 
old)/chronic sleep disorders 
model

Dietary cocoa consumption (con-
taining 2.0% natural cocoa)

[62]

Kim et al., 
2023

Republic 
of Korea

Green tea ethanol 
extract and caffeine

C57BL/6N mice (11 weeks old) Oral administration of green tea 
ethanol extract (1,500 mg/kg) 
and caffeine (25 mg/kg)

[60]

Baba et al., 
2023

Japan L-theanine University students (female; aged 
21.3 ± 0.5, BMI 21.6 ± 2.2)/a 
single-dose, four-treatment  
double-blind, crossover design

Oral administration of drinks 
containing caffeine (30 mg), the-
anine (50 mg), or both; caffeine 
and theanine were mixed in  
200 mL of deionized water, adjust-
ed to have the same taste and aro-
ma as placebo drinks and dispensed 
in cans of the same shape

[22]

Probiotics and prebiotics fermented foods (9 entries)
Miyazaki et 
al., 2014

Japan Heat-killed Lac-
tobacillus brevis 
SBC8803

C3H-HeN mice (male; 6 weeks 
old)/pentobarbital-induced sleep

Oral administration of a diet sup-
plemented with 0.5% heat-killed 
SBC8803

[63]

Nakamura et 
al., 2016

Japan Japanese sake yeast 
(Saccharomyces 
cerevisiae sake)

C57BL/6N strain mice (male; 
23–27 g, 8 weeks old)

Oral administration of sake yeast 
(100, 200, and 300 mg/kg)

[15]

Monoi et al., 
2016

Japan Sake yeast 68 Japanese volunteers (weekday 
full-time employees; 35 female 
and 33 male; aged 38.2 ± 1.1 
years, with PSQI scores > 6 
(averaging 6.8 ± 0.2))

Oral administration of 4 tablets 
(125 mg sake yeast powder per 
tablet) per day for 4 days 1 h 
before bedtime

[66]

Yamatsu et 
al., 2015

Japan GABA 10 Japanese volunteers (6 male and 
4 female; average age: 37.7 ± 11.5 
years, age range: 24–57 years; with 
PSQI scores of 6 or more)

Oral administration of 100 mg 
GABA in a gelatin capsule

[12]

Thompson et 
al., 2017

USA Prebiotics (galacto- 
oligosaccharides and 
polydextrose), lacto-
ferrin, and milk fat 
globule membrane

F344 rats (adult males; 40–50 g 
at arrival, post-natal day 24)

Oral administration of a diet 
supplemented with prebiotics, 
lactoferrin, and milk fat globule 
membrane for four weeks

[64]

Nakagawa et 
al., 2018

Japan Lactic acid bacteria- 
containing food (900 
mg of fermented 
products of LBH_
MIKI-020, 200 mg of 
live lactic acid bacte-
ria powder, 200 mg 
of ground lactic acid 
bacteria powder, and 
200 mg of theanine in 
a daily amount)

Men and women aged 20–64 
years who have a problem with 
everyday sleep/a placebo- 
controlled, double-blinded, ran-
domized crossover study

Oral administration of 8 tablets 
(total 4.8 g) of the lactic acid 
bacteria-containing food daily

[23]

Higo-Yama-
moto et al., 
2019

Japan Heat- killed Lac-
tobacillus brevis 
SBC8803

C3H/HeN mice (male; 5 weeks 
old)

Oral administration of a diet sup-
plemented with 0.5% heat-killed 
SBC8803 for 6 weeks

[65]

Nedachi et al., 
2021

Japan Lactic-fermented 
barley GABA, lafma 
extract, vitamin B12, 
and vitamin B6

Healthy middle-aged females 
(40–64 years after menopause 
with lower sleep quality)/ran-
domized, double-blind, placebo- 
controlled, parallel intergroup 
comparison study

Oral administration, with water, 
30–60 min before sleep, with 
no chewing, for 4 weeks (main 
ingredients: lactic-fermented barley 
GABA (120 mg), lafma extract  
(50 mg), 0.1% vitamin B12 (3 mg), 
and vitamin B6 (1.5 mg))

[75]
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Bae et al., 
2023

Republic 
of Korea

ZW, ZW-AT, ZW-
EH, and ZW-FM

ICR mice (male; 5 weeks old, 
25–27 g)/pentobarbital-induced 
sleep

Oral administration of ZW  
(150 and 200 mg/kg), ZW-AT 
(150 and 200 mg/kg), ZW-EH 
(150 and 200 mg/kg), and  
ZW-FM (50, 80, 100, 150,  
and 200 mg/kg)

[68]

Food supplements (6 entries)
Minet-
Ringuet et al., 
2004

France Dietary regimens 
varying in terms of 
the protein amount 
(14 versus 30%) or 
quality (milk protein 
or alpha-lactalbumin)

Wistar rats (male) Oral administration with diet  
(3 regimens: P14 (140 g/kg 
whole milk protein), P30-WMP 
(300 g/kg whole milk protein), 
and P30-LAC (P30 + alpha-lact-
albumin > 40%))

[69]

Ta et al., 2015 Republic 
of Korea

Blue mussel water 
extracts

ICR mice (male, 18–22 g)/pento-
barbital-induced sleep

Oral administration (125, 250, 
500, 1,000 and 1,500 mg/kg)

[74]

Cherasse et 
al., 2015

Japan Zinc-containing 
yeast extract

C57BL/6 strain mice (male; 
23–27 g, 11–13 weeks old)

Oral administration of zinc- 
containing yeast extract (40 and 
80 mg/kg/10 mL/kg)

[72]

Halson et al., 
2020

Australia Tart cherry juice, 
high GI CHO, 
α-lactalbumin, 
adenosine-5-mono-
phosphate, valerian, 
and theanine

Healthy males (age: 27.4 ± 6.2 
years; weight: 83.2 ± 11.5 kg; 
height; 181.2 ± 6.7 cm)/double- 
blind, placebo-controlled cross-
over experimental design

Oral administration of a dietary 
supplement (a combination of 
tart cherry juice (0, 50, 100 mL),  
high GI CHO (0, 25, 50 g), 
α-lactalbumin (0, 20, 40 g), 
adenosine-5-monophosphate (0, 
26.5, 53 mcg), valerian (0, 750, 
1,500 mg), and theanine (0, 500, 
1,000 mg))

[70]

Thiagarajah et 
al., 2022

Malaysia α-s1-casein tryptic 
hydrolysate and 
L-theanine

Human subjects (aged 37.3 ±  
8.4 years)

Oral administration of a sup-
plement containing 150 mg 
α-s1-casein tryptic hydrolysate 
and 50 mg L-theanine in the 
same capsule

[71]

Ye et al., 2023 Republic 
of Korea

Glycine max (L.) 
Merr. extract and 
genistein

Sprague-Dawley rats (8 weeks 
old)/pentobarbital-induced sleep

Oral administration of Glycine max 
(L.) Merr. extract (400 mg/kg)  
and genistein (30 mg/kg)

[73]

ICR – Institute of Cancer Research; GABA – γ-aminobutyric acid; AVLE – Apocynum venetum L. leaf extract; PSQI – Pittsburgh Sleep Quality 
Index; RE – romaine lettuce leaves extract; SE – skullcap root extract; ZW – jujube seed water extract; ZW-AT – jujube seed water extract – 
alcohol treated; ZW-EH – jujube seed water extract – enzyme hydrolysate; ZW-FM – jujube seed water extract – fermented product 

Sleep disorder models are used to examine differ-
ences in sleep physiology and mechanisms between 
normal and disrupted sleep. In clinical settings, various 
pharmacological treatments, such as barbiturates, are 
prescribed to patients with sleep disorders. Therefore, 
identifying adjunctive therapies that enhance the effica-
cy of these treatments is crucial. For disorders such as 
caffeine-induced or stress-induced sleep disturbances, 
interventions tailored to the specific disorder are more 
effective.

Human studies involve both healthy individuals and 
those with poor sleep quality. While animal studies 
commonly employ invasive EEG and electromyography 
(EMG) with implanted electrodes, human studies typi-
cally rely on non-invasive methods. Quantitative sleep 
staging analysis is often conducted using either manu-
al or automated scoring systems. Certain software can 
analyze sleep stages, such as wakefulness, slow-wave 

sleep (SWS) and rapid eye movement (REM), without 
the need for EMG data. However, some methods require 
EMG signals from the nuchal muscles to distinguish 
between wakefulness and REM sleep. Both qualitative 
and quantitative assessments are commonly used in hu-
man studies, with the Pittsburgh Sleep Quality Index 
frequently utilized for qualitative evaluation.

Sleep parameters typically measured in these stud-
ies include wakefulness, sleep latency, REM latency, 
wake time after sleep onset, total sleep time, time spent 
in bed, and sleep efficiency [7]. Noteworthily, the defini-
tions of these parameters may vary between the studies, 
as presented in Table 2. Although we adopted a simpli-
fied approach to categorizing sleep parameters to facil-
itate screening across the studies, experimental details 
should be carefully considered when interpreting the 
results.
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Table 2 Primary objective sleep outcomes

Author, year Intervention Species Outcomes References
Minet-Ringuet et al., 
2004

Tryptophan-rich protein diet Rats – increased SWS [69]

Choi et al., 2014 Gastrodiae rhizoma ethanol extract Mice – shortened sleep latency 
– increased total sleep time 
– decreased sleep/wake cycles

[40]

Yoon et al., 2014 Ecklonia cava Mice – increased SWS [54]

Miyazaki et al., 2014 Dietary heat-killed Lactobacillus brevis 
SBC8803 

Mice – reduced wakefulness  
– increased SWS

[63]

Yamatsu et al., 2015 – Oral GABA 
– Apocynum venetum L. leaf extract

Human – shortened sleep latency 
– increased SWS 

[12]

Ta et al., 2015 Blue mussel water extracts Mice – shortened sleep latency 
– increased SWS 
– increased total sleep time

[74]

Cherasse et al., 2015 Zinc-containing yeast extract Mice – increased SWS [72]
Yamatsu et al., 2015 Oral GABA Human – shortened sleep latency 

– increased SWS 
[12]

Uchida et al., 2016 Mycelial extract of cultured Cordyceps 
sinensis

Rats – reduced wake after sleep onset  
– increased SWS

[58]

Nakamura et al., 2016 Japanese sake yeast Mice – increased SWS [15]
Monoi et al., 2016 Japanese sake yeast Human – increased delta wave power [66]

Cheaha et al., 2016 Vetiver essential oil inhalation Rats – increased waking period 
– reduced SWS

[30]

Abdollahnejad et al., 
2016

Aloe vera (L.) Burm.f. aqueous extract Rats – increased SWS  
– decreased REM 
– increased total sleeping time

[42]

Abdollahnejad et al., 
2016

Amygdalus communis L. extract Rats – increased total sleep time 
– increased sleep/wake cycles

[42]

Yoo et al., 2017 Sinomenine Mice – shortened sleep latency 
– increased total sleep time

[35]

Woo et al., 2017 Decursinol angelate Mice – increased total sleep time 
– decreased sleep/wake cycles

[33]

Wei et al., 2017 Stilbene Glucoside (Polygonum multiflo-
rum Thunb.)

Mice – reduced wake after sleep onset  
– increased SWS 
– reduced REM 
– increased total sleep time

[32]

Thompson et al., 2017 Dietary prebiotics and bioactive milk  
fractions 

Rats – increased SWS [64]

Kwon et al., 2017 Rosmarinic acid Mice – shortened sleep latency 
– increased total sleep time 
– increased number of falling 
asleep

[34]

Kwon et al., 2017 Ethanol extract of Perillae herba Mice – increased SWS  
– increased total sleep time 
– decreased sleep/wake cycles

[48]

Yoon & Cho, 2018 Triphlorethol A Mice – shortened sleep latency 
– increase total sleep time

[36]

Nakagawa et al., 2018 Lactic acid bacteria-containing foods Human – increase total sleep time [23]

Hong et al., 2018 Romaine lettuce/skullcap mixture Mice – increased SWS 
– increase total sleep time

[50]

Rahimi et al., 2019 Hydroalcoholic tarooneh extract Rats – increased delta wave power 
– decreased alpha and beta wave 
power 
– increased total sleep time

[53]

Panagiotou et al., 2019 Chronic caffeine consumption Mice – increased SWS [59]

Lin et al., 2019 Pinelliae Rhizoma Praeparatum Cum  
Alumine extract

Mice – reduced wakefulness 
– increased SWS 
– increased REM

[37]

Kwon et al., 2019 A standardized phlorotannin supplement Mice – increased sleep latency 
– decreased SWS

[61]
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Kim et al., 2019 GABA and L-theanine mixture Mice – shortened sleep latency 

– increase total sleep time
[13]

Kim et al., 2019 Green Romaine lettuce (Lactuca sativa L.) Rats – increased SWS 
– reduced REM

[52]

Higo-Yamamoto et al., 
2019

Dietary heat-killed Lactobacillus brevis 
SBC8803

Mice – increased SWS 
– reduced REM

[65]

Yamashiro et al., 2020 Polyherbal formulation Rats – reduced total sleep time [43]

Koomhin et al., 2020 Michelia essential oil Human – reduced wakefulness [24]

Takeda et al., 2020 Saffron-derived Crocin and Safranal Human – shortened sleep latency 
– increased SWS 
– reduced wake after sleep onset

[45]

Oishi et al., 2020 Dietary natural cocoa Mice – increased SWS [62]

Chandharakool et al., 
2020

Tangerine essential oil Human – shortened sleep latency [25]

Halson et al., 2020 Nutritional intervention Human – shortened sleep latency [70]

Martinez-Mota et al., 2021 Calea zacatechichi Schltdl. (Compositae) Rats – increased SWS [44]

Nedachi et al., 2021 GABA and lafma Human – increased delta power [75]

Kim et al., 2021 Quercetin-3-O-glucuronide in the ethanol 
extract of lotus leaf

Mice – increased SWS 
– reduced REM  
– increased total sleep time

[47]

Jo et al., 2021 Green lettuce leaf extract Rats – increased SWS 
– reduced REM  
– increased total sleep time

[51]

Li et al., 2021 Armillaria mellea (Fr.) P. Karst. mycelia Rats – increased SWS 
– increased REM

[55]

Kwangjai et al., 2021 Citrus reticulata Blanco. cv. Sai-Nam-
Phueng essential oil

Rats – shortened REM sleep latency 
– increased REM sleep time 
– increased SWS and REM 
episodes

[26]

Li et al., 2021 Hericium erinaceus mycelium Mice – increased SWS 
– reduced REM 

[56]

Ko et al., 2021 Essential oil aroma (lavender aroma) Human – increased delta wave power [27]
Thiagarajah et al., 2022 Alpha-S1-casein tryptic hydrolysate and 

L-theanine
Human – increased total sleep time [71]

Kim et al., 2022 Green kiwifruit peel extract Mice – shortened sleep latency 
– increased SWS

[18]

Hua et al., 2022 Lonicerae Japonicae Flos extract Mice – shortened sleep latency 
– increased SWS 
– increased REM

[41]

Murthy et al., 2022 Hydroalcoholic extract of ashwagandha Rats – shortened sleep latency 
– increased total sleep time

[38]

Ahn et al., 2022 Lotus (Nelumbo nucifera Gaertn.)  
rhizome water extract 

Mice – increased SWS 
– increased total sleep time 
– increased theta and delta wave 
powers

[46]

Miyazaki et al., 2022 Eurycoma longifolia Jack extract Mice – increased SWS 
– increased REM 
– increased delta wave power 
– reduced wakefulness during the 
dark period

[39]

Kim et al., 2022 Poria cocos (Schw.) Wolf extract Mice – shortened sleep latency 
– increased SWS 
– increased total sleep time

[57]

Cheaha et al., 2023 Jasmine essential oil Mice – reduced wake after sleep onset 
– increased SWS

[28]

Ahn et al., 2023 Heukharang lettuce (Lactuca sativa L.) 
leaf extract 

Mice – reduced wake after sleep onset  
– increased SWS 
– increased REM 
– increased delta wave power 
– increased total sleep time

[49]

Сontinuation of the Table 2
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Author, year Intervention Species Outcomes References
Ye et al., 2023 Glycine max (L.) Merr. extract (functional 

food)
Rats – reduced awakening time 

– increased SWS 
– increased REM

[73]

Bae et al., 2023 Water extract from Jujube

(Zizyphus jujuba Mill.) seeds

Mice – shortened sleep latency 
– increased SWS 
– increased delta wave power 
– increased total sleep time

[68]

Kim et al., 2023 Green tea ethanol extract Mice – increased sleep latency 
– increased wakefulness

[60]

Baba et al., 2023 Theanine (non-proteinogenic amino acid 
found in the leaves of Camellia sinensis 
(L.) Kuntze)

Human – reduced wake after sleep onset [22]

Kim et al., 2023 Chrysanthemum × morifolium var. gracile 
Hemsl.

Mice – increased SWS 
– reduced wake after sleep onset 
– increased delta wave power 
– increased total sleep time

[17]

Park et al., 2023 Ashwagandha (Withania somnifera  
L. Dunal) root extract

Mice and 
Rats

– reduced wake after sleep onset  
– increased SWS 
– increased delta wave power 
– increased total sleep time

[14]

Zhou et al., 2023 Anshen essential oil Mice – shortened sleep latency 
– increased total sleep time

[31]

SWS – slow-wave sleep; REM – rapid eye movement; GABA – γ-aminobutyric acid 

The sleep-wake system is a complex, interconnected 
network of wake-promoting and sleep-promoting centers 
in the brain. Orexinergic neurons are central to regulat-
ing arousal and maintaining wakefulness, receiving input 
from multiple brain regions, including the brainstem, basal 
forebrain, prefrontal cortex, and hypothalamus [8, 9]. The 
ventrolateral preoptic nucleus (VLPO) plays a pivotal role 
in sleep induction and maintenance, with GABAergic neu-
rons projecting to, and inhibiting, wake-promoting centers 
and thereby facilitating the onset of sleep [10]. According 
to the circadian rhythm model, the suprachiasmatic nucle-
us (SCN) sends signals to the VLPO indirectly during the 
nighttime period to initiate sleep. This sleep-promoting 
signal is further enhanced by melatonin released from the 
pineal gland, which increases the SCN’s sensitivity to its 
own sleep-inducing signals [11]. The VLPO is inhibited by 
wake-promoting neurotransmitters, such as noradrenaline.

The studies examining the effects of foods and bever-
ages on sleep parameters often focus on neurotransmitter 
systems [12–15], such as the GABAergic, adrenergic, glu-
tamatergic, and serotonergic systems, as well as peripheral 
neural networks. The GABAergic system is frequently stud-
ied as a target. While the central nervous system is often the 
primary focus, the peripheral nervous system also provides 
valuable insights into sleep-wake physiology. GABAergic 
neurons play a crucial role in the mechanism of action of sed-
ative-hypnotic drugs, such as barbiturates, which increase 
chloride conductance within GABAergic neurons [16]. 

Recent years have seen a growing interest in the devel-
opment of natural sleep aids to mitigate the adverse effects 
of standard pharmacological treatments [17, 18]. While no 
single drug can perfectly replicate the physiological sleep-
wake cycle, combining treatments that extend the benefits 

of sedative-hypnotic drugs, particularly during the SWS 
and REM stages, holds promising therapeutic potential. 
Although there is no evidence that oral γ-aminobutyr-
ic acid (GABA) supplementation crosses the blood-brain 
barrier, studies suggest that GABA intake can reduce 
stress and anxiety, promote relaxation, and stimulate the 
parasympathetic nervous system and enteric nervous sys-
tem [19]. As such, GABA is considered a key ingredient 
in functional foods aimed at enhancing sleep. Several sub-
stances can increase central GABA levels by upregulating 
glutamic acid decarboxylase, benefiting both central and 
peripheral mechanisms [12, 17]. 

Another key neurotransmitter system involved in 
sleep regulation is the adrenergic system. Following pro-
longed wakefulness, adenosine triphosphate is metabo-
lized into adenosine, which, at high levels, stimulates the 
adenosine A2A receptor, promoting sleep onset in accor-
dance with the homeostatic theory of sleep [20]. Caffeine 
blocks this receptor, thus increasing alertness. Conse-
quently, compounds that stimulate this receptor repre-
sent potential targets for sleep-promoting agents [21]. 

The glutamatergic system remains less studied, but 
emerging evidence suggests that L-theanine may act as 
an antagonist at the α-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid receptor, potentially influencing sleep 
regulation [22]. Serotonergic neurotransmitters also play a 
role in stress responses and the maintenance of the GAB-
Aergic system, contributing to sleep rhythm regulation in 
some individuals. Additionally, several peripheral targets, 
such as the peroxisome proliferator-activated receptor al-
pha and the gut microbiota, have been implicated in the 
modulation of sleep physiology, offering further avenues 
for therapeutic intervention [23]. 

Сontinuation of the Table 2
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Types of foods related to sleep based on electro-
encephalography results. The classification of foods 
related to sleep is based on EEG data, which includes 
their purpose, origin, function, nutritive value, and 
functional properties. Foods are categorized into six 
types: essential oils, Chinese herbal medicines, plant 
and fungi extracts, tea and cocoa, probiotics and prebi-
otics from fermented foods, and food supplements.

Essential oils. Essential oils with distinct fragrances 
are widely used as food flavor ingredients due to their 
diverse properties. Their aroma often reflects the raw 
materials from which they are derived and thereby con-
tributes to acceptable flavors in various food products. 
Numerous studies have shown that essential oils can 
influence human sleep by modulating alpha, beta, del-
ta, and theta waves (Table 1). For example, Michelia × 
alba DC. oil reduced wakefulness and increased alpha 
fast activity, indicating sleep-enhancing effects [24]. 
Tangerine oil also reduced alpha and beta waves while 
increasing theta wave power, promoting relaxation and 
reducing sleep onset latency [25]. Orange oil, contain-
ing 75% of d-limonene, significantly increased the fre-
quency and duration of REM sleep, while decreasing 
sleep onset latency and overall sleep duration [26]. Lav-
ender oil promoted SWS by decreasing alpha wave ac-
tivity and increasing delta wave activity [27]. Jasmine 
oil, which influences brain regions responsible for stress 
and anxiety, induced slow delta and beta oscillations, 
supporting non-rapid eye movement (NREM) sleep and 
suggesting its potential as a treatment for anxiety and 
insomnia [28]. Additionally, Litsea cubeba (Lour.) Pers. 
vapor altered brain waves differently in male and fe-
male participants, promoting relaxation in the males and 
causing heightened alertness in the females [29].

Essential oils extracted from various plant parts, 
though typically less fragrant than those from specific 
raw materials, can still significantly impact sleep when in-
haled or ingested. For example, Vetiveria zizanoides (L.)  
Nash, an aromatic grass from tropical regions, can stim-
ulate alertness and enhance task performance. Exposure 
to this oil was associated with REM sleep and a dom-
inant parietal theta wave, with high electromyography 
activity during wakefulness and its near-absence during 
REM sleep [30]. Additionally, the key components of An-
shen essential oil, including (+)-limonene, linalool, and 
ocimene, were shown to improve sleep duration and in-
crease neurotransmitter levels, such as 5-hydroxytrypt-
amine and GABA, in mice with induced insomnia [31].

Chinese herbal medicine. Chinese herbal medi-
cine (CHM), which is often incorporated into tradition-
al food dishes and herbal products (Table 1), has long 
been used to treat various diseases and manage insom-
nia. Typically made from herbs and spices, CHM is pre-
pared as powders or water-based extracts. Recent studies 
using EEG techniques have provided valuable insights 
into the effects of CHM on sleep. While most CHM 
materials are traditionally sourced from Asian coun-
tries (primarily China, Republic of Korea, Japan, India, 
and Iran), similar active compounds from other regions 

are also utilized. This has supported the development 
of sleep-promoting products in various countries, in-
cluding Mexico. Notable CHMs for insomnia include 
Polygonum multiflorum Thunb., which contains stil-
bene glucoside to improve sleep by reducing wakeful-
ness and REM sleep while enhancing NREM sleep [32];  
Sinomenium acutum (Thunb.) Rehder & E.H. Wil-
son, which activates the GABAergic system to improve 
NREM sleep [33]; and Perilla frutescens (L.) Britton, 
with rosmarinic acid that similarly boosts NREM sleep 
via the GABAergic system [34]. Traditional remedies 
such as Angelica dahurica (Hoffm.) Benth. & Hook.f. ex 
Franch. & Sav. (Bai Zhi) stimulate GABAA receptors, aid-
ing in insomnia relief [35], while brown seaweed extract 
interacts with GABAA receptors to promote sleep [36].  
Additionally, Pinellia ternata (Thunb.) Makino enhances 
both REM and NREM sleep, reducing wakefulness and 
sleep interruptions [37]. 

Extracts from Withania somnifera (L.) Dunal (ashwa-
gandha) have shown potential for improving sleep by en-
hancing brainwave activity, including delta waves. They 
also support NREM and slow-wave sleep cycles, help-
ing calm the mind and improve sleep quality [14, 38].  
Similarly, Eurycoma longifolia Jack (Tongkat ali) has 
been found to improve sleep rhythms and increase delta 
power during NREM sleep, possibly through body tem-
perature regulation, suggesting its potential as a natural 
remedy for sleep problems [39]. Gastrodiae rhizoma ex-
tract has also demonstrated sleep benefits by reducing 
sleep onset time, increasing total sleep duration, and en-
hancing REM sleep structure [40]. Flower-based extracts 
used in CHM, such as Lonicerae Japonicae Flos (hon-
eysuckle), have been shown to improve sleep by reduc-
ing sleep onset time and increasing REM sleep during 
recovery from sleep deprivation [41]. Aloe vera (L.)  
Burm.f. extract has been reported to positively affect 
both REM and NREM sleep, extending total sleep time 
and inducing calming effects [42]. Additionally, Amyg-
dalus communis L. (almond extract) enhances sleep 
duration and NREM sleep, while traditional herbal 
combinations, such as linden, mulberry, lavandin, but-
terfly pea, and tulsi, have been studied for their ability 
to reduce sleep latency and improve sleep quality [43]. 
Similarly, Calea zacatechichi Schltdl., traditionally used 
in Mexico, exhibits anxiolytic-like effects and promotes 
sleep stages associated with memory consolidation [44]. 
These findings highlight the potential of flower- and 
food-based CHMs as natural alternatives for managing 
sleep issues.

Plant and fungi extracts. Plant extracts, derived 
from fruits, roots, flowers, stems, and leaves, contain 
active compounds and are increasingly used as func-
tional ingredients in food. Mushroom extracts, valued 
for their flavor in human diets and medicinal properties, 
have gained attention for improving sleep quality, par-
ticularly in oriental countries. This highlights the poten-
tial of natural ingredients in promoting better sleep and 
overall well-being. 



404

Sattayakhom A. et al. Foods and Raw Materials. 2027;15(2):392–410

Among plant extracts, saffron, derived from the 
flower of Crocus sativus Herb., has demonstrated 
promising effects on sleep quality by reducing sleep 
onset time and nighttime awakenings while increasing 
NREM sleep. These benefits are attributed to its active 
compounds, crocin and safranal, which enhance sleep 
quality and rhythm [45]. The ethanol extract of lotus 
leaf (Nelumbo nucifera Gaertn.), particularly querce-
tin-3-O-glucuronide, improves sleep by interacting with 
GABAA receptors, enhancing both sleep quantity and 
quality [46, 47]. Chrysanthemum extract and its active 
compound linarin have also shown potential by increas-
ing sleep duration in animal models [17].

Promising sleep benefits are also offered by the plant 
extracts derived from food by-products, such as kiwi-
fruit peel, lettuce leaves, and aloe vera [42]. Kiwifruit 
peel ethanol extract increases NREM sleep and reduces 
sleep latency in a dose-dependent manner [18]. Peril-
lan herba and Heukharang lettuce (Lactuca sativa L.)  
extracts enhance NREM sleep by interacting with 
GABAA-BZD receptors [48]. Additionally, GABA sup-
plementation at a dose of 100 mg has been reported to 
reduce sleep onset by 5.3 min and improve sleep qual-
ity [12]. Green lettuce extract (100 mg/kg) increased 
total sleep time and improved NREM sleep in animal 
studies, with Heukharang lettuce demonstrating simi-
lar effects [49–52]. Date palm extract (125 mg/kg) has 
been found to improve sleep by increasing delta waves 
and reducing alpha and beta waves, thus contributing to 
deep, restful sleep [53]. Additionally, seaweed extracts, 
such as Ecklonia cava ethanol extract, induce NREM 
sleep without affecting REM sleep, promoting natural 
physiological sleep [54].

Fungi extracts have also shown promise in manag-
ing sleep disorders. Hericium erinaceus (honey mush-
room) mycelium contains erinacine, which supports 
nervous system functions and improves both NREM 
and REM sleep, reducing anxiety and insomnia [55, 56]. 
Poria cocos (Schw.) Wolf (Bokryeong), a sclerotium 
fungus, enhances slow-wave sleep, reduces sleep laten-
cy, and improves sleep structure by activating GABAA 
receptors [57]. Cordyceps sinensis (Dong Chong Xia 
Cao) extract alleviated stress-induced sleep disturbanc-
es in rats by improving their stress adaptability and 
sleep restoration within hours [58]. These findings un-
derscore the potential of plant and fungi extracts as nat-
ural remedies for improving sleep quality and offering 
both calming and restorative effects.

Tea and cocoa. Caffeine is one of the most com-
monly used stimulants in daily life. People consume 
caffeine through drinks such as coffee and tea. It affects 
sleep and our internal body clock. Chronic caffeine 
consumption leads to increased sleep pressure, mean-
ing the body becomes more in need of sleep over time. 
However, chronic caffeine use can also make some peo-
ple stay awake longer. In recent years, more people are 
staying awake to make up for lack of sleep (Table 1).  
In studies, caffeine has been shown to have different 
effects depending on how often it is consumed. In the 

short term, caffeine can make people stay awake, but 
when consumed long-term, it may increase the body’s 
daily sleep-wake cycle. This means that people may 
sleep more during the light period and stay awake more 
during the dark period [59].

Green tea (Camellia sinensis (L.) Kuntze) also con-
tains caffeine, like coffee. However, green tea has a relax-
ing effect due to an amino acid called theanine. Theanine 
can reduce caffeine’s effects on sleep quality [22]. This 
suggests that drinking green tea may help improve sleep, 
especially in people who consume a lot of caffeinated bev-
erages [60]. Green tea also contains GABA, an important 
neurotransmitter that promotes relaxation and sleep. When 
GABA is combined with theanine, it can improve sleep 
quality, as shown in studies with mice [13]. Additional-
ly, phlorotannins, a type of polyphenol found in brown 
seaweed, can promote sleep by affecting the GABAA  
receptors. This may help relieve temporary insomnia 
caused by caffeine consumption [61].

Cacao beans, used in making chocolate and cocoa, 
are rich in phenolic compounds that may help prevent 
diseases related to inflammation and stress. Flavonoids 
in cocoa also have benefits for the brain, improving 
mood, memory, and learning by activating nitric oxide 
in blood vessels. Regular consumption of cocoa can 
help reduce sleep problems caused by stress without af-
fecting sleep patterns under normal conditions [62]. In 
summary, both green tea and cocoa offer benefits for 
sleep improvement, with the ability to reduce the nega-
tive effects of caffeine and promote relaxation.

Probiotics, prebiotics, and fermented foods. Fer-
mented foods contain probiotic bacteria, such as 
Lactobacillus species, which are commonly used as 
supplements to improve health, especially by support-
ing the immune system. Changes in the gut microbi-
ome are linked to sleep patterns in both humans and 
animals (Table 1). These changes can enhance REM 
sleep but may also result in poorer overall sleep qual-
ity. Additionally, certain peptides from the digestion 
of protein and the cell walls of intestinal bacteria can 
enhance NREM sleep. This suggests that sleep and gut 
health are connected and may influence each other [63]. 
In a study with men and women aged 20–64, those who 
had trouble sleeping and took lactic acid bacteria sup-
plements showed improvements in sleep quality. The 
study, which was placebo-controlled and randomized, 
suggests that probiotics may be a safe way to improve 
sleep quality for people dealing with sleep issues [23]. 
The gut-brain axis refers to the interaction between the 
brain and the intestines, and food components can influ-
ence this system through the gut microbiome. Probiot-
ics, such as Lactobacillus gasseri, can interact with the 
gut environment and provide health benefits, including 
better sleep quality.

In addition, prebiotic diets, rich in prebiotics and 
glycoproteins, can influence the gut microbiota and pro-
mote the growth of microbial species that help reduce 
the impact of stress. For example, a diet rich in prebi-
otics can regulate the sleep and wake cycle both before 
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and after stress and provide stress-protective effects on 
daily physiology and the gut microbiota. Consumption 
of a prebiotic-rich diet has been shown to improve early- 
life NREM sleep and enhance REM sleep rebound fol-
lowing stress [64]. Fiber mixed with Lactobacillus bre-
vis significantly helps restore wakefulness and increases 
NREM sleep. During the early stages of the inactive 
period, NREM sleep was significantly improved by the 
consumption of prebiotics [65]. 

Many fermented foods are made using probiotics. The 
use of yeast fermentation, such as in sake or Japanese rice 
wine, helps promote NREM sleep by activating receptors, 
which makes it a potential candidate for a supplement to 
improve sleep quality [15]. This is consistent with reports 
that drinking sake offers benefits without any adverse ef-
fects, with sake yeast supplementation being an effective 
and safe way to support high-quality, deep sleep [66]. In 
fermented foods, glucose obtained from the fermentation 
of starch or from high-glucose beverages contributes to 
facilitating sleep onset by increasing the excitability of 
sleep-promoting neurons in the ventrolateral preoptic nu-
cleus. Glucose-induced excitation of the VLPO is thought 
to be involved in the drowsiness experienced after con-
suming a high-sugar meal. This new mechanism regulat-
ing VLPO neuron activity highlights the close connection 
between sleep and metabolism [67].

During fermentation, various plant-based raw mate-
rials provide nutrients that are beneficial for sleep, such 
as GABA, an amino acid found in foods such as vegeta-
bles, fruits, and fermented products [68]. GABA can be 
derived from sprouted brown rice, wine fermentation, or 
from extracts of Apocynum venetum L. leaves. GABA 
plays a crucial role in the central nervous system, signifi-
cantly shortening sleep latency while increasing NREM 
sleep duration. It is quickly absorbed, with blood levels 
peaking 30 min after oral administration before grad-
ually decreasing. The effect of GABA on sleep may be 
linked to its levels in the bloodstream [12]. 

Food supplements. Food supplements are concen-
trated sources of nutrients, such as vitamins and miner-
als, or other substances that affect health. They are sold 
in the form of pills, tablets, capsules, or liquids with 
measured doses. These supplements may contain a vari-
ety of ingredients, including vitamins, minerals, amino 
acids, essential fatty acids, fiber, and plant or herbal ex-
tracts2. Some food supplements are linked to improve-
ments in sleep (Table 1). For example, essential amino 
acids can improve sleep by helping to produce certain 
neurotransmitters. Tryptophan, a dietary protein, may 
assist in sleep recovery after re-feeding following a pe-
riod of calorie restriction. Since tryptophan competes to 
cross the blood-brain barrier, increasing its levels may 
help improve sleep efficiency. Milk proteins, plant pro-
teins, or alpha-lactalbumin can also help improve sleep 
in adults with sleep disturbances caused by nutritional 
problems, shift work, or fasting during Ramadan [69]. 
2  Food supplements. European Food Safety Authority. 2024 [cited 
2024 Dec 5]. Available from: https://www.efsa.europa.eu/en/safe2eat/
food-supplements

Dietary supplements containing L-theanine (655 mg) 
and 5′-adenylic acid (53 mcg) have been shown to sig-
nificantly reduce sleep onset time and could be used 
to promote natural sleep [70]. A combination of alpha- 
s1-casein tryptic hydrolysate and L-theanine in work-
ing adults with poor sleep quality improved their sleep 
onset time, sleep duration (by 45 min), sleep efficiency, 
and daytime functioning, as well as increased their al-
pha brain waves [71].

Zinc-containing yeast extract (40 and 80 mg/kg) in-
creased the total amount of NREM sleep and reduced lo-
comotor activity in a dose-dependent manner. Zinc, as an 
essential trace element, has the potential to interact with 
various synaptic targets, including glutamate and GABA 
receptors, and modulate their activity [72]. Glycine is 
a functional food that provides many beneficial phyto-
chemicals. Administration of glycine extract (30 mg/kg)  
decreased wake time and increased both REM and 
NREM sleep in environmental prenatal stress-stressed 
rats [73]. Furthermore, blue mussel (Mytilus edulis L.) wa-
ter extracts produced a dose-dependent reduction in sleep 
latency and an increase in sleep duration in pentobarbi-
tal-treated mice. It decreased sleep latency and induced 
NREM sleep while maintaining REM sleep [74]. 

Future prospects of sleep product development. 
The development of sleep-related food products offers 
consumers an alternative approach to health care. By uti-
lizing raw materials or food types supported by sleep-re-
lated data obtained through EEG, product developers 
can strategically select ingredients for prototype devel-
opment. Sleep-inducing products provide individuals 
seeking improved sleep with a food-based alternative 
to pharmaceutical medications. The integration of EEG 
brainwave measurements with raw materials or food 
types enables the creation of functional foods. While 
certain foods may offer desirable taste and aroma, they 
may not necessarily enhance sleep functions. The com-
bination of sensory evaluation with EEG data provides 
developers with the opportunity to create foods that are 
not only palatable but also contribute to improved sleep, 
thereby offering greater benefits to consumers (Fig. 2).

The use of EEG in analyzing raw materials or product 
types for sleep-inducing foods presents significant poten-
tial for real-world product development. EEG facilitates 
the analysis of brain waves and provides valuable insights 
into how these products may influence sleep following 
consumption. Based on available data, raw materials from 
six distinct food categories, when used within appropriate 
dose ranges, hold potential for developing sleep-promot-
ing food products. The data suggests that food consump-
tion can influence sleep, with a particular emphasis on 
SWS and NREM sleep over REM sleep. Several food 
products, including probiotics, fermented foods, tea, and 
cocoa, are already available and easily consumable, of-
fering a wide range of options for consumers. In addition, 
raw materials that contribute to flavor, such as essential 
oils, can be incorporated into a variety of food products, 
particularly in Asian cuisines, where foods containing es-
sential oils are commonly consumed. 
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Figure 2 The role of electroencephalography in the development of sleep-related food products

SWS – slow-wave sleep; REM – rapid eye movement

According to Table 2, many foods and supple-
ments exert a more pronounced effect on SWS than 
on REM sleep. The development of products that are 
easy to consume before bedtime, such as beverages 
or tablets, may help reduce beta waves and increase 
theta and delta waves, thus facilitating a quicker on-
set of sleep. While foods affecting REM sleep are 
less common, certain foods containing Chinese herb-
al medicines have demonstrated potential effects on 
sleep. They include Aloe vera aqueous extract, stil-
bene glucoside (P. multiflorum), Pinellia rhizoma, 
aluminum extract, lotus extract, Lonicera japonica 
Thunb. extract, and E. longifolia extract. These in-
gredients produce direct therapeutic effects on sleep- 
related conditions. Notably, these botanical ingredients 
contain bioactive compounds known to modulate sleep 
patterns through their sedative, anxiolytic, and anti-in-
flammatory properties, which may be particularly ben-
eficial for individuals with insomnia or disrupted sleep.

For individuals accustomed to consuming caffeinat-
ed beverages, EEG data suggest that tea and cocoa may 
improve sleep quality. These foods may mitigate the 
stimulating effects of caffeine when consumed in con-
trolled amounts, particularly in the evening. Therefore, 
the development of products in this category should 
focus on optimal dosages to shorten the NREM period 
and improve overall sleep quality. Incorporating ingre-
dients such as theobromine from cocoa or L-theanine 
from tea may further enhance sleep-promoting ef-
fects by promoting relaxation and reducing sleep onset  
latency.

The design of sleep-related products must adhere to 
both international and national regulations regarding 
the permissible inclusion of sleep-inducing ingredients. 
It is essential to evaluate the safety and efficacy of these 
ingredients at specific dosages to ensure their suitability 
for marketing as food-based sleep aids. These products 
are a natural and accessible alternative to pharmaceu-
tical sleep medications. This review can provide prod-
uct developers with valuable insights into the potential 
of various ingredients tested through EEG analysis, as 
well as inform the development of novel sleep-related 
products. Future research should further explore the 
synergistic effects of different food components on sleep 
regulation, optimizing formulations that target specific 
sleep disorders while ensuring both safety and consum-
er acceptance.

CONCLUSION
The use of electroencephalography can serve as a 

valuable guideline in the development of sleep-related 
food products. Electroencephalography can measure 
the effects of food consumption on sleep, specifically 
during the slow-wave sleep stages. However, our data 
suggests that common foods tend to have a stronger im-
pact on enhancing non-rapid eye movement sleep rather 
than rapid eye movement sleep. The observed changes 
in brain waves, including reductions in alpha and beta 
waves and increases in theta and delta waves, provide 
key insights into the effects of food consumption on 
sleep. Foods that extend the rapid eye movement stage 
are primarily Chinese herbal medicines, which are often 
more therapeutic than conventional food products. Six 

A compilation of food experiments on sleep measurement using 
electroencephalography (EEG)

Animal model Study in humans

Foods can be classified into six types based on EEG

Increased SWS
Increased total sleep time
Shortened sleep latency

Reduced REM

Valuable insights for product developers 
in the global food industry, with a focus on 

sleep-enhancing functional foods, health 
products, and future advancements.

Essential oil
13.11%

Herbs
22.95%

Plant and fungi extracts
29.51%

Tea and cocoa
9.84%

Probiotics, prebiotics, 
fermented foods 14.75%

Food supplements
9.84%
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sleep-related food categories identified through electro-
encephalography include essential oils, Chinese herbal 
medicines, plant and fungi extracts, tea and cocoa, pro-
biotics and prebiotic-fermented foods, and food supple-
ments. These products are available both as main dishes 
and supplements. By leveraging these insights to further 
develop these products, it is possible to create foods that 
not only taste appealing but also promote sleep-enhanc-
ing functions. This review provides valuable informa-
tion for product developers in the global food industry, 
particularly in the functional food and health product 
markets, with a focus on future advancements.
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Abstract:
Heat treatment induces structural changes in milk proteins, thus affecting the processing suitability of milk powder. Identifying 
new molecular markers of heat load helps to develop rapid and efficient approaches to milk powder assessment. This study 
utilized molecular analysis to investigate the impact of thermal treatment on the proteome and peptidome of skim milk.
The skim milk samples were subjected to heat treatment at 70, 80, and 90°C for 30 s, while skim milk maintained at 45°C 
served as control. Two-dimensional electrophoresis made it possible to separate and evaluate protein structural changes. Peptide 
identification relied on matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS), preceded 
by trypsinolysis. A combination of Raman spectroscopy and principal component analysis visualized the heat-induced spectral 
responses to evaluate the potential of Raman spectroscopy for tracing the thermal history of milk powder.
High pasteurization temperature reduced the number of protein fractions. MALDI-TOF MS identified 30 peptides belonging to 
seven major milk proteins. Peptide fragments of αS1-casein and β-casein were absent in the control but present in the experimental 
samples, indicating heat-induced protein transformation. The intermolecular interactions and disruption of the secondary 
structure of proteins resulted in differences in the isoelectric points. Raman spectroscopy revealed heat-induced changes in the 
wavenumber ranges of 900–1097, 1328–1437, and 1475–1546 cm–1, attributed to the transformed carbohydrate and proteomic milk 
profiles. The principal component analysis made it possible to visualize the differences and identify the regions that make the 
highest contribution to the response.
Raman spectroscopy proved to be a reliable technique for developing and validating a rapid approach to assess the degree of heat 
load in milk.

Keywords: Skim milk, milk powder, heat treatment, peptide profile, milk proteins, two-dimensional electrophoresis, mass 
spectrometry, Raman spectroscopy
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INTRODUCTION
Dairy production is driven by the growing glob-

al population and the increasing demand for high-qual-
ity food [1]. It is expected to grow by 22% by 2027 [2].  
Dairy products have always been an integral part of the 
traditional Russian diet. Starting in 2015, a decade-long 
increase in raw milk production reached 34 million tons 
in 2024 [3], i.e., an increase of 13.7%. As the dairy sector 
keeps growing, dairy processing plants have to increase 
production efficiency while ensuring rapid and accurate 

quality control [2]. Taking into account this challenge, 
modern quality control must shift from conventional reg-
ulatory indicators to assessing food properties during 
processing and storage [4]. Milk powder is part of dairy, 
bakery, confectionery, and other formulations. As such, 
it requires a comprehensive in-depth analysis of its com-
position and properties. Skim milk powder is the most in- 
demand in the food industry. In 2024, the global production 
of skim milk powder amounted to 150.3 billion US dollars. 
With an average annual growth rate of 5.8%, it is expected 
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to exceed 260 billion US dollars by 20341. In Russia, tech-
nical modernization and state support also ensure a stable 
increase in skim milk powder production. From January to 
October 2025, its volume grew by 11.8% compared to the 
same period in 2024 and reached 108,700 tons2.

As a complex colloidal system of proteins, fats, car-
bohydrates, minerals, and vitamins, milk requires multi-
disciplinary analysis. The problem is that its components 
vary in physicochemical and structural properties, 
which complicates quality assessment during process-
ing. Proteins are responsible for the allergenicity [5],  
functional characteristics [6], biological value [7], and 
technological properties of milk. Their components (α-, 
β-, and κ-caseins, whey proteins, immunoglobulins, and 
enzymes) have disparate properties [8]. 

Heat treatment is  a mandatory process in the milk 
production chain as it ensures microbiological safety. 
The processing conditions vary greatly: sterilization, 
pasteurization, ultra-pasteurization, etc. As a result, the 
thermal exposure of the milk system components differs 
significantly [9]. In this regard, studying changes in milk 
proteins during heating is important for food safety and 
defines their further tech nological use [10, 11]. A rapid 
thermal load test means an equally rapid charting of utili-
zation pathways. 

For example, fermented dairy products require high 
pasteurization temperatures, and the heating mode tar-
gets protein structural changes necessary to reach the 
desired consistency [12]. On the contrary, cheese and 
cottage cheese obtained by acid-rennet coagulation 
need a lower degree of whey protein denaturation to ob-
tain a curd with the necessary properties [13].

Global and domestic skim milk powder producers 
classify it into three main raw-material classes, depend-
ing on the whey protein nitrogen index (WPNI). This 
indicator is determined using the Kjeldahl method and 
correlates with the degree and time of thermal expo-
sure. For instance, pre-curding processing parameters 
of 70°C for 15 s yield 6.00 mg WPNI/g of low-heat skim 
milk powder; 85°C for 60 s or 90–105°C for 30 s result 
in 1.51–5.99  mg WPNI/g of medium-heat skim milk 
powder; 90°C for 5 min or 120°C for 1–2 min produce 
as little as 1.50 mg WPNI/g high-heat skim milk pow-
der [14–16]. 

Studies of this kind discover new heat load markers 
to improve the current dairy quality control procedures.

Molecular analysis methods standardize the assess-
ment of heat load effect on dairy raw materials and help 
to chart further utilization pathways. They are sensi-
tive, accurate, and comprehensive. For instance, Raman 
spectroscopy is fast and automated. It can be applied to 
complex dairy systems without special pretreatment or 
sample destruction.
1  Skimmed milk powder market size and share 2025–2034. Global Market 
Insights. [cited 2026 Jan 20]. (In Russ.) Available from: https://www.
gminsights.com/ru/industry-analysis/skimmed-milk-powder-market 
2  The production of skimmed milk powder increased by 11.8%. Milknews. 
[cited 2026 Jan 20]. (In Russ.) Available from: https://milknews.ru/analitika-
rinka-moloka/rinok-moloka-v-Rossii/som-analitika-noyabr-2025.html 

Matrix-assisted laser desorption ionization time- 
of-flight mass spectrometry (MALDI-TOF MS) is a 
multitask molecular analysis method [11]. Other similar 
methods include various types of electrophoresis [17, 18],  
IR or Raman spectroscopy for protein analysis [19], and 
the method of polymerase chain reaction for DNA and 
RNA studies [20]. 

Polymerase chain reaction methods are able to de-
tect the adulteration of high-quality dairy products 
through the addition of cheaper raw materials, e.g., 
cow’s milk instead of goat’s or sheep’s milk [21, 22]. 
They also detect residual amounts of pathogenic micro-
organisms in products that are otherwise undetectable 
by classical methods [23].

Computer-aided mass spectrometry assesses heat- or 
storage-induced changes in milk. Losito et al. [24] devel-
oped a method for assessing the heat treatment based on the 
degree of lactosylation of whey proteins. Class et al. [25]  
used high-resolution mass spectrometry and custom- 
designed software to identify eight peptides undergoing 
changes in ultra-pasteurized milk during storage. The 
established shelf life corresponded with the actual stor-
age-induced changes. The main changes were observed 
in peptides related to αS1-casein, αS2-casein, β-casein, 
and β-lactoglobulin. The signal intensity of all these 
peptides increased together with ultra-pasteurization. 
Šebela [26] mentioned mass spectrometric approaches 
for assessing adulteration of milk and dairy products. 
Kang et al. [27] combined two-dimensional electropho-
resis and mass spectrometry to determine the optimal 
processing pathway and detect markers of excessive 
heat load in dairy products.

Raman spectroscopy also proved effective in as-
sessing the degree of heat load by tracing the confor-
mational changes in milk proteins. These changes are 
associated with specific amide bands, namely Amide 
I (~ 1,650  cm–1) and Amide III (~ 1,250  cm–1). They 
serve as signal regions sensitive to thermal effect [19]. 
The position and shape of the amide bands tell volumes 
about the secondary structure of proteins and even the 
share of individual structural components, e.g., α-heli-
ces and β-structures. Raman spectroscopy was reported 
to be able to identify 10% of α-helices and a significant 
percentage of irregular β-structures in caseins [28]. 
Zhang et al. [29] applied Raman spectroscopy to the 
aggregation of whey proteins under heat load with and 
without pectin (0.015–0.20 wt.).

Li et al. [30] used a specific proteomic approach 
based on liquid chromatography with mass spec-
trometry (LC-MS/MS) to detect changes in whey 
protein systems heated to ≥ 90°C. Whey protein iso-
lates demonstrated less protein oxidation compared to 
pure proteins (α-lactalbumin > β-lactoglobulin) and a 
mixed-protein whey model. Cysteine, methionine, and 
tryptophan residues in α-lactalbumin were found to be 
more susceptible to oxidation.

Meltretter et al. [31] studied markers of non-thermal 
and thermal exposure in dairy raw materials using ultra- 
high-performance liquid chromatography with mass spec-
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trometry and multiple reaction monitoring. Lactulosyl 
lysine proved to be a marker of low-heat treatment while 
Nε-carboxymethyl lysine, N-terminal ketoamide, and aspar-
agine deamidation marked more intense thermal stress. 

To rationally select the degree of heat treatment and 
identify markers for its monitoring, Lu et al. [32] used 
the proteomic method of LC-MS/MS to study lacto-
sylated proteins subjected to various thermal modes. As 
a result, they detected a total of 123 lactosylated lysines 
in 65 proteins. Between 75 to 130°C, their number in-
creased smoothly and moderately but soared when the 
temperature reached 140°C. More than half of the lysine 
residues were lactosylated in κ-casein, β-lactoglobu-
lin, and α-lactalbumin. The fact that K14 lactosylated in 
β-lactoglobulin allowed the authors to tell between pas-
teurized and ultra-pasteurized milk: lactosylated lac-
totransferrin indicated medium-heat processing.

Therefore, the effect of heat load on the dairy system 
is a popular research topic approached using various 
molecular analysis methods. Yet, no immediate method 
exists for determining this parameter.

This study evaluated the feasibility of using Raman 
spectroscopy to detect changes in the proteomic profile 
of pasteurized skim milk under varying heat loads.

STUDY OBJECTS AND METHODS
Study objects. To assess the effect of heat load on 

skim milk proteins, we heated the experimental sam-
ples to 70, 80, and 90°C with a holding time of 30 s. The 
sample maintained at 45°C served as control (Table 1).

The experimental samples were produced us-
ing the equipment from the Shared Use Center at the 
All-Russian Dairy Research Institute, Moscow (Fig. 1).  
Raw milk (pH 6.67) was separated using an Alfa La-
val laboratory separator (Alfa Laval Group, Sweden) 
and heated using a pilot pasteurization and cooling unit 
(1 L/h) designed at the All-Russian Dairy Research In-
stitute.

The protein profile of the resulting skim milk sam-
ples was analyzed by two-dimensional electrophoresis. 

The peptide profile identification was performed using 
matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS) preceded 
by the trypsinolysis of protein spots. Raman spectrosco-
py was involved to be assessed for prospects in profiling 
milk powder by its thermal history.

Two-dimensional electrophoresis. Two-dimen-
sional electrophoresis involved isoelectric focusing 
in ampholine buffer in line with the method described  
in [33]. The gels were stained with silver nitrate to vi-
sualize protein spots. The control sample was rep-
resented by a set of 14 highly purified recombinant 
proteins (10–200 kDa, PageRuler™ Unstained Protein  
Ladder #SM0661; Fermentas, USA) to determine pro-
tein molecular weights.

Peptide profiling by MALDI-TOF MS. To identify 
proteins, we excised individual fractions from two-dimen-
sional electropherogram gels to grind them and subject 
them to trypsinolysis as in [34]. The resulting protein- 
containing gel fragments were incubated for 45  min in 
hydrolysis buffer while cooling in an ice bath. The buffer 
consisted of 50 mM NH4HCO3; 5 mM CaCl2; 12.5 ng/μL  
trypsin (V5551; Promega, USA; activity 10,000  U/mg). 
After removing the supernatant and adding 5–10  μL of 
enzyme-free buffer, we performed hydrolysis at 37°C for 
3 h, followed by enzyme inactivation with 0.1% trifluoro-
acetic acid solution. The peptide tests involved an Ultra-
flex time-of-flight mass spectrometer (Bruker, Germany) 
with a UV laser (336 nm) in the positive ion mode at 500–
8,000 Da with trypsin autolysis for calibration. 

Table 1 Samples’ description 

Sample Description 
C Control: skim milk, no pasteurization, 45°C
M70 Pasteurized skim milk, 70°C, 30 s
M80 Pasteurized skim milk, 80°C, 30 s
M90 Pasteurized skim milk, 90°C, 30 s

Получение 
сырого молока

Сепарирование 
сливок при 

температуре 45°С

Контрольный 
образец (К)

Термизация молока с 
помощью лабораторной 

установки

Образец нагретый до 70°С (М70)

Образец нагретый до 80°С (М80)

Образец нагретый до 90°С (М90)Двумерный электрофорез

Рамановская спектроскопияМасс-спектрометрия

Figure 1 Experimental design

Sample M70 (70°C)

Sample M80 (80°C)

Sample M90 (90°C)

Thermal treatment, lab unitSkimming, 45°CObtaining  
raw milk

Control (C)

2D electrophoresis

Mass spectrometry Raman spectrometry 
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Mass spectrometry processing. The obtained tryp-
tic peptide mass spectra were analyzed using Mascot 
Peptide Fingerprint (Matrix Science, USA), with an 
MH+ weight determination accuracy of 0.01%. The cal-
culations relied on the data published by the National 
Center for Biotechnology Information (NCBI) (https://
www.ncbi.nlm.nih.gov/).

All proteomic studies were performed on the prem-
ises of the Federal Research Center for Industrial Bio-
technology, Russian Academy of Sciences, Moscow.

Amino acid sequence evaluation. This part of the 
research involved sequences available in the UniProt 
database, UK, for α-lactalbumin (P00711) and lysozyme 
C (Q6B411). The pairwise alignment was performed us-
ing the ClustalW algorithm within Jalview (UK) with 
default parameters.

Raman spectroscopy. Raman spectra were ob-
tained using an EnSpectr R785 portable Raman spec-
trometer (Spektr-M, Russia) at 250–2700  cm–1. The 
measurements were triplicated at five different acquisi-
tion points for each sample. The laser wavelength was 
785 nm. The resulting spectral profiles made it possible 
to evaluate the heat-induced spectral response of the 
milk system. The graphical representation and subse-
quent analysis relied on averaged spectra for each sam-
ple group.

Spectral data processing. The averaged spec-
tral dataset was processed using Principal Component 
Analysis (Python) in Numpy, Pandas, and Sklearn. A 
Z-transform (standardization) assigned each feature a 
zero mean and a unit variance. The analysis was per-

formed at 900–1700  cm–1; the spectrum was divided 
into fixed-width regions. Principal component analysis 
served as an exploratory visualization tool for heat- 
induced spectral changes (MinMaxScaler, 0 to 1).

RESULTS AND DISCUSSION
Electrophoretic separation and peptide profiles. 

Two-dimensional electrophoresis yielded a set of pro-
tein spots of milk casein fraction and whey proteins 
(Fig. 2). The casein fraction included isoforms of αS1-ca-
sein and β-casein, κ-casein, and heat-induced protein 
spots. Whey proteins included bovine serum albumin, 
α-lactalbumin, and β-lactoglobulin. 

The casein fraction of milk proteins remained clearly 
visible in the electropherograms even after the heat load 
because caseins are more resistant to thermal treatment 
than whey proteins [35]. These milk proteins are charac-
terized by a protein band and spots that appear for a spe-
cific isoform of the same molecular weight at different 
isoelectric points. Such distribution may be attributed to 
post-translational modifications or non-enzymatic chang-
es (e.g., lactosylation) caused by storage and heating [36]. 

Whey proteins are heat-labile: heat-induced hydropho-
bicity occurs at 70–90°C, making them form insoluble 
coagulates or even precipitate [37]. The electropherogram 
fragments demonstrated a significant decrease in the color 
intensity in the regions related to bovine serum albumin, 
α-lactalbumin, and β-lactoglobulin. The most significant 
decrease in the number and color intensity of protein frag-
ments belonged to sample M80 (80°C), compared to sam-
ples M70 (70°C) and M90 (90°C). 
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a                                                                                     b

c                                                                                     d

Figure 2 Two-dimensional electropherograms of skim milk samples: a – control (45°C); b – M70 (70°C); c – M80 (80°C); and d – M90 
(90°C). Protein assignment was determined using MALDI-TOF MS after trypsinolysis: 1–4 – αS1-casein; 5, 6 – αS2-casein; 7 – β-casein 
(isoform X1); 8–19 – β-casein (isoform X2); 20–26 – κ-casein; 27 – bovine serum albumin; 28–30 – β-lactoglobulin; 31 – not determined
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This result may be attributed to the effect of sodium 
dodecyl sulfate on the aggregates formed between β-lac-
toglobulin and κ-casein [38]. At 70–80°C, the β-lacto-
globulin protein globule partially unfolds to release the 
thiol group and form bonds with κ-casein. The intensi-
ty of this process depends on the temperature and ionic 
composition of the milk matrix. In addition, heat treat-
ment may transform non-covalent bonds between whey 
proteins and casein fractions into covalent ones [39, 40].  
The surface of the resulting protein complex is hy-
drophobic and has a small number of free sulfhydryl 
groups, which hinders the interaction with sodium do-
decyl sulfate [41]. A temperature of ≥ 90°C changes the 
balance of non-covalent and covalent bonds in the aggre-
gates of β-lactoglobulin and κ-casein. This phenomenon 
mitigates spatial limitations during protein-reagent inter-
actions, facilitating more efficient peptide diffusion and 
distribution within the polyacrylamide gel matrix [38]. 

Such changes in milk proteins affect the technologi-
cal properties of milk powder and may ultimately limit 
its use as raw material. As the share of native α-lactal-
bumins and β-lactoglobulins goes down, the rennetabil-
ity deteriorates [13]. On the other hand, the formation 
of β-lactoglobulin – κ-casein protein complexes can 
positively improve the structural characteristics of fer-
mented milk products: curd firmness increases while 
syneresis decreases [42, 43].

Ichimura et al. [42] used the methods of scanning 
and transmission electron microscopy to study the qual-
ity indicators of yogurt produced from milk pasteurized 
at 95 and 130°C. The samples obtained from high-heat 
milk demonstrated a better curd structure owing to the 
interaction between β-lactoglobulin and κ-casein. 

The capacity for acid or acid-rennet coagulation is 
not the only important technological property of milk. 
Solubility is another key indicator for milk powder. Its 
rate depends on the degree of transformation of the pro-
tein matrix [7]. These transformations correlate with 
poor solubility, emulsifying efficiency, and foamability 
of milk powder. Extensive milk processing increases the 
number of modified and aggregated forms of protein in 
the finished product. These forms spoil the technologi-
cal properties and shorten the shelf life of milk powder. 
Changes in the ratio of undenatured and denatured milk 
proteins were reported to affect the solubility index and 
stability of reconstituted milk, as well as the properties 
of acid and rennet curd [35, 44].

The mass spectrometry of the peptide profile, per-
formed after trypsinolysis, revealed 30 amino acid 
sequences belonging to seven major milk proteins: 
αS1-casein (4); αS2-casein (2); β-casein, isoform X1 (1); 
β-casein, isoform X2 (12); κ-casein (7); bovine serum 
albumin (1); β-lactoglobulin (3) (Table 2). The prevail-
ing share of α- and β-casein fragments was consistent 
with the data reported in [45, 46]. These studies in 
the peptidomics of milk and dairy products employed 
high-resolution liquid chromatography with mass spec-
trometry profiling, which related most peptides to ca-
sein fractions. Amino acid sequences of whey proteins 

were less frequent. This feature of the milk system may 
be associated with the greater susceptibility of casein to 
plasmin in raw milk.

The matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry (MALDI-TOF MS) 
data demonstrated the prevalene of casein peptide 
fragments (26 peptides) over whey protein fragments  
(4 peptides). This imbalance is typical of dairy systems 
since casein fractions constitute 80% of the total pro-
tein content in milk [47]. On the other hand, it can be 
explained by the properties of casein micelles, which 
are thermostable protein elements of the dairy sys-
tem. When heated, they do not denature but undergo 
structural changes and mediate the appearance of new 
protein spots, i.e., spots do not disappear during elec-
trophoretic separation but their forms or fragments are 
redistributed [8]. 

We identified three amino acid sequences for αS1- 
casein in the control sample. One of them (2) had sig-
nificant deviations in the isoelectric point value: the 
calculated value was 4.98 pH units while the experi-
mental one was 8.8 pH units. αS1-casein is characterized 
by phosphorylation at several amino acid residues [48]. 
Fraction 2 resulted from the loss of phosphate groups, 
which shifted the isoelectric point to the basic region, 
destabilizing the molecule and leading to denatur-
ation. Sample M90 (90°C) had fragment 4, identified as 
αS1-casein. Its isoelectric point was 6.70 pH units, which 
also exceeded the calculated value. This result may be 
associated with the appearance of new amino acid se-
quences caused by protein cross-linking [49]. 

Phosphorylation at 10–13 residues was also charac-
teristic of αS2-casein, which means that the calculated 
isoelectric point (8.54 pH units) did not coincide with 
the experimental value, as was the case for αS1-casein. 
The main peptide fragment (fragment 5) of αS2-casein 
occurred at the isoelectric point of 5.00 pH units be-
cause phosphorylation shifted the isoelectric point to 
the acidic region. Fragment 6 with the isoelectric point 
in the slightly alkaline region may also be due to partial 
loss of phosphate groups [50].

For β-casein, the fractions separated into two  
isoforms, and isoform X1 had only one fragment, 
fragment 7. Isoform X2 demonstrated several major 
fractions and a number of fragments. This uneven dis-
tribution is probably explained by the fact that isoform 
X1 belongs to β-casein A1 while isoform X2 belongs to 
a more common type, β-casein A2 [51]. Peptide 13 was 
closest to the calculated isoelectric point value (5.34 pH 
units) and molecular weight (24.3 kDa). The lower elec-
trophoretic activity of other fragments can be explained 
by the amino acid composition of β-casein: its proline 
residues prevented the polypeptide chain from compact 
folding [37]. This factor probably destabilized β-casein 
molecules upon heating and caused the fractions to dis-
appear. The smaller molecular weight fragments could 
be explained by the activity of plasmin, which is known 
to cleave β-casein into fragments while retaining its ac-
tivity even after heat treatment [45]. Proteolytic cleav-
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age can also explain the appearance of fragment 19 in 
Sample M90 (90°C) since heat-induced unfolding of the 
casein micelle opens up new sections of the polypeptide 
chain for cleavage by plasmin. 

κ-Casein demonstrated a number of peptide fragments 
with different isoelectric points but the same molecular 
weight, which exceeded the calculated one. The isoelec-
tric point values shifted relative to the calculated value, 
both towards the acidic and towards the basic pH range. 
κ-Casein glycosylates with sialic acids; therefore, the 
dispersion of κ-casein fractions can be explained by the 
differences in glycation of amino acid residues [52, 53].  
A greater number of carbohydrate molecules attached to 
the protein molecule shifts the isoelectric point towards the 
acidic region. κ-Casein can also form complexes with whey 
protein peptides, which appear as new fractions [37].

We identified three amino acid sequences for β-lac-
toglobulin, confirming the nature of the protein change 
upon a heat load of ≤ 80°C. Globular unfolding leads to 
thiol group exposure, facilitating protein-to-protein in-
teractions via the newly accessible groups [54]. 

These discrepancies between the calculated and ex-
perimental isoelectric points may be due to some struc-
tural changes induced by thermal treatment, e.g., the 
aggregation of protein molecules, the formation of cova-
lent cross-links during protein-to-protein interactions, 
etc. Such modifications of the proteomic profile affect 
the charge of protein substances, ultimately changing 
the isoelectric point [49]. 

Fragment 31 proved to be another feature of the 
mass spectrometric peptide profiling. The protein was 
identified as α-lactalbumin via bioinformatic processing 

Table 2 Peptide profile of pasteurized skim milk samples: Matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry

Fragment Protein NCBI code pI, pH units MW, kDa MW, kDa Peptides, 
units*

Sequence 
coverage, 
%*

calc. exp. calc. exp.

1 αS1-casein NP_851372.1 4.98 4.75 24.5 36.0 8 38
2 8.80 35.0 7 33
3 4.90 30.0 5 31
4 6.70 29.5 4 26
5 αS2-casein NP_776953.1 8.54 5.00 26.0 34.0 10 45
6 7.70 34.0 3 19
7 β-casein, 

isoform X1
XP_010804480.3 5.53 5.70 25.2 24.5 1 8

8 β-casein, 
isoform X2

XP_015327157.2 5.36 9.20 24.3 29.0 4 23
9 4.95 27.0 2 7
10 5.90 24.0 5 18
11 7.70 25.0 3 12
12 7.90 23.0 3 12
13 5.00 23.0 2 15
14 6.20 13.5 1 8
15 6.70 13.5 4 18
16 5.90 27.0 5 22
17 5.90 27.0 2 15
18 9.20 29.0 1 8
19 7.50 36.0 3 12
20 κ-casein NP_776719.1 6.30 4.95 21.2 29.0 1 5
21 5.30 29.0 7 35
22 5.50 29.0 9 37
23 5.80 29.0 9 37
24 6.00 29.0 9 37
25 9.10 29.5 7 37
26 8.00 13.5 4 30
27 Bovine serum 

albumin
NP_851335.1 5.82 5.50 69.3 67.0 23 42

28 β-lactoglobulin NP_776354.2 4.93 9.20 19.8 20.0 13 72
29 7.70 7.70 1 11
30 5.00 20.0 1 8
31 n.d. – – 9.40 – 15.5 6 19

pI – protein’s isoelectric point, pH units; calc. – calculated value; exp. – experimentally determined value (2D electrophoresis); MW – molecular 
weight, kDa; * – peptide profile (matrix-assisted laser desorption ionization time-of-flight mass spectrometry); n.d. – (not detected) bioinformatics 
processing identified the fragment as α-lactalbumin, which cannot correspond to the experimentally determined isoelectric point. NCBI – 
National Center for Biotechnology Information 
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of the mass spectra. However, the isoelectric point of 
α-lactalbumin is 4.8 pH units whereas the value of the 
obtained fragment was 9.4  pH units. The evolutionary 
and structural homologue of α-lactalbumin is lysozyme 
C (LyzC) [55]. α-Lactalbumin consists of 142 amino 
acid residues while lysozyme C has 148. Their molec-
ular masses are very close: 14.2 and 14.4 kDa, respec-
tively. The calculated value of the isoelectric point of 
lysozyme C is 9.87  pH units, which is consistent with 
the obtained values. Probably, the error in the bioinfor-
matics processing of the mass spectra occurred due to 
the similar amino acid sequences of α-lactalbumin and 
lysozyme C. The amino acid sequences of α-lactalbu-
min and lysozyme C (Fig. 3) revealed a similarity of 
approximately 40%, which was consistent with the data 
reported in [55]. The similar amino acid composition of 
these proteins stem from a common evolutionary ances-
tor of the coding genes. 

The amino acid sequence demonstrated some com-
mon features, e.g., the arrangement of cysteine residues. 
In α-lactalbumin, they were located at positions 25, 47, 
80, 92, 96, 110, 130, and 139. In lysozyme C, they were 
at positions 24, 48, 83, 95, 99, 113, 134, and 146. This 
shared feature explains the structural similarity of the 
proteins. However, since the conserved regions are dif-
ferent, the biochemical properties are different, too.

Lysozyme C is responsible for antibacterial proper-
ties. This protein exhibits hydrolytic activity against the 
β-1,4-glycosidic bond in the peptide glycan of the bacte-

rial cell wall. As a result, it has an active site that con-
sists of catalytically essential amino acids – glutamine 
(Glu35) and asparagine (Asn52). Lysozyme C is rich in 
lysine (18 residues) and arginine (17 residues), which 
means that its isoelectric point shifts toward the base re-
gion. At pH 6.6–6.8, the protein has a positive charge, 
which facilitates the binding of a negatively charged 
substrate [56]. 

α-Lactalbumin starts functioning already during 
lactose synthesis in the mammary gland as a regulator 
of the lactose synthase complex. For the protein-to-pro-
tein interaction between α-lactalbumin and galactosyl-
transferase to be effective, α-lactalbumin must be bound 
to a calcium ion. Calcium is structurally and regulato-
ry essential as it stabilizes the native conformation of 
α-lactalbumin. Thus, α-lactalbumin has a calcium-bind-
ing domain that consists of Asp82, Asp84, Asp87, 
Glu88, and Asp81 residues, which form a Ca2+ coordina-
tion sphere [57].

With only 19% sequence coverage of fragment 31 
(Table 2), the mass-spectrometry regions of the α-lact-
albumin and lysozyme C sequences overlap. However, 
these proteins behave differently when separated by 
two-dimensional electrophoresis because lysozyme C is 
fortified with positively charged amino acid residues.

Table 3 illustrates the electrophoretic changes in the 
proteomic profile of skim milk and the identified pep-
tide profile, thus describing the pasteurization-induced 
transformations in milk proteins. 

Figure 3 Amino acid sequences: α-lactalbumin vs. lysozyme. Conservation – сolumn height indicates the degree of conservation 
at each position, where higher columns represent highly conserved residues; Quality – an indicator of alignment reliability at each 
specific position; Consensus – the consensus sequence, where letters represent identical residues while “+” indicates conservative 
substitutions; Numbering – labels (1, 67, 71) denote amino acid positions within the α-lactalbumin and lysozyme C sequences
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Such changes indicate a whole complex of heat- 
induced processes: partial protein denaturation, aggre-
gation of β-lactoglobulin with κ-casein, possible dephos-
phorylation of casein fractions, and the appearance of 
plasmin proteolysis products. Other studies [7, 8] reported 
similar effects: pasteurization and ultra-pasteurization re-
duce the proportion of soluble whey proteins in milk, in-
ducing the formation of casein derivative fractions.

According to the mass spectrometry, the control 
sample (no heat load) demonstrated the most diverse 
peptide composition (28 protein spots).

As heat load increased, the number of peptides de-
creased. Sample M90 (90°C) contained some fractions that 
were absent from lower-heat samples M70 and M80. It even 
developed some completely new fragments (4 and 19), be-
longing to β-casein (isoform X2) and αS1-casein, respective-
ly. The αS1-casein fragment probably separated during the 
heat-induced destabilization of casein micelle. In addition, 
casein micelles could lose phosphates, shifting the isoelec-
tric point toward a more alkaline region [48]. 

The fragments with lower electrophoretic activity could 
be explained by the amino acid composition of β-casein: 
it includes proline residues that prevent the polypeptide 
chain from compact folding [37]. This factor destabilizes 
β-casein molecules during heating, and the fractions disap-
pear. Fragments with lower molecular weight are explained 
by the activity of plasmin, which cleaves β-casein and re-
tains its activity under heat load [45]. This factor also ex-
plains fragment 30 in sample M90 (90°C): the heat-induced 
change in the casein micelle’s quaternary structure renders 
the polypeptide chain more susceptible to plasmin cleavage.

Sample M70 (70°C) was closest in protein profile to the 
control sample. It lost the following protein fragments: β-ca-
sein, isoform X2 (8, 9, 10, 11, 12, 16, 18); κ-casein (25, 26);  
β-lactoglobulin (28, 29). Such peptide profile of milk pas-
teurized at 70°C was consistent with the results reported 
in [58]: moderate heat loads induce the denaturation of 
whey proteins but cause no massive loss of soluble forms 
and trigger no new high-molecular forms. 

Sample M80 (80°C) lacked the following fragments: 
αS1-casein (2); β-casein, isoform X2 (8, 9, 10, 11, 12, 
13, 16, 18); κ-casein (24, 25, 26); β-lactoglobulin (28, 
29, 30). However, it had fragment 17 (β-casein, iso-
form X2). At 80°C, β-lactoglobulin denatured faster as 
evidenced by the disappearance of protein spots. Other 
changes involve intermolecular interactions with κ-ca-
sein and the formation of protein aggregates with al-
tered electrophoretic mobility [59].

Sample M90 (90°C) demonstrated the most severe 
changes in the peptide profile. It lost a significant number of 
milk protein fragments: bovine serum albumin (27); αS1-ca-
sein (2); β-casein, isoform X1 (7); β-casein, isoform X2 (8, 
10); κ-casein (25). Paulsson & Dejmek [60] reported the 
disappearance of fragment 27 when they used differential 
scanning calorimetry to establish the protein denaturation 
temperature (64°C). Lysozyme C (fragment 31) is more 
resistant to heat load than α-lactalbumin. Consequently, 
as other fragments of whey proteins disappear under heat 
load, fragment 31 persists under all heat modes. Moriyama 
et al. [61] compared the structural changes in lysozyme C 
and α- lactalbumin. Lysozyme C retained a stable second-
ary structure at ≥ 60°C whereas α-lactalbumin lost its na-
tive conformation as its protein globule unfolded.

The combined two-dimensional electrophoresis and 
mass spectrometry yielded highly informative results 
in relation to milk proteomic profile transformations. 
However, these methods are so labor-intensive and lab-
oratory-oriented that it limits their application as a rap-
id analysis of heat-induced changes in the milk matrix, 
making Raman spectroscopy the most likely candidate.

Spectral analysis of pasteurized milk samples. Ther-
mal treatment induces a wide range of chemical reactions 
in milk, most notably protein denaturation, intermolecular 
cross-linking, and the Maillard reaction [62]. Raman spec-
troscopy is highly sensitive to subtle changes in organic 
molecules, which makes it a promising method for assessing 
the effects of heat load on milk [63]. We subjected the Ra-
man spectrum to mathematical processing in the wave re-
gion that corresponded with milk proteins (900–1700 cm–1).  

Table 3 Electrophoretic profile of protein fragments in 
pasteurized skim milk

Fragment Control M70  
(70°C)

M80
(80°C)

M90
(90°C)

1 + + + +
2 + + – –
3 + + + +
4 – – – +
5 + + + +
6 + + + +
7 + + + –
8 + – – –
9 + – – +
10 + – – –
11 + – – +
12 + – – +
13 + + – +
14 + + + +
15 + + + +
16 + + – –
17 – – + –
18 + – – –
19 – – – +
20 + + + +
21 + + + +
22 + + + +
23 + + + +
24 + + – +
25 + – – –
26 + – – +
27 + + + –
28 + – – +
29 + – – +
30 + + – +
31 + + + +
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It revealed several zones associated with changes in milk: 
900–1097; 1328–1437; and 1475–1546 cm–1 (Fig. 4b). 

He et al. [63] mentioned using the peak at ~ 1085 cm–1 
as a marker of lactose in milk because it reflects the vi-
brations of C-O-H chemical bonds in disaccharide. 
Similarly, Vaskova & Buckova [64] referred to the band  
at ~ 1087 cm–1 in the Raman spectrum of milk to describe 
the vibrational vibrations of C-O-H bond in lactose. Rein-
er et al. [65] reported the spectral range of 500–1225 cm–1 
as reflecting the changes in milk proteins, including 
melanoidin formation. They also associated the band  
at ~ 879 cm–1 with changes in proteins, in particular, the 
indole ring of tryptophan. Therefore, the spectral range of 
900–1097 cm–1 marks lactose transformations and a weak 
Maillard reaction [66]. 

According to other studies [67, 68], the bands  
at ~ 1440 cm–1 characterize the CH2 groups and may 
be used to assess heat-induced protein transformations. 
Similarly, Yazgan et al. [69] linked the spectral region of 
1470–1521 cm–1 to the deformation of methylene groups. 

The previously established changes in the proteom-
ic profile were consistent with the changes in their spec-
tra. The complexation of β-lactoglobulin and κ-casein  
alters the amide bands at 1475–1546  cm–1, i.e., Am-
ide II (~ 1553  cm–1) [68]. This region characterizes  
the vibrations of C-O, C-C and C-O-H bonds in the ami-
no acid residues of aspartic and glutamic amino acids, the 

Figure 4 Raman spectra of skim milk samples: a – spectral plot after scaling (MinMaxScaler); b – spectral plot after 
Z-transformation (principal component analysis)
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Figure 5 Raman spectral contributions to the variability of 
pasteurized skim milk samples
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Figure 6 Discrimination of pasteurized skim milk samples 
based on their spectral characteristics: Principal component 
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stretching of C-N bonds in peptide groups, and the deforma-
tion of N-H bond [68]. This zone reflects alterations in the 
microenvironment of amino acid side chains in milk pro-
teins, caused by denaturation and aggregation of whey pro-
teins. The observed heat-induced decrease in intensity in this 
region may be associated with the unfolding of protein glob-
ules or the redistribution of hydrogen bonds, as well as pro-
tein-to-protein and protein-to-carbohydrate interactions [68]. 
Thus, each of the identified zones of the Raman spectrum 
is closely associated with protein modifications during milk 
heating, i.e., the carbohydrate-to-protein interactions, the re-
arrangement of the CH2 groups in amino acid residues, the 
protein denaturation, and the interaction between whey pro-
teins and casein. These spectral characteristics of pasteurized 
milk were consistent with the results we obtained by MAL-
DI-TOF and two-dimensional electrophoresis. These results 
also demonstrated that increasing the heat load from 70 to 
90°C led to alterations in the peptide profile and a reduction 
in whey protein concentration.

We performed a principal component analysis (PCA) 
of the spectral data to identify spectral regions poten-
tially sensitive to heat load. Figures 5 and 6 visualize 
the heat-induced changes in the spectral profiles.

The PCA plotting visualizes the heat-induced variabil-
ity of spectral profiles. The concentration of maximum 
loadings in a limited number of ranges indicates that the 
spectral changes are structurally determined and associated 
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with the transformations of certain chemical bonds in pro-
tein molecules and their functional groups. The high total 
variance of PC1 and PC2 indicates that the selected spectral 
features reflect heat-induced changes in the milk system.

According to the analysis of principal component 
loadings, the range of 900–939  cm–1 had the greatest 
contribution to data variance: PC1 = 0.378; PC2 = 1.000; 
load vector magnitude = 1.070. It corresponded to the 
fluctuations in C-O and C-O-H lactose bonds. The high 
loading vector magnitude value indicated the contri-
bution of this spectral region to the variability of milk 
samples across the heat-load modes. In addition, it may 
indicate the carbohydrate profile transformation during 
heat treatment and the formation of Maillard reaction 
products, i.e., glycated regions of protein molecules.

The next significant contribution belonged to the 
bands at 941–979 and 981–1019 cm–1 with loading vector 
magnitudes of 0.96 and 0.81, respectively. They had pos-
itive loading values for PC1 (0.38–0.39) and PC2 (0.71–
0.88). The spectral features in this region are attributed 
to the C-O stretching vibrations of carbohydrates. Fur-
thermore, this spectral region may be a characteristic of 
protein matrix transformation detected during electro-
phoretic separation of milk samples. These characteris-
tics include the redistribution of casein fraction forms 
and intermolecular protein interactions.

The wavenumber ranges at 1020–1058 and 1060–
1097  cm–1 (РС1 = 0.405–0.428; loading vector magni-
tude = 0.59–0.67) characterize the contribution of the 
carbohydrate fraction to the variations in pasteurized 
milk samples.

The spectral regions that reflect the changes in pro-
tein molecules also make a significant contribution to 
the dispersion of these samples across the heat-load 
modes: 1328–1364; 1365–1401; 1402–1437; 1475–1510; 
and 1511–1546 cm–1 (loading vector magnitude = 0.52–
0.53). These wavenumber regions characterize the de-
formation vibrations of CH2 groups in amino acid side 
chains and the alterations in the amide bands (Amide 
II), which are all sensitive to the changes in the second-
ary structure of protein molecules.

The results of the principal component analysis were 
consistent with the heat-induced changes in the milk 
proteomic profile previously registered by two-dimen-
sional electrophoresis and MALDI-TOF MS: whey pro-
teins disappeared and new protein fragments appeared 
as a result of intermolecular protein interactions.

Thus, the mathematical processing of spectral profiles 
made it possible to visualize the heat-induced changes in 
pasteurized skim milk. Raman spectroscopy proved to be 
an efficient method of assessing the effects of heat load on 
skim milk and the feasibility of further tests.

CONCLUSION
In this research, molecular analysis methods were able 

to detect and identify heat-induced changes in skim milk 
proteomic profile. As the heat load increased from 70 to 
90°C, two-dimensional electropherograms detected a sig-
nificant decrease in the number of detectable protein frac-

tions. The control sample had 28 protein spots while the 
skim milk sample heated to 90°C demonstrated the lowest 
peptide diversity but contained new fragments associated 
with heat-induced proteomic transformations.

The most pronounced changes occurred in whey 
proteins. β-Lactoglobulin fractions (20, 21) and bovine 
serum albumin started disappearing already at 70°C.  
At ≥ 80°C, we observed a complete loss of detectable 
fragments of α-lactalbumin and β-lactoglobulin, which 
indicated profound changes in the secondary structure 
and aggregation of proteins. 

Although the casein fraction exhibited superior 
thermal stability, it nevertheless showed the formation 
of additional peptide fragments and a redistribution of 
isoforms. Matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry (MALDI-TOF MS) 
identified 26 peptides in the casein fraction. The sam-
ple treated at 90°C revealed new amino acid sequences 
of β-casein (isoform X2, Fragment 30) and αS1-casein 
(Fragment 31), which were absent from the control and 
the samples subjected to milder thermal treatment. The 
calculated and experimental isoelectric points for αS1- 
and αS2-casein fragments ranged from 4.75 to 8.80 pH  
units. This range indicated heat-induced partial de-
phosphorylation, glycosylation, and new covalent pro-
tein-to-protein complexes.

The method of Raman spectroscopy revealed heat- 
induced changes at 900–1097; 1328–1437; and 1475–
1546  cm–1 associated with carbohydrate fragments,  
CH2 groups of amino acid residues, and Amide II. 

The principal component analysis revealed a clus-
tering of samples based on their thermal history. The 
ranges characterizing the transformation of carbohy-
drate and protein profiles contributed most to the data 
dispersion: 900–939 cm–1 (load vector modulus = 1.07); 
941–979 cm–1 (load vector modulus = 0.96); 1328–1364; 
1365–1401; 1402–1437; 1475–1510; and 1511–1546 cm–1 
(load vector modulus = 0.52–0.53).

The resulting molecular and spectral changes cor-
related with the technological transformations in milk. 
On the one hand, the extensive whey protein dena-
turation and β-lactoglobulin–κ-casein complexation 
adversely affect cheese-making properties and milk 
powder solubility. On the other hand, these changes 
may enable targeted modulation of curd structure in fer-
mented dairy products.

Our study established a reliable consistency be-
tween the data obtained from two-dimensional electro-
phoresis, MALDI-TOF MS, and Raman spectroscopy 
of pasteurized milk. The heat-induced changes in the 
proteomic profile that were recorded during the peptide 
profiling found a reflection in particular spectral rang-
es. These correlations provide a scientifically valid plat-
form for developing new markers of heat exposure for 
dairy quality control at various processing stages. These 
markers will establish a framework for using Raman 
spectroscopy to classify the thermal history of milk 
powder, ensuring its optimal application across different 
dairy production pathways. 
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Abstract: 
Mango pulp and by-products are underutilized despite their application potential in the food systems. Our study assessed the 
physicochemical properties of pulp and by-products of 22 mango varieties to support their added value. 
We applied the methods developed by the Association of Official Analytical Chemists. The data were analyzed using descriptive 
statistics and non-parametric tests. 
Seven varieties had total soluble solids above the Codex Alimentarius threshold of 13.5°Brix, indicating their suitability for juice 
processing. Non-indigenous varieties exhibited higher titratable acidity and yellowness (b*), the traits desirable for juices and purees. 
Indigenous varieties had higher redness (a*) and lower acidity, which favor fresh consumption. Among by-products, the peel had 
the highest crude fiber content of 10.16 ± 1.76%. The seeds recorded the highest potassium and calcium concentrations of 354.90 ± 
25.10 and 437.74 ± 35.81 mg/100 g, respectively. The principal component analysis explained 87.62% of the total variation: principal 
component 1 (75.03%) differentiated varieties based on minerals, total soluble solids, and firmness, while principal component 
2 (12.59%) accounted for differences in vitamin C and color. The principal component analysis and bootstrap hulls showed that 
varietal differences stemmed from the intrinsic traits rather than from the indigenous or non-indigenous classification. Kakule 
and Kapisa varieties appeared on the positive side of principal component 1, reflecting a higher mineral content. Apple mango and 
Boribo mangoes loaded positively on principal component 2 due to high vitamin C and color attributes. Kagoogwa, Takataka, and 
Tommy Atkins varieties clustered near the total soluble solids vector, indicating adequate soluble solids for juice processing. 
Our findings confirm that indigenous mango varieties in Uganda meet the industrial quality standards.

Keywords: Mango varieties, pulp, seeds, kernel, peel, indigenous fruits, non-indigenous fruits, principal component analysis
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INTRODUCTION
Mango (Mangifera indica L.) is a tropical fruit grown 

in all agroecological zones of Uganda [1]. Its genetic 
diversity has expanded with the introduction of non-in-
digenous varieties that complement locally adapted in-
digenous mangoes. Non-indigenous mango varieties are 
preferred by commercial growers for their superior ag-
ronomic traits [2]. The mango is made up of 45 to 65% 
pulp, 15 to 20% peel, 20 to 40% seed, and 5 to 12% ker-
nel of the total fruit weight [3]. Mango pulp is consumed 
mostly fresh or transformed into a variety of products. It 
can be processed into juice, jam, and dried products [4].  
In Uganda, mango peel, kernel, and seed are predomi-
nantly discarded, with small portions relegated to low- 
value applications such as animal feed and compost [1].  
This limited utilization contributes to postharvest losses 

of up to 40% during the peak season [5]. Being a sea-
sonal fruit, mango requires effective processing to maxi-
mize its utilization and add value to its by-products.

Physicochemical properties of mango pulp and 
by-products are linked to health benefits [6–8]. The 
pulp is high in vitamin C, which supports the immune 
system, collagen synthesis, and antioxidant defense [9].  
Beta-carotene, violaxanthin, and lutein present in the 
pulp act as provitamin A, a well-known antioxidant 
that maintains eye health and combats oxidative dam-
age [10]. The peel contains dietary fiber, polyphenols, 
and vitamins C and E that exhibit antioxidant, antimi-
crobial, and anti-inflammatory activities [11–13]. Poly-
phenols such as mangiferin, gallic acid, quercetin, and 
catechins are linked to free radical scavenging and other  
health-promoting effects [12]. Mango seed and kernel 
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are important lipid sources containing oleic acids asso-
ciated with cardiovascular health and improved insulin 
sensitivity [14]. They also provide essential minerals 
that promote bone health, electrolyte balance, and oxy-
gen transport [10, 15]. 

Nutrient profiles of mangoes vary depending on their 
genotype, stage of maturity, and environmental condi-
tions [16, 17]. Studies have shown differences in total 
soluble solids, acidity, and carotenoid content between 
the Ataulfo and Kent mango varieties [16, 18]. The oil 
content and fatty acid composition of mango seed and 
kernel differ across varieties (1). Similar patterns of vari-
ability have been observed for phenolic content, mineral 
composition, and bioactive profiles in the studies from 
Asia, Latin America, and West Africa [10]. Based on 
global evidence, we aimed to physicochemically charac-
terize the pulp and by-products of common mango vari-
eties grown in Uganda to identify nutrient-rich varieties 
that offer potential for added value.

STUDY OBJECTS AND METHODS
Sample collection. Twenty-two mango varieties 

(13 indigenous and 9 non-indigenous) were collected 
from the orchards in Luweero, Nakaseke, and Budaka 
districts of Uganda. These districts are home to most 
mango varieties in the country. Five mango trees per va-
riety were selected from each location. Ten fruits were 
randomly picked from each tree [19]. The selection was 
based on visual indicators of maturity such as a flat 
shoulder at the stem end, fullness of cheeks, presence 
of bloom, and change in the peel color from dark to 
light green. The fruits showing any damage or infesta-
tion were excluded. The mango fruits were transported 
in perforated plastic crates to the Food Biosciences and 
Agribusiness Laboratory at the National Agricultural 
Research Organization. They were washed with dis-
tilled water and allowed to ripen at 28 ± 2°C with rel-
ative humidity of 85%. Ripening was monitored daily 
using the criteria recommended by the USA National 
Mango Board1.

Sample preparation. The pulp, peel, seed, and ker-
nel of the mangoes were separated using a clean, sharp 
stainless-steel knife (Victorinox, Switzerland). A por-
tion of the pulp was homogenized using a hand-held 
blender (MQ5025BK, Braun, Germany). The fresh ho-
mogenate was analyzed for color, pH, titratable acidity,  
and total soluble solids. Other fractions of the pulp, 
peel, seed, and kernel were chopped into uniform piec-
es. These were dried in a cabinet dryer (UN55, Mem-
mert, Germany) set at 50°C for 12 h. The samples were 
finely ground in a laboratory grinder (Retsch GM200, 
Germany), wrapped in polyethylene bags, and stored at 
–20°C in a freezer (Haier DW-40L508, China) prior to 
chemical analysis.

Quality parameters of mango pulp. Total soluble 
solids. A digital refractometer (RX 5000, Atago, To-
kyo, Japan) was used to determine total soluble solids in 
1 National mango board. Mango maturity and ripeness guide. Mango.org. 
[cited 2025 Feb 10]. Available from: https://www.mango.org 1 

mango pulp [18]. For this, a drop of the homogenate was 
placed on the prism of the refractometer and readings 
were taken. The results were obtained from three in-
dependent replicate readings per sample and expressed  
as °Brix. 

pH. A digital pH meter (DL25, Mettler Toledo, 
Switzerland) was used to measure pH [20]. The pH me-
ter was calibrated using two standard buffer solutions 
(pH 4.0 and 7.0) before each set of measurements. The 
homogenate (10 g) was mixed with 50 mL of distilled 
water. The mixture was stirred continuously using a 
magnetic stirrer until a stable pH reading was obtained. 
All measurements were performed in triplicate and the 
average value was recorded. 

Titratable acidity. A 10-mL aliquot of the homoge-
nate was titrated with 0.1 N NaOH using phenolphtha-
lein [21]. Titration was performed until a persistent pink 
color was achieved. The volume of NaOH used to reach 
the endpoint was recorded and used to calculate the ti-
tratable acidity using the following Eq. (1): 

                     (1)

where CA is the citric acid, %; V is the volume of NaOH, 
mL; N is the normality of NaOH (0.1 N); MW is the mo-
lecular weight of citric acid (192.12 g/mol); and Ve is the 
volume of mango juice (10 mL).

Vitamin C. The concentration of vitamin C was de-
termined using the 2,6-dichloroindophenol titrimetric 
method [1]. The homogenized mango pulp (5 g) was di-
luted with 10% trichloroacetic acid to reach a final vol-
ume of 100 mL. This solution was then filtered to obtain 
a clear extract. The extract was titrated with a standard-
ized 2,6-dichloroindophenol solution until a faint pink 
color persisted for no less than 15 s. A blank titration 
was performed using distilled water. The vitamin C 
content was expressed as mg of ascorbic acid per 100 g 
of the sample and calculated using the Eq. (2) below:

           (2)

where VitC is the vitamin C content, mg/100 mg; A is 
the volume of indophenol solution in the sample titra-
tion, mL; B is the volume of indophenol solution for 
the blank titration, mL; C is the mass of ascorbic acid 
equivalent to 1 mL of standard indophenol solution, mg; 
S is the weight of the sample, g.

Color. A colorimeter (CR-400, Minolta, Osaka,  
Japan) was used to measure color after calibration 
with a white standard tile according to the protocol of  
Ellong et al. [22]. The color parameters of the pulp were  
expressed as L*, darkness/lightness (0: black; 100: white),  
a* (–a*: greenness, +a*: redness), and b* (–b*: blue-
ness, +b*: yellowness). 

Firmness. A mechanical fruit pressure tester (Model 
FT 327, Ravenna, Italy) with an 8-mm probe was used 

Vit C = 
((A−B)×C)

S
×100 

MW 100× ×
= ×A

e

V N
C
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to measure firmness. At a constant rate of 2 mm/s, the 
probe was gently driven into the middle of the fruit and 
the force required to reach a depth of 10 mm was re-
corded in Newtons (N). Readings were taken from three 
different points on each fruit to determine the average 
firmness. 

Chemical analysis of mango pulp, peel, kernel, 
and seed. Proximate composition. Moisture contents 
in mango pulp, peel, seed, and kernel were determined 
by drying 2 g of each sample to constant weight in a 
hot-air oven (Memmert UN55, Germany) following  
AOAC 930.042. Crude ash was obtained by incinerat-
ing 2 g of the dried sample in a muffle furnace (Thermo 
Scientific Thermolyne 1200, USA) at 550°C according 
to AOAC 923.03. Crude fiber was determined using 2 g 
of a defatted sample through sequential acid and alka-
line digestion based on AOAC 962.093. Crude fat was 
extracted from 2 g of a sample using petroleum ether in 
a Soxhlet extractor (Buchi B-811, Switzerland) AOAC 
920.39. Total nitrogen was measured by the Kjeldahl 
method using a digestion unit (DK 6, Velp Scientifica, 
Italy) and a distillation unit (UDK 129, Velp Scientifica, 
Italy). Crude protein was calculated by multiplying total 
nitrogen by a factor of 6.254. Carbohydrate content was 
estimated by difference, subtracting the sum of mois-
ture, ash, protein, fiber, and fat contents from 100%.

Mineral composition. 1 g of the sample was 
weighed into a porcelain crucible and placed in a muf-
fle furnace (Thermo Scientific Thermolyne 1200, USA) 
set at 550°C and held at that temperature for 6 h. The 
residue was then dissolved in 10 mL of 1.0 M hydro-
chloric acid (Sigma-Aldrich, Germany). This solution 
was filtered through Whatman No. 42 filter paper (Cy-
tiva, UK) into a 100-mL volumetric flask. The flask 
was topped up to the mark with distilled water. Sodium 
and potassium concentrations were determined using a 
flame photometer (Sherwood 410, Sherwood Scientific 
Ltd., UK) following Piper [23]. Magnesium, calcium, 
iron and zinc were measured using an atomic absorp-
tion spectrophotometer (Analyst™ 200, PerkinElmer, 
USA). Phosphorus was quantified colorimetrically us-
ing the molybdenum blue method at 880 nm (UV-1800 
spectrophotometer, Shimadzu, Japan) as described by 
Horwitz & Latimer5.

Statistical analysis. Analysis of the data was per-
formed using SPSS (Version 22.0, IBM Corp., USA). 
The data were presented as mean ± standard deviation. 
The Shapiro-Wilk test and Levene’s test were used to 
assess normality and homogeneity of variance, respec-
tively. Since the data set violated normality and ho-
mogeneity assumptions, Welch’s ANOVA was used to 
compare the mango varieties and the fruit parts. The 
Kruskal-Wallis test was performed to compare the dif-
ferences between indigenous and non-indigenous man-
2 AOAC International. Official methods of analysis. 17th Ed. Gaithersburg: 
AOAC International; 2000. 
3 The same.
4 The same.
5 Horwitz W, Latimer GW. Official methods of analysis 
of AOAC International. 18th Ed. Maryland: AOAC International; 2005.

go varieties. The Games-Howell post-hoc test was used 
for pairwise comparisons. The principal component 
analysis was performed using XLSTAT software (Ver-
sion 2022.3.1, Addinsoft, Paris, France) to explore mul-
tivariate patterns and clustering of the mango varieties 
based on their physicochemical traits. The statistical 
significance was set at p < 0.05.

RESULTS AND DISCUSSION
Physicochemical properties of the pulp of indigenous 

and non-indigenous mango varieties. Quality parame-
ters of mango pulp. The pH, total soluble solids (TSS), 
titratable acidity, vitamin C content, and firmness of 
the mango pulp showed variation (p < 0.05) among the 
varieties, with ranges of 3.18–4.76, 8.10–16.30°Brix, 
0.06–0.39%, 4.49–19.19 mg/100 mL, and 3.69–8.55 N, 
respectively (Table 1). The color parameters also dif-
fered (p < 0.05), with from 52.00 to 73.28 for L* val-
ues, from –0.49 to 22.59 for a*, and from 46.44 to 
67.73 for b*. Titratable acidity was higher (p < 0.05)  
in the non-indigenous mangoes than in the indigenous 
ones (Table 1). No significant differences (p > 0.05) 
were observed in the pH, TSS, vitamin C, and firmness 
between the two mango types. The non-indigenous vari-
eties exhibited higher (p < 0.05) lightness (L*) and yel-
lowness (b*) values, whereas the indigenous varieties 
had higher (p < 0.05) redness (a*) values.

The differences in the pulp characteristics are largely 
attributed to genetic diversity and environmental condi-
tions such as soil type, climate, and agronomic practic-
es [1, 24]. The TSS values observed in this study were 
similar to previously reported ranges of 16.90 to 27°Brix 
in mango varieties [22, 25]. However, the Sayuni and 
Mabbere varieties showed low TSS values of 8.10 and 
9.30°Brix, respectively, indicating low sugar accumu-
lation at harvest maturity. These TSS values may be 
attributed to premature harvesting, varietal differences 
in carbohydrate metabolism, or slow starch–sugar con-
version during ripening [26]. Similarly low TSS values 
were observed in late-maturing varieties which often re-
quire extended ripening periods to reach optimal sweet-
ness [27]. In contrast, seven varieties (Kagoogwa, Apple 
mango, Batawi, Ssejjembe, Takataka, Kent, and Tommy 
Atkins) had TSS values ≥ 13.5°Brix, exceeding the Co-
dex Alimentarius Commission fruit juice standard. This 
supports their suitability for juice extraction without the 
need for added sugar6. The high TSS levels, which were 
possibly contributed by simple sugars such as fructose 
and glucose, could enhance the sweetness and consumer 
appeal of these mangoes [24, 28]. 

Most varieties had pH values within the recommended 
range of 3.0 to 4.5 for juice production, which enhances 
flavor stability and microbial safety [29]. Six variet-
ies (Table 1) fell within the ideal titratable acidity target 
range of 0.25 to 0.5%, making them suitable for tangy 
6 Codex Alimentarius Commission. General standard for fruit juices 
and nectars (CODEX STAN 247-2005). Rome: Food and Agriculture 
Organization of the United Nations/World Health Organization; 2005.
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products such as juices, chutneys, and jams7. The vita-
min C content varied among the mango varieties, with 
many exceeding the Codex minimum of 10 mg/100 mL  
required for nutritional labeling8. These high levels sug-
gest the potential of several varieties for use in vita-
min-fortified juices. Notably, Palmer, Asante, and Kent 
exhibited elevated b* values, indicating intense yellow 
coloration linked to carotenoid accumulation. This col-
oration enhances visual appeal and nutritional value in 
purées, juices, and complementary food9. The higher 
acidity of the non-indigenous mangoes suggests greater 
organic acid synthesis, which is common in commercial 
hybrid varieties selected for processing attributes [30]. 
The lower acidity of the indigenous mangoes aligns with 
the flavor profiles preferred for fresh consumption [31].

Proximate composition of mango pulp. The pulp 
of the 22 mango varieties showed variation in proximate 
composition (Table 2). The moisture content ranged from 
45.59 to 68.43%, which is lower than 80 to 85% range 
commonly reported for fresh ripe mango pulp [32]. The 
moisture variation among the mango varieties may be 
attributed to the differences in harvest maturity and post-
harvest handling. The fruits harvested at late maturity 
7 Food and Agriculture Organization of the United Nations. Fruit 
and vegetable juice processing: Technical paper. Rome: FAO; 2005.
8 Horwitz W, Latimer GW. Official methods of analysis…
9 Food and Agriculture Organization… 2005.

stages and those transported over long distances are prone 
to moisture loss due to continued respiration and transpi-
ration after detachment from the tree [33]. Similar reduc-
tions in moisture during handling and temporary storage 
have been reported in mangoes [32–34]. The ash, fat, pro-
tein, fiber, and carbohydrate contents ranged from 2.06 
to 2.63%, 0.03 to 0.47%, 0.54 to 1.50%, 3.82 to 4.78%, 
and 88.22 to 91.07%, respectively (Table 2). The nutri-
tional profile of ripe mango pulp is characterized by high 
moisture and carbohydrate content, as well as low levels 
of fat, protein, and fiber [35]. No differences (p > 0.05)  
were observed between the indigenous and non-indig-
enous groups for moisture, ash, fat, protein, and fiber. 
However, the non-indigenous varieties had a higher  
(p < 0.05) carbohydrate content than the indigenous ones. 
The carbohydrate content of 88.22 to 91.07 g/100 g dry 
weight provides between 68 and 70% of the recommend-
ed daily carbohydrate intake (130 g/day) for adults [35]. 
Mango pulp is therefore a valuable energy source suitable 
for formulation of energy-dense food products, especially 
fruit leathers and snack bars [5].

Mineral composition of mango pulp. The mango 
pulp contained substantial amounts of K, Na, Ca, Mg, P, 
Zn, and Fe (Table 3). Potassium was the most abundant 
mineral ranging from 96.65 to 199.67 mg/100 g, with 
the highest levels found in Palmer and Kent varieties. 
The dominance of potassium was congruent with the 

Table 2 Proximate composition of pulp in indigenous and non-indigenous mango varieties in Uganda

Mango 
type

Mango variety Moisture, %  
wet weight

Protein, %  
dry weight

Fat, % 
dry weight

Fiber, %  
dry weight

Ash, %  
dry weight

Carbohydrate, % 
dry weight

Indigenous Apple mango 60.91 ± 0.04f 1.21 ± 0.01c 0.18 ± 0.01f 3.82 ± 0.05n 2.17 ± 0.00g 91.07 ± 0.05a

Asante 60.47 ± 0.06g 1.42 ± 0.01a 0.04 ± 0.00l 5.17 ± 0.07 f 2.28 ± 0.00c 89.56 ± 0.07c,d

Batawi 62.67 ± 0.62d 1.34 ± 0.02b 0.13 ± 0.00h 5.54 ± 0.03 c 2.13 ± 0.00h 89.19 ± 0.04c,d

Bire 59.50 ± 0.23h 1.42 ± 0.01a 0.03 ± 0.00l 6.22 ± 0.02 a 2.63 ± 0.01a 88.22 ± 0.02d

Boribo 64.73 ± 0.21b 1.18 ± 0.02d 0.15 ± 0.00g 3.86 ± 0.01m 2.24 ± 0.01e 90.75 ± 0.02a,b

Doodo 64.17 ± 0.04c 1.29 ± 0.00b 0.32 ± 0.01c 5.86 ± 0.01b 2.17 ± 0.02g 88.56 ± 0.02c,d

Kagoogwa 61.92 ± 0.02e 1.41 ± 0.05a 0.22 ± 0.00e 4.86 ± 0.07h 2.12 ± 0.00h 89.76 ± 0.09b,c

Koona 62.92 ± 0.02d 0.71 ± 0.08l 0.43 ± 0.00b 4.78 ± 0.96i 2.13 ± 0.00h 90.25 ± 0.96b,c

Mabbere 62.30 ± 0.00e 0.77 ± 0.01k 0.07 ± 0.00j 5.18 ± 0.35f 2.23 ± 0.00e 90.10 ± 0.35b,c

Sayuni 65.73 ± 0.22a 0.98 ± 0.00g 0.25 ± 0.00d 5.55 ± 0.33c 2.22 ± 0.01e 89.09 ± 0.33c,d

Ssejjembe 62.03 ± 0.02e 1.11 ± 0.00e 0.32 ± 0.00c 4.85 ± 0.09h 2.27 ± 0.01c 89.82 ± 0.09b,c

Takataka 63.80 ± 2.99c 1.18 ± 0.01d 0.11 ± 0.01i 4.78 ± 0.08i 2.12 ± 0.00h 90.04 ± 0.09b,c

Kakule 62.14 ± 0.03e 0.42 ± 0.00m 0.16 ± 0.00g 5.14 ± 0.51g 2.28 ± 0.01c 90.35 ± 0.51a,b

Non-
indigenous

Duncan 68.43 ± 0.25a 1.38 ± 0.01a 0.26 ± 0.00d 5.21 ± 0.44f 2.59 ± 0.01b 88.40 ± 0.44c,d

Fairchild 45.59 ± 0.12i 1.28 ± 0.01b 0.29 ± 0.00d 4.54 ± 0.03j 2.27 ± 0.00c 90.79 ± 0.03a,b

Julie 61.55 ± 0.09e 1.50 ± 0.01a 0.09 ± 0.00k 5.19 ± 0.05f 2.21 ± 0.02f 89.38 ± 0.05c,d

Kapisa 61.87 ± 0.21e 0.54 ± 0.01n 0.05 ± 0.00l 5.24 ± 0.13e 2.06 ± 0.04i 90.52 ± 0.14a,b

Kent 61.48 ± 0.21e 0.59 ± 0.00n 0.08 ± 0.01j 4.42 ± 0.78k 2.17 ± 0.00g 91.07 ± 0.78a

Palmer 62.71 ± 0.25d 0.83 ± 0.00j 0.47 ± 0.02a 4.45 ± 0.06k 2.08 ± 0.05i 90.55 ± 0.08a,b

Ponde 61.72 ± 0.01 e 0.90 ± 0.00h 0.21 ± 0.01e 4.85 ± 0.03h 2.20 ± 0.01f 90.22 ± 0.03b,c

Seena 62.56 ± 1.15e 1.03 ± 0.01b 0.11 ± 0.01i 4.82 ± 0.05h 2.16 ± 0.07g 90.21 ± 0.09b,c

Tommy Atkins 61.55 ± 2.580d 1.32 ± 0.00f 0.03 ± 0.01l 5.23 ± 0.11e 2.52 ± 0.02b 89.30 ± 0.11c,d

Indigenous (mean ± SD) 62.56 ± 1.74A 1.11 ± 0.13A 0.19 ± 0.12A 5.05 ± 0.31A 2.31 ± 0.69B 89.75 ± 1.07B

Non-indigenous (mean ± SD) 60.86 ± 6.13B 1.04 ± 0.18B 0.18 ± 0.14A 4.88 ± 0.35B 2.45 ± 0.35A 90.05 ± 0.92A

Values are expressed as mean ± standard deviation (SD); lower case superscript letters denote significant differences among mango varieties, 
while A and B denote significant differences between mango types. Values with different superscript letters in the same column are significantly 
different (p < 0.05)
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findings by Farina et al. [36], who reported concentra-
tions as high as 250 mg/100 g in mangoes grown in the 
Mediterranean region. Potassium supports fluid balance, 
neuromuscular function, and cardiovascular regula- 
tion [36]. The high potassium levels in Palmer and Kent 
may be linked to genotypic differences in nutrient up-
take efficiency and translocation capacity, as previously 
reported by Subedi et al. [37]. 

Sodium was the second most abundant mineral 
with levels between 32.37 and 113.26 mg/100 g. This 
differs from the results of Farina et al. [36], who iden-
tified phosphorus as the second most prevalent miner-
al in mangoes grown in the Mediterranean region. This 
divergence may reflect environmental and soil nutrient 
availability differences, since sodium accumulation in-
creases in fruits grown under water stress or semi-arid 
conditions, which are typical in Central Uganda [2]. The 
elevated sodium levels in some varieties may reflect the 
effects of mineralized irrigation water or soil salinity, 
the conditions known to alter the ionic balance and nu-
trient uptake [2, 18]. 

The calcium content in mango pulp was similar to 
the levels found in tropical fruits such as papaya, gua-
va, and pineapple [38]. Since calcium is involved in cell 
wall integrity and firmness retention, the varieties with 
high calcium levels also had higher firmness scores, as 
observed in Palmer mango. 

No significant differences (p > 0.05) were observed 
in the levels of K, Na, Ca, Mg, Zn, and Fe between the 
indigenous and non-indigenous mango varieties, except 
for phosphorus. Zinc is a particularly important mi-
cronutrient with a recommended dietary allowance of 
8 mg for adult women and 11 mg for adult men10. In this 
study, zinc levels in the mango pulp ranged from 6.47 to 
10 Diet, nutrition and the prevention of chronic diseases: Report of a joint 
WHO/FAO expert consultation. World Health Organization, Food 
and Agriculture Organization of the United Nations. Geneva: World 
Health Organization; 2003;(916).

11.66 mg/100 g dry weight. A typical juice serving made 
from 30 g of dry mango pulp (equivalent to two 250-mL 
servings) could provide around 1.94 to 3.50 mg of zinc. 
This would meet 24 to 44% of the recommended dietary 
allowance for women and 18 to 32% for men, highlight-
ing mango pulp as an important dietary source of zinc. 
Although mango pulp contains useful amounts of min-
erals including K, Mg, Ca, Na, P, and Fe, these amounts 
are not sufficient to meet the daily requirements. There-
fore, alternative foods such as legumes, green leafy veg-
etables, nuts and seeds, dairy products, and meat should 
be consumed together with mangoes in order to meet the 
recommended daily allowances for these minerals. 

Proximate composition and visual distribution 
patterns for mango by-products. Fiber was the most 
abundant (10.16 ± 1.76%) component in the mango 
peel confirming its structural role and high cell wall 
polysaccharide density. Tommy Atkins mango had 
the highest fiber content (12.67 ± 0.03%) in the peel  
(Fig. 1). This suggests stronger skin rigidity and resis-
tance to mechanical damage, the traits associated with 
longer shelf-life and transport resilience [39]. The high 
fiber content makes mango peel a suitable ingredient for 
developing functional bakery products and dietary fiber 
supplements aimed at improving gut health and reduc-
ing glycemic response [40]. 

The protein content in the mango kernel was 10.18 ±  
3.39%, compared to 7.09 ± 1.64 and 2.62 ± 1.36% in the 
peel and seed, respectively. This confirms that kernel 
tissues are metabolically active and rich in storage pro-
teins involved in seed development [41, 42]. The relative-
ly high protein levels in the kernel indicate its potential 
for use in plant-based protein formulations, especially in 
gluten-free flour blends and infant complementary foods. 

The carbohydrate content was the major compo-
nent in the mango seed, ranging from 88.09 to 93.89%  
(Fig. 1). This makes it suitable for extraction of starch-
based ingredients or use in energy-dense formulations. 

Figure 1 Proximate compositions of peel, pulp, kernel, and seed between indigenous and non-indigenous mango varieties, %
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Crude fat was the highest in the kernel, ranging 
from 0.90 to 5.67%. This supports its use in confection-
ery and industrial oil extraction. 

Overall, the proximate profiles demonstrate that man-
go by-products are valuable nutrient sources of fiber, pro-
tein, and carbohydrate. Their recovery and utilization 
could reduce mango processing waste and support circu-
lar bioeconomy strategies in fruit value chains. The fiber 
content in the mango peels was close to 8–13% reported 
by Berardini et al. [41]. A 28-g serving of Tommy Atkins 
dried peel provides 12% of the recommended daily fiber 
intake of 30 g/day11. Therefore, mango peel can be used as 
an ingredient to enhance fiber levels in food products. The 
protein content in the kernel was consistent with a 6–11% 
range reported by Soong et al. [42]. Kernel is richer in 
protein than peel or seed. The high carbohydrate levels in 
the mango seeds were similar to those found by Berardi-
ni et al. [41]. The proximate profiles of the indigenous and 
non-indigenous mangoes were not significantly different 
(p > 0.05). The proximate variation is more strongly in-
fluenced by variety-specific factors rather than the indige-
nous versus non-indigenous classification.

Mineral composition and visual distribution pat-
terns for mango by-products. The seed had the highest 
concentrations of K, Ca, Mg, Na, P, and Fe, with val-
ues of 354.90 ± 25.10, 437.74 ± 35.00, 147.66 ± 32.92,  
116.00 ± 3.85, 114.12 ± 3.50, and 8.46 ± 1.48 mg/100 g, 
respectively (Fig. 2). The mineral concentrations in the 
seeds were higher (p < 0.05) than those of in the peel 
and kernel. These results were consistent with the find-
ings by Berardini et al. [41] and Bala et al. [43]. This 
suggests that seeds serve as storage organs for essential 
11 Diet, nutrition and the prevention…

nutrients required during germination. This aligns with 
the previous reports that mineral accumulation in seeds 
supports enzyme activation, cellular respiration, and 
early seedling development12 [41–43]. 

Potassium was the most abundant mineral in all 
by-products, particularly in the seed. This had been ex-
pected since potassium regulates osmotic balance and 
carbohydrate transport in developing fruit tissues. This 
suggests that mango seed flour could be used as a po-
tassium fortifier in food products, especially for popula-
tions with low fruit intake.

Similarly, calcium levels were the highest in the 
seeds. This might be due to the role that calcium plays 
in maintaining cell wall stability and structural integrity. 

Magnesium, an essential cofactor in enzyme activity 
and energy metabolism, also accumulated in the seeds. 
In this study, K, Ca, Mg, Na, Zn, and Fe exhibited a de-
creasing concentration trend from seed to peel to kernel. 
The concentration of phosphorus declined progressively 
from seed to kernel to peel, indicating a distinct pattern 
compared to other minerals. This divergence could be 
attributed to the critical role of phosphorus in seed de-
velopment. In plant seeds, phosphorus is predominantly 
stored in the embryo in the form of inositol hexakisphos-
phate, also known as phytic acid [44]. In mango seeds, 
inositol hexakisphosphate can account for 50 to 85% of 
the total phosphorus content. It is primarily concentrated 
in the endosperm and embryo tissues, which correspond 
to the mango kernel [45]. In contrast, Ca, Mg, and Fe are 
typically involved in structural functions and are found 
mainly in the seed and peel [43]. These tissues tend to 
12 Human energy requirements: Report of a joint FAO/WHO/UNU 
expert consultation. Food and Agriculture Organization/World Health 
Organization. Rome: FAO; 2004.

Figure 2 Mineral composition of peel, pulp, kernel, and seed between indigenous and non-indigenous mango varieties
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NI – non-indigenous; I – indigenous; Fi – fiber; C – carbohydrate; Fa – fat; A – ash; M – moisture; Pr – protein; Pu – pulp; Ke – kernel; Pe – peel; S – seed
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accumulate more of these minerals, which explains why 
the seed shows the highest levels followed by the peel, 
with the kernel having the lowest concentrations for 
most minerals [43]. Zinc concentration (6.51 mg/100 g) 
was the highest in the mango peels. This may reflect 
zinc’s key role in the peel’s protective functions, includ-
ing membrane stabilization, antioxidant defense, and re-
sponse to environmental stress [45]. 

Principal component analysis and bootstrap hulls 
interpretation. Varietal differences were driven by the 
mangoes’ intrinsic physicochemical traits rather than by 
their indigenous or non-indigenous classification (Fig. 3a). 
The principal component analysis explained 87.62% of the 
total variation. Principal component (PC) 1 (75.03%) dif-
ferentiated the varieties primarily on the basis of minerals, 
TSS, and firmness (Fig. 3b). PC2 (12.59%) captured the 
differences in vitamin C, color, and pH. The varieties po-
sitioned on the positive side of PC1 (Kakule and Kapisa) 
exhibited higher mineral concentrations, while those on 
the negative PC1 axis (Bire, Duncan, Doodo, and Batawi) 
showed lower mineral levels. Along PC2, Apple mango 
and Boribo loaded positively due to their high vitamin C 
content and strong color attributes. These patterns trans-
late into clear processing opportunities: Kakule and Ka-
pisa are suitable for mineral-rich and functional food 
products, while Apple mango and Boribo are ideal for an-
tioxidant beverages and natural pigment extraction. The 
TSS-high varieties (Kagoogwa, Takataka, and Tommy 
Atkins) clustered near the TSS vector on PC1, indicating 
adequate soluble solids for juice processing. Overall, the 
findings provide a roadmap for aligning mango varieties 
with the most appropriate value-added products.

CONCLUSION
Non-indigenous mango varieties were more acidic with 

an intense yellow pigmentation in the pulp, which makes 
them ideal for juices, chutneys, and purées. Indigenous 
mangoes exhibited high total soluble solids giving them 
a more pleasant taste, which supports their suitability for 
fresh consumption. Mango by-products are nutritious. The 
seeds contained most of the important minerals. The peels 
were rich in fiber, while the kernels had notable amounts of 
protein and fats. These by-products offer opportunities for 
value addition through the production of fiber supplements, 
mineral-rich powders, and protein-enriched flours. The 
principal component analysis showed that the appropriate 
use of a mango variety depends on its natural qualities rath-
er than the indigenous or non-indigenous grouping. This 
may help processors select mangoes that are best for juices, 
purées, and fresh eating. Overall, mango pulp and by-prod-
ucts offer opportunities for developing novel products that 
add value to the mango industry.
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Abstract: 
The increasing human population will escalate the demand for meat and alternative meat products. The term “hybrid meat” 
can be used to define food products that combine conventional animal meat with alternative protein sources, such as plant-
based ingredients, insect protein, or cultured cells. These products are designed to reduce the environmental and ethical 
concerns associated with traditional meat, while retaining the desirable sensory and nutritional qualities. Our review provides 
a comprehensive analysis of the development, composition, processing technologies, nutritional value, environmental 
sustainability, consumer acceptance, safety concerns, and regulatory frameworks for hybrid meat. The incorporation of 
plant proteins, pulses, insect flours, and cultured cells has shown potential to improve dietary fiber, antioxidant content, and 
lipid profiles without significantly compromising taste or texture. Innovative technologies such as high-moisture extrusion,  
3D bioprinting, and fermentation enhance the structural and functional attributes of hybrid meat products. From an 
environmental perspective, hybrid meat can reduce greenhouse gas emissions and resource use by lowering the total meat 
content. However, safety issues such as allergenicity, microbial contamination, and chemical residues require thorough 
monitoring. Regulatory policies are evolving globally to address these challenges, while consumer acceptance hinges on 
familiarity, sensory quality, and clear labelling. Numerous studies are being conducted to curb the challenges and produce 
hybrid meat with a specific composition and preserved flavor. As flexitarian diets gain momentum, hybrid meat emerges as a 
promising transition towards sustainable food systems. It bridges the gap between conventional meat and plant-based alternatives, 
promoting environmental sustainability. 
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INTRODUCTION
Meat consumption has played a pivotal role in human 

evolution and remains a deeply ingrained practice in cul-
tures worldwide. From a biological standpoint, anthropo-
logical and nutritional evidence suggests that meat-eating 
played a crucial role in shaping the human species. Ac-
cording to the “expensive tissue hypothesis”, high caloric 
density and nutrient richness of meat enabled early hu-
mans to develop larger brains by reducing the energy de-
mands of the digestive system [1]. Meat provided essential 
nutrients such as vitamin B12, iron, and high-quality pro-
teins that were not readily available in plant-based foods, 
giving early hominins an evolutionary advantage. At the 
same time, the consumption of meat has been tightly in-
terwoven with social, cultural, and symbolic meanings. 
Across many cultures, meat signifies wealth, power, and 

masculinity, being often reserved for important rituals, 
feasts, and social gatherings.

The growing human population is increasing the de-
mand for meat products, and if sustainable and econom-
ical alternatives are not found, future prices may rise 
significantly. Scientists have been exploring alternative 
methods, such as man-made meat and technological de-
velopments for value-added, textured, and taste-enhanc-
ing livestock products [2]. The meat industry cannot 
keep up with the growing demand, so it has to come up 
with creative solutions to problems pertaining to sus-
tainability, public health, and animal welfare. Further-
more, it is facing a complex regulatory environment, 
as well as growing competition from newly developed 
non-traditional meat and protein substitutes [3].
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Meat production is the primary source of methane 
that has a limited half-life in the atmosphere compared 
to CO2, but a relatively high warming potential. Even 
though well-managed grasslands have the potential to 
sequester carbon, their overall benefits are likely to be 
modest [4]. This explains the need for artificial meat or 
alternatives that can satisfy the increasing demand in 
the face of environmental concerns.

The emerging innovative technologies offer differ-
ent varieties of meat, such as hybrid meat, vegan meat, 
or in-vitro meat. The definition of hybrid meat can vary 
depending on the ingredients incorporated. Hybrid meat 
with plant-based ingredients can be defined as hybrid 
meat products that combine 20–50% of plant-based and 
50–80% of meat components. These products incorpo-
rate plant-based protein sourced from legumes or vege- 
tables to replace a portion of meat. With only a few hy-
brid meat products available at the moment, more are 
expected to be developed in the future [5]. 

As flexible eating habits are gaining popularity, new 
hybrid meat products that combine plant-based and 
animal components are becoming more widely avail- 
able [6]. With the recognizable meaty taste and texture, 
hybrid meat products are seen as an alternative to tra-
ditional meat products with additional dietary benefits 
from plants [7].

STUDY OBJECTS AND METHODS
This review aimed to summarize recent studies on 

hybrid meat (foods that combine components from plants 
and animals and are made to resemble animal-based 
products [8]), with a focus on raw materials, processing 
technologies, and consumer perception. For this, we con-
ducted a systematic review of articles from the leading 
journals in food science, nutrition, and related fields pub-
lished from 2012 to 2025. The journals included Foods, 
Food Quality and Preference, Future Foods, Interna-
tional Journal of Food Science & Technology, Meat Sci-
ence, Molecules, Nutrients, Science, Sustainability, and 
many others. In this review, we sought to identify the 
key findings and future research directions for hybrid 
meat as a sustainable protein solution.

RESULTS AND DISCUSSION
Hybrid meat varieties. This section summarizes 

hybrid meat products that incorporate various ingredi-
ents providing them with distinct characteristics. 

Insect-based hybrid meat. Due to the increas-
ing demand for protein, various researchers have ex-
plored alternative protein sources to supplement or 
replace traditional animal proteins. Insect flours have 
emerged as a promising option, offering high nutrition-
al value suitable for human consumption. For example,  
Talens et al. [9] investigated the potential of insect flour in 
hybrid meat products. The researchers prepared sausage 
samples from turkey meat partially replaced with brewer’s 
spent grains, frozen broccoli, and mealworm (Tenebrio 
molitor L.) powder. In particular, nine different sausage 
formulations were developed by varying the proportions 

of insect flour. The ingredients were thoroughly mixed, 
blended, and then pasteurized before shaping and cooking 
the sausages. The objective was to assess the functionality 
and acceptability of insect flour in processed meat prod-
ucts. The study demonstrated that incorporating alterna-
tive protein sources such as insect flours is an effective 
strategy to reduce the dependence on animal protein in 
meat formulations. The blend with 22% of broccoli, 3% 
brewer’s spent grains, and 10% insect flour looked the 
best and tasted/smelled just as good as the standard com-
mercial product. Additionally, the study highlighted the 
feasibility of creating nutritionally balanced and sustain-
able meat alternatives through ingredient innovation.

In another study, Megido et al. [10] prepared four 
different burger patties using unflavoured ground beef, 
green lentils, and mealworms (T. molitor). One of the pat-
ties contained 45% of green lentils and 50% of insects 
(mealworm/lentil burger), and another one was formulat-
ed from 45% ground beef and 50% insects (mealworm/
beef burger). The remaining two patties contained com-
mon burger ingredients. All the ingredients were pre-
cooked and mixed, then patties were made and cooked. 
The microbial analysis detected neither Escherichia coli 
nor Clostridium perfringens strains in the samples. The 
total viable counts were below the standard legal maxi- 
mum for the mealworm/beef burger (5.04 log CFU/g)  
and mealworm lentil burger (5.28 log CFU/g). The re-
search concluded that mealworms are safe to consume af-
ter fasting for 24 h (to remove toxins from their body) and 
drying. The use of the insects was accepted by the con-
sumers.

A study conducted by Han et al. [11] utilized house 
cricket (Acheta domesticus L.) flour in combination 
with pork to produce hybrid sausages. The formulation 
included 42.5% of ice water, 35% lean pork, 20% pork 
fat, and other standard ingredients, along with cricket 
flour incorporated at 1, 2.5, and 5.0%. The cricket flour 
was prepared through lyophilization, a freeze-drying 
process that preserves its nutritional properties. The 
study aimed to evaluate the functional and sensory 
qualities of the resulting hybrid sausages. The research-
ers observed that the protein solubility and water-hold-
ing capacity of the cricket flour were influenced by such 
factors as pH and sodium chloride (NaCl) concentra-
tion. These variations affected the structural properties 
of the sausage, potentially leading to undesirable color 
and texture when only small amounts of cricket flour 
were added. Due to these challenges, further research is 
being carried out to enhance the lipid and protein oxi-
dation stability in such insect-based meat formulations. 
This will help improve the product’s quality and broad-
en consumer acceptance in future applications.

In Western culture, the consumption of insect-based 
products is gaining popularity due to their high nutri-
tional value, including protein, vitamins, and minerals. 
These products also offer favorable sensory attributes 
such as taste and texture. Their integration into fami- 
liar food forms has further increased consumer accep-
tance [10].
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Plant-based hybrid meat. As the increase in the 
dependence of animal meat for various health benefits 
and sensory attributes, alternative plant-based mimic 
meats are formulated with isolated plant proteins [12]. 
For example, Petrat-Melin & Dam [13] prepared burg-
ers from 50% of plant-based ingredients (such as textur-
ized legume protein) and 50% of meat (pork and beef, 
4:1). The patties were seasoned with regular ingredients 
and analyzed for texture profile, cooking loss, express-
ible moisture, and consumer acceptance. According to 
the results, the most crucial characteristics for a burg-
er were meat flavor, juiciness, spiciness, and saltiness. 
In summary, the hybrid burger was just as acceptable 
overall as a beef burger, despite having distinct qualities 
and being evaluated using various check-all-that-apply 
methods.

Sun et al. [14] investigated how adding hempseed 
meal (10, 20, 30, and 40%) affected the qualitative char-
acteristics of chicken sausage. Their findings demon-
strated that hempseed meal significantly decreased the 
moisture, protein, and lipid contents in chicken sausage, 
but increased the ash and total dietary fiber contents. 

By combining chicken with pulses, Chandler & 
McSweeney [15] produced a hybrid meat burger and 
described its physical, textural, and chemical compo-
sition. At 0, 25, 50, and 75%, the chicken burger was 
supplemented with pulses (lentil, chickpea, and yellow 
pea). The samples’ chemical composition, cooking qual-
ities, and textural characteristics were examined. All 
the pulses led to a decrease in both moisture and lipid 
contents in the meat analogues. Lentils and chickpeas 
maintained the protein content, whereas yellow peas re-
sulted in a reduced protein content. By decreasing the 
width and thickness and increasing the cooking yield, 
the pulses enhanced the samples’ cooking qualities. At 
50 and 75% replacement, the burger’s textural charac-
teristics differed considerably from those of the control 
burger. The study showed that pulses and chicken can 
be mixed only at a modest replacement level (25%) to 
produce a unique food product.

Stem cell-based hybrid meat. In vitro meat cultur-
ing, or meat cultivation, is a transformative alterna-
tive to traditional livestock production. It is designed 
to precisely replicate all the physical characteristics of 
conventional meat. This is primarily achieved by cul-
tivating animal stem cells using advanced tissue engi-
neering techniques. In particular, cells are proliferated 
in bioreactors and then guided by scaffolds to differenti-
ate into muscle, fat, and connective tissues. The result-
ing product mimics the fibrous texture, juiciness, color, 
and overall mouthfeel found in traditional cuts of meat. 
The objective is to produce a sustainable and ethical 
protein source that is sensorially indistinguishable from 
its animal counterpart [16].

Kim et al. [17] studied the effect of adding cultured 
meat tissue (10, 20, and 30%) on hybrid meat’s physi-
cochemical and taste profiles. Chicken satellite cells 
were isolated from hindlimb muscles and suspended in 
growth media prepared and incubated to produce cul-

tured meat tissues. After the dissociation of cells, the 
suspensions were centrifuged and the supernatant was 
lyophilized for storage. A pea plant protein solution and 
a wheat solution were used to prepare a solution for wet 
spinning. Imitation fiber and muscle were manufactured 
through wet spinning, while cellulose membrane was 
produced through electrospinning. The resulting hy-
brid cultured chicken meat was introduced to the plant-
based protein solution. Each imitation fiber muscle was 
wrapped with an artificial muscle membrane to replicate 
the structure of traditional muscle. The quality of the 
imitated fiber muscles was thus improved, enhancing 
the quality of hybrid cultured chicken meat in turn. The 
product’s sensory attributes were also improved and the 
method was found useful for addressing the problem of 
protein deficiency in plants.

Fish-based hybrid meat. Aquatic products are 
widely consumed due to their economic value, taste, 
and nutritional composition [18]. A recent study was 
conducted on the partial replacement of fish meat in 
surimi-based fish cakes with 0, 5, 10, 15, and 20% of 
textured vegetable protein. Fish cakes were cooked in 
two ways: 1) dough cylinders were placed in boiling wa-
ter (100°C, 1.5 L) and cooked for 5 min; 2) dough cylin-
ders were fried for 3 min in 1 L grapeseed oil at 180°C. 
Both samples were cooled to room temperature. The 
specific properties of fish meat contributed to a fibrous 
gel structure of the cake samples. Increased contents of 
textured vegetable protein seemed to gradually reduce 
the elastic property. They also decreased the fishy fla-
vor and increased the beany flavor. Six unknown and 60 
identified volatile compounds were detected in the fish 
cake samples. The fried fish cakes were most preferred 
by consumers [19].

3D printing. Bioprinting is defined as the use of bio-
materials such as muscle, skin, bone, and cartilage to 
develop three-dimensional structures through 3D print-
ing technology [20]. Meat substitutes can be derived 
from various sources, including in vitro cell cultures, 
meat by-products or waste, plants, and insects. Among 
these innovations, the sustainable 3D printing of meat 
from biological materials is referred to as bio-printed  
meat. This technique involves the precise layering of bio-
inks composed of edible materials such as proteins, lipids, 
insect powders, and dietary fibers. These components are 
blended in optimized concentrations to mimic the tex-
ture, flavor, and nutritional profile of conventional meat. 
Bioprinting offers a promising solution to the growing de-
mand for sustainable and ethical meat alternatives. In ad-
dition, it allows for customizing the nutrient composition 
and structure, ensuring product consistency and consumer 
acceptance [21]. 

Wang et al. [22] prepared soft-textured meat analogues 
with the use of plant and animal proteins (pea protein iso-
late and chicken mince, respectively). In addition to the pro-
teins, the ingredients included soy lecithin, maize starch, 
and beef fat. They were blended, made into a paste, and 
cooked before use. There were five samples with different 
ratios of the ingredients. The pastes were filled into syring-
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es and small nugget-shaped samples were printed using a 
large volume extrusion 3D printer. The study found that 3D 
printability of the meat analogue was better with the addi-
tion of 20% chicken mince paste. The product had a good 
fiber texture contributed by hydrogen bonding [23]. 

Golovin et al. [24] biofabricated cellular meat con-
structs (30×40×3 mm) by 3D bioprinting rabbit stem cells 
(omentum-derived, lipogenic/myogenic differentiation) and 
fibroblasts within a sodium alginate/sunflower protein hy-
drogel. Cells demonstrated sustained viability (> 72 h) via 
confocal microscopy and formed tight junctions with meta-
bolic activity, including procollagen secretion by fibroblasts 
and lipid accumulation by lipoblasts, as observed via trans-
mission electron microscopy. The resulting product, com-
prising fibroblasts, lipocytes, myogenic cells, and hydrogel 
components, was confirmed safe for consumption.

Properties of hybrid meat. Hybrid meats contain 
plant or other alternative ingredients in addition to meat 
ingredients [8]. A hybrid meat burger prepared by add-
ing pulses (yellow pea, chickpea, and lentil) at 0, 25, 50, 
and 75%, respectively, resulted in a decreased protein 
content with increasing amounts of yellow peas [15].  
When added to chicken burgers, pulse flours improve the 
cooking yield and lessen the size reductions that occur 
during cooking. Adding pulses decreases the moisture 
content and increases the fat content in cooked meat. 
The inclusion of plant-based alternatives (pulses) to meat 
also enhances its textural properties such as hardness, 
cohesion, springiness, and gumminess. 

Before extrusion, each protein from the plant source 
should be analyzed for its physicochemical characteris-
tics, since even proteins coming from the same botani-
cal source may have differing functions [25]. Processing 
parameters such as specific mechanical energy, mois-
ture, and temperature have a significant impact on the 
quality of pea-based textured vegetable protein. Howe- 
ver, because of the differences in protein subunits and 
the swelling (or gelling) properties of cold and hot wa-
ter, pea protein-based texturized products generally 
have lower cutting strength and less chewiness than 
soy- or gluten-based products. These properties can be 
controlled with the use of functionality modifiers.

Compared to conventional pork and beef meats, 
plant-based meat analogue patties were higher in ash 
and crude fiber and lower in moisture, fat, and pro-
tein [26]. They also had more porous and loose struc-
tures before and after cooking, as well as lower values 
of lightness and redness. Their high pH (pH 7.42–7.43) 
might be due to the slight alkalinity of TVP.

The cutting strength of high-moisture extruded in-
termediates is primarily determined by their compo-
sition and water content [27]. Combining up to 40% 
Alphitobius diaperinus (Panzer, 1797) (mealworm) pro-
tein concentrate with 5–10% of soy fiber (dry matter) 
provided the meat analogue with a meat-like texture and 
25.0–30.8% protein. The study showed that meat hy-
brids made of a blend of protein concentrates (soy and 
A. diaperinus) and water can develop a meat-like fiber 
texture by high-moisture extrusion.

A study by Han et al. [11] demonstrated that the pH 
and NaCl concentration had a substantial impact on the 
protein solubility and water-holding capacity of cricket 
flour added to the meat hybrid. However, the amount of 
cricket flour in the medium at the same pH and heating 
conditions had an impact on its gelation. Even small 
quantities of cricket flour can have negative effects on 
the color and texture of hybrid sausages and reduce 
their capacity to withstand oxidative storage. 

Ramachandraiah studied 3D-printed hybrid meat 
made with insects and fish [21]. He found that the ground 
cricket- or grasshopper-incorporated meat had the high-
est protein and fiber contents, whereas the black soldier 
fly- or grasshopper-incorporated meat had the highest 
lipid content. The 3D-printed hybrid meat obtained from 
fish had a high nutritional value depending on the com-
position of the body part used.

A review by Stanišić et al. [28] proved that moderate 
levels of substitution (20–50%) in meat can preserve or 
enhance the product’s texture, juiciness, and nutritional 
quality, while excessive incorporation levels frequently 
result in undesirable flavors, color alterations, and tex-
ture problems.

Nutritional characteristics. Hybrid meat products 
are engineered to retain a protein content comparable to 
that of traditional meat, while offering a more balanced 
amino acid profile. The integration of cultured animal 
cells ensures that essential amino acids such as lysine, 
leucine, and methionine are present in adequate quan-
tities, while plant-based components (e.g., soy, pea, or 
lentil proteins) contribute complementary nutrients and 
dietary fiber. According to Curtain & Grafenauer [29], 
hybrid meats achieve a “complete protein” status by 
blending sources, which is nutritionally advantageous 
for populations at risk of protein insufficiency, such as 
vegetarians or older adults. 

A key nutritional advantage of hybrid meat is its 
improved lipid profile. While conventional red meats 
are often high in saturated fats and cholesterol, hybrid 
products make use of unsaturated fats from plant oils 
such as canola, sunflower, or flaxseed. This modulation 
reduces the risk of cardiovascular diseases. A study by 
Willett et al. [30] demonstrated that consumers of hy-
brid meat products experienced improved lipid bio-
markers, including reduced LDL-cholesterol levels, 
compared to those consuming conventional meat.

One concern often raised regarding plant-based di-
ets is the potential deficiency in micronutrients such as 
vitamin B12, iron, and zinc primarily found in bioavail-
able forms in animal products. Hybrid meat addresses 
this concern by enabling micronutrient fortification di-
rectly into the product formulation. Cultured meat com-
ponents naturally contain heme iron and vitamin B12, 
while plant products can be fortified with additional 
minerals. According to Driessen et al. [31], the bioavail-
ability of iron in hybrid meat was significantly higher 
than in traditional plant-based alternatives due to the 
presence of both heme and non-heme sources.
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Zhang et al. [32] proved that hybrid meat products 
contribute to good nutrition by offering health ben-
efits and consumer appeal. Incorporating plant pro-
teins, these products can keep protein levels similar to 
those in regular meat. However, at high meat substi-
tution levels (around 40–50%), the overall protein and 
fat contents may decrease because plant ingredients 
hold more water and have fewer calories. One benefit 
of hybridizing proteins is a better ability to hold water 
and oil. This helps the product yield more, stay juicier, 
and have a more stable emulsion. As a result, the food 
becomes more enjoyable to eat. These improvements 
come from the way meat and plant proteins interact 
to form a strong, three-dimensional structure. New 
processing methods, such as high-moisture extrusion, 
high hydrostatic pressure, high-pressure homogeni-
zation, and ultrasound, are also used to improve these 
products. They help mix the proteins better, enhance 
their ability to form gels and emulsions, and break 
down those compounds in plant proteins which might 
block nutrients. This makes the final hybrid food safer, 
more nutritious, and better in taste and texture. Over-
all, these techniques not only boost the health benefits 
of hybrid foods but also make them more attractive in 
terms of taste and texture for consumers interested in 
sustainable diets.

Hybrid meat shows a distinct nutritional advantage 
by incorporating dietary fiber, a component that is al-
most absent in conventional meat. This additional fiber 
not only supports digestive health and satiety but also 
enhances the overall functionality of the product. For 
example, integrating plant-based ingredients such as le-
gumes boosts the antioxidant capacity of hybrid meat. 
Studies have shown that adding red beans to turkey 
formulations can significantly raise the antioxidant ac-
tivity, compared to pure meat samples. In addition, the 
soluble dietary fibers from legumes, which are rich in 
complex polysaccharides, provide extra benefits such 
as antioxidant, antiglycation, immunostimulatory, and 
prebiotic effects that go beyond basic nutrition [33]. 
Harnack et al. [34] reported that although convention-
al meat is a good source of key vitamins (e.g., B12 and 
B3) and minerals (e.g., iron and zinc), incorporating 

plant ingredients can diversify and enrich the micro-
nutrient profile of hybrid meat. Some plant-based meat 
alternatives contain higher levels of nutrients, such as 
folate, niacin, iron, phosphorus, sodium, manganese, 
and copper, compared to ground beef. This enhance-
ment not only broadens the nutritional benefits but also 
positions hybrid meat as an attractive option for con-
sumers seeking both balanced nutrition and innovative 
food products. The detailed nutrient characteristics of 
conventional (chicken, beef, etc.) and hybrid (with plant-
based materials) meat are depicted in Table 1. 

Environmental sustainability. Animal husbandry,  
slaughter, and transportation generate significant amo- 
unts of biological waste and pollutants in traditional  
meat systems. On the other hand, because cultured 
meat is produced in regulated conditions with reduced 
by-product loss, hybrid meat systems produce less or-
ganic waste. Furthermore, using plant-based ingredi-
ents adds value to those agricultural by-products (e.g., 
legumes or soy protein isolates) which might otherwise 
be wasted. The entire efficiency of the food system can 
be improved by this move towards circular resource  
usage [36]. 

Meat protein production uses a lot of land, water, en-
ergy, and raw materials, which makes it quite costly for 
the environment. The demand for full, high-quality pro-
teins, including those derived from animals, is expected 
to rise globally due to the population growth estimated 
for 2050. The development of flexitarian eating patterns 
for wellness, health, and sustainability is gaining popu-
larity. In particular, hybrid products with meat protein 
substitutes can lessen the effects on the environment. 
Proteins from vegetables (e.g., peas and chickpeas), fun-
gi (mushrooms), and insects (e.g., cricket species and  
T. molitor larvae) have recently emerged as the most vi-
able substitutes for meat in hybrid goods [37]. Although 
offering significant environmental benefits, the devel-
opment of hybrid meat products involves overcoming 
several technological challenges. The processes must 
be optimized to ensure that partial substitution does not 
detract from the sensory and nutritional qualities of the 
final product.

Table 1 Nutrient profiles of conventional and hybrid meat, as sourced from [32–35]

Nutrient/Component 
(per 100 g serving, 
approximate)

Conventional meat Hybrid meat (meat + plant)

Protein High [33] Slightly lower than in conventional meat, depending on 
substitution level [32]

Total fat Moderate to high [33] Potentially lower, depending on plant ingredients [32]
Dietary fiber Negligible [35] Significantly increased [33]
Vitamins Present (B12, B3) [34] Varies, with new vitamins coming from plants [33]
Minerals Present (Fe, Zn) [34] Varies, depending on the raw materials incorporated [33]
Antioxidant activity Low [51] Significantly increased with red beans [33]
Fatty acid profile Varies based on cuts of meat [51] Improved (e.g., lower n-6/n-3, UFA/SFA, PUFA/SFA) [33]
Anti-nutritional factors Absent Potentially present in raw plant proteins; reduced by 

processing [32]
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The integration of alternative protein sources pro-
vides an innovative pathway to achieve a more re-
source-efficient protein supply without completely 
eliminating the sensory qualities that characterize meat-
based dishes. Boukid et al. [38] suggest that hybrid meat 
products can play a vital role in reducing the environ-
mental impacts of conventional meat production. By 
partially substituting animal proteins with alternative 
sources, producers can reduce resource consumption 
and greenhouse gas emissions without compromising 
the key sensory attributes. For these reasons, hybrid 
meat products are seen as a promising transitional strat-
egy towards a more sustainable and health-conscious di-
etary future.

Consumer acceptance of hybrid meat. Concerns 
about environmental degradation, health safety, and the 
vegan movement are pushing both the industry and cus-
tomers to seek meat alternatives [39]. Consumer accep-
tance has been studied via sensory analysis performed 
by trained and/or untrained participants or via surveys 
to obtain statistical values regarding their preference 
and acceptance of hybrid meat or meat alternatives.

Megido et al. [10] studied the consumer acceptance of 
insect-based alternative meat products in Western coun-
tries. In terms of overall liking, the beef burger was ranked 
as the best in hedonic evaluation among the four burgers, 
followed by the mealworm/beef burger, the mealworm/
lentil burger, and the lentil burger. The level of willing-
ness to try the same, an important factor in the study, 
varied depending on the age and gender of the panel-
ists, their knowledge about, and perception of, the pro- 
duct, its composition, and whether they had tasted it before. 

The cost of plant-based meat alternatives is still 
higher than that of traditional meat. According to  
Szenderák et al. [40], the consumers who were willing to 
pay higher prices were more likely to choose plant-based 
alternatives. Other factors included their dietary prefer-
ences, emotional and situational factors, familiarity with 
the product, environmental impacts, sensory characteris-
tics, religious and political factors, as well as nutritional 
perception. As reported by Baune et al. [41], a meat hybrid 
with 30% of plant-based proteins can ultimately attract 
more consumers. After tasting the product (pea-based 
hybrid meat), almost 50% of the untrained panelists ex-
pressed a comparatively strong readiness to purchase it. 
The remaining 50% did not like its musty taste. 

The consumer acceptance of 3D-printed and cul-
tured alternatives is lower than that of conventional 
items, despite the claimed benefits such as increased 
sustainability, animal welfare, and healthiness [42]. 
In this study, the participants with a stronger affini-
ty for meat were less inclined to use plant-based meat 
alternatives. No correlation was found between meat 
attachment and eating willingness for the other meat 
substitutes. The participants tended to consume all fish 
alternatives, except for the 3D-printed plant-based sub-
stitute. This implies that customers who consider fish to 
be a significant component of their diet may be willing 
to consume fish substitutes [43].

Consumers primarily rely on sensory factors such 
as taste, texture, and visual appeal to guide their pref-
erence for hybrid meat products. Items that closely re-
semble traditional meat in these aspects tend to be more 
accepted, largely because familiarity is a key driver. 
However, increasing the proportion of plant ingredients 
can disrupt the protein structure, leading to tougher, 
chewier textures, and off-flavors (often described as dry, 
beany, or bland). Moreover, noticeable color changes 
such as reduced redness and increased yellowness can 
detract from the product’s appeal [32].

Safety of hybrid meat. Concerns regarding the 
safety of hybrid meat products arise from the integra-
tion of diverse components, each with its own set of po-
tential hazards. These can be broadly categorized into 
biological, chemical, physical, and nutritional/allergenic 
considerations. Biological hazards in hybrid meat are 
mainly associated with microbial contamination and ge-
netic instability of cultivated meat components. Every 
component carries microbial risks. For example, plant-
based ingredients may contain pathogens such as Clos-
tridium spp. and Bacillus spp., which may survive or 
re-enter products after thermal processes such as extru-
sion. Plant ingredients (e.g., soy, pea, wheat, rye, barley, 
lupin) may also contain allergens capable of triggering 
IgE-mediated responses, with thermal processing hav-
ing uncertain effects on allergenicity. Cultivated meat 
faces contamination risks from bacteria (e.g., Salmonel-
la, Listeria, E. coli), viruses, fungi, prions, and myco-
plasma. These risks are especially pronounced during 
cell sourcing, media preparation, or bioreactor opera-
tions due to compromised aseptic techniques or contam-
inated inputs [44].

The integration of conventional meat, plant-based 
ingredients, and cultivated meat components in hybrid 
products broadens the range of potential pathogens and 
spoilage microorganisms. Conventional meat natural-
ly presents microbial hazards, while plant-based in-
gredients may introduce additional pathogens that can 
survive processing [45]. Chemical additives such as fla-
vorings, colorings, and emulsifiers are commonly used 
in hybrid formulations to enhance sensory attributes, 
and their safety must be validated at proposed usage 
levels. Processing techniques, including heat treatment 
and smoking, can cause physicochemical changes that 
generate reactive compounds or carcinogens. Some 
plant-based ingredients contain natural toxins (e.g., 
lectins, cyanogenic glycosides) or mycotoxins from 
fungal contamination, which may persist despite pro-
cessing. Synthetic contaminants such as pesticide resi-
dues and residual solvents (e.g., hexane used in protein 
extraction) also present potential toxicological concerns.

Zandonadi et al. [46] proved that prion contami-
nation in hybrid meat is a significant concern when 
animal-derived ingredients are involved, particular-
ly high-risk tissues such as the brain, spinal cord, or 
lymphoid organs. While cultivated meat is produced in 
controlled environments, it carries biological hazards 
such as contamination from compromised sterility or 
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unstable cell lines. Various processing methods, such as 
extrusion for plant proteins, bioreactor culture for cul-
tivated cells, or conventional meat processing, may not 
uniformly address all microbial threats. This necessi-
tates a holistic food safety approach such as the Hazard 
Analysis and Critical Control Points, which considers 
cumulative or synergistic risks across components. Un-
intended genetic mutations in cultivated cells may result 
in unknown secretory products or poorly differentiated 
cells, potentially affecting nutritional quality or safety, 
including the presence of carcinogenic cell types. 

Chemical hazards are also diverse and originate at 
different production stages. In cultivated meat, these in-
clude residues from growth media (e.g., fatal bovine se-
rum, serum-free alternatives), veterinary drugs, or toxic 
substances used in cell culture (e.g., dexamethasone, 
indomethacin). Scaffolds and bioreactor components 
may degrade and release harmful by-products. Addi-
tionally, both plant-based and animal-derived materi-
als may contain physical contaminants such as stones, 
metal fragments, or rubber from agricultural fields or 
machinery. Emerging risks include microplastics, es-
pecially from marine cell sources or lab environments, 
and heavy metals such as lead, mercury, or cadmium, 
which may leach from bioreactor systems or come from 

soil and plant-based ingredients. These overlapping 
risks highlight the need for comprehensive monitoring 
and regulation tailored to the complexity of hybrid meat 
production [46].

Beyond the microbial risks, the genetic instability 
of cells or cell lines is a significant concern for cultivat-
ed meat production. Continuous cell culture may lead 
to genetic mutations due to factors such as replication 
errors, environmental stress, or cell line aging. These 
mutations could potentially result in altered cellular 
functions or a reduction in nutritional value. In more 
serious scenarios, there is a possibility of oncogenic 
changes within the cells [47]. Key safety concerns in 
hybrid meat products primarily revolve around micro-
biological hazards, allergenicity, and potential for novel 
contaminants, which are further detailed in Table 2.

Regulatory aspects. The regulatory oversight of 
novel foods, such as hybrid meats, varies significantly 
across different regions. In the United States, a bifurcat-
ed approach is employed. The Food and Drug Admin-
istration regulates the early stages of cultivated meat 
production, encompassing aspects from cell sourcing 
all the way through cell differentiation. Conversely, the 
U.S. Department of Agriculture’s Food Safety and In-
spection Service supervises post-harvest stages, which 

Table 2 Key safety concerns in hybrid meat products

Hazard 
category

Specific concern Primary source Implication References

Biological Microbial contamination Conventional 
meat, plant-based, 
cultivated meat

Risk of foodborne illness from pathogens (e.g., 
Salmonella, Escherichia coli, Clostridium spp., 
Bacillus spp.) or spoilage microorganisms from diverse 
origins

[44]

Microbiological risks and 
allergens 

Insect flour-based 
meat, from various 
processes

Risk of health disorders caused by 
Cronobacter, Bacillus, Staphylococcus, 
Clostridium, Haemophilus, Salmonella, Bacillus 
cereus, Vibrio, and Acinetobacter

[44]

Genetic instability/
incomplete differentiation

Cultivated meat Risk of altered cellular functions, reduced nutritional 
value, or unintended (e.g., carcinogenic) cell types

[46]

Chemical Residues from 
production

Cultivated meat, 
plant-based meat

Accumulation of growth media components, veterinary 
drugs, toxic chemicals, or scaffold degradation products

[45]

Chemical additives/ 
by-products

All components, 
processing

Safety of intentionally added substances and formation 
of harmful compounds (e.g., carcinogens) during 
processing

[45]

Natural/synthetic toxins Plant-based, 
processing

Presence of mycotoxins, natural plant toxins (e.g., 
lectins), or residual organic solvents (e.g., hexane)

[45]

Physical Foreign materials All components, 
processing

Contamination by external objects (e.g., stones, 
metal shavings) or microplastics from production 
environment

[46]

Heavy metals All components, 
production 
environment

Leaching from equipment or natural presence in raw 
materials

[46]

Nutritional Nutrient disparity/quality All components, 
formulation

Possibility of imbalances, deficiencies (e.g., B12, iron), 
or lower protein quality compared to conventional meat

[45]

Bioavailability of added 
nutrients

Formulation Need to assess how well added nutrients are absorbed 
and utilized by the body

[46]

Allergenic Novel/known protein 
allergens

All components Increased risk of allergic reactions due to diverse 
protein sources (e.g., soy, pea, wheat, novel cultivated 
proteins) and potential cross-reactivity

[44]
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include critical steps such as processing, packaging, 
and labelling of these products. In addition, plant-based 
components within hybrid meats are generally regulat-
ed in a manner consistent with other conventional non- 
animal food products [44].

Across the Atlantic, the European Union operates 
under a distinct framework. Its cornerstone is the Novel 
Foods Regulation (EU 2015/2283), mandating a rigor-
ous pre-market authorization process for any new food 
product falling under its scope. The European Food 
Safety Authority plays a pivotal role in this process by 
providing comprehensive scientific advice. To obtain 
authorization, detailed information is required from 
manufacturers, including specifics about the source or-
ganisms, confirmation of cell line identity, any genet-
ic modifications undertaken, and conclusive evidence 
regarding the absence of pathogens. These varying 
regulatory pathways highlight the diverse strategies em-
ployed globally to ensure the safety and integrity of hy-
brid meat products as they enter the food supply [44].

The EU’s precautionary principle often leads to a 
more cautious market entry. Singapore has emerged as 
a frontrunner, approving cultivated meat sales in 2020, 
with the Singapore Food Agency requiring comprehen-
sive safety assessments. Other regions such as Israel, 
Australia, New Zealand, and Canada are also develop-
ing novel food regulations. The Food and Agriculture 
Organization and the World Health Organization have 
jointly published documents synthesizing information 
on terminology, production processes, potential haz-
ards, and global regulatory frameworks, highlighting 
the key food safety issues [46].

While general principles such as the Hazard Analy-
sis and Critical Control Points and good manufacturing 
practices are widely applied, specific frameworks for 
hybrid products are still emerging, leading to regional 
variations and challenges in harmonization. Labelling 
and nomenclature present particular hurdles, as clear 
communication of product origin and composition is vi-
tal for consumer trust and market acceptance [48–50]. 
The success of hybrid meat products in the market hing-
es not only on their safety but also on consumer accep-
tance, which is heavily influenced by transparent and 
trustworthy regulatory frameworks, particularly label-
ling [50].

Market trends. Despite the numerous product 
launches during the past years in various countries, few 
hybrid meat products have achieved a sustained market 
presence. This suggests a significant challenge in trans-
lating initial consumer interest into long-term loyalty. 
Successful examples, such as Rebel Meat and Perdue 
Chicken Plus, appear to have found the right target mar-
ket by developing niche products that offer solutions to 
specific practical problems. This observation suggests 
that simply blending ingredients is insufficient for long-
term market success. Initial novelty can quickly fade if 
the product fails to deliver consistent value, meet a par-
ticular consumer need, or establish a clear market niche. 
This implies that the hybrid meat market is not just 

about product innovation but also about developing sus-
tainable business models, effective market positioning, 
and a deep understanding of long-term consumer needs 
beyond initial curiosity [8].

Furthermore, consumers’ willingness to pay for hy-
brid meat products is a critical factor. Research suggests 
that consumers are generally not yet willing to pay a 
premium for hybrid options, especially when compared 
to conventional meat counterparts [49]. This price sensi-
tivity means that manufacturers must strive to keep pro-
duction costs competitive to offer hybrid products at an 
attractive price. Without a clear value that justifies their 
price and a well-defined market presence, hybrid meats 
may continue to face an uphill battle in gaining a signif-
icant market share against their traditional or exclusive-
ly plant-based competitors.

Challenges for hybrid meat. Despite the promis- 
ing potential of hybrid meat products, a significant chal-
lenge lies in winning widespread consumer acceptance. 
One primary hurdle is the consumer’s lack of under-
standing of what hybrid meat entails. Unlike clearly 
defined categories such as conventional meat or plant-
based alternatives, hybrid products often lack a specific 
identity in the marketplace, leading to confusion among 
shoppers [8]. Another major barrier might be consum-
er expectations regarding the sensory attributes of hy-
brid products, such as taste, texture, and visual appeal. 
While hybrid meats aim to mimic conventional meat, 
any perceived deviation in these characteristics can lead 
to lower acceptance. Studies indicate that factors such 
as protein source, fat content, and even packaging can 
significantly influence purchasing decisions for hybrid 
products, often more so than for pure meat or plant-
based options [49].

Zhang et al. [32] concluded that the development of 
high-quality hybrid meat products is also hampered by 
several complex technological challenges, particularly 
those concerning protein compatibility and functional 
performance. Combining diverse protein sources such 
as animal muscle, plant proteins, or even microbial pro-
teins requires precise control over factors such as pH, 
temperature, and salt concentration to ensure the de-
sired texture and cohesion of the product. Achieving 
a uniform and appealing structure that mimics meat 
can be difficult, as plant proteins may react differently 
during processing compared to animal proteins. This 
can potentially lead to altered hardness, chewiness, or 
discoloration. Hybrid products are frequently linked to 
being extensively processed or categorized as “ultra- 
processed foods”. This viewpoint may cause consumers 
to feel hesitant because of unfamiliarity and a sense of 
unnaturalness [28].

The absence of a unified global regulatory frame-
work for hybrid and novel protein products hampers 
international growth and creates uncertainty in the 
market for producers [49, 51]. Depending on the ingre-
dient selection and processing, there may be changes in 
emulsion stability, water-holding capacity, and nutrient 
bioavailability (such as iron and specific amino acids). 
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To ensure nutritional equivalency between hybrid and 
traditional meats, reports advise cautious formulation 
and analytical verification (digestibility, micronutrient 
retention, etc.) [52]. Many nations lack a widely rec-
ognized regulatory definition or labelling standard for 
hybrid goods. This may reduce customer trust and lead 
to market uncertainty and lawsuit risk (e.g., whether 
“meat” words can be used) [53].

Future of hybrid meat. A study by Grasso [8] re-
ported that hybrid meat products might be a simple 
method to reduce meat consumption without sacrific-
ing flavor or having to develop new culinary practices, 
in addition to enjoying the advantages of the addition-
al components. According to Ramachandraiah [21], 3D 
printing is still in its early phases, requiring further 
research into both printers and materials. In particular, 
there is a need to investigate food-safe (bioprinting) 
and insect-derived materials that can be used to 3D 
print meat analogues. The use of both plant and animal 
wastes and by-products from the production of meat 
substitutes might increase their sustainability. A sur-
vey by Megido et al. [10] on consumer acceptance of 
insect-based alternative meat products showed that 79% 
of the respondents were interested in consuming insects 
in their future. Among them, 68% would include insects 
in their regular diet. This suggests increasing populari-
ty of hybrid meat incorporating insect-based products in 
the future. 

Chandler & McSweeney [15] explored how pulses 
can be utilized in innovative gastronomic applications 
and contribute to the development of new hybrid meat 
products. The authors concluded that the use of pulses 
in hybrid meat burgers improved their cooking qualities 
by increasing the cooking yield, minimizing the reduc-
tion in thickness and diameter, and enhancing the fat 
content. Thus, the study promotes creative approaches 
to enhance plant protein consumption in the culinary in-
dustry.

Baune et al. [41] emphasized that factors such 
as healthiness and sustainability often score highest 
among intrinsic attributes, and that good communi-
cation about these benefits is pivotal for acceptance. 
However, challenges in the market integration of hybrid 
meat persist. Grasso [8] observed that very few hybrid 
meat products are still available in the market after ini-
tial launches, despite their favorable taste and texture 
in many cases. Their limited retail presence and the 
consumers’ confusion about their categorization can 
impede market performance. Therefore, future market 
strategies need to focus on clearer branding, targeted 

marketing, and establishing a distinct identity for hybrid 
meats to ensure their sustained growth and widespread 
adoption.

CONCLUSION
Hybrid meat is an emerging concept in the meat in-

dustry, which involves combining traditional meat with 
other components to develop novel varieties for the mar-
ket. These additional components can be derived from 
insects, plants, stem cells, or fish, so hybrid products can 
cater to both vegan and omnivorous preferences. Ad-
vancements in production technology have even enabled 
the 3D printing of hybrid meat. One notable advantage 
of hybrid meat is its customizable nutritional profile, 
which can be tailored to meet specific dietary needs. 

The development of hybrid meat is driven by the 
escalating global demand for protein, coupled with in-
creasing consumer awareness of the environmental 
impact of traditional meat production. These hybrid 
products offer tangible benefits in terms of sustainabil-
ity (lower meat content) and health (better dietary fiber, 
fatty acid profiles, and antioxidant capacity). Their ap-
peal is particularly strong among flexitarian consumers, 
who seek to reduce meat consumption without sacrific-
ing familiar taste and texture. This segment, represent-
ing nearly half of the consumer base, is highly receptive 
to hybrid options, making them a critical target for mar-
ket growth. 

Some of the major challenges of hybrid meat include 
potential risks of microbial contamination, allergic re-
actions, and the presence of heavy metals, among oth-
er issues. Studies indicate that consumer acceptance 
of such products is likely to increase shortly. Further-
more, hybrid meat presents a promising solution for en-
vironmental sustainability. However, further research is 
required to fully understand the implications and poten-
tial of hybrid meat.
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Abstract: 
Oxidative stress induces lens opacity. Extracts of Annona muricata Linn., also known as graviola or soursop, are known for their 
potential anti-oxidant and curative efficacy. This study focused on the antioxidative and anticataractogenic effects of methanol 
and aqueous leaf extracts of A. muricata on sodium selenite-induced cataract in rat pups.
The study involved 55 Wistar suckling pups randomly split into 11 groups. Group 1 (normal control) received distilled water. 
The other groups received a single subcutaneous injection of sodium selenite (30 µmol/kg body weight) to induce oxidative 
stress in pups on life day 10. Additionally, Group 2 (test control, cataract-untreated) received distilled water, Group 3 (positive 
control) received vitamin C, Groups 4–7 received 100–250 mg/kg body weight of methanol extract, respectively, and Groups 
8–11 received 100–250 mg/kg body weight of aqueous extract, respectively, for 21 days.
Compared to the test control, malondialdehyde levels were significantly lower in the treated groups, while glutathione peroxidase 
activity was significantly higher in the aqueous-extract groups (p < 0.05). No significant differences were observed in plasma 
catalase activity across the groups. The rat pups treated with ascorbic acid and both extracts revealed remarkable reduction in the 
cataractous state.
The methanol and aqueous extracts of A. muricata demonstrated dose-dependent antioxidative and anticataractogenic effects on 
cataractous rat pups, which makes graviola a promising source of new anticataract drugs.

Keywords: Annona muricata, graviola, soursop, cataract, lens opacity, oxidative stress, anticataract, methanol extract, aqueous 
extract
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INTRODUCTION
Globally, 285 million people are visually impaired: 

39 million people are totally blind while the remaining 
246 million have low vision [1]. Uncorrected refractive 
errors are the main cause of severe and moderate visual 
impairments, as indicated by the World Health Organi-
zation. Approximately 80% of global visually impaired 
population live in Africa and Asia, especially in the 
rural low-income areas with insufficient and under- 
utilized ophthalmological facilities [2, 3]. About 28,000 
new cases of visual impairment are reported daily, with 
cataract accounting for approximately 50% [4], which 
makes it the leading cause of blindness worldwide [5]. 

Blindness directly interferes with daily routine and 
imposes developmental challenges in children. In adults, 
it compromises gainful employment, leisure, and ability 
for independent living, resulting in the loss of social sta-
tus and self-esteem. 

Currently, the only method of cataract treatment 
is surgical removal. Cataract surgery means that the 
clouded or opaque lens is replaced with an artificial lens 
called intraocular lens implant, which is encapsulated 
in the normal lens capsule [6]. Cataract surgery has an 
extremely high success rate. In case of posterior capsu-
lar opacification, a second surgery is required. Poste- 
rior capsular opacification is caused by ectopic growth 
of remaining epithelial cells in the posterior lens cap-
sule. It obstructs the visual axis, wrinkling the capsule 
and causing eventual scattering of light [6].

Cataract remains a major public health problem. Tar-
geted therapeutic treatment requires a good understand-
ing of its formation [7] to select appropriate models for 
screening potential anti-cataract agents [8]. 

Sodium selenite-induced cataract is one of the best 
models for studying the fundamental mechanism of se-
nile, or age-related, cataracts. It helps identify optimal 
anti-cataract agents and assess the effect of different 
stressors on the lens [9]. A high dose of sodium selenite 
induces cataract in suckling pups of rats [10], with an 
accompanying increase in lenticular lipid peroxidation 
and the formation of H2O2 in the aqueous humor [11]. 

Oxidative stress remains a major threat to lens trans-
parency and the redox systems. Free radical-induced 
oxidative damage is one of the main factors that trigger 
the formation of age-related cataracts. The redox state 
plays a significant role in the development of many liver 
diseases. These free radicals are neutralized in the eye 
lens or body cells by antioxidant enzymes, vitamins, 
and drugs, including traditional medicines. Some tra-
ditional medicines are strong antioxidants and offer a 
more affordable alternative to cataract surgery [12, 13].

According to World Health Organization, over 80% 
of the world’s population rely on herbal medicine as a 
remedy [14–16], which explains why traditional medi-
cine is gaining popularity all around the world [17]. Tra-
ditional medicine provides new approaches to modern 
healthcare. Many modern pharmaceuticals are actually 
derived from plants and plant-related products. Medic-
inal plants are an actively developing field of research: 

herbal remedies require scientific rationale in order to 
ensure their proper use, as well as to evaluate the pos-
sibility of them being sources of new drugs. Bioassays 
may prove the efficacy of plant formulations while 
chemical analysis makes it possible to identify their ac-
tive components [18–22]. 

Medicinal plants help against infectious diseases 
due to alkaloids, flavonoids, tannins, and phenolic com-
pounds, all of which exert different physiological ac-
tions on the human body [23].

Annona muricata Linn. is commonly referred to as 
graviola or soursop. Its extracts are known for their po-
tential medicinal efficacy; all its aerial parts are used as 
natural remedies [24]. 

The Annonaceae family includes over 130 genera and 
2,300 species. A. muricata, also known as soursop [25, 26], 
contains a variety of pharmacologically active chemicals. 
It is farmed in tropical and subtropical regions like South-
east Asia, South America, and African rainforests. It pro-
duces edible fruit all year round, which makes it a popular 
traditional remedy for bacterial infections, skin conditions, 
respiratory disorders, fever, diabetes, high blood pressure, 
and cancer [27]. A.  muricata possesses reliable antioxidant 
properties [28–31]. Nam et al. [30] reported a strong posi-
tive correlation between the antioxidant activity and the to-
tal phenolic content in A.  muricata. Its extracts are rich in 
various phytochemicals, including rutin, epicatechin, ferulic 
acid, and p-coumaric acid, which makes graviola a potential-
ly useful source of substances with antioxidant effects [30]. 
Muthu & Durairaj [31] described the hydroalcoholic extract 
of A.  muricata leaves as a potent antioxidant nutraceutical 
with a radical scavenging activity strong enough to prevent 
human diseases caused by oxidative stress.  

Cataract can be caused by age, heredity, enzyme de-
fects, ultraviolet light exposure, trauma, diabetes, smok-
ing, heavy metal toxicity, etc., which makes it a major 
cause of blindness and visual impairment [32]. Cataract 
surgery being the only treatment option, a synthesis of 
phytomedicine with conventional medicine seems to be 
a promising and affordable alternative. This study eval-
uated the antioxidative and anticataractogenic effects of 
methanol and aqueous extract of A. muricata on sodium 
selenite-induced cataract in Wistar suckling pups.

STUDY OBJECTS AND METHODS
Care and management of laboratory animals. The 

experiment featured 55 healthy Wistar suckling pups 
weighing between 4.7 and 12.8 g. The animals were 
bred in the animal house of the Department of Bio-
chemistry, University of Port Harcourt, Rivers State, 
Nigeria. They were kept with their mothers to suckle, 
and their mothers were provided with water ad libitum.  
The animals were kept in well-ventilated cages un-
der standard conditions of temperature and humidity. 
Ethical approval was obtained from the University of 
Port Harcourt Research Ethics Committee (Reference  
no. UPH/CEREMAD/REC/MM79/085). The research 
followed the ARRIVE guidance (Animal Research: Re-
porting of In-Vivo Experiments).
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Collecting the leaves of Annona muricata. Annona 
muricata Linn. is locally known as graviola, or soursop 
in English and shawshopu in the Igbo language of east-
ern Nigeria. Fresh leaves were harvested from the field 
of the University of Port Harcourt, River State, between 
February and March 2024. The leaves were identified 
and authenticated as A. muricata (Annonaceae family) 
at the Plant Science and Biotechnology Department, 
University of Port Harcourt, River State, Nigeria. A 
voucher specimen (UPH/V/1191) of the plant was de-
posited in the Herbarium of Plant Science and Biotech-
nology, University of Port Harcourt. The leaves were 
washed, chopped, and air-dried at room temperature 
for four weeks. After that, they were ground into pow-
der using an electric grinder (Sorex SHB-520, Korea) 
at the Pharmaceutical Sciences Department, University 
of Port Harcourt. The resulting powder was stored and 
used for the study.

Phytochemical screening. Qualitative phytochem-
ical analysis. Alkaloids. The test for alkaloids followed 
the method developed by Sofowora [33]. Briefly, a por-
tion (0.5 g) of the leaf powder was stirred with 5 mL of 
5% HCl in a steam bath and filtered. An aliquot (1 mL) 
of the filtrate obtained was treated with five drops of 
Mayer’s reagent. Another aliquot (1 mL) of the filtrate 
was treated with Dragendorff’s reagent. The third ali-
quot (1 mL) was also treated with three drops of picric 
acid. The nature and color of the resulting precipitates 
were observed, noted, and recorded.

Tannins. The test for tannins was a ferric chloride 
test as described by Trease & Evans [34]. Another por-
tion (0.5 g) of the leaf powder was stirred with 10 mL 
of distilled water and filtered. After adding three drops 
of 5% FeCl3, we described the nature and color of the 
resulting precipitates.

Flavonoids. The test for flavonoids followed the pro-
tocol for the Shinoda test, as described by Trease & Ev-
ans [34]. A piece of magnesium metal was added to 5 g 
of leaf powder, and then 2–4 drops of concentrated hy-
drochloric acid were added to dissolve the powder and 
initiate the reaction. The nature and color of the result-
ing precipitates were observed, noted, and recorded.

Saponins. The presence of saponin was determined 
by the frothing test [3]. A portion (0.5 g) of leaf powder 
was placed in a test tube, which was filled with 10 mL  
of distilled water, shaken vigorously for 30 s, and al-
lowed to settle for 10 min. 

Cardiac glycosides. The presence of cardiac glyco-
sides was determined by the Keller-Killiani test [33]. A 
portion (5 g) of the leaf powder was treated with 1 mL 
of FeCl3 reagent. The solution and precipitates were de-
scribed after adding concentrated H2SO4 (2–4 drops).

Phenols. The ferric chloride test involved a por- 
tion (5 g) of the leaf powder put in 5 mL of distilled 
water, stirred in water bath, and filtered. After adding 
1–2 drops of 1% neutral FeCl3 solution, the nature and 
color of the resultant solutions and precipitates were de-
scribed. Then, sodium carbonate was added, and the ob-
servation was repeated.

Quantitative analysis of the phytochemical con-
tent. Alkaloids. The samples were extracted with metha- 
nol to be treated with H2SO4 and NaOH, and then  
re-extracted with chloroform. After that, we placed 20 g  
of the leaf powder in the macerator jar and poured in al-
iquot (200 mL) of absolute methanol. After 20 min of 
maceration and regular agitation, the mix was warmed 
in water bath at 40°C for about 10 min to quicken the 
extraction process. The mix was filled into a crucible to 
discard the residue. The filtrate was dried in water bath 
at 50°C to obtain methanol extract. Aliquot (10 mL) of 
H2SO4 was introduced into the methanol extract and 
stirred. The resulting mix was boiled in water bath at 
60°C for about 10 min and filled into a beaker to remove 
the residue. After adding concentrated NaOH into the 
filtrate dropwise, we used litmus paper to detect when 
the solution became alkaline. After that, the mix was 
poured into the separating flask and partitioned three 
times with chloroform (10 mL) for exhaustive extraction 
of crude alkaloids. At each interval, the mix was agitat-
ed for 2–5 min. The chloroform fraction was collected 
into a crucible to remove the aqueous layer. After dry-
ing the chloroform fraction in water bath at 4°C, we 
obtained crude alkaloid and weighed the residue. The 
alkaloid, %, share was calculated as follows:

                                                           (1)

Phenolic compounds. Phenolics were extracted with 
distilled water and filtered through lead acetate before 
drying and weighing. Another portion (20 g) of the leaf 
powder was macerated with 200 mL of distilled water in 
a 250-mL capacity beaker. The mix was boiled in wa-
ter bath at 50°C for 30 min and filtered while hot. 80 g  
of anhydrous lead acetate was packed on the clamped 
cylindrical glass column to serve as filtration bed; the 
column was clamped on retort stand. The filtrate was 
carefully poured into the column via capillary action 
while the phenolic compounds were complexed with 
lead acetate. After unpacking the content of the column 
into a crucible, we placed it into a hot oven at 50°C for 
the resulting dry substance to be weighed. The calcula-
tions phenolics, %, involved the following Eq. (2):

 

                                                      (2)

Saponins. The saponin content was determined by 
the solvent extraction gravimetric method. A third por-
tion (20 g) of the leaf powder was macerated with 200 mL  
of 20% methanol in a macerating jar. The mix was 
boiled in water bath for 20 min with continuous stirring 
at 50°C and filtered while hot into a crucible. The filtrate 
was reduced to 40 mL over water bath at about 70°C, 
transferred into a 250 mL separating flask (funnel), and 
clamped. After that, the mix was shaken vigorously with 
20 mL of diethyl ether. The aqueous layer was collected;  

Weight, residueAlkaloids = ×100
Weight, sample

 

Weight, residuePhenolics = ×100
Weight, sample
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the diethyl ether was filtered off and discarded. After 
adding an aliquot (60 mL) of n-butanol, we used 10 mL 
of 5% aqueous NaCl to wash the mix twice. The remain-
ing solution evaporated at 50°C for 30 min to be placed 
in a hot oven. Using the weight of the crude saponins 
(the residue), we calculated the saponin content, %:

                                      (3)

Preparing the leaf extracts. Methanol extract. A 
portion (600 g) of leaf powder was mashed in 500 mL 
of 70% methanol for 72 h at room temperature and 
air-pressure. After filtering the crude methanol extract, 
we allowed the filtrate to evaporate at reduced pressure 
(600 mmHg) using a vacuum rotary evaporator. It yield-
ed 19.43 g of brown residue (methanol extract). After 
freeze-drying in a vacuum freezer dryer, the residue re-
mained in a dried and tight container until needed for 
bioassay.

Aqueous extract. 2.5 L of distilled water with an-
other portion (1,000 g) of leaf powder shaken occasion-
ally at room temperature for 48 h. Its filtrate (aqueous 
extract) was dried in a vacuum rotary evaporator under 
600 reduced pressure, providing 24.32 g of light green 
residue (aqueous extract). The residue was freeze-dried 
in a vacuum freeze dryer and stored in a dried and tight 
container until needed for bioassay.

Determining the lethal dose, 50% (LD50). The test 
involved tree groups of four Wistar suckling pups. The 
extract was administered subcutaneously at doses of 
200, 1,000, and 1,800 mg/kg body weight, respectively, 
to each group. The animals were observed over a period 
of 48 h for signs of acute toxicity. The number of deaths 
caused by the extract in each group within the time was 
noted and recorded. The LD50 was then calculated by a 
probit plot of the log of doses against percentage deaths 
(in probability units).

Evaluating the anticataract activity via ocular 
malondialdehyde assay. Sodium selenite (Sigma) was 
procured from a chemical shop; L-ascorbic acid was 
procured from a pharmacy in the University of Port 
Harcourt. They were administered orally to rat pups 
divided into 11 groups of five in each (Table 1). Group 
1 (normal control) received distilled water. The other 
groups received a single subcutaneous injection of so-
dium selenite (30 µmol/kg body weight) on postpartum 
day ten. Additionally, Group 2 (test control, cataract-un-
treated) received distilled water, Group 3 (positive con-
trol) received vitamin C, Groups 4–7 received 100, 150, 
200, and 250 mg/kg body weight of methanol extract, 
respectively, and Groups 8–11 received 100, 150, 200, 
and 250 mg/kg body weight of aqueous extract, respec-
tively. The treatment continued for 21 days after the ini-
tiation of cataract. Cataract was observed when the pups 
first opened their eyes (16–20 days after birth).

Morphological examination of rat pup lenses. 
When the rat pups first opened their eyes (16–20 days 
after birth), their eye lenses were examined by an oph-

thalmologist from the Ophthalmology Department, Uni-
versity of Port Harcourt Teaching Hospital, to provide 
a morphological evaluation of any lenticular opacifi-
cation. Prior to the examination, the pupils were dilat-
ed using topical ophthalmic solution containing 1.0% 
tropicamide with phenylephrine. One drop of the solu-
tion was instilled every 7 min for 1 h into each eye, with 
the animals being kept in a dark room and viewed. By 
photographing the lenses after pupil dilation, we grad-
ed them for the presence and severity of cataract. At the 
end of the experimental period, the rats were rapidly 
sacrificed by cervical dislocation. We removed the lens-
es in an intra-capsular manner under surgical micro-
scopic magnification through an incision located 2 mm 
posterior to the limbus.

Sample collection. The animals were sacrificed by 
cervical dislocation under chloroform anesthesia. Blood 
samples were collected into heparin sample bottles and 
centrifuged at 3,500 rpm for 20 min. The plasma was 
collected and stored for the biochemical assays.

Biochemical assays. The superoxide dismutase ac-
tivity was determined using the spectrophotometric 
method according to Misra & Fridovich [35]. The cata-
lase activity was measured using the spectrophotometric 
method according to the method developed by Beers &  
Sizer [36]. To describe the plasma ascorbic acid concen-
tration, we used the method reported by Robitaille & 
Hoffer [37] and Kim & Kim [38]. The glutathione perox-
idase assay relied on the spectrophotometric method as 
in Rotruck et al. [39]. For the assay of ocular malond-
ialdehyde concentration, we adopted the method sug-
gested by Hunter et al. [40], as modified by Gutteridge &  
Wilkins [41].

Table 1 Experimental assay design 

Groups Treatment group Details
Group 1 Normal control Distilled water (no treatment)
Group 2 Negative (test) 

control
Sodium selenite + distilled 
water

Group 3 Positive control Sodium selenite + vitamin C 
(100 mg/kg)

Group 4 Methanol extract 
100 mg/kg

Sodium selenite + methanol 
extract (100 mg/kg)

Group 5 Methanol extract 
150 mg/kg

Sodium selenite + methanol 
extract (150 mg/kg)

Group 6 Methanol extract 
200 mg/kg

Sodium selenite + methanol 
extract (200 mg/kg)

Group 7 Methanol extract 
250 mg/kg

Sodium selenite + methanol 
extract (250 mg/kg)

Group 8 Aqueous extract 
100 mg/kg

Sodium selenite + aqueous 
extract (100 mg/kg)

Group 9 Aqueous extract 
150 mg/kg

Sodium selenite + aqueous 
extract (150 mg/kg)

Group 
10 

Aqueous extract 
200 mg/kg

Sodium selenite + aqueous 
extract (200 mg/kg)

Group 
11 

Aqueous extract 
250 mg/kg

Sodium selenite + aqueous 
extract (250 mg/kg)

 
Sodium selenite was introduced at amount of 30 µmol/kg body weight

Weight, residueSaponins = ×100
Weight, sample
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Histopathologic evaluation. The lenses were fixed 
in a solution of 10% formaldehyde for histology. The 
tissues were fixed, sectioned, read, and interpreted at 
the Anatomy Laboratory, Department of Basic Medi-
cal Sciences, University of Port Harcourt, Rivers State, 
Nigeria. The tissues were embedded in paraffin wax 
to obtain sections of 4–6 µm. The multiple sectioning 
of paraffin blocks made it possible to obtain lens sec-
tions with maximal anterior-posterior diameter cutting 
through the middle of the lens.

Statistical analysis. The data evaluation involved 
a statistical package for social sciences, Version 23.0. 
A One-way ANOVA test revealed the differences be-
tween the means and the standard deviations; the LSD 
test was used to compare the means. The p-values below  
0.05 were considered significant. The LD50 determi-
nation relied on the probit-log analysis as described by  
Finney [42]. All the graphs were prepared with the Excel 
2010 package.

RESULTS AND DISCUSSION
Phytochemical composition of Annona muricata 

Linn. leaf powder. Tables 2 and 3 illustrate the phyto-
chemical composition of the A. muricata leaves. 

The phytochemical screening of the leaf powder 
showed the presence of alkaloids, tannins, flavonoids, 
saponins, and phenolics (Tables 2 and 3). These com-
pounds are known for their pharmacological activities. 
For example, papaverine is a vasodilator used to treat 
gastrointestinal spasms, bile ducts, and urethra [43, 44], 
as well as erectile dysfunction [45]. Morphine is convert-
ed to codeine, which is used as a cough suppressant, an-
algesic, hypnotic, and antidiarrheal agent [46]. Saponins 

possess a broad range of expectorant, anti-inflammato-
ry, vasoprotective, hypocholestrolemic, hypoglycemic, 
antiparasitic, antioxidant, anticancer, and antiprotozoal 
activities [47].

Phenolics exert antioxidant, anticarcinogenic, anti-
mutagenic, anti-inflammatory, vasodilatory, and anti-
thrombotic activities [48]. The pharmacological range of 
flavonoids includes antioxidant, anti-inflammatory, an-
timicrobial, antitumor, anti-ulcer, and hepatoprotective 
effects [47]. Tannins have been reported to possess an-
ticancer, antidiarrheal, anti-asthmatic, cardioprotective, 
antidiabetic, anticataractogenic, anti-inflammatory, and 
hepatoprotective properties [47]. Al-Sayed & El-Naga 
[49] reported the gastroprotective potential of ellagitan-
nin, a tannin derivative. These pharmacological activi-
ties may be responsible for the biological effects of the 
A. muricata extracts in this study.

Indices of lethality. Within 48 h, the aqueous ex-
tract at 1,000 and 1,800 mg/kg produced 25 and 100% 
mortality, respectively. Figure 1 shows the probit plot of 
death frequency against various extract doses. This re-
gression plot resulted in the following Eq. (4):

                        (4)

Eq. (4) provided the indices of lethality of the extract 
(Table 4). The oral LD50 of the extract was 1,110.42 mg/kg,  
while its LD01 was 771.44 mg/kg, and the zero-mortality 
dose was 696.85 mg/kg.

Table 2 Qualitative phytochemical tests of Annona muricata Linn.  
leaf powder

Constituent Test Observation Inference
Alkaloids Dragendorff’s 

test
Meyer’s test
Picric acid

 
Pink coloration 
Yellow precipitate
Yellow precipitate

 
Positive
Positive
Positive

Tannins Ferric chloride 
test

Brown color Positive 

Saponins Froth test Slightly foamy Positive 
Flavonoids Shinoda test Dark orange color Positive
Cardiac 
glycosides

Keller-Killiani 
test

Greenish blue Negative

Phenols Ferric chloride 
test

A pale green color Positive

Table 3 Quantitative phytochemical tests of Annona muricata Linn.  
leaf powder

Component Composition, mg/g
Alkaloids 17.4 ± 0.3
Saponins 29.1 ± 0.2
Phenolic compounds 32.5 ± 1.5
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Figure 1 Death frequency probit plot for various Annona 
muricata Linn. extract doses

Table 4 Lethality indices of Annona muricata Linn. extract

Index Value, mg/kg
LD50 1,110.42 ± 21.30
LD01 771.44 ± 15.80
Highest non-lethal dose 696.85 ± 12.30

( )Probit = – 39.8579869786464 + 14.7293289928821 × log dose  

( )Probit = – 39.8579869786464 + 14.7293289928821 × log dose  
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Anti-oxidative stress activity. Table 5 and Fig. 2 
show the effects of methanol and aqueous leaf extracts of 
A. muricata on plasma and ocular markers of oxidative 
stress in selenite-treated rats. The plasma glutathione 
peroxidase activity of the test control, the normal con-
trol, the positive control, and all the methanol extracts 
were significantly (p < 0.05) lower than the aqueous ex-
tracts, but not significantly different from one another.

The activity of plasma superoxide dismutase in 
the plasma of the test control group was significantly  
(p < 0.05) lower than those of the normal control, the 
methanol extracts 200 and 250 mg/kg, the aqueous ex-
tract 100, 150, and 200 mg/kg, but was not significantly 
different from the others. 

The superoxide dismutase of the normal control 
and the methanol extract 250 mg/kg were significantly 
higher (p < 0.05) than the test control, the positive con-
trol, the methanol extracts 100 and 150 mg/kg, as well 
as the aqueous extract 250 mg/kg, but not significant-
ly different from one another or the remaining groups. 
The reference treatment group was significantly lower  
(p < 0.05) than those of the normal control, the test con-
trol, and the methanol extract 250 mg/kg, but not sig-
nificantly different from the others. 

We detected no significant differences in the plasma 
catalase activities across the groups. The plasma ascor-
bic acid level of the test control group was significant-
ly lower (p < 0.05) than that of the normal control, but 
not significantly different from the others. The plasma 
ascorbic acid level of the normal control was signifi-
cantly higher (p < 0.05) than those of the test control 
and the aqueous extracts 100, 150, and 250 mg/kg, but 
not significantly different from the others. Those of the 
reference treatment and methanol extract 100 mg/kg 
were significantly higher (p < 0.05) than those of the 
aqueous extracts 150 and 250 mg/kg, but not signifi-
cantly different from the others. 

The plasma malondialdehyde levels of the test con-
trol group was significantly higher (p < 0.05) than all 
the other groups. That of the normal control group was 
significantly lower (p < 0.05) than the test control, the 
methanol extract 150 mg/kg, and the aqueous extract 
150 mg/kg, but not significantly different from the oth-
ers. The plasma malondialdehyde levels of the reference 
treatment, the methanol extract 100 mg/kg, the metha-
nol extract 200 mg/kg, the methanol extract 250 mg/kg,  
the aqueous extract 100 mg/kg, the aqueous extract  
200 mg/kg, and the aqueous extract 250 mg/kg were 

Table 5 Effect of methanol and aqueous Annona muricata Linn. leaf extracts on oxidative stress markers

Groups Treatment Superoxide dismutase 
activity, ×10–2, U/L

Glutathione 
peroxidase activity, 
×10–2, U/L

Catalase activity, 
×10–8, U/L

Ascorbic acid 
concentration, 
mmol/L

1 Normal control 3.30 ± 0.29a 6.38 ± 0.50a 10.20 ± 6.39a 4.30 ± 1.52a

2 Negative (test) control 1.83 ± 0.60c 5.93 ± 0.81a 4.43 ± 2.44a 2.29 ± 0.45b,c

3 Positive control 2.53 ± 0.85b,c,d,e 6.28 ± 0.54a 10.10 ± 11.29a 4.20 ± 0.89a,b

4 Methanol extract 100 mg/kg 2.25 ± 0.57b,c,e 5.38 ± 0.84a 5.15 ± 3.41a 4.06 ± 2.81a,b

5 Methanol extract 150 mg/kg 2.13 ± 0.41b,c 5.83 ± 0.15a 6.43 ± 3.55a 2.83 ± 0.80a,b,c

6 Methanol extract 200 mg/kg 3.20 ± 0.28a,d 5.85 ± 1.14a 10.10 ± 9.98a 3.28 ± 1.41a,b,c

7 Methanol extract 250 mg/kg 3.45 ± 0.90a 6.43 ± 0.92a 6.80 ± 1.92a 3.45 ± 0.64a,b,c

8 Aqueous extract 100 mg/kg 2.95 ± 0.13a,d,e 11.95 ± 1.51b 2.98 ± 0.90a 2.45 ± 0.34b,c

9 Aqueous extract 150 mg/kg 2.80 ± 0.28a,b,d,e 12.00 ± 0.00b 8.85 ± 4.79a 2.20 ± 0.36c

10 Aqueous extract 200 mg/kg 3.00 ± 0.30a,d 12.33 ± 0.58b 3.67 ± 1.05a 2.73 ± 0.91a,b,c

11 Aqueous extract 250 mg/kg 2.17 ± 0.15b,c 12.33 ± 0.58b 6.47 ± 0.61a 2.13 ± 0.67c

Values are mean ± standard deviation, n = 5 animals per group. Values on the same column with different superscript letters are significantly 
different at p < 0.05

Figure 2 Effect of methanol and aqueous leaf extracts of Annona muricata Linn. on malondialdehyde concentration in rat pup lenses

ME – methanol extract; AE – aqueous extract; Each bar represents the mean ± SD for each group of rat pups, n = 5. Bars with the different letters 
are significantly different at p < 0.05
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not significantly different from each other, the normal 
control, the methanol extract 150 mg/kg, and the aque-
ous extract 150 mg/kg, but were significantly (p < 0.05) 
lower than the test control. 

Oxidative stress occurs when the rate of produc-
tion of free radicals is higher than the body’s ability 
to counteract or detoxify their harmful effects through 
neutralization by antioxidants [50, 51]. Oxidative stress 
was implicated in the pathogenesis of cataracts in lens 
epithelial cells [52–54]. High tissue and blood levels of 
thiobarbituric acid-reactive substances (mainly malond-
ialdehyde) are very reliable indicators of oxidative stress 
and lipid peroxidation [55]. In this study, the extracts 
improved the glutathione peroxidase (only the aqueous 
extract) and superoxide dismutase activities of the rat 
pups in the experimental groups. They also had lower 
malondialdehyde levels but demonstrated no significant 
difference in catalase activities and ascorbic acid levels, 
compared to the test control animals.

The levels of malondialdehyde in the treated animals 
clearly indicated that the extracts protected them against 
oxidative stress. This antioxidant protective effect may 
have been mediated by the saponin and phenolic com-
pounds, e.g., flavonoids, in the leaves. These compounds 
are reputed to possess antioxidant properties [56–60]. 

Histopathological studies for ocular lens injury 
assessment. Figures 3–13 show photomicrographs of 
the ocular lenses of normal and selenite-treated rat pups 
on day 21 post-treatment with the extracts. 

The lens of a normal control rat pup (Fig. 3) showed 
healthy capsule, epithelium, and lens fibers. The lens pho-
tomicrograph of a test control rat pup (Fig. 4) showed cu-
boidal lens epithelium, capsule, and compact fibers. The 
cortical lens contained eosinophilic globular degeneration. 
The pale and swollen fibers had two prominent clefts (ar-
tefactual). The lens photomicrograph of a cataractous rat 
treated with 100 mg/kg body weight of ascorbic acid (Fig. 5)  
showed capsule, epithelium, and lens fibers. The pale-
ness was minimal. Figure 6 shows the photomicrograph 
of a cataract lens that belonged to a rat pup treated with 
methanol A. muricata extract at a dose of 100 mg/kg body 
weight. The lens fibers were pale, with cortical regenera-
tion. The lens of a cataract rat pup treated with 150 mg/kg 
methanol A. muricata extract showed pale areas in the lens 
fiber with signs of regeneration in the cortical part (Fig. 7).  
The cataract lens treated with 200 mg/kg of methanol 
A. muricata extract was less pale. The photomicrograph 
demonstrated a resolving cataract (Fig. 8). Figure 9 shows 
the ciliary body, iris, and lens of a cataractous rat pup ad-
ministered with 200  mg/kg of methanol A.  muricata ex-
tract. The capsule, epithelium, and lens fibers demonstrated 
less paleness, indicating a resolving cataract. The lens tissue 
of a cataractous rat pup treated with 100 mg/kg of aque-
ous A.  muricata extract (Fig. 10) showed patchy areas of 
pale fiber, indicating a resolving cataract. The cataract lens 
tissue of an experimental rat pup treated with 150 mg/kg  
body weight of aqueous A.  muricata extract (Fig. 11) also 
showed patchy areas of paleness, with slightly swollen fibers. 
The result indicated the areas of healing cataract. Figure 12 

Figure 3 Normal control: Ciliary body, iris and lens 
(hematoxylin and eosin stain, 5× magnification)

Figure 4 Negative control: Cataract lens (hematoxylin and 
eosin stain, 5× magnification)

Figure 5 Positive control: Cataract lens (hematoxylin and 
eosin stain, 5× magnification)

Figure 6 Methanol extract 100 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)

Figure 7 Methanol extract 150 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)

Normal lens without 
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Paleness
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Minimal paleness

Paleness
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illustrates the lens epithelium, fiber, and capsule of an exper-
imental rat pup administered with 200 mg/kg body weight 
of aqueous A. muricata extract. In this case, the lens showed 
a minimal of paleness and was very close to a healthy lens. 
The result indicated a resolving cataract. Figure 13 shows the 
capsule, epithelium, and lens fiber that belonged to a catarac-
tous rat pulp treated with 250 mg/kg body weight of aqueous 
A. muricata extract. The area immediately beneath the lens 
epithelium showed paleness, but the result indicated a gener-
ally resolving cataract.

The histopathology of the ocular lens revealed re-
markable reduction in the cataractous state in the rat 
pups treated with ascorbic acid and both extracts. The 
results indicated a dose-dependent regeneration. In tan-
dem with the malondialdehyde level, this effect indicat-
ed a possible amelioration of lipid peroxidation by the 
extracts, which led to anticataract results.

The anticataract activity of the A. muricata extracts 
may be due to tannins, flavonoids, and phenolics, all of 
which are known to have antioxidant activities [47]. For 
instance, tannins were reported to possess reliable anti-
cataractogenic and hepatoprotective properties [47].

CONCLUSION
The aqueous extract of Annona muricata Linn. 

leaves reduced oxidative stress in sodium selenite-in-
duced cataract in rat pups, as indicated by reduced 
malondialdehyde levels and increased glutathione perox-
idase activity. However, no significant differences were 
observed in plasma catalase activity across the exper-
imental groups. The findings suggest that A. muricata 
leaf extracts may have antioxidative and cataract-ame-
liorating effects in this experimental model, although 
further studies are required to clarify the underlying 
mechanisms and therapeutic potential. 
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Figure 8 Methanol extract 200 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)

Figure 9 Methanol extract 250 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)

Figure 10 Aqueous extract 100 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)

Figure 11 Aqueous extract 150 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)

Figure 12 Aqueous extract 200 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)

Figure 13 Aqueous extract 250 mg/kg: Cataract lens 
(hematoxylin and eosin stain, 5× magnification)
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Abstract: 
Members of the genus Pantoea are known for their high ecological plasticity and diverse interactions with plants, ranging 
from phytopathogenic to commensal, symbiotic, and growth-promoting. Some of its strains have significant biotechnological 
potential due to their ability to synthesize phytohormones, siderophores, and antimicrobial secondary metabolites. In this study, 
we aimed to conduct whole-genome sequencing of the strain Pantoea allii B-14727 to identify genetic determinants associated 
with its antagonistic activity, competitiveness, and colonizing capacity.
The strain under study was initially identified as Pantoea vagans B-14727 by the 16S rRNA gene and deposited at the All-
Russian Collection of Industrial Microorganisms at the Kurchatov Institute National Bioresource Center (Russia). However, 
based on whole-genome sequencing, its species identity was revised as P. allii. Its DNA was extracted with a ZymoBIOMICS 
DNA Miniprep Kit. Genomic sequencing was performed on the MGIseq-2000 and Polyseq One platforms, with libraries 
prepared by using standard NEBNext and Barcode/Ligation kits. The strain’s genome was annotated using Bakta software, and 
its taxonomic identification was performed using GTDB-Tk and the GTDB database.
The P. allii B-14727 genome contained NRPS-independent siderophores (aerobactin and desferrioxamine E), terpene carotenoid 
clusters, RiPP peptides, and a hybrid PKS/NRPS cluster similar to the biosynthetic pathway of zeamine and its derivatives. 
Siderophores ensure efficient iron uptake, making the strain more competitive in conditions of iron deficiency. Carotenoids 
exhibit antioxidant and photoprotective functions, increasing cellular resistance to abiotic stress. The hybrid zeamine cluster 
contributes to the synthesis of broad-spectrum peptide antibiotics with antibacterial and fungicidal activity.
The biosynthetic systems identified in P. allii B-14727 indicate its pronounced adaptive and competitive potential. However, the 
strain’s non-virulent status needs to be confirmed prior to further practical applications.

Keywords: Pantoea, genome, zeamine, aerobactin, desferrioxamine E, carotenoids, high-throughput sequencing
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INTRODUCTION

Pantoea is a genus of phylogenetically and ecologi-
cally diverse yellow-pigmented, rod-shaped, Gram-neg-
ative bacteria belonging to the family Erwiniaceae [1]. 
The taxonomic status of its members has been unstable, 
with their early isolates belonging to various genera, 

including Bacillus, Enterobacter, Bacterium, Pseudo-
monas, and Erwinia. This variability is associated with 
the limitations of phenotypic and culture-dependent 
approaches to distinguishing closely related enterobac-
teria, which resulted in several competing taxonomic 
interpretations. Later, as more comparative phylogenet-
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ic data were collected and revised, a number of previ-
ously described taxa were recognized as synonymous 
and therefore combined into a nomenclatural species of 
Pantoea agglomerans within the genus Pantoea [2].

Setting the taxonomic boundaries and using molecular 
genetic identification criteria have contributed to a signif-
icant revision of Pantoea species in recent years. Phylo-
genetically, Pantoea forms a monophyletic lineage closely 
related to the genera Tatumella and Erwinia. It occupies a 
specific position in the family Enterobacteriaceae, adjoin-
ing a number of evolutionarily close genera [3]. According 
to the modern taxonomic approach, a genus may include 
phenotypically similar, but genetically differentiated taxa 
which were previously seen as belonging to several hy-
bridization groups. In line with this approach, the genus 
Pantoea includes about 20 species [4, 5].

Members of the genus Pantoea are quite common 
in plant-associated microbial communities. They live in 
plant tissues and in the rhizosphere. Their pronounced 
colonizing ability, high competitiveness, and signifi-
cant adaptability enable them to interact with a wide 
variety of host plants [6]. Pantoea bacteria have previ-
ously been described in connection with their phyto-
pathogenic properties, namely their ability to cause gall 
formation, vascular wilt, soft rots and necrotic lesions in 
various crops.

Phytopathogenic Pantoea isolates induce a wide range 
of plant diseases that differ in development and clinical 
manifestations. In some cases, pathogenesis can be trig-
gered by a number of virulence factors. They include the 
type III secretion system, quorum sensing, and the syn-
thesis of exopolysaccharides involved in adhesion, biofilm 
formation, and modulation of interaction with the host [7]. 
However, other studies have demonstrated a much broader 
ecological role of Pantoea strains. In particular, they are 
detected in various aquatic and terrestrial ecosystems, as 
well as in association with insects, animals, and humans. 
This indicates their ecological plasticity and ability to col-
onize various biotopes [8–10].

In recent decades, scientists have focused on the sig-
nificant biotechnological potential of the genus Pantoea, 
primarily in sustainable crop production [11–13]. Some 
strains have been shown to promote growth in plants 
by improving their mineral nutrition. In particular, they 
can mobilize poorly soluble phosphates, fixate nitrogen, 
synthesize phytohormones (including auxins), and pro-
duce siderophores, which increase iron availability in 
the rhizosphere [14–17]. Furthermore, Pantoea bacte-
ria can improve plant resistance to abiotic stress such as 
drought [18].

In biotechnology, Pantoea species can be used as 
bioinoculants and biocontrol agents. Certain strains 
exhibit antagonistic activity against phytopathoge- 
nic microorganisms and activate plant innate immunity. 
Research shows that the epiphytic colonization of plants 
by Pantoea strains can help reduce the incidence of ag-
ricultural diseases [19]. Table 1 shows the antagonistic 
activity of Pantoea species against phytopathogens.

The competitive advantages of Pantoea bacteria in 
natural ecosystems are largely due to their ability to pro-
duce a wide range of secondary metabolites with an-
timicrobial activity, including pantocins, herbicolins, 
microcins, and phenazines [33–35]. Less common metabo-
lites include PNP-1 produced by Pantoea ananatis [36–38].  
The P. agglomerans strain CPA-2 has been reported to  
inhibit the growth of Penicillium fungi in the post-harvest 
treatment of agricultural products [39, 40]. Thus, mem-
bers of the genus Pantoea have high potential in biopro-
tection of plants and in the sustainable management of  
agroecosystems.

Some members of the genus Pantoea have demon-
strated significant potential in bioremediation and puri-
fication of polluted environments due to their ability to 
degrade herbicides without causing toxic intermediate 
or end products to form [41]. However, their use is not 
limited to agricultural production and environmental 
technologies. Certain Pantoea strains can be used as 
immunomodulatory agents in adjuvant therapeutic ap-

Table 1 Pantoea species exhibiting antagonism against phytopathogens

Strain Phytopathogen Crop Reference
Pantoea 
agglomerans

Phytium spp. Beta vulgaris subsp. vulgaris var. saccharifera L. [20]
Pseudomonas syringae pv. syringae Hordeum vulgare L. [21]
Botrytis cinerea Lens culinaris Medik. [22]
Curtobacterium flaccumfaciens pv. 
flaccumfaciens

Phaseolus vulgaris L. [23]

Aphanomyces euteiches Pisum sativum L. [24]
Pseudomonas syringae pv. tomato Solanum lycopersicum L. [25]
Fusarium oxysporum f. sp. conglutinans Eruca vesicaria subsp. sativa (Mill.) Thell. [26]

Pantoea dispersa Burkholderia glumae Oryza sativa L. [27]
Ceratocytis fimbriata Pomoea batatas L. [28]
Pseudomonas syringae pv. tomato Solanum lycopersicum L. [25]

Pantoea jilinensis Botrytis cinerea Solanum lycopersicum L. [29]
Pantoea ananatis Xanthomonas axonopodis pv. vesicatoria Capsicum annuum L. [30]

Botrytis cinerea Solanum lycopersicum L. [31]
Pantoea vagans Aspergillus flavus Arachis hypogaea L.,  

Zea mays L.
[32]

https://ru.wikipedia.org/wiki/%D0%9C%D0%B5%D0%B4%D0%B8%D0%BA%D1%83%D1%81,_%D0%A4%D1%80%D0%B8%D0%B4%D1%80%D0%B8%D1%85_%D0%9A%D0%B0%D0%B7%D0%B8%D0%BC%D0%B8%D1%80
https://ru.wikipedia.org/wiki/L.
https://ru.wikipedia.org/wiki/Mill.
https://ru.wikipedia.org/wiki/Thell.
https://ru.wikipedia.org/wiki/L.
https://ru.wikipedia.org/wiki/L.
https://ru.wikipedia.org/wiki/L.
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proaches to treat melanoma, infections, and allergies, 
as well as immune system dysfunctions [42–44].

Their ubiquity, ecological versatility, and relative gene- 
tic accessibility make Pantoea strains a convenient model 
system for studying the mechanisms of adaptation to vari-
ous ecological niches and the manifestation of opportunis-
tic traits. In addition, these characteristics determine their 
significant potential for creating commercial products for 
medical, agricultural, and environmental applications.

Modern molecular genetic methods, such as whole-ge-
nome sequencing, significantly expand the practical appli-
cation of Pantoea species. Genomic analysis can identify 
genes responsible for biocontrol, secondary metabolite 
synthesis, stress resistance, and host interactions. Genom-
ic data inform science-based selection and optimization of 
strains for applied purposes.

In this study, we aimed to conduct whole-genome 
sequencing of the Pantoea allii B-14727 strain to identi-
fy genetic determinants associated with its antagonistic 
activity, competitiveness, and colonizing ability.

STUDY OBJECTS AND METHODS 
The strain used in this study was isolated from the rhi-

zosphere of spring soft wheat at an early stage of research. 
It was identified by 16S rRNA sequencing and deposit-
ed at the All-Russian Collection of Industrial Microor-
ganisms at the Kurchatov Institute National Bioresource 
Center (Russia) as Pantoea vagans B-14727. However, 
whole-genome sequencing identified it as Pantoea allii. 
The strain forms round, yellow colonies averaging 1.5 
mm in diameter with a flat profile, smooth edges, and a 
glossy texture. The cells are Gram-negative bacilli with 
an average size of 0.809×0.469 µm. The strain promotes 
plant growth due to its antioxidant activity (79.29%) and 
its ability to produce indole-3-acetic (9.0 mg/mL) and gib-
berellic (346 μg/mL) acids, fix atmospheric nitrogen (840 
μg/mL in the medium), solubilize (solubilization index of 
333%) phosphates, potassium, and zinc, as well as to form 
biofilms [45].

The P. allii strain’s antagonistic activity was assessed 
against Fusarium graminearum F-877, Bipolaris soro-
kiniana F-529, and Botrytis cinerea F-1006 (All-Russian 
Collection of Industrial Microorganisms, Kurchatov In-
stitute National Bioresource Center). The phytopathogenic 
fungi were pre-cultivated on potato glucose agar (Dia-M, 
Russia). A 24-h culture of the strain grown in Miller’s 
modified Luria-Bertani broth (HiMedia Laboratories, In-
dia) was submerged into Miller’s modified Luria-Bertani 
agar-filled Petri dishes and incubated at 28 ± 2°C for 24 h. 
After cultivation, an agar block was cut out from the me-
dium and placed in the well of an agar disk on another Pe-
tri dish pre-inoculated with a phytopathogen culture. The 
phytopathogenic fungi were inoculated by a lawn method 
using agar slants (0.5 McFarland) and incubated at 26 ± 
2°C. The P. allii strain’s antagonistic activity was deter-
mined by measuring the diameter of a phytopathogen 
growth inhibition zone around the agar block containing 
the strain [45].

The strain’s DNA was isolated from the bacterial 
cells using a ZymoBIOMICS DNA Miniprep Kit (Zymo 
Research, USA). The amount of DNA was measured 
with a Nanodrop spectrophotometer (Thermo Scientific, 
USA) and a Qubit fluorimeter (Invitrogen, USA) at the 
Genomics Shared Use Center (Institute of Chemical Bi-
ology and Fundamental Medicine, Novosibirsk, Russia).

For genomic sequencing on the MGIseq platform, 
the bacterial DNA was fragmented by ultrasound on 
a Covaris S2 instrument (Covaris, USA) and treated 
with RNase A (Thermo Scientific, USA). DNA librar-
ies were prepared using the NEBNext Ultra II DNA 
library prepkit for Illumina (New England BioLabs, 
USA) and NEBNext Multiplex Oligos (New England 
BioLabs, USA). The quality of the DNA libraries was 
assessed on a Qsep100 device (BiOptic, Taiwan) using 
a F3 Fast Cartridge kit (BiOptic, Taiwan). The number 
of the libraries was determined using a Qubit fluorime-
ter. The DNA libraries were mixed equimolarly and se-
quenced on MGIseq-2000 (MGI Tech, China) according 
to the manufacturer’s protocols. A DNBSEQ-G400RS 
High-throughput Sequencing Set PE100 (MGI Tech, 
China) was used to read the library from both sides of 
100 nucleotides.

The starting (non-fragmented) DNA was used for 
genomic sequencing on the Polyseq platform. First, 
adapters containing unique barcodes were ligated us-
ing a Barcode Library Preparation Kit (MGI, China). 
The resulting libraries were mixed equimolarly, and 
adapters were ligated again using a Ligation Barcode 
Kit (Polyseq Biotech, China). The resulting total DNA 
libraries were sequenced on the Polyseq One platform 
(Polyseq Biotech, China) at the Genomics Shared Use 
Center (Institute of Chemical Biology and Fundamental 
Medicine, Novosibirsk, Russia).

For de novo genome assembly and annotation, the 
reads obtained on Polyseq One were filtered using Fit-
long v0.2.1. Genome assembly was then performed 
by using three different assemblers: Flye v2.9.2 [46], 
Minipolish v0.1.3 [47], and Raven v1.8.1. The assem-
blies were subjected to general contig clustering, align-
ment, and consensus finding by using Tricycle v0.5.4 
[48]. Errors in the genomes were first corrected with 
Medaka v1.7.2, which uses long reads of Polyseq One. 
Then, the genomes were polished by Polypolish v0.5.0 
[49] and POLCA v4.1.0 [50], which use short reads of 
MGIseq. For this, the short reads were filtered by qual-
ity (Quality value > 20) and adapter sequences were 
simultaneously removed by Cutadapt v5.0 [51]. Se-
quencing errors were corrected by using SPAdes v4.0.0 
[52] in the only-error-correction mode.

Genome assembly completeness was assessed by 
BUSCO v5.5.0 with sets of single-copy orthologs [53]. 
Genome annotation was performed by Bakta v1.11.4 
[54]. Genome taxonomic identification was performed by 
GTDB-Tk v2.4.1 with the GTDB r220.0 database [55].

Phylogenomic analysis of the strain was performed 
by GTDB-Tk. High phylogenetic resolution was ensured 
by an alignment of 120 universal bacterial proteins. A 
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phylogenomic tree was constructed using a reference set 
of over 80,000 genomes from the Genome Taxonomy 
Database to ensure the correct positioning of the P. allii 
strain in the global evolutionary context. Visualization 
was performed by Python using the Biopython library.

RESULTS AND DISCUSSION
Whole-genome analysis is an important tool in modern 

microbiology that provides detailed information on the ge-
netic organization of microorganisms and their biotechnolog-
ical potential. High-throughput sequencing methods enable 
scientists to analyze their genomic structure and identify 
genes associated with their metabolism, adaptation to vari- 
ous environmental conditions, and synthesis of bioactive 
compounds. Therefore, the first stage of our study involved 
isolating the genomic DNA of the strain under study and its 
sequencing on the MGIseq-2000 and Polyseq platforms.

Spectrophotometric analysis of the isolated DNA re-
vealed its classic absorption spectrum (133 ng/μL and 4.6 μg),  
indicating its sufficient quality and quantity for library con-
struction. Table 2 presents the numbers of reads and data 
volumes obtained from high-throughput sequencing on 
both platforms. The volumes of short and long reads were 
sufficient for assembling circular genomes [45].

Length is an important parameter for nanopore reads. 
We established that more than a third of the reads were 
longer than 10,000 nt, which is generally sufficient for 
assembling a circular bacterial chromosome. More than 
70% of the reads had a quality of Quality value > 30.  
Over 1,000 errors were corrected and the genome length 
increased by 1,413 nucleotides (Table 3) [45].

The genome assembly quality was assessed by us-
ing the BUSCO program for the presence of single-copy 
orthologs. All 124 genes were found in the strain under 
study, indicative of the genome’s high quality.

The phylogenomic tree (Fig. 1) had a distinct cluster 
organization covering a wide range of validly described 
species of the genus Pantoea, including Pantoea anana-
tis, Pantoea agglomerans, Pantoea vagans, Pantoea 
dispersa, Pantoea eucalypti, Pantoea stewartii, and oth-
ers. Each taxon was represented by a separate branch, 
with closely related species forming compact phyloge-
netic clusters with short internal branches, indicating 
their recent common origin. The isolated strain B-14727 
was clearly localized within the clade corresponding 
to the species Pantoea allii. It formed a common clus-
ter with the reference strain P. allii, with no signs of 
phylogenetic divergence comparable to interspecific 
differences. The branch leading to strain B-14727 was 
minimal, indicative of high genomic identity with the 
type and reference representatives of this species. The 
absence of overlap with other species meant that the 
species identification was correct, with no possibility 
that strain B-14727 might belong to closely related but 
phylogenetically distinct taxa.

Therefore, the strain under study was classified  
as P. allii, with Gram-negative staining and facultative 
anaerobic metabolism.

The species P. allii has been relatively understudied 
compared to other species of the genus Pantoea, despite 
its potential ecological and agronomic significance. This 

Table 2 Genomic sequencing of Pantoea allii B-14727 on the 
MGIseq-2000 and Polyseq platforms

Strain MGIseq Polyseq
Number of 
reads, million

Data 
volume, 
MB

Number 
of reads, 
million

Data 
volume, 
MB

Pantoea allii 
B-14727

6.0 602 341.7 3145

Table 3 De novo assembly and annotation of genomes

Indicator B-14727
Genome before error correction 4,871,944
Genome after error correction 4,873,357
GC composition, % 53.0
Number of predicted coding sequences 4,512
rRNA clusters 7
tRNA 80
Coverage 609
The closest homologue according to the 
Genome Taxonomy Database Pantoea allii

Figure 1 Phylogenomic tree for the genus Pantoea and strain 
B-14727 constructed in GTDB-Tk using 120 concatenated 
bacterial genes 
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taxon was initially described in South Africa as a phy-
topathogenic isolate obtained from tissues and seeds of 
onions (Allium cepa L.) affected by central rot [56]. Cen-
tral rot, with leaf necrosis and internal bulb rot [57], oc-
curs both during growth and post-harvest storage [58].  
However, current data on P. allii are largely based on 
isolates obtained through targeted phytopathological 
studies or identified sporadically during analysis of af-
fected plants. This limits our understanding of the spe-
cies’ geographic distribution and the variability of its 
ecological characteristics. Reports of P. allii isolation 
from rainwater indicate a possibility of its existence 
outside the host-pathogen system and suggest a wider 
range of ecological niches than previously thought [59]. 
To clarify the ecological role of the P. allii strain isolated 
in our study, further tests are needed to analyze its in-
teraction with the host plant and confirm the absence of 
virulence.

Our next step was to study the strain’s biotechno-
logical potential. The antiSMASH platform is widely 
used to identify and analyze clusters of genes for sec-
ondary metabolite biosynthesis in bacterial and fungal 
genomes. To assess the strain’s ability to synthesize 
antagonistic metabolites, its genomic sequences in the 
GenBank format were imported into antiSMASH 8.0.4. 
The program’s built-in algorithms automatically recog-
nized genetic clusters, classified them, and predicted 
potential biosynthetic products. This enabled us to iden-
tify a set of secondary metabolites potentially produced 
by the microorganism [60].

The gene clusters identified in the Pantoea allii 
B-14727 genome are presented in Fig. 2 and Table 4 [45]. 

The analysis of P. allii B-14727’s genome using spe-
cialized databases (including MiBIG) identified sever-

al biosynthetic gene clusters localized on four contigs 
(contig_1–contig_4). These clusters are potentially re-
sponsible for the synthesis of secondary metabolites of 
various chemical nature (siderophores, RiPP peptides, 
terpenoids, NRPS, etc.) [51, 61, 62].

On contig_1, five biosynthetic gene clusters  
(BGCs 1–5) were identified and annotated as belonging 
to the hserlactone, redox-cofactor, NRPS/phosphonate, 
azole-containing RiPP, and terpene-precursor types. 
All of these BGCs showed low similarity to MiBIG 
reference entries (0.31–0.50), which may indicate their 
potential novelty or significant evolutionary divergence 
from previously characterized clusters. The lack of 
clearly comparable analogs in MiBIG and moderate ho-
mology values suggest that these BGCs are capable of 
mediating the biosynthesis of previously undescribed 
secondary metabolites or compounds with similar func-
tions but distinct chemical structures.

A NRPS-independent siderophore biosynthesis cluster  
was identified on contig_1 (region 6). It exhibited  
high similarity (0.85) to the desferrioxamine E cluster  
(BGC0001572.3), previously characterized in P. agglomerans.  
The structural formula of aerobactin and desferrioxam-
ine E is shown in Fig. 3. The cluster length was about 
30.3 kb. Given its annotation and the homology level, 
this cluster is likely to determine the synthesis of a cy-
clic hydroxamate siderophore with high affinity for Fe3+. 
Functionally, this may ensure efficient iron chelation 
and increase the strain’s competitiveness in iron-defi-
ciency.

Desferrioxamines belong to the class of hydroxamate 
siderophores. They were first discovered as metabolites 
of Streptomyces spp. In particular, it was experimen-
tally established that Streptomyces coelicolor produced 

Figure 2 Gene clusters identified in the genome of Pantoea allii B-14727 using antiSMASH 8.0.4: contig_1 (a); contig_2 (b); 
contig_3 (c); and contig_4 (d)

The numbers refer to the predicted regions characterized in Table 4
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Table 4 Pantoea allii B-14727 gene clusters for the biosynthesis of secondary metabolites 

Region Type Location on 
the genome, 
bp

Cluster 
length, 
bp

Level of 
similarity

Similar cluster MiBIG database Similarity 
value

Microorganism

Contig_1
1 Hserlactone 1236095–

1256727
20633 – – BGC0001928.2 0.46 –

2 Redox-cofactor 1389233–
1411398

22166 – – BGC0001440.5 0.41 –

3 NRPS, 
phosphonate

1860921–
1903830

42910 – – BGC0001859.4 0.36 –

4 Azole-
containing-
RiPP

2067374–
2093638

26265 – – BGC0001285.5 0.31 –

5 Terpene-
precursor

2463054–
2483953

20900 – – BGC0001361.3 0.50 –

6 Nl-siderophore 2842318–
2872669

30352 High Desferrioxamine 
E (DFO-E)

BGC0001572.3 0.85 Pantoea 
agglomerans

7 Nl-siderophore 3258174–
3290546

32373 High Aerobactin BGC0001499.5 0.90 Pantoea 
ananatis

Contig_2
1 Nl-siderophore 840312–

872684
32373 High Aerobactin BGC0001499.5 0.90 Pantoea 

ananatis
Contig_3
1 Terpene 67528–

93289
25762 High Carotenoid BGC0000638.3 0.89 Pantoea 

ananatis
Contig_4
1 hglE-KS

PUFA
NRPS
T1PKS

149575–
62927

80607 High Zeamine
Zeamine I
Zeamine II
Prezeamine
Prezeamine I

BGC0001872.3 1.27 Xenorhabdus 
bovienii 
SS-2004

Figure 3 Structural formula of siderophores: aerobactin (a); 
desferrioxamine E (b)

b

a

desferrioxamine B (DFO-B) and desferrioxamine E 
(DFO-E) [63]. DFO-E is a macrocyclic ferrioxamine 
formed by three repeating fragments of 5-succinylated 
1-amino-5-(hydroxyamino)pentane. Initially described 
in the context of antibiotic activity, it was then studied 
in relation to iron chelation [64]. Studies show that ex-
ogenous application of DFO-E can induce changes in 
secondary metabolism and stimulate morphological dif-
ferentiation in various actinomycetes. Therefore, it can 
be considered as a signaling-metabolic factor [65].

Actinomycetes and a number of other bacteria can 
produce DFO-E, particularly members of the genus Pan-
toea. According to phylogenetic and genomic data, they 
might have horizontally acquired these biosynthetic deter-
minants from the closely related genus Erwinia [66, 67].  
Unlike Pantoea species, current literature fully de-
scribes this biosynthetic pathway in the model organ-
ism S. coelicolor. In the latter, DFO-E biogenesis occurs 
via an NRPS-independent mechanism involving the 
NRPS-independent siderophore synthetase DesD [68],  
with a sequential condensation of three monomeric units 
of N-hydroxy-N-succinylcadaverine [69–70].

The genetic determinants that ensure the biosyn-
thesis and transport of aerobactin are organized into 
a single operon, which includes five genes: iucABCD 
and iutA. The genes iucABCD encode enzymes of the 
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aerobactin biosynthetic pathway, while iutA encodes a 
high-affinity outer membrane receptor that ensures the 
capture of the siderophore-iron complex [71, 72]. Recent 
comparative studies of Pantoea strain genomes have 
identified types of siderophores and the corresponding 
biosynthetic clusters, as well as reconstructed the prob-
able sources of their origin. In particular, the production 
of aerobactin has been shown as a common feature for 
P. stewartii, P. ananatis, and Pantoea septica, which 
they obtained through a horizontal gene transfer from 
members of the order Enterobacterales [73].

According to Choi et al. [74], the synthesis of aero-
bactin and desferrioxamine E in Pantoea ananatis PA13 
is negatively regulated by the iron-dependent global re-
pressor Fur. These siderophores are vital for the strain’s 
antibacterial activity against Erwinia amylovora and 
Yersinia enterocolitica. Furthermore, the siderophores 
give P. ananatis selective advantages in the plant-asso-
ciated niche, improving its competition in local microbi-
al communities.

In our study, a terpene biosynthetic cluster was iden-
tified in the genome of the P. allii B-14727 strain on 
contig_3. It exhibited a high degree of similarity (0.89) 
to the carotenoid biosynthetic cluster BGC0000638.3 
described in P. ananatis. This homology suggests that 
this cluster encodes enzymatic components responsible 
for the synthesis of carotenoid pigments.

The structural formula of a carotenoid is shown in Fig. 4.  
Carotenoids are among the most diverse natural antioxi-
dants. They are synthesized by many organisms, includ-
ing animals, plants, and microorganisms. They owe their 
yellow-orange color to their ability to absorb light in the 
range of 400–550 nm [75]. Carotenoids are a class of pig-
ment isoprenoids with pronounced antioxidant properties 
that protect cells against a wide range of reactive oxygen 
species, including H2O2, hydroxyl radicals, and superoxide 
anions [76]. They act as antioxidants by inactivating singlet 
oxygen (1O2) and free radicals generated during oxidative 
stress. A significant source of reactive oxygen species in 
plant tissue is a photosensitized formation of reactive oxy-
gen derivatives upon absorption of visible light by the chlo-
rophyll of the host plant. Pigmentation-deficient mutants 
have overall reduced survival compared to the wild type in 
the presence of H2O2 on nutrient-rich media [77].

Several Erwinia species, which are close relatives of 
Pantoea, produce yellow carotenoid pigments and pos-
sess a conserved carotenoid biosynthetic operon con-
sisting of the genes crtE, crtX, crtY, crtI, and crtB. The 
crtB gene encodes phytoene synthase, an enzyme in the 
first step of carotenoid biosynthesis, and its mutations re-
sult in a nonpigmented phenotype [75]. The P. stewartii 
genome contains a conserved carotenoid biosynthetic 
operon found in Erwinia spp., where crtE encodes ger-
anylgeranyl pyrophosphate synthase, crtX encodes 3-hy-
droxy-β-carotene glycosylase, crtY encodes lycopene 
cyclase, and crtI encodes phytoene dehydrogenase [78].  
The crtB gene encodes phytoene synthase, which con-
verts geranylgeranyl pyrophosphate to phytoene, an ear-
ly step in β-carotene biosynthesis [79].

A number of plant-associated bacteria, including Er-
winia herbicola, can biosynthesize carotenoids, which 
increase resistance to photodynamically induced oxi-
dative stress associated with the photosynthetic activity 
of chlorophyll [80]. In addition, carotenoids perform a 
photoprotective function, reducing the damage caused 
by ultraviolet irradiation, primarily in the near UV 
range (320–400 nm) [81]. Therefore, the biosynthesis of 
this carotenoid in P. allii B-14727 can:
– protect the cells from reactive oxygen species generat-
ed in the rhizosphere and on the plant surface by photo-
chemical reactions and the metabolism of the host plant 
and competing microorganisms;
– improve resistance to abiotic stresses, including UV ra-
diation, temperature fluctuations, and osmotic pressure, 
which is critical for epiphytic and rhizosphere life [79, 82];
– stabilize membranes and protein complexes, including 
transporters and receptors involved in plant coloniza-
tion and nutrient acquisition [83];
– enhance competitiveness indirectly, since antioxidant 
protection allows the cells to maintain metabolic activi-
ty under conditions of microbial competition and expo-
sure to antimicrobial compounds.

A large hybrid cluster (~ 80.6 kb) was identified in 
the genome of the P. allii B-14727 strain on contig_4, 
which included the hglE-KS domains, PUFA-like en-
zymes, NRPS, and T1PKS. This cluster exhibited high 
similarity (1.27) to the cluster of zeamine and its deriva-
tives (zeamine, zeamine I, zeamine II, and prezeamine) 

Figure 4 Structural formula of a carotenoid
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(Fig. 5), previously described in Xenorhabdus bovienii 
SS-2004. The similarity value of > 1 indicated not only 
conservation but also a possible expansion or enhance-
ment of the cluster’s functional potential.

Zeamines are a structurally and functionally distinct 
group of broad-spectrum antibiotics. Their production is 
controlled by the LuxI/LuxR quorum sensing system, which 
provides the producer with increased competitiveness and 
ecological adaptability in microbial communities [84, 85].

Chemically, zeamines have a previously undescribed 
molecular scaffold comprising an atypical polyamino al-
cohol chain (zeamine II) linked to a polyketide moiety by 
an amide bond. This moiety additionally contains a va-
line residue in the structures of zeamine and zeamine I.  
Valine is thought to be part of a nonribosomal hexa-
peptide leader sequence, which undergoes proteolytic 
cleavage during post-assembly processing [86].

In Serratia plymuthica RVH1, zeamine is biosyn-
thesized in a gene cluster of approximately 50 kb, which 
is evolutionarily conserved among different bacterial  
taxa [87, 88]. In addition to the genes that putatively en-
code postsynthetic modification enzymes (Zmn15, Zmn22) 
and components of the export system (Zmn20–21), this 
cluster includes determinants of two functionally distinct 
biosynthetic lineages. The first is a FAS/PKS type I sys-

tem, homologous to polyunsaturated fatty acid synthas-
es (Zmn10–14), while the second is a hybrid NRPS/PKS 
complex (Zmn16–19). This intricate genetic organization 
indicates the involvement of a previously undescribed com-
bination of multienzyme complexes of the NRPS, PKS, and 
PUFA synthase types in the assembly of zeamine [86].

Zeamines exhibit high antibacterial activity against 
a number of clinically significant bacterial pathogens, 
including multidrug-resistant strains such as Staphylo-
coccus aureus and Pseudomonas aeruginosa [89, 90]. 
Studies demonstrate that zeamines inhibit the growth of 
both Gram-positive and Gram-negative bacteria at low 
concentrations, indicating their pronounced antimicro-
bial potential. Furthermore, zeamines have promising 
fungicidal properties against Peronophythora litchi and 
other fungal phytopathogens [91, 92].

In our study, the P. allii B-14727 strain exhibited high 
antagonistic activity against phytopathogens (Fig. 6),  
which is likely due to the production of antimicrobial me-
tabolites such as zeamines.

According to Fotina [45], the P. allii B-14727 strain 
can effectively inhibit the growth of the phytopathogenic 
fungi Fusarium graminearum F-877, Bipolaris sorokin-
iana F-529, and Botrytis cinerea F-1006, with inhibition 
zones of 8.3, 9.5, and 7.0 cm in diameter, respectively.

Figure 5 Structural formula of peptide antibiotics: zeamine (a); zeamine I (b); zeamine II (c); prezeamine (d); and prezeamine I (e)
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Thus, the P. allii B-14727 genome has a diverse set of 
biosynthetic gene clusters, including multiple siderophore 
systems (desferrioxamine E and aerobactin), a carotenoid 
biosynthesis cluster, and a large hybrid PKS/NRPS cluster 
similar to the zeamine biosynthetic pathway. This combi-
nation of highly efficient iron uptake systems and a clus-
ter of zeamine-like antibiotics indicates high adaptive and 
competitive potential of the strain under conditions of iron 
deficiency and microbial competition.

CONCLUSION
Modern molecular genetic studies have significant-

ly revised the taxonomic boundaries of the genus Pan-
toea. Its members implement a variety of ecological 
strategies, ranging from phytopathogenic to mutualis-
tic relationships with plants, as well as biocontrol. This 
functional variability underpins ongoing scientific in-
terest in Pantoea bacteria for their use in sustainable 
agriculture that seeks environmentally friendly and 
biologically based plant protection technologies and in-
creased productivity.

By analyzing the genome of Pantoea allii B-14727, 
we identified and classified numerous biosynthetic gene 
clusters potentially responsible for the synthesis of sec-
ondary metabolites of diverse chemical nature. In par-
ticular, the genome was annotated to contain clusters of 
NRPS-independent siderophores, including aerobactin 

and desferrioxamine E, a carotenoid cluster, clusters of 
RiPP peptides, and a large hybrid PKS/NRPS cluster 
similar to the zeamine biosynthetic pathway.

Highly conserved siderophore biosynthetic gene 
clusters appear to play a key role in high-affinity iron 
uptake, making the strain P. allii B-14727 more com-
petitive in conditions of limited iron availability and in-
tense intermicrobial competition. Due to its antioxidant 
and photoprotective properties, the carotenoid cluster 
potentially increases cellular resistance to abiotic stress-
ors. The presence of a hybrid PKS/NRPS cluster of the 
zeamine-like type suggests the strain’s ability to synthe-
size broad-spectrum peptide antibiotics. In addition to 
antibacterial activity, these antibiotics potentially exhib-
it fungicidal activity, further expanding the adaptive ca-
pabilities of P. allii B-14727 in microbial communities.

Noteworthily, the current genetic databases contain 
no, or very little, information on gene clusters that are di-
rectly related to canonical zeamine biosynthesis in mem-
bers of the genus Pantoea. Therefore, the zeamine-like 
hybrid PKS/NRPS cluster identified in P. allii B-14727 in 
our study is a potentially novel variant of the biosynthetic 
pathway that needs further structural and functional val-
idation (including comparative genomic analysis and ex-
perimental confirmation of its metabolite profile).

However, since the Pantoea allii species includes 
phytopathogenic strains, our results need to be re- 
interpreted. P. allii is associated with onion diseases, in-

Figure 6 Antagonistic activity of Pantoea allii B-14727 in vitro against phytopathogenic fungi: treated with the test strain (a) control (b)  
1 – Fusarium graminearum F-877; 2 – Bipolaris sorokiniana F-529; 3 – Botrytis cinerea F-1006 [45]
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cluding bacterial rot and necrosis. Its pathogenicity is de-
termined by a number of factors such as the production of 
toxins and enzymes that degrade cell walls and secretion 
systems. Notably, many of its properties that have tradi-
tionally been considered as “growth-promoting” (e.g., the 
synthesis of siderophores and secondary metabolites, or the 
ability to effectively colonize plant tissue) can also contrib-
ute to pathogenesis, providing a competitive advantage and, 
at the same time, infecting the host plant. Therefore, the P. 
allii B-14727 strain needs to be further analyzed for viru-
lence.

Thus, the safety and functional role of P. allii B-14727 
needs to be further confirmed, despite its high biosynthet-
ic potential (e.g., for biocontrol) identified in this study. 

In line with modern approaches to developing microbial 
preparations for sustainable agriculture, further research 
will aim to experimentally confirm the strain’s lack of vir-
ulence in model systems. Such research may involve in-
oculating a host plant with this strain and evaluating its 
impact on the plant’s physiology.
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Abstract: 
Probiotics are live microorganisms that exert beneficial effects on the host by modulating the gut microbiota and synthesizing 
bioactive compounds. Of particular importance are metabolites involved in energy metabolism, including compounds of the 
tricarboxylic acid cycle and B vitamins, which act as coenzymes. This necessitates the search for strains with pronounced metabolic 
activity and resistance to gastrointestinal conditions. We aimed to comprehensively evaluate the in vitro probiotic potential of 
specific microbial strains for their subsequent use in dietary supplements and functional foods.
We studied the following strains: Propionibacterium troenii (B-6083, B-6080), Weissella thailandensis (B-10412), 
Bifidobacterium bifidum (AC-1779), Bifidobacterium longum (AC-1257), Pediococcus acidilactici (B-7509, B-7533), and 
Enterococcus faecium (B-4054). The commercial probiotics “Hemopropiovit” and “Bifiform” were used as the controls. The 
strains’ antibiotic resistance was determined by the disk diffusion method, their survival in the gastrointestinal tract was 
measured spectrophotometrically, their antagonistic activity was analyzed by the agar diffusion method, while the compositions 
and contents of microbial metabolites were identified by high-performance liquid chromatography.
The strains were sensitive to antibiotics (inhibition zones > 21 mm), with the highest values recorded for B-6083 (50.6 ± 4.1 mm). High 
resistance to bile was demonstrated by B-7509 and B-7533 (optical density 2.288 ± 0.049 and 2.364 ± 0.028 at 0.5% bile), as well as 
B-4054 (optical density 1.242 ± 0.005 at 40.0% bile). The strains AC-1257, B-7509, and B-7533 showed resistance to 6.5% NaCl. The 
most pronounced antagonistic activity was demonstrated by B-6083 against Escherichia coli (inhibition zone 29.47 ± 0.50 mm) and 
by B-7533 against Bacillus cereus (23.07 ± 0.47 mm). The strains exhibited high metabolic activity such as synthesizing bioactive 
compounds. The highest content of vitamin B1 was found in B-10412 (23.10 ± 0.44 mg/g), while succinic acid predominated in B-6080 
(432.2 ± 8.2 mg/L). The highest total contents of amino acids were observed in B-7509 (145.2 mg/g) and B-10412 (142.1 mg/g). Some 
strains showed high probiotic potential by demonstrating resistance to stress factors and exhibiting high antagonistic activity. 
The strains B-7509, B-7533, AC-1257, B-10412, B-4054, B-6083, and B-6080 possess significant probiotic potential and may be 
considered as promising components for dietary supplements and functional foods. However, further research is needed such as 
in vivo studies in rodents.

Keywords: Probiotics, probiotic potential, lactic acid bacteria, antagonistic activity, resistance to gastrointestinal stress factors, 
bioactive metabolites
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INTRODUCTION

Probiotics are live microorganisms that provide health 
benefits if administered in sufficient amounts [1–4].  
Their functional value is determined by their complex in-
teractions with the gut microbiota, metabolic pathways, 
and immune regulatory mechanisms [5–7].

According to modern research, the gut microbiome 
is key to maintaining homeostasis. Particularly, it in-
fluences energy metabolism, the synthesis of bioactive 
compounds, and the development of the immune re-
sponse [8–10]. Probiotic microorganisms are therefore 
an effective tool for maintaining microbial balance and 
preventing dysbiosis [11–15]. Modern studies of bioac-
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tive components in foods have confirmed the role of pro-
biotics in modulating the gut microbiota and regulating 
inflammatory processes and metabolic disorders [16–18].

Lactic acid bacteria (LAB) are of particular impor-
tance among probiotic cultures. These are anaerobic, 
Gram-positive microorganisms that can grow in the pres-
ence of oxygen [19, 20]. Scientists began to take interest 
in their dietary use at the beginning of the 20th century, 
when a hypothesis was proposed that fermented dairy 
products had a positive effect on human health [21].

Currently, LAB are recognized for their role in syn-
thesizing a wide range of compounds that ensure mi-
crobiological stability and improve the quality of food 
products [22, 23]. Most of their functional properties are 
strain-specific, which necessitates their individual analy- 
ses in vitro and in vivo [24, 25].

LAB of the genera Lactococcus [26], Pediococcus [27],  
Weissella [28], and Enterococcus [29] have common phy- 
siological and biochemical characteristics, as well as the ca-
pacity for lactic acid fermentation. Lactococcus bacteria are 
traditionally used as a starter culture for intensive lactose 
fermentation and the formation of desirable sensory char-
acteristics [30]. Pediococcus and Weissella bacteria have a 
high technological value and antagonistic activity against 
foreign microflora due to their ability to produce bacterio-
cins and exopolysaccharides [27, 31]. Some bacteriocins 
produced by LAB hold the GRAS status. Therefore, bacte-
riocins prooduced by LAB are widely used in food industry 
and in pharmaceutical industry [32]. Although bacteria of 
the genus Enterococcus also belong to lactic acid bacteria, 
their use in food and probiotic systems requires strict safety 
control [33].

Apart from LAB, probiotic compositions can in-
clude other bacteria with similar functionalities. For 
example, members of the genus Bifidobacterium are 
among the most abundant symbionts in the human gut, 
contributing to the formation of metabolic and immune 
homeostasis [34]. They produce bioactive compounds 
that help maintain colonization resistance and reduce 
the risk of dysbacteriosis [35].

Bacteria of the genus Propionibacterium produce pro-
pionic and acetic acids, as well as B vitamins [36]. They 
are used in functional foods due to their metabolic activi-
ty and ability to synthesize antimicrobial compounds [37].

The functional activity of probiotic microorganisms 
is largely determined by the range of metabolites they 
synthesize. For example, their antimicrobial, anti-inflam-
matory, and metabolic regulatory activities are due to or-
ganic acids, short-chain fatty acids, and other bioactive 
compounds that they produce [38, 39]. Furthermore, pro-
biotics actively participate in substrate and energy meta- 
bolism, creating conditions for gut homeostasis [40, 41].

Organic acids synthesized by probiotic bacteria are 
particularly important metabolites that regulate micro-
biota and metabolic processes [42]. When accumulated 
in large amounts, they decrease the pH and inhibit the 
growth of opportunistic microorganisms, contributing 
to the antimicrobial activity of probiotic cultures [43]. 
In addition, compounds such as citric and succinic acids 

are important intermediate metabolites involved in the 
tricarboxylic acid cycle, which promotes cellular respi-
ration and energy synthesis [44–47].

Amino acids, both essential and nonessential, are equal-
ly important metabolites of probiotic bacteria [48–50]. They 
are involved in maintaining the body’s physiological func-
tions and metabolic interactions [51]. Amino acids perform 
a structural function, regulate immune responses, and act 
as precursors of bioactive compounds [52].

Probiotic microorganisms also participate in the meta- 
bolism of B vitamins. The gut microbiota and probiotic bac-
teria can synthesize vitamins В1, В2, В3, В5, В6, В9, and В12, 
which act as coenzymes in key metabolic reactions [53–55].  
These vitamins are involved in the metabolism of carbohy-
drates, fatty acids, and amino acids, as well as in mitochon-
drial function and cellular energy supply. Participating in 
cellular respiration, they regulate the Krebs cycle, which sup-
plies the body with energy [56].

In this study, we aimed to assess in vitro the probio- 
tic potential of Lactococcus, Pediococcus, Weissella, 
Enterococcus, Bifidobacterium, and Propionibacterium 
strains for their subsequent use in dietary supplements 
and functional foods to prevent metabolic disorders.

STUDY OBJECTS AND METHODS 
The following strains were obtained from the All-Rus-

sian Collection of Industrial Microorganisms at the State 
Research Institute of Genetics and Selection of Industri-
al Microorganisms, the Kurchatov Institute National Re-
search Center (Russia): Propionibacterium troenii Т-127 
(B-6083); Propionibacterium troenii Т-126 (B-6080); 
Weissella thailandensis A12 (В-10412); Bifidobacterium 
bifidum E319f (AC-1779); Bifidobacterium longum U-4 
(AC-1257); Bifidobacterium longum BGV-11 (AC-1742); 
Lactococcus lactis subsp. cremoris 55 K 2-2-2 (B-1689); 
Lactococcus lactis subsp. cremoris 791 7 (B-1688); Pedi-
ococcus acidilactici P-60 (B-7509); Pediococcus acidilac-
tici P 60 (B-7533); Enterococcus faecium 320 D (B-5000); 
and Enterococcus faecium JDC 86 (B-4054).

The lyophilized cultures were incubated in a ster-
ile solution of 0.9% NaCl for 30 ± 5 min and then trans-
ferred onto nutrient media. Strains B-6083, B-6080, 
B-10412, B-7509, B-7533, and B-5000 were inoculated onto  
MRS medium, g/L, composed of: 21.5 pancreatic hydroly-
sate of fish meal with Tween (Dia-M, Russia); 5.0 baker’s 
yeast extract (Dia-M, Russia); 5.0 peptone (Gelatin Pep-
tone, Spain); 20.0 glucose (Pharmstandard Leksredstva, 
Russia); 2.0 KH2PO4 (Chem-ex, Russia); 3.0 sodium acetate 
(Chem-ex, Russia); 2.0 ammonium citrate dibasic (Chem-
ex, Russia); 0.1 MgSO4 × 7H2O (Chem-ex, Russia); and 
0.05 MnCl2 × 4H2O (Chem-ex, Russia). Strains AC-1779, 
AC-1257, AC-1742, B-1689, B-1688, and B-4054 were in-
oculated onto Bifidum medium, g/L, composed of: 30.0 
pancreatic casein hydrolysate (Dia-M, Russia); 5.0 baker’s 
yeast extract; 7.5 glucose; 2.5 lactose (Chem-ex, Russia); 
0.5 cysteine (Dia-M, Russia); 2.5 NaCl (REAKHIM, Rus-
sia); 0.5 MgSO4 × 7H2O; 0.5 ascorbic acid (Dia-M, Russia); 
and 0.3 sodium acetate. The strains grown on the nutrient 
media were stored at 4 ± 1°C.
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The following commercial probiotic preparations 
were purchased from the Edelweiss-O pharmacy (Rus-
sia) to be used as positive controls:
– Hemopropiovit (control 1), which contains Propionibac-
terium freudenreichii Ш85, Bifidobacterium bifidum 83,  
and Lactococcus lactis subsp. cremoris 244;
– Bifiform (control 2), which contains Enterococcus 
faecium and Bifidobacterium longum.

Cultural characterization. For cultural characteri-
zation, daily cultures were pre-grown on MRS or Bifi- 
dum agar nutrient media. Bacterial strain suspensions 
were surface-seeded onto the media with a Drygalski 
spatula. Their morphological characteristics were as-
sessed after Gram staining [57] using a Micro-GRAM-
NITsF reagent kit (MiniMed, Russia) and an AxioScope 
A1 upright microscope (Carl Zeiss AG, Germany).

The cultures were further cultivated at 37 ± 2°C to 
imitate the physiological conditions of the human gas-
trointestinal tract and identify those strains which could 
be adapted to in vivo conditions [58].

Preparation of bacterial suspensions. Microbi-
al strains were plated on MRS or Bifidum solid nutrient 
media. Daily cultures were cultivated in a TV-80-1 ther-
mostat (Ryazan Instrument-Making Plant, Russia). The 
microbial suspensions were adjusted to a density of 0.5 on 
the McFarland scale in the corresponding liquid media us-
ing a Densichek Plus densitometer (BioMerieux, France). 
Strains from passages 3–4 were used in further studies.

Antibiotic resistance. Antibiotic resistance of the 
strains was assessed by the disk diffusion method [59]. 
For this, 100 μL of a bacterial suspension was inoculated 
onto the surface of the agar medium. Then, disks were 
placed with azithromycin (15 μg), cephalexin (30 μg),  
gentamicin (120 μg), streptomycin (300 μg), and tetracy-
cline (30 μg) (Bio-Rad, France). Disks soaked in distilled 
water were used as a negative control. After 24 ± 1 h  
of incubation, the diameters of the inhibition zones were 
measured and the strains were classified as resistant  
(< 9.9 mm), intermediate (10.0–20.9 mm), or sensitive  
(> 21.0 mm).

Resistance to gastrointestinal conditions. Re-
sistance to bile, salt, and stressful pH conditions was 
determined spectrophotometrically at 600 nm using 
a Shimadzu UV-1800 spectrophotometer (Shimadzu 
Corporation, Japan) [60]. Resistance to bile (0.5, 20.0, 
and 40.0% of the medium volume) was determined as 
described by Kitaevskaya [61]. Resistance to elevated 
salt (NaCl) concentrations (2.0, 4.0, and 6.5% of the me-
dium volume) and to stressful pH conditions (2.0, 3.0, 
5.0, and 9.2) was determined as described in General 
Pharmacopoeia Monograph 1.7.2.0012.15, “Industrial 
probiotic strains and probiotic control strains”. Optical 
density was measured relative to the nutrient medium 
without a microbial suspension. Samples of nutrient me-
dia inoculated with microbial suspensions were used as 
negative controls.

Antimicrobial activity of bacterial metabolites. 
Antagonistic activity of microbial metabolites was de-
termined by the agar diffusion method as described by 

Davoodabadi et al. [62] and Pazhoohan et al. [63]. The 
strains obtained from the All-Russian Collection of Indus-
trial Microorganisms (Russia) were used as test cultures, 
namely: Escherichia coli (B-6645); Pseudomonas aeru-
ginosa (B-8243); Bacillus cereus (B-8076); Enterococcus 
faecalis (B-8173); Klebsiella pneumoniae (B-7001).

For this, 300 μL of a suspension of test cultures  
(0.5 McFarland turbidity) was inoculated onto a solid 
nutrient medium (MPA), g/L, composed of: 10.0 pep-
tone; 11.0 meat extract (HiMedia, India); 5.0 NaCl; and 
20.0 bacteriological agar (HiMedia, India). Wells with 
a diameter of 6–8 mm were filled with 50 μL of the cul-
ture broth with microbial metabolites, while the control 
well was filled with 50 μL of distilled water (negative 
control). A disk with an antibiotic (positive control) was 
placed in the center of the plate, namely: streptomy-
cin (300 mg), cephalexin (30 μg), gentamicin (120 μg), 
and tetracycline (30 mg). The plates were kept at room 
temperature (22 ± 2°C) for 1–2 h and then incubated at  
37 ± 2°C for 16–18 h. Antagonist activity was determined 
by measuring the inhibition zones and classified as “no 
activity” (< 10.9 mm), “weak” (11.0–16.9 mm), “moder-
ate” (17.0–22.9 mm), or “high” (> 23.0 mm) [64].

To obtain microbial metabolites, a microbial sus-
pension (10% of the medium volume) was added to 
centrifuge tubes (Eppendorf, Germany) containing 
the nutrient medium and cultivated under steady-state 
conditions in a TV-80-1 thermostat. The biomass was 
separated from the culture broth at 7,000 g in a 5430 
centrifuge (Eppendorf, Germany). The culture broth 
was subsequently tested for antagonist activity and bio-
compatibility.

Microbial growth curves. Microbial growth curves 
were obtained to identify points of exponential growth, 
stationary growth, and the death phase and to study the 
qualitative and quantitative composition of metabolites at 
these points. The growth curves were obtained spectro-
photometrically at 600 nm in real time using an RTS-8 
Plus bioreactor (Biosan, Latvia) [65]. For this, a bacterial 
suspension was inoculated into liquid MRS or Bifidum 
media (5% of the medium volume) and cultivated under 
stationary conditions until the death phase was reached.

Quantitative determination of metabolites. The 
composition of metabolites was determined by high-per-
formance liquid chromatography (HPLC) on a Shi-
madzu LC-20 Prominence chromatograph (Shimadzu 
Corporation, Japan) with a Shimadzu SPD20MA di-
ode array detector and a Phenomenex Gemini 5 μm 
C-18,250×4.6 mm column. Water-soluble vitamins were 
determined according to State Standard R 55482-2013 
and as described by Frolova et al. [66]. Organic acids 
were determined according to State Standard 33410-2015.  
Amino acids were determined by reversed-phase HPLC 
as described by Belashova et al. [67].

The microbial strains were cultivated under sta-
tionary conditions and sampled at three growth points: 
exponential, stationary, and death phases. The samples 
were analyzed for water-soluble B vitamins (В1, В2, В3, 
В5, В6, and В12), amino acids (tryptophan, glutamic acid, 
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serine, glycine, histidine, glutamine, arginine, lysine, 
threonine, alanine, proline, asparagine, tyrosine, methi-
onine, valine, cysteine, cystine, leucine, isoleucine, and 
phenylalanine), and organic acids (oxalic, tartaric, male-
ic, citric, and succinic acids).

Biocompatibility of the strains. Biocompatibility 
was assessed by using the agar diffusion method with 
some modification [68]. A microbial suspension was uni-
formly applied to MRS or Bifidum agar media. Then, 
50 µL of the culture broth was placed into wells with a 
diameter of 6–8 mm. The plates were kept at 22 ± 2°C 
for 1–2 h and then incubated at 37 ± 2°C for 16–18 h. 
Strain biocompatibility was assessed by measuring the 
growth inhibition zone: growth inhibition (> 10.0 mm;  
indicated as “–”); biocompatibility (< 10.0 mm with 
no signs of growth stimulation; indicated as “+”);  
and growth stimulation (< 10.0 mm with signs of growth 
stimulation; indicated as “++”).

The assays were performed in triplicate and the re-
sults were presented as a mean and standard error.

RESULTS AND DISCUSSION
Cultural characterization. Since the strains were 

obtained from the All-Russian Collection of Industrial 
Microorganisms, their taxonomic affiliation and safety 
needed no confirmation. Based on Gram staining, the 
strains were characterized as Gram-positive bacteria.

Cultural and morphological analysis revealed that 
the colonies cultivated on agar nutrient media pos-
sessed genus-specific characteristics. The colonies had a 
rounded, convex shape, with smooth edges and a shiny 
white surface. The colony’s diameter of 1–2 mm was 
consistent with the standard morphological characteris-
tics of the strains of their genus.

Antibiotic resistance. The European Food Safety 
Authority and the World Health Organization empha-
size in their guidelines that the strains used in the food 
industry should not contain transferable genes confer-

ring resistance to clinically significant antibiotics. We 
tested the strains under study for their susceptibility to a 
range of antibiotics (Table 1).

We found that the susceptibility of microorganisms 
to antibiotics varied significantly between the bacterial 
strains and genera. The antibiotic resistance of B-10412 
and B-4054 was previously described in [69]. Most of the 
cultures exhibited high sensitivity to the tested antibiot-
ics, with zones of growth inhibition greater than 21 mm  
in diameter.

Control 1 demonstrated intermediate sensitivity 
to many antibiotics. The growth inhibition zones were 
10.0–15.3 mm for azithromycin, cephalexin (CXN), 
gentamicin, and streptomycin (HLS). However, Con-
trol 1 was found to be sensitive to tetracycline (TET). 
In comparison, Control 2 exhibited higher sensitivity to 
the antibiotics, especially to azithromycin and TET.

The highest sensitivity to azithromycin was found 
in Strains B-6083, B-6080, B-1688, and B-1689. Their 
inhibition zones were 2.0–3.5 times as large as those of 
Control 1. Strains B-7509 and B-7533 showed smaller 
growth inhibition zones compared to the other strains. 
Yet, they were 1.4–2.0 times larger than those of Con-
trol 1, but 1.3–1.8 times smaller than those of Control 2. 
Thus, the cultures retained high sensitivity to macrolide 
antibiotics, which is consistent with a study of lactic 
acid bacteria by Duche et al. [70].

Most strains were sensitive to cephalexin, with the 
largest growth inhibition zones (over 50.0 mm in diame-
ter) recorded for the genus Propionibacterium (B-6083, 
B-6080). Strains B-7509 and B-7533, however, showed 
significantly smaller inhibition zones, indicating their 
high resistance to β-lactam antibiotics. Given the wide-
spread use of these drugs in veterinary medicine and 
animal husbandry, the identified sensitivity values can 
be considered a positive sign, since they demonstrate a 
lower risk of accumulation and transmission of antibiot-
ic resistance genes through horizontal transfer [71].

Table 1 Effect of antibiotics on the growth of the strains assessed by the disk diffusion method 

Sample Diameter of growth inhibition zone, mm
Azithromycin, 
15 μg

Cephalexin,  
30 μg

Gentamicin, 
120 μg

Streptomycin, 
300 μg

Tetracycline, 
30 μg

Water

B-6083 31.2 ± 0.8 55.4 ± 0.5 39.9 ± 1.0 19.3 ± 3.1 50.6 ± 4.1 0.0 ± 0.0
B-6080 35.6 ± 5.1 54.6 ± 2.5 46.4 ± 0.5 26.5 ± 1.4 45.8 ± 1.6 0.0 ± 0.0
AC-1779 15.9 ± 1.0 36.5 ± 0.5 29.4 ± 0.6 18.6 ± 1.5 19.5 ± 0.5 0.0 ± 0.0
AC-1257 11.7 ± 1.5 34.6 ± 06 23.1 ± 2.0 17.1 ± 1.0 15.4 ± 0.5 0.0 ± 0.0
AC-1742 – – – – – –
B-1689 21.1 ± 1.0 32.5 ± 0.5 29.5 ± 8.8 29.9 ± 2.0 23.3 ± 0.8 0.0 ± 0.0
B-1688 22.5 ± 0.5 37.4 ± 0.5 22.4 ± 0.5 20.5 ± 0.5 23.5 ± 0.5 0.0 ± 0.0
B-7509 14.2 ± 0.3 10.1 ± 1.0 10.2 ± 0.3 11.4 ± 0.5 17.2 ± 0.9 0.0 ± 0.0
B-7533 19.5 ± 5.2 13.4 ± 1.5 15.1 ± 1.0 9.4 ± 0.5 26.6 ± 5.8 0.0 ± 0.0
B-5000 – – – – – –
Control 1 
(Hemopropiovit)

10.0 ± 1.0 11.7 ± 2.9 15.3 ± 5.0 15.3 ± 0.6 24.0 ± 2.6 0.0 ± 0.0

Control 2 (Bifiform) 25.7 ± 4.0 14.2 ± 0.3 23.3 ± 3.1 21.3 ± 1.5 29.3 ± 2.1 0.0 ± 0.0
“–” – indicates no growth during the test
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Most studied cultures exhibited sensitivity to genta-
micin. This antibiotic had the greatest inhibitory effect 
on Strains B-6083 and B-6080. Their growth inhibition 
zones were 2.6–3.0 and 1.7–2.0 times as large as those 
of Control 1 and Control 2, respectively. Strains B-1689, 
B-1688, and AC-1779 also showed larger (1.5–1.9 times) 
inhibition zones than those of Control 1. Strains B-7509 
and B-7533 demonstrated intermediate resistance. The 
inhibition of Strain B-7509 was 1.5 times lower than 
that of Control 1, while this indicator for Strain B-7533 
was close to that of Control 1. Resistance to aminogly-
cosides is natural due to the low permeability of cell 
membranes and energy metabolism. The significant 
sensitivity of some strains in our study may indicate the 
lack of pronounced natural resistance [70].

Streptomycin had the greatest inhibitory effect 
on Strains B-1689 and B-1688. Strains AC-1779 and  
AC-1257 showed intermediate resistance, while B-7533 
was found highly resistant. This resistance may be asso-
ciated with the presence of antibiotic resistance genes, 
such as aadA, which encode aminoglycoside enzymes 
and can be transmitted to other bacteria through hori-
zontal transfer. A number of studies have shown that 
while adapting to streptomycin, probiotic microorga- 
nisms can develop cross-resistance to other antibiotics. 
This emphasizes the need to evaluate the safety of pro-
biotic strains in terms of the possible spread of resis-
tance genes [72].

Most strains exhibited high sensitivity to tetra-
cycline. The largest zones of growth inhibition were 
observed for Strains B-6083 and B-6080, with their 
diameters being 1.9–2.1 and 1.5–1.7 times greater than 
those for Control 1 and Control 2, respectively. Strains 
B-1688, B-1689, and B-7533 also showed larger (1.1–1.5 
times) inhibition zones than Control 1 and compara-
ble or slightly larger zones than Control 2. In contrast, 
Strains AC-1779, AC-1257, and B-7509 demonstrated 
intermediate resistance, with their inhibition zones be-

ing smaller than those for Control 1 (1.2–1.5 times) and 
Control 2 (1.5–1.7 times). Bacterial resistance to this 
antibiotic is most often associated with the presence of 
specific resistance genes, such as tet(A), tet(L), tet(K), 
and tet(M), which encode mechanisms for active anti-
biotic efflux from the cell or ribosome protection [73]. 
Therefore, the intermediate resistance detected in in-
dividual strains may indicate potential development of 
such mechanisms, which requires additional molecular 
genetic analysis.

Strains AC-1742 and B-5000 did not show any 
growth on the nutrient media. This could be due to their 
specific physiological requirements for cultivation con-
ditions.

Resistance to gastrointestinal conditions. An im-
portant criterion for selecting a probiotic strain is its 
survivability in the gastrointestinal tract, specifically 
its resistance to bile, elevated salt (NaCl) concentra-
tions, and stressful pH conditions. We assessed changes 
in strain biomass growth in the nutrient media supple-
mented with varying amounts of bile (Table 2).

The control samples demonstrated high resistance to 
bile. Specifically, at 0.5% bile, optical density increased 
1.1–1.2 times. At higher concentrations (20.0–40.0%), 
optical density remained at comparable levels or de-
creased 1.2–1.5 times.

In most cases, adding 0.5% of bile resulted in lower 
culture growth compared to the control (without bile), 
but the degree of inhibition varied significantly between 
the strains. Strains B-7509 and B-7533 demonstrated 
the highest resistance, which remained steady and only 
decreased 1.1 times. Their growth was 1.3–1.5 times as 
high as that of Controls 1 and 2. Strain B-4054 was also 
resistant, with higher optical density compared to the 
control. Strains B-6083 and B-6080 showed a 1.9–2.8-
fold decrease in growth compared to the control, indi-
cating their sensitivity to bile at 0.5%. Strains AC-1779 
and AC-1257 demonstrated higher resistance. Their 

Table 2 Effect of bile on strain growth

Sample Optical density at 600 nm
Control (–) Bile 0.5 % Bile 20.0 % Bile 40.0 %

B-6083 1.065 ± 0.004 0.554 ± 0.325 0.335 ± 0.011 0.518 ± 0.012
B-6080 1.143 ± 0.278 0.408 ± 0.070 0.347 ± 0.005 0.461 ± 0.005
В-10412 1.271 ± 0.140 0.784 ± 0.124 0.294 ± 0.001 0.439 ± 0.015
AC-1779 0.700 ± 0.008 0.529 ± 0.053 0.341 ± 0.007 0.468 ± 0.003
AC-1257 1.357 ± 0.027 0.946 ± 0.021 0.311 ± 0.007 0.402 ± 0.002
AC-1742 – – – –
B-1689 0.538 ± 0.002 0.095 ± 0.003 0.242 ± 0.001 0.420 ± 0.013
B-1688 0.491 ± 0.025 0.099 ± 0.003 0.275 ± 0.008 0.462 ± 0.010
B-7509 2.402 ± 0.007 2.288 ± 0.049 0.962 ± 0.163 0.577 ± 0.229
B-7533 2.433 ± 0.001 2.364 ± 0.028 1.362 ± 0.020 0.887 ± 0.051
B-5000 – – – –
B-4054 1.560 ± 0.003 1.568 ± 0.047 0.992 ± 0.067 1.242 ± 0.005
Control 1 
(Hemopropiovit)

1.491 ± 0.015 1.710 ± 0.009 1.515 ± 0.019 1.045 ± 0.168

Control 2 (Bifiform) 1.549 ± 0.006 1.625 ± 0.019 1.933 ± 0.087 1.246 ± 0.028
“–” indicates no growth during the test
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growth reduced 1.3–1.4 times and was 1.2–1.5 times 
lower than that of Controls 1 and 2. Strains B-1688 and 
B-1689 were the most sensitive to bile at 0.5%. Their 
growth reduced 4.9–5.7 times and was 10–15 times low-
er than that of Controls 1 and 2.

Increasing the bile concentration to 20.0% caused a 
more pronounced growth inhibition in most of the cul-
tures. Strains B-6083, B-6080, AC-1257, and B-10412 
showed a 3.3–4.3-fold decrease in growth relative to 
the bile-free control. Their growth was 4.5–6.5 times 
lower compared to Controls 1 and 2. Strain AC-1779 
showed a 2.1-fold decrease in optical density compared 
to the bile-free control. Strains B-1688 and B-1689 also 
demonstrated a significant decrease in growth (1.8–2.2 
times). Strains B-7509, B-7533, and B-4054 were the 
most resistant, showing a 2.5, 1.8, and 1.6-fold decrease 
in growth, respectively. Although their growth was 
higher than that of most other strains, it was still 1.4–
2.0 times lower than that of the controls.

A 40.0% concentration of bile inhibited the growth 
of most strains, although some cultures maintained rel-
atively high growth rates. Strains B-6083 and B-6080 
demonstrated a 2.1–2.5-fold decrease in growth com-
pared to the initial level. Yet, their growth remained 
higher than that at 20.0% bile, which may indicate par-
tial adaptation. Compared to Controls 1 and 2, their 
growth was 2.0–2.5 times lower. Strains AC-1779 and 
AC-1257 showed a 1.5–3.4-fold decrease in growth 
relative to the initial level. Their growth was 2.5–3.0 
times lower compared to the controls. Strains 16-88 
and B-1689 showed pronounced sensitivity. Despite a 
slight increase in growth compared to 20.0% bile, their 
growth remained 1.02–1.30 times lower than the initial 
level and 2.5–3.0 times lower compared to the controls. 
Strains B-7509, B-7533, and B-4054 were the most re-
sistant, with a 4.2, 2.7, and 1.3-fold decrease in growth, 
respectively, compared to the bile-free control. Their 
growth rates were closest to those of Controls 1 and 2.

Thus, Strains B-7509 and B-7533 were the most re-
sistant to bile at 0.5–20.0%, while B-4054 exhibited the 
highest resistance to bile at 40.0%. In some cases, their 

growth rates were 3.0–5.0 times as high as those of less 
resistant strains and were comparable to those of com-
mercial probiotics.

Our results are consistent with those reported by 
Hu et al. [74]. Their study of the Pediococcus acidi-
lactici strain revealed a decrease in culture viability 
with increasing bile salt concentrations. Some cultures 
maintained high growth rates even at elevated bile con-
centrations. This indicates the presence of adaptive 
resistance mechanisms that allow certain strains to 
overcome the inhibitory effect of bile and maintain their 
probiotic potential.

Bile has a pronounced antimicrobial effect, disrupt-
ing the integrity of cell membranes and causing protein 
denaturation. Therefore, the ability of bacteria to main-
tain growth under such conditions is an important indi-
cator of their probiotic potential. Several studies have 
shown high survival of certain bifidobacteria strains ex-
posed to bile salts. This survival is associated with the 
development of stable physiological mechanisms for ad-
aptation to these conditions [75].

Probiotic strains must be resistant to elevated salt 
levels as they pass through the gastrointestinal tract. 
Therefore, we assessed changes in strain biomass 
growth in nutrient media with varying NaCl concentra-
tions (Table 3).

At 2.0, 4.0, and 6.5% NaCl, Control 1 showed a 1.3, 
1.5, and 1.1-fold decrease in optical density, respec-
tively, compared to its initial level. Control 2 exhibited 
more stable growth. At 2.0 and 4.0% NaCl, its optical 
density decreased 1.1-fold, whereas at 6.5%, it de-
creased 1.5-fold. Thus, Control 2 demonstrated higher 
resistance to the effects of salt compared to Control 1.

The resistance of Strains B-10412 and B-4054 to 
NaCl was described in our previous work [69]. At 2.0% 
NaCl, most of the strains retained their growth, with 
varying changes in optical density. Strains B-7509 and 
B-7533 showed virtually no response to salt stress. 
Their optical density remained at the initial salt-free 
level (1.1-fold difference) and exceeded the values for 
Control 1 and 2 (2.1 and 1.7 times, respectively). Strains 

Table 3 Effect of elevated salt levels on strain growth

Sample Optical density at 600 nm
Control (–) NaCl 2.0% NaCl 4.0% NaCl 6.5%

B-6083 1.065 ± 0.004 0.691 ± 0.029 0.480 ± 0.008 0.340 ± 0.008
B-6080 1.143 ± 0.278 1.030 ± 0.034 1.083 ± 0.057 0.635 ± 0.051
AC-1779 0.700 ± 0.008 0.688 ± 0.012 0.904 ± 0.057 0.713 ± 0.140
AC-1257 1.357 ± 0.027 1.394 ± 0.073 1.392 ± 0.022 1.397 ± 0.064
AC-1742 – – – –
B-1689 0.538 ± 0.002 0.433 ± 0.011 0.229 ± 0.049 0.117 ± 0.004
B-1688 0.491 ± 0.025 0.675 ± 0.032 0.718 ± 0.011 0.360 ± 0.209
B7509 2.402 ± 0.007 2.412 ± 0.020 2.189 ± 0.002 1.713 ± 0.009
B7533 2.433 ± 0.001 2.419 ± 0.004 2.157 ± 0.002 0.910 ± 0.040
B-5000 – – – –
Control 1 (Hemopropiovit) 1.491 ± 0.015 1.130 ± 0.168 0.962 ± 0.010 1.390 ± 0.355
Control 2 (Bifiform) 1.549 ± 0.006 1.444 ± 0.013 1.358 ± 0.012 1.057 ± 0.095

“–” – indicates no growth during the test
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AC-1257 and B-6080 also demonstrated high resistance. 
Their optical density was comparable with the initial 
level (1.1-fold difference) and was 1.2–1.3 times as high 
as that for Control 1. Strain AC-1779 showed virtually 
no change in growth, but its optical density was 1.6 and 
2.1 times lower than that for Control 1 and 2, respec-
tively. Strain B-6083 had a 1.5-fold decrease in growth 
and was inferior to Control 1 and 2 (1.6 and 2.1 times, 
respectively). Strain B-1689 was the most sensitive, its 
optical density being 1.2 times lower than the initial lev-
el, as well as 2.6 and 3.3 times lower than the values for 
Control 1 and 2, respectively.

At 4.0% NaCl, most strains retained their resistance, 
but some had more pronounced changes. Strains B-7509 
and B-7533 remained highly resistant, with a 1.1-fold 
decrease in optical density and higher values compared 
to Control 1 and 2 (2.3 and 1.6 times, respectively). 
Strain AC-1257 demonstrated stable growth, 1.4 times 
the value for Control 1. The growth of Strain B-6080 
remained at the initial level and was comparable with 
Control 2. Strain AC-1779 showed a 1.3-fold increase 
in optical density over the initial level, but remained  
1.5 times lower than Control 2. Strain B-6083 had a 2.2-
fold decrease in growth, its optical density being 2.0 
and 2.8 times lower than Control 1 and 2, respectively. 
The most pronounced growth inhibition was observed 
in Strain B-1689, with a 2.3-fold decrease and optical 
density being 4.2 times and almost 6.0 times lower than 
the values for Control 1 and 2, respectively.

At 6.5% NaCl, some of the strains showed a more 
pronounced decrease in growth, while others retained 
a relatively high resistance. Strain AC-1257 maintained 
high growth, its optical density remaining virtually 
unchanged at 1.3 times over Control 2. Strain B-7509 
showed a 1.4-fold decrease, but its optical density was 
1.2 and 1.6 times as high as the values for Control and 
2, respectively. Strain B-7533 had a more pronounced 
decrease (2.7 times), but its optical density was 1.2 

and 1.5 times lower than Control 2 and 1, respectively. 
Strain B-6080 showed a 1.8-fold decrease in growth and 
its optical density was 2.2 and 1.7 times lower than that 
of Control 1 and 2, respectively. Strain AC-1779 showed 
virtually no decrease in growth, but its optical densi-
ty was 2.0 and 1.5 times lower than that of Control 1 
and 2, respectively. Strain B-6083 demonstrated a 3.1-
fold decrease in growth, with its optical density being 
4.1 and 3.1 times lower than that of Control 1 and 2, re-
spectively. Strain B-1689 was the most sensitive, with 
its optical density decreasing 4.6-fold, which was 11.9 
and 9.0 times lower than the values for Control 1 and 2, 
respectively.

Thus, according to the results, Strains AC-1257, 
B-7509, and B-7533 demonstrated the greatest resis-
tance to elevated salt levels and maintained high growth 
at 6.5% NaCl. Meanwhile, Strain B-1689 was the most 
sensitive to salt stress. Overall, the growth rates of sev-
eral cultures under study were comparable to those for 
the control probiotic preparations.

Our results are consistent with the studies reporting 
that lactic acid bacteria can tolerate elevated concentra-
tions of NaCl and maintain growth at 6.5% NaCl. Ma-
dushanka et al. [76] found that most isolates of lactic 
acid bacteria retained growth at NaCl concentrations of 
up to 6.5% due to their physiological and biochemical 
mechanisms of adaptation to osmotic stress. Nidamar- 
thi et al. [77] demonstrated that probiotic strains were 
able to maintain growth at up to 6.0% NaCl, but then 
moderately decreased growth at higher concentrations.

Probiotic strains must maintain their viability under 
stressful pH conditions as they pass through the gastro-
intestinal tract. Therefore, we assessed their biomass 
growth in nutrient media with pH values of 2.0, 3.0, 5.0, 
and 9.2 (Table 4).

The acidic and alkaline environments had a pro-
nounced effect on the growth of the strains under stress-
ful pH conditions, with varying degrees of resistance. 

Table 4 Effect of stressful рН conditions on strain growth 

Sample Optical density at 600 nm
Control (–) рН 2.0 рН 3.0 рН 5.0 рН 9.2

B-6083 1.065 ± 0.004 0.180 ± 0.001 0.202 ± 0.008 0.173 ± 0.001 1.761 ± 0.041
B-6080 1.143 ± 0.278 0.155 ± 0.001 0.169 ± 0.007 0.154 ± 0.002 1.269 ± 0.156
В-10412 1.271 ± 0.140 0.157 ± 0.001 0.285 ± 0.135 0.113 ± 0.001 1.373 ± 0.157
AC-1779 0.700 ± 0.008 0.079 ± 0.002 0.067 ± 0.001 0.250 ± 0.005 0.328 ± 0.090
AC-1257 1.357 ± 0.027 0.077 ± 0.001 0.074 ± 0.001 0.336 ± 0.010 1.050 ± 0.034
AC-1742 – – – – –
B-1689 0.538 ± 0.002 0.075 ± 0.001 0.067 ± 0.001 0.137 ± 0.003 0.187 ± 0.009
B-1688 0.491 ± 0.025 0.072 ± 0.001 0.068 ± 0.001 0.219 ± 0.016 0.587 ± 0.046
B-7509 2.402 ± 0.007 0.178 ± 0.008 0.167 ± 0.005 2.364 ± 0.003 0.426 ± 0.021
B-7533 2.433 ± 0.001 0.187 ± 0.002 0.187 ± 0.002 2.387 ± 0.006 0.432 ± 0.021
B-5000 – – – – –
B-4054 1.560 ± 0.003 0.187 ± 0.002 0.160 ± 0.002 0.877 ± 0.067 1.959 ± 0.037
Control 1 (Hemopropiovit) 1.491 ± 0.015 0.112 ± 0.001 0.112 ± 0.003 0.987 ± 0.008 1.774 ± 0.114
Control 2 (Bifiform) 1.549 ± 0.006 0.110 ± 0.002 0.106 ± 0.006 0.692 ± 0.033 1.845 ± 0.006

“–” – indicates no growth during the test
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At pH 2.0, no growth was observed of any of the strains 
under study compared to the control. The optical densi-
ty of Strains B-6083 and B-6080 decreased 5.9 and 7.4 
times, respectively. For Strain B-10412, this indicator 
decreased 8.1-fold. Bifidobacteria strains (AC-1779 and 
AC-1257) were more sensitive, with their optical den-
sity decreasing 8.9 and 17.6 times, respectively. Strains 
B-1689 and B-1688 showed a 7.2–7.5-fold decrease in 
optical density. Strains B-7509 and B-7533 also showed 
a significant growth decrease of 13.2 times compared to 
the control. For Strain B-4054, this indicator decreased 
8.3 times. Commercial probiotics (Controls 1 and 2) 
also exhibited pronounced growth inhibition, with a 
13.3–14.1 decrease in optical density.

At pH 3.0, most of the strains showed lower growth, 
but it was slightly higher in some cultures compared 
to their growth at pH 2.0. Strains B-6083 and B-6080 
had 5.3 and 6.8 times lower optical density, respec-
tively, relative to the control. For strain B-10412, this 
indicator was higher than at pH 2.0, but it was still 4.5 
times lower than the control value. Strains AC-1779 and  
AC-1257 had a 10.4–18.3-fold decrease in optical den-
sity compared to the control. Strains B-1689 and 
B-1688 demonstrated a decrease of 7.0–7.2 times, while 
Strains B-7509 and B-7533 showed a decrease of 13.0– 
14.4 times. Strain B-4054 also had a significant de-
crease of 9.7 times. The commercial probiotics (Con-
trols 1 and 2) demonstrated comparable sensitivity, with 
their optical density decreasing 13.3–14.6 times.

At pH 5.0, the strains demonstrated higher growth 
compared to their rates at pH 2.0 and 3.0. Strains 
B-7509 and B-7533 were very close to the control val-
ues, which indicated their high tolerance to these pH 
conditions. Strain B-4054 showed a moderate decrease 
in growth (1.8 times lower than the control). The growth 
of AC-1779 and AC-1257 remained 2.8–4.0 times low-
er than that of the control. Strains B-1689 and B-1688 
showed a 2.2–3.9-fold decrease. For B-6083, B-6080, 
and B-10412, the growth rates remained significantly 
(6.2–11.2 times) lower than the control. The commer-
cial probiotics demonstrated a 1.5–2.2-fold decrease in 
growth.

At an alkaline pH (9.2), a number of the strains 
showed increased growth compared to the control. 
Strains B-6083, B-10412, and B-4054 had a 1.7, 1.1, and 
1.3 times increase in optical density, respectively. The 
growth of Strain B-6080 was close to the control. Strains 
AC-1779 and AC-1257 demonstrated a 2.1 and 1.3 times 
decrease in growth, respectively. Strains B-1689 and 
B-1688 also showed lower values (2.9 and 1.2 times, 
respectively) compared to the control. Strains B-7509 
and B-7533 showed a marked decrease (5.6 times)  
in growth relative to the control. The commercial probi-
otics, on the contrary, demonstrated a 1.2-fold increase 
in optical density.

Thus, we found that most of the strains were sen-
sitive to highly acidic pH values (2.0–3.0), while some 
cultures maintained high growth in moderately acidic 
(pH 5.0) and alkaline (pH 9.2) environments. Strains 

B-7509 and B-7533 were the most resistant at pH 5.0, 
while Strains B-4054 and B-6083 were the most resis-
tant at pH 9.2. In some cases, the growth rates of the 
cultures were comparable to those for the commercial 
probiotics.

According to literature, probiotic microorganisms 
should remain viable after passing through the gastro-
intestinal tract at low pH values of 2.0–6.5 [78, 79]. Our 
results demonstrate that some of the cultures can main-
tain their viability under stressful pH conditions. This 
is an important indicator of their potential adaptation to 
the conditions in the upper gastrointestinal tract.

Our results are consistent with the studies on lactic 
acid bacteria exposed to neutral and alkaline pH val-
ues. Several studies have shown that lactic acid bacteria 
isolates can grow at pH 7.0–9.0, although their growth 
intensity may vary between the strains [80]. Certain 
cultures maintained or even increased growth at pH 9.2, 
indicating the presence of mechanisms for adapting to 
alkaline stress.

Antimicrobial activity. We assessed the antag-
onistic activity of the probiotic strains against the test 
strains of pathogenic and opportunistic microorganisms 
(Table 5).

Control 1 exhibited weak antagonistic activity 
against Pseudomonas aeruginosa, Enterococcus faeca-
lis, and Klebsiella pneumoniae and no activity against 
Escherichia coli and Bacillus cereus. Control 2 demon-
strated moderate activity against K. pneumoniae, weak 
activity against E. coli, B. cereus, and E. faecalis, and 
no activity against P. aeruginosa.

The resistance of Strains B-10412 and B-4054 to 
E. coli is described in our previous work [68]. Strain 
B-6083 exhibited the most pronounced antagonistic ac-
tivity against E. coli. It was 2.4 times higher than the 
activity of Control 2 and over 2.4 times higher than that 
of HLS. Strains AC-1779 and AC-1257 also demonstrat-
ed high activity, 1.9 and 2.0 times higher than the values 
for Control 2 and HLS. Strains B-10412 [69] and B-7533 
demonstrated weak activity, at the level of Control 2 
and HLS. The remaining strains showed no antagonistic 
activity against E. coli.

Antagonistic activity against P. aeruginosa was 
moderate in Strain AC-1779: it was 1.4 times higher 
than in Control 1 but 1.2 times lower than in gentami-
cin. Strains AC-1257, B-7509, B-7533, and B-10412 ex-
hibited weak activity: it was comparable to Control 1, 
but significantly (1.5 times or more) lower than in genta-
micin. The remaining strains showed no activity against 
P. aeruginosa.

Antagonistic activity against B. cereus was the 
most pronounced in Strain B-7533, 1.5 times the value 
for Control 2 but almost the same (1.1-fold difference 
or less) as CXN. Strain B-7509 demonstrated moderate 
activity, 1.3 times higher than Control 2 but 1.1 lower 
than CXN. Strains AC-1779, AC-1257, B-10412, B-1689, 
B-1688, and B-4054 showed weak activity. Strains 
B-6083 and B-6080 were completely inactive.
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Antagonistic activity against E. faecalis was the 
most pronounced in Strains B-7509 and B-7533, 1.7 
times higher than in Control 1 and 1.3–1.4 times high-
er than in Control 2, but 1.6 times lower than in TET. 
Strains B-1688, B-1689, AC-1257, AC-1779, and 
B-10412 also showed weak activity, 1.1–1.6 times higher 
than Control 1 and about the same level as Control 2, 
but significantly lower (1.6–2.4 times) than TET. Strain 
B-6083 showed the weakest activity, while B-6080 did 
not exhibit any inhibitory effect at all.

Antagonistic activity against K. pneumoniae was the 
most pronounced in Strain B-7533. This strain showed 
moderate values, which were 1.1 times higher than those 
for Control 2 and 1.6 times higher than those for Con-
trol 1, yet 1.4 times lower than those for CXN. Strains 
B-10412 and B-4054 demonstrated weak activity, 1.3–
1.4 times higher than Control 1 and at the same level 
as Control 2, but 1.7–1.8 times lower than the antibiot-
ic. Strains B-7509, AC-1779, B-1689, and AC-1257 also 
showed weak activity, 1.1–1.3 times higher than Control 1,  
but 1.3 times lower than Control 2 and significantly (1.8–
2.0 times) lower than CXN. Strains B-6083 and B-6080 
showed no activity against K. pneumoniae.

Thus, the most pronounced antagonistic activity was 
observed in B-6083 against E. coli, as well as in B-7533 
and B-7509 against B. cereus, E. faecalis, and K. pneu-
moniae. Strains AC-1779 and AC-1257 exhibited high 
or moderate activity against E. coli and P. aeruginosa, 
whereas Strains B-1689, B-1688, and B-4054 demon-
strated mostly weak antagonistic activity. In some cas-
es, the strains’ activity was comparable to, or higher 
than, the activity of commercial probiotics.

Our results are consistent with other studies that 
report pronounced antimicrobial properties of probi-
otic microorganisms. Fijan et al. [81] studied the an-
tagonistic activity of representatives of the genera 
Propionibacterium, Bifidobacterium, Lactococcus, and 
Enterococcus against a wide range of opportunistic 
bacteria, including E. coli, P. aeruginosa, E. faecalis, 
and K. pneumoniae. Their inhibition efficiency varied 
between the strains and was determined by the produc-
tion of organic acids, bacteriocins, and other antimicro-
bial metabolites. Probiotic compositions demonstrated 
a more pronounced antagonistic effect compared to in-
dividual strains, with zones of inhibition of pathogen 
growth averaging 10.0–20.0 mm. This indicated pos- 
sible synergism between different probiotic microorga- 
nisms. Individual representatives, including propionic 
acid bacteria, usually exhibited a more moderate inhib-
itory effect. Sanam et al. [82] studied the antagonistic 
activity of probiotic microorganisms against E. coli 
and B. cereus. They found that lactic acid bacteria iso-
lated from mare’s milk can form inhibition zones with 
a diameter of 29.6 mm for B. cereus and 31.2 mm for  
E. coli. The authors assumed that this inhibitory effect 
was due to the synthesis of various antimicrobial meta- 
bolites, including organic acids, diacetyl, hydrogen per-
oxide, and bacteriocins.

Srinu et al. [83] showed that the strains Bifidobac-
terium bifidum and Bifidobacterium adolescentis can 
inhibit the growth of various pathogenic bacteria, with 
zones of growth inhibition reaching 14.0–18.0 mm in 
diameter (15.0–18.0 mm for E. coli and 14.0–16.0 mm 
for K. pneumoniae. Probiotics of the genus Pediococ-

Table 5 Antagonistic activity of the probiotic strains

Sample Diameter of growth inhibition zone, mm
Escherichia coli Pseudomonas 

aeruginosa
Bacillus cereus Enterococcus 

faecalis
Klebsiella 
pneumoniae

B-6083 29.47 ± 0.50 0.00 ± 0.00 10.05 ± 0.20 11.16 ± 0.22 0.00 ± 0.00
B-6080 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
В-10412 * 13.26 ± 0.27 14.55 ± 0.30 10.43 ± 0.21 15.67 ± 0.32
AC-1779 23.53 ± 0.50 17.64 ± 0.36 16.94 ± 0.33 10.82 ± 0.22 14.28 ± 0.29
AC-1257 23.60 ± 0.36 17.18 ± 0.35 13.84 ± 0.26 11.91 ± 0.24 12.09 ± 0.24
AC-1742 – – – – –
B-1689 0.00 ± 0.00 0.00 ± 0.00 12.40 ± 0.25 13.48 ± 0.27 14.04 ± 0.29
B-1688 0.00 ± 0.00 0.00 ± 0.00 12.72 ± 0.26 15.40 ± 0.31 10.58 ± 0.22
B-7509 0.00 ± 0.00 13.98 ± 0.29 20.48 ± 0.42 16.38 ± 0.33 14.94 ± 0.30
B-7533 13.23 ± 0.75 13.07 ± 0.27 23.07 ± 0.47 15.81 ± 0.32 19.16 ± 0.39
B-5000 – – – – –
B-4054 * 0.00 ± 0.00 14.05 ± 0.29 12.71 ± 0.26 15.70 ± 0.32
Control 1 
(Hemopropiovit)

0.00 ± 0.00 12.65 ± 0.26 0.00 ± 0.00 9.38 ± 0.19 11.71 ± 0.24

Control 2 (Bifiform) 12.23 ± 0.34 0.00 ± 0.00 15.48 ± 0.32 11.79 ± 0.24 17.90 ± 0.36
Streptomycin, 300 mg 12.00 ± 0.32
Gentamicin, 120 mcg 20.53 ± 0.33
Cephalexin, 30 mcg 23.5 ± 0.38 27.6 ± 0.45
Tetracycline, 30 mg 25.5 ± 0.42
Water 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

“–” indicates no growth during the test; * – refers to the authors’ previous publication [68]
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cus also exhibit antagonistic activity. Ouili et al. [84] 
found that the strains of Pediococcus pentosaceus iso-
lated from fermented plant products can effectively in-
hibit the growth of pathogenic microorganisms (E. coli 
and P. aeruginosa), with zones of growth inhibition 
greater than 18.0 mm in diameter. Representatives of 
the genus Weissella can also produce an inhibitory ef-
fect on the growth of pathogens, both gram-positive and 
gram-negative, as reported by Fhoula et al. [85]. In par-
ticular, they exhibited pronounced antimicrobial activ-
ity against P. aeruginosa, E. coli, and E. faecalis, with 
growth inhibition zones reaching 36.0 ± 1.8, 26.0 ± 0.9, 
and 26.0 ± 1.0 mm in diameter, respectively.

In our study, not all of the cultures exhibited suf-
ficient viability and probiotic potential. Particularly, 
Strains AC-1742 and B-5000 failed to grow on the nu-
trient media, possibly due to their specific physiologi-
cal requirements for cultivation conditions. As a result, 
we were unable to assess their antagonistic activity and 
resistance to gastrointestinal stress and excluded them 
from further analysis.

Strains B-1689 and B-1688 were also excluded from 
further analysis because of their relatively low resistance 
to gastrointestinal stress factors. In particular, exposure 
to bile (0.5%) resulted in significant growth inhibition, 
with optical density decreasing fivefold compared to the 
control. At 6.5% NaCl, Strain B-1689 demonstrated the 
most pronounced decrease in growth among the cultures 
under study (4.6 times lower than the control). When 
tested for antagonistic activity, these strains showed no 
inhibitory effect against E. coli and P. aeruginosa and 
demonstrated weak activity against the other pathogen 
cultures. Taken together, these results indicate a relative-
ly low probiotic potential for these strains.

Microbial growth curves. The microbial growth 
curves showed changes in the optical density of the 
strains relative to their cultivation time (Fig. 1).

The data revealed the following growth phases: a lag 
phase, an exponential phase, a stationary phase, and a 
death phase. Strains B-7509 and B-7533 began to grow 
after 4–6 h, indicating a short adaptation period. Strain 
B-10412 took longer to adapt, its active growth starting 
after 9 h. Strains AC-1779 and AC-1257 also had quite 
a long lag phase, with the first noticeable changes re-
corded between 4 and 6 h. Strains B-6083 and B-6080 
had the longest adaptation period, staring to grow after  
13 h. In contrast, Strain B-4054 and the control cultures 
showed growth after 3 h.

The most intense increase in cell numbers was 
observed between 8 and 22 h of cultivation. Strains 
B-7509 and B-7533 grew most rapidly, their optical 
density increasing 4.1-fold between 9 and 23 h. Strain 
B-10412 showed a slower initial increase, but its optical 
density increased 8.6-fold between 16 and 24 h. The Bi-
fidobacterium strains showed more moderate growth. 
The optical density of Strains AC-1779 and AC-1257 
increased 2.2 and 1.4-fold, respectively, between 15 and 
23 h. The Propionibacterium strains took longer to start 
the exponential phase. Strain B-6083 showed a 2.7-fold 

Figure 1 Growth curves for: a – Strains B-10412, B-7509, and 
B-7533; b – Strains B-6083, B-6080, AC-1779, and AC-1257; 
and c – B-4054, Controls 1 and 2 
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growth between 16 and 30 h, while B-6080 showed an 
8.5-fold growth between 15 and 30 h. In contrast, Strain 
B-4054 reached its maximum growth by the 7th h of 
cultivation and then stopped growing. Controls 1 and 2 
also reached the stationary phase quite quickly, within 
10 h of cultivation.

The stationary growth phase started after 22–24 h of 
cultivation for most of the cultures. The highest values 
were observed in Strains B-7509 and B-7533, with their 
optical density reaching 7.01 ± 0.15 and 6.61 ± 0.14, re-
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spectively, after 27 h of cultivation. Strain B-10412 reached 
a maximum of 7.03 ± 0.15 after 50 h. The Bifidobacteri-
um strains showed significantly low values, reaching their 
maximum after 28 h (0.81 ± 0.02 for AC-1779) and 19 h  
(0.46 ± 0.01 for AC-1257), and then stabilizing or gradu-
ally decreasing. The Propionibacterium strains had even 
lower maximum values, 0.70 ± 0.01 for B-6083 (47 h) and  
0.45 ± 0.01 for B-6080 (41 h). After rapid initial growth, 
Strain B-4054 entered the stationary phase after 15–16 h, 
with its values gradually decreasing 3.3-fold by the 45th h of 
cultivation. The control cultures entered the stationary phase 
earlier, with Control 1 reaching its maximum after 10 h  
(1.34 ± 0.03) and Control 2, after 7 h (2.06 ± 0.04).

After reaching their maximum, most cultures 
showed a gradual decrease in their optical density due 
to the depletion of nutrients and the accumulation of 
metabolites. The most pronounced decrease was ob-
served in Strain B-10412 (down to 6.54 ± 0.14 by the 
80th h). In contrast, Strains B-7509 and B-7533 hardly 
decreased at all, their optical density remaining stable 
throughout the entire observation period. The Propion-
ibacterium and Bifidobacterium strains showed a more 
gradual decrease – 2.3-fold for B-6083 between 48 and 
80 h, 2.4-fold for AC-1779 between 29 and 80 h, and 
1.6-fold for AC-1257 between 22 and 80 h. The optical 
density of B-4054 and the control cultures decreased 
much earlier, after 10–15 h of cultivation.

Thus, the growth curves demonstrated that Strains 
B-7509, B-7533, and B-10412 exhibited the most vigor-
ous growth and a prolonged stationary phase. Strains 
AC-1779, AC-1257, B-6083, and B-6080 had a longer lag 
phase and a moderate growth rate. Strain B-4054 and 
the control cultures showed intermediate growth rates.

Based on the S-shaped growth curves, we identified 
three time points (1 – exponential phase, 2 – maximum 
biomass accumulation, and 3 – death phase) at which 
samples were collected for metabolite analysis (Table 6).

Quantification of microbial metabolites. Table 7 
shows the contents of B vitamins in the strains sampled 
at three time points. 

The quantitative analysis of B vitamins revealed that 
the strains differed significantly in their ability to syn-
thesize vitamins at different stages of growth. Ribofla-
vin (vitamin B2) was not detected in any of the samples.

Vitamin B1 had the highest content in Strain B-10412, 
remaining high throughout the entire cultivation period. 
In B-6080, its accumulation showed a 6.7-fold increase 
compared to time point 1. Strains B-7509 and B-7533 in-
creased their thiamine concentrations 1.2 and 3.0-fold, 
respectively, towards the end of cultivation (time point 3). 
Strain B-6083 showed a moderate increase at time point 2,  
followed by a decrease at time point 3. In Strains AC-1779 
and AC-1257, thiamine concentrations remained relatively 
stable between the time points.

Vitamin B3 had its highest concentrations in the Bi-
fidobacterium strains. In AC-1779, the niacin content 
increased gradually throughout cultivation, while in  
AC-1257, it increased at time point 2 after a slight de-
crease. Strain B-10412 showed a noticeable (3.2-fold) de-
crease in niacin between time points 1 and 2, followed 
by a partial increase. B-6083 reached a pronounced peak 
in vitamin B3 at time point 2, followed by a 2.5 decrease. 
Strains B-7509 and B-7533 accumulated maximum nia-
cin contents towards the end of cultivation. Particularly, 
Strain B-7509 had a 2.7-fold increase compared to time 
point 1. Strain B-4054 showed a sharp decrease in niacin 
at time point 2, followed by a partial recovery by time 
point 3.

We found significant fluctuations in vitamin con-
centrations at individual time points during cultivation. 
Some strains showed abrupt changes in compounds be-
tween the growth phases. For example, B-6080 had a 
sharp increase in thiamine at time point 2, while B-7533 
accumulated the vitamins between time points 1 and 3.  
Strains AC-1779 and AC-1257 showed more gradual 
changes (e.g., a gradual increase in niacin).

The contents of vitamins В5, В6, and В12 were low in 
all the strains, less than 0.1 mg/g. However, some cul-
tures consistently produced trace amounts of these com-
pounds. B-10412 showed a gradual increase in vitamin B6,  
while B-6080 showed a consistent increase in vitamin 
B5 throughout cultivation. Strain B-4054 had 4.5-fold 
increase in vitamin B12 between time points 1 and 3.  
In the Bifidobacterium strains, pantothenic acid (B5)  
and pyridoxine (B6) were detected at virtually all growth 
points, indicating high activity of the metabolic path-
ways.

Table 6 Time points at which samples were collected for metabolite analysis

Strain Exponential phase, h Maximum biomass 
accumulation, h

Death phase, h

B-6083 10.0 ± 1.0 24.0 ± 2.0 40.0 ± 2.0
B-6080 35.0 ± 2.0 41.0 ± 2.0 70.0 ± 2.0
В-10412 16.0 ± 1.0 48.0 ± 2.0 72.0 ± 2.0
AC-1779 16.0 ± 1.0 28.0 ± 2.0 32.0 ± 2.0
AC-1257 12.0 ± 1.0 16.0 ± 1.0 21.0 ± 2.0
B-7509 10.0 ± 1.0 26.0 ± 2.0 35.0 ± 2.0
B-7533 10.0 ± 1.0 26.0 ± 2.0 35.0 ± 2.0
B-4054 4.0 ± 0.5 8.0 ± 1.0 10.0 ± 1.0
Control 1 (Hemopropiovit) 7.0 ± 1.0 10.0 ± 1.0 20.0 ± 1.0
Control 2 (Bifiform) 3.0 ± 0.5 9.0 ± 1.0 14.0 ± 1.0
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A number of studies have confirmed the abili-
ty of probiotic microorganisms to synthesize B vi-
tamins. These compounds play an important role in 
energy metabolism by acting as cofactors in enzymatic 
reactions associated with the formation of ATP [40, 86]. Le- 
Blanc et al. [87] reported that lactic acid bacteria, as 
well as normal human gut microbiota, are capable of 
synthesizing thiamine (B1), riboflavin (B2), pyrido- 
xine (B6), folates (B9), and cobalamin (B12). Probiotic 
strains Bifidobacterium longum and B. bifidum secreted 
thiamine in vitro, but failed to produce folates and ribo-
flavin, which indicates their pronounced strain specificity.

Studies also report a possible synergistic interac-
tion between probiotics and B vitamins. For example,  
Sang et al. [88] showed that the combined administra-
tion of probiotic strains of the genus Lactobacillus and 
B vitamins in animals improved the absorption of vi-
tamins В1, В3, В5, and B12 by 14.5–71.2% compared to 
their separate use. The authors assumed that this effect 
was due to the positive influence of the probiotics on the 
gut microbiota and vitamin absorption processes, im-
proving their bioavailability.

Our analysis revealed that different strains showed 
maximum vitamin accumulation at different time points. 
Furthermore, most of the samples did not demon-
strate consistent maximum values at time point 2.  
This was rather a transitional phase between active 
growth and a subsequent decline in metabolic activity. 
Therefore, further research was limited to the compar-
ison between time points 1 (exponential growth phase) 
and 3 (death phase).

Table 8 presents the contents of organic acids in the 
strain samples.

Our analysis revealed that the probiotic strains dif-
fered significantly in the spectrum and intensity of me-
tabolite synthesis. The most pronounced differences 
were observed for citric and succinic acids.

The Propionibacterium strains showed different 
metabolic profiles. B-6083 synthesized tartaric, ma-
leic, and citric acids at time point 1, with only a small 
amount of maleic acid remaining at point 3. B-6080 ex-
hibited a different pattern of metabolic activity. It syn-
thesized significant amounts of succinic and citric acids 
at time point 1. By time point 3, however, citric acid was 

Table 7 B vitamin contents at all time points

Sample Time 
point 

Vitamin content, mg/g
В1 В2 В3 В5 В6 В12

B-6083 1 2.22 ± 0.04 n.d. 1.79 ± 0.03 0 n.d. 0.06 ± 0.01
2 2.51 ± 0.05 n.d. 5.05 ± 0.10 0 n.d. 0.02 ± 0.01
3 1.95 ± 0.04 n.d. 2.06 ± 0.04 0 0.02 ± 0.01 0.04 ± 0.01

B-6080 1 2.69 ± 0.05 n.d. 1.71 ± 0.03 0.07 ± 0.01 0.02 ± 0.01 0.01 ± 0.01
2 17.97 ± 0.34 n.d. 1.39 ± 0.03 0.10 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
3 2.84 ± 0.05 n.d. 1.43 ± 0.03 0.11 ± 0.01 0.03 ± 0.01 0.03 ± 0.01

В-10412 1 23.10 ± 0.44 n.d. 12.16 ± 0.23 0.12 ± 0.01 0.02 ± 0.01 0.09 ± 0.01
2 15.88 ± 0.30 n.d. 3.79 ± 0.07 0.10 ± 0.01 0.04 ± 0.01 0.02 ± 0.01
3 12.32 ± 0.23 n.d. 4.31 ± 0.08 0.10 ± 0.01 0.06 ± 0.01 0.04 ± 0.01

AC-1779 1 1.63 ± 0.03 n.d. 13.54 ± 0.26 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01
2 1.34 ± 0.03 n.d. 13.90 ± 0.26 0.04 ± 0.01 0.01 ± 0.01 0.02 ± 0.01
3 2.80 ± 0.05 n.d. 14.32 ± 0.27 0.04 ± 0.01 0.02 ± 0.01 0.03 ± 0.01

AC-1257 1 1.26 ± 0.02 n.d. 14.48 ± 0.28 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
2 1.44 ± 0.03 n.d. 13.56 ± 0.26 0.03 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
3 1.25 ± 0.02 n.d. 15.82 ± 0.30 0.03 ± 0.01 0.01 ± 0.01 0.02 ± 0.01

B-7509 1 12.80 ± 0.24 n.d. 1.29 ± 0.02 0.06 ± 0.01 0.03 ± 0.01 0.05 ± 0.01
2 – – – – – –
3 15.84 ± 0.30 n.d. 3.53 ± 0.07 0.06 ± 0.01 0.02 ± 0.01 n.d.

B-7533 1 4.82 ± 0.09 n.d. 2.06 ± 0.04 0.05 ± 0.01 0.01 ± 0.01 0.06 ± 0.01
2 – – – – – –
3 13.75 ± 0.26 n.d. 2.64 ± 0.05 0.05 ± 0.01 0.04 ± 0.01 0.02 ± 0.01

B-4054 1 1.67 ± 0.03 n.d. 5.81 ± 0.11 0 n.d. 0.02 ± 0.01
2 2.32 ± 0.04 n.d. n.d. 0.02 ± 0.01 0.02 ± 0.01 0.05 ± 0.01
3 2.29 ± 0.04 n.d. 1.51 ± 0.03 0.02 ± 0.01 0.02 ± 0.01 0.09 ± 0.01

Control 1 
(Hemopropiovit)

1 3.29 ± 0.06 n.d. 1.03 ± 0.02 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
2 3.55 ± 0.07 n.d. 1.29 ± 0.02 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01
3 2.92 ± 0.06 n.d. 9.70 ± 0.18 0.02 ± 0.01 0.03 ± 0.01 0.02 ± 0.01

Control 2 
(Bifiform)

1 2.97 ± 0.06 n.d. 1.62 ± 0.03 0 0.02 ± 0.01 0.02 ± 0.01
2 2.51 ± 0.05 n.d. 1.83 ± 0.03 0.02 ± 0.01 0.02 ± 0.01 0.06 ± 0.01
3 1.46 ± 0.03 n.d. 1.23 ± 0.02 0.02 ± 0.01 0.01 ± 0.01 0.03 ± 0.01

n.d. – not detected; 0 – detected in a minimum threshold amount; “–” failed analysis; time points: 1 – exponential phase, 2 – maximum biomass 
accumulation, and 3 – death phase
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absent, while succinic acid increased 1.2-fold, reaching 
its maximum accumulation at the death phase.

B-10412 synthesized a wide range of organic acids. 
At time point 1, this strain contained significant concen-
trations of citric and succinic acids, along with maleic 
and tartaric acids. At time point 3, succinic and citric 
acids decreased 5.5 and 1.5 times, respectively, while 
tartaric acid increased 3.6 times.

The Bifidobacterium strains exhibited significant 
changes in their metabolic profiles between the time 
points. Strain AC-1779 showed oxalic, citric, and suc-
cinic acids at time point 1, with none of them detected 
at time point 3. In contrast, AC-1257 synthesized tartar-
ic and succinic acids at time point 1, while oxalic and 
citric acids were detected at time point 3, with citric 
acid increasing 13.3-fold.

Strain B-7509 exhibited high concentrations of 
succinic and citric acids at time point 1, while tartaric 
and maleic acids were detected at time point 3. Strain 
B-7533 demonstrated a general increase in most organic 
acids by time point 3, indicating high metabolic activity 
during the death phase. In particular, citric acid, succin-
ic acid, and maleic acid increased 2.1, 7.7, and 3.4 times, 
respectively.

Strain B-4054 had a high concentration of maleic 
acid at time point 1. At time point 3, maleic acid disap-
peared, while concentrations of citric, succinic, and tar-
taric acids increased 3.8, 4.8, and 9.3 times.

The control samples had high concentrations of in-
dividual organic acids. Control 1 showed significant 
amounts of citric, tartaric, and succinic acids at time 
point 1, which significantly decreased by point 3. Con-

trol 2 exhibited less diversity in its metabolic profile, 
with citric and succinic acids detected at point 1. At 
time point 3, tartaric acid remained high, while citric 
acid decreased.

The synthesis of organic acids is one of the key me- 
tabolic functions of probiotic microorganisms. These 
compounds result from the fermentation of carbohydrates 
and contribute to the antimicrobial properties of bacte-
ria. The contents of organic acids depend on the strain 
and its cultivation conditions. Scauro et al. [89] report-
ed that the probiotic strains of Lactiplantibacillus plan-
tarum synthesized lactic, citric, acetic, ascorbic, malic, 
tartaric, and other acids. Their accumulation varied sig-
nificantly between the cultures, indicating pronounced 
strain-specificity of their metabolism. Ye et al. [90]  
found that probiotic bacteria synthesized a number of 
organic acids (including succinic and tartaric) and their 
derivatives involved in the metabolism of the tricarbox-
ylic acid cycle. Increased succinic acid levels are often 
associated with the activation of metabolic pathways of 
the Krebs cycle and the conversion of other organic ac-
ids during microbial growth. Mohamad et al. [91] con-
sidered the synthesis of organic acids as one of the main 
antagonistic activities of probiotic bacteria. They noted 
that the accumulation of organic acids in the culture 
medium decreased its pH and created unfavorable con-
ditions for the growth of pathogenic and opportunistic 
microorganisms. Organic acids such as citric, tartaric, 
succinic, and others form an acidic environment and in-
hibit foreign microflora.

Thus, our results confirmed the pronounced 
strain-specific nature of organic acid synthesis. The 

Table 8 Contents of organic acids in the probiotic strains

Strain Time point Organic acid content, mg/L
Oxalic Tartaric Maleic Citric Succinic

B-6083 1 n.d. 3.7 ± 0.1 0.6 ± 0.1 15.1 ± 0.3 0
3 0 0 0.1 ± 0.1 0 0

B-6080 1 0 1.2 ± 0.1 0 25.1 ± 0.5 358.8 ± 6.8
3 0 3.5 ± 0.1 0 0 432.2 ± 8.2

В-10412 1 0 1.0 ± 0.1 2.2 ± 0.1 59.2 ± 1.1 47.0 ± 0.9
3 n.d. 3.6 ± 0.1 0.2 ± 0.1 39.6 ± 0.8 8.6 ± 0.2

AC-1779 1 17.7 ± 0.3 0 0 26.3 ± 0.5 8.8 ± 0.2
3 0 0 0 0 0

AC-1257 1 0 5.8 ± 0.1 0.8 ± 0.1 2.1 ± 0.1 48.2 ± 0.9
3 16.9 ± 0.3 0 0 27.9 ± 0.5 0

B-7509 1 4.1 ± 0.1 0.9 ± 0.1 0 42.6 ± 0.8 344.3 ± 6.6
3 0 2.8 ± 0.1 0.9 ± 0.1 0 0

B-7533 1 2.6 ± 0.1 15.9 ± 0.3 0.5 ± 0.1 21.6 ± 0.4 5.3 ± 0.1
3 4.3 ± 0.1 19.1 ± 0.4 1.7 ± 0.1 45.8 ± 0.9 40.9 ± 0.8

B-4054 1 n.d. 0.6 ± 0.1 52.3 ± 1.0 8.7 ± 0.2 7.0 ± 0.1
3 11.3 ± 0.2 5.6 ± 0.1 0 32.8 ± 0.6 33.6 ± 0.6

Control 1 
(Hemopropiovit)

1 5.7 ± 0.1 45.3 ± 0.9 1.5 ± 0.1 95.5 ± 1.8 278.3 ± 5.3
3 13.7 ± 0.3 26.1 ± 0.5 0 25.0 ± 0.5 0.6 ± 0.1

Control 2 
(Bifiform)

1 0 0 1.1 ± 0.1 15.3 ± 0.3 28.1 ± 0.5
3 0.5 ± 0.1 4.4 ± 0.1 0 10.3 ± 0.2 0

n.d. – not detected; 0 – detected but in a minimum threshold amount; time points: 1 – exponential phase; 3 – death phase
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strains differed not only in the range of metabolites but 
also in the levels of their accumulation between the time 
points. For some strains, maximum acid concentrations 
were recorded during the exponential phase, while oth-
ers showed maximum values during the death phase.

In comparison with the exponential phase, the death 
phase (time point 3) showed the most complete and sta-
ble metabolic profile, reflecting the strain’s total met-
abolic activity throughout the entire growth cycle. By 
this point, the culture had undergone the main stages of 
adaptation to the environmental conditions accompanied 
by the accumulation or conversion of metabolites. For 
this reason, further metabolic profiling was conducted 
at time point 3, the phase at which the strains most fully 
manifest their metabolic characteristics.

Tables 9–10 present the contents of amino acids in 
the probiotic strains.

Our analysis revealed significant differences in the 
range and contents of amino acids synthesized by the 
strains. The highest total amino acid content was ob-
served in Strain B-7509, with similar values recorded 
in B-10412. A slightly lower content was registered in 
B-7533, while no amino acids were detected in B-6080 
and AC-1257. A similar situation was observed for the 
control samples.

Strain B-10412 synthesized a broad spectrum of 
amino acids, with high concentrations of individual 
compounds. The highest levels were recorded for tryp-
tophan, glutamic acid, glycine, and isoleucine. The 

strain’s diverse profile also included tyrosine, cystine, 
arginine, phenylalanine, leucine, and other amino acids.

Strain B-7509 had the highest concentration of pro-
line, as well as high levels of glycine, glutamic acid, 
isoleucine, serine, histidine, phenylalanine, alanine, 
and lysine. Strain B-7533 had a similar profile, with 
the highest contents of proline, glutamic acid, glycine, 
serine, histidine, isoleucine, phenylalanine, and methi-
onine.

AC-1779 showed a moderate level of amino acid ac-
cumulation, with proline, glutamic acid, and glycine as 
the most prevalent compounds. Lower concentrations 
were detected for alanine, phenylalanine, lysine, and 
isoleucine.

Strain B-6083 had a relatively balanced amino acid 
profile. The highest concentrations were observed for 
proline and glycine. Moderate values were recorded for 
glutamic acid, isoleucine, alanine, and serine. Other 
amino acids were present in low concentrations.

B-4054 exhibited a relatively moderate overall con-
tent of amino acids, with some compounds accumulated 
in higher concentrations than others. The highest values 
were observed for proline, glycine, and isoleucine. Also 
present were tryptophan, glutamic acid, valine, alanine, 
and phenylalanine.

The synthesis and accumulation of free amino ac-
ids is an important metabolic characteristic of probiotic 
microorganisms. These compounds result from the pro-
teolytic activity of bacteria and the hydrolysis of protein 
substrates during fermentation. Many lactic acid bacteria 

Table 9 Contents of amino acids in the strains B-6083, B-6080, В-10412, AC-1779, and AC-1257

Amino acid Amino acid content in samples, mg/g
B-6083 B-6080 В-10412 AC-1779 AC-1257

Tryptophan 1.7 ± 0.1 n.d. 32.9 ± 0.6 25.5 ± 0.5 n.d.
Glutamic 5.2 ± 0.1 n.d. 18.2 ± 0.3 11.1 ± 0.2 n.d.
Serine 3.0 ± 0.1 n.d. 1.5 ± 0.1 0.7 ± 0.1 n.d.
Glycine 12.1 ± 0.2 n.d. 13.2 ± 0.2 9.3 ± 0.2 n.d.
Histidine 1.6 ± 0.1 n.d. 4.4 ± 0.1 1.0 ± 0.1 n.d.
Glutamine 1.4 ± 0.1 n.d. 0.7 ± 0.1 1.7 ± 0.1 n.d.
Arginine 0.4 ± 0.1 n.d. 3.0 ± 0.1 0.8 ± 0.1 n.d.
Lysine 1.4 ± 0.1 n.d. 2.6 ± 0.1 3.1 ± 0.1 n.d.
Threonine 0.6 ± 0.1 n.d. 3.8 ± 0.1 0.9 ± 0.1 n.d.
Alanine 3.5 ± 0.1 n.d. 28.6 ± 0.5 1.8 ± 0.1 n.d.
Proline 13.2 ± 0.2 n.d. 5.0 ± 0.1 20.1 ± 0.4 n.d.
Asparagine 0.1 ± 0.1 n.d. 2.5 ± 0.1 0.5 ± 0.1 n.d.
Tyrosine 0.2 ± 0.1 n.d. 1.7 ± 0.1 0.8 ± 0.1 n.d.
Methionine 1.3 ± 0.1 n.d. 1.9 ± 0.1 1.6 ± 0.1 n.d.
Valine 3.1 ± 0.1 n.d. 0.9 ± 0.1 1.4 ± 0.1 n.d.
Cysteine 1.1 ± 0.1 n.d. 1.1 ± 0.1 0.7 ± 0.1 n.d.
Cystine 0.2 ± 0.1 n.d. 2.3 ± 0.1 0.4 ± 0.1 n.d.
Leucine 2.2 ± 0.1 n.d. 5.6 ± 0.1 0.5 ± 0.1 n.d.
Isoleucine 4.0 ± 0.1 n.d. 8.2 ± 0.2 1.8 ± 0.1 n.d.
Phenylalanine 2.3 ± 0.1 n.d. 3.9 ± 0.1 3.2 ± 0.1 n.d.
Total: 58.3 – 142.1 86.9 –

n.d. – not detected; “0” – detected but in a minimum threshold amount
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exhibit high proteolytic activity, which breaks down pro-
teins into peptides and free amino acids, which are in-
volved in subsequent microbial metabolism. Ter et al. [92]  
noted that lactic acid bacteria are capable of actively hy-
drolyzing dietary proteins and forming a wide range of 
free amino acids, including proline, glycine, glutamic 
acid, leucine, and isoleucine. This has a significant effect 
on the functional properties of fermented products.

In a study of amino acid metabolism in fermented milk, 
Terzioğlu et al. [93] demonstrated that the probiotic cultures 
of Lactobacillus and Bifidobacterium contribute to the ac-
cumulation of alanine, glycine, proline, and glutamic acid, 
with their contents dependent on the composition of the mi-
crobial culture and the fermentation substrate.

Overall, our results indicate pronounced strain-speci- 
ficity in the amino acid profiles of the cultures. The 
strains differed in the intensity of protein metabolism, 
which determined the formation of specific amino acid 
profiles. These metabolic characteristics can be used 
among the criteria for selecting promising cultures for 
further research and for developing functional products 
with increased amino acid contents.

Biocompatibility of the strains. Table 11 provides 
data on the biocompatibility of the probiotic strains with 
each other.

Biocompatibility analysis revealed that most inter-
actions between the strains were neutral or stimulatory, 
with some strains exhibiting sensitivity to the metabo-
lites of other microorganisms. For example, B-6083 bio-
mass growth was inhibited by all metabolites except for 
AC-1779. Strain B-10412 was inhibited by AC-1779 and 
AC-1257, with other interactions being neutral.

Strains AC-1257, B-7509, and B-7533 exhibited 
mostly stimulatory effects, reflecting their high poten-
tial for co-cultivation. Notably, B-4054 was stimulated 
by metabolites from several strains (B-6083, AC-1779, 
AC-1257, and B-7509), while the remaining metabolites 
were neutral. 

Thus, our results demonstrate that strain combina-
tions with mostly stimulatory or neutral interactions 
can be used to form consortia with minimal conflicts 
between microorganisms. The most promising com-
binations are between AC-1257, B-7509, B-10412, and 
B-4054. Their metabolites promote each other’s growth 
or have no negative impact on each other, ensuring the 
stability and efficiency of co-cultivation.

Table 10 Contents of amino acids in the strains B-7509, B-7533, and B-4054, as well as Controls 1 and 2

Amino acid Amino acid content in samples, mg/g
B-7509 B-7533 B-4054 Control 1 Control 2

Tryptophan 7.5 ± 0.1 0.9 ± 0.1 4.9 ± 0.1 n.d. n.d.
Glutamic 17.4 ± 0.3 20.3 ± 0.4 4.0 ± 0.1 n.d. n.d.
Serine 6.0 ± 0.1 6.2 ± 0.1 1.3 ± 0.1 n.d. n.d.
Glycine 20.3 ± 0.4 15.3 ± 0.3 10.8 ± 0.2 n.d. n.d.
Histidine 6.8 ± 0.1 6.8 ± 0.1 0.9 ± 0.1 n.d. n.d.
Glutamine 4.3 ± 0.1 4.1 ± 0.1 1.6 ± 0.1 n.d. n.d.
Arginine 2.7 ± 0.1 2.4 ± 0.1 0 n.d. n.d.
Lysine 5.4 ± 0.1 4.7 ± 0.1 1.0 ± 0.1 n.d. n.d.
Threonine 3.4 ± 0.1 3.4 ± 0.1 2.0 ± 0.1 n.d. n.d.
Alanine 6.6 ± 0.1 4.5 ± 0.1 3.5 ± 0.1 n.d. n.d.
Proline 32.0 ± 0.6 25.0 ± 0.5 15.6 ± 0.2 n.d. n.d.
Asparagine 0.2 ± 0.1 1.3 ± 0.1 0.2 ± 0.1 n.d. n.d.
Tyrosine 0.4 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 n.d. n.d.
Methionine 3.7 ± 0.1 3.3 ± 0.1 0.7 ± 0.1 n.d. n.d.
Valine 6.3 ± 0.1 4.5 ± 0.1 3.4 ± 0.1 n.d. n.d.
Cysteine 3.3 ± 0.1 2.9 ± 0.1 0.9 ± 0.1 n.d. n.d.
Cystine 0.1 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 n.d. n.d.
Leucine 5.1 ± 0.1 3.6 ± 0.1 1.9 ± 0.1 n.d. n.d.
Isoleucine 7.9 ± 0.1 5.8 ± 0.1 4.7 ± 0.1 n.d. n.d.
Phenylalanine 5.7 ± 0.1 5.2 ± 0.1 2.1 ± 0.1 n.d. n.d.
Total: 145.2 120.7 60 – –

n.d. – not detected; “0” – detected but in a minimum threshold amount

Table 11 Mutual biocompatibility of microbial metabolites 

Microbial metabolites 
in culture broth

Strain biomass
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B-6083 – ++ ++ + + ++
В-10412 – ++ ++ + + +
AC-1779 + – + ++ ++ ++
AC-1257 – – + ++ ++ ++
B-7509 – + ++ ++ + ++
B-7533 – + ++ ++ + +
B-4054 – + + + ++ ++

“+” – biocompatibility; “++” – growth stimulation; “–” – growth 
inhibition
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CONCLUSION 
Our comprehensive assessment of the probiotic 

strains revealed those that are sensitive to clinically sig-
nificant antibiotics, resistant to gastrointestinal stress 
factors, and capable of high antagonistic activity against 
opportunistic microflora. Based on their combined 
properties, the most promising strains are Pediococcus 
acidilactici B-7509 and B-7533, Bifidobacterium long-
um AC-1257, Weissella thailandensis B-10412, and En-
terococcus faecium B-4054.

Metabolic analysis demonstrated their ability to 
synthesize bioactive compounds, including B vita-
mins, organic acids, and amino acids. The highest ami-
no acid content was observed in P. acidilactici B-7509  
(145.2 mg/g) and W. thailandensis B-10412 (142.1 mg/g). 

Biocompatibility analysis revealed mostly neutral or 
stimulatory interactions between the strains. The most 
promising combinations for probiotic consortia are be-
tween B. longum AC-1257, P. acidilactici B-7509 and 
B-7533, W. thailandensis B-10412, and E. faecium B-4054.

According to our results, these strains have high 
potential as components of dietary supplements and 

functional foods [94]. However, their potential use in 
starter cultures requires additional research to assess 
their safety and technological properties in accordance 
with regulatory requirements.

The strains’ antagonistic activity and resistance to 
gastrointestinal factors indicate their potential effective-
ness when administered orally. According to current re-
search, probiotic metabolites can have a positive effect 
on lipid metabolism (reducing cholesterol and triglycer-
ide levels) [95], carbohydrate metabolism [96], and the 
gut microbiota [40]. Therefore, these cultures need to 
be further studied as part of probiotic consortia. The 
next stage would be to evaluate their functional activity  
in vivo using animal models.
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