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Editor’s column

Editor-in-Chief,
Corresponding Member of the Russian Academy of Sciences,
Professor A. Yu. Prosekov  

Evaluation of scientific activity remains a hot topic 
in academic communities for at least two reasons. First, 
novel information technologies and bibliometric databases 
put scientific indicators into public domain, thus opening 
achievements of individual researchers, teams, universities, 
and domestic science to the general public. Second, managers 
of research and academic organizations have started to use 
scientific indicators to control the scientific activities of their 
personnel. 

Science is constantly evolving. According to the Institute 
of World Economy and International Relations (Russian 
Academy of Sciences), the global research expenditures will 
double from $1.7 trillion in 2016 to $3.3 trillion in 2035, and 
the research intensity of the global GDP will grow from 2.2% 
in 2016 to 2.3% in 2035. Publication activity is traditionally 
considered to be the main indicator of research work. 
According to Science and Engineering Indicators, the year 
of 2016 saw 2.3 million scientific and technical publications. 
In the same year, China was responsible for 18.6% of total 
research publications, which made it number one at least by 
the sheer number of publications, if not by their significance, 
outside the European Union. Between 2006 and 2016, the USA 
experienced a rapid decrease in publication activities, which 
fell from 24.4 to 17.8%. As a result, in 2016 India rose to the 
third position (4.8%) in terms of the number of publications. 
In this context, applying scientometric and expert methods to 
research activities has become a burning issue for the modern 
scientific community.

Scientometrics uses statistics and mathematics to 
assess any parameters of scientific activity in the sphere 
of scientific communication, which makes it a highly 
promising area of   research in the measurement and analysis 
of scientific publications. At the same time, scientometrics 
facilitates managerial decisions in the field of science. As a 
science, scientometrics originated in the second half of the  
XX century. It was founded by the British information 
scientist Derek de Solla Price, who is considered to be the 
herald of scientometrics, and the Soviet scientist Vasily 
Nalimov, who introduced this term in his monograph, which 
he published together with Zinaida Mulchenko as early as 
in 1969. Scientometrics owes many of its breakthroughs 
to Eugene Garfield, the founder of the Web of Science. 
Contemporary scientometrics profits from the rapid 
development of information technologies, colossal information 
flows, and giant data arrays. 

Web of Science and Scopus are the most popular 
international citation indexes in the world, while the Russian 
Science Citation Index (RSCI) remains the most influential 
system of its kind in Russia. International citation indexes are 

powered by such famous foreign publishers as the EBSCO, 
Elsevier, Thomson Reuters, Oxford University Press, etc. 
According to the Scientific Journal Rankings, the TOP 10 
countries with the largest number of articles in scientific and 
technical journals published in 2020 included China (744 042),  
the USA (624 554), the UK (198 500), India (191 590), 
Germany (174 524), Italy (127 502), Japan (127 408), Russia 
(119 195), France (112 838), and Canada (121 111). 

Publication activity and citation are measurable signs 
of scientific communication and a reliable tool of generating 
new knowledge. Scientometrics sees science as a multifaceted 
object of financing and investment, where scientific research 
is a business project. In 2022, the Russian Science Foundation 
promised to allocate more than 21.5 billion rubles in 2022–
2024 to support 1 171 research projects, both new and those 
registered in 2019. Science is an expensive field of limited 
financial opportunities. Thus, adequate self-assessment, best 
practices, and a good development plan are the only survival 
strategy for any devoted researcher. 

In this regard, if a journal has a high scientometric rating, 
it is officially in high demand by the scientific community. 
The Thomson Reuters Top 25 Journals by Impact Factor 
ranges from The Transactions on Ultrasonics, Ferroelectrics, 
and Frequency Control to The Transactions on Audio Speech  
and Language Processing. According to Science Index, 
the best domestic journals in 2021 were The Progress in 
Chemistry (23 744), The Resource-Efficient Technologies 
(21 698), and The Progress in Physics (17 034). In 2021, the 
highest two-year impact factor belonged to The Bulletin of the 
Minin University (6848), The Bulletin of St. Petersburg State 
University of Technology and Design: Industrial Technology 
(5020), and The Economic Issues (4690). According to the 
Russian Science Citation Index, Kemerovo State University 
entered the top 100 scientific organizations in Russia in terms 
of the quantitative score of publication performance in 2021. 
We ranked 79 out of 782 universities with the composite score 
of publication performance of 898,01. We publish The Foods 
and Raw Materials (WOS and Scopus); Siberian Philological 
Journal (WOS and Scopus); Food Processing: Techniques and 
Technology (Scopus), etc.

Scientometrics adjusts to the current digitalization and 
internetization of global economy, society, and science. 
Therefore, the external conditions of interaction of science and 
society, government, economy, and business are as important 
as the internal ones. Universities that prepare domestic 
research personnel are extremely important. When scientific 
organizations and universities develop their own systems for 
recording publications and evaluating scientific activity, they 
strive to keep up with the times.

https://orcid.org/0000-0002-5630-3196


196

Gadouche L. et al. Foods and Raw Materials. 2022;10(2):196–205

Copyright © 2022, Gadouche et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International  
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to 
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

Foods and Raw Materials. 2022;10(2)
ISSN 2310-9599 (Print)

ISSN 2308-4057 (Online)

Research Article                     Available online at http://jfrm.ru/en
Open Access   https://doi.org/10.21603/2308-4057-2022-2-530
                                                                      https://elibrary.ru/OYYIMN

Genoprotective, antimutagenic, and antioxidant effects  
of methanolic leaf extract of Rhamnus alaternus L.  
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Abstract: 
Rhamnus alaternus L. is a Rhamnaceae shrub and a popular traditional medicine in Algeria. The present research objective was 
to investigate the antioxidant, genotoxic, and antigenotoxic properties of R. alaternus methanolic leaf extract. 
Antiradical scavenging activity was tested by α, α-diphenyl-β-picrylhydrazyl free radical scavenging and β-carotene bleaching 
method. DNA damage and repair were measured by the Allium cepa test with sodium azide as a mutagenic agent. Mitotic index 
and chromosomal aberrations were calculated by microscopy of meristem roots stained with 2% carmine acetic. 
The methanolic extract of R. alaternus leaves inhibited the free radical DPPH (IC50 = 0.74 ± 0.30 mg/mL) and prevented the 
oxidation of β-carotene (50.71 ± 4.17%). The root phenotyping showed that sodium azide changed their color and shape, 
decreased their stiffness, and significantly reduced their length. The roots treated with both R. alaternus leaf extract and sodium 
azide demonstrated a better root growth. The roots treated with the methanolic extract were much longer than the control roots 
(P < 0.001). The microscopy images of root meristem treated with the sodium azide mitodepressant agent showed significant 
chromosomal aberrations, which indicated a disruption of the cell cycle. 
The R. alaternus leaf extract appeared to have a beneficial effect on cytotoxicity. The antioxidant properties of  
R. alaternus L. makes this plant an excellent genoportector. 

Keywords: Rhamnus alaternus L., antioxidant activity, Allium cepa, chromosomal aberrations, antigenotoxicity, mitotic index

Please cite this article in press as: Gadouche L, Zerrouki K, Zidane A, Ababou A, Bachir Elazaar I, Merabet D, et al. 
Genoprotective, antimutagenic, and antioxidant effects of methanolic leaf extract of Rhamnus alaternus L. from the Bissa 
mountains in Algeria. Foods and Raw Materials. 2022;10(2):196–205. https://doi.org/10.21603/2308-4057-2022-2-530

INTRODUCTION
Radical oxygen species lead to cell damage, which 

can induce genetic instability responsible for many 
pathological processes. This damage can be repaired 
by some natural compounds, e.g. radical scavengers 
and powerful protective antioxidants [1]. Kitagishi et al.  
proved that medicinal herbs could one day become 
a promising therapeutic means of cancer therapy [2].  
According to Dayani et al., antioxidant, anti-
inflammatory, and anti-apoptotic properties of plants 
and their derivatives make them good radioprotectors 
against the mutagenic action of X-rays [3].

Phytotherapy relies on medicinal plants and their 
active compounds. Rhamnus alaternus L. (Rhamnaceae 

family), also called imlilesse or safir in the North of 
Algeria, is well known for its biological properties [4]. 
Zeouk and Bakheti reported that a decoction of the 
aerial part of the R. alatrenus leaves and branches has 
been widely used in traditional medicine to lower blood 
pressure and treat hepatitis, icterus, musculoskeletal 
disorders, and gastrointestinal diseases. They also serve 
as a cataplasm for skin infections [5]. 

Previous findings proved that R. alaternus extracts 
possess potential antioxidant, cytotoxic antimutagenic, 
antigenotoxic, and antimicrobial activities [5–8]. In 
their bibliographic review, Nekkaa et al. focused on 
the phytochemical and pharmacological properties of  
R. alaternus [4]. Its leaf extracts were rich in flavonoids, 

https://orcid.org/0000-0003-1757-1988
https://orcid.org/0000-0002-0217-3138
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tannins, and anthocyanins, which explains their 
potential antigenotoxic and antimutagenic activity.

Bhouri et al. isolated kaempferol 3-O-b-isor- 
hamninoside and rhamnocitrin 3-O-b-isor-hamninoside 
from R. alternus leaves [9]. These flavonoids 
are effective free radical scavengers and potent 
antigenotoxics. However, they can induce apoptosis in 
human lymphoblastoid cells by the extrinsic apoptotic 
mechanism including DNA fragmentation, PARP 
cleavage, and active caspase-3 and caspase-8 [10].  
Oligomer flavonoid extract from R. alaternus leaves 
proved to have a good potential for alternative 
antimelanoma therapies [11].

Although some plant remedies have well-
documented protective effects and alleviate many 
diseases, cytotoxicity studies are very important for 
developing new drugs. Gadouche et al. described the 
toxic effect of Aristolochia longa L. and Calycotome 
spinosa L. on the blood cells and concluded that 
it should be studied on cancer cells [12]. Natural 
antioxidants can even protect human organism against 
the cytotoxic and mutagenic effects of xenobiotics. 

In this research, we analyzed the genotoxic and DNA 
damage protecting activity of R. alaternus leaf extract 
by using the Allium cepa assay with azide sodium as a 
mutagen agent. 

STUDY OBJECTS AND METHODS 
Plant material. The research featured Rhamnus 

alaternus eu-alaternus L., a subspecies of Rhamnus 
alaternus L. The samples were collected in the Bissa 
forest located in the north of the Chlef province 
(Algeria). This species of Algerian flora was identified 
by Dr. Belhacine, a botanist from the Chlef Uni- 
versity [13]. 

The R. alaternus leaves were dried in the dark for 10 
days. After that, they were ground into a fine powder 
and kept in an airtight container, and 10 g of the dry 
powder was macerated in 100 mL of petroleum ether for 
24 h with stirring. The mix was filtered on Whatman No. 
1 paper. The maceration included 100 mL of methanol. 
After filtration, the marc was evaporated in a rotary 
evaporator at 39°C. The extract obtained was stored at 
4°C until use [14].

Quantitative analysis and antioxidant 
activity. The polyphenols were assayed according 
to the method developed by Raafat and Sa- 
my [15]. The amount of total polyphenols was 
determined spectrophotometrically using the Folin-
Ciocalteu reagent and deduced from a calibration 
curve established with gallic acid (0–1 mg/mL).  
The results were expressed in mg of gallic acid 
equivalent per g of dry matter (mg GAE/g of dry matter). 
The mix included 250 μL of Folin Ciocalteu’s phenol 
reagent, 50 μL of each concentration prepared from 
stock solution, and 500 μL of 20% Na2CO3 aqueous 
solution. After vortexing, the solution was adjusted 
with 5 mL of distilled water. After 30 min of incubation, 
the absorbance was measured at 765 nm. The same 

procedure was carried out with the extract obtained 
from R. alaternus leaves.

The flavonoid content was assayed according to the 
method developed by Hmid et al. [16]. After 1 mL of 
extract was added to 1 mL of 2% aluminum chloride, 
the absorbance was determined at 430 nm after 10 min 
of incubation. Quercetin served as calibration curve 
standard and was established from the concentration of 
40 µg/mL of stock solution. Total flavonoids content in 
the extract was expressed as mg quercetin equivalents 
per g of sample (mg EQ/g of dry matter).

The DPPH assay followed the method described by 
Burits and Bucar [17]. The R. alaternus extract had the 
following concentrations: 0.2, 0.4, 1.0, and 2.0 mg/mL.  
We mixed 50 μL of each concentration with 5 mL of 
0.004% DPPH. The absorbance was measured at 517 nm 
after 30 min of incubation. The results were compared 
to ascorbic acid, which was used as standard antioxidant 
and handled under the same conditions. The percentage 
of inhibition and IC50 were calculated according to 
Sharififar et al. [18]. The percentage inhibition was 
calculated using the following equation:

where OD is optical density.
IC50 is the concentration of extract required for 50% 

inhibition of DPPH. It was calculated using a linear 
regression analysis.  

The β-carotene-linoleic acid assay was performed 
according to the method described by Kartal et al. [19].  
The emulsion included 0.5 mg of β-carotene, 1 mL 
of chloroform, 25 µL of linoleic acid, and 200 mg of 
tween 40. The chloroform was eliminated in a rotary 
evaporator under vacuum, and 100 mL of distilled 
oxygen-saturated water was added to the emulsion. 
Subsequently, 350 μL of the extract at a concentration 
of 2 mg/mL was mixed with 2.5 mL of the emulsion. 
After 48 h of incubation, the absorbance was registered 
at 490 nm and compared with that obtained with 
butylohydroxytoluene (BHT), which served as a 
standard antioxidant and was prepared under the same 
conditions. The inhibition percentage of bleaching  
(I, %) was measured for each assay using the following 
equation: 

Allium cepa assay. The A. cepa assay was performed 
according to Tedesco and Laughinghouse  with some 
modifications [20]. The onion bulbs were kept in a 
culture medium that included 60 mg/L of CaSO4, 60 
mg/L of MgSO4, 96 mg/L of NaHCO3, and 4 mg/L of 
KCl. They were incubated at 25°C for 72 h until the 
roots reached 2 cm. Seven onion bulbs were utilized for 
each treatment as follows: 
Sample 1: culture medium + distilled water; 
Sample 2: culture medium + sodium azide  (50 mg/mL); 
Sample 3: culture medium + sodium azide (100 mg/mL); 
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Sample 4: culture medium + methanolic extract   
(50 mg/mL); 
Sample 5: culture medium + methanolic extract  
(100 mg/mL); 
Sample 6: culture medium + sodium azide  
(100 mg/mL) + methanolic extract (50 mg/mL); 
Sample 7: culture medium + sodium azide  
(100 mg/mL) + methanolic extract (100 mg/mL). 

The effect of the different treatments on the growth 
(cm) of the A. cepa roots was measured at different 
time intervals: 0, 24, 48, and 72 h. In parallel, the roots 
were tested for color, shape, and stiffness. After each 
time interval, the roots were collected for microscopic 
observation of the meristem cells and stored in 70% 
ethanol for later use. The roots were fixed in acetic acid 
and ethanol solution (1:3) for 24 h. After triple rinsing 
with distilled water, the roots were hydrolyzed with 
HCl (1N) and incubated in a hot water bath at 60°C for  
10 min. After the hydrolysis, the roots were rinsed 
once again in distilled water and stained with 2% 
acetic carmine in a hot water bath at 60°C for 10 min. 
After incubation, the terminal meristem cells of the 
colored roots were cut with a scalpel under a binocular 
magnifier. The meristem regions were crushed 
manually between blade and coverslip to visualize the 
chromosomes and the different stages of cell division. 
Meristem cells were counted for each sample and 
tested for normal or abnormal cell division in search for 
mutations. The mitotic index and the rate of aberrant 
cells of each bulb were calculated by the following 
formula [21]: 

Statistical analysis. The experimental data were 
analyzed using the ExcelSTAT software. The research 
also included the ANOVA variance analysis, followed by 
the Tukey’s test. The statistically highly significant value 
was P < 0.001. 

RESULTS AND DISCUSSION 
The total phenol content in Rhamnus alaternus L. 

leaves was 32.6 ± 1.82 mg GAE/g DM, and the total 

flavonoid content was 27.58 ± 0.01 mg EQ/g DM. The 
methanolic extract of R. alaternus leaves demonstrated 
a moderate efficiency against free radicals emitted 
by linoleic acid (50.71 ± 4.17%). Its capacity to beat 
free radical of DPPH (I% = 80.39 ± 2.33%, IC50 =  
0.74 ± 0.30 mg/mL) was close to that of ascorbic acid, i.e. 
96.80 ± 9.98% with IC50 = 0.37 ± 1.10 mg/mL (Table 1).  

Plants are excellent indicators of the cytotoxic, 
cytogenetic, and mutagenic effects of environmental 
chemicals. They can serve as an alternative for detecting 
possible genetic damage in cells [22]. Genotoxicity 
studies were carried out by the Allium cepa assay. This 
method provides a convenient in vivo model to evaluate 
cell cycle alterations induced by mutagens [20].

The A. cepa roots treated with distilled water had no 
morphological change: the growth rate was good, the 
color was whitish, and the roots were rigid and bulky. 
However, the roots treated with sodium azide (50 and 
100 mg/mL) changed the color and shape of the roots, as 
well as reduced their rigidity (+very brittle) and growth 
rate. 

The methanolic leaf extract of R. alaternus had 
no negative effect on the morphology. The samples 
demonstrated good growth, strong rigidity, and whitish 
color. Their morphology was comparable to the control 
roots. The roots incubated in both methanolic extract 
and sodium azide had a phenotype close to the control 
roots. They were better preserved than the roots treated 
only with sodium azide. The roots of this sample showed 
good growth, and the color was comparable to that of the 
control roots (Fig. 1). 

Table 2 shows a highly significant decrease in the 
growth of the A. cepa roots treated with sodium azide 
at two concentrations (50 and 100 mg/mL) at three time 
intervals. The data obtained from the sample treated 
with 50 mg/mL of sodium azide after 48 h was found 
insignificant (P < 0.001).

The roots treated with the methanolic extract of  
R. alaternus leaves showed highly significant growth  
(P < 0.001) after 24 and 48 h. The roots reached 8 cm 
after 72 h (P < 0.001) and were longer than those treated 
with distilled water (7 cm).

The difference in length for the antigenotoxicity 
test was highly significant after 48 and 72 h and not 
significant after 24 h. The roots demonstrated a clearly 
significant improvement in the diameter after 72 h.  

Parameter Leaves of R.  alaternus Ascorbic acid Butylated 
hydroxytoluene

Polyphenol, mg GAE/g dry matter
Flavonoids, mg QE/g dry matter
DPPH, % (R. alaternus extract concentration 

= 1 mg/mL) 
IC50, mg/mL
β-carotene bleaching, % (R. alaternus extract 
concentration = 2 mg/mL) 

32.60 ± 1.82
27.58 ± 0.01
80.39 ± 2.33

0.74 ± 0.30 
50.71 ± 4.17

–
–
96.80 ± 9.98

0.37 ± 1.10 
–

–
–
–

–
98.84 ± 1.69

Table 1 Total phenolic content and total flavonoid content of Rhamnus alaternus leaves, DPPH inhibition, IC50, and % bleaching of 
β-carotene
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Figure 1 Morphological aspects of Allium cepa roots: (a) control group; (b) sodium azide (50 mg/mL); (c) sodium azide  
(100 mg/mL); (d) methanolic extract (50 mg/mL); (e) methanolic extract (100 mg/mL); (f) sodium azide (100 mg/mL) + methanolic 
extract (50 mg/mL); (g) sodium azide (100 mg/mL) + methanolic extract (100 mg/mL)

             a                                  b                                    c                              d                         e                             f                         g 

It was 0.26 and 0.13 cm, respectively, for the two extract 
concentrations.

Microscopy revealed no abnormalities or 
disturbances in mitotic division: chromosome integrity 
maintained its high mitotic index (69.76 ± 7.01%), 
and no chromosomal aberrations were registered  
(Fig. 2, Table 2). 

The microscopy of the roots stained with 2% acetic 
carmine after treatment with two concentrations of 

sodium azide revealed several chromosomal anomalies 
with disruption of all the stages of cell division  
(Figs. 3 and 4, Table 2). Several cells contained 
C-mitosis, S-mitosis, chromosomal breaks, bridges, 
and uneven distribution of chromosomes, which led to 
disturbed anaphases, metaphases, and telophases. These 
anomalies were caused by both concentrations of azide; 
however, they were much more severe at 100 mg/mL of 
sodium azide. 

Table 2 ΔL – differences in length of the Allium cepa roots before and after each treatment, % mitotic index, and chromosomal 
aberrations

Treatment Time, h ΔL, cm Mitotic index, % Chromosomal 
aberrations, %

Control                                                         0                     
24                     
48                     
72

2.66 ± 0.56
0.57 ± 0.05
0.84 ± 0.09
0.70 ± 0.24 69.76 ± 7.01   

  

0
Sodium azide (50 mg/mL)                                      0                     

24                     
48                     
72

2.36 ± 0.48
0.50 ± 0.11**
0.94 ± 0.10

–0.54 ± 0.31**

 

34.48 ± 10.50  

 

5.03 ± 1.51**
Sodium azide (100 mg/mL)                                         0                     

24                     
48                     
72

2.84 ± 0.47
–1.12 ± 0.18**
–0.40 ± 0.16**
–0.03 ± 0.12** 29.25 ± 8.50

 

7.84 ± 2.41**  
Methanolic extract (50 mg/mL)                                              0                     

24                     
48                     
72

2.93 ± 0.19
1.09 ± 0.21**
0.90 ± 0.07**
0.46 ± 0.15 69.54 ± 14.5

 

0.43 ± 0.53
Methanolic extract (100 mg/mL)                                            0                     

24                     
48                     
72

2.80 ± 0.47
1.87 ± 0.04**
1.37 ± 0.09**
1.05 ± 0.02 73.66 ± 9.41 0.29 ± 0.49

Sodium azide (100 mg/mL) + methanolic 
extract (50 mg/mL)       

0                     
24                     
48                     
72

2.71 ± 0.38
0.11 ± 0.05

–0.33 ± 0.12**
0.26 ± 0.18** 51.77 ± 14.44 2.55 ± 1.98  

Sodium azide (100 mg/mL) + methanolic 
extract (100 mg/mL)

0                     
24                     
48                     
72

2.47 ± 0.57
0.53 ± 0.08

–0.10 ± 0.07**
0.13 ± 0.09**

 

52.34 ± 8.12

 

 3.34 ± 2.82  

ΔL is mean difference in length of Allium cepa roots before and after treatment
**P ≤ 0.001
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Figure 4 Chromosomes of Allium cepa roots treated with 100 mg/mL of sodium azide (100×): (a) binucleated cells;  
(b) chromosomal break, chromosomal bridge; (c), (e) disrupted (uneven) anaphase; (d) prophase, chromosomal bridge; (f) C-mitosis

Figure 3 Various anomalies caused by sodium azide at 50 mg/mL (100×): (a) binucleated cell; (b) disturbed telophase; (c) disturbed 
anaphase; (d) normal anaphase; (e), (f) disturbed metaphase

Figure 2 Normal mitotic divisions of Allium cepa meristem cells (100×): (a) interphase, prophase, and metaphase; (b) start of 
anaphase; (c), (e), (f) anaphase; (d) telophase

                                                             a                                            b                                           c                                          

                                                             d                                            e                                           f                                                

                                                   a                                                     b                                                    c                                               

                                                   d                                                     e                                                    f                                                

                                                   a                                                      b                                                  c                                                  

                                                   d                                                      e                                                   f                                                
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Chromosomal aberrations increased together with 
the concentration of sodium azide. The genotoxic effect 
was most severe at 100 mg/mL. Both concentrations of 
sodium azide reduced the mitotic index, which meant 
that sodium azide blocked cell division. On the other 
hand, the number of chromosomal aberrations grew 
together with sodium azide concentration. They were 
represented mainly by C-mitosis, chromosomal bridges 
and breaks, and nuclear lesions of binucleate types. 
Therefore, sodium azide was an aberration inducer  
(Figs. 3 and 4, Table 2). 

Sodium azide produced a cytotoxic effect 
which led to poor growth and length narrowing. Its 
mitodepressive effect decreased mitotic activity 
and increased chromosomic abnormality incidence. 
Indeed, chemical agents are recognized as factors 
involved in the structural and numerical modifications 
of chromosomes. As a result, they cause defects in 
chromosome segregation, abnormal DNA replication, 
and DNA breaks. These chromosomal aberrations 
result from clastogenic and aneugenic effects [23]. This 
study confirmed the genotoxic effect of sodium azide. 
According to Al-Qurainy et al., sodium azide is a 
mutagenic metabolite that damages DNA by substituting 
one base pair with another [24]. Indeed, the shorter 
length of A. cepa roots treated with sodium azide 
could be explained by the mitodepressive effect caused 
by the apoptosis of meristem cells. Other samples 
demonstrated evolution of the normal length, probably, 
due to the resumption of mitosis.

Sodium azide induced the development of 
chromosome bridges in the meristem cells of  
A. cepa roots. According to Neelamkavil and Thoppil, 
the chromosomal aberrations and nuclear lesions in  
A. cepa root meristems treated with bleaching powder 
indicated a genotoxic effect, which confirms that 
sodium azide is genotoxic [25]. The clastogenic effects 
suggest that bleaching powder caused chromosome and 
chromatin breaks, which, in return, led to abnormal 

chromosome number, stickiness, breakage, and reunion 
of chromosome, as well as to bridges during mitotic 
division [26, 27]. 

The mitotic index was higher in the roots treated 
with two concentrations of the R. alaternus extract 
than in those treated with distilled water. Therefore, 
the extract induced cell division and, subsequently, 
produced a genoprotective effect. Moreover, the 
number of cells in division was high with traces 
chromosomal aberrations also proven by a marked 
root length. The samples treated with 50 mg/mL of 
R. alaternus methanolic extract had pycnotic nuclei 
and chromosomal breaks (Figs. 5 and 6, Table 2). This 
finding confirms the conclusion made by Ben Ammar  
et al., who experimented with methanolic, petroleum 
ether, chloroform, and aqueous extracts of R. alaternus 
leaves and registered no mutagenicity, which means that 
R. alaternus is a promising antimutagenic [28].

The antigentoxic effect showed that the mitotic 
index was close to that of the control. It had a moderate 
chromosomal aberration percentage, chromosomal 
bridges and breaks, and a lower C-mitosis (Figs. 7  
and 8, Table 2).

A quantitative analysis of the R. alaternus metha- 
nolic extract revealed a lot of polyphenols and flavonoids 
and thus a prominent antioxidant effect. This antioxidant 
effect might be the cause of the continuous cell division, 
mitoprotective activity, and a good DNA protection. 
Perron et al. tested 12 polyphenolic compounds, 
which demonstrated a 100% ability to inhibit DNA da- 
mage [29]. The polyphenolic compounds had hydroxyl 
radicals in their chemical structures, which prevented 
oxidative DNA damage.  

On the other hand, Silva et al. showed that flavonoids 
have special DNA repair mechanisms that enable 
them to reduce and repair DNA strand breaks induced 
by oxidative stress [30]. Therefore, polyphenols are 
effective protectors against oxidative DNA damage.

Figure 5 Chromosomes of Allium cepa roots treated with 50 mg/mL of Rhamnus alaternus leaf extract (100×): (a) prophase;  
(b) end of interphase; (c) telophase; (d) pycnotic nucleus; (e) metaphase; (f) anaphase

                                                     d                                                  e                                                  f                                                

                                                     a                                                   b                                                 c                                                   
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Figure 6  Chromosomes of Allium cepa roots treated with 100 mg/mL of Rhamnus alaternus leaf extract (100×): (a), (b), (f) 
telophase/cytodiuresis; (c) anaphase, prophase, and metaphase; (d) anaphase with chromosome breaks; (e) chromosome bridge with 
an isolated chromosome

                                                      a                                                   b                                                  c                                                

                                                      d                                                   e                                                  f                                                

Figure 7 Chromosomes of Allium cepa roots treated with 50 mg/mL of methanolic extract and 100 mg/mL of sodium azide (100×): 
(a) several prophases; (b) several prophases; (c), (f) metaphase; (d) anaphase; (e) telophase start of prophase

Figure 8  Chromosomes of Allium cepa roots treated with 50 mg/mL of methanolic extract and 100 mg/mL of sodium azide (100×): 
(a) binucleated; (b) metaphase, anaphase; (c) several prophases; (d) prophase; (e) prophase, metaphase, and anaphase.

                                                      a                                                   b                                                   c                                                  

                                                      d                                                   e                                                  f                                                

                                                      a                                                   b                                                   c                                                

                                                      d                                                   e                                                  f                                                
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CONCLUSION 
Medicinal plants contain a lot of secondary 

metabolites with beneficial therapeutic and pharma- 
cological properties, which deserve extensive research. 
Rhamnus alaternus L. proved to be an effective anti- 
oxidant and mitoprotector that can boost the develop- 
ment of pharmacognosy and produce new herbal drugs 
for the pharmaceutical industry. The genoportective 
effect of R. alaternus leaf extract could be a source of 
new cancer drugs and protect human genome from the 
side effects of chemical treatment.
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Abstract:
Cadastral and geodetic land works are expensive, which makes aerial photography extremely valuable for land traceability and 
inventory. The present research objective was to develop a new digital survey technology for registration of agricultural lands. 
We assessed the accuracy of the new method and evaluated its decision support options. The study featured the case of the 
Kemerovo Region – Kuzbass, Russia.
The aerial survey took place in 2021 and involved 17 municipalities of the Kemerovo Region. The software and hardware 
complex included an unmanned aerial vehicle (UAV) and a module for aerial photography. Photogrammetric, cartometric, and 
satellite methods were used to define the coordinates of feature points. We developed new software (Sovhoz.avi) to perform the 
land inventory. 
The photogrammetric and cartographic methods proved efficient in determining the feature points and boundaries of land plots. 
They also appeared accurate enough for land inventory and decision support. The study updated the available land inventory 
data. About 30% of all land plots were recorded incorrectly; some plots marked as agricultural appeared to belong to the local 
forest reserves or urban territories. Incorrect data (1.64%) were excluded from the official inventory. The survey covered a total 
area of 41 000 ha and revealed 1700 illegally used land plots. The updated inventory of unused lands included 3825 new plots  
(163 400 ha), which can attract prospective investors.
The results can be used by the local authorities to make land management decisions and identify illegal land use.
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INTRODUCTION
The present research featured a new aerial survey 

software and hardware complex, which included a 
camera-equipped unmanned aerial vehicle (UAV) and 
digital twin software tailored for agricultural inventory. 
The new technology provided a digital account of 
agricultural lands in the Kemerovo Region aka Kuzbass 
(West Siberia, Russia). The article introduces an 
assessment of its accuracy and decision support options.

Food security remains one of the main global  
issues [1–3]. In fact, famine relief is one of the seventeen 
Sustainable Development Goals set up by the United 
Nations [4]. Stable food production and availability 

presupposes efficiency, land availability being the 
most important production factor in agriculture [5, 6]. 
Agricultural land depletion, shortage, and irrational 
use make it difficult to provide the growing world 
population with food [7–10]. Therefore, land-use 
efficiency is an important task of resource-intensive 
digital precision farming [11–13].

Agricultural land resources are limited. Therefore, 
their inventory and management require high-quality 
accurate information about the terrain, its configuration, 
location, etc. These data help plan agricultural work, 
calculate potential yields, make decisions on the 
allocation of machine time, seeds, fertilizers, etc. [14]. 
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Accurate land survey is also vital for crop selection, 
rotation, and logistics [15]. If an agricultural land plot 
has a complex terrain and the current crop market 
conditions are unstable, a high-quality land survey can 
provide the maximal economic effect [16]. Obviously, 
agricultural organizations are interested in complete and 
detailed information about their land.

The poor quality of land data is a relevant 
agricultural issue in Russia and some other count- 
ries [17, 18]. As evidenced in practice, traditional paper 
maps are mostly inaccurate. They are out of date and 
fail to chart all the lands in actual agricultural use. For 
instance, a shrub-overgrown area can still be registered 
as fit for farming, with crops, seeds, fertilizers, and 
equipment operation time allocated for its cultivation. 
Land-use efficiency presupposes official registration, 
state inventory, and open access, which can prevent 
mining development of agricultural lands [19, 20]. Land-
use efficiency ensures fair taxation, protects the interests 
of stakeholders, determines the required amount of state 
support, and assesses the main agricultural indicators. 
In addition, it enables small farmers and agribusinesses 
to use land as collateral for a bank loan. 

Official state inventories often contain faulty or no 
data at all, which causes irrational use of agricultural 
plots and land law violations. Most of these problems 
result from the high cost of traditional geodetic and 
cadastral work. Traditional land surveys require a 
lot of man labor and high transportation costs. As a 
result, they can be too expensive for most agricultural 
enterprises [21, 22]. Many agricultural land users are not 
interested in geodetic investigations of their lands: they 
prefer to refrain from even one-time cadastral surveys, 
not to mention regular ones. Digital twins of agricultural 
areas can solve this problem. Visual data are gathered by 
UAVs and processed by specialized software.

Aerial surveys and drone-mounted infrared cameras 
are able to solve a wide range of tasks, e.g. maintaining 
linear infrastructure facilities, tracking forest fires, 
monitoring construction and mining operations, 
counting game population, looking for missing people, 
developing smart city projects, etc. [23–28]. UAV-
based aerial surveys are cheap and require no physical 
presence on location, thus preventing subjective 
and objective human errors [29]. Therefore, the new 
complex increases the accuracy and reduces the cost of 
agricultural land surveys.

UAVs have become focus of numerous scientific 
publications on cadastral work and real estate inventory. 
For instance, Puniach et al. wrote about a UAV-based 
update of cadastral data on territories with frequent 
landslides [30]. The study covered an area of   about 50 ha 
and involved a DJI S1000 octocopter, which hovered at 
145 meters above the ground. A Sony ILCE A7R camera 
provided an 80% direct overlap and a 60% side overlap. 
It took 500 images and fixed 33 control points. The data 
were processed using Agisoft PhotoScan Professional, 
which determined a landslide with an accuracy of up 
to 0.5 meters. The research made it possible to update 

the cadastral database and support the farms affected by 
landslides. The study demonstrated acceptable accuracy 
in surveying small agricultural plots. In fact, some 
studies limit the cadastral capabilities of UAVs to small 
hard-to-reach areas [31].

Šafář et al. studied liDAR laser scanning as a 
means of updating cadastral records in the Czech 
Republic [32]. Their research involved a DJI Matrice 
600 Pro hexacopter, a LiDAR RIEGL miniVUX-1, 
and PosPac software. The survey results met the local 
accuracy requirements. Even a partial use of UAVs in 
construction monitoring reduced their costs by 18–20%.  
However, the study, like most publications on this 
issue, focused on the cadastral registration of capital 
construction objects, not land plots [33, 34].

Brookman-Amissah et al. proved that UAV-based 
aerial survey determined boundaries of land plots with 
an accuracy stated by the legislation of Ghana, i.e. up to 
3 ft, or 91.5 cm [35]. However, the research involved a 
lightweight UAV (430 g), which could perform only in 
the most ideal weather. The research provided no data 
on heavier commercial-grade UAVs. Thus, the problem 
of using aerial digital surveys for land inventory is at its 
initial development stage. It requires new methods for 
surveys and data processing on larger areas, as well as 
field tests in real weather conditions.

STUDY OBJECTS AND METHODS
The research featured agricultural land plots located 

in 17 municipal districts of the Kemerovo Region 
(West Siberia, Russia). The complex included two 
unmanned aerial vehicles (UAV): a cantilever high-
wing aircraft with a Lun 20 gasoline engine (Spetsialmiy 
Tekhnologicheskiy Tsentr LLC, St. Petersburg, 
Russia) and an all-wing drone with a Geoscan 201 
electric engine (Geoscan, Saint-Petersburg, Russia). 
Their maximal takeoff weight was 18.6 and 8.5 kg, 
respectively. This research employed commercial 
aircraft-type UAVs, unlike previous studies that featured 
light helicopter-type drones. In good weather and with 
no vertical drops, a Lun 20 drone is able to survey an 
area of   20–55 km2 per flight, a Geoscan 201 drone – 
about 9 km2.

The Lun 20 carried a module for cartographic 
aerial photography, which included: a turntable to 
compensate for the wind drift, a Phase iXM-50 aerial 
camera (Phase One, Denmark), a Javad TRE-3N OEM 
board for tracking geographic coordinates (Javad 
GNSS Inc, USA), and a cloud assessment camera. The 
Geoscan 201 carried a Sony RX1R II digital camera 
(SONY, Japan) and a Topcon GNSS receiver (Topcon 
Corporation, Japan). High-precision dual-frequency 
GNSS receivers Javad Triumph-2 (Javad GNSS Inc, 
USA) and Trimble R10-2 (Trimble Inc, USA) provided 
on-ground horizontal and vertical control of geographic 
coordinates.

The software part of the complex was represented 
by the Sovhoz.avi, a platform for digital inventory and 
management of agricultural land. The software was 
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developed at the Digital Institute of the Kemerovo 
State University (Kemerovo, Russia). It stores aerial 
photography data and those obtained from external 
sources, e.g. official data on the agricultural land plots 
obtained from federal, regional, and municipal sources. 
The platform has been accumulating available data on 
officially registered agricultural land plots since August 
2020. The list of sources included:
– Federal Service for State Registration, Cadaster, and 
Cartography (Rosreestr) – digital data on 35 000 sites 
(2019);
– Ministry of Agriculture and Processing Industry of 
the Kemerovo Region – digital data from the Unified 
Federal Information System of Agricultural Lands 
(2020);
– Committee for State Property Management of the 
Kemerovo Region – paper documents on 26 000 land 
plots (2020);

– Municipal Property Management Committees – digital 
data on 13 000 plots from 17 municipalities of the 
Kemerovo Region; and
– Municipal Authorities – digital data on 22 000 share 
lands, federal lands, and plots under registration (2020).

The UAV aerial survey took place in 2021. It 
aimed at clarifying the available data, forming a 
unified database of agricultural land management, 
and identifying illegal land use. The study had several 
stages. The first stage included an on-ground horizontal 
and vertical control of geodetic coordinates using 
GNSS receivers in the RTK mode. After that, the 
results of aerial photography were linked to geographic 
coordinates (MSK-42 Zone 1, BSL 1977).

The second stage lasted from May 10 to September 
16, 2021. Two teams used the Lun 20 and the Geoscan 
201 to perform an aerial survey of agricultural lands. 
The equipment was checked and programmed a day 
before the survey, which was carried out on sunny and 
dry days with a lot of sunlight and moderate or no wind. 
The obtained nadir images with a pre-set forward and 
side lap made it possible to construct an orthophotomap 
and a digital terrain model.

The third stage included data processing for 
subsequent managerial decisions by the authorities and 
land users. This stage made it possible to justify the use 
of photogrammetric and cartometric methods as means 
of determining the geographical coordinates of land 
plots.

The present research used standard methods of 
computer science, probability theory, and mathema- 
tical statistics to compare the coordinates obtained 
by satellite geodetic (GNSS), photogrammetric, 
and cartometric (orthomosaic) measurements. The 
procedure followed the requirements of the Order of 
the Federal Service for State Registration, Cadaster, 
and Cartography (Rosreestr) dated October 23, 2020, 
No P/0393 “Accuracy and method requirements for 
determining the feature point coordinates of land plot 
boundaries and buildings contours”.

When it goes about agricultural land plots, the root 
mean square error (MSE) for determining feature 
point coordinates cannot exceed 2.5 m, and the pixel 
projection for aerial photographs should be 35 cm. 
However, this rule is not applied to private household 
plots, gardens, garages, and houses. To simulate 
unfavorable working conditions, the calculations were 
carried out for points with limited visibility and signal 
interference. The Agisoft Metashape software (Zhivoy 
Soft OOO, St. Petersburg, Russia) was used to compare 
the results of the photogrammetric and cartometric 
methods. This software in its professional edition 
determines the geographical coordinates using the 
photogrammetric method or an orthophotomap.

The MSE for the feature points were calculated by 
the following formula to compare the survey results 
obtained by different methods:

  m = (10 + 1×10-6)×D                          (1)

where D is the vector length between the feature point 
and base station point, mm.

The MSE for the location of the feature point of the 
contour σ, determined by photogrammetric method, was 
calculated as follows:

                                                              (2)

where σо is the MSE of the orthophotomap; σп it the MSE 
of the base station point; σc is the MSE of the control 
point.

The MSE of the feature point according to the 
cartometric method was calculated as follows:

       m = 0.0005×M                               (3)

The coordinates determined by various methods 
were tested for accuracy, and the data of the digital 
land survey were compared. After that, the results were 
studied for errors, inconsistencies, and violations.

RESULTS AND DISCUSSION
The new software and hardware complex conducted 

an aerial survey of agricultural land in the Kemerovo 
Region. The results were used to compare different 
methods of measuring feature points. In case of the 
photogrammetric method, the mean square error (MSE) 
was                                                   This MSE did 
not exceed the regulatory requirements specified above. 
Tables 1–3 compare three methods as in the case of the 
Topki municipality. The difference between the feature 
point coordinates obtained by different methods (∆) was 
calculated based on the geodetic inverse.

Table 1 shows that the difference between the results 
of satellite and photogrammetric methods stayed within 
10 cm, as specified in the regulatory requirements.  
Table 2 compares the data obtained by satellite imagery 
and cartometrics.

о п cσ σ σ σ2 2 2= + +

σ = 0.05 2 2 0.18+ + 0.0072 = 0.053 m.
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Table 2 demonstrates that the difference 
between the data obtained by satellite mapping 
and cartometrics was bigger than in the previous 
case and reached 25 cm. However, this MSE also 
stayed within the maximal allowable values.  

Therefore, the cartometric method proved sufficiently 

accurate, if compared to the satellite imagery, which 

served as control. Table 3 compares the data obtained 

by photogrammetric mapping and cartometrics.

Table 1 Satellite method vs. photogrammetric method

Point Satellite method Photogrammetric method Difference
Х, m Y, m Х, m Y, m △X, m △Y, m △, m

topki1 1310048.280 617173.700 1310048.295 617173.7108 –0.015 –0.011 0.018
topki2 1310055.216 617162.459 1310055.214 617162.4656 0.002 –0.007 0.007
topki3 1310018.896 617140.355 1310018.896 617140.3557 0.000 –0.001 0.001
topki4 1310011.957 617151.709 1310011.957 617151.705 0.000 0.004 0.004
topki5 1309996.704 617202.782 1309996.709 617202.8057 –0.005 –0.024 0.024
topki6 1309962.871 617182.499 1309962.925 617182.4253 –0.054 0.074 0.092
topki7 1309817.231 617335.634 1309817.226 617335.6422 0.005 –0.008 0.009
topki8 1309857.820 617399.271 1309857.815 617399.2792 0.005 –0.008 0.010
topki9 1309817.909 617376.728 1309817.925 617376.7499 –0.016 –0.022 0.027
topki10 1309819.796 617373.463 1309819.809 617373.4673 –0.013 –0.004 0.014
topki11 1309799.636 617361.148 1309799.637 617361.1525 –0.001 –0.004 0.005
topki12 1309974.076 616743.343 1309974.075 616743.3386 0.001 0.004 0.005
topki13 1309949.763 616775.568 1309949.775 616775.5402 –0.012 0.028 0.030
topki14 1309939.604 616767.828 1309939.621 616767.8154 –0.017 0.013 0.021
topki15 1309963.933 616735.588 1309963.931 616735.5874 0.002 0.001 0.002
topki16 1310339.023 615177.752 1310338.993 615177.7349 0.030 0.017 0.034
topki17 1310344.018 615183.604 1310343.971 615183.5602 0.047 0.044 0.064
topki18 1310349.038 615179.145 1310349.032 615179.1342 0.006 0.011 0.012
topki19 1310344.136 615173.292 1310344.125 615173.2815 0.011 0.010 0.016
topki20 1310320.547 615146.909 1310320.531 615146.8989 0.016 0.010 0.019
topki21 1310288.354 615110.297 1310288.307 615110.3011 0.047 –0.004 0.048
topki22 1310280.513 615117.21 1310280.507 615117.194 0.006 0.016 0.017

Table 2 Satellite method vs. cartometric method

Point Satellite method Cartometric method Difference
Х, m Y, m Х, m Y, m △X, m △Y, m △, m

topki1 1310048.280 617173.700 1310048.342 617173.7878 –0.062 –0.088 0.107
topki2 1310055.216 617162.459 1310055.244 617162.4891 –0.028 –0.030 0.041
topki3 1310018.896 617140.355 1310018.928 617140.4121 –0.032 –0.057 0.066
topki4 1310011.957 617151.709 1310012.099 617151.6668 –0.142 0.042 0.148
topki5 1309996.704 617202.782 1309996.892 617202.8369 –0.188 –0.055 0.196
topki6 1309962.871 617182.499 1309962.92 617182.4028 –0.049 0.096 0.108
topki7 1309817.231 617335.634 1309817.256 617335.6739 –0.025 –0.040 0.047
topki8 1309857.820 617399.271 1309857.829 617399.3105 –0.009 –0.039 0.040
topki9 1309817.909 617376.728 1309818.126 617376.8517 –0.217 –0.124 0.250
topki10 1309819.796 617373.463 1309819.948 617373.4828 –0.152 –0.020 0.154
topki11 1309799.636 617361.148 1309799.735 617361.2129 –0.099 –0.065 0.118
topki12 1309974.076 616743.343 1309974.117 616743.2482 –0.041 0.095 0.103
topki13 1309949.763 616775.568 1309949.777 616775.6203 –0.014 –0.052 0.054
topki14 1309939.604 616767.828 1309939.546 616767.689 0.058 0.139 0.151
topki15 1309963.933 616735.588 1309964.053 616735.6928 –0.120 –0.105 0.160
topki16 1310339.023 615177.752 1310338.921 615177.6718 0.102 0.080 0.130
topki17 1310344.018 615183.604 1310344.108 615183.3738 –0.090 0.230 0.247
topki18 1310349.038 615179.145 1310348.931 615179.0497 0.107 0.095 0.143
topki19 1310344.136 615173.292 1310344.112 615173.221 0.024 0.071 0.075
topki20 1310320.547 615146.909 1310320.464 615146.8618 0.083 0.047 0.096
topki21 1310288.354 615110.297 1310288.337 615110.2457 0.017 0.051 0.054
topki22 1310280.513 615117.21 1310280.535 615117.2026 –0.022 0.007 0.023
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According to Table 3, the results obtained by 
cartometrics and photogrammetric mapping were very 
similar, and the MSE stayed within 25 cm. Therefore, 
a much cheaper aerial survey can replace traditional 
cadastral and geodetic works, as well as satellite 
imagery.

The next stage featured the Sovhoz.avi platform, 
which identified inconsistencies in the available data on 
agricultural land plots. The analysis involved software 
and visual control of data using the feature point 
coordinates of the land plots. The analysis of the data 
provided by the Federal Service for State Registration, 
Cadaster, and Cartography showed that the Kemerovo 
Region has a lot of agricultural land plots with 
unidentified boundaries. Their area is shrinking, but 
very slowly.

In 2017, there were 2.44 million ha of land with 
undetermined boundaries. In 2020, their area decreased 
by 22%, shrinking to 1.90 million ha. However, the 

total area of agricultural lands in the Kemerovo Region 
is about 2.9 million ha. Consequently, 65.5% of all 
agricultural land has unclear plot boundaries. This 
situation makes land-use efficiency and business 
turnover impossible. Moreover, it causes conflicts as it 
violates the legitimate interests of land users and renders 
faulty taxation.

The cadastral measuring of all agricultural land 
boundaries in the region costs 2.7 billion rubles, or  
35 million US dollars (January 2022). Land users simply 
cannot afford it: in 2020, the total value of commercial 
products produced by agricultural organizations and 
farms of the Kemerovo Region was about 34.9 billion 
rubles. Thus, land users would have to spend about 
7–10% of their annual revenue on cadastral work. 
Obviously, they would appreciate much cheaper digital 
methods.

The Sovhoz.avi software also found some 
discrepancies in the data obtained from the Committee 

Figure 1 Faulty boundaries revealed by comparing a digitized paper map with the aerial photography data

 

Table 3 Photogrammetric method vs. cartometric method

Point Photogrammetric method Cartometric method Difference
Х, m Y, m Х, m Y, m △X, m △Y, m △, m

topki1 1310048.29 617173.71 1310048.34 617173.788 –0.047 –0.077 0.090
topki2 1310055.21 617162.47 1310055.24 617162.489 –0.031 –0.023 0.039
topki3 1310018.9 617140.36 1310018.93 617140.412 –0.032 –0.056 0.065
topki4 1310011.96 617151.7 1310012.1 617151.667 –0.142 0.038 0.147
topki5 1309996.71 617202.81 1309996.89 617202.837 –0.183 –0.031 0.186
topki6 1309962.93 617182.43 1309962.92 617182.403 0.005 0.022 0.023
topki7 1309817.23 617335.64 1309817.26 617335.674 –0.029 –0.032 0.043
topki8 1309857.82 617399.28 1309857.83 617399.31 –0.014 –0.031 0.034
topki9 1309817.93 617376.75 1309818.13 617376.852 –0.201 –0.102 0.225
topki10 1309819.81 617373.47 1309819.95 617373.483 –0.139 –0.016 0.140
topki11 1309799.64 617361.15 1309799.73 617361.213 –0.098 –0.060 0.115
topki12 1309974.08 616743.34 1309974.12 616743.248 –0.042 0.090 0.100
topki13 1309949.78 616775.54 1309949.78 616775.62 –0.001 –0.080 0.080
topki14 1309939.62 616767.82 1309939.55 616767.689 0.075 0.126 0.147
topki15 1309963.93 616735.59 1309964.05 616735.693 –0.122 –0.105 0.161
topki16 1310338.99 615177.73 1310338.92 615177.672 0.072 0.063 0.096
topki17 1310343.97 615183.56 1310344.11 615183.374 –0.137 0.186 0.231
topki18 1310349.03 615179.13 1310348.93 615179.05 0.101 0.084 0.132
topki19 1310344.12 615173.28 1310344.11 615173.221 0.012 0.061 0.062
topki20 1310320.53 615146.9 1310320.46 615146.862 0.067 0.037 0.077
topki21 1310288.31 615110.3 1310288.34 615110.246 –0.031 0.055 0.063
topki22 1310280.51 615117.19 1310280.53 615117.203 –0.028 –0.009 0.029
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for State Property Management and the Ministry of 
Agriculture and Processing Industry of the Kemerovo 
Region. After 1200 paper maps were digitized, 30% 
of them appeared to be faulty to some extent. Figure 1  
illustrates an example of such an error detected after 
comparing a digitized paper map with the aerial survey 
data.

According to the paper map provided by the State 
Property Management Committee, the area of   the land 
plot was about 32 ha. According to the coordinates 
obtained by the photogrammetric mapping, it was 
about 16.3 ha. This means that the land owner has to 
pay almost twice as much land tax while allocating 
extra resources to cultivate the acres that are not there. 
The error triggers incorrect agricultural work planning 
because most indicators, e.g. yield, are initially incorrect. 
The error occurred as the field partially overgrew with 
trees and shrubs. A prompt correction will allow the 
farmer to plan their costs, calculate their yields, and 
reduce their taxes.

The data on all previously recorded agricultural 
land plots were subjected to continuous automated 
control. This measure corrected numerous errors found 
in the data provided by the authorities. In the Izhmorka 
municipality, the survey revealed several agricultural 
plots (5189 ha) on the forest fund lands. The Ministry of 
Agriculture and Processing Industry of the Kemerovo 

Region misclassified them as agricultural. Figure 2 is 
a Sovhoz.avi screenshot which visualizes such an error 
that affected an area of   2352 ha.

The red arrow on the left slide highlights the area 
that was classified as agricultural by the Ministry 
of Agriculture and Manufacturing Industry of the 
Kemerovo Region. However, the aerial survey on the 
right slide shows that this area is covered with forest. 
The data provided by the municipal authorities of the 
city of Novokuznetsk were subjected to similar control. 
The Sovhoz.avi platform identified several areas located 
in the city center and along the main highways that were 
mistakenly recorded as agricultural (Fig. 3, red circle). 
As a result, 670 land plots with a total area of   9144.96 ha 
were removed from the system.

The Sovhoz.avi platform currently contains data 
on 96 600 agricultural land plots with a total area of 
2.4 million ha. After verification, about 0.04 million ha, 
which is about 1.64% of the total area, were excluded 
because the data were found unreliable. Since April 30, 
2021, the platform has been used by the authorities and 
local governments of the Kemerovo Region. The users 
are mostly interested in such options as “view the plots”, 

“check and change boundaries”, and “check and change 
attributes”.

In May 2021, Sovhoz.avi was used to monitor the 
agricultural land use rights. Illegal use of agricultural 

Figure 2 A land plot with a land-use error

 

Figure 3 An urban land plot misclassified as agricultural
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land has become a relevant issue in the region as a 
result of incomplete and conflicting information, as 
well as a long period of no official control. Agricultural 
enterprises and individual farmers did not bother to 
obtain official permission when they decided to develop 
new plots, thus violating the fiscal interests of the 
state. In the end, farmers had neither accurate data on 
the size and configuration of their own lands nor any 
legal right to use them in transactions. The first stage 
of the monitoring revealed 688 plots (24 300 ha) with 
no official registration. While the agricultural profile 
of these plots was obvious from the aerial survey, the 
system lacked information about their state registration 
and permits.

Of the initially identified 688 plots, 488 plots (65.1%, 
15 300 ha) proved to be charted correctly. However,  
34 plots (7.6%, 1100 ha) had to be inspected by 

specialists. The inspections revealed that all the plots 
were used for farming, e.g. animal sheds, barns, etc. The 
farmers were sent official recommendations to register 
their land plots. Table 4 illustrates the changes in the 
number and total area of   illegally used land plots in 
2021–2022.

Table 4 shows that the scale of illegal agricultural 
land use differs from municipality to municipality. The 
Tyazhin municipality is responsible for about 45.4% of 
the total area and 68.5% of the total number of illegal 
agricultural land plots. Its disadvantageous location and 
poor transport accessibility make any control a very 
complicated task. In some areas, e.g. in the Krapivino 
municipality, almost all illegal land plots were officially 
registered in 2021, while in other municipalities they 
were identified later. 

Table 4 Number and area of illegally used land plots in the Kemerovo Region

Figure 4 A case of unused land plots with good transport accessibility

Municipality May 2021 January 2022 Difference
Plots Area, ha Plots, number Area, ha Plots, number Area, ha

Belovo 0 0 5 973.11 5 973.11
Guryevsk 4 60.43 8 261.77 4 201.34
Izhmorka 10 345.22 10 345.22 0 0
Kemerovo 6 158.53 5 89.03 –1 –69.50
Krapivino 7 355.29 0 0 –7 –355.29
Leninsk-Kuznetskiy 79 1031.00 27 708.37 –52 –322.63
Mariinsk 8 287.77 29 1112.95 21 825.18
Novokuznetsk 6 161.45 114 2018.35 108 1856.90
Prokopyevsk 13 972.13 95 3871.29 82 2899.16
Promyshlennoe 3 151.95 2 68.82 –1 –83.13
Tisul’ 6 51.84 7 1108.50 1 1056.66
Topki 20 345.26 169 3874.49 149 3529.23
Tyazhin 150 11176.53 1037 22136.58 887 10960.05
Chebula 0 0 3 608.88 3 608.88
Yurga 8 418.35 128 2729.34 120 2310.99
Yaya 55 553.75 31 295.88 –24 –257.87
Yashkino 24 907.29 24 907.29 0 0
Total 399 16976.79 1694 41109.87 1295 24133.08
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The Sovhoz.avi software can also identify unused 
agricultural land plots. Agricultural land-use efficiency 
is vital for food security and agricultural development. 
Unused land plots can be offered to businesses that are 
interested in investing in the local agriculture.

Unused land plots are very different. The Sovhoz.avi 
platform divided them into those that are easy or hard 
to introduce into agricultural use. The classification was 
based on two criteria deduced from the digital inventory 
data. The first criterion was the location of the plot in 
relation to settlements and roads. High transportation 
costs make hard-to-reach areas economically unviable. 
Therefore, easy-to-introduce areas are located near 
highways and settlements (Fig. 4), where farmers can 
hire workers, build warehouses and garages, etc.

The second criterion is vegetation. Unused land 
plots get overgrown with shrubs and trees. Their 
uprooting is not cost effective. A field with trees and 
shrubs is difficult and inefficient to cultivate. Sovhoz.
avi can identify trees and shrubs. Figure 5 illustrates 
another case of an easy-to-introduce land plot in the 
Novokuznetsk municipality.

Areas with grass and trees are easy to spot (right 
slide) and measure (left slide, red area). The trees did 
not prevent Sovhoz.avi from identifying a country road 

that goes through the overgrown area. The monitoring 
revealed 3825 unused easy-to-introduce land plots 
with a total area of   163 400 ha and verified 1682 plots 
(44%) with a total area of   36 500 ha. These areas can 
be recorded in a separate inventory to be offered to 
potential investors.

Hard-to-introduce plots are far from highways and 
settlements. They are hard to cultivate because of trees 
and shrubs. Figure 6 gives an example of a hard-to-
introduce land plot.

The left slide shows field boundaries (highlighted) 
charted according to feature point coordinates. The dark 
green spots are trees and shrubs. The aerial survey (right 
slide) confirmed that the plot indeed belongs to those 
hard to introduce into agricultural use. It contains two 
birch groves, while its southern part is overgrown with 
shrubs. This plot would be very difficult to return to 
economic circulation.

The Sovhoz.avi platform revealed 29 140 hard-
to-introduce plots with a total area of 447 100 ha. 
Apparently, hard-to-introduce plots are much more 
numerous because all convenient plots are already in 
agribusiness. The platform verified 13 111 plots (44.9%) 
with a total area of 171 100 ha. These plots may return 
to economic circulation if the situation in agriculture 
and food market changes, e.g. prices and food demand 
continue to rise in 2022.

CONCLUSION
The new aerial survey software and hardware 

complex, which included a camera-equipped unmanned 
aerial vehicle and the Sovhoz.avi digital twin software, 
proved to be an efficient and cheap means of agricultural 
land inventory. The digital inventory of agricultural 
land in the Kemerovo Region revealed numerous errors 
in the available official records. The most common 
errors included: unidentified boundaries (about 65% of 
all agricultural plots in the region), distortions of the 

Figure 5 A case of an easy-to-introduce land plot without 
trees

Figure 6 A case of a hard-to-introduce land plot with trees
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geometric boundaries, and incorrect area calculation. 
Some plots located in urban areas or forest reserves were 
misidentified by the authorities as agricultural.

The aerial survey data and the Sovhoz.avi platform 
can provide local authorities with effective decision-
making support. In January 2022, the Kemerovo Region 
had 1700 illegally used land plots with a total area of   
about 41 000 ha. The land users were recommended 
to register their land plots officially. The research 
also provided a new, updated inventory of unused 
agricultural land plots, which were divided into those 
easy or hard to introduce into agricultural use. Easy-to-
introduce land plots have a good transport accessibility 
and no trees or shrubs (3825 plots with a total area of   

163 400 ha). They form a promising reserve for the local 
agricultural development and can be offered to potential 
investors.
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Abstract:
Food processing is an important operation in the food industry that converts fresh foods into final products with desirable 
characteristics for consumption and storage. Ohmic heating is an emerging technique for food processing that seems to be a 
suitable alternative to conventional heat treatment. Recently, there has been a lot of research into ohmic heating applications in 
processing various foods. 
This review highlights the findings of studies conducted in 2018–2022 on the impact of ohmic heating on the physical, chemical, 
and sensory properties of foodstuffs during processing. We found that this technology provides more reliable process control 
compared to the traditional technique, namely conventional heating. Although ohmic heating has a positive effect on the quality 
of foods, its efficiency is limited by certain food components, including acid and fat, that markedly affect the electrochemical 
attributes of foods. 
Therefore, to achieve optimal results, ohmic heating conditions should be set in accordance with the properties of food materials. 
There is a need for further in-depth studies on the performance of ohmic heating in food processing on a large, rather than a lab 
scale. 
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INTRODUCTION
Fresh foods have a limited shelf life and spoil very 

quickly due to a high water content and easy availability 
of nutrients for microorganisms. Mechanical, physical, 
chemical, and microbial processes are the main causes 
of food spoilage. Therefore, processing of foods is very 
important in order to maintain their health benefits and 
quality. 

Conventional thermal processing is widely used for 
microbiological safety and food preservation [1]. This 
technique effectively inactivates pathogens and spoilage 
microorganisms. However, the application of high 
temperatures has a negative effect on the food quality, 
namely color, texture, flavor, as well as nutritional 
and bioactive compounds [2, 3]. Heat transfer in tradi- 
tional thermal processing includes three mechanisms, 
namely convection, conduction, and radiation [4]. The 

heterogeneous distribution of heat in different parts of 
food, which occurs because of internal resistance, adds 
to the negative impact on the food quality. 

Therefore, alternative technologies should be used to 
solve these problems. Ohmic heating, or Joule heating, 
is an emerging technique for food processing that 
seems to be a suitable alternative to conventional heat 
treatment. It generates heat by the passage of alternating 
current through food and the resistance of food particles 
to electrical current. In fact, food forms part of an 
electrical circuit in ohmic heating [5, 6]. 

Since ohmic heating converts electrical energy to 
thermal energy, the temperature inside the food rises 
uniformly and rapidly [7, 8]. As a result, there are fewer 
sensory changes, less off-flavor, fewer nutritional losses, 
and less bioactive degradation. 

https://orcid.org/0000-0002-7895-4862
https://ror.org/01xbtjm93
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In addition, this new technology ensures the 
microbiological safety of the final product [9]. Other 
advantages of ohmic heating include shorter processing 
time, higher efficiency, and lower maintenance cost. 
Ohmic heating has a variety of uses in food processing, 
namely in pasteurization, peeling, blanching, drying, 
and concentration [4]. Thus, we aimed to review the 
latest studies on the application of ohmic heating in food 
processing.

OHMIC HEATING IN THE FOOD INDUSTRY 
Ohmic heating application in dairy industry. 

Ohmic heating technology appeared at the end of the 
19th century. Although it was first utilized to pasteurize 
milk, ohmic heating was not commercialized due to the 
process control problems, high cost of electricity, and 
the lack of suitable materials for electrode production. 
Today, it is applied in dairy processing to produce 
safe, healthy, and high quality dairy products [10]. 
Particularly, it is used to pasteurize lactose-free milk 
since this product has good electrical conductivity. 
The material of electrodes used in ohmic heating is an 
important issue in dairy production [11]. Less fouling 
has been observed in titanium electrodes than in 
stainless steel electrodes. This phenomenon can be 
explained by the lower chemical reactivity of titanium 
compared to stainless steel. Also, milk pasteurized 
by ohmic heating with titanium electrodes had a 
safe content of chromium and no iron, while milk 
pasteurized by ohmic heating with stainless steel 
electrodes had more iron and chromium [12]. This is an 
important hygienic aspect for designers of food industry 
equipment. 

The conditions of ohmic heating (variations of 
frequencies and voltages) are another factor which 
affects the final product. Costa et al. used ohmic 
heating with different voltages (2, 4, 5, 7, and 9 V/cm  
at 60 Hz) to process sweet whey and compared the 
results with conventional heating [9]. The authors 
reported that a higher electric field intensity resulted 
in lower luminosity (L*) and lower color variation 
(ΔE*). However, a lower electric field intensity led to 
better retention of bioactive compounds. This might 
be due to the relationship between the duration of heat 
exposure, whey protein denaturation, and the production 
of bioactive peptides. Besides, the authors recommended 
the 4 and 5 V ohmic heating for sweet whey, since these 
conditions ensured suitable sensory and rheological 
properties with higher bioactive compounds.

In the study of Silva et al., ohmic heating was used 
for Dulce de leche treatment for the first time [13]. 
Dulce de leche is a dairy product which is made by 
evaporation and sugar addition. The authors indicated 
that the low and intermediate electric field strength 
gave the product weaker aroma, more bitter taste, and 
a higher sandiness score. At higher intensity, Dulce de 
leche was heated for a shorter time, which resulted in a 
weaker Maillard reaction and fewer Maillard reaction 
products (such as lactones and furans). Lactones and 

furans are compounds which affect the aroma and flavor 
of sterilized products and may also have a negative 
impact on the quality of Dulce de leche. Furthermore, 
the ohmic-heated Dulce de leche had a homogeneous 
accumulation of whey proteins on a smaller scale. This 
prevented the contact of lactose molecules, as well 
as inhibited the growth of lactose crystals in size and 
sandiness in the final product [14]. 

Ferreira et al. processed raspberry-flavored whey 
beverage under different voltages and frequencies of 
ohmic heating [15]. The authors reported that certain 
parameters of this process (10, 100, 1000 Hz at 25 V 
and 45, 60, 80 V at 60 Hz) had a notable effect on the 
particle size, rheological properties, and the color of 
the whey beverage. Overall, ohmic-treated beverages 
showed higher viscosity than conventionally treated 
samples. Among ohmic-heated samples, 10 and 1000 Hz  
exhibited the highest viscosity due to the larger 
particle size and cell aggregation, while voltage-treated 
beverages had lower viscosity. In addition, 10 Hz-treated 
samples exhibited more color changes because of the 
electrochemical reaction. The authors proposed 10 and 
1000 Hz at 25 V as an optimal treatment to achieve the 
desired color, physical, and rheological attributes. 

In another study, Ferreira et al. revealed that under 
extreme conditions of ohmic heating (80 V at 60 Hz and 
1000 Hz at 25 V), raspberry-flavored whey beverage 
had the lowest antioxidant activity, compared to mild 
and intermediate conditions (45 and 60 V at 60 Hz  
and 10 and 100 Hz at 25 V) [16]. Furthermore, the 
ohmic-heated samples showed higher α-glucosidase 
and α-amylase inhibition in comparison with the 
conventionally treated beverages. This could be 
related to the tendency of bioactive compounds in 
whey proteins to bind to the active sites of enzymes. 
Reducing the activity of these enzymes can result in 
lower hydrolysis of disaccharides and polysaccharides, 
as well as glucose uptake, with blood sugar levels main- 
tained [17]. 

In a study of whey acerola-flavored beverage, 
Cappato et al. stated that ohmic heating decreased the 
relaxation period leading to small changes in fatty 
acid profiles, as well as preserving the nutritional 
properties of processed drink, compared to conventional  
heating [18]. 

Rocha et al. examined the quality parameters of 
Minas Frescal cheese produced from milk pasteurized 
by using ohmic heating [7]. This technique enhanced 
protein hydrolysis, resulting in a lower content of protein 
and a higher content of small peptides, compared to the 
cheeses made from conventionally treated milk. Cheeses 
manufactured from milk subjected to ohmic heating 
at the highest voltage showed the lowest proteolytic 
activity and the highest protein levels, similarly to the 
conventional method. Generally, ohmic heating notably 
decreased the hardness, elasticity, and firmness of the 
cheeses, yet improving their general acceptability. Low 
and intermediate electric field intensity (4 and 8 V/cm) 
increased the production of bioactive compounds and 
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antioxidant activity. Yet, these voltages altered the fatty 
acid profile and produced more saturated fatty acids. 
Therefore, ohmic heating at 8 V/cm was suggested 
for Minas Frescal cheese due to the shorter period of 
processing.

It was evidenced that ohmic heating resulted in 
lower hydroxymethylfurfural production and higher 
overall acceptability of whey dairy drinks, compared to 
conventional heating at the same temperatures. This was 
due to the shorter time to reach the process temperature, 
uniform heat, and lack of hot spots formation [19]. 
Thus, ohmic heating could be an innovative method for 
processing whey dairy drinks with improved sensory 
properties [20]. Table 1 summarizes recent applications 
of ohmic heating in food processing.

Ohmic heating application in fruit and vegetable 
processing. Fresh fruits and vegetables spoil rapidly 
after harvesting due to their nature (Aw, nutrients, etc.).  
Thus, it is essential to process and convert them into 
products which have a longer shelf life [42]. The 
traditional way is to concentrate fruit juices by 
conventional heating. However, this method impairs the 
quality of food due to a low coefficient of heat transfer 
and a long processing time [4]. An alternative method 
for concentrating fruit juices is ohmic heating [43]. 

Fruit juices have high electrical conductivity, which 
makes them suitable for the ohmic heating technology. 
Darvishi et al. reported that the content of total phenols 
in ohmic-treated black mulberry juice was 3.0–4.5 times 
higher than in the samples treated conventionally [3]. 
The performance of concentration in ohmic heating was 
by about 38–46% greater than in conventional heating. 
In addition, the authors stated that as the voltage 
increased, the process time decreased, resulting in fewer 
changes in total phenols and pH. 

Similarly, high voltages (45 and 50 V) were 
suggested by Norouzi et al. for concentration of 
sour cherry juice [30]. Although ohmic heating 
increased the turbidity of sour cherry juice compared 
to the conventional method, it was still less than the 
initial turbidity. This might be due to an increase in 
total phenols with enhanced voltage gradient [44].  
The authors also stated that the application of 
different voltages did not have a significant effect 
on color changes (ΔE) and color parameters such as  
L (lightness) and b (blueness/yellowness). 

Minimal alterations in terms of color have also 
been detected in ohmic-treated sugarcane juice [25, 45]. 
Fadavi et al. evaluated the impact of ohmic heating 
and conventional heating on tomato juice [4]. They 
found that ohmic heating caused little changes in 
the properties of tomato juice (acidity, turbidity, and 
lycopene) and that these changes would be even less 
significant in ohmic heating under vacuum. 

Conventional and ohmic dewatering of grapefruit 
and orange pulps were investigated by Stojceska  
et al. [21]. The authors indicated that the moisture 
content decreased markedly during conventional and 
ohmic drying, while the amount of vitamin C and pH 
did not differ significantly. 

Another study found that the application of ohmic 
heating for concentration of orange juice under vacuum 
significantly reduced the concentration time and led to 
the production of fruit juice with higher viscosity, better 
color retention, and less decomposition of vitamin C,  
compared to processing under atmospheric condi- 
tions [46]. 

Sabanci and Icier added that the changes in the 
temperature of evaporation during the concentration of 
orange juice had a notable impact on the time to reach 

Figure 1 The effects of ohmic and microwave treatments on vitamin C content in cantaloupe juice. With the permission of the 
publisher, Hashemi et al. [22]
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Table 1 Ohmic heating applications in food processing

Product Process 
purpose

Ohmic heating 
conditions 

Main findings References

Whey dairy 
beverages

Thermal 
processing

6, 9, 12, and 
15 V/cm – 500, 
1000, 1500, and 
2000 Hz

Samples processed by increased voltage gradient and frequencies 
presented higher overall liking

[20]

Dulce de leche Thermal 
processing

0, 2, 4, 6, 8, and 
10 V/cm – 
60 Hz

Low and intermediate electric field strength resulted in more 
bitter taste, weaker aroma, and higher sandiness; higher intensity 
reduced the heating time and weakened the Maillard  
reaction

[13]

Whey dairy 
beverage

Thermal 
processing

6 V/cm – 60 Hz Ohmic heating led to less hydroxymethylfurfural production and 
increased overall liking, compared to conventional heating at the 
same temperatures

[19]

Sweet whey Thermal 
processing

2, 4, 5, 7, and 9 
V/cm – 60 Hz 

Higher electric field intensity resulted in lower luminosity and 
lower color variation; lower intensity led to better retention of 
bioactive compounds

[9]

Whey-
raspberry 
flavored 
beverage

Thermal 
processing

10, 100, and 
1000 Hz – 25 V 
and 45, 60, and 
80 V – 60 Hz

Extreme ohmic heating conditions led to the lowest antioxidant 
activity, compared to mild and intermediate conditions; 
ohmic heating-treated samples showed higher α-glucosidase 
and α-amylase inhibition, as well as higher viscosity, than 
the conventionally treated beverages; 10 Hz-treated samples 
exhibited more color changes

[15]

Whey acerola-
flavored drink

Pasteurization 45, 60, and 
80 V – 
60 Hz and 10, 
100, and  
1000 Hz – 25 V

Ohmic heating led to small changes in fatty acids profiles or 
preservation of nutritional properties, compared to conventional 
heating; electric field effects caused small modifications of 
nutritional aspects, while frequency had a stronger influence on 
the quality of the product; high frequencies (1000 and 100 Hz) 
resulted in better bioactive compounds and antioxidant  capacity

[18]

Lactose-free 
milk

Pasteurization 8.25 V/cm – 
50 Hz

This product can be subjected to ohmic heating due to its 
good electrical conductivity; less fouling observed in titanium 
electrodes than in stainless steel electrodes

[11]

Minas Frescal 
cheese (MFC)

Pasteurization 
of milk 
intended 
for MFC 
manufacture 

4, 8, and  
12 V/cm

Cheeses manufactured from milk subjected to ohmic heating 
at the highest voltage showed the lowest proteolytic activity 
and highest protein levels, similar to conventional heating; 
ohmic heating decreased hardness, elasticity, and firmness, but 
improved general acceptance of cheeses; production of bioactive 
compounds and antioxidant activity increased at low and 
intermediate electric field intensity (4 and 8 V/cm)

[7]

Grapefruit and 
orange pulps

Drying 30 V/cm Vitamin C and pH did not differ significantly between ohmic 
heating and thermal dehydration

[21]

Cantaloupe 
juice

Pasteurization 100 and 200 V Higher voltage resulted in a reduced number of pathogens and 
lower contents of vitamin C, carotene, and phenolic compounds

[22]

Pulque Pasteurization 60, 80, 100, and 
120 V – 60 Hz

Ohmic heating improved the physicochemical and sensory prop-
erties, compared to conventional heating

[23]

Tomato juice Concentration 10.5, 13.2, and 
15.8 V/cm –  
50 Hz

Ohmic heating caused slight changes in the properties of tomato 
juice (acidity, turbidity, and lycopene) which were even less pro-
nounced when using vacuum

[4]

Orange juice Concentration 13 V/cm –  
50 Hz

Ohmic heating treatment under vacuum resulted in better reten-
tion of vitamin C and fewer color changes, compared to treatment 
under atmospheric conditions

[24]

Sugarcane 
juice

Pasteurization 60 Hz Ohmic heating and ultrasound did not affect phenolic compounds, 
whose content was similar to fresh juice; only slight color 
changes were caused by ohmic heating

[25]

Pineapple 
cubes

Thermal 
processing

Electrical power 
was calculated 
based on the 
electrical 
conductivity of 
pineapple cubes

Lightness and antioxidant properties of the pineapples did not 
differ significantly between ohmic heating and conventional 
heating; ohmic heating increased the hardness of the pineapples 
compared to the conventional method

[26]

Blanching 25, 30, and  
35 V/cm

The highest textural degradation was observed at all electric field 
strengths at 90 s process time; higher strength (35 V/cm) resulted 
in a higher drying rate

[27]
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Continuation of Table 1

Product Process purpose Ohmic heating 
conditions 

Main findings References

Pear Assisting in lye 
peeling

426, 479, 532, 
585, and 638 
V/m

Ohmic heating enhanced the product yield, efficacy of 
peeling, as well as the quality of the final product; peel 
quality was best at much lower concentrations of lye (2% 
NaOH at 532 V/m and 3% NaOH at 426 and 479 V/m)

[28]

Mulberry juice Concentration 15, 20, 25, and 
30 V/cm – 50 Hz

Ohmic heating provided greater concentration than the 
conventional method (about 38–46%); higher voltage 
reduced the process time, resulting in fewer changes in 
total phenols and pH

[3]

Pekmez Evaporation 17.5, 20.0, 22.5, 
and 25.0 V/cm

Energy consumption was higher in conventional heating 
than ohmic heating for all voltage gradients; energy 
efficiency increased with higher voltage gradient

[29]

Sour cherry 
juice

Concentration 8.3, 9.7, 122.0, 
11.1, 12.5, and 
13.9 V/cm – 50 
Hz

Although ohmic heating increased the turbidity of sour 
cherry juice compared to the conventional method, it was 
still lower than the initial turbidity; different voltages did 
not have a significant effect on color parameters such as 

“L” (lightness) and “b” (blueness/yellowness)

[30]

Coconut water Pasteurization 10 and 20 V/cm –  
50 Hz

Ohmic heating could completely inactivate peroxidase 
but not polyphenol oxidase; no pink color found in ohmic 
heating-treated samples during cold storage, unlike 
conventionally pasteurized samples

[31]

Short grain rice Cooking 60 Hz Ohmic heating adversely affected color parameters 
(color intensity and lightness), resulting in softer texture 
compared to the hotplate cooking system

[32]

Noodle Cooking 10.0, 12.5, 15.0, 
and 17.5 V/cm – 
60 Hz

Temperature come-up time decreased significantly 
with an increase in electric field; 15 V/cm electric field 
strength with the holding time of 90 s was suggested 
as the best treatment in terms of desirable texture and 
energy efficiency

[33]

Whole and 
decorticated 
pearl millet 
grain

Cooking 60 Hz Grain pericarp considered the principal factor influencing 
the cooking process rather than the method of heating; 
no significant differences observed between conventional 
open-pan and ohmic heating methods in terms of texture 
and color

[34]

Pork Cooking 21 ± 1 V/cm –  
60 Hz

Shorter cooking time; such important factors as cooking 
loss, color, and water holding capacity were not 
significantly affected, compared to pan cooking

[35]

Vacuum 
packaged 
sausage

Post-
pasteurization

230 V – 50 Hz Ohmic heating only slightly changed the texture and 
color of vacuum packaged sausages, while having no 
notable impact on pH, water holding capacity, lipid 
oxidation, or cooking loss

[36]

Beef Cooking 50 V –  
20 kHz

Electrical conductivity is affected by the amount of fat in 
the muscle tissue; series electric current reduces electrical 
conductivity, compared to parallel current

[37]

Whole egg Pasteurization 20 kHz Ohmic heating improved the hardness and foaming 
capacity compared to conventional pasteurization 
and caused slight changes in color; although ohmic 
heating increased viscosity, its detrimental impact could 
be reduced by adjusting the process conditions; low 
temperature pasteurization was proposed due to its low 
impact on protein denaturation

[38]

Egg white Pasteurization 20 kHz Fewer proteins denatured during thermally-induced 
gelation of egg white protein under ohmic heating

[39]

Starch Gelation 7 to 27 V/cm –  
60 Hz

The stability of starch gels strongly depended on the type 
of starch and was not affected by the type  
of heat treatment

[40]

Surimi-canned 
corn mixed gels

Thermal 
processing

250 V –  
10 kHz

Ohmic heating effectively reduced moisture loss in corn 
and preserved the texture of corn and surimi gel better 
than the water-bath heating method

[41]
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the target values of total soluble solids, performance, 
and electrical conductivity [24]. They explained that 
various values of absolute pressure and, consequently, 
boiling temperatures applied in ohmic heating affected 
energy efficiency, according to the second law of 
thermodynamics. Higher boiling temperature decreased 
the process time and had a positive effect on energy 
efficiency. 

In some studies, ohmic heating has been used to 
pasteurize fruit juices. Particularly, Hashemi et al.  
compared the efficiency of ohmic and microwave 
processes for treatment of cantaloupe juice [22].  
They indicated that higher voltage of ohmic 
heating and microwave power markedly decreased 
phenolic compounds, vitamin C, and the number 
of pathogens. In fact, at high voltages compounds 
are produced that catalyze the decomposition 
pathways of ascorbic acid in the presence of oxygen 
due to thermal effects, electrode reactions, and 
the electrolysis of the solution. Hashemi et al.  
observed the highest degradation of vitamin C in the 
ohmic treatment at 200 V and the lowest in the micro- 
wave treatment at 400 W (Fig. 1) [22].

In another study [47], they found electric current and 
temperature to be the major variables which affected the 
pasteurization of sour orange juice. The authors showed 
that heat transfer in orange juice was accelerated by the 
application of a higher electric field (Fig. 2).

Alcántara-Zavala et al. reported that ohmic heating 
improved the physicochemical and sensory properties 
of fermented beverage obtained from the agave plant 
(known as pulque) [23]. Pulque is an alcoholic beverage 
with acidic taste. Ohmic heating improved its flavor 
(alcoholic perception and acidity) and made it more 
palatable for consumption, compared to conventional 
heating. Due to its mineral content, pulque showed good 
electrical conductivity. Its pasteurization with 120 V at 
65°C for 5 min was reported as the best treatment. 

Rinaldi et al. evaluated the physical and chemical 
impacts of ohmic heating and conventional heating 

on cubes of pineapple in syrup [26]. They observed 
insignificant differences in the lightness (L*) and 
antioxidant properties between the two methods, while 
the hardness of the ohmic-treated pineapples was higher 
than that of those treated conventionally. In addition, 
Kumar et al. observed the highest textural degradation 
of pineapple cubes at all electric field strengths at 90 s 
process time [27]. They also found that higher electric 
field strength resulted in a higher drying rate. 

Ohmic heating can be used as an alternative to 
conventional blanching prior to drying and storage 
of vegetables and fruits. Kanjanapongkul and Baibua 
applied ohmic heating to pasteurize coconut water and 
found that it could completely inactivate peroxidase, 
but not polyphenol oxidase [31]. In addition, no pink 
discoloration was reported in the ohmic-heated samples, 
while the conventionally pasteurized samples featured a 
pink color during cold storage. 

Another application of ohmic heating is in the 
peeling process. Removing the skin of fruits and 
vegetables is one of the most common treatments in 
food processing. The conventional peeling methods (lye, 
steam, and mechanical method) have several drawbacks, 
including high peeling losses, high consumption of 
energy, and environmental issues. Therefore, there is a 
growing demand for alternative methods [48]. Gupta and 
Sastry employed ohmic heating to remove the skin of 
pear [28]. Furthermore, a combination of ohmic heating 
and CO2 laser drilling has been used to remove tomato 
skins [49]. These studies have shown that ohmic heating 
enhances the product yield, efficacy of peeling, as 
well as the quality of the final product. However, some 
parameters should be considered to optimize the peeling 
process, such as temperature, composition of peeling 
medium, and electric field strength [28, 50]. 

Ohmic heating application in grain processing. 
The boiling of food products, such as rice and noodles, 
is a time-consuming process. Today, as the people’s 
lifestyles have altered, there is a growing demand for 
rapid cooking methods and alternatives to traditional 
methods. Gavahian et al. investigated the impact of 
ohmic heating and traditional cooking on the textural 
and physical attributes of short grain rice [32]. They 
reported that although ohmic heating adversely affected 
the color parameters (color intensity and lightness), 
it resulted in softer texture in comparison with the 
hotplate cooking system. In this regard, the corrosion 
of electrodes and electrochemical reactions have been 
expressed as factors affecting the color of ohmic-heated 
foods [32]. 

Ohmic heating has also been found to markedly 
reduce the cooking time, fouling, and consumption 
of energy, compared to the traditional method [51]. 
Similarly, Jo and Park utilized different electric fields 
(10.0, 12.5, 15.0, and 17.5 V/cm) for cooking instant 
noodles [33]. They observed that heat transfer between 
noodles and soup was expedited at higher electric fields. 
Therefore, the authors suggested 15 V/cm with the 

Figure 2 Temperature profile of sour orange juice during 
ohmic heating for 120 s and three different voltages  
(100, 150, and 200 V). With the permission of the publisher, 
Hashemi et al. [47]
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reduces the electrical conductivity during ohmic heating, 
as well as uniform heating.  The authors also found that 
series electric current reduced electrical conductivity, 
compared to parallel current. Reduction of shrinkage 
and drip loss were observed in both types of meat 
during ohmic cooking at 50 V and 20 kHz [37]. 

Additionally, ohmic heating can be applied to cook 
pork since it shortens the cooking time without having 
a significant impact on the water holding capacity, 
color, and cooking loss, compared to the traditional pan 
cooking [35]. Similarly, ohmic heating has no significant 
effect on the properties of scallops (texture, shrinkage, 
and water release) and reduces the denaturation of actin 
by shortening the heating time [53]. 

Inmanee et al. investigated the impacts of ohmic 
heating on Listeria monocytogenes contamination and 
the quality of sausages during post-pasteurization [36].  
They showed that the ohmic process effectively 
inactivated L. monocytogenes (≥ 5-log reduction). The 
authors compared the electrical conductivity of sausage, 
salt solution, and collagen casing. They found that the 
collagen casing had a higher electrical conductivity than 
the sausage and attributed it to the presence of fat, which 
made up to 20% of the sausage. The salt solution acted 
as a conductor, with lower conductivity than the sausage 
and casing. 

The study also showed that the ohmic process only 
slightly changed the texture and color of the vacuum-
packaged sausages. At the same time, it had no notable 
impact on pH, water holding capacity, lipid oxidation, 
and cooking loss. However, these slight changes in 
texture and color were not detectable by sensory 
evaluators. Therefore, ohmic heating has the potential to 
be applied in the meat and meat products industry with 
the least impact on their quality.

Other food products. Several studies have 
investigated the technological attributes of eggs under 
ohmic heating. Since fresh-laid eggs can be a cause of 
salmonella infection, manufacturers prefer pasteurized 
egg for both its safety and ease of handling [54]. 

holding time of 90 s as the best treatment in terms of 
desirable texture and energy efficiency. 

Dias-Martins et al. compared the impact of 
conventional open-pan and ohmic heating on whole 
and decorticated pearl millet grains [34]. They found 
the grain pericarp to be the principal factor influencing 
the cooking process, rather than the method of heating. 
Regarding pearl millet grain, no significant differences 
were observed between the two cooking methods in 
terms of texture and color. However, the ohmic-heated 
decorticated grains exhibited greater lightness and 
harder texture, compared to the conventionally cooked 
grains. 

Waziiroh et al. examined the basic aspects of using 
ohmic heating for baking gluten-free bread [52]. They 
stated that the changes in the physical properties of 
gluten-free bread during heating depended on the 
ingredients and their interaction in the dough. They 
believed that two major factors affected the porosity 
and viscosity of dough during baking by ohmic 
heating, namely dough ingredients and their properties 
(e.g., non-ionic and ionic compounds, particle size, 
surface hydrophobicity, emulsification ability, etc.) and 
dough structural properties (foam formation, protein 
denaturation, and starch gelatinization).

Ohmic heating application in meat industry. 
It has been investigated that ohmic heating can be 
used for processing meat and meat products. Several 
factors affect the electrical conductivity and therefore 
the efficiency of the ohmic process, including meat 
structure (type of meat, amount of fat and moisture), 
lean-to-fat ratio, and electric current direction [35]. 
Llave et al. studied the impact of meat type (Japanese 
beef and Australian beef) and the direction of 
electric current (series and parallel) on the electrical 
conductivity during ohmic cooking [37]. They reported 
that Japanese meat had lower electrical conductivity 
than Australian meat due to its higher fat content. 
Having low electrical conductivity, fat prevents the 
passage of current by covering lean particles, which 

 

 

 

        

Figure 3 Various applications of ohmic heating in food processing 
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Eggs are a rich source of protein and due 
to their sensitivity to high temperature, great 
care must be taken during egg pasteurization to 
prevent proteins denaturation and coagulation. 
Alamprese et al. reported that ohmic heating 
improved the hardness and foaming capacity of the 
whole egg, compared to conventional pasteuriza- 
tion, and caused slight changes in its color [38].  
The authors stated that although ohmic heating 
increased viscosity, its detrimental impact could be 
reduced by adjusting the process conditions. In general, 
they proved that ohmic treatment could be used as a 
desirable method for whole egg treatment and proposed 
low temperature pasteurization due to its low impact on 
protein denaturation. 

Similarly, Llave et al. examined color alterations 
of egg yolk under ohmic treatment and evaluated the 
correlation between color changes and the degree of 
protein denaturation [54]. They found that increasing 
temperatures caused the egg yolk color to gradually turn 
from plain orange to vivid yellow, while the egg white 
gradually changed from transparent to cloudy. 

In addition, the egg color changes were correlated 
with the non-denaturation ratio of the second peak 
temperature. In this regard, Joeres et al. indicated that 
egg white protein did not fully denature during ohmic 
heating [39]. They believed that this could be related to 
the oscillatory electric field which partially interfered 
with the complete denaturation and development of 
intermolecular beta-sheet structures during thermal 
gelation of ovalbumin. Also, according to the results 
of scanning electron microscopy, the ohmic-heated 
gels had a more open and porous network structure, 
compared to conventional treatment which exhibited 
denser gels.

In another study, da Silva et al. investigated the 
impact of ohmic heating on the rheological attributes 
and stability of gels produced from starch [40]. 
Particularly, they examined the effect of starch source 
(cassava and maize) and type of treatment. They found 
that the stability of starch gels strongly depended on the 
type of starch and was not affected by the type of heat 
treatment. The researchers revealed that ohmic heating 
had several advantages over conventional heating. In 
particular, it reduced energy and water consumption, as 
well as wastewater production, and did not affect the 
properties of the final product.

In a study by Jung et al., ohmic heating was used 
to process surimi-corn mixture [41]. The authors 
reported that this technique effectively reduced the 
amount of moisture loss in corn and preserved the 
texture of corn and surimi gel better than the water-bath  
heating method.

Limitations and advantages. Ohmic heating has 
revealed its potential for processing various foods in 
industrial applications. Apart from heat treatment, it 
can also be used as an assisted treatment for other 
processes like peeling, concentration, and drying 
(Fig. 3). Although recent studies have indicated that 

ohmic heating can improve the physical and chemical 
properties of foods, compared to conventional heating, 
there are some limitations regarding its application. 
Operator safety, high capital cost, and corrosion of 
electrodes are major concerns of food manufacturers to 
commercialize this novel technology.

Studies have shown that ohmic-treated foods have 
better texture, better aroma, lower color variation, 
higher bioactive compounds, and better sensory 
properties, compared to conventionally treated foods [3, 
7, 9, 13, 16, 18, 20, 23, 26, 30, 33, 36, 49]. However, for 
some foods, there are no significant differences between 
the two methods in terms of quality [21, 26, 40]. 

In contrast, some studies have revealed that ohmic 
heating can adversely affect some physical properties 
of food such as color [32]. Electrode corrosion and some 
electrochemical reactions are among its limitations that 
can affect the food quality. Besides, ohmic heating is 
not a suitable method for processing foods with a high 
fat content since fat has low electrical conductivity. 
Therefore, the ohmic process conditions must be 
optimized according to the food properties in order to 
achieve the best result. 

Other advantages of ohmic heating are a shorter time 
to reach the process temperature, lower consumption 
of energy, uniform distribution of heat, and a shorter 
total heating period [7, 10, 29, 40, 43]. Although this 
novel technology has some limitations and drawbacks, 
its advantages make it a suitable alternative to the 
traditional heating process.

CONCLUSION
Ohmic heating follows the Joule law to heat foods 

quickly and evenly, effectively and volumetrically. This 
method is markedly influenced by different properties of 
foods, including the amount of fat, type of food material, 
particle size, pH, viscosity, the content of charged 
ions, etc. In addition, variations of frequencies and 
voltages also play an important role in the performance 
of ohmic heating during food processing. Our review 
concludes that the processing of food materials by ohmic 
heating can be carried out in a shorter time, compared 
to conventional heating. In addition, the quality of 
foods can be effectively affected by ohmic treatment 
through both thermal and non-thermal impacts. While 
its thermal impacts on the food quality have been 
extensively studied, there is limited information on the 
non-thermal impacts of this technology on various food 
properties, such as texture, color, taste, etc. Therefore, 
a more detailed study is needed to fully realize the 
thermal and non-thermal impacts of ohmic heating for 
different foods and under various operating conditions. 
The ohmic process has many benefits for food industry, 
including process energy and time savings. Furthermore, 
this technology provides more reliable process control, 
compared to the traditional technique. These benefits 
suggest that ohmic heating can be a superior alternative 

https://www.sciencedirect.com/science/article/abs/pii/S0260877417304995#!
https://www.powerthesaurus.org/furthermore/synonyms


224

Jafarpour D. et al. Foods and Raw Materials. 2022;10(2):216–226

CONTRIBUTION
The authors were equally involved in writing the 

manuscript and are equally responsible for plagiarism.

CONFLICT OF INTEREST
The authors have declared no conflict of interest.

procedure for food processing in comparison with the 
traditional method. However, most studies have been 
performed on a lab-scale and very few on a pilot plant-
scale. Therefore, more research is needed into ohmic 
heating application on a large-scale to evaluate the 
potential technical problems and economic issues.
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INTRODUCTION
Modern lifestyle involves changes in essential 

food habits [1]. Due to improper diet, people suffer 
from various kinds of chronic diseases. Obesity, heart 
disease, and diabetes are among current global issues [2]. 
Nutraceuticals are food-based drugs which minimize 
diet-related illnesses. The word “nutraceutical” comes 
from “nutrition” and “pharmaceutical” [3].  Any 
pharmaceutical product manufactured from food 
sources has fundamental nutritional values and mini- 
mizes various chronic diseases [4]. 

Recently, nutraceuticals have gained extensive 
attention due to their better pharmacological functions 

with fewer side effects. In 2017, 77% of Americans 
used nutraceuticals, and their number was rising 
daily [5]. Nutraceuticals are classified as dietary fiber, 
probiotics, prebiotics, polyunsaturated fatty acids, 
antioxidant, vitamins, polyphenols, and spices [6]. 
Herbal nutraceuticals are prepared from plants, fungi, 
algae, or their combinations.  Various forms of herbal 
nutraceuticals (powder, tablets, capsules, liquid, etc.) are 
currently available in the market [7]. 

About 2500 years ago, Hippocrates wrote, “Let 
food be thy medicine and medicine be thy food.” This 
quotation is undoubtedly the principle of today [6]. The 
nutraceutical industry has great potential in some Asian 
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Abstract:
Nutraceuticals are food-based drugs that are used as dietary supplements to minimize chronic diseases. Diabetes is one of the 
most common chronic diseases all over the world. Recently, herbal nutraceuticals have taken a promising role in treating diabetes.
We aimed to develop herbal nutraceutical tablets and evaluate its anti-diabetic activity using ob/ob mice. Five plant species were 
collected by field survey methods based on oral interviews with traditional healers of Tripura. The wet granulation method was 
applied to formulate the herbal nutraceutical tablet. Water- and fat-soluble vitamins were determined by reversed-phase high-
performance liquid chromatography. Trace elements were analyzed by atomic absorption spectrophotometry. To evaluate the 
anti-diabetic activity of the herbal tablets, we determined serum hemoglobin, glycosylated serum protein, and oral glucose 
tolerance. 
The newly formulated herbal nutraceutical tablets provided the optimal energy level. It contained sufficient amounts of essential 
minerals, such as iron (74.6 ± 2.7 mg/g), sodium (4.4 ± 0.4 mg/g), potassium (5.3 ± 0.7 mg/g), calcium (163.1 ± 2.2 mg/g), 
magnesium (39.2 ± 1.7 mg/g), and phosphorus (14.6 ± 2.1 mg/g). We also found optimal quantities of water-soluble vitamins, such 
as vitamin C (27.2 ± 4.3 mg/g), vitamin B1 (0.6 ± 0 mg/g), vitamin B3 (0.6 ± 0.2 mg/g), vitamin B6 (1.1 ± 0.2 mg/g), vitamin B12 
(0.6 ± 0.2 µg/g), and folic acid (82.6 ± 7.6 µg/g), as well as fat-soluble vitamins, such as vitamin A (287.4 ± 6.3 µg/g), vitamin D3 
(2.6 ± 0.6 µg/g), and vitamin E (0.7 ± 0 ng/g). Finally, the herbal nutraceutical tablet (200 mg/kg) significantly improved the anti-
hyperglycemic effect on ob/ob mice (type 2 diabetes), compared to the standard drug, metformin (200 mg/kg). 
The results suggest that the newly formulated herbal tablet may be recommended as an anti-diabetic nutraceutical drug.
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countries, such as China, Japan, India, South Korea, 
Thailand, Singapore, and Taiwan. With rich natural 
resources, skilled human resources, and excellent R&D 
facilities, these Asian countries are expected to lead the 
production of herbal nutraceuticals [8, 9]. 

Tripura is India’s state located in the northeastern 
part of the subcontinent between 22o7’ and 24o2’ north 
latitudes and 91o0’ and 92o0’ east longitudes. Its highest 
temperature is 35.60°C, and yearly rainfall is 2000 mm.  
These excellent climatic conditions make Tripura a 
favorable place for various edible medicinal plants, or 
plants with nutritional benefits and bioactive compounds 
for the human body [10, 11]. 

According to literature, the forest of Tripura is a 
good source of edible medicinal plants with anti-diabetic 
properties [12]. Diabetes is a big issue in the Indian 
health care system. Type 2 diabetes is the most common 
in adults with uncontrolled diet. Every year, nearly  
1 million Indians die due to diabetes. This chronic 
disease afflicts 2.8% of the global population [13]. 
Treatment with herbal medicine improves insulin 
secretion and reduces intestinal glucose absorption in 
diabetics [14]. 

This study aimed to formulate herbal nutraceutical 
tablets from selected edible medicinal plants of Tripura, 
India, and evaluate its anti-diabetic activity using ob/ob 
mice (type 2 diabetes model).

STUDY OBJECTS AND METHODS
Ethnomedicinal data collection. Ethnomedicinal 

data about five edible plant parts (Musa paradisiaca 
fruit, Musa paradisiaca stem, Cmorphophallus 
paeoniifolius corn, Artocarpus heterophyllus seed, and 
Colocasia esculenta leaf) were collected from oral 
interviews with traditional healers from three ethnic 
communities (Tripuri, Reang, and Jamatia) of Tripura. 
All the interviewees were adults aged over forty [15]. 
The scientific names of the collected plant specimens 
were identified with the help of a plant taxonomist and 
the book, “The Flora of Tripura State” [16].

Processing of plant materials. After identification, 
we selected plant parts with medicinal properties, 
washed them thoroughly with distilled water, and then 
properly air-dried them. The dried samples were ground 
to fine powder. The powder material was packed in a 
sealed container and preserved at room temperature for  
further experiments [17].

Experimental animals. In our experiments, we 
used laboratory mice as model organisms. Adult Swiss 
albino mice (18–25 g) of both sexes were used for 
acute toxicity tests. Male ob/ob mice (type 2 diabetes 
mice weighing 50–55 g, aged 12 weeks) and male 
C56BL6 mice (normal mice weighing 28–32 g, aged  
12 weeks) were used for an anti-diabetic activity 
test. The temperature (20°C) and humidity (53%) of 
the animal house were controlled and maintained 
throughout the 12/12 h light/dark cycle. Food and water 
were available except during the fasting period. The 
care and handling of the animals were in line with the 

regulations of the National Institutes of Health. The 
Institutional Ethics Committee (No. 1667/GO/a/12/
CPCSEA) approved the study protocol [18].

Acute toxicity test. Acute toxicity tests of five 
different plant powder samples were measured by 
the method described by Ali et al. with some modifi- 
cation [19]. The Swiss albino mice (18–25 g) of both 
sexes were divided into two groups, the control group 
and the experimental group, ten animals in each. The 
control group received only distilled water, whereas 
the experimental group received different doses (5, 50, 
300, 800, 1200, and 2000 mg/kg body weight) of the 
powder sample orally. The mice were then kept under 
observation up to 72 h for mortality or symptoms of 
toxicity [19]. 

Formulation of herbal tablet. We used the wet 
granulation method to prepare novel herbal anti-
diabetic nutraceutical tablets. Equal amounts of 
previously prepared plant materials (M. paradisiaca 
fruit, M. paradisiaca stem, C. paeoniifolius corn,  
A. heterophyllus seed, and C. esculenta leaf) were placed 
in a rapid mixture granulator, with a 10% starch solution 
added dropwise into the binder. The damp masses 
were screened through a sieve #10 and then dried. The 
dried granules were screened through a sieve #20 and 
stored in a desiccator until they were ready for tablet 
compression. The prepared granules were compressed in 
a single punch tablet press machine (Manesty Type F3, 
Liver Poole, England) with a punch diameter of 0.75 cm  
and a compression pressure of 933 Pa (N/m2). The die 
volume matched the tablets’ weight to confirm that  
600 mg was obtained [20].  

Evaluation of granules. Tablet granules were 
evaluated by Wadher et al. methods with some 
modification. Particularly, we determined their bulk 
density, tapped density, Hausner quotient, Carr’s 
compressibility index, flow rate, and angle of repose [21].  

Evaluation of herbal tablets. Weight variation, 
thickness, hardness, friability, and in vitro disintegration 
time were determined by Wadher et al. methods with 
some modification [21]. 

Total moisture, total carbohydrate, complete protein, 
total fat, total ash, and total caloric value of the herbal 
tablets were determined by Debnath et al. method with 
some modification [17]. Total dietary fiber was measured 
by Ozoliņa et al. method with some modification [22].

Concentrations of minerals were determined by an 
atomic absorption spectrophotometer. Debnath et al. 
method with some modification was applied to measure 
the content of minerals in the tablets [17]. 

Vitamins, namely C, B1, B3, B6, and folic acid 
were determined by Antakli et al. method with some 
modification, using the RP-HPLC system [23].

Instrumental conditions:
Column: C18 BDS (10 cm×4.6 mm; 3 μm);
Mobile phase: A = Hexane-1-sulfonic acid sodium 

(5.84 mM):acetonitrile (95:5) with 0.1% triethylamine 
as solvent at pH 2.5; B = 5.84 mM of hexane-1-sulfonic 



229

Debnath B. et al. Foods and Raw Materials. 2022;10(2):227–234

acid sodium:acetonitrile (50:50) with 0.1% triethylamine 
as solvent at pH 2.5, pH = 3.54;

Flow rate: 1.6 mL/min;
Injected volume: 20 μL;
Absorbance recorded: Vitamins C and B1 = 246 nm, 

vitamin B3 = 260 nm, vitamin B6 = 290 nm, vitamin B9 =  
= 282 nm.

Determination of fat-soluble vitamins. Vitamins A, 
D3, and E were determined by using the reversed-phase 
high-performance liquid chromatography as reported by 
Xue et al. with some modification [24].

Instrumental conditions: 
Column: dC18 (particle diameter 5 µm, 150× 

4.6 mm i.d.);
Mobile phase: methanol:water = 98:2; 
Flow rate: 1.00 mL/min;
Injected volume: 10 μL;
Absorbance recorded: vitamin E = 230 nm, vita- 

mins A and D3 = 265nm.
Anti-diabetic activity. 
Experimental design. The animals were randomly 

divided into four groups of six animals for test purposes, 
namely: a normal group (completely healthy mice) 
treated with 0.5% sodium carboxymethyl cellulose;  
a vehicle control group (ob/ob mice) treated with 0.5% 
sodium carboxymethyl cellulose; a positive control 
group treated with 200 mg/kg of metformin via gavage; 
and an experimental group treated with 200 mg/kg 
herbal nutraceutical tablet via gavage. The experiment 
lasted four weeks. At the end of the experiment, all the 
animal groups fasted overnight, and blood samples were 
collected from the tail vein. Before blood collection, 
the animals were given pentobarbital as an anesthetic  
agent [18].

Determination of serum hemoglobin and 
glycosylated serum protein. Hemoglobin (HbA1c) and 
glycosylated serum protein were measured by respective 
kits (Merck Millipore, Germany) according to the 
manufacturer’s instruction [18].

Oral glucose tolerance test. After four weeks of 
treatment with herbal nutraceutical tablets, the animals 
were made to fast overnight, and glucose solution  
(2 g/kg of body weight) was administered orally. After 
that, their blood samples were collected every 30 min 
(0, 30, 60, 90, and 120 min). The blood glucose was 
measured by a glucose meter (i-QARE DS-W®) [18]. 

Statistical analysis. For the analysis of granules, 
herbal tablets, proximate compositions, minerals, and 
vitamins, the data were expressed as mean ± SDs. For 
the evaluation of anti-diabetic activity in ob/ob mice, 
the data were expressed as mean ± S.E.M. One-way 
ANOVA was used to determine significant differences 
among groups, after which the modified Student’s 
t-test with the Bonferroni correction was applied to 
compare individual groups. All statistical analyses 
were performed with SPSS 17.0 software. P < 0.05 was 
considered statistically significant.

RESULTS AND DISCUSSION
Ethnomedicinal study. The field survey showed 

that the five edible medicinal plants were applied by 
the healers of Tripura to cure different diseases (Table 
1). Ethnomedicinal studies play a vital role in finding 
medicinal plants that can be used to produce novel 
crude drugs. They also verify the protection of cultural 
heritage [11]. The data that we collected from the 
informants of healers clearly proved that the plants we 
had selected were of medicinal importance.

Acute toxicity test. Our results indicated no changes 
of behaviour or mortality caused by the plant samples 
at the highest dose of 2000 mg/kg b.wt. This meant 
that this dose had no lethal or toxic effect. Toxicity 
assessment is one of the crucial steps prior to human 
uses of any pharmaceuticals or food ingredients. Acute 
toxicity studies determine adverse effects of any active 
compound after oral ingestion of a single or multiple 
doses [19]. We found that the five plant samples under 
study had no toxic effect. 

Evaluation of granules. All the physical parameters 
of the herbal granules under study were found to be 
satisfactory (Table 2). The Carr’s compressibility index 
indicates the strength of the powder/granules, while 
the Hausner ratio determines the powder/granules’ 
inter-particulate friction. Both parameters are used 
to analyze the powder/granules’ flow rate. The Carr’s 
compressibility index of less than 10 or the Hausner 
ratio of less than 1.11 indicate an “excellent” flow rate, 
while the Carr compressibility index higher than 38 or 
the Hausner ratio higher than 1.60 indicate a “very poor” 
flow rate. Both parameters depend on the bulk density 
and the tap density of the powder/granules [25]. The 
angle of repose is another parameter used to evaluate 
the powder/granules’ flow rate. Its value of less than 

Table 1 Ethnomedicinal use report on edible medicinal plant parts selected

Botanical name and family Local name Plants parts Ethnomedicinal use
Musa paradisiaca (Musaceae) Kola Unripe fruit Diabetes,  hypertension, ulcers, diarrhea
Musa paradisiaca (Musaceae) Kola Stem Diabetes, high blood pressure, high acidity
Cmorphophallus paeoniifolius 
(Araceae)

Batama Corn Helminths, liver disease, digestive and gastric disorders, 
diabetes

Artocarpus heterophyllus 
(Moraceae)

Kathal Seed Ulcers, constipation, diarrhea; excessive accumulation  
of fluid in tissues

Colocasia esculenta (Araceae) Kocho Leaf Diabetes, microbial infection, liver disease
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30° indicates an “excellent” flow rate, while the value 
greater than 56° indicates a “very poor” flow rate [26]. 
Our results showed an excellent flow rate in the granules 
prepared with a 10% starch solution (Table 2). 

Evaluation of herbal tablets. All the physical 
parameters of the herbal tablets under study were found 
to be satisfactory (Table 3). The weight variation test is 
employed to ensure that each tablet/capsule in the batch 
contains the same amount of drug ingredients. Checking 
a tablet’s thickness is necessity for packaging since very 
thick tablets are not suitable for packaging. A tablet’s 
friability and hardness tests are closely related to each 
other. They determine the physical strength of a tablet. 
Disintegration refers to the mechanical breakup of a 
compressed tablet into small granules at a specific time 
point. The disintegration test provides critical safety 
data on the drug’s bioavailability in the body [27, 28]. 

In our experiments, 20 tablets were used to check 
the average uniformity of weight and 10 tablets to check 
the average uniformity of thickness and hardness.  For 
the friability and disintegration tests, the samples were 
prepared in triplicate. According to the results (Table 3), 
the physical parameters of our newly formulated tablets 
were within the limits established by the United States 
Pharmacopoeia.

Determination of proximate composition. The 
proximate composition of the herbal nutraceutical 
tablets is represented in Table 4. The moisture content is 
an essential parameter because high moisture affects the 
physical stability of food products. Their shelf life also 
depends on the total moisture content [29]. As we can 
see in Table 4, our newly formulated herbal tablets had 
a low moisture content (62.44 ± 2.11 %), indicating high 
physical stability. 

Carbohydrates, proteins, and fats hold a special place 
in human nutrition. The human body requires them in 
relatively large amounts for normal functioning. These 
three macronutrients provide energy (measured in 
calories) in the human body [30]. Our newly formulated 
herbal nutraceutical tablet contained optimal amounts of 
carbohydrates (1.88 ± 0.52 %), proteins (0.95 ± 0.65 %),  
and fats (0.43 ± 0.53 %), as well as provided a good 
amount of energy (15.19 kcal). 

So, the herbal nutraceutical tablets developed may 
be recommended to people with unbalanced energy 
levels. Dietary fiber is a complex mixture of polysac- 
charides. Diets with a high content of fiber alleviate  
constipation [31]. Our herbal nutraceutical tablet 
contained a good amount of dietary fiber (1.66 ± 0.67%), 
so it may be used to reduce constipation.

Table 2 Physical parameters of herbal granules

Physical parameters Herbal granules prepared with 
10% starch solution

Bulk density, g/mL 0.46 ± 0.01
Tapped density, g/mL 0.48 ± 0.01
Hausner quotient 1.07 ± 0.01
Carr’s compressibility, % 6.72 ± 0.53
Angle of repose, o 32.29 ± 0.99
Flow rate, g/sec 6.67 ± 0.57

*The values represent mean ± SD for three samples 

Table 3 Physical parameters of herbal nutraceutical tablets 
prepared with 10% starch solution

Physical parameters Value
Uniformity of weight, mg 610.50 ± 1.70
Uniformity of thickness, mm 3.78 ± 0.041
Hardness, kg/cm2 3.88 ± 0.078
Friability, % 0.65 ± 0.020
Disintegration time, s 295.33 ± 1.52

*The values represent mean ± SD for three samples

Table 4 Proximate composition of herbal nutraceutical tables

Proximate composition Total amount, %
Moisture 62.44 ± 2.11  
Carbohydrates 1.88 ± 0.52
Protein 0.95 ± 0.65
Fat 0.43 ± 0.53
Ash 1.78 ± 0.53
Dietary fiber 1.66 ± 0.67
Calories, kcal 15.19 

*The values represent mean ± SD for three samples

Table 5 Mineral profile of herbal nutraceutical tablets

Minerals Total amount, mg/g
Iron 74.6 ± 2.7
Sodium 4.4 ± 0.4
Potassium 5.3 ± 0.7
Calcium 163.1 ± 2.2
Magnesium 39.2 ± 1.7
Phosphorus 14.6 ± 2.1

*The values represent mean ± SD for three samples

Table 6 Profiles of water - soluble and fat-soluble vitamins in 
herbal nutraceutical tablets

Vitamin Total amount
C (ascorbic acid), mg/g 27.2 ± 4.3
Vitamin B1 (thiamin), mg/g 0.6 ± 0.0
Vitamin B3 (niacin), mg/g 0.6 ± 0.2
Vitamin B6 (pyridoxine), mg/g 1.1 ± 0.2
Vitamin B12 (cobalamin), µg/g 0.6 ± 0.2
Vitamin B9 (folic acid), µg/g 82.6 ± 7.6
Vitamin A (retinol), µg/g 287.4 ± 6.3
Vitamin D3 (cholecalciferol), µg/g 2.6 ± 0.6
Vitamin E (tocopherol), ng/g 0.7 ± 0.0

*The values represent mean ± SD for three samples
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Minerals determination. Iron is an essential 
microelement for producing blood. Anemia is the 
most common disease caused by iron deficiency. 
Every year, approximately 30% of patients suffer from 
anemia globally, particularly 51% in India [32]. Our 
herbal nutraceutical tablet had a significant amount 
of iron (74.6 ± 2.7 mg/g), so it may alleviate the 
effects of iron deficiency (Table 5). Dietary potassium 
and sodium are two electrolytes that play a vital 
role in regulating fluid and blood volume [33]. The 
tablets developed contained a fair amount of sodium  
(4.4 ± 0.4 mg/g) and potassium (5.3 ± 0.7 mg/g), 
so it may be used to regulate the body’s fluid 
and blood volume. Calcium, phosphorus, and 
magnesium are three crucial micronutrients for 
healthy bone and teeth formation, as well as 
metabolic functions [34]. Our herbal nutraceutical 
tablets contained a considerable amount of 
these minerals, namely 163.1 ± 2.2, 14.6 ± 2.1,  
and 39.2 ± 1.7 mg/g, respectively. Therefore, the newly 
developed herbal tablets can help bone formation and 
improve metabolic functions in the human body.  

Determination of vitamins. We determined the 
values of water-soluble (C, B1, B3, B6, B12, and folic 
acid) and fat-soluble vitamins (A, D3, and E) in our 
herbal nutraceutical tablets (Table 6). We found rich 
amounts of vitamin C (27.2 ± 4.3 mg/g) and vitamin A  
(287.4 ± 6.3 µg/g). Vitamin C is a water-soluble vitamin 

Figure 1 Carbohydrate metabolism parameters of ob/ob mice treated with sodium carboxymethyl cellulose (normal group), sodium 
carboxymethyl cellulose (vehicle control group), metformin (positive control group), and herbal nutraceutical tablet (experimental 
group). Each group contained six animals
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Figure 2 Change of blood glucose with time in ob/ob mice 
treated with sodium carboxymethyl cellulose (normal group), 
sodium carboxymethyl cellulose (vehicle control group), 
metformin (positive control group), and herbal nutraceutical 
tablet (experimental group). Each group contained six animals
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An oral glucose tolerance test determines the body’s 
response to glucose. This test can be used to detect 
type 2 diabetes [39]. The oral administration of the 
herbal tablet to ob/ob mice significantly reduced their 
blood glucose level (Fig. 2). Therefore, this tablet may 
be used as an anti-diabetic drug.

We also found that the herbal nutraceutical tablet 
(200 mg/kg) significantly enhanced oral glucose 
tolerance (Fig. 2). This means that this tablet can be used 
to alleviate type 2 diabetes mellitus through progressing 
insulin sensitivity. 

CONCLUSION
Our study showed that the newly formulated herbal 

tablet contained optimal amounts of macro- and 
micronutrients, water, and fat-soluble vitamins. The 
tablet also provided significantly higher hypoglycemic 
activity compared to the standard drug, metformin. 
The results suggested that the herbal tablets developed 
may be recommended as an anti-diabetic herbal 
remedy.
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Abstract:
This review features different powdered fruits with optimal storage stability and physiochemical parameters. Spray-drying 
parameters, such as temperatures and flow rate, can affect the physical properties of powders. Carrier agents provide powders 
with various favorable qualities, e.g. good flow rate. Commercial spray-drying of fruit juice knows different carrier agents. 
The review involved scientific and methodological publications, conference papers, patents, regulatory papers, and Internet 
resources. They were subjected to grouping, categorization, comparative analysis, and consolidation. 
Inlet temperature, maltodextrin concentration, and air flow rate of spray-drying increased the powder yield but decreased the 
moisture content. Inlet temperature, maltodextrin concentration, and feed flow rate affected the solubility. Effects of atomization 
rate, air flow rate and free flow rate were assessed in terms of yield, moisture content, hygroscopicity, and solubility. 
The article introduces the fundamentals of spray-drying and describes the effect of each spray-drying parameter on the powder 
quality. The list of parameters included inlet air temperature, atomization rate, air flow, and feed flow rate. We also evaluated 
the impacts of various carrier agents on the powder quality. The article contributed to a better understanding of how variable 
parameters affect the quality of food powders. The results provide the food industry with better choice options to adopt certain 
parameters for specific production needs.
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INTRODUCTION
Dehydration of food allows extending its shelf life 

by reducing the chemical and microbial activities [1]. 
Drying reduces the moisture content of powder, which 
guarantees a long and safe storage [2]. High-water 
content makes fruit juices highly perishable products 
with high transportation costs. In this regard, powdered 
fruit juices are an attractive option for the food business: 
they are stable, space-effective, and easy to transport [3]. 
Atomization, droplet-hot air interaction, and moisture 
evaporation are the three essential processes of spray-
drying [4].

Fruits usually undergo such procedures as open 
sun-drying, hot air drying, solar drying, microwave-
drying, freeze-drying, and spray-drying. However, 
these methods have some disadvantages. For example, 
hot air drying is time-consuming, and freeze-drying is 
rather expensive [5, 6]. Spray-drying is a highly suitable 

process for heat-sensitive products producing powders 
with good quality [7–9]. Spray-dried powders have good 
dispersion characteristics and are easy to incorporate 
into food products [10]. Some resent studies introduced 
spray-dried powders from cempedak jackfruit and kuini 
mango [11–13]. 

Spray-drying is an effective means of making 
inhalable powders [3]. The list of physicochemical 
parameters that affect powders during spray-drying 
includes such process factors as viscosity, particle 
size, liquid feed flow rate, temperature and pressure 
of the drying air, the kind of atomizer, etc. As a result, 
optimizing the drying process is critical for obtaining 
goods with improved sensory and nutritional properties, 
as well as for increasing process yield. Studies that 
feature surface characteristics of powder particles can 
provide better knowledge of the production process and 
optimize the powder composition [4].
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Effective spray-drying requires a careful selection 
of operating conditions. For particles ≤ 2 μm, spray-
drying has a poor cyclone collection efficiency. A 
common spray-dryer has an average output of 20–50%, 
but a new high-performance cyclone developed by the 
Swiss company BÜCHI increased it to ≥ 70%. Another 
significant problem with spray-drying is the lack of 
control over the mean droplet size. As a result, droplets 
come in a wide range of sizes, and pneumatic nozzles 
can cause clogging. Ultrasonic nozzles produce more 
consistent droplets and more uniform size distribution of 
the powder [7, 8].

Some difficulties, such as stickiness, hygroscopicity, 
and solubility, can be overcome by introducing the 
carrier agents before atomization. Biopolymers 
and gums are the most popular carrier agents. 
These compounds are typically associated with 
microencapsulation. They can minimize powder hygro- 
scopicity, protect delicate food components from 
unfavorable ambient circumstances, reduce food 
component volatility and reactivity, and improve the 
appearance of the finished product [10].

Fruit storage provides their off-season supply. 
However, some fruits tend to rot during storage and lose 
their nutritional content. The benefits of a dried extract 
over traditional liquid forms include cheaper storage 
costs, increased concentration, and active component 
stability. Spray-drying can produce powders with 
precise quality criteria in a continuous process [14]. It 
is a one-stage technology that turns liquid meals or 
suspensions into powder form. Spray-drying is also used 
in pharmacy for tablet coating. Spray-drying has three 
primary steps: atomizing the liquid feed, creating and 
drying the droplets, and droplet motion.

Problem statement. Spray-dried fruit juice powders 
have high sugar solids content and usually assume 
amorphous state [14]. Some recent studies describe 
the advances in the spray-drying of sugar-rich foods, 
including fruit juices, pulp, and honey with or without 
carriers [15]. Products with low molecular weight 
sugars, e.g. fructose, sucrose, and glucose, have a very 
low glass transition temperature. Sucrose, glucose, 
and fructose have the glass transition temperature of 
62, 32, and –5°C, respectively. They reduce the glass 
transition temperature of sugar-rich foods, which are 
prone to caking during storage [16]. The hygroscopic 
and thermoplastic nature of dried materials, such as 
fruit juice powders, are known to cause adhesion to 
dryer walls, reduce the drying yield, increase stickiness, 
and decrease solubility [17]. These sugars are very 
hygroscopic, which increases their stickiness and 
tendency to agglomeration [18].

Organic lactic, malic, tartaric, and citric acids also 
make spray-drying difficult. When tartaric, citric, and 
malic acids were applied at concentrations of ≥ 10% dry 
matter, they reduced the powder recovery. As a result, 
spray-drying of fruits with high acid content required 
more maltodextrin [19]. Spray-drying below +20°C of 
glass transition temperature helped avoid stickiness  

but was not economically feasible [20]. Spray-dried 
blood fruit powder was found to have high solubility 
and good retention of resveratrol content [21]. This work 
features the effect of different spray-drying parameters, 
e.g. temperature, flow rate, flow rate, and carrier 
concentration, on food powders.

STUDY OBJECTS AND METHODS
The study was carried out at UCSI University in 

Malaysia’s Faculty of Applied Sciences, Department 
of Food Science and Nutrition. It featured scientific 
and methodological literature, publications in scientific 
journals, conference papers, patents, regulatory 
papers, and Internet resources. The data were grouped, 
categorized, compared, and consolidated. Because 
1995 was the year that the topic of spray-drying was 
first highlighted, the review includes high-quality peer-
reviewed English-language papers published between 
1995 and 2021. Most publications were Scopus indexed. 
The conference papers were chosen based on their 
citation quantity and keywords. The review did not 
include books and non-academic resources.

RESULTS AND DISCUSSION
Basic principles of spray-drying. Spray-drying 

involves five major stages [22, 23]:
1) Concentration. The feed is concentrated before 

being pumped into the spray-dryer;
2) Atomization. The fluid products are dispersed into 

fine droplets and pumped into the drying chamber via an 
atomizer;

3) Droplet-air contact. The atomized feed comes in 
contact with the hot gas. Water evaporates, leaving a 
dry product. The contact time between spray-droplets 
and the hot air is very short, which provides an efficient 
drying process of heat sensitive materials without 
thermal decomposition;

4) Droplet drying. It occurs in two sub-stages. The 
first sub-stage happens at a relatively constant rate. 
During this sub-stage, the surface of the droplets is 
quickly moisturized by the water trapped inside the 
droplets. The second sub-stage happens when the 
surface of the droplets runs out of moisture.  This sub-
stage yields a dried product;

5) Separation. The dried powder passes through the 
cyclone and is then collected in the collection vessel. 
The air is exhausted from the top of the cyclone and 
passes through the bag filter.

Main properties of spray-dried powders. Primary 
powder properties include hygroscopicity, moisture 
content, solubility, particle density, particle size 
distribution, appearance, color bulk density, particle 
morphology, and surface composition [24]. In addition 
to moisture content, some important characteristics of 
spray-dried powders also include particle porosity, size, 
and rehydration [20]. As a result, scientific publications 
concentrate mostly on the effect of feed qualities and 
drying conditions on the physical properties of powder, 
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although the results are sometimes confusing [25]. The 
spray-dried powders are analyzed in a few common tests 
( Table 1).

The powder yield depends on the kind of fruit 
and the carrier agent. For example, orange juice 
powder has a big range of  yield, from 25 to 
85% [49]. However, acai juice powder yield was 
reported as 48.49% [26]. The moisture content is 
one of the main characteristics of powder which 
affects mainly solubility and bulk density [24].  
Moisture content of spray-dried tomato powder was 
reported as 3.11–9.30%, whereas watermelon juice 
powder obtained by the same method had 1.47–2.48% 
moisture content [50, 51].

Fruit juice powder has a high hygroscopic feed and 
thermoplastic nature. As a result, it sticks to the dryer 
walls, which is one of the major problems in spray-
drying [52]. The other reason might be its low melting 
point temperature, high water solubility, and low glass 
transition temperature [53]. Stickiness normally occurs 
if particles are not dry enough when they come in 
contact with one another or with the drying wall and 
thus stick to the drying chamber [19]. Stickiness causes 
operational issues and lowers the yield [16, 14].

Reported hygroscopicity of 12.48–15.79 for acai 
powder, while Rodrigues-Hernandez et al. stated 
36.32–48.93 for cactus pear juice powder [26, 54]. 
According to Fitzpatrick et al., particle size and particle 
distribution eventually have significant impact on the  
powder flowability, handling, and processing [43, 55].

Solubility is another important property of pow- 
ders [49, 50]. It can be affected by compressed air 
flow rates, carrier agents, and low feed rates [24]. The 
water solubility index increased when maltodextrin 
reached 96% [56]. According to Mahendran, 30% 
of maltodextrin produced a guava powder with 95% 
solubility, whereas 60% of maltodextrin added to guava 
juice decreased the solubility to 86% [38]. Bulk density 
is an important powder property as it determines the 
size of containers, which eventually affect the handling 
and transportation costs.

Consumers prefer it when the powder is reconstituted 
well and can be instantly dissolved in water [20, 57]. 
Mango powder showed a good reconstitution property: 
it completely dissolved in warm water at 40°C with no 
suspended  particles in the solution [52]. Reconstituted 
pineapple powder was found to have a lower lightness 
but a higher  redness and yellowness, probably, as a 
result of the non-enzymatic browning reaction that 
occurred during spray-drying [58].

Youssefi et al. measured the color change in the 
pear cactus juice powder and its reconstituted solution. 
The slight changes in the color (∆E) ranged from 6.7 to  
9.8 [17]. L* was affected neither by  the drying 
conditions nor by the color change, only by the 
maltodextrin concentration. The L* values of the 
reconstituted samples (13.00–16.00) were similar to 
those of the untreated juice (13.02), which meant that the 
spray-drying process did not darken the finished product.

Factors affecting the properties of spray-dried 
powder. Table 2 shows the production of different 
fruit powders obtained by spray-drying. Spray-drying 
parameters are important and must be controlled as 
they affect the quality and quantity of powder. Some 
parameters of spray-drying include inlet and outlet 
temperature, air flow rate, feed flow rate, atomizer, 
carrier agents, and concentration. Different parameters 
affect such powder properties as bulk density, solubility, 
hygroscopicity, particle size, flowability, and glass 
transition temperature [50].

Inlet air temperature and outlet temperature.  
Table 2 demonstrates the effects of inlet air temperature 
on the physicochemical properties of spray-dried 
fruit powders. Such powder properties as moisture 
content, bulk density, particle size, hygroscopicity, and 
morphology are all affected by the initial settings of 
inlet air temperature [61]. Inlet air temperature proved 
a more important factor than maltodextrin content, 
judging by bulk density, caking, and water solubility 
index [62].

Inlet air temperature can range from as low as 
80°C for red beet to as high as 205°C in for pear cac- 
tus [54, 63]. However, the normal range for spray-drying 
is 110–160°C [50, 64]. Nevertheless, Phisut reported that 
the inlet air temperature of 150–220°C is commonly 
used for food spray-drying [61]. Some recent studies 
of spray-drying of guava, pineapple, and bael powder 
revealed the inlet air temperature of 148, 160, and 166°C, 
respectively [65–67].

Quek et al. found that the moisture content of 
spray-dried powder decreased as inlet air temperature 
and outlet temperature grew higher [51]. The outlet 
temperature should be the same to maintain the 
product quality. For  every 2–3°C increase in the inlet 
air temperature, the outlet air temperature is usually 
increased by 1°C. According to [49, 51, 68], a higher 
inlet air temperature reduced the residual moisture 
content. When the inlet air temperature was increased, 
the moisture content fell down because the heat transfer 
happened at a faster rate between the product and the 
drying air [61].

The inlet air temperature can also affect the 
hygroscopicity of powder [61]. Similarly, powders 
produced at higher inlet air temperatures were more 
hygroscopic [24, 26]. Higher inlet air temperatures 
lowered the moisture content in the powder, causing the 
powder to absorb moisture from the environment [61]. 
Inlet air temperature can also affect bulk density. In 
particular, increasing the inlet air temperature caused 
the bulk density to drop [49]. For instance, the bulk 
density of acai juice powder decreased as the inlet air 
temperature increased [26].

When temperature increased during spray-drying, 
case-hardening appeared at the outer layer of atomized 
powder [61]. Particle size was reported to increase 
together with temperature. Higher drying temperatures 
resulted in faster drying rates, triggering an early 
structural formation and preventing the particles 
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Table 1 Spray-drying conditions in fruit powder production

Powder Initial 
sample

Total 
solids

Inlet  
tempe- 
rature,  

°C

Outlet 
tempe- 
rature, 

°C

Aspirator rate/air 
velocity

Feed rate Atomization 
rate/
compressor 
pressure

Analysis References

Acai Pulp – 138–202 82–114 73 m3/h, 0.06 MPa 5–25 g/min – Process yield, 
moisture content, 
hygroscopicity, 
anthocyanin 
retention, outlet 
temperature 

[26]

Amla Juice – 120–200 81–119 75 m3/h 13–15 mL/min 0.12 mPa Moisture content, 
hygroscopicity, 
bulk density, 
water solubility 
index, surface 
morphology, 
DPPH, total 
phenolic content

[27]

Andes  
berry

Juice 9°B 12 70 10 m3/h 485 mL/h 4 bar Particle 
morphology, 
size, thermal 
analysis, volatile 
compounds, 
anthocyanin 
activity

[28]

Bayberry Juice 11°B 150 80 100% (35 m3/h) – 439 L/h Product recovery, 
moisture content, 
water activity, 
glass transition 
temperature, 
surface 
composition

[29]

Ber Juice – 170–210 – 40–80 m3/h 1 L/h
9–21%

– Color, bulk 
density, 
hygroscopicity, 
packed 
density, outlet 
temperature

[30]

Black 
currant

Extract Final 
35°B

150, 160, 
180, 205

70, 70, 
85, 100

– – – Total polyphenol, 
antioxidant 
activity

[31]

Black  
mulberry

Juice – 110–150 – 800 L/h 150 mL/h 4.65 bar Yield, moisture 
content, bulk 
density, 
solubility, 
surface 
morphology, 
glass transition 
temperature, 
particle size

[32]

Black- 
berry

Pulp – 140–180 99–115 35 m3/h 0.49 kg/h 0.36 m3 air 
flow

Moisture content, 
hygroscopicity, 
anthocyanin 
content, 
color, surface 
morphology, 
particle size

[33]

Blueberry Extract 30% 
total 
solids

160 70 – – 23 000 rpm Particle size,  
true density, 
water-binding 
capacity, 
anthocyanin 
content

[34]
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Continuation of Table 1

Powder Initial 
sample

Total 
solids

Inlet  
tempe- 
rature,  

°C

Outlet 
tempe- 
rature,  

°C

Aspirator 
rate/air 
velocity

Feed rate Atomization 
rate/
compressor 
pressure

Analysis References

Canta- 
loupe

Juice – 170–190 75–77 – – – Moisture content, 
water activity, 
vitamin C, 
β-carotene content, 
dissolution, surface 
morphology

[35]

Elder- 
berry

Juice 10–13°B 70–120 – – 180 & 300 mL/hr – Total phenolic 
content, color

[36]

Gac Aril – 120–200 83–125 56 m3/h 12–14 mL/min 0.06 mPa Moisture content, 
water activity, bulk 
density, antioxidant 
activity, color total 
carotenoid, water 
solubility index

[37]

Guava Concen- 
trate

10.5°B 160 80 – – 40 000 rpm Moisture content, 
pH, titratable 
acidity, total sugars, 
vitamin C, total 
soluble solids

[38]

Slurry – 170–185 80–85 4 kg/m2 18–20 rpm – Moisture content, 
solubility, 
dispersibility, 
vitamin C

[39]

Indian 
goose- 
berry

Juice 19% 120/160 80 – 1.2 mL/min 2.4×102 kPa Moisture content, 
water activity, 
vitamin C, 
dissolution

[40]

Lime Juice 9.5 140–170 – – 1.75 g/min 5 bar Powder recovery, 
bulk density, 
surface morphology 
color

[41]

Orange Juice 56–57% 160 65 – – – Color, moisture 
content, titratable 
acidity, water 
activity, particle 
size, bulk density, 
glass transition 
temperature

[42]

Pitaya Juice 50% 145–175 – – 400 L/h 4.5 bar Moisture content, 
water activity, 
color, true density, 
bulk density, tap 
density, Carr Index, 
Hausner ratio, 
glass transition 
temperature, 
particle size, 
surface  
morphology, 
betacyanin  
content

[43]

Pome- 
granate

Juice 20–44°B 110–140 – 0.53 m3/min 7 mL/min – Moisture content, 
hygroscopicity, 
anthocyanin content, 
color, solubility, 
bulk density, yield, 
total phenolic 
content, antioxidant 
activity

[44]



240

Pui L.P. et al. Foods and Raw Materials. 2022;10(2):235–251

from shrinking during drying [69]. A higher inlet air 
temperature produced powder with larger particles and 
greater swelling [70]. A lower inlet air temperature 
resulted in shrunk and smaller particles.

The moisture content in the powder was reported to 
improve solubility: the solubility of spray-dried raisin 
extracts and tomato concentrates increased together 
with the moisture content [18, 24, 50, 51]. The solubility 
of spray-dried roselle and tomato powder decreased as 
the drying temperature fell [24, 71]. A larger spray-dryer 
affected the  beetroot powder color changes, namely 
increased the a* value and decreased the b* value [72].

Quek et al. focused on the color of spray-dried 
watermelon powder [51]. When the inlet air temperature 
increased, the b* value increased. However, the  
a* values increased at 145–165°C and started to decrease 
at 175°C. The lightness of the powders decreased when 
the temperature grew higher. At a higher inlet air 

Continuation of Table 1

Powder Initial 
sample

Total 
solids

Inlet  
tempe- 
rature,  

°C

Outlet 
tempe- 
rature,  

°C

Aspirator 
rate/air 
velocity

Feed rate Atomization 
rate/compressor 
pressure

Analysis References

Red beet Concen- 
trate

20% 150, 165, 
180, 195, 
210

87–115 56 m3/h 390–560 g/h – Moisture 
content, 
hygroscopicity,  
drying ratio, 
drying rate, 
productivity, 
bulk density, 
color, Tg, 
betayanin 
content

[45]

Red 
pitaya 
peel

Puree – 155–175 75–85 900 m3/min – 15 000 rpm Color, 
hygroscopicity, 
moisture 
content, 
solubility, 
water activity, 
betacyanin 
retention

[46]

Satureja 
Montana 
L.

Extract – 135–140 60–70 – – 20 000–21 000 rpm Yield, moisture 
content, 
bulk density, 
hygroscopicity, 
water solubility 
index, total 
phenolic 
content, total 
flavonoid, 
sensory 
evaluation

[47]

Sea 
buck-
thorn

Juice – 148.79–
191.21

65–9 2.1 kg/cm3 30 rpm 50 Hg Moisture 
content, 
dispersibility, 
vitamin C, 
overall color 
change

[48]

The table is based on the findings of this study

temperature, the color of the powders turned darker. Red 
color decreased when the inlet air temperature rose [51].  
The stability of heat sensitive pigment depended on 
the inlet air temperature. The lycopene content in 
watermelon juice powder decreased at a higher inlet 
air temperature, which was in agreement with another 
publication on tomato pulp [50]. The reduction of 
lycopene content was likely due to thermal degradation 
and oxidation. On the other hand, Tonon et al. also 
reported that the inlet air temperature affected the 
anthocyanin content in acai juice powder [68]. A higher 
inlet air temperature  also decreased the amount of 
pigments in powder [61].

Atomization rate and air flow rate. Tables 3 and 4 
illustrate the effects of atomization rate and air flow 
rate, respectively. As for atomization rate, spray-drying 
uses different ranges of speed. Atomization rate had 
a positive effect on sirih powder yield [73]. Amla and 
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Table 2 Effects of inlet air temperature on physicochemical properties of spray-dried fruit powders

Powder Inlet air 
tempera- 
ture, °C

Yield/
reco- 
very,
 %

Moisture 
content

Water 
acti- 
vity

Hygro- 
sco- 
picity

Den- 
sity

Poro- 
sity

Par- 
ticle 
size

Caking Solu- 
bility

Color Pig- 
ment

Anti- 
oxidant 
activity

Vita- 
min 
C

Refe- 
rences

Acai 138–202 +ve –ve – +ve – – +ve – – – –ve – – [26]
Acerola 
pomace

170–200 – –ve – –ve – – – –ve +ve – – – – [59]

Amla 100–200 – –ve – –ve –ve – – – NS L*+ve – –ve – [27]
Ber 170–210 – – – +ve –ve – – – – – – – – [30]
Black 
mulberry

110–150 +ve –ve – – –ve – – – +ve – – – – [32]

Black- 
berry

140–180 – –ve – –ve – – NS – – L*+ve –ve – – [33]

Canta- 
loupe

170–190 – –ve – – – – – – – L*–ve
a*+ve
b* NS

– – – [35]

Gac 120–200 – –ve –ve – –ve – – – – L* NS
TC  
NS

–ve –ve – [37]

Guava 170–185 – –ve – – – – – – +ve – – – +ve [39]
Jujube 140–160 – NS – +ve – – – – – L*–ve

TC +ve
– – +ve [60]

Lime 140–170 +ve NS – +ve – – – – – – – – – [41]
Orange 
juice

110–170 – –ve – NS – NS – – – – – – – [49]

Pitaya 145–175 – –ve – – – – – – – LNS NS – – [43]
Pome- 
granate 

110–150 NS –ve – NS +ve – – – +ve TC
+ve
a*–ve

–ve +ve – [44]

Red  
pittaya  
peel

155–175 – –ve –ve –ve – – – – +ve L* +ve
a*–ve

–ve – – [46]

Water- 
melon

145–175 – –ve NS – –ve – –ve CI NS
HR NS

+ve L*–ve
a* NS
b*+ve

–ve – – [51]

+ve – positive effect; –ve – negative effect; NS – no significant effect; – – not reported

orange powder with greater moisture content resulted 
from an increase in atomization rate [27, 49]. However, 
Tee et al. stated that raising the atomization rate by  
80–100% produced sirih powder  with low moisture 
content and low hygroscopicity [73].

As for the air flow rate, Fazeli et al. and Goula and 
Adamopoulos applied air flow rate of 400–800 and 
500–800 L/h, respectively, to produce black mulberry 
and tomato powders [32, 74]. Fazeli et al. reported that 
the powder yield increased with faster air flow rate, 
producing a powder of lower moisture content and 
higher solubility [32]. Greater air flow rates reduced 
the moisture content and increased the density [32, 74]. 
However, as the air flow rate increased, the solubility 
of black mulberry fell down while that of tomato  
increased [32, 74].

Feed solid content and flow rate. Table 5 
summarizes the effects of feed flow rate on the 
physicochemical properties of  spray-dried powdered 
fruits. Most of the initial sample used for spray-drying 

were in the form of juice [36, 51, 76]. Two types of value 
were reported for Brix sample solids. Moßhammer et al.,  
used pear cactus juice with 65% of total solids while 
Roustapour et al. reported lime juice with 12% total 
solids as spray-drying feed [75, 76]. The Brix value 
also depended on the fruit. For instance, bayberry juice 
spray-dried into powder had Brix of 7–17°, whereas for 
pomegranate juice it was 20–44° [65].

Different rates of spray-drying feed have also 
become subjects of scientific research. Elderberry 
juice was spray-dried into powder at the feed  rate of 
180 and 300 mL/h [36]. However, Ferrari et al. spray-
dried blackberry pulp at the feed rate of 0.49 kg/h [33].  
Bazaria and Kumar utilized feed flow rate of  
400 mL/h to obtain high-quality spray-dried powdered  
beetroot [78]. Ribeiro et al. used different levels of 
intake temperature (110, 140, and 170°C), feed flow (0.36, 
0.60, and 0.84 L/h), maltodextrin quantity (14–26%),  
and maltodextrin dextrose equivalent (DE) as 
independent variables (5, 10, and 15 DE) [79].
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a high solubility, bland taste, and good emulsifying and 
drying properties. Its limited solution viscosity is at  
35–45% solids content; it is nonhygroscopic, nonreactive, 
and cheap [83]. Maltodextrin, alginate, Arabic gum, 
modified starch, inulin, and their combinations served as 
carriers for spray-drying of carotenoid-rich goldenberry 
(Physalis peruviana L.) juice, while cellobiose was used 
as control [84].

Table 6 demonstrates different carrier agents in fruit 
powder production, the most common carrier agents 
being maltodextrin and Arabic gum. Arabic gum had 
a high glass transition temperature and proved efficient 
in flavor retention [85]. Arabic gum is expensive 
because its supply from Middle East and Africa is as 
unpredictable as its quality. Maltodextrin is not only 
neutral in color and taste but also relatively cheap, which 
makes is the most common carriern commercial spray-
drying [7, 16]. Maltodextrin consists of β-D-glucose 
units that are linked by glycosidic bonds (1→4), with 
dextrose equivalency (DE) that indicates its reducing 
capacity [86]. Lee et al. studied the use of additives as 
carriers in spray-drying, as well as the impact on such 
physicochemical parameters as hygroscopicity, flavor 
retention, and color indexing [87].

Tonon et al. observed that high feed flow rates 
resulted in a lower yield [26]. This correlation was 
related to the slow heat and mass transfer. Higher feed 
flow rates triggered wall deposit, which reduced the 
yield [80]. Feed flow rate also had an adverse effect on 
the powder moisture content [77]. High feed flow rate 
shortened the time of contact between the feed and the 
drying air, thus decreasing the effectiveness of the heat 
transfer. An increment in feed flow rate also affected 
the evaporating intensity, which lowered the inlet air 
temperature and increased the water content in the 
powder [81]. Chen et al. reported that higher feed flow 
rate resulted in low-hygroscopicity jujube powder [60]. 
In addition, higher feed flow rates increased the particle 
size [80]. Higher feed flow rates increased the solubility 
of fermented carrot-and -watermelon juice powder [82].

Type and concentration of carrier agents. Selecting 
the best drying aids is one of the most important steps 
in spray-drying of fruits and vegetables. Drying aids, or 
wall materials, or carriers, are mostly used to increase 
the glass transition temperature of the feed. They can 
improve the recovery by decreasing the stickiness 
which causes the product to stick together or to the 
drying chamber [16]. An ideal spray-drying carrier has 

Table 3 Effects of atomization rate on physicochemical properties of spray-dried powders

Powder Atomization rate Yield/recovery, % Moisture content Hygroscopicity Density Particle 
size

Solubility References

Amla 30–50 – +ve NS NS – NS [27]
Sirih 80–100% +ve –ve –ve – –ve – [73]
Orange 10 000–25 000 rpm – +ve – NS NS – [49]

+ve – positive effect; –ve – negative effect; NS – no significant effect; – – not reported 

Table 4 Effects of air flow rate on physicochemical properties of spray-dried powders

Powder Air flow rate Yield/recovery, % Moisture content Density Solubility References
Black mulberry 400–800 L/h +ve –ve +ve –ve [32]
Lime 47.1–57.8 m3/h +ve NS NS – [41]
Tomato 500–800 L/h – –ve +ve +ve [74]

+ve – positive effect; –ve – negative effect; NS – no significant effect; – – not reported

Table 5 Effects of feed flow rate on physicochemical properties of spray-dried fruit powders

Powder Feed flow 
rate

Yield/
recovery, %

Moisture 
content

Water 
activity

Hygro- 
scopicity

Density Particle 
size

Solu- 
bility

Color Pigment 
content/ 
retention

References

Acai 5–25 g/min –ve +ve NS – – – – – [26]
Jujube 3–5 m3/h – +ve –ve – – – L*–ve

TC
+ve

– [60]

Orange 150–450 – –ve – NS NS – – – [49]
Water- 
melon  
and 
carrot

2–5 mL/min – +ve – – – +ve – –ve [77]

+ve – positive effect; –ve – negative effect; NS – no significant effect; – – not reported
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Table 6 Applications of different carrier agents in spray-drying of fruit powders

Powder Initial  
sample

Carrier agent Concentrations/ 
percentage

Analyses References

Acai Pulp Matodextrin (DE 20) & Arabic 
gum

6% Process yield, moisture content, 
hygroscopicity, anthocyanin 
retention, outlet temperature

[8]

Amla Juice Maltodextrin 3–9% (w/v) juice Moisture content, 
hygroscopicity, bulk density, 
water solubility index, surface 
morphology, DPPH, total 
phenolic content

[38]

Bayberry Juice Maltodextrin (DE 12 & 19) 1:1 (fruit juice) Moisture content, color [64]
Maltodextrin DE 10 10–50% Product recovery, moisture 

content, water activity, glass 
transition temperature, surface 
composition

[29]

Black 
mulberry

Juice Maltodextrin DE 6, 9, 20 8–16% Yield, solubility, bulk density, 
moisture content

[32]

Blackberry Pulp Maltodextrin (DE 20) 5–25% Moisture content,  
hygroscopicity, anthocyanin 
content, color, surface 
morphology, particle size

[33]

Blackcurrant Extract Maltodextrin (DE 11, 18, 
and 21)

Total °B 35 Total polyphenol and  
antioxidant activity

[31]

Blueberry Extract Maltodextrin (DE 18.5) Total solids 30%  
(blueberry solids 20%)

Particle size, true density, 
water-binding capacity, 
anthocyanin content

[34]

Cantaloupe Juice Maltodextrin (DE 9–13) 10% Moisture content, water 
activity, vitamin C, carotene 
content, dissolution, surface 
morphology

[35]

Elderberry Juice Acacia gum & 
maltodextrin (DE 4–7)

5:1–5:4; 1:1 (juice) Total phenolic content, color [36]

Gac Fruit aril Maltodextrin DE 12 10–30% Moisture content, water 
activity, pH, color, water 
solubility index, bulk density, 
carotenoid, antioxidant

[37]

Gooseberry Juice Maltodextrin 19% TSS Moisture content, water 
activity, vitamin C, dissolution 
time

[40]

Guava Juice Maltodextrin 500 RM1249 7–12% Moisture content, solubility, 
dispersibility, vitamin C

[39]

Jucara Pulp Arabic gum, Maltodextrin, 
Gelatin

Arabic gum and 
Maltodextrin (5–55%),  
Gelatin (5–15%)

Anthocyanin content, moisture 
content, water activity,  
hygroscopicity, solubility, total 
color change, bulk density

[88]

Lime Juice Maltodextrin (DE 5) 10–30% Moisture content [76]
Mango Juice Maltodextrin, arabic gum,  

starch wax, crystalline cellulose
Surface morphology, stickiness, 
solubility, powder diffraction

[14]

Orange Concen- 
trate

Maltodextrin (DE 6-21) – Glass transition temperature, 
residue formation

[74]

Juice Maltodextrin and liquid glucose – Particle size, wettability time, 
insoluble solids, bulk density, 
moisture content

[49]

Pineapple Juice Maltodextrin (DE 10) 10–12.5% Moisture content, color, bulk 
density, solubility

[7]

Pitaya Juice Maltodextrin 20 and 30% Moisture content, water  
activity, color, true density, 
bulk density, tap density, Carr’s 
Index, Hausner ratio, glass 
transition temperature, particle 
size, surface morphology, 
betacyanin content

[43]
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activity, and phenol content of barberry powder were 
optimal at 13% (w/w) of maltodextrin [95].

Table 7 shows the effects of maltodextrin concen- 
tration on the physicochemical properties of spray-dried 
powder. Maltodextrin reduced the moisture content, 
which might be explained by the increment in feed 
solids and the low amount of free water [38, 50, 51, 96].  
With the use of it, the yield was 18–35% but there was 
more deposit on chamber wall [49]. Maltodextrin 
increased the yield up to 18–35% but the deposit 
on the chamber wall reached 65–82% [49]. Yet the 
concentration of maltodextrin is important in controlling 
the quality of the powder. For instance, a higher amount 
of maltodextrin dextrose equivalent made it possible 
to obtain low-hygroscopicity liquorice [97]. Leyva- 
Porras et al. investigated the effect of spray-drying 

Maltodextrin has been used to spray-dry sticky 
products, e.g. orange, tamarind, blackcurrant, rasp- 
berry, and apricot juice, honey, mango pulp, raisin 
juice, lime juice, watermelon pulp, and sweet potato 
puree because it facilitates the drying process [25].  
The percentage of carrier agents incorporated ranges 
from 3% for watermelon juice powder to 40–64% for 
pomegranate juice powder [44, 51]. The concentration of 
maltodextrin was 15, 20, and 25%, respectively, in the 
production of spray-dried cempedak, papaya, and terung 
asam powder [90–92]. However, Henao-Ardila et al. 
reported 22.62% maltodextrin concentration as optimal 
for spray-drying of feijoa pulp, while Dantas et al. used 
23% of malto-dextrin to produce powdered avocado 
drink [93, 94]. The flowability, color, antioxidant 

Continuation of Table 6

Powder Initial  
sample

Carrier agent Concentrations/ 
percentage

Analyses References

Pitaya Juice Maltodextrin DE 10 8–22% w/w Color, hygroscopicity, moisture content, 
water activity, solubility, betacyanin 
content

[46]

Pomegranate Juice Maltodextrin, arabic 
gum, starch wax

8 and 12% Yield, solubility, color, total anthocyanin, 
antioxidant

[17]

Seabuckthorn 
fruit

Juice Maltodextrin DE 20 20–49 g in 100 mL Moisture content, solubility, dispersibility, 
vitamin C, overall color difference

[48]

Strawberry Juice Maltodextrin 10–30% Vitamin C loss, solubility, 
 anti-caking, sensory

[89]

Watermelon Juice Maltodextrin (DE 9–12) 3 and 5% Moisture content, water activity, 
dissolution, color, carotene content, sugar

[51]

Table 7 Effects of maltodextrin concentration on physicochemical properties of spray-dried powder

Powder Malto- 
dextrin  
concen- 
trations, 
%

Yield/
reco- 
very, 
%

Mois- 
ture  
con- 
tent

Water 
acti- 
vity

Hygro- 
sco- 
picity

Density Particle 
size

Caking Solu- 
bility

Color Pigment 
content/
retention

Anti- 
oxi- 
dant  
acti- 
vity

Vita- 
min 
C

Refe- 
ren- 
ces

Acai 10–30 – NS – +ve – +ve – – – – – – [26]

Amla 3–9 – –ve – –ve NS – – NS L*+ve – –ve – [27]
Black  
mulberry

8–16 +ve –ve – – –ve – – +ve TC– – – – [32]

Black- 
berry

5–25 – –ve – –ve – – – –ve – – [33]

Guava 5.95–
13.03

– +ve –ve – – – – +ve – – – –ve [39]

Pine- 
apple

– – – – –ve BD – – –ve NS – – – [7]

Pitaya 20 30 – –ve NS +ve – NS L*+ve –ve – – [43]
Pome- 
granate

44.1–59.1 +ve –ve – –ve +ve BD – – +ve TC+ve

a*RP 
–ve

+ve – – [44]

Red 
pittaya  

8–22 – +ve +ve +ve – – – +ve L*–ve

a*–ve

–ve – – [46]

BD – bulk density; TC – total color changes, +ve – positive effect; –ve – negative effect; NS – no significant effect; – – not reported
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Table 8 Applications of Response Surface Methodology (RSM) in spray-drying of fruits

Powder Starting 
material

Independent  
variables

Response variables Optimi- 
zation

Design Software References

Acai Juice Inlet air temperature, feed 
flow rate, maltodextrin 
concentration

Process yield, moisture 
content, hygroscopicity, 
anthocyanin retention, outlet 
temperature

RSM Rotatable central  
composite 
design

Statistica 
5.5

[26]

Acerola Juice Inlet air temperature,  
Drying aid/acerola, 
 percent replace 
of maltodextrin by 
crystalline cellulose

Moisture content, 
hygroscopicity, water 
solublity, flowability

RSM Central  
composite 
design (CCD)

Minitab 
15

[59]

Black- 
berry

Pulp inlet air temperature, 
maltodextrin 
concentration

Moisture content,  
anthocyanin retention, 
hygroscopicity, particle size, 
color parameters

RSM Central 
composite  
rotatable design

Statistica 
8.0

[33]

Cashew  
apple

Juice Drying aid/juice, percent  
replace  of maltodextrin 
by crystalline cellulose

Ascorbic acid retention,  
hygroscopicity, flowability, 
 water solubility

RSM RSM with 11 
runs

Minitab 
15

[85]

Guava Slurry Inlet air temperature, 
maltodextrin 
concentration

solubility, moisture content, 
dispersibility, vitamin C

RSM CCRD – [39]

Jujube Juice Inlet air temperature, 
maltodextrin 
concentration, feed flow 
rate

Moisture content, vitamin C, 
color, hygroscopicity

RSM Box Behnken – [60]

Orange Juice Inlet air temperature, 
atomization rate, flow 
rate

Particle size, wettability 
time, insoluble solids, bulk 
density, moisture content

Full 
factorial 
design

Complete 
random  
design

– [49]

Pine- 
apple

Juice Atomization 
rate, maltodextrin 
concentration

Apparent and true density, 
color, moisture content,  
solubility

Complete 
factorial 
design

3 repetition at 
center point

– [7]

Pome- 
granate

Juice Inlet air temperature, 
maltodextrin 
concentration, feed/mix 
concentration

Moisture content, 
hygroscopicity, anthocyanin 
content, color, solubility, 
bulk density, yield, 
total phenolic content, 
antioxidant activity

RSM CCD Design 
expert 
6.0

[44]

Red  
pitaya  
peel

Puree Inlet air temperature, 
outlet temperature, 
maltodextrin 
concentration

Color, hygroscopicity, 
moisture content, water 
activity, solubility, 
betacyanin content

RSM CCD – [46]

settings on the microencapsulation of bioactive 
components and the physicochemical qualities of 
strawberry juice with maltodextrin as a transporting 
agent [98].

Reduction in maltodextrin generally improved the 
solubility [7]. Similar observation was reported by 
Moreirra et al., who used a drying assistance ratio of 
cashew apple juice dry weight (5:1) and cashew tree 
gum substituting maltodextrin in 50% of spray-drying 
of cashew apple juice generated with high solubility  
(> 90%) [59]. The solubility of spray-dried mango 
powder decreased as the cellulose concentration grew. 
At 9% of cellulose, the solubility values of mango 
powder were 72, 71, and 31% using maltodextrin, arabic 
gum, and waxy starch, respectively [14]. Quek et al. 
studied watermelon powder production and discovered 
that adding maltodextrin in greater quantities than 10% 

led to color loss [51]. These results confirmed those 
obtained by Farimin and Nordin, who studied roselle-
and-pineapple powder [96]. Papadakis et al. reported 
that the exact color of each powder depended on the 
ratio of raisin juice solids:maltodextrin solids [18].

Optimization of spray-drying process. Response 
surface methodology is applied to determine the 
optimum condition of spray-drying because this 
procedure is comprehensive, simple, and highly effi- 
cient [82, 99]. The central composite design builds a 
quadratic model for the response variable without a 
complete three  level factorial experiment. Only by 
optimizing the spray-drying process, food producers can 
obtain better powder properties and yield [26].

Table 8 summarizes the use of response surface 
methodology as optimization for spray-drying of 
fruit powder. The main  independent variables are 
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However, inlet temperature proved to be the main 
factor that affected the powder density. On the other 
hand, atomization rate had little effect on powder 
properties. Certain powder properties depended on 
the type of fruit and the range of parameters applied. 
The review showed that the impact of additives and 
encapsulation on the physicochemical parameters of 
fruit extract powder is critical. Changing the spray-
dryer settings can solve the technical obstacles in 
spray-drying of fruit extracts. In addition, spray drying 
is a newer and cheaper method of turning fruit extracts 
into powder.
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inlet air temperature, maltodextrin concentration, 
and feed or flow rate [20, 26, 100]. Moisture content  
and water solubility are the most important 
properties of food powder [19]. However, yield and 
hygroscopicity proved to be the common response 
variables [26, 59]. Consequently, optimization of the 
amount of carrier is an important step in making a 
commercial product [16]. Li et al. applied the Box-
Behken method to obtain the optimal condition 
of 142.8°C, 23.7% core material, and 11.7% feed 
solid in spray-drying of plum [101]. Pandey et al.  
reported the inlet temperature of 166.64°C and 9.26% 
maltodextrin concentration as optimal conditions for 
fruit slurry spray-drying process [102].

CONCLUSION
This review covered the basic principles of spray-

drying while determining the effects of each spray-
drying parameter on powder properties. These 
parameters included inlet air temperature, atomization 
rate, air flow rate, and feed flow rate. The article also 
summarized the effects of different carrier agents 
on the powder. Inlet temperature of spray-dryer and 
carrier concentration were found to increase the 
product yield and solubility, as well as to decrease the 
moisture content, pigment, and antioxidant content.
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Abstract:
Gelatin is a natural amphiphilic biopolymer that is widely used in food products, pharmaceuticals, and cosmetics. We studied the 
effect of spray and freeze drying on the solubility and amphiphilicity of gelatin samples.
The control sample was a commercially produced edible gelatin. The experimental samples were spray- and freeze-dried 
gelatins obtained by enzymatic-acid hydrolysis of cattle bone. Amino acid sequences were determined by matrix-activated laser 
desorption/ionization. Solubility was assessed visually. Bloom strength of the gelatin gels was measured by a texture analyzer. 
The ProtScale online service was used to predict the amphiphilic topology of gelatin proteins. Molecular weight distribution of 
proteins was carried out by electrophoresis in polyacrylamide gel in the presence of sodium dodecyl sulfate.
Spray drying reduced protein degradation and retained more α-chains, while freeze drying increased gelatin’s hydrophobicity 
and decreased its solubility. The predicted topology of protein hydrophobicity based on the amino acid sequences was in line 
with our results on solubility. The freeze-dried gelatin had a 18% larger amount of low-molecular weight peptides, compared to 
the control and the spray-dried samples. This was probably caused by the cleavage of peptides during the drying process. Thus, 
freeze drying can lead to maximum degradation of gelatin components, which may be associated with a longer heat treatment, 
compared to spray drying.
Thus, spray drying is more suitable for gelatin, since this method improves the stability of its outer and inner structure, ensuring 
high hydrophilic properties.
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INTRODUCTION
Gelatin is a protein substance that contains all 

essential amino acids except tryptophan. It is formed 
by cross-links between various polypeptide chains 
that developed after the destruction of the fibrous 
structure of collagen pre-treated with acid, alkaline, or 
enzymes. This protein-based hydrocolloid has a wide 
range of applications in various industries due to its 
unique structural stability, nutritional properties, and 
other physicochemical characteristics [1]. Particularly, 
hydrogels and modified gelatin-based composites 

are widely used in the food industry, biomedicine, 
pharmaceuticals, and cosmetology. Gelatin is also used 
in the production of food packaging materials due to its 
biocompatibility, biodegradability, non-immunogenicity, 
and ability to stimulate cell adhesion and proliferation. 
It can absorb 5–10 times as much water as its weight 
and is the main ingredient in hard and soft capsules for 
pharmaceuticals [2–6].

There is a high demand for gelatin in the modern 
market of food products and components, as well as in 
the pharmaceutical, medical, and cosmetic markets, 
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with an annual average of 326 000 tons produced 
worldwide. According to Grand View Research, the 
global gelatin market was worth $2.91 billion in 2020. 
It is estimated to grow by 8% per year and reach about 
$5 billion by 2025. Russia seeks to produce food gelatin 
domestically and therefore needs effective technological 
and biotechnological solutions [7–10]. Current research 
focuses on optimizing gelatin production technologies 
and searching for new sources of raw materials to 
replace the traditional ones (pig skins, bovine skins, and 
cattle bones).

Today, gelatin is still produced with the technologies 
developed several decades ago. The process contains 
the following stages: pre-treatment of raw materials, 
extraction of gelatin, processing of gelatin broths, 
gelatinization, and drying. The efficiency of collagen-
to-gelatin conversion depends on extraction conditions 
(temperature, time, and pH), concentration, the quality 
of raw materials, and their pre-treatment methods. 

Using chemical solvents for gelatin extraction can 
result in a higher gelatin yield along with more low-
molecular-weight protein fragments that will affect the 
gel’s strength and melting point. However, industrial 
production parameters are not always optimal, leading 
to a low gelatin yield. Therefore, we need to search for 
alternative solutions to optimize the process.

Drying is an important process to obtain gelatin 
with improved functional properties. These properties 
basically depend on the type of raw materials, pre-
treatment methods, drying and extraction conditions, 
as well as the spatial structure of protein molecules and 
their state. Drying causes physicochemical changes in 
the structure and functions of proteins. For example, 
heating, which is part of the drying process, can break 
covalent and non-covalent bonds leading to changes in 
the protein structure. If significant, these changes can 
greatly affect gelatin’s functional properties such as 
solubility, gelation, foaming, emulsification, as well as 
fat and water absorption. The extent of these changes 
is mainly determined by the drying methods and 
conditions [11–15].

Drying methods used in the production of protein 
ingredients (including gelatin) are convection drying, 
infrared drying, spray drying, and freeze drying.

Convection is the most common method of food 
drying. In convection drying, a stream of heated air is 
directed at a wet sample. The air here is both a heating 
agent and a dehydrator, since it carries away moisture 
vapor from the dryer. As a result of this lengthy process 
and elevated temperatures, the final product loses a 
significant amount of micronutrients and bioactive 
compounds. Although this method is simple to use, 
convection dryers have low productivity which can lead 
to uneven drying [16, 17].

Infrared heating with microwaves is a new method 
of heat treatment (drying) that extends shelf life, 
reduces drying time, and preserves food quality. The 
microwaves transfer water to the surface where it 

quickly evaporates under the influence of infrared 
radiation, which reduces the drying time [18, 19].

Spray drying is widely used in the food industry 
due to its simplicity and short drying time. This method 
allows for a good quality powdered product. However, 
spray drying causes particles to greatly shrink and 
become denser [20, 21].

Freeze drying is a process of removing water from a 
product by freezing it and then converting ice into steam. 
This process consists of three main stages: freezing, 
primary drying, and secondary drying. Freezing creates 
a solid matrix suitable for drying. Primary drying 
removes ice by sublimation, when the pressure in the 
system is reduced but the temperature remains the same. 
Secondary drying removes bound water reducing it to 
residual moisture. 

Several studies indicate that protein denaturation 
during the formation of ice crystals can significantly 
change the protein structure. Therefore, when 
optimizing the freezing process, we should take into 
account the ice surface area, since it can contribute to 
protein denaturation caused by freezing [22–24].

In spray drying, evaporated material is sprayed 
through the nozzles of a conical-cylindrical apparatus 
(spray dryer) to obtain a product in the form of a 
powder or granules. This method is used to dry 
solutions or suspensions. Spray-dried products include 
powdered milk, food and fodder yeast, and egg powder. 
According to some studies, spray drying can effectively 
eliminate many of the shortcomings of protein and 
bioactive peptides, such as low bioavailability, high 
hygroscopicity, physical and chemical instability, as 
well as strong bitterness during and after storage [13].  
It is also claimed that this method can improve gelatin’s 
functional properties, compared to freeze or vacuum 
drying [25]. Assumingly, various drying methods 
affect the solubility and amphiphilicity of gelatin as a 
high-protein product, thereby changing its functional 
properties [26].

We studied the effect of spray and freeze drying on 
the solubility and amphiphilicity (hydrophobicity and 
hydrophilicity) of gelatin which we obtained in the 
previous study by enzymatic acid hydrolysis [7]. 

STUDY OBJECTS AND METHODS
The control sample was a commercially produced 

edible gelatin. The experimental samples were spray- 
and freeze-dried gelatins obtained by enzymatic-acid 
hydrolysis of cattle bone. For this, 3 kg of defatted 
beef bones was crushed to particles of 3.0 ± 0.5 mm in 
a laboratory chain grinder. The bones were obtained 
from a farm in Kuzbass (Russia). The crushed bones 
were placed in a solution of hydrochloric acid (1M HCl) 
which contained pepsin with an enzymatic activity 
of 300 000 units. The hydrolysis was carried out at  
27 ± 2°C for 60 to 240 min, with a pH of 1.5–2.0. MS-01  
magnetic stirrers (ELMI) were used throughout the 
experiment to stir the bone material at 100 rpm and  
27 ± 2°C to ensure its uniform treatment with the 
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solution. The hydrolyzed material was centrifuged in 
a high-speed Avanti J-26S centrifuge (Beckman) to 
separate the mineral sediment from ossein. Then, the 
resulting ossein was washed with demineralized water 
and subjected to gelatin extraction. A detailed scheme 
of hydrolysis and gelatin extraction is described in our 
previous work [7].

Next, the gelatin broths were dried by the spray- and 
freeze-drying methods. The spray-dried gelatin was 
obtained in a B-290 Mini Spray Dryer (Buchi, Sweden) 
at 95°С and а rate of 3.0–3.2 mL/min. The freeze-dried 
gelatin was obtained in an INEY-6M freeze-drier. For 
this, gelatin broth was poured onto pallets in 1-cm layers 
and placed in the drying chambers. The chambers were 
closed with lids and the refrigerator was turned on. The 
unit entered the freezing mode within 15 min and when 
the evaporator temperature reached –35°С, the vacuum 
pump turned on to start the drying mode. The freeze-
dried gelatin was then ground in an NS-2000 automatic 
laboratory mill.

The amino acid sequence of gelatin proteins, which 
is represented by a single letter code, was determined 
by matrix-activated laser desorption/ionization on 
a MALDI Biotyper (Bruker). Amino acid residues, 
isoelectric point, aliphatic index, molar absorption 
coefficient, as well as the surface area of   the peptides, 
were determined by the in silico bioinformatic methods 
on the PepDraw online server. The gelatin samples’ 
solubility was evaluated visually. For this, 500 mg 
of gelatin was mixed with 50 mL of distilled water 
and stirred actively (200 rpm) with MS-01 magnetic 
stirrers (ELMI). Dissolution was monitored at water 
temperatures of 25 and 50°C. 

The Bloom strength of gelatin gels was determined 
on a ST-2 Strukturometr texture analyzer with a Bloom 
indenter. For this, 7.5 g of gelatin was placed in a glass 
of cold water (105 mL) and kept at 22°C max for 180 
min. Next, the swollen gelatin was heated to 60°C 
in a water bath and stirred for 15 min until complete 
dissolution. The solution (6.67% concentration) was 
poured into a calibrated beaker and kept at 10.0 ± 0.1°C 
for 17 h. The prepared samples were then placed on the 
analyzer’s table under the Bloom indenter for the study. 
The arithmetic mean of two determinations was taken as 
the final result.

The ProtScale online service was used to predict 
the topology of the hydrophobicity and hydrophilicity 
of gelatin proteins. In particular, this service allows 
us to compute and represent (in the form of a two-
dimensional graph) the profile produced by any amino 
acid scale for a selected protein. The amino acid scale 
is defined by a numerical value assigned to each type of 
amino acid. ProtScale uses the Kyte and Doolittle scale 
that assigns individual values to 20 amino acids, namely 
Ala: 1.800, Arg: –4.500, Asn: –3.500, Asp: –3.500, Cys: 
2.500, Gln: –3.500, Glu: –3.500, Gly: –0.400, His: 
–3.200, Ile: 4.500, Leu: 3.800, Lys: –3.900, Met: 1.900, 
Phe: 2.800, Pro: –1.600, Ser: –0.800, Thr: –0.700, Trp: 
–0.900, Tyr: –1.300, and Val: 4.200, –3.500, –3.500, 
–0.490. 

The molecular weight distribution of proteins was 
carried out by polyacrylamide gel electrophoresis in 
the presence of an anionic detergent, sodium dodecyl 
sulfate (SDS-Na). For this, the dried gelatin samples 
were dissolved in deionized water at 60°C to create 
a 0.2% solution. The solution was then mixed with a 
loading buffer containing 5 µL of dithiothreitol (DTT) 
and subjected to heat denaturation in boiling water 
for 5 min. After that, 15-μL samples were loaded into 
polyacrylamide gels containing 6% of separating gel and 
5% of stacking gel to perform electrophoresis. Then, the 
gels were stained with 0.1% Coomassie Blue R-250 in 
25% isopropanol and 10% acetic acid for 2 h, followed 
by decoloring with 5% alcohol and 10% acetic acid. 
Next, 2-D gels were detected using the Gel Doc XR Plus 
Bio-RAD system.

RESULTS AND DISCUSSION 
First, we spray- and freeze-dried the experimental 

samples of gelatin obtained by enzymatic acid 
hydrolysis. Next, we determined the amino acid 
sequence of all the dried gelatins (Table 1).

The proteins of the control, spray-dried, and freeze-
dried samples are represented by peptide sequences of 
85, 93, and 95 amino acids, respectively (Table 1).

These sequences allowed us to determine the amino 
acid composition (% or g/100 g of total amino acids) of 
the control and experimental samples. This is a critical 
indicator of gelatin quality largely depending on raw 
materials. Glycine and proline are the most important 
amino acids in gelatin. Collagen consists of three 

Table 1 Amino acid sequences of gelatin samples (one-letter coding)*

Control Experimental samples
Spray-dried gelatin Freeze-dried gelatin

GGPAAGGPAYGGPILILAPAILA 
PYILAAILADNPAANPAYNPILP 
NAAPNAYPNILPQGAPQGYSEA 
ASEAYSEILTNAATNAYPATN

SHILEILDVILDHILILDMILSHESHP 
YCGDDGGYGPYPDDPGYDDGYH 
EHPILMEMPPYQCCGQNYYNCDD 
ENNPQQRRSVYAEVPYQCCVPGG

PILEVILEILESHILEMILHILMILS 
HPSHPEEPEEEMPEMPPRPPRVR 
PVREPEHPHPILMPMPRPREYPY 
ESGQSQYNADEGNNPPPQQRS

*A – alanine; C – cysteine; D – aspartic acid; E – glutamic acid; F – phenylalanine; G – glycine; H – histidine; I – isoleucine; K – lysine;  
L – leucine; M – methionine; N – asparagine; P – proline; Q – glutamine; R – arginine; S – serine; T – threonine; V – valine; W – tryptophan;  
Y – tyrosine
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identical or different polypeptide chains with a repeating 
pattern (Gly-XY)n (X and Y stand for any amino acid) 
and a high content of imino acids with a triple helical 
structure due to hydrogen bonds [27–29].

The composition and content of amino acids, 
especially imino acids, in gelatin have a significant 
impact on its structure and functional properties. In 
particular, the gel’s supercoil structure is stabilized 
by both the hydrogen bonds forming between amino 
acid residues and the pyrrolidine rings of imino acids. 
A higher content of imino acids ensures a higher gel 
modulus, gelling temperature, and melting point [30].

The amino acid composition (% or g/100 g of total 
amino acids) of the control and experimental gelatin 
samples are presented in Table 2.

We found that the samples varied mostly in the 
content of alanine, accounting for 25.840% in the 
control sample and only 1% in the experimental samples.

None of the samples contained phenylalanine, lysine, 
or tryptophan. According to literature, the absence of 
tryptophan is what makes gelatin different from other 
hydrocolloids of animal origin. This amino acid is 
mainly present in membrane proteins and has aromatic 
residues in its structure.

Histidine, arginine, and threonine were not detected 
in the control sample.

Using the PepDraw online server, we determined 
the mass of amino acid residues defined as a sum of 
monoisotopic masses of all amino acid residues in 
the peptide. We also calculated the isoelectric point 
represented by a pH value at which the total charge of 
the peptide equals zero. This calculation shows the 

partial charge of the peptide at various pH values, 
starting from 0. Then, we determined the aliphatic index 
of the protein defined as a relative volume of aliphatic 
side chains (alanine, valine, isoleucine, and leucine). It 
can be considered a positive factor in increasing thermal 
stability of globular proteins.

The mass of amino acid residues in the control, 
spray-dried, and freeze-dried samples amounted to  
13 173.86, 10 830.72, and 11 156.79, respectively.

The aliphatic index values in the control, spray-dried, 
and freeze-dried samples were 95.96, 87.53, and 70.74, 
respectively.

The isoelectric points in the control, spray-dried, 
and freeze-dried samples were 5.97, 4.89, and 5.96, 
respectively.

The molar absorption coefficients in the control, 
spray-dried, and freeze-dried samples were 8960.00,  
12 800.00, and 3840.00 M–1∙cm–1, respectively.

The surface area values in the control, spray-dried, 
and freeze-dried samples were 21 223.00, 23 040.00, and 
18 407.00, respectively.

We concluded that the control and the spray-dried 
samples had more thermostable proteins, since their 
aliphatic indexes (87 and 96, respectively) were higher 
than those of the freeze-dried sample (70). The samples’ 
isoelectric points indicated a slightly acidic reaction, 
therefore their protein molecules were neutral at a pH 
value of 4.89 to 5.97.

Solubility is an important property of gelatin in food 
systems. In cold water, gelatin hydrates and swells, and 
at temperatures above 40°C, it forms a colloidal solution 
(sol). The solubility index depends on the method 

Table 2 Amino acid contents in the control and experimental gelatin samples

Amino acid Content of total amino acids, % or g/100 g 
Control Spray-dried gelatin Freeze-dried gelatin

A – alanine 25.840 1.050 1.080
C – cysteine ND 6.320 ND
D – aspartic acid 1.120 11.580 1.080
E – glutamic acid 3.370 6.320 16.130
F – phenylalanine ND ND ND
G – glycine 8.990 9.470 2.150
H – histidine ND 6.320 6.450
I – isoleucine 8.990 7.370 8.600
K – lysine ND ND ND
L – leucine 8.990 7.370 8.600
M – methionine ND 3.160 6.450
N – asparagine 10.110 4.210 3.230
P – proline 15.730 10.530 21.510
Q – glutamine 2.250 5.260 4.300
R – arginine ND 2.110 7.530
S – serine 3.370 4.210 6.450
T – threonine 3.37 ND ND
V – valine ND 4.21 3.23
W – tryptophan ND ND ND
Y – tyrosine 7.87 10.53 3.23

ND – not detected
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of gelatin production. New methods are currently 
being developed to obtain water-soluble gelatin at 
temperatures below 40°C. Such gelatin usually has an 
amorphous powdery form.

Next, we visually assessed the degree of solubility 
of the gelatin samples at water temperatures of 25 and 
50°C (Fig. 1).

As we can see, the control and the spray-dried 
samples showed higher protein solubility at 25 and 50°C 
than the freeze-dried sample. According to Fig. 1c and 
f, gelatin particles did not dissolve after 1 min of mixing 
at different temperatures, settling on the bottom and on 
the surface. After 3 min of mixing at 25 or 50°C, the 
freeze-dried sample still did not dissolve completely, 
its particles settling on the water surface (Fig. 1f). This 
could be due to the sample’s mechanical grinding in a 
laboratory mill at the final stage of freeze-drying, which 
resulted in larger particles than those in the spray-dried 
gelatin and affected its solubility. We can also assume 
that spray drying exposes protein molecules to less 
thermal stress than freeze drying, which causes the 
highest degree of thermal and dehydration stress.

Next, we evaluated the Bloom strength of the gelatin 
gels (Fig. 2).

The Bloom value is an important parameter of 
gelatin’s physical and mechanical properties used in 
food production. It is also used as a criterion in gelatin 
classifications.

The gel strength index depends on the protein 
content and the molecular weight of peptides formed 

in gelatin. In our study, this index was quite high in 
the control and spray-dried samples, amounting to  
229.0 ± 0.5 and 224.0 ± 0.5 Bloom, respectively. The 
freeze-dried sample’s index (186.0 ± 0.5 Bloom) was by 
17 and 19% lower than for the control and spray-dried 
samples. Assumingly, the proteins of the freeze-dried 
gelatin had a lower molecular weight, which worsened 
its structural and mechanical properties. We can also 
assume that this sample might have more low-molecular 
weight (below 20 kDa) peptides.

Next, we determined the degree of protein 
hydrophilicity and hydrophobicity based on the amino 
acid sequences. Using the ProtScale online service (the 
Kyte and Doolittle scale), we predicted the topology of 
protein hydrophobicity and hydrophilicity for the control 
and experimental gelatin samples (Fig. 3).

On the Kyte and Doolittle scale, the peaks above 
0 refer to hydrophobicity and those below 0 refer to 
hydrophilicity. As we can see in Fig. 3a, the control 
sample had higher hydrophilic properties since its peaks 
along the X axis ranged from 3 to 21, with a peptide 
sequence of PAAGGPAY GGPILILAPA I. Most of its 
peaks were for alanine, proline, isoleucine, and glycine. 
These amino acids had hydrophobic properties and 1 to 
4 uncharged side radicals at pH = 6–7. In general, these 
peaks characterized a sequence of amino acids with 
hydrophobic properties. 

The region from 22 to 53 had a sequence of 
LAPYILAAI LADNPAANPA YNPILPNAAP NAY, 

Figure 1 Dissolution of gelatin samples at 25 and 50°C for 1–3 min
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whereas the region from 56 to 85 was represented by 
PQGAPQGYSEAAS EAYSEILTNA ATNAY. Thus, 
21 out of 85 amino acids had hydrophobic properties. 
According to Fig. 3a (control), leucine had maximum 
hydrophobicity of 2.585 units at point 17 and aspargin 
had highest hydrophilicity of –2.678 at 89.

The profile of the spray-dried sample is shown in 
Fig. 3b. As we can see, the peptide region from 5 to 21 
represented by AGGPAY GGPILILAPA I and the region 

Figure 2 Bloom strength of gelatin gels
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The profile of the freeze-dried sample is shown 
in Fig. 3c. As can be seen, the peptide region from 
5 to 26 was represented by a sequence of VILEIL 
ESHILEMILH ILMILS, the region from 32 to 39 had 
a sequence of EEPEEEMP, and the one from 57 to 61 
was represented by PHPI. Glutamic acid, isoleucine, 
and leucine had most peaks in the hydrophobicity area.  
They also had from 4 to 7 uncharged side radicals at 
pH = 6–7. Isoleucine (6) had maximum hydrophobicity 
of 3.856 units, while glutamine (76) had maximum 
hydrophilicity of –5.504 units. Thus, 36 out of 93 
amino acids had hydrophobic properties. Our results 
were consistent with literature on the amphiphilic 
(hydrophobic and hydrophilic) properties of these amino 
acids [31–38]. 

The hydrophobicity values based on the amino acid 
sequences of the gelatin samples confirmed our data 
on their solubility. In particular, they proved that the 
method of drying affects the gelatin’s structural and 
mechanical properties, as well as its physicochemical 
parameters. Spray drying can improve the proteins’ 
functional properties compared to freeze drying. 
Therefore, we can conclude that different drying 
methods affect the solubility and amphiphilicity 
properties of gelatin, thereby changing its functional 
properties.

Finally, we analyzed the molecular weight 
distribution of proteins by polyacrylamide gel elect- 
rophoresis in the presence of an anionic detergent, 
sodium dodecyl sulfate (Fig. 4, Table 3).

According to the results, the control sample’s protein 
fractions were more evenly distributed by molecular 
weight compared to the experimental samples. Its 
fractions between 50 and 100 kDa accounted for 
72.6% and those below 20 kDa amounted to 6.1138% 
of the total content. The spray-dried sample showed a 
somewhat different molecular weight distribution. Its 
protein fractions between 40 to 100 kDa made up 73.8%, 
while those below 20 kDa accounted for 5.026315%. 
The freeze-dried sample had a completely different 
distribution of protein fractions. Most peptides were 
found at the level of 40 kDa (42.83855%). Yet, this 
sample had 30.214499% of proteins with a molecular 
weight below 20 kDa, which was by 20.23% more than 
in the control and by 16.64% more than in the spray-
dried gelatin. This increase in low-molecular weight 
peptides by an average of 18% was most likely caused 
by the cleavage of peptides during freeze drying.

Our results showed that the degree of degradation 
of gelatin components can depend on the method 
of drying gelatin broths. Freeze drying can lead to 
maximum degradation, which may be associated with 
long heat treatment (5 h). This time is much longer 
compared to spray drying, although the process of 
freeze drying takes place at a lower temperature (60°C). 
Also, temperatures below 0°C cause gelation followed 
by freezing, which can also lead to structural changes 
in gelatin. In addition, a faster process of spray drying 
can slow down the degradation of gelatin proteins.  

These results were consistent with those for gelatin 
solubility (Fig. 2). Therefore, spray drying is more 
suitable for maintaining the structure of gelatin and its 
functional properties.

CONCLUSION
We studied the effect of spray and freeze drying 

of gelatin broths on the solubility and amphiphilicity 
of gelatin. The results showed that spray drying can 
reduce the breakdown of gelatin proteins and retain 
more α-chains, while freeze drying increases the 
hydrophobicity of gelatin and decreases its solubility. 
The predicted topology of protein hydrophobicity, which 
was based on the amino acid sequences of the gelatin 
samples, confirmed the results on solubility. Particularly, 
the freeze-dried gelatin had 36 amino acids with 
hydrophobic properties out of 93, compared to 21 out 
of 85 in the control and 20 out of 91 in the spray-dried 
sample. 

We found that the freeze-dried sample had by 18% 
more low-molecular weight peptides (below 20 kDa) 
compared to the control and the spray-dried samples. 
This was most likely caused by the cleavage of peptides 
during the drying process. Freeze drying can lead to 
maximum degradation of gelatin components due to 
long heat treatment. Temperatures below 0°C cause 
gelation followed by freezing, which can also cause 

Figure 4 Electropherogram of the molecular weight 
distribution of gelatin samples (1 – marker; 2 – control,  
3 – spray-dried sample, 4 – freeze-dried sample)
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structural changes in gelatin. By contrast, a faster spray 
drying process can, to a certain extent, slow down the 
degradation of gelatin proteins.

Thus, spray drying is more suitable for gelatin 
drying, since this method improves the stability of 
gelatin’s outer and inner structure, which was confirmed 
by high hydrophilicity values of the spray-dried sample. 
Further research could search for optimal parameters 
and modes of spray drying for gelatin broths.

Table 3 Molecular weight distribution of gelatin samples

Molecular weight, kDa Molecular weight distribution, %
Control Spray-dried sample Freeze-dried sample

200 1.316515 3.878759 6.386503
150 3.101737 5.118362 1.334564
100 19.4574 17.810301 1.301436
85 17.85029 13.035829 1.367691
60 14.53681 8.429303 42.83855
50 20.790700 21.727447 3.170772
40 10.111660 12.89394 3.459454
30 0.220568 6.732710 3.530442
25 2.909430 1.157420 3.452356
20 3.591122 4.189303 2.974374
Below 20 6.113800 5.026315 30.214499
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Abstract:
Jelly is a popular confectionery product but it has a high content of easily digestible sugars, namely 70–85%. Therefore, modern 
confectioners are trying to develop new formulations of jelly with reduced sweetness and sugar content. One of the ways to 
achieve that is to use starch syrup instead of white sugar. Another benefit of starch syrup is that it can slow down the drying and 
staling of jelly.
We studied three types of starch syrup (low-conversion, confectionery, high-conversion), glucose-fructose syrup, and sugar-free 
jelly samples based on them. Jelly based on sugar and confectionery syrup was used as the control sample. The main quality 
indicators were analyzed against standard values; the sensory parameters were determined by the descriptor-profile analysis; and 
water activity was measured by using a HygroPalm Rotronic hygrometer. The microbiological safety of the experimental jelly 
samples was assessed after 12 weeks of their storage in plastic containers.
The sample based on confectionery syrup had the most optimal profile, with moderate sweetness and taste richness, good jelly-
like texture, viscoelasticity, plasticity, a color similar to that of the control, and no effect of wetting or stickiness. The samples 
based on starch syrup had a 1.4–2.4-fold decrease in easily digestible sugars and a 1.9–3.4-fold increase in polysaccharides, 
compared to the control. During storage, the samples based on high-conversion starch syrup and glucose-fructose syrup were 
less likely to dry out than the others, with their water activity decreasing to a greater extent. The microbiological analysis after 
storage showed the absence of pathogenic microorganisms and coliform bacteria in three out of the four jelly samples.
Using various types of starch syrup and glucose-fructose syrup instead of white sugar allows for a greater range of jelly types 
with different carbohydrate profiles and a longer shelf life.
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INTRODUCTION
Modern confectioners prioritize new formulations 

with a reduced sugar content, lower energy value, 
extended shelf life, and improved quality. The 
quality of confectionery products is determined by 
physicochemical and microbiological processes that take 
place throughout their shelf life. These processes depend 
on the product’s chemical composition, ingredient 
ratios, storage conditions, moisture content, pH, water 
activity, and moisture transfer. The main indicators 
of jelly quality are moisture content, water activity,  

and pH. They depend on the formulation, the content 
and properties of carbohydrate-containing components, 
as well as storage conditions [1, 2].

Confectionery products vary in moisture that 
binds nutrients and regulates the product’s texture and 
structure. Products with high moisture contain larger 
amounts of free and chemically unbound water that 
intensifies biological processes and causes damage to 
products [3]. Free water is responsible for molds, yeasts, 
and bacteria, as well as toxins. It is involved in chemical 
and biochemical reactions that can affect the product’s 
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texture, aroma, color, taste, nutritional value, stability, 
and shelf life [4].

Regulatory requirements for confectionery products 
include an indicator of water content (W, %). However, 
this indicator cannot assess how well water is bound to 
food substances and how this may affect the quality of 
the product during storage [5].

What is vital for microorganisms is not the absolute 
content of water in the product but its availability, or 
water activity (Аw). This indicator is defined as Аw = Р/Р0,  
i.e., the ratio of water vapor pressure over the surface 
of the product (Р) and vapor pressure over pure  
water (Р0) [6].

The relative equilibrium moisture is based on 
the partial pressure of water vapor over the product 
and depends on the product’s chemical composition, 
moisture content, storage conditions (temperature and 
relative air humidity), type of packaging, etc. [7].

The Аw limits for microorganisms in food products 
are 0.83–0.98 for bacteria, 0.81–0.88 for yeasts, and for 
0.70–0.88 molds. However, some types of mold fungi 
and osmophilic yeasts can grow even at Аw = 0.62. That 
is why fungi and yeast contents are included in those 
microbiological indicators that determine the product’s 
stability during storage. All types of microorganisms 
are capable of reproduction at Аw > 0.95 and none can 
reproduce at Аw < 0.6.

The pH and redox potential values have a significant 
effect on the growth of microorganisms. Products with 
pH < 3.7 are safe from spoilage, with only lactic acid 
bacteria and certain yeasts and molds able to develop in 
them, while products with pH of 5.0 to 7.0 are exposed 
to risks associated with pathogenic microorganisms [8].

Based on water activity (Аw), products can be divided 
into high moisture (Аw ˃ 0.9), intermediate moisture 
(0.6 ˂ Аw ˂ 0.9), and low moisture (Аw ˂ 0.6) products. 
Low moisture prevents microbiological processes in the 
product, contributing to a long shelf life. Intermediate 
moisture creates favorable conditions for predominantly 
microbiological and enzymatic processes with a growth 
of yeasts, molds, and some types of bacteria, thus 
causing the products to dry out and become stale during 
storage. High moisture products are vulnerable to all 
types of microorganisms and therefore have a short shelf 
life [9].

Reducing the water activity index can effectively 
prevent microbiological spoilage and some chemical 
reactions in food products that reduce their quality 
during storage. For this, a number of methods are 
applied including concentration, dehydration, drying, 
freezing, increasing osmotic pressure over the product, 
and using microorganism growth inhibitors. There 
are also active ingredients that bind water and thereby 
prevent or significantly slow down its evaporation. 
These are specific enzymes, emulsifiers, carbohydrate-
containing hygroscopic substances, salts, and water-
retaining agents. The strength of water binding 

depends on the origin and chemical composition of the 
ingredients used, as well as pH and temperature of the 
medium [10, 11].

The carbohydrate composition of fruit jelly has a 
significant impact on its consumer properties during 
storage. Jelly is a sugary confectionery product. Despite 
its popularity, it has a number of disadvantages: high 
sugar content (70–85% of easily digestible sugars), 
high energy value (300–360 kcal/100 g), sweetness, 
high glycemic index, and an unbalanced composition. 
According to its chemical composition and structure, 
jelly belongs to complex colloidal systems. Its 
osmotically retained moisture has a limited energy 
of binding with the product’s components. Jelly is an 
intermediate moisture (15–30%) product [12, 13].

During storage, even with all requirements met, 
jelly gradually becomes exposed to moisture exchange 
(shrinkage) and sucrose crystallization, with its 
appearance and structure deteriorating as well [13]. 
However, when stored at elevated temperatures and 
relative humidity over 70%, jelly is vulnerable to mold 
due to the sorption of moisture on its surface. This 
results in its wetting, with an increase in the Аw index 
to 0.9 and a growth in Aspergillus and Penicillium 
fungi, yeast, and, to a lesser extent, bacteria [15]. The 
lower limit of jelly moisture for mold fungi is 15%, but 
under improper storage conditions, spoilage can occur 
even with a higher dry matter content. With a sugar 
concentration up to 60–65% and increased moisture, 
some races of yeast can cause fermentation, especially 
alcoholic, which gives the product an unpleasant 
pungent odor [16].

Jelly drying can be prevented and water activity 
reduced by introducing sugar-containing substances 
with a high content of reducing agents and water-
retaining components (polysaccharides, glycerol, 
polyhydric alcohols, some sweeteners, starch, proteins, 
amino acids, lactic acid, etc.) [17].

Fruit jelly is made with natural gel-forming agents 
such as agar-agar, pectin, gelatin, carrageenans, gum 
arabic, xanthan gums, etc. These are hydrocolloidal 
polysaccharides that bind water in jelly, like sugar, 
making it less available for microorganisms to  
develop [18–20].

Pectin is the best water-retaining gelling component 
for jelly. It is a natural polysaccharide with water-soluble 
fiber properties. Pectin is widely used in therapeutic 
and preventative nutrition due to its normalizing 
effect on many vital processes without disturbing 
the bacteriological balance of the body. In particular, 
it improves digestion, lowers blood cholesterol, 
normalizes blood sugar, and removes ions of toxic 
metals, pesticides, radionuclides, xenobiotics, anabolics, 
metabolic products, and excess urea from the body. It 
is recommended to people with disturbed carbohydrate 
and lipid metabolism, immune and bacterial diseases, 
obesity, and atherosclerosis [21].

Carbohydrates not only determine sensory, 
functional, and technological properties of a product, 
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but they also regulate its acidity and have a preservative 
antimicrobial effect. Adding sugars increases the 
binding energy of water in the material and decreases 
the rate of chemical reactions, reducing water activity 
and microbial growth [22]. However, not only the 
quantity of sugars is important but also their qualitative 
composition. For example, apple jam with 32.6% 
moisture has a lower Аw index (0.825) than butter cream 
with 15.2% moisture (0.851) due to a significant content 
of sugar and reducing sugars [23].

Monosaccharides have the greatest ability to 
bind water and reduce water activity, followed by 
disaccharides and polysaccharides. Sugar-containing 
substances can be arranged in the following order based 
on their ability to reduce the Аw index in products [24]:

Amylopectin  Maltohexaose  
    Maltotriose  Sucrose  Maltose  
  Lactulose  Glucose  Fructose 

Xylose  Glycerin

Replacing white sugar with alternative starch 
products is one of the ways to reduce sweetness 
and easily digestible sugars, slow down drying and 
staling, and keep jelly fresh during storage. These 
alternative materials, e.g., starch syrup and glucose-
fructose syrup, vary in carbohydrate composition and 
are technologically advantageous, inexpensive, and 
domestically produced in large quantities. 

We aimed to study the quality of starch syrup 
(low-conversion, confectionery, and high-conversion) 
and glucose-fructose syrup, as well as their effect on 
the sensory, physicochemical, and microbiological 
parameters of jelly with different carbohydrate profiles 
after manufacture and during storage.

STUDY OBJECTS AND METHODS
Samples of starch syrup and glucose-fructose syrup 

(Kargill Company, Russia) were analyzed according to 
State Standard 33917-2016 and Specifications 10.62.13-
001-00343579-2016 for the following parameters by 
using the following methods:
– the dry matter content: by the refractometric method;
– the content of reducing substances: by the Lane-Eynon 
method;
– the content of carbohydrates: by high performance 
liquid chromatography on a Shimadzu LC-2010 
chromatograph with a RID-10A refractometric detector;

– pH value: by measuring the activity of hydrogen ions 
on a Testo 206 pH meter;
– acidity: by titration; and
– nutritional value: by calculation.

The jelly samples were based on apple pectin. The 
control sample was based on sugar and confectionery 
syrup in a ratio of 1:0.5. The experimental samples were 
free of white sugar and based on starch syrup (low-
conversion, confectionery, and high-conversion) and 
glucose-fructose syrup.

The sensory quality of the jelly samples was 
evaluated on a 5-point scale by the descriptor-profile 
analysis according to State Standard ISO 13299- 
2015 [25]. It involved the following parameters and 
methods of their determination:
– the water content: by the refractometric method (State 
Standard 5900);
– the content of reducing substances: by the ferricyanide 
method (State Standard 5903);
– titratable acidity: by titration; and 
– active acidity (pH): by the potentiometric method 
(State Standard 5898).

Water activity was measured by using a HygroPalm 
hygrometer (Rotronic, Switzerland) on a scale from 
0 to 1, with an absolute error of ± 0.008 (± 0.1°C for 
temperature). The microbiological indicators were 
evaluated against State Standard 6442-2014 and 
Technical Regulations of the Customs Union 021/2011. 
In particular, we applied microbiological research 
methods to determine the total aerobic mesophilic count 
(State Standard 10444.15-94), coliform bacteria (State 
Standard 50474-93), and spoilage microorganisms (State 
Standard 10444.12- 88).

The jelly samples were stored in food-grade 
polyethylene terephthalate containers for 12 weeks at 
21.0 ± 1.5°C and relative humidity of 82 ± 2%.

To prepare the control sample, apple pectin was 
mixed with white sugar in a ratio of 1:3. The resulting 
dry mixture was gradually added to hot water (70–75°С) 
and vigorously stirred until a homogeneous water-pectin 
mixture was obtained with a dry matter content of  
25 ± 1%. Then, we added the remaining amount of white 
sugar, starch syrup heated to 50–55°C, and buffer salt 
(sodium lactate), stirred the mixture, and boiled it to 
obtain a jelly mass with a 27–29% water content. The 
mass was then cooled to 85–90°C, with citric acid and 
а food flavoring agent introduced into it. The jelly mass 
was poured into rigid molds to mature, dry, and cool.

The experimental samples were prepared according 
to the same method as the control, with erythritol 
used instead of white sugar (Fig. 1). Their ingredients, 
carbohydrate composition, and energy value are 
presented in Table 1.

RESULTS AND DISCUSSION 
First, we studied the quality indicators of three 

types of starch syrup (low-conversion, confectionery, 
and high-conversion) and glucose-fructose syrup 
in comparison with those of sugar syrup used to 
prepare the control sample. The starch syrups differed 
significantly in their carbohydrate composition. They 
contained easily digestible reducing sugars (glucose 
and maltose) and polysaccharides (dextries and 
trisaccharides), with the latter responsible for dietetic 
properties (Table 2). In addition, the syrups contained 
minerals (0.10–0.37%) such as potassium, phosphorus, 
sodium, calcium, magnesium, and iron [26]. Unlike 
sugar syrup, starch syrup is free of sucrose and fructose, 
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Figure 1 Process chart for jelly samples based on sugar-free starch syrup or glucose-fructose syrup

Table 1 Ingredients, carbohydrate composition, and energy value of jelly samples with different carbohydrate profiles 

Ingredients Control  
(sugar and confectionery  
syrup) 

Experimental sugar-free samples based on:
Low-conversion 
syrup

Confectionery 
syrup

High-conversion 
syrup

Glucose-fructose 
syrup

White sugar + – – – –
Low-conversion syrup – + – – –
Confectionery syrup + – + – –
High-conversion syrup – – – + –
Glucose-fructose syrup – – – – +
Erythritol – + + + +
Apple pectin + + + + +
Sodium lactate (40%) + + + + +
Citric acid (50%) + + + + +
Food flavoring agent + + + + +
Carbohydrates, g/100 g:
total 79.1 74.6 74.4 72.2 79.0
reducing sugars 14.9 

(glucose, maltose,  
fructose)

27.8 
(glucose,  
maltose)

33.2 
(glucose, 
maltose)

45.8 
(glucose, 
maltose)

77.3 
(glucose,  
maltose)

polysaccharides 13.7 46.9 41.4 26.2 –
Energy value, kcal 301 311 309 302 311

“+” – present, “–” – absent 

Erythritol 

Citric acid 
Food flavoring agent 

Pouring into 
rigid molds 

Tempering of jelly 
mass (t  = 85–90оС)

Sampling, maturation, 
and drying 

Cooling 

Coating 

Sorting  
 and packaging by mass 

Apple 
pectin 

Water 
(Т=70–75оС)

Preparing  
a pectin solution 

Boiling of jelly mass 
(Тboil=106–108оС, DM=71–73%)

Preparing  
a formulation mixture 

Apple
pectin

Starch syrup 
or glucose-fructose syrup 
Sodium lactate 
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syrup contained more reducing sugars and fewer 
polysaccharides (45.8 and 26.2%, respectively) than the 
other experimental samples. The glucose-fructose syrup 
sample contained more reducing sugars (77.3%) than the 
other samples but no sucrose or polysaccharides. 

Thus, all the samples based on starch syrup 
contained 1.9–3.4 times more polysaccharides and 
1.4–2.4 times fewer reducing sugars than the control. 
However, the sample based on glucose-fructose syrup 
had a 1.2 times higher content of reducing sugars.

The sensory evaluation of the jelly samples was 
based on the quantitative descriptor-profile analysis. In 
this analysis, each of the main sensory indicators (taste, 
color, smell, texture) is presented as a set of components 

a highly hygroscopic reducing carbohydrate that 
significantly increases jelly’s wettability during storage.

All the types of starch syrup had a lower sweetness 
coefficient (by 0.2–0.5 units), lower values of active 
acidity (by 1.3–1.7 pH units), and a higher ash content 
(2.0–7.4 times) than the sugar syrup. The high-
conversion syrup contained the largest amount of 
reducing sugars (62.6%, including 31.8% glucose 
and 30.8% maltose) and the smallest amount of 
polysaccharides (19.9%). The low-conversion syrup, on 
the contrary, had the highest content of polysaccharides 
(46.8%) and the lowest content of reducing sugars 
(32.3%, including 14.5% glucose and 17.8% maltose). 
The confectionery syrup contained 40.4% of reducing 
sugars (20.8% glucose, 19.6% maltose) and 38.3% of 
polysaccharides. The glucose-fructose syrup had a lower 
value of active acidity (by 3.6 pH units) and a higher 
sweetness coefficient (by 1.2) than the sugar syrup. This 
was due to its significant content of easily digestible 
reducing sugars (70.5%, including 28.6% fructose, 
38.8% glucose, and 3.1% maltose) and the absence of 
sucrose and polysaccharides.

Replacing sugar with starch syrup or glucose-
fructose syrup significantly changed the carbohydrate 
composition of the jelly samples (Table 1). This not 
only depended on the chemical composition of the 
raw materials but also the chemical processes in the 
jelly mass during boiling. Unlike the control, the 
experimental samples contained no sucrose.

The control sample had 65.4% of easily digestible 
carbohydrates, including 50.5% of sucrose and 14.9% of 
reducing sugars (fructose, glucose, and maltose), as well 
as 13.7% of polysaccharides. The samples based on low-
conversion syrup had a lower content of reducing sugars 
(glucose and maltose) and more polysaccharides (27.8 
and 46.9%, respectively) than the other experimental 
samples. The samples based on confectionery syrup 
contained 33.2% of reducing sugars and 41.4% of 
polysaccharides. The samples based on high-conversion 

Figure 2 Sensory evaluation of jelly samples with various 
carbohydrate profiles 
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Table 2 Quality indicators and carbohydrate composition of starch syrup, glucose-fructose syrup, and sugar syrup 

Quality indicators  
and carbohydrates 

Sugar syrup  
(1:0.5)

Starch syrup Glucose-fructose syrup
Low-conversion Confectionery High-conversion

Dry matter content, % 80.2 79.3 78.9 83.0 70.6
Content of reducing substances
(or dextrose equivalent), %

14.5 32.3
(26–35*)

40.4 
(36–44*)

62.6 
(45 and over*)

70.5

Content of carbohydrates, %: 80.1 79.1 78.7Ц 82.5 70.5
– sucrose 50.6 – – – –
– glucose  6.3 14.5 20.8 31.8 38.8
– fructose 2.5 – – – 28.6
– maltose 5.7 17.8 19.6 30.8 3.1
– polysaccharides (dextrins) 15.0 46.8 38.3 19.9 –
Active acidity, pH units 6.4 5.1 5.0 4.7 3.6
Sweetness coefficient, units 0.8 0.3 0.4 0.6 1.2

* according to State Standard 33917-2016 
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(or descriptors) that are scored by the panelists 
according to their presence and intensity. The results are 
graphically depicted in the form of a profile diagram. 

In our study, 20 panelists aged 19–23 evaluated 
the following sensory indicators of the jelly samples 
(descriptors listed in brackets): taste (sweetness, 
richness, cooling effect); color (yellow tint, saturation, 
transparency); smell (material-specific smell, intensity, 
off-odor); and texture (jelly-like, viscoelasticity and 
plasticity, stickiness).

Figure 2 shows the profile diagram of the jelly 
quality evaluated on a 5-point scale of intensity with 
weight coefficients representing the significance of each 
indicator.

The descriptor-profile analysis showed that the 
samples based on high-conversion syrup and glucose-
fructose syrup had the greatest sweetness, taste richness, 
color saturation, and transparency. Also, the sample with 
glucose-fructose syrup had a slight effect of stickiness 
on its surface. This was because it had the highest 
content of reducing sugars (mostly fructose) which turn 
into coloring, humic substances and aldehydes during 
boiling and intensify the product’s color, aroma, and 
hygroscopicity. 

The jelly based on low-conversion syrup had the 
lowest sweetness, taste richness, and color brightness, 
as well as low texture density and elasticity. These 
values can be explained by its highest content of 
polysaccharides which bind less water and therefore 
make the product less viscous and strong. The sample 
based on confectionery syrup had the most optimal 
profile, with moderate sweetness and taste richness, 
good jelly-like texture, viscoelasticity, and plasticity, no 
effect of wetting or stickiness, and a color similar to that 
of the control.

The jelly samples with various carbohydrate 
compositions were packed in plastic containers 
and stored for 12 weeks to study changes in 
their water content (W), water activity (Aw), and 
pH (Table 3). The initial (after preparation) water 
contents in the control sample, the starch syrup-
based samples, and the jelly based on glucose-
fructose syrup were 20.8 ± 0.2, 19.1 ± 0.2–20.0 ± 0.1,  
and 20.6 ± 0.1, respectively. Тheir pH values were  
3.4, 3.0–3.3, and 2.8, respectively.

All the jelly samples showed a gradual decrease in 
the water content and changes in water activity during 
storage. After 12 weeks of storage, the control sample 
had the highest loss of water (38.9%), compared to the 
experimental samples (17.0–28.3%). This was because 
it contained a significant amount of sucrose (50.6%) 
and a small amount of reducing substances (14.9%). In 
the process of moisture transfer during storage, sucrose 
crystallization centers gradually began to develop on 
the sample’s surface. They subsequently grew in size 
forming a thin crystalline sugar crust and gradually 
sugaring the whole product. During this process, free 
moisture quickly left the intercrystalline space, causing 
the product to dry out and stale. 

The jelly based on low-conversion syrup was losing 
water more slowly than the control but faster than the 
other experimental samples at the beginning of storage. 
This was due to its significant content of polysaccharides 
(46.9%), which bind and retain water to a lesser extent 
than reducing substances. Since mold appeared on its 
surface after 5 weeks of storage, the studied parameters 
were no longer determined. The jellies based on 
confectionery syrup and high-conversion syrup had 
lower water losses (28.3 and 24.5%, respectively), 
compared to the control. The lowest water loss (17.0%) 
was registered in the sample based on glucose-fructose 

Table 3 Water content changes in the jelly samples with various carbohydrate profiles during storage 

Storage time, weeks Water content in the jelly samples based on
Sugar and 
confectionery syrup 
(control) 

Low-conversion 
starch syrup

Confectionery 
starch syrup

High-conversion 
starch syrup

Glucose-fructose 
syrup 

0 (after drying) 20.8 ± 0.2 19.5 ± 0.1 19.1 ± 0.2 20.0 ± 0.1 20.6 ± 0.1
1 19.4 ± 0.1 18.1 ± 0.1 18.7 ± 0.3 19.6 ± 0.1 20.1 ± 0.1
2 18.8 ± 0.1 17.8 ± 0.2 18.4 ± 0.3 19.1 ± 0.1 19.8 ± 0.2
3 17.3 ± 0.1 17.6 ± 0.3 17.9 ± 0.2 18.9 ± 0.2 19.5 ± 0.1
4 16.8 ± 0.2 17.3 ± 0.2 17.5 ± 0.2 18.6 ± 0.1 19.1 ± 0.2
5 16.3 ± 0.3 17.1 ± 0.1 17.2 ± 0.2 18.2 ± 0.2 18.9 ± 0.1
6 15.9 ± 0.2 mold appeared on 

the surface 
water content not 
determined 

16.8 ± 0.1 17.8 ± 0.1 18.7 ± 0.1
7 15.4 ± 0.2 16.2 ± 0.2 17.4 ± 0.2 18.5 ± 0.3
8 15.0 ± 0.1 15.6 ± 0.2 16.8 ± 0.2 18.2 ± 0.2
9 14.6 ± 0.2 15.0 ± 0.2 16.4 ± 0.3 17.9 ± 0.1
10 14.1 ± 0.1 14.7 ± 0.1 15.9 ± 0.2 17.7 ± 0.2
11 13.5 ± 0.3 14.1 ± 0.2 15.6 ± 0.2 17.4 ± 0.2
12 12.7 ± 0.1 13.7 ± 0.2 15.1 ± 0.1 17.1 ± 0.1

Changes in water content after 3 months of storage, % of the initial value:
ΔW, % –38.9 – –28.3 –24.5 –17.0
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Figure 3 shows the changes in water activity in the 
packaged jelly samples during 12 weeks of storage. As 
we can see, the longer was the storage time, the lower 
was water activity in all the samples. We also found that 
the lower was the water loss, the more changes in water 
activity it caused (Fig. 4).

The decrease in water activity was associated with 
two processes – water loss during storage and the use of 
starch products with a different ratio of mono-, di-, and 
polysaccharides. Monosaccharides reduce water activity 
to a greater extent than disaccharides due to their 
solubility and hygroscopicity. The solubility of mono- 

syrup. It contained the largest amount of reducing 
substances (fructose and glucose), which contributed to 
slower drying and greater freshness preservation. 

Thus, the jelly’s carbohydrate composition (the ratio 
of mono-, di-, and polysaccharides) significantly affected 
the process of moisture exchange during storage and 
therefore the product’s drying and staling. Using various 
types of starch syrup and glucose-fructose syrup with a 
high content of reducing sugars (especially glucose and 
fructose with higher solubility than maltose or dextrins) 
significantly slowed down the drying of jelly and 
increased its shelf life.

Figure 3 Water activity in jellies with various carbohydrate compositions during storage: 1 – control (based on sugar and 
confectionery syrup); sugar-free samples: 2 – based on low-conversion syrup; 3 – based on confectionery syrup; 4 – based  
on high-conversion syrup; 5 – based on glucose-fructose syrup
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Figure 4 Water activity in jellies with various carbohydrate compositions after preparation and after 12 months of storage: 
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Table 4 Sensory indicators of jelly samples with various carbohydrate profiles during storage*

 Indicator Jelly samples based on
Sugar and 
confectionery syrup 
(control)

Low-conversion 
starch syrup

Confectionery 
starch syrup

High-conversion 
starch syrup

Glucose-fructose 
syrup 

Taste, color, smell Sickeningly sweet, 
bright yellow,
no off-odor

Slightly sweet, 
yellow-beige,
a subtle smell of 
syrup 

Moderately sweet, 
yellow with a 
golden tint, a subtle 
smell of syrup

Sweet, yellow, no 
off-odor

Sweet,
bright yellow with 
an orange tint,
no off-odor

Texture Homogeneous, jelly-like, viscoelastic, plastic,
Quite dense Slightly dense Quite dense Quite dense Quite dense

Shape Regular, with an 
indistinct contour 
due to sucrose 
crystallization on 
the surface 

Regular,
  with a clear contour,
no deformation

Regular,
  with a clear 
contour,
no deformation

Regular,
  with a clear 
contour,
no deformation

Regular, with an 
indistinct contour 
due to sagging of 
wet areas of the 
surface 

Surface Not sticky, 
covered with a fine 
crystalline sugar 
crust, transparent 

Not sticky, 
without a crystalline 
crust, 
transparent 

Not sticky, 
without a crystalline 
crust, 
transparent 

Not sticky, a fine 
crystalline crust 
beginning to form 
due to glucose 
crystallization, 
transparent 

Slightly wet and 
sticky, 
transparent 

*The control and the experimental samples based on confectionery syrup, high-conversion syrup, and glucose-fructose syrup were evaluated after 
12 weeks of storage; the sample based on low-conversion syrup was evaluated after 5 weeks of storage

and disaccharides varies greatly, amounting (at 100 °C)  
to 98.4, 87.7, 86.1, and 82.9% for fructose, glucose, 
maltose, and sucrose, respectively [27, 28]. Fructose 
contributes to the greatest decrease in water activity, 
followed by glucose, maltose, and sucrose. The tendency 
of sugar molecules to hydration is associated with the 
presence of hydroxyl and aldehyde groups capable of 
forming hydrogen bonds with water molecules. The 
more reducing sugars the product contains, the more 
they bind water molecules and slow down its staling [29].

According to the sorption isotherm (Fig. 5), the 
initial water activity values in all the jelly samples 
ranged from 0.664 ± 0.012 to 0.839 ± 0.011. Therefore, 
we can classify them as intermediate moisture products.

Figure 5 shows a certain correlation between the 
water content and the water activity index that is 
determined by both the content of carbohydrates and 
their ratio in the sample. The control sample had the 
greatest decrease in water activity, namely 44.6%  
(Fig. 4). The sample based on low-conversion syrup 
had the highest initial value of water activity (0.839). 
This was due to its low content of reducing sugars with 
a preservative effect and high water-binding capacity, 
which led to gradual molding after 5 weeks of storage. 
The water activity values   of the samples based on high-
conversion syrup and glucose-fructose syrup were 
initially lower than in the other samples (0.749 and 
0.664, respectively). After 12 weeks of storage, they 
decreased more than in the other samples (by 43.8 
and 39.5%, respectively) due to significant amounts of 
reducing sugars in their composition (45.8 and 77.3%, 
respectively). The sample based on confectionery syrup 
had the lowest decrease in water activity, namely 27.4% 

(Fig. 4). During storage, this sample dried more slowly 
than the control. It did not get wet and retained its 
viscoelasticity and plasticity, with no crystalline crust 
forming on its surface. 

The sensory indicators of the jelly samples after  
12 weeks of storage are presented in Table 4.

The antimicrobial effect of carbohydrates is 
primarily based on decreasing water activity, which 
slows down most chemical reactions responsible for the 
product’s deterioration, increases the binding energy 
of water, and reduces the ability of microorganisms to 
use it for metabolism. High water content (21–15%) and 
water activity (0.6–0.8) in jelly are among the causes of 
its microbiological spoilage, leading to the development 
of molds and yeasts [30, 31]. 

In our samples, the water content was 19.1–20.8% 
and water activity varied from 0.664 ± 0.012 to 0.839 ±  
0.011, which might indicate possible development of 
microorganisms and mold. Therefore, we decided 
to study changes in the microbiological indicators 
throughout the entire shelf life of the jelly samples. 

Based on the Technical Regulations of the Customs 
Union 021/2011, we determined the total number 
of pathogenic microorganisms, aerobic mesophilic 
bacteria, molds and yeasts, spore-forming bacteria, and 
coliform bacteria in the jelly samples. We analyzed 
their microbiological stability after storage and found 
that the indicators under study did not exceed the 
tolerance levels in the control and the experimental 
samples based on confectionery syrup, high-conversion 
syrup, and glucose-fructose syrup. Also, we detected no 
pathogenic microorganisms or coliform bacteria in the  
samples (Table 5).
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high acidity could be used to increase the carbohydrate 
content and acidity in the product. 

Thus, changing the concentration of carbohydrates 
with different water-retaining properties can have 
an additional preservative effect on jelly in combi- 
nation with other technological factors. The risk of 
microbiological spoilage can be reduced not only by 
adjusting the formulation (lowering water activity 
and pH), but also by ensuring low levels of initial 
microbiological contamination of the product.

CONCLUSION
Our study showed that jelly can be produced 

with various types of starch syrup (low-conversion, 
confectionery, and high-conversion) or glucose-fructose 
syrup used instead of white sugar. This can expand the 
range of jellies with different carbohydrate profiles and 
prolong their shelf life. 

We found that using starch or glucose-fructose 
syrups significantly changed the carbohydrate 
composition of the jelly. Unlike the control, the 
experimental samples did not contain any sucrose.  The 
starch syrup-based samples had more polysaccharides 
(1.9–3.4 times) and fewer easily digestible reducing 
sugars (1.4–2.4 times), while the sample with glucose-
fructose syrup had a higher content of reducing sugars 
(1.2 times) than the control. The sample based on 
confectionery syrup had the most optimal profile, with 
moderate sweetness and taste richness, good jelly-
like texture, viscoelasticity and plasticity, no effect of 
wetting or stickiness, and the color similar to that of the 
control sample. 

Different amounts and ratios of mono-, di-, and 
polysaccharides significantly affected the moisture 
transfer and the preservation of jelly freshness after  
12 weeks of storage. The control sample had the 
greatest water loss (38.9 %), compared to the experimen- 
tal samples. The samples based on high-conversion 
syrup and glucose-fructose syrup were least subjected 
to drying due to high contents of reducing sugars, 
especially fructose and glucose, highly hygroscopic 
sugars that can bind water and slow down the process 

The jelly based on low-conversion syrup had its 
counts of aerobic mesophilic bacteria, molds, and yeasts 
exceeding the tolerance levels 2.3, 1.9, and 1.8 times, 
respectively. This can be explained by a low content of 
reducing sugars with a preservative effect and a high 
water activity index in this sample. To improve its 
microbiological indicators and reduce water activity, a 
larger amount of a preservative agent should be added 
to its formulation. For example, it could be a sweetener 
with low sugar and calorie contents and a high water-
binding capacity (erythritol, sorbitol, xylitol, etc.). 
Alternatively, some food acid or concentrated juice with 

Table 5 Microbiological indicators of jelly samples with various carbohydrate profiles during storage*

Indicator Technical 
Regulations  
of the Customs 
Union 021/2011 
(tolerance)

Jelly samples based on
Sugar and 
confectionery 
syrup 
(control) 

Low-
conversion 
starch 
syrup

Confectionery 
starch  
syrup

High-
conversion 
starch 
syrup

Glucose-
fructose 
syrup 

Pathogenic microorganisms, incl. 
salmonella (not allowed), g

25 Not detected 

Aerobic mesophilic bacteria, CFU/g max 1×103 1.5×102 2.3×103 0.8×103 2.8×102 1.4×102

Coliform bacteria (not allowed), g (cm3) 0.1 Not detected
Molds, CFU/g max 100 24 105 64 43 16
Yeast, CFU/g max 50 18 54 36 24 14

*The control sample and the experimental samples based on confectionery syrup, high-conversion syrup, and glucose-fructose syrup were 
evaluated after 12 weeks of storage; the sample based on low-conversion syrup was evaluated after 5 weeks of storage

Figure 5 The sorption isotherm of the jelly samples with 
various carbohydrate compositions: 1 – control (based on 
sugar and confectionery syrup); sugar-free samples:  
2 – based on low-conversion syrup; 3 – based on confectionery 
syrup; 4 – based on high-conversion syrup;  
5 – based on glucose-fructose syrup
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of staling. The water activity index of the jelly samples 
after preparation ranged from 0.664 ± 0.012 to 0.839 ± 
± 0.011, so they were classified as intermediate moisture 
products. After storage, this index decreased most in the 
samples based on high-conversion and glucose-fructose 
syrups and least in the sample based on confectionery 
syrup. 

The microbiological indicators of all the samples, 
except for the jelly based on low-conversion syrup, 
did not exceed the standard tolerance levels. Neither  
did we detect any pathogenic microorganisms or 
coliform bacteria in them. The jelly based on low-
conversion syrup had its counts of aerobic mesophilic 
bacteria, molds, and yeasts exceeding the tolerance 
levels 2.3, 1.9, and 1.8 times, respectively. To improve 
its microbiological indicators and reduce water 
activity, a larger amount of a preservative should 
be added to its formulation, such as a sweetener 
(erythritol, sorbitol, xylitol, etc.), a food acid, or 
a concentrated juice with high acidity that can 
increase the carbohydrate content and acidity in the  
product.
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Abstract:
Fermented drinks are regarded as healthy food due to their probiotic nature. Vegan consumers who choose sustainable diet and 
people allergic to dairy products demand alternatives for dairy products. We aimed to develop a non-dairy plant-based yogurt 
from peanut, oats, and coconut milk.
Yogurt was formulated using peanut milk, oats milk and coconut milk with addition of sugar, corn starch, pectin, and xanthan 
gum. Simplex-lattice mixture design was applied to optimize the composition of the yogurt and achieve the desired rheological 
properties, sensory attributes, and syneresis rate.
Our results revealed that the formulation containing 7.13 mL of peanut milk, 10 mL of oats milk, and 7.86 mL of coconut milk 
showed low syneresis rate, desired viscosity and flow behavior, as well as high overall acceptability. We found that increased 
amounts of peanut and oats milk improved the product’s viscosity due to high protein contents. However, coconut milk enhanced 
the taste and flavor of the yogurt. Flow behavior depended on viscosity and stabilizers used in accordance with the power law 
model. Syneresis rate was influenced by the viscosity of the yogurt. The utilization of corn starch, pectin, and xanthan gum not 
only improved the texture but also helped achieve the desired viscosity and flow behavior.
The nutrient composition, physicochemical properties, and high sensory characteristics of the yogurt based on peanut, oats, and 
coconut milk allow using it as a cow milk alterative in the diet of people with lactose intolerance. 
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INTRODUCTION
Conventional yogurt is a product made by 

fermentation of milk. Bacteria ferment milk sugars 
and produce acid which can act on milk protein 
and produce textured yogurt [1]. Nowadays, many 
people have lactose intolerance and are allergic to dairy 
products. For them, plant-based yogurt is an alternative. 

In this work, we used oats, peanut, or coconut milk 
as an alternative to cow milk. These ingredients increase 
the nutritive value of yogurt and provides it with an 
honest flavor. Fermentation of plant materials using 
mixed cultures was found to be mutually beneficial for 
the human body. Mutualism was found to exist between 
proteolytic Lactobacillus bulgaricus and non-proteolytic 
Streptococcus thermophilus as the former releases free 
amino acids and peptides as a nitrogen source, while the 
latter supplies growth factors such as pyruvic acid, folic 

acid, formic acid, and carbon dioxide [2]. L. bulgaricus 
and S. thermophilus are used in yogurt as starter 
cultures [3]. 

The fermentation time determines the acidity 
level of yogurt. Longer fermentation produces highly 
acidic yogurt [4]. A low sugar content in plant milk 
embarrasses acid production by carboxylic acid bacteria, 
which requires sucrose addition. Stabilizers and 
gelling agents are used to improve yogurt texture and 
creaminess, mostly pectin, starch, gelatin, and gums. 
They turn into a gel when heated in the presence of 
liquid. They are widely utilized in jams and jellies [5].  
Proper heat treatment of plant-based milk is 
important before fermentation for starch to gelatinize. 
It increases the viscosity of yogurt and helps prevent 
phase separation. In addition, it decreases the quantity of 
endogenous microbes before starter inoculation [1].
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Coconut milk has a milky white color. Its nutritional 
content includes fat, ash, water, carbohydrate, protein, 
and their derivatives. The effectiveness of extraction 
and the composition of coconut milk rely on the 
processing parameters such as temperature of added 
water and pressing conditions. The fat content also 
plays an important role in the flow properties of milk [6].  
According to the National Centre for Biotechnology 
Information, lauric acid has antifungal and antiviral 
properties which fight against many human diseases. 
Lauric acid also reduces cholesterol and triglycerides, 
which is helpful in treating cardiovascular diseases [7].

Oat grains are a rich source of beta-glucan, a dietary 
soluble fiber. They have a 5–9% lipid content and are 
rich in polyunsaturated fatty acids, including linoleic 
acid, an essential fatty acid. In addition, oats contain 
avenanthramide, an antioxidant, as well as tocotrienols 
and tocopherols, vitamin E-like compounds. Oats have 
cardiovascular benefits due to their cholesterol-reducing 
properties. They have a high content of starch (60%), 
protein (11–15%), and lipids (5–9%). Their essential 
amino acids include oleic acid (45.60 g/kg), linoleic acid 
(36.2–40.4%), and linolenic acid (38.4–41.6%). Thus, 
oats milk plays a key role in competing with numerous 
substitutes of dairy milk in the continuously expanding 
market of dairy and non-dairy products [8].

Peanut milk and its products have high dietary 
benefits for all age groups due to a high content 
of protein, essential fatty acids (linoleic and oleic 
acids), and minerals. Peanut milk also contains 
hexanal, an important component responsible for its 
undesirable beany flavor which is entirely eliminated 
by fermentation or cooking. The stability of peanut 
milk and its products is highly enhanced by heating 
at 66–87°C for about 15–20 min and homogenization. 
This increase in stability is caused by the solubility of 
proteins [9]. 

We aimed to formulate a plant-based yogurt, 
optimize its ingredients and process conditions, as 
well as analyze its physicochemical, rheological, and 
nutritive qualities.

STUDY OBJECTS AND METHODS
Raw peanut, coconut, and oats were procured 

from the local market in Erode, India. We used the 
Vegan Greek Yogurt Starter Culture (Alla’s Posh Flavors, 
Uttar Pradesh, India) that contained live cultures 
of Lactobacillus bulgaricus and Streptococcus 
thermophilus stored in a freezer at –18°C. Xanthan gum, 
pectin, and corn starch were of the Urban Platter brands.

Peanut milk was prepared by immersing raw peanuts 
in potable water for about 8–10 h at room temperature. 
Then, the soaked peanuts were blended using a food 
processor with an adequate amount of water and filtered 
with cheesecloth/muslin or a strainer. The supernatant was 
collected.

Coconut milk was prepared from fresh and matured 
coconut endosperm which was cut into pieces and blended 
using a food processor with an adequate amount of water 

and filtered with cheesecloth/muslin or a strainer. The 
supernatant was collected.

Oats milk was prepared by soaking freshly bought 
oats in water for about 30 min until they absorbed enough 
moisture for milk extraction. Then, they were blended and 
filtered using cheesecloth/muslin. The milk was extracted 
by ensuring enough beta-glucan was present in the 
supernatant.

To prepare a cow milk yogurt alternative, the milk 
samples were pasteurized at an optimum temperature 
of 72°C for 20 min by a double boiling method to avoid 
gelatinization. This method uses the steam from the 
simmering water to warm the milk in the bowl gently 
with indirect heat. Then, the milk was cooled to 45°C. The 
starter cultures (L. bulgaricus and S. thermophilus) 
were added as 0.4% of the milk mixture weight. After 
inoculation, 10% of sucrose was added to the milk 
mixture to optimize the growth of lactic acid bacteria. 
To strengthen the gel network of the yogurt, we added 
corn starch (5%) at above 60°C, xanthan gum (0.15%) at 
above 70°C under continuous stirring, and pectin (0.75%) 
at above 25°C. The milk was incubated at 41°C for 18 h 
to maintain the humidity and temperature in favorable 
conditions for the growth of microorganisms. The formed 
yogurt was cooled to a room temperature of 27°C and 
stored in a refrigerator at 4°C for 1 h.

The physiochemical properties of the yogurt were 
analyzed using the AOAC method, 1995. They included 
pH, titratable acidity, moisture content, total solids, fat, ash, 
protein, and carbohydrates.

Viscosity was measured using a Brookfield DV-III 
Ultra rheometer, with a CPE 40 spindle. The samples 
were measured at different RPM at different shear rates. 
Particularly, we measured the shear rate, shear stress, 
viscosity, and torque. The shear rate was kept constant for 
all the trials to measure  changes in viscosity.

The flow behavior was determined by plotting the 
shear rate versus viscosity and the n-value was determined 
from the power equation. The power equation was 
generated by a power line in a trendline model graph. The 
n-value was determined from the negative power value in 
the equation. The n-value was estimated to be less than 1 to 
determine the flow behavior of the yogurt [10].

The centrifugal acceleration test was performed 
to determine the syneresis rate of the yogurt. In a test 
tube, 5 g of a yogurt sample was placed and centrifuged at 
1.200×g for 0, 3, 6, 9, 12, and 15 min at room temperature. 
To estimate the initial syneresis rate, the volume of the 
serum separated from the samples was measured at 
each time interval, which was expressed as milliliters of 
serum released per gram of sample per unit of time. To 
evaluate the syneresis rate for that day, the average of 5 tests  
(except 0) was calculated [11].

The cups containing 100 mL of a yogurt sample at 
10°C were provided for sensory analysis. Each sample 
was assessed in three repetitions for flavor, texture, 
appearance, color, and overall acceptability on a nine-point 
hedonic scale, where 1 = the least/lowest; 9 = the most/
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highest. The panelists were trained about the sensory 
attributes before the sensory analysis.

Design Expert software (version 13.0) was used to 
optimize the development of a plant-based yogurt. The 
response surface methodology (RSM) explored the 
relationship between explanatory variables and one or 
more response variables. The mixture simplex-lattice 
design was used to find the optimum combination of 
constituents in the range between 5 and 10. The values 
of sugars and stabilizers were taken as constant. Time 
and temperature of incubation were also taken as 
constant for improved product quality. The mixture 
consisted of peanut milk, coconut milk, and oats milk in 
14 combinations (Table 1).

Statistical and data analysis. To represent the fitted 
response value, the linear, special cubic, and special 
quartic models (Eqs. (1) – (3)) were used. To make 
predictions about the response for given levels of each 
factor, the equations could be used in terms of coded 
factors. The statistical significance of each equation was 
determined by variance analysis (ANOVA).

  Y = b1X1+b2X2+b3X3  (1)

   Y = b1X1 + b2X2 + b3X3 + b1b2X1X2 + b1b3X1X3 +  
  + b2b3X2X3 + b1b2b3X1X2X3                             (2)

 Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + 
         + b23X2X3 + b1123X1^2X2X3 + b1223X1X2^2X3+             (3) 
       + b1233X1X2X3^2+e                

  
where Y is the predictive dependent variable (sensory 
analysis, viscosity, flow behavior, syneresis rate); b is 
the equation coefficient; X is the proportion of pseudo-
components [12]. 

For Simple Quartic, X1, X2 and X3 are the proportions 
of each number grade; b0 is the constant, b1, b2 and b3 are 

the coefficients of linear terms; b12, b13 and b23 are the 
coefficients of two-term interactions; b1123, b1223 and b1233 
are the coefficients of special three-term interactions.

RESULTS AND DISCUSSION
Fitting for the best model. Table 2 shows the 

results of mixture design studies. The independent and 
dependent variables were fitted to linear, cubic, and 
special quartic models and the residuals plots were 
formulated to check the goodness of model fit. Low 
standard deviation, low predicted sum of squares, and 
high predicted R-squared were the parameters for the 
best model [13]. The linear model was found to be best 
fitted for sensory analysis and viscosity. The special 
cubic model was best fitted for the response flow 
behavior. The special quartic model was found to be best 
fitted for syneresis.

The linear and the quadratic models were used 
to relate the response to the operating factors of the 
experiment design. The fit of the polynomial models was 
analyzed using the coefficient of determination R² and 
the adjusted R², with statistical significance tested by 
the F-test. A large value specified that variations in the 
response could be revealed by the regression equation. 
To point out the statistical significance, the desired 
larger F-value was tested by the P-value. The model 
that showed a confidence interval greater than 95% 
(prob > [t] < 0.05) by the probability test was regarded 
as statistically significant. The Prob > F-value for the 
linear model was less than 0.0032 R² and the adjusted 
R² was found to have a maximum of 0.6474 and 0.5833, 
respectively. Although the cubic model was found to 
be aliased, the linear model was selected for further 
analysis of viscosity.

Table 1 Yogurt formulations based on oats milk, peanut milk, 
and coconut milk in a three-component mixture constrained 
simplex-lattice design

Run Ingredients, mL
X1 (oats milk) X2 (peanut milk) X3 (coconut milk)

1 10.000 5.000 10.000
2 7.500 7.500 10.000
3 5.000 10.000 10.000
4 10.000 10.000 5.000
5 7.500 10.000 7.500
6 9.167 6.667 9.167
7 9.167 9.167 6.667
8 7.500 7.500 10.000
9 10.000 10.000 5.000
10 5.000 10.000 10.000
11 6.667 9.167 9.167
12 8.333 8.333 8.333
13 10.000 5.000 10.000
14 10.000 7.500 7.500

Table 2 Experimental design for viscosity, sensory analysis, 
flow behavior, and syneresis rate for each plant-based yogurt 
formulation

Run Response 1 
Viscosity, P

Response 2 
Sensory  
analysis

Response 3 
Flow behavior  
(n-value)

Response 4 
Syneresis 
rate,  
mL/min

1 49.050 8.0 0.139 0.0324
2 53.810 7.0 0.058 0.0210
3 49.467 6.5 0.134 0.0314
4 56.960 6.0 0.034 0.0125
5 55.685 6.0 0.020 0.0128
6 49.051 8.0 0.140 0.0335
7 55.680 6.5 0.020 0.0170
8 53.760 7.0 0.068 0.0220
9 56.961 6.0 0.034 0.0160
10 49.460 6.0 0.133 0.0356
11 49.000 6.5 0.134 0.0354
12 53.960 6.6 0.078 0.0240
13 49.010 8.0 0.130 0.0312
14 55.980 7.0 0.060 0.0110
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Table 3 ANOVA for the linear model of plant-based yogurt 
viscosity

Source Sum  
of squares

df Mean  
square

F-value P-value

Model 93.03 2 46.51 10.10 0.0032
Linear  
mixture

93.03 2 46.51 10.10 0.0032

Residual 50.66 11 4.61
Lack of fit 50.66 7 7.24 13950.78 < 0.0001
Pure error 0.0021 4 0.0005
Cor total 143.69 13

Figure 1 3D surface graph (a) and diagnostic plots (b) of the effect of independent variables on viscosity of the plant-based yogurts 
with oats milk (A), peanut milk (B), and coconut milk (C)

The ANOVA results for the model fitted for viscosity 
are shown in Table 3. As we can see, the linear effects 
of coconut (X3), oats (X1), and peanut (X2) milk on 
the yogurt viscosity were found to be significant. 
Considering the significant factors, equation (4) 
represents the model developed for viscosity.

            Viscosity = 65.25X1 + 65.64X2 + 28.72X3           (4)

The interaction effect of the process parameters 
was studied using response surface plots, which helped 
predict the optimal levels of each parameter to achieve 
maximum viscosity. Figure 1a shows the influence of 
three parameters on viscosity. According to Table 2, 
runs 5, 9, and 14 show greater viscosity. This means that 
viscosity increased with an increase in peanut and oats 
milk, but decreased with an increase in coconut milk. 

The optimum region was determined by setting 
the maximum viscosity as the goal. In a study by  
Ye et al., the increase in viscosity was due to a higher 
protein content in peanut and oats milk [14]. Brückner-
Gühmann et al. suggested that due to a high content 
of protein, oats could be used as a plant-based gelling 
agent even at temperatures below the temperature of 
denaturation [15]. The addition of pectin and xanthan 
gum also influenced the viscosity range. Figure 1b 
shows that viscosity ranged from 48.000 to 58.000 P.

Our results showed that peanut and oats milk, as well 
as stabilizers, had a greater effect on the viscosity of 
the plant-based yogurt than other components, such as 
coconut milk or sucrose.

The cubic model was used to relate the response to 
the operating factors of the experiment design. The 
fit of the polynomial models was analyzed using the 
coefficient of determination R², the adjusted R², with 
statistical significance tested by the F-test. A large value 
specified that response variations could be revealed 
by the regression equation. To point out the statistical 
significance, the desired larger F-value was tested by the 
P-value. The model that showed a confidence interval 
greater than 95% (prob > [t] < 0.05) by the proba- 
bility test was regarded as statistically significant. The  
Prob > F-value for the special cubic model was less 
than 0.0135 R² and the adjusted R² was found to have a 
maximum of 0.8467 and 0.7154, respectively. The cubic 
model was selected for further analysis of flow behavior.

The ANOVA results for the model fitted for the 
flow behavior are shown in Table 4. As can be seen, the 
cubic effects of coconut (X3), oats (X1), and peanut (X2) 
milk on the flow behavior were found to be significant. 
Considering the significant factors, equation (5) 
represents the model developed for the flow behavior.

Flow behavior = – 19.43355X1 – 20.93901X2 –  
      – 20.43434X3 + 85.28998X4 + 85.42010X5 +          (5) 

+ 89.18653X6 – 229.73535X7                         

where X4 = oats milk + peanut milk, X5 = oats milk +  
+ coconut milk, X6 = peanut milk + coconut milk,  
X7 = oats milk + peanut milk + coconut milk.

The interaction effect of the process parameters 
was studied using response surface plots, which helped 
to predict the optimal levels of each parameter for 
achieving maximum flow behavior. Figure 2a shows 
the influence of three parameters on the flow behavior. 
The flow behavior depends on viscosity and the shear 
rate. This was determined by the power law model. The 
power law does not consider yield stress since it is a 
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non-Newtonian fluid model. The relationship between 
viscosity and the shear rate in the power law model is 
defined as η = mγn–1, where η is apparent viscosity, 
γ is the shear rate, and m and n are the power law  
constants [16].

Figure 2b shows that the n-value of the flow behavior 
ranged from 0 to 0.14. Yogurt is a thixotropic fluid with 
n < 1, where n is the flow behavior index (dimensionless) 
indicating the non-Newtonian or Newtonian character. 
According to Ghica et al., n < 1 determines a non-
Newtonian pseudo plastic fluid, n > 1 determines a 
non-Newtonian dilatant fluid, and n = 1 determines a 
Newtonian fluid [10]. Table 2 shows changes in the flow 
behavior with respect to viscosity and the composition 
of milk. The lesser the viscosity, the greater the flow 
behavior. This was due to the influence of stabilizers and 
the composition of milk.

The linear model was used to relate the response 
to the operating factors of the experiment design. The 
fit of the polynomial models was analyzed using the 
coefficient of determination R² and the adjusted R², 
with statistical significance tested by the F-test. A large 
value specified that variations in the response could be 
revealed by the regression equation. To point out the 
statistical significance, the desired larger F-value was 
tested by the P-value. The model with a confidence 

interval greater than 95% (prob > [t] < 0.05) by the 
probability test was regarded as statistically significant. 
The Prob > F-value for the linear model was less than 
0.0001 R² and the adjusted R² was found to have a 
maximum of 0.9222 and 0.9080, respectively. Although 
the cubic model was found to be aliased, the linear 
model was selected for further analysis of sensory 
evaluation.

The ANOVA results for the model fitted for sensory 
evaluation are shown in Table 5. As we can see, the 
linear effects of coconut (X3), oats (X1), and peanut (X2) 
milk were found to be significant on sensory attributes. 
Considering the significant factors, equation (6) 
represents the model developed for sensory evaluation.

       Sensory evaluation = 9.64X1 +0.14X2 + 10.50X3      (6)

The interaction effect of the process parameters 
was studied using response surface plots, which helped 
predict the optimal levels of each parameter to achieve 
maximum sensory values. Figure 3a shows the influence 
of three parameters on sensory evaluation. We found 
a decrease in sensory values with higher contents of 
peanut milk. However, higher contents of coconut and 
oats milk provided maximum sensory values. This was 
due to the nutty flavor of peanut producing off-flavor. 
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Figure 2 3D surface graph (a) and diagnostic plots (b) of the effect of independent variables on flow behavior  
of the plant-based yogurts with oats milk (A), peanut milk (B), and coconut milk (C)

Table 4 ANOVA for the special cubic model of yogurt flow behavior

Source Sum of squares df Mean square F-value P-value
Model 0.0257 6 0.0043 6.45 0.0135
Linear mixture 0.0170 2 0.0085 12.81 0.0046
X4 (oats milk + peanut milk) 0.0059 1 0.0059 8.81 0.0208
X5 (oats milk + coconut milk) 0.0035 1 0.0035 5.24 0.0558
X6 (peanut milk + coconut milk) 0.0006 1 0.0006 0.9169 0.3702
X7 (oats milk + peanut milk + coconut milk) 0.0037 1 0.0037 5.50 0.0514
Residual 0.0047 7 0.0007 – –
Lack of fit 0.0046 3 0.0015 66.81 0.0007
Pure error 0.0001 4 0.0000 – –
Cor total 0.0304 13 – – –
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Ye et al. noted that the application of flavoring 
agents improved the sensory and overall acceptability 
of peanut milk-based yogurt [14]. This confirmed earlier 
reports that adding flavoring agents and fruits to yogurt 
increased the product range, as well as consumers’ 
liking of the product [17]. 

Figure 3b shows that the overall acceptance ranged 
from 6 to 8. According to Table 2, runs 1, 6, and 13 
showed higher sensory values in the formulations with 
a lower quantity of peanut milk compared to oats and 
coconut milk. Therefore, the flavor problem in peanut 
milk yogurt could be corrected or improved by applying 
commercial flavoring agents.

The simple cubic and quadratic models were used 
to relate the response to the operating factors of the 
experiment design. The fit of the polynomial models 
was analyzed using the coefficient of determination R² 
and the adjusted R², with statistical significance tested 
by the F-test. A large value specified that variations 
in the response could be revealed by the regression 
equation. The P-value was used to test whether F-value 
was large enough to point out statistical significance. 
The model with a confidence interval greater than 95%  
(prob > [t] < 0.05) by the probability test was regarded 
as statistically significant. The Prob > F-value for the 

special quartic model was less than 0.0300 R² and the 
adjusted R² was found to have a maximum of 0.9083 
and 0.7616, respectively. Although the cubic model 
was found to be aliased, the special quartic model was 
selected for further analysis of syneresis.

The ANOVA results for the model fitted for syneresis 
are shown in Table 6. As can be seen, the quartic effects 
of coconut (X3), oats (X1), and peanut (X2) milk were 
found to be significant on syneresis. Considering the 
significant factors, equation (7) represents the model 
developed for syneresis.

     Syneresis = 0.0338X1 + 0.0321X2 +  
   + 0.0146X3 – 0.0433X4 – 0.0403X5 – 0.0442X6 +  

        + 0.8024X7 + 0.7247X8 – 0.1370X9                       (7)

where X4 = oats milk + peanut milk, X5 = oats milk 
+ coconut milk, X6 = peanut milk + coconut milk,  
X7 = oats milk2     + peanut milk + coconut milk, X8 = oats 
milk + peanut milk2 + coconut milk, X9 = oats milk + 
peanut milk + coconut milk2.

The interaction effects of the process parameters 
were studied using response surface plots, which 
helped predict the optimal levels of each parameter 
to achieve minimum syneresis rate values. Figure 4a 
shows the influence of three parameters on syneresis. 
We found that syneresis was minimum when viscosity 
was maximum, i.e., syneresis decreased as viscosity 
increased. Figure 4b represents the syneresis values 
ranging from 0.01 to 0.04.

According to Table 2, runs 4, 5, 9, and 14 had 
minimum syneresis with maximum viscosity values. 
This was due to the binding of molecules in higher 
viscosity that holds the water during syneresis. In a 
study by Dönmez et al., the interaction with casein 
micelles in conventional yogurt influenced the strength 
of the casein network and the stabilized yogurt structure, 
increasing the consistency by reducing the syneresis rate 

Table 5 ANOVA for the linear model of yogurt sensory 
evaluation 

Source Sum of 
squares

df Mean 
square

F-value P-value

Model 6.74 2 3.37 65.17 < 0.0001
Linear  
mixture

6.74 2 3.37 65.17 < 0.0001

Residual 0.5689 11 0.0517 – –
Lack of fit 0.4439 7 0.0634 2.03 0.2577
Pure error 0.1250 4 0.0313 – –
Cor total 7.31 13 – – –

Table 6 ANOVA for the special quartic model of syneresis

Source Sum of squares df Mean square F-value P-value
Model 0.0010 8 0.0001 6.19 0.0300
Linear mixture 0.0006 2 0.0003 15.35 0.0073
X4 (oats milk + peanut milk) 0.0002 1 0.0002 7.88 0.0377
X5 (oats milk + coconut milk) 0.0001 1 0.0001 4.12 0.0982
X6 (peanut milk + coconut milk) 0.0001 1 0.0001 4.97 0.0763
X7 (oats milk2 + peanut milk + coconut 
milk)

0.0001 1 0.0001 3.32 0.1281

X8 (oats milk + peanut milk2 + 
coconut milk)

0.0001 1 0.0001 2.71 0.1608

X9 (oats milk + peanut milk + coconut 
milk2)

1.869E-06 1 1.869E-06 0.0940 0.7715

Residual 0.0001 5 0.0000 – –
Lack of fit 0.0001 1 0.0001 20.59 0.0105
Pure error 0.0001 4 4.041E-06 – –
Cor total 0.0011 13 – – –
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at certain concentrations [18]. The syneresis value also 
depends on the composition of the stabilizers used.

Optimization of component proportion. We 
solved the equations to yield the average values of each 
independent variable in order to obtain the optimal 
yogurt. This allowed us to find a desirable combination 
of oats, coconut, and peanut milk (Table 7). Then, we 
analyzed the optimized yogurt for viscosity, sensory 
evaluation, flow behavior, and syneresis rate. The 
optimized yogurt consisted of 7.134 mL of peanut milk, 
10 mL of oats milk, and 7.866 mL of coconut milk. Its 
predicted values of syneresis, viscosity, flow behavior, 

and sensory evaluation were 0.0138081, 53.4733, 
0.0648189, and 7.20565, respectively, with a desirability 
value of 0.717.

Physiochemical analysis of raw milk and 
optimized yogurt. The optimized plant-based yogurt 
and raw milk were exposed to nutritional analysis 
to compare the predicted and actual values (Table 8).  
This ensured adequate nutritional values in the 
developed yogurt.

CONCLUSION
Our results showed the effectiveness of the mixture 

simplex-lattice design approach for optimizing yogurt 
based on plant milk. According to our experimental 
results and counter plots, an increase in peanut and 
oats milk improved the viscosity and reduced the 
flow behavior and syneresis rate. The samples with 
higher contents of peanut milk received low sensory 
values. This indicates that peanut milk has to be used 
in minimum amounts with stabilizers, such as corn 
starch, pectin, and xanthan gum, to ensure optimum 
texture properties. The plant-based yogurt with an 
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optimized composition was found to have high sensorial 
acceptance. The physiochemical analysis of raw milk 
and the optimized yogurt showed adequate amounts of 
nutrients.
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Table 8 Physiochemical analysis of raw milk and optimized plant-based yogurt 

Responses Predicted value for 
optimized yogurt

Actual value for 
optimized yogurt

Raw materials
Oats milk Peanut milk Coconut milk

Sensory analysis 7.20 7.30 – – –
Viscosity, P 53.47 53.76 43.31 40.69 30.72
Syneresis rate, mL/min 0.013 0.011 – – –
Flow behavior 0.064 0.068 – – –
Moisture, % – 46 45 42 39
pH – 5.500 6.908 6.512 7.412
Titratable acidity – 3.560 0.966 1.066 1.066
Total solids, % – 11.49 22.90 11.46 12.10
Fat, % – 9.45 6.78 4.40 9.40
Protein, % – 17 16 19 12
Ash, % – 0.490 0.344 0.394 1.240
Carbohydrates, % – 27.00 30.80 32.80 34.40
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Abstract:
Microgreens are immature edible leafy greens with a higher concentration of phytonutrients than in mature leaves, which makes 
them a novel functional food. This research featured antioxidant, anticarcinogenic, and antidiabetic properties of coriander 
microgreens. 
Aqueous and ethanolic extractions of coriander microgreens and mature leaves underwent a phytochemical analysis of 
antioxidant potential using the DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) free radical method and the ferric reducing 
antioxidant power (FRAP) assay. The analysis of antidiabetic and anticarcinogenic properties included the method of α-amylase 
enzyme inhibition and the MTT colorimetric assay.  
The screening test inferred the presence of alkaloids, terpenoids, glycosides, steroids, tannins, flavonoids, phenols, 
carbohydrates, and proteins in both microgreens and mature leaves. The quantitative analysis showed that the ethanolic extract 
of the microgreen sample exhibited higher total phenols. Total flavonoids, steroids, carbohydrates, and proteins were higher both 
in microgreen extracts, if compared with those of mature leaves. Ascorbic acid, chlorophyll-a, chlorophyll-b, and carotenoids 
demonstrated a more substantial presence in mature leaves. The gas chromatography-mass spectrometry (GC/MS) analysis of 
coriander microgreens revealed such bioactive compounds as thienopyrimidines, phenolic amide, imidazo pyridazine, phenolic 
constituents, and essential oil. Mature leaves were rich in phenolic compounds, steroids, terpenoids, essential oils, and fatty 
acid esters. All these substances are known for their therapeutic antioxidant, antidiabetic, and anticarcinogenic properties. The 
microgreen samples exhibited greater ferric reducing antioxidant power, α-amylase enzyme inhibition, and cytotoxicity activity 
at a lower concentration of extract than mature leaves.
Coriander microgreens proved to have a promising antioxidant, anticarcinogenic, and antidiabetic potential and can be used in 
daily food additives.

Keywords: Coriander, microgreens, coriander mature leaves, phytochemical, antioxidant, anticarcinogenic, antidiabetic 
properties
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anticarcinogenic, and antidiabetic potential of coriander (Coriandrum sativum L.): Microgreen and mature plant. Foods and Raw 
Materials. 2022;10(2):283–294. https://doi.org/10.21603/2308-4057-2022-2-539

INTRODUCTION
According to the International Diabetes Federation 

report of 2017, approximately 425 million adults 
between 20 and 79 years old suffered from diabetes 
worldwide. By 2045, this number will escalate to  
629 million. In 2017, India reported 72 946 400 cases 
of diabetes [1]. Type II diabetes patients showed 
higher cancer risks, especially in the colorectal area. 
Association between these two diseases may result 

from shared cellular and molecular pathways. Genome-
wide association studies also linked diabetes-associated 
genes (e.g., TCF7L2) to colorectal cancer [2, 3]. 
Globally, colorectal cancer is the fourth most commonly 
diagnosed type of cancer. The past five years have seen 
3.2 million prevalence rates. It means that 1.3 million 
new colorectal cancer cases are registered every year [4]. 

According to Ayurvedic studies, food (Ahara in 
Hindi) is the sustainer of life, which helps maintain 
good health and protects human body from diseases [5].  

https://orcid.org/0000-0001-7224-6905
https://ror.org/04jmt9361
http://crossmark.crossref.org/dialog/?doi=10.21603/2308-4057-2022-1-2-9&domain=pdf
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Herbs and spices are indispensable parts of human 
diet. Since ancient times, herbs and spices have played 
a vital role in the lifestyle of people. Not only do they 
add flavor to food, but they also possess valuable 
preservative and medicinal properties because the bio-
molecules in some plants maintain and promote human 
health. 

In the past few decades, natural products have 
become more popular as an alternative therapy against 
various diseases because conventional medicine often 
cause unwanted side effects. As a result, modern science 
also started exploring the medicinal properties of  
spices [6, 7]. 

Coriander (Coriandrum sativum L.), sometimes 
called the herb of happiness, is the most well-known 
culinary spice worldwide and an age-old traditional 
medicine. C. sativum contains a wide range of 
phytochemical elements, which makes it a promising 
functional food that protects from all kinds of lifestyle-
related diseases.  Indeed, coriander is known for its 
antioxidant, anticancer, neuroprotective, anticonvulsant, 
migraine-relieving, hypolipidemic, hypoglycemic, 
hypotensive, antimicrobial, anxiolytic, analgesic, and 
anti-inflammatory activities [8]. 

Mature coriander leaves have medicinal 
properties, but new scientific data demonstrate that 
coriander microgreens contain higher amounts of 
such phytonutrients as β-carotene, ascorbic acid, 
α-tocopherol, and phylloquinone, as well as minerals, 
e.g., Ca, Mg, Fe, Mn, Zn, Se, and Mo. They also have 
lower nitrate content than mature leaves [9, 10]. 

As a novel functional food, microgreens are tender 
and immature leafy greens with developed cotyledons 
and with or without partially emerged pair of the first 
true leaves [10]. They are harvested for consumption 
within 10 to 20 days of seedling emergence and are 
larger than sprouts but younger than baby greens [11]. 
They give vivid color, soft texture, and multifarious 
quality to the main dish, thus enhancing its aesthetic 
appeal [12, 13]. Microgreens are a highly perishable 
food with a very short shelf life of three to five days at 
ambient temperature [14]. Microgreens can be easily 
grown at home, in containers on a terrace, or in kitchen 
gardens with minimal sunlight. In the present study, 
the microgreens were evaluated in vitro for antioxidant, 
antidiabetic, and anticancer properties, which were 
compared with those of mature leaves.

STUDY OBJECTS AND METHODS
Sample growth and preparation. Coriander 

(Coriandrum sativum L.) microgreens were grown under 
ambient conditions using vermicompost enriched soil. 
A 50-g sample of coriander seeds (Chennai, India) was 
sown at an even depth of one inch (2.5 cm) in soil-filled 
plastic pots. After germination, the pots were hydrated 
thrice a day and exposed to ambient light. Coriander 
microgreens were harvested after seven or eight days 
when they were three inches (7.5 cm) tall. The cotyledon 
stems were cut with sterile scissors as close to the soil 

surface as possible. Coriander mature leaves were 
grown under the same conditions as microgreens and 
harvested after 60 days. The roots and defected parts 
were removed, and the edible stems and leaves were 
cleaned from soil particles.

Species identification. The species were identified 
with the help of the faculty of Plant Biology and Plant 
Biotechnology, Women’s Christian College, Chennai.

Preparation of extract. Mature leaves and micro- 
greens were washed three or four times with tap water 
and then rinsed twice with de-ionized water. After 
that, they were shade-dried at room temperature under 
constant observation to avoid any contamination. After 
drying, the leafy samples were crushed in an electric 
grinder. The powdered samples were stored for further 
use. Extraction was done by aqueous and ethanolic 
methods.

Aqueous extraction. Powdered mature leaves (10 g) 
and powdered microgreens (10 g) were put in separate 
conical flasks with 100 mL of de-ionized water. The 
samples were kept in a water bath at 90°C for 1 h and 
cooled at room temperature. Then, the extract was 
filtered with Whatman filter paper. The filtrate was 
condensed in a hot plate at 50°C and stored at 4°C.

Ethanolic extraction. Powdered mature leaves 
(10 g) and powdered microgreens (10 g) were soaked 
separately in 100 mL of ethanol for 72 h. The 
supernatant was filtered with Whatman filter paper. The 
filtrate was condensed in a hot plate at 50°C.

Phytochemical analysis. 
Qualitative phytochemical screening. The crude  

ethanolic and aqueous extracts of C. sativum 
microgreens and mature leaves were subjected to a 
qualitative phytochemical analysis. They were tested 
using standard procedures for various classes of active 
phytoconstituents, such as alkaloids, terpenoids, 
glycosides, steroids, saponins, tannins, flavonoids, 
phenols, carbohydrates, and proteins [15–21].

Quantitative phytochemical analysis. Estimation 
of total phenols. Total phenolic compounds in the  
coriander samples were quantified by using a slightly 
modified the Folin-Ciocalteu reagent method [22]. 
During the procedure, 100 μL of extracts were mixed 
with 900 μL of methanol and 1 mL of the Folin-
Ciocalteu reagent (diluted with distilled water as 1:10). 
After 5 min, 1 mL of 20% (w/v) Na2CO3 solution was 
added. The reaction was incubated in the dark for 30 
min. A UV-Vis spectrophotometer measured the optical 
density at 765 nm. The total phenolic content was 
expressed as (mg/g of sample) gallic acid equivalent.

Estimation of total flavonoids. The aluminum 
chloride reagent method with slight modifications 
was used to define the total flavonoid content in the 
C. sativum samples [23]. Each extract (500 μL) was 
mixed with 500 μL of methanol and 500 μL of 5% (w/v) 
sodium nitrite solution followed by adding 500 μL of 
10% (w/v) aluminum chloride solution. After a 5-min 
incubation, 1 mL of 1M NaOH solution was added. By 
adding distilled water, the total volume was brought up 



285

Dhakshayani GM et al. Foods and Raw Materials. 2022;10(2):283–294

to 5 mL. Absorbances were measured at 510 nm, and 
the results were expressed as (mg/g of sample) quercetin 
equivalent.

Estimation of steroids. According to the procedure 
described in [24], 1 mL of each extract was put in a 
10-mL volumetric flask. 4 N sulphuric acid (2 mL) and 
0.5% iron (III) chloride (2 mL) were added, followed 
by a 0.5% potassium hexacyanoferrate (III) solution  
(0.5 mL). The mix was heated at 70 ± 20°C in a water 
bath for 30 min with occasional shaking. The total 
volume was diluted to the mark with distilled water. 
The optical density was measured at 780 nm against the 
reagent blank. The results were expressed as (mg/g of 
sample) cholesterol equivalent. 

Estimation of total carbohydrates. The total 
carbohydrate content was measured by the Hedge and 
Hofreiter method [25]. According to the procedure, 
0.5 mL of each extract was put in a separate test tube. 
The volume was brought up to 1 mL with distilled 
water. After that, 4 mL of anthrone reagent was added 
in each tube and mixed thoroughly. D-glucose was 
used as standard. Blank was taken as distilled H2O and 
anthrone. The reaction mix was heated in a boiling 
water bath for 8 min and cooled. The absorbance of 
the green color solution was tested at 630 nm using a  
UV-Vis spectrophotometer. The carbohydrate content 
of the plant extract was calculated from the calibration 
curve of glucose, and the results were expressed as 
(mg/g of sample) glucose equivalent.

Estimation of proteins (Bradford colorimetric assay). 
The Bradford protein assay described in [26] quantified 
the total protein content in the C. sativum samples. 
According to the procedure, 0.5 mL of each extract was 
put in a test tube and brought up to 1 mL with distilled 
water. After that, 2 mL of Bradford’s reagent was added 
in each tube and mixed thoroughly. Bovine serum 
albumin served as standard. Blank was taken as distilled 
water and Bradford’s reagent. The absorbance of the pale 
blue color solution was tested at 595 nm. The unknown 
concentration of amino acids/protein in the coriander 
samples was illustrated as a graph.

Estimation of ascorbic acid. The ascorbic acid 
content in the fresh samples were estimated using the 2, 
6-dichlorophenol indophenol (DCPIP) titration method 

according to the procedure previously described by Rao 
and Deshpande [27]. According to the procedure, 5 mL 
of the ascorbic acid working standard was pipetted into 
a 100 mL conical flask together with 5 mL of 0.625% 
oxalic acid and titrated against the dye solution (V1). 
The endpoint was the appearance of a transient pink 
color that persisted for a few minutes. After that, 5 mL 
of each test sample was similarly titrated against the 
dye solution. The ascorbic acid content, mg/100 g, was 
determined using the following formula:

                                                (1)
  

where 500 is the amount of standard ascorbic acid taken 
for titration, μg; V1 is the volume of dye consumed by 
500 μg of standard ascorbic acid; V2 is the volume of dye 
consumed by 5 mL of each test sample; 25 is the total 
volume of extract; 100 is the ascorbic acid content per 
100 g of sample; 5 is the weight of fresh sample taken for 
extraction; and 5 is the volume of test sample taken for 
titration.

Estimation of chlorophylls and carotenoids using 
acetone. During this procedure, 1 g of finely cut fresh 
leaves was homogenized with 80% acetone. The mass 
was then centrifuged at 5000 rpm for 5 min. After 
the supernatant was transferred, the procedure was 
repeated until the residue contained no trace of green 
color. The final volume was brought up to 100 mL in the 
volumetric flask with 80% acetone. The optical density 
of the extracted solution was measured at 480, 510, 645, 
and 663 nm. From these readings, concentrations of 
chlorophylls and carotenoid pigment were determined 
by using the following formulas given in Table 1.  

Gas chromatography–mass spectrometry  
(GC/MS). The aqueous extracts of C. sativum 
microgreens and mature leaves underwent a GC/MS 
analysis by using Agilent technologies 6890 N JEOL 
GC Mate II GC-MS model. The samples were injected 
into an HP-5 column (30 m×0.25 mm i.d with 0.25 μm 
film thickness). During the gas chromatography, helium 
served as the carrier gas, the flow rate was 1 mL/min, 
and the injector operated at 200°C. The column oven 
temperature was programmed as 50–250°C at a rate of 
10°C/min injection mode. The list of mass spectrometry 
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Table 1 Formulas for chlorophyll-a, chlorophyll-b, total chlorophyll, and carotenoid estimation [28–30]

Chlorophyll-a, mg/g tissue

Chlorophyll-b, mg/g tissue

Total chlorophyll (TC), mg/g tissue  

Carotenoid, mg/g tissue

where A is the absorbance at a specific wavelength (480, 510, 645, and 663 nm); V is the final volume of chlorophyll extract; and W is the fresh 
weight of tissue extracted
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conditions included: ionization voltage – 70 eV; ion 
source temperature – 250°C; interface temperature –  
250°C; mass range – 50–600 mass units. The results 
were compared using the spectrum of the known 
components stored in the National Institute Standard 
and Technology (NIST) library database [31]. 

In vitro antioxidant assays. DPPH radical 
scavenging assay. The antioxidant activity of 
the extracts was measured based on the stable (2, 
2-diphenyl-1-picryl-hydrazyl-hydrate) DPPH free radical 
scavenging method [32]. Various concentrations (50, 100, 
150, 200, 250, and 300 μg/mL) of C. sativum extracts 
(1 mL) were mixed with 0.1 mM of DPPH solution 
(1 mL) in methanol. The reaction was carried out in 
triplicate, and the decrease in absorbance was measured 
at 517 nm after 30 min in the dark using a UV-Vis 
spectrophotometer. Ascorbic acid served as the standard 
reference, while methanol (1 mL) with DPPH (1 mL) 
solution served as control. The percentage of inhibition 
was calculated as follows:

                                                                                     
                                  

The procedure made it possible to determine the 
sample concentration required to inhibit 50% of the 
DPPH free radical (IC50).

Ferric (Fe3+) reducing antioxidant power assay 
(FRAP). The reducing power of the extracts was 
determined by the Fe3+ reduction method with slight 
modification [33]. In brief, 1 mL of C. sativum extracts 
at different concentrations (50, 100, 150, 200, 250, and 
300 μg/mL) were taken in 1 mL of phosphate buffer  
(0.2 M, pH 6.6) in a test tube. After that, 1 mL of 
potassium ferricyanide [K3Fe(CN)6] (1% w/v) was added. 
After 30 min of incubation at 50°C in a water bath,  
1 mL of trichloroacetic acid (10 % w/v) was added to 
each mix. Then, 1 mL of fresh FeCl3 (0.1% w/v) solution 
was poured in, and the absorbance was measured at 700 
nm in a UV-Vis spectrophotometer. The experiment 
was replicated in three independent assays. Ascorbic 
acid was used as the standard reference. The reducing 
concentration (RC50) of sample required to reduce the 
free radicals (Fe3+) by 50 % was calculated to interpret 
the FRAP results.

The percentage of reduction was calculated as 
follows:

                                                                                          
                                                             

In vitro antidiabetic activity. α-amylase 
enzyme inhibition assay. The α-amylase enzyme 
inhibition assay relied on the starch-iodine test [34].  
The coriander extracts at various concentrations (50, 

100, 150, 200, 250, and 300 μg/mL) were added to 
α-amylase enzyme (10 μL). The α-amylase enzyme 
had been prepared in 0.02 M sodium phosphate buffer  
(pH 6.9 containing 6 mM sodium chloride). The 
procedure was followed by 10 min of incubation at 
37°C. After pre-incubation, 500 μL of 1% soluble starch 
was added to each reaction and incubated at 37°C for  
60 min. 

To stop the enzymatic reaction, 1 N HCl (100 μL) 
was added and followed by 200 μL of iodine reagent  
(5 mM I2 and 5 mM KI). The color change was 
registered, and the optical density was tested at  
595 nm. Acarbose was used as the standard reference. 
The control reaction representing 100% enzyme activity 
contained no plant extract. 

The experiment was carried out in triplicate. A dark-
blue color indicated the presence of starch; a yellow 
color indicated the absence of starch; a brownish color 
indicated partially degraded starch in the reaction mix. 
In the presence of inhibitors, the starch added to the 
enzyme assay mix did not degrade and gave a dark-
blue color complex. No color complex developed in 
the absence of the inhibitor, indicating that starch was 
completely hydrolyzed by α-amylase. The IC50 value was 
calculated as follows:

Cytotoxicity assay on colon cell lines. The 
conventional MTT reduction assay was used to measure 
the cell viability [35]. HT 29 Colon cells were obtained 
from the National Centre for Cell Science (Pune). The 
culturing was performed on the medium developed by 
the Roswell Park Memorial Institute (RPMI). It included 
10% fetal bovine serum (FBS), gentamycin (100 μg/mL),  
penicillin/streptomycin (250 U/mL), and amphoteri- 
cin B (1 mg/mL). All cell cultures were maintained  
at 37°C in a humidified atmosphere of 5% CO2. Cells 
grew to confluence for 24 h before use.

As described in [36], we plated HT 29 cells (5×103/
well) in 96-well plates for 24 h in 200 μL of the RPMI 
medium with 10% fetal bovine serum. After the culture 
supernatant was removed, the RPMI samples with 
various concentrations (0.001–100 μg/mL) of aqueous 
C. sativum extracts were added and incubated for 
48 h. After the treatment, cells were incubated with 
MTT (10 μL, 5 mg/mL) at 37°C for 4 h and then with 
dimethyl sulfoxide at room temperature for 1 h. The 
plates were tested at 595 nm on a scanning multi-well 
spectrophotometer. All experiments were performed in 
duplicates [36].

The effect of the extracts on growth inhibition of  
HT-29 colon cancer cell line line, %, was calculated 
using the following formula:

(2)

(4)

(5)

(3)
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phenol (116.78 mg GAE/g) in comparison to that of 
mature leaves (72.23 mg GAE/g). In general, both 
extracts of microgreens had more total flavonoids, 
steroids, carbohydrates, and proteins than both extracts 
of mature leaves. Table 3 illustrates the contents of 
ascorbic acid, chlorophyll, and carotenoid. 

Gas chromatography–mass spectrometry (GC/MS).  
The GC/MS method revealed various bioactive 
constituents in the aqueous extracts of coriander 
microgreens and mature leaves. The analysis showed 
peaks at different locations on the chromatogram. In 
Figs. 1 and 2, the X-axis represents the retention time, 
while the Y-axis represents the relative abundance. The 
GC/MS analysis of a crude extract of microgreens 
showed nine major peaks. The crude extract of mature 
leaves eluted seven major peaks. Tables 4 and 5 illustrate 
a comparative analysis of the mass spectra of the 
constituents with the NIST library data.

In vitro antioxidant assays. DPPH radical 
scavenging assay. The scavenging capacity of the 
aqueous and ethanol extracts of both coriander 
microgreens and mature leaves on DPPH free radicals 
was expressed as inhibition (%) (Tables 6 and 7). The 
IC50 was inhibition concentration at 50%: the lowest 
IC50 indicated the strongest ability of the extracts to act 
as DPPH radical scavengers. The aqueous and ethanol 
extracts of mature leaves showed the lowest IC50, which 
were 44.64 and 186.74 μg/mL, respectively. As for the 
aqueous and ethanol extracts of microgreens, they were 
90.09 and 293.54 μg/mL, respectively. Compared to the 
reference standard ascorbic acid inhibition percentage 
(Fig. 3), the test samples required higher concentration 
to inhibit DPPH free radical. Thus, the test samples of 
microgreens and mature leaves showed dose-dependent 
scavenging activity. 

Ferric (Fe3+) reducing antioxidant power assay. 
For Fe3+ reducing activity, the ascorbic acid was used as 

Table 2 Phytochemical content of aqueous and ethanol extracts of Coriandrum sativum microgreens and mature leaves

Phytochemicals
Aqueous extract Ethanol extract
Microgreens Mature leaves Microgreens Mature leaves

Phenols, mg GAE/g 98.25 ± 0.27* 107.26 ± 0.29* 116.78 ± 0.28* 72.23 ± 0.28*
Flavonoids, mg QE/g 119.43 ± 0.36* 18.58 ± 0.38* 29.15 ± 0.26* 13.61 ± 0.37*
Steroids, mg CE/g 140.34 ± 0.57* 101.77 ± 0.28* 50.41 ± 0.52* 33.58 ± 0.38*
Carbohydrates, mg GE/g) 457.65 ± 1.6* 398.38 ± 2.3* 169.73 ± 1.50* 124.35 ± 1.04*
Proteins, mg/g 156.41 ± 0.38* 117.80 ± 0.31* 101.40 ± 0.37* 75.36 ± 0.35*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at *P < 0.05

Table 3 Ascorbic acid, chlorophyll, and carotenoid contents in Coriandrum sativum microgreens and mature leaves

Samples Phytonutrients
Ascorbic acid, 
mg/100 g W

Chlorophyll-a,  
mg/g W

Chlorophyll-b,  
mg/g W

Total chlorophyll,  
mg/g W

Carotenoid,  
mg/g W

Microgreens 18.56 ± 0.45* 0.04 ± 0.01* 0.07 ± 0.01* 0.04 ± 0.01* 0.13 ± 0.01*
Mature leaves 77.68 ± 0.37* 0.27 ± 0.04* 0.33 ± 0.03* 0.33 ± 0.03* 0.31 ± 0.04*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at *P < 0.05

From the above growth inhibition, (%) percentage of 
cell viability was derived using the following formula:

Statistical analysis. The phytochemical, antioxidant, 
and antidiabetic assays were carried out in triplicates, 
while the anticarcinogenic analysis was carried out 
in duplicates. The results obtained were expressed as  
mean ± SD. The statistical analysis was calculated by 
one-way ANOVA and Student’s t-test using Microsoft 
excel. All statistical significance was accepted at  
P < 0.05.

RESULTS AND DISCUSSION
Phytochemical analysis. Qualitative phytochemical 

analysis. The qualitative phytochemical analysis of the 
aqueous and ethanolic extracts of coriander microgreens 
and mature leaves revealed such phytochemicals as 
alkaloids, terpenoids, steroids, tannins, flavonoids, 
phenols, carbohydrates, and proteins. Saponins were  
absent in both aqueous and ethanol extracts of 
microgreens and mature leaves. However, glycosides 
were present in the aqueous extract of microgreens and 
mature leaves, as well as in the ethanol extract of mature 
leaves. However, they were absent in the ethanol extract 
of microgreens.

Quantitative phytochemical analysis. Tables 2 
shows the quantitative phytochemical mean values 
of both aqueous and ethanol extracts of Coriandrum 
sativum microgreens and mature leaves.

According to Table 2, the aqueous extract of 
microgreens showed a lower total phenol content  
(98.25 mg GAE/g) than that of mature leaves  
(107.26 mg GAE/g). However, the ethanol extract of 
microgreens had significantly (P < 0.05) higher total 

(6)
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Figure 2 Bioactive constituents identified in coriander mature leaves
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Figure 1 Bioactive constituents identified in Coriandrum sativum microgreens
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Figure 3 DPPH standard curve of ascorbic acid
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standard. Figure 4 illustrates the standard curve; Tables 
8 and 9 show the reducing power of test samples.

The aqueous extract of mature leaves showed 
a slight increase in Fe3+ reduction compared to 
that of microgreens. The RC50 (50% reducing 
concentration) of microgreens and mature 
leaves in the aqueous extracts were 234.87 and  
167.25 µg/mL, respectively. Interestingly, the ethanol 
extract of microgreens exhibited a greater ferric ion 
reducing power (31.66% at 300 µg/mL  concentration) 
than that of mature leaves (18.77% at 300 µg/mL 
concentration). The ethanol extracts were unable 
to reduce the free radicals by RC50. The causes may  
be in some other chemical constituents that  
compete for reduction by Fe3+ and do not permit Fe3+  
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Table 4 GC/MS analysis of bioactive compounds in Coriandrum sativum microgreens

RT Name Structure Mol.wt 
g/mol & 
Mol. formula

Biological activity

14.9 Benzene, (1-methylenebutyl)- 146
C11H14

n.d.a.

16 10-Methylundecanoic acid methyl ester 214
C13H26O2

n.d.a.

16.55 (7-Phenyl-1H-imidazo[4,5-d] pyridazin-4-
yl)-hydrazine

226
C11H10N6

Anticancer, antidiabetic, 
antiviral, antiosteoporotic, anti-
inflammatory, antiparasitic, 
antihypertensive 

17.48 Phenol, 2,6-bis(1,1-dimethylethyl)-4-ethyl-
(Phenol)

234
C16H26O

Antioxidant, cytotoxicity, 
antidiabetic 

18.28 Propenamide,2-acetamido-3-Phenyl-N-(3-
hydroxypropyl)-(amide)

262
C14H18N2O3

Antioxidant 

20.05 8-carbetoxy-1-methyl-1,4,5,6,7,8-
hexahydropyrrolo[2,3-b]azepin-4-one-3-
carboxylic acid

280
C13H16N2O5

n.d.a.

21.15 5-Phenyl-5,6,7,8-tetrahydro-[1]
benzothieno[2,3-d]pyrimidine-2,4-diamine

296
C16H16N4S

Antioxidant, antitumor, 
anticancer, antidiabetic, 
antimicrobial, antiviral, anti-
inflammatory 

23.67 Z-13-Octadecen-1-yl acetate
(Essential oil)

310
C20H38O2

Antioxidant, anti-inflammatory 

25.5 But-2-endiamide,N,N’-bis[4-methoxyphenyl]- 326
C18H18N2O4

n.d.a.

n.d.a. – no data available

Table 5 GC/MS analysis of bioactive compounds in Coriandrum sativum mature leaves

RT Name Structure Mol.wt  
g/mol & 
Mol. formula

Biological activity

12.77 2,4-bis[1,1-dimethylethyl]-phenol
(Phenolic compound)

206.00
C14H22O

Antioxidant, antibacterial,  
anti-inflammatory 

15.05 1-Cyclopentenylphenylmethane 158.00
C12H14

n.d.a.

15.78 7-Dodecen-6-one
(Terpenoid)

182.00
C12H22O

Antioxidant, antibacterial, anti-fungal,  
anti-malarial

17.03 E, E-6,8-Tridecadien-2-ol, acetate 
(Essential oil)

238.00
C15H26O2

Antimicrobial 

19 2-Hexadecenoic acid, 
2,3-dimethyl-, methyl ester, (E)-
(Unsaturated fatty acid ester)

296
C19H36O2

Antioxidant, antidiabetic, antitumor, 
antibacterial, anti-inflammatory, anthelmintic, 
immunostimulant, lipoxygenase inhibitor

20.58 3-Hydroxypregn-5-en20-one
(Steroid)

316
C21H32O2

Anti-proliferative 

23.43 Methoxyaceticacid, octadecyl 
ester

342
C12 H42 O3

n.d.a.

n.d.a. – no data available
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Table 6 DPPH radical scavenging activity of Coriandrum sativum microgreens and mature leaves (aqueous extract)

Extract concentration, 
μg/mL

Inhibition, % Test samples (IC50 μg/mL) Standard ascorbic acid (IC50 μg/mL)
Microgreens Mature leaves Microgreens Mature leaves

50 49.51 ± 0.49* 56.22 ± 0.47*

90.09 ± 0.45 44.64 ± 0.46 2.88 ± 0.37

100 55.41 ± 0.45* 66.66 ± 0.48*
150 59.17 ± 0.30 * 70.00 ± 0.50*
200 65.44 ± 0.47* 75.55 ± 0.45*
250 76.44 ± 0.47* 77.75 ± 0.46*
300 81.17 ± 0.30* 84.63 ± 0.41*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at * P < 0.05

Table 7 DPPH radical scavenging activity of Coriandrum sativum microgreens and mature leaves (ethanol extract)

Extract concentration, 
μg/mL

Inhibition, % Test samples (IC50 μg/mL) Standard ascorbic acid (IC50 μg/mL)
Microgreens Mature leaves Microgreens Mature leaves

50 7.35 ± 0.39* 14.20 ± 0.30*

293.54 ±0.36 186.74 ± 0.43 2.88 ± 0.37

100 22.34 ± 0.41* 31.88 ± 0.34*
150 37.90 ± 0.36* 39.48 ± 0.45*
200 42.79 ± 0.26* 53.42 ± 0.36*
250 45.56 ± 0.32* 65.44 ± 0.39*
300 51.16 ± 0.30* 75.57 ± 0.32*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at * P < 0.05

Figure 5 Standard curve of acarbose
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Figure 4 FRAP standard curve of ascorbic acid
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Cytotoxicity assay on colon cell lines. In 
the present study, the antioxidant activities of the  
aqueous extracts were compared to those of 
the ethanolic extracts. The aqueous extract of 
microgreens and mature leaves were examined for 
potential anticancer activity against the human colon  
HT-29 carcinoma cell line by using the MTT assay. 
The tests were performed in duplicate. The absorbance 
values were registered in the ELISA reader at 595 nm 
once purple color developed after 24 h of incubation. 
The mean was calculated for two trials (Table 12).

to donate an electron. The RC50 value for standard 
ascorbic acid was 29.1 µg/mL.

In vitro antidiabetic activity. α-amylase enzyme 
inhibition assay. Tables 10 and 11 show the inhibitory 
activity of test samples on the α-amylase enzyme.  The 
aqueous and ethanol extracts of microgreens exhibited 
50% of inhibition on α-amylase enzyme at 222.22 
and 84.25 μg/mL. The results were lower than those 
of mature leaves IC50 values, which were 228.31 and 
206.82 μg/mL, respectively. The standard reference drug 
acarbose (Fig. 5) showed α-amylase inhibitory activity 
with an IC50 valueof 23.71 μg/mL.
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As the concentration of the test samples 
increased, the corresponding absorbance value 
decreased (P < 0.05). The MTT assay showed that 
the microgreen sample increased the percentage 
inhibition and consequently decreased the cell 
viability to 49.08% with the lowest IC50 value 
of 98.34 µg/mL. Mature leaves showed the least 

percentage inhibition and reduced viable cells 
to 59.53% with an IC50 value of 123.54 µg/mL  
(Figs. 6 and 7). Doxorubicin was used as the refe- 
rence standard. Figure 8 demonstrates the standard  
curve of percent cell viability, which showed 
a cytotoxicity activity with an IC50 value of  
11.75 µg/mL.

Table 8 Ferric reducing antioxidant power activity of Coriandrum sativum microgreens and mature leaves (aqueous extract)

Extract concentration, 
μg/mL

Reduction, % Test samples (RC50 μg/mL) Standard ascorbic acid (RC50 μg/mL)
Microgreens Mature leaves Microgreens Mature leaves

50 22.64 ± 0.21* 19.23 ± 0.25*

234.87 ± 0.33 167.25 ± 0.36 29.10 ± 0.36

100 25.50 ± 0.35* 33.79 ± 0.31*
150 35.36 ± 0.31* 44.36 ± 0.29*
200 48.42 ± 0.33* 59.79 ± 0.32*
250 53.22 ± 0.23* 60.60 ± 0.36*
300 60.31 ± 0.27* 64.64 ± 0.35*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at * P < 0.05

Table 10 α-amylase enzyme inhibition activity of Coriandrum sativum microgreens and mature leaves (aqueous extract)

Extract concentration, 
μg/mL

Inhibition, % Test samples (IC50 μg/mL) Standard ascorbic acid (IC50 μg/mL)
Microgreens Mature leaves Microgreens Mature leaves

50 15.66 ± 0.42* 9.57 ± 0.30*

222.22 ± 0.37 228.31 ± 0.31 23.70 ± 0.34

100 29.83 ± 0.23* 37.82 ± 0.31*
150 39.27 ± 0.37* 39.16 ± 0.29*
200 46.45 ± 0.37* 45.61 ± 0.44*
250 56.25 ± 0.30* 54.75 ± 0.23*
300 87.31 ± 0.36* 79.55 ± 0.36*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at * P < 0.05

Table 9 Ferric reducing antioxidant power activity of Coriandrum sativum microgreens and mature leaves (ethanol extract) 

Extract concentration, 
μg/mL

Reduction, % Test samples (RC50 μg/mL) Standard ascorbic acid (RC50 μg/mL)
Microgreens Mature leaves Microgreens Mature leaves

50 11.27 ± 0.27* 9.52 ± 0.35*

Nil Nil 29.10 ± 0.36

100 15.41 ± 0.37* 10.59 ± 0.30*
150 15.80 ± 0.32* 13.83 ± 0.25*
200 19.32 ± 0.32* 14.85 ± 0.24*
250 20.04 ± 0.40* 16.50 ± 0.36*
300 31.66 ± 0.38* 18.77 ± 0.28*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at * P < 0.05

Table 11 α-amylase enzyme inhibition activity of Coriandrum sativum microgreens and mature leaves (ethanol extract)
 
Extract concentration, 
μg/mL

Inhibition, % Test samples (IC50 μg/mL) Standard ascorbic acid (IC50 μg/mL)
Microgreens Mature leaves Microgreens Mature leaves

50 45.70 ± 0.35* 11.84 ± 0.24*

84.25 ± 0.25 206.82 ± 0.35 23.70 ± 0.34

100 59.35 ± 0.39* 33.44 ± 0.37*
150 65.10 ± 0.31* 40.45 ± 0.36*
200 68.82 ± 0.21* 46.58 ± 0.36*
250 69.46 ± 0.34* 60.44 ± 0.39*
300 69.73 ± 0.25* 61.13 ± 0.27*

Each value is expressed as mean ± standard deviation (n = 3) and statistically significant at * P < 0.05
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Figure 6 Effect of aqueous extracts of Coriandrum sativum 
microgreens and mature leaves on growth inhibition of HT-29 
colon cell line

also had a higher α-amylase enzyme inhibitory property 
and a greater anticarcinogenic effecton colon cancer 
cell line. Therefore, C. sativum microgreens proved 
to be amore effective antioxidant, antidiabetic, and 
anticarcinogenic agent than mature leaves. Coriander 
microgreens can be as good as mature coriander leaves 
for the daily diet of a disease-free community.  
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CONCLUSION
In the present research, aqueous and ethanol 

solvents of varying polarity were used to extract 
phytoconstituent compounds from Coriandrum 
sativum microgreens and mature leaves. The aqueous 
solvent had higher polarity for bio-extraction. 
According to the phytochemical analysis, C. sativum 
microgreens proved to be an abundant source  
of phenol, flavonoids, and steroids, compared to 
mature leaves. However, C. sativum mature leaves had  
more ascorbic acid, total chlorophylls, and 
carotenoids. The GC/MS test revealed various phyto- 
constituents with good therapeutic properties.  
The microgreens exhibited a much higher correla- 
tion with free radical reducing power than with  
the radical scavenging activity. The microgreens  

Table 12 Absorbance values at different concentrations in 
ELISA reader at 595 nm
 
Concentration, 
μg/mL

Optical density of:
Microgreens 
at 595 nm

Mature leaves 
at 595 nm

0.001 0.757 ± 0.007* 0.807 ± 0.007*
0.01 0.641 ± 0.008* 0.752 ± 0.004*
0.1 0.555 ± 0.009* 0.709 ± 0.012*
1 0.510 ± 0.001* 0.637 ± 0.008*
10 0.484 ± 0.001* 0.592 ± 0.001*
100 0.439 ± 0.001* 0.533 ± 0.006*

Control optical density  
at 595 nm

0.895 ± 0.002*

Negative control  
optical density  
at 595 nm

0.847 ± 0.007*

Each value is expressed as mean ± standard deviation (n = 3) and 
statistically significant at * P < 0.05
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Figure 7 Cytotoxic effect of aqueous extracts of Coriandrum 
sativum microgreens and mature leaves on HT-29 colon cell 
lines

Figure 8 Cytotoxic effect of standard drug doxorubicin on  
HT-29 colon cell line
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Abstract:
Wet chemistry methods are traditionally used to evaluate the quality of a coffee beverage and its chemical characteristics. These 
old methods need to be replaced with more rapid, objective, and simple analytical methods for routine analysis. Near-infrared 
spectroscopy is an increasingly popular technique for nondestructive quality evaluation called a green technology.
Our study aimed to apply near-infrared spectroscopy to evaluate the quality of coffee samples of different origin (Brazil, 
Guatemala, Peru, and Congo). Particularly, we analyzed the roasting time and its effect on the quality of coffee. The colorimetric 
method determined a relation between the coffee color and the time of roasting. Partial least squares regression analysis assessed 
a possibility of predicting the roasting conditions from the near-infrared spectra.
The regression results confirmed the possibility of applying near-infrared spectra to estimate the roasting conditions. The 
correlation between the spectra and the roasting time had R2 values of 0.96 and 0.95 for calibration and validation, respectively. 
The root mean square errors of prediction were low – 0.92 and 1.05 for calibration and validation, respectively. We also found 
a linear relation between the spectra and the roasting power. The quality of the models differed depending on the coffee origin 
and sub-region. All the coffee samples showed a good correlation between the spectra and the brightness (L* parameter), with R2 
values of 0.96 and 0.95 for the calibration and validation curves, respectively.
According to the results, near-infrared spectroscopy can be used together with the chemometric analysis as a green technology to 
assess the quality of coffee.
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INTRODUCTION
Near-infrared spectroscopy (NIRS) is an incre- 

asingly popular technique used for non-destructive 
quality evaluation in a variety of industries, including 
the food, agricultural, pharmaceutical, and wood 
industries [1–3]. It ensures rapid and easy measurements 
without the need for multiple chemical reagents. Recent 
NIRS methods include online measurement, portable 
measurement, and imaging analysis [4–6]. NIRS is 
continuously expanding its uses in food analysis and 
becoming an important tool for food quality control.

The quality of coffee as a beverage is determined 
by multiple factors such as the production system, 
geographical origin, chemical composition of roasted 
beans, and final beverage characteristics. Raw coffee 
beans contain a wide range of chemical compo- 
unds which interact amongst themselves at all stages 
of coffee roasting, resulting in greatly diverse final  

products [7–9]. For instance, the caffeine content, which 
has a significant effect on the final quality of coffee 
products, needs to be determined fast and reliably by 
analytical techniques.

Wet chemistry methods are traditionally used to 
evaluate coffee quality and chemical characteristics, 
but these methods are destructive and time-consuming. 
Therefore, it is in scientific interests to find rapid, more 
objective, and simpler analytical methods for routine 
coffee analysis to replace the old methods. 

Recent research has shown that spectroscopy in near-
infrared (NIR) and mid-infrared (MIR) radiation is 
useful in coffee analysis [10–20]. Infrared spectroscopy 
(especially NIRS) coupled with chemometrics has 
been proposed as an analytical method to determine 
the degree of coffee roasting, adulterants in ground 
coffee, and sensory attributes [17, 18, 21]. It is also used 
to distinguish between robusta and arabica varieties, 
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discriminate coffee based on origin, and predict its 
chemical composition [15, 20, 22–24].

The growing global demand for specialty coffee 
increases the need for improved coffee quality 
assessment. For this reason, Tolessa et al. proposed NIR 
spectroscopy to predict specialty coffee quality [13]. 
They examined the NIR spectra of 86 green Arabica 
bean samples of various quality. To create a model 
that correlates spectral data to cupping score data, 
they applied the partial least squares (PLS) regression 
method. The high correlation coefficient between the 
measured and predicted cupping scores (R2-values of 
90, 90,78, 72 and 72) indicate that NIR spectroscopy 
coupled with chemometric analysis could be a promising 
tool for fast and accurate prediction of coffee quality and 
for classifying green coffee beans into different specialty 
grades. 

The sensory analysis of espresso coffee with 
the attenuated total reflectance-Fourier transform 
infrared spectroscopy (ATR-FTIR) was proposed by  
Belchior et al. [10]. The authors evaluated the potential 
of ATR-FTIR and chemometrics in discriminating 
espresso coffees with different sensory characteristics 
reported by a panel of coffee tasters. They performed 
partial least-squares discriminant analysis (PLS-DA)  
based on spectroscopic data to classify the coffee 
samples according to their sensory qualities, 
demonstrating the potential of FTIR and chemometric 
analysis in assessing coffee quality. 

In another study, Magalhaes et al. proposed FT-NIR 
spectroscopy and PLS regression as a non-destructive 
and rapid tool to assess the content of three main 
phenolics (caffeic acid, (+)-catechin, and chlorogenic 
acid) and methylxanthines (caffeine, theobromine, and 
theophylline) in spent coffee grounds [11]. The best PLS 
model was obtained for caffeine content (0.95) followed 
by caffeic acid (0.92), (+)-catechin (0.88), theophylline 
(0.84), and chlorogenic acid (0.71), indicating FT-NIR 
spectroscopy as a suitable technique to screen spent 
coffee grounds. 

Mees et al. identified coffee leaves using FT-NIR 
spectroscopy and soft independent modelling by class 
analogy (SIMCA) [12]. In particular, they investigated 
nine taxa of Coffea leaves harvested over nine years 
in a tropical greenhouse of the Meise Botanic Garden 
(Belgium). The FT-NIR coupled with SIMCA allowed 
the authors to discriminate the spectral profile by 
taxon, aging stage, and harvest period with a correct 
classification rate of 90, 100, and 90%, respectively. 

NIRS, PLS, and variable selection were used by 
Ribeiro et al. to predict concentrations of a wide range 
of compounds in raw coffee beans [15]. The authors 
proposed NIR spectroscopy coupled with chemometrics 
as a low-cost, rapid, and eco-friendly method in both 
off-line and on-line analyses of coffee beans and coffee 
beverages. The obtained values of root mean square 
error of prediction (RMSEP) (0.08, 0.07 and 0.27) and 
rcv (0.98, 0.96, and 0.96) showed linear relations of 

PLS models for quantifying caffeine, trigonelline, and 
5-caffeoylquinic acid, respectively. 

Near-infrared spectroscopy was used by Macedo et al.  
to evaluate the chemical properties of intact green coffee 
beans based on PLS regression models [25]. The highest 
determination coefficients obtained for the samples 
in the validation set were 0.810, 0.516, 0.694, and 0.781 
for moisture, soluble solids, total sugar, and reducing 
sugars, respectively. These results indicate that the 
NIR technology can be applied routinely to predict the 
chemical properties of green coffee. 

In another study, Baqueta et al. investigated the 
use of NIR spectroscopy in conjunction with the PLS 
approach to identify the sensory properties of coffee [21]. 
The coffee samples varied in species, production region, 
variety, drying conditions, transit, postharvest procedure, 
storage times, coffee blend, coffee composition, and 
roasting process. The performance of PLS models was 
verified with the following merit parameters: sensitivity, 
accuracy, linearity, residual prediction deviation, fit, 
quantification, and detection limits. Since all the 
sensory qualities were predicted with acceptable values 
compatible with the merit criteria, the created models 
were suitable for quantifying, detecting, differentiating, 
and predicting the sensory features of coffee samples.

Kyaw et al. reported encouraging findings about 
utilizing NIR spectroscopy to forecast the moisture 
content of ground unroasted coffee beans [26]. The 
spectral data processed with second derivative and 
Kubelka-Munk (K/S) data yielded good accuracy for 
moisture prediction (r = 0.87 and accuracy = 99%). 

In view of the above, we aimed to develop a simple, 
rapid, and accurate method for evaluating the quality 
of coffee samples by NIR spectroscopy, especially to 
investigate changes in the coffee spectra during roasting.  

STUDY OBJECTS AND METHODS 
Samples. Our study objects were arabica coffee 

samples roasted by the Cafe Creator in Poznań, Poland. 
The coffee samples were divided into four groups based 
on their origin, namely Brazil, Guatemala, Peru, and  
Congo. Their roasting parameters included the roaster 
power and roasting time (Table 1).

Color measurements. The color of 41 samples 
of coffee beans was measured by the L* a* b* method 
using a Konica Minolta Chroma Meter CR-310 
trichromatic colorimeter. Each sample was measured 
10 times. Before the measurements, the device was 
calibrated against a white standard with the following 
parameters: Y = 93.00, x = 0.3170, y = 0.3330. The entire 
analysis was carried out using a D65 light source, i.e. the 
daylight phase and the CIE L* a* b* color system.

Near-infrared (NIR) measurements. NIR spectra 
were performed on a MPA/FT-NIR spectrometer 
(Bruker). Single beam spectra of the coffee samples 
were collected and rationed against the background of 
air. For each sample, the NIR spectra were recorded 
from 12500 to 400 cm–1 by co-adding 16 interferograms 
at a resolution of 4 cm–1. Each sample was measured five 

https://www.sciencedirect.com/topics/food-science/espresso
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times. The coffee was ground in an electric grinder for 
measurements. Between the measurements, the samples 
were mixed in order to obtain reliable results. The 
measurements were registered in the OPUS software 
(Bruker, USA).

Partial Least Squares (PLS) regression. The PLS 
regression method was used to determine relations 
between the spectra and the roasting time. Independent 
variables (X) were the NIR spectra and dependent 
variables (Y) were the color parameter or the roasting 
time. Full cross-validation was applied to the regression 
model. The regression models were evaluated using the 
adjusted R2 and the root mean-square error of cross-
validation. The quality models were evaluated by the 
ratio of the standard deviation of reference data to the 
root mean-square error of prediction, or the ratio of 
performance to deviation. The PLS analysis was carried 
out using the Unscrambler X software (CAMO, Oslo, 
Norway).

RESULTS AND DISCUSSION 
Color measurements. Table 2 shows the color 

measurements of coffee beans in the L*, a*, b* system. 
The L* parameter is responsible for the brightness 

of color in the tristimulus model. The higher it is, the 
greater the brightness of the tested sample. Among the 
coffees under study, the green coffee beans from Peru 
had the highest L* value, i.e., the highest brightness. 
The Congo coffee, which was roasted at the power of 
80% for 12 min, had the lowest L* parameter, i.e., the 
lowest brightness. All the samples had positive a* and 
b* values, with their shades varying between red and 
yellow. 

As we can see in Table 2, the green coffee beans 
showed the greatest brightness, followed by the samples 
roasted for 8 min. With the increasing degree of roasting, 
the color of coffee beans became darker, which is 
consistent with literature [27, 28].

Spectral characteristics of coffee samples. Figure 1  
shows the absorption spectra of the coffees from Brazil, 
Congo, Guatemala, and Peru roasted for 12 min (80% 
roasting power). The spectral range was recorded 
throughout the region of 12 500–4000 cm–1. The most 
intense absorption bands were recorded in the range 
of 8230–4440 cm–1. The spectra were characterized by 
seven bands with maximum absorption at 8238, 6819, 
5800, 5700, 5100, 4700, and 4440 cm–1. These bands 
corresponded to the C-H, N-H, and O-H vibrations [29]. 
The spectral range of 4545–4000 cm–1 corresponded to 
the C-H stretching vibrations. The bands in the region 
of 5000–4545 cm–1 were assigned to the combination 
of the N-H and O-H stretching vibrations. The range 
of 6060–5555 cm–1 corresponded to the first tone of the 
C-H stretching vibration. In the 7142–6666 cm–1 region, 
it was associated with the first shade of the N-H and 
O-H stretching vibrations, while the absorption band 
in the 7692–7142 cm–1 range was derived from the C-H 
stretching vibrations. The band in the region of 9090–
8163 cm–1 originated from the second tone of the C-H 
stretching vibrations [30]. Specific chemical compounds 
can be described with the following wavenumbers: 
caffeine (8865, 7704, 5981, 5794, and 5171 cm–1), 
trigonelline (8865 cm–1), chlorogenic acid (6770, 5794, 
5171, and 4699 cm–1), lipids (6770, 5794, 5171, and 4699 
cm–1), hydrocarbons (6770, 5171, and 4699 cm–1), sucrose 
(5794, 5405, and 5171 cm–1), proteins and amino acids 
(5171 cm–1), and water (5171 cm–1) [9, 14, 31]. Table 3  
presents the origin of the bonds occurring at the given 
wavenumbers for the tested coffee beans.

Coffee roasting. Many physical and chemical 
changes take place during coffee roasting. The method 
of roasting depends on the origin of coffee beans and 
consumer preferences. Heavily roasted coffee has a 
lower nutritional value than light coffee [32].

Numerous efforts have already been made to 
use NIR spectroscopy as an alternative technique to 
determine coffee quality during roasting and analyze its 
chemical composition. According to Ribeiro et al., NIR 
spectroscopy can be used to determine the relationship 

Table 1 Roasting parameters of coffee samples 

Origin Power of the roaster, % Roasting time, min
Brazil Green –

75 8, 10, 12, 13
80 8, 10, 12
95 8, 10, 12

Guatemala Green –
75 8, 10, 12, 15
80 8, 10, 12, 14
95 8, 10, 12, 13

Peru Green –
75 8, 10, 12, 14
80 8, 10, 12, 14
95 8, 10, 12, 14

Congo Green –
80 8, 10, 12

Figure 1 Absorption spectra of ground coffee in near-infrared 
region (12500–4000 cm–1)
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Table 2 Color measurements of green and roasted coffee beans

Origin Power of the roaster, % Roasting time, min L* average  b* average  a* average  
Guatemala (green beans) – – 51.670 ± 0.200 0.870 ± 0.120 11.700 ± 0.141
Guatemala (roasted beans) 95 8 45.440 ± 0.163 5.980 ± 0.057 12.650 ± 0.013

10 42.410 ± 0.233 5.240 ± 0.064 9.810 ± 0.177
12 38.050 ± 0.099 3.550 ± 0.099 6.250 ± 0.085
13 36.390 ± 0.318 3.210 ± 0.042 4.760 ± 0.086

80 8 45.480 ± 0.255 6.060 ± 0.156 12.290 ± 0.383
10 42.460 ± 0.283 5.300 ± 0.106 9.980 ± 0.163
12 39.720 ± 0.191 4.150 ± 0.077 7.380 ± 0.205
14 36.770 ± 0.282 3.230 ± 0.071 4.550 ± 0.085

75 8 48.120 ± 0.184 6.280 ± 0.163 14.470 ± 0.134
10 43.210 ± 0.269 5.600 ± 0.106 10.490 ± 0.185
12 40.620 ± 0.184 4.570 ± 0.099 7.860 ± 0.120
15 36.460 ± 0.141 3.300 ± 0.064 4.160 ± 0.141

Peru (green beans) – – 53.440 ± 0.042 0.880 ± 0.049 12.840 ± 0.078
Peru (roasted beans) 95 8 42.540 ± 0.120 5.560 ± 0.085 10.430 ± 0.148

10 38.940 ± 0.099 4.330 ± 0.064 7.280 ± 0.057
12 38.060 ± 0.410 3.710 ± 0.121 6.440 ± 0.234
14 36.860 ± 0.155 3.390 ± 0.064 5.270 ± 0.049

80 8 45.010 ± 0.057 6.360 ± 0.064 12.620 ± 0.042
10 42.240 ± 0.078 5.510 ± 0.092 10.420 ± 0.127
12 39.910 ± 0.156 4.160 ± 0.020 7.510 ± 0.106
14 37.350 ± 0.120 3.200 ± 0.049 5.360 ± 0.099

75 8 45.350 ± 0.092 6.440 ± 0.057 12.930 ± 0.106
10 40.240 ± 0.157 4.850 ± 0.085 8.290 ± 0.142
12 39.270 ± 0.099 4.120 ± 0.049 7.130 ± 0.071
14 37.610 ± 0.134 3.530 ± 0.021 5.440 ± 0.071

Congo (green beans) – – 51.440 ± 0.134 0.610 ± 0.085 11.050 ± 0.071
Congo (roasted beans) 80 8 42.150 ± 0.141 4.620 ± 0.041 9.270 ± 0.078

10 39.240 ± 0.141 3.810 ± 0.078 6.680 ± 0.078
12 36.120 ± 0.156 2.670 ± 0.085 3.950 ± 0.041

Brazil (green beans) – – 52.360 ± 0.205 1.140 ± 0.057 13.080 ± 0.058

Brazil (roasted beans)

95
8 46.240 ± 0.092 6.810 ± 0.064 13.910 ± 0.099
10 41.650 ± 0.128 5.360 ± 0.640 9.310 ± 0.064
12 36.980 ± 0.085 3.460 ± 0.085 4.780 ± 0.064

80
8 45.600 ± 0.071 6.040 ± 0.084 13.110 ± 0.099
10 42.290 ± 0.134 5.800 ± 0.099 10.290 ± 0.065
12 37.930 ± 0.092 3.910 ± 0.071 5.860 ± 0.042

75

8 43.570 ± 0.184 6.190 ± 0.057 11.300 ± 0.064
10 39.340 ± 0.128 4.600 ± 0.057 7.340 ± 0.014
12 37.440 ± 0.170 3.710 ± 0.058 5.160 ± 0.085
13 36.690 ± 0.134 3.080 ± 0.057 4.210 ± 0.071

between the quality of a coffee cup and the chemical 
composition of roasted coffee beans [9]. In addition, the 
authors created a model from roasted beans to predict 
the quality attributes of a coffee cup (e.g. acidity, body, 
and flavor).

The relationship between some coffee roasting 
variables (weight loss, density, and moisture) and 
near-infrared spectra of original green and diffe- 
rently roasted coffee samples was investigated by  
Alessandrini et al. [14]. They developed separate 
calibration and validation models based on partial 
least square (PLS) regression, correlating NIR spectral 
data of 168 representatives and suitable green and  
roasted coffee samples with each roasting variable.  

As a result, the authors constructed robust and reliable 
models to predict roasting variables for unknown 
roasted coffee samples, considering that measured vs. 
predicted values showed high correlation coefficients 
(0.92–0.98).

Pires et al. used multivariate calibration and NIR 
spectroscopy to correctly predict roasting degrees 
in ground coffee and coffee beans as a substitute for 
the Agtron method [18]. The mathematical models 
for predicting Agtron values of new coffee samples 
using the PLS approach were based on the association 
between NIR spectra data and Agtron reference results. 
All Agtron roasting characteristics were investigated 
in order to create representative models. With RMSEP 
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Table 3 The origin of bonds occurring at given wavenumbers 
for tested coffee beans [31]

Bond type Wavenumber,  
cm–1

CH3; second overtone; stretching symmetric 8545–8042
CH 7020–6562
CH3; first overtone; stretching asymmetric 5841–5751

CH2; first overtone; stretching asymmetric 5725–5654

OH; stretching 5234–5000
CH; stretching 4954–4509
CH3; stretching 4358–4302

values of 4.48 and 3.67, respectively, the proposed 
models showed promising results in predicting roasting 
characteristics in roasted whole coffee beans and ground 
coffees.

Yergenson and Aston investigated the use of in situ 
NIR spectroscopy in the prediction of cracking events 
(start and end) during coffee roasting in order to develop 
a more robust method of roasting based on cracks [33]. 
Two sets of popping sounds (first and second cracks) that 
occur during coffee roasting are essential indicators for 
establishing the roasting endpoint. The coffee samples 
were roasted using various time-temperature profiles. 
In situ NIR spectroscopy proved to be a reliable tool in 
forecasting the start and finish times of first and second 
crack occurrences based on the PLS regression (PLSR) 
with audio recordings from coffee roasting.

The NIR spectra of coffees (beans and ground) 
roasted under different conditions are shown in Fig. 2.  
The obtained spectra were similar to each other, 
although varying in intensity. Longer roasting time 
lowered the intensity of the bands in all the ranges. 
This was due to decreased values of coffee components, 
as well as their volume and weight [34–36]. We found 
that the samples with the shortest roasting time  
(8 min) showed the highest absorbance, while those with 
the longest roasting time (12 min) showed the lowest 
absorbance at the same wavelength. We also noticed 
that the intensity of the spectrum bands decreased 
with increasing roasting time. The NIR spectra 
obtained during the roasting assays were similar to the 
spectra reported in other studies [37, 38]. According 
to the authors, the main changes in the spectra of the 
roasting process were an absorbance decrease in the 
water band region (5200–5000 cm−1), which was due 
to moisture loss, and an absorbance increase in the 
combination band region (5000–4000 cm−1). A more 
detailed discussion of the main wavelength intervals 
and their relationships to chemical and physical changes 
in coffee during roasting can be found in the work by  
Santos et al. [37]. Our results were also consistent with  
those reported by Catelani et al. [38]. The roasting 
process degraded coffee compounds, namely 
chlorogenic acid, coffee sugar, fat, and water. Literature 

data shows that the roasting time also affects the 
caffeine content in coffee [39]. The longer the coffee 
is roasted, the lower its caffeine content. All the 
samples showed a lower intensity with an increase in 
the roasting time. We concluded that regardless of the 
origin, the roasting time caused a decrease in the coffee 
components. The most intense bands occurred in the 
coffees roasted for the shortest time, which means that 
they lost the least of their components and nutritional 
value. 

The partial least squares (PLS) analysis was 
performed to determine the time of roasting. The 
PLS models were obtained for the entire spectral 
range (12500–4000 cm–1) and sub-regions without 
mathematical transformations (Table 4). 

We found good correlations between the spectra 
and the roasting time for all the coffee samples. The 
R2 values for the calibration and validation curves 
were 0.94 and 0.78, respectively. The root mean-square 
errors (RMSE) were low – 0.39 and 0.76 for calibration 
and validation, respectively. The obtained models were 
improved when analyzing each type of coffee samples 
separately. Also, the sub-regions were used to improve 
the model quality. 

There was a weak correlation between the spectra 
and the roasting power for all the coffee samples. For 
this reason, we analyzed the samples separately. The 
most accurate model for Guatemala coffee was obtained 
in the spectral region of 6813–5332 cm–1. The R2 was 
0.97 for calibration and 0.64 for validation. For Peru 
coffee, the spectral range of 5374–4954 cm–1 gave the 
best quality model, with R2 values of 0.97 and 0.84 for 
calibration and validation, respectively. There was no 
correlation between the spectra and the roasting power 
for Brazil coffee. The coffee from Congo was not 
analyzed (only one power condition – 80%). 

The degree of coffee roasting can be assessed by the 
color: the longer the roasting, the darker the beans. We 
studied a possibility of estimating the roasting time on 
the basis of the NIR spectra by using the PLS analysis 
to correlate the NIR spectra (coffee beans) with the 
L* parameter (Table 4). By analyzing the values of the 
calibration (R2 = 0.96) and validation (R2 = 0.95) curves, 
as well as the RMSE values (0.92 for calibration and 
1.05 for validation), we assumed that the coffee roasting 
time could be determined based on the PLS regression 
analysis and the brightness parameter (L*).

Our study indicates the potentiality of NIR 
spectroscopy in evaluating coffee quality. Based on the 
changes of spectra, it is possible to monitor changes 
during roasting. Chemometric analysis also delivered 
very promising results. The PLS models (for roasting 
time and power conditions) hold potential as a rapid 
and reliable method which could be helpful in coffee 
manufacturing. Our next step will be to determine the 
chemical composition of the coffee samples and identify 
the potential of NIR spectroscopy in correlating roasting 
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conditions (time and power) with the chemical changes 
in order to select optimal roasting conditions for the final 
product.

CONCLUSION 
Our study aimed to apply near-infrared spectroscopy 

to evaluate the quality of the coffee samples from Brazil, 
Guatemala, Peru, and Congo. We investigated their 
composition based on the spectral bands and vibrations. 

The regression results confirmed the possibility 
of applying the NIR spectra to predict the roasting 
conditions. There was a correlation between the spectra 

and the roasting time, with the R2 of 0.94 and 0.78 for 
calibration and validation, respectively. The RMSEs 
were low – 0.39 and 0.76 for calibration and validation, 
respectively. We also obtained a linear relation between 
the spectra and the roasting power. The quality of the 
models differed based on the coffee’s origin and sub-
region. All the coffee samples showed a good correlation 
between the spectra and the brightness (L* parameter). 
The R2 values were 0.96 and 0.95 for the calibration and 
validation curves, respectively. 

The results proved that NIR spectroscopy coupled 
with chemometrics could be a promising tool to predict 

Figure 2 Changes in near-infrared spectra in coffee roasted at different power and time: (a) Guatemala coffee, (b) Peru coffee,  
(c) Brazil coffee, (d) Congo coffee. Full range spectrum (12500–4000 cm–1)
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Table 4 Partial least squares (PLS) regression analysis

PLS model Samples Spectral region, cm–1 Root mean-square error R2

Calibration Validation Calibration Validation
Roasting time All coffee samples 12500–4000 0.39 0.76 0.94 0.78

Guatemala 12500–4000
6813–5332

0.09
0.24

0.79
0.48

0.99
0.98

0.83
0.94

Peru 12500–4000
6030–4000

0.39
0.18

0.70
0.82

0.94
0.99

0.85
0.80

Brazil 12500–4000 0.22 0.30 0.96 0.95
Congo – – – – –

Roasting power All coffee samples – – – – –
Guatemala 12500–4000

6314–5295
1.15
1.44

6.23
5.72

0.98
0.97

0.57
0.64

Peru 12500–4000
6314–5295
6227–4000
5374–4954
4416–4090

1.70
1.26
0.84
1.51
2.29

6.16
4.32
4.54
3.84
4.27

0.96
0.98
0.99
0.97
0.93

0.58
0.79
0.77
0.84
0.80

Brazil – – – – –
Congo – – – – –

Color (L* parameter) All coffee samples 12500–4000 0.92 1.05 0.96 0.95

the roasting conditions of coffee samples. However, the 
models developed in this study need to be further tested 
on independent data sets from other coffee varieties 
to assess their stability and accuracy. Because of its 
characteristics, NIR spectroscopy has been applied in 
different production stages in the coffee industry: from 
green coffee beans to the end product. The growing 
interest in NIR spectroscopy is primarily due to the 
technique’s numerous advantages over other analytical 
techniques. In addition, this technique is nondestructive 
and noninvasive, with a minimal or non-sample 

preparation. NIR spectroscopy is also fast, low-cost, 
and robust, so it can be used in different environments 
such as laboratories and industrial plants. In the future, 
the availability of portable instruments will also allow 
its use in the field. For these reasons, NIR spectroscopy 
could be named a “green technology”.
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Abstract:
Sucrose crystallization depends on various thermal phenomena, which makes them an important scientific issue for the sugar 
industry. However, the rationale and theory of sucrose crystallization still remain understudied. Among the least described 
problems is the effect of time and temperature on the condensation rate of sucrose molecules on crystallization nuclei in a 
supersaturated sugar solution. This article introduces a physical and mathematical heat transfer model for this process, as well as 
its numerical analysis.
The research featured a supersaturated sugar solution during sucrose crystallization and focused on the condensation of sucrose 
molecules on crystallization nuclei. The study involved the method of physical and mathematical modeling of molecular mass 
transfer, which was subjected to a numerical analysis.
While crystallizing in a vacuum boiling pan, a metastable solution went through an exothermal reaction. In a supersaturated 
solution, this reaction triggered a transient crystallization of solid phase molecules and a thermal release from the crystallization 
nuclei into the liquid phase. This exogenous heat reached 39.24 kJ/kg and affected the mass transfer kinetics. As a result, the 
temperature rose sharply from 80 to 86°C.
The research revealed the effect of temperature and time on the condensation of solids dissolved during crystalline sugar 
production. The model involved the endogenous heat factor. The numerical experiment proved that the model reflected the actual 
process of sucrose crystallization. The obtained correlations can solve a number of problems that the modern sugar industry 
faces.
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INTRODUCTION
Vacuum boiling pans are an essential component 

of sugar and starch production. A vacuum pan is a 
crystallizer filled with a liquid solution of sucrose, salts, 
or other substances.

A metastable liquid solution behaves like a 
homogeneous liquid. If it is oversaturated, a thin 
suspension or a solid phase introduced into the 
crystallization nuclei can trigger a rapid and powerful 
thermal reaction. This reaction turns the homogeneous 
solution into a heterogeneous liquid system called 
massecuite.

The thermal release during crystal formation is 
caused by two factors. On the one hand, the force of 
attraction accelerates the flow of sucrose molecules 
to the crystallization nuclei. On the other hand, when  

the molecule clusters stop on the surface of the 
crystallization nucleus, the accumulated kinetic 
energy is spent on embedding the molecules into the 
crystal lattice, as well as on internal energy. As a 
result, molecules get accumulated on the crystallization 
nucleus, and this process is known as crystallization of 
sucrose in a vacuum pan.

In the sugar industry, energy production relies on all 
physical forms of thermal energy of water, be it liquid 
or vaporized. Thermal equipment turns water into steam, 
which acts as the main heat generator to obtain sugar or 
sugar products. After that, the steam serves as a heater 
and evaporates moisture from another heterogeneous 
liquid system, e.g., beet juice. The steam can also go into 
a new physical state: it settles on the cooled solid walls of 
the equipment, turns into a liquid, and releases the heat. 
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This phenomenon illustrates the law of energy 
conservation. Water molecules move in this gaseous 
medium and settle down on the equipment walls. As 
vapor transforms into liquid, it releases thermal energy, 
which is a powerful and efficient reaction. As a result, 
the temperature inside the environment rises, which 
makes steam the main source of thermal energy in sugar 
production. 

The same law of energy conservation is responsible 
for crystallization, which occurs in a supersaturated 
sugar solution when the distance between the 
crystallization nuclei becomes small enough to trigger 
the forces of attraction between sucrose molecules. 
Hence, crystallization happens when sucrose molecules 
concentrate on the surface of the crystallization nuclei.

A lot of studies concentrate on the scientific and 
technical issues of metastable and supersaturated 
solutions because these phenomena are crucial for sugar 
production technology [1–19]. 

For instance, Saifutdinov et al. focused on the effect 
of various organic solvents on the molar changes in 
the Gibbs energy, enthalpy, and entropy during adsor- 
ption [1]. They established the role of intermolecular 
interactions in the solution and at the phase boundary.

In another article, Saifutdinov et al. reported the 
adsorption thermodynamics for some 1,3,4-oxadiazoles 
and 1,2,4,5-tetrazines from water-acetonitrile and water-
methanol solutions on the surface of porous graphitized 
carbon at 313–333 K [2]. The absolute values of the 
change in the Gibbs energy and enthalpy increased 
during the adsorption from water-organic solutions as 
the surface area of adsorbate molecules became larger, 
the absolute values of the change in entropy decreased, 
and the Van der Waals volume of molecules increased. 

Makhmudov et al. calculated the thermodynamic 
parameters for the phenol and sulfonol sorption from 
wastewater on activated carbon and anion exchanger [3].

Sagitova et al. described the sorption of cobalt 
ions by native and modified organic pharmacophores 
of pectins [4]. They determined the effect of acidity, 
temperature, and solution/sorbent module on the 
distribution of cobalt ions in the heterophase system 
of polysaccharide sorbent and aqueous solution. This 
research also revealed the effect of various biosorbents 
on the thermodynamics of cobalt ions.

Sharma et al. used the method of isothermal 
microcalorimetry to determine the dilution enthalpy of 
fluorosiloxane rubber and polychloroprene solutions in 
various organic liquids [5]. The dissolution processes 
of polychloroprene were accompanied by exothermic 
processes, while those of fluorosiloxane rubber – by 
endothermic ones.

Sayfutdinov and Buryak applied liquid chro- 
matography to study the adsorption of isomeric 
dipyridyls and their derivatives from aqueous 
acetonitrile, aqueous methanol, and aqueous isopropanol 
solutions on a graphite-like carbon [6].

Fedoseeva and Fedoseev proved that size changes 
the state and physicochemical properties of dispersed 

systems in small (nano-, pico-, femtoliter) volumes [7].  
The scientists used digital optical microscopy to 
interpret the concepts of chemical thermodynamics. 
Their experiments established the effect of such 
geometric parameters as radius and contact angle on 
the kinetics of phase and chemical transformations. The 
research featured polydisperse accumulations of droplets 
in organic and water-organic mixes that interacted with 
volatile gaseous reagents.

Other publications reported on the kinetics, me- 
chanism, and heat of crystallization processes [8–15]. 
Some of them [8–10] focused on phase thermal effects in 
the sugar industry based on the laws of thermodynamics 
and the Gibbs theory.

Jamali et al. studied such independent kinetic 
factors as thermodynamics and sucrose crystal transfer  
that occur in an aqueous sugar solution during 
crystallization [16]. They used high-precision tools and 
scaling to prove that the experimental results confirmed 
the precalculated fluid densities, thermodynamic factors, 
shear viscosity, self-diffusion coefficients, and the Fick 
diffusion coefficients.

Li et al. described a modern view on crystal 
nucleation [17]. Traditional physical organic chemistry 
always combined kinetics and thermodynamics to 
study crystallization. The authors studied sucrose and 
p-aminobenzoic acid to show how solution chemistry, 
crystallography, and kinetics complement each other to 
provide a complete picture of all nucleation processes.

Kumagai proved the effect of the water sorption 
isotherm on the interaction of water and solids in food 
products [18]. In thermodynamics, the Gibbs free energy 
(ΔGs) describes the interaction of a solid substance and 
water. Therefore, the plasticizing effect of water on food 
products can be evaluated by applying the Gibbs free 
energy.

Ebrahimi et al. studied a mix of 1-butanol + water 
with or without sugars and their effect on clouding [19].  
This experiment established that 1-butanol + water 
solution fortified with sucrose or alcohol reduced 
clouding.

These publications give a thorough account of phase 
transition of liquid to vapor and back, but they provide 
a poor quantitative assessment of the heat released or 
absorbed in each case.

The present paper introduces the thermal problem 
of heat propagation in the intercrystal solution volume 
adjacent to crystallization nuclei (instantaneous heat 
source).

STUDY OBJECTS AND METHODS
The research featured a supersaturated sugar 

solution in a vacuum boiling pan under the conditions of 
industrial sugar production.

The methods included physical and mathematical 
modeling of heat and mass transfer in heterogeneous 
liquid systems.

Modeling. Heat transfer in a vacuum pan is a 
difficult task for physical and mathematical modeling, 
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while its numerical calculation provides a scheme that 
reflects the actual process [13].

The modeling relied on the assumption that 
crystallization nuclei are uniformly distributed in the 
vacuum pan. Therefore, the calculations relied on the 
spherical symmetry of the liquid + solid mix relative to 
center O in the region of 0 < r < R, where r is the radius 
of the model sphere and R is the average radial distance 
between the spheres (Fig. 1).

The boundary value problem was based on the theory 
of thermal conductivity for an isolated model particle 
of sucrose near the crystallization nucleus. A certain 
volume of intercrystalline solution was represented as 
a spherical region with radius R and center point O at 
saturation temperature Тs. The volume included a model 
sucrose particle represented as a sphere with radius  
r = r1 and center O. The initial instantaneous heat source 
distributed over spherical surface r = r1 (Fig. 1) with 
force Q1 (J). Heat exchange occurred in accordance with 
the boundary condition of the third kind between sphere 
surface r = R and its environment. The task was to find 
the temperature field in the region of 0 < r < R and the 
average temperature of the medium over time.

The heat transfer equation looks as follows:

                     

where Т(r,τ) is the temperature, K; τ is the time, s; and  
а is the thermal diffusion coefficient, m2/s.

The initial data include:

       
where   

temperature difference between sphere surface r = r1 
and the environment, K; Qsp is the specific heat of 
crystallization, J/kg; and с0 is the heat capacity of the 
solution, J/(kg⋅ K).

Boundary conditions:

                                                                               

where Т0 and Т1 are the initial temperature (К) of the 
environment (massecuite) and the temperature on 
sphere surface r = R, m, respectively; Н = α/λ, α is 
the thermal diffusion coefficient, Vt/(m2⋅K); and λ is 
the thermal conduction coefficient, Vt/(m⋅K).

 If we introduce the following substitution

                                  (6)

the boundary problem (1)–(5) looks as follows:

                                                                             (7)

                                                                                 (8)

                                                                                  (9)

                                                                                 (10)

where t(r,τ) is the reduced temperature, ∆t = Т0 – Т1, and 
δТ is defined according to (3).

Boundary problems (7)–(10) are based on the 
following correlation [20]:

                                                                         

                              (11)

                        , sucrose crystal volume, m3;  
t(r,0) as in (8), K; and µ1 and µ2, are the roots of the 
characteristic equation:

                                                                                (12)

where Вi = αh/λ – Biot number (thermal), Fo = ατ/R2 – 
Fourier number [20]. 

According to (11),

                                                                          
                              (13)

where Аn is the table coefficients [20].
Formula (6) provides the following solution for  

(7)–(10): 
                  (14)

where t(r,τ) is the calculated according to (13).
Mean temperature 0 < r < R is calculated as follows:

                   (15)

where function T(r,τ) under the integral depends on 
correlation (14).

Figure 1 Heat and mass transfer for sucrose crystallization in 
a vacuum boiling pan
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𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑉𝑉𝑉𝑉 = 4𝜋𝜋𝜋𝜋𝑟𝑟𝑟𝑟13 3⁄  

 

𝑡𝑡𝑡𝑡g𝜇𝜇𝜇𝜇 =  −𝜇𝜇𝜇𝜇 (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)⁄  

𝑉𝑉𝑉𝑉 = 4𝜋𝜋𝜋𝜋𝑟𝑟𝑟𝑟13 3⁄  

 

𝑡𝑡𝑡𝑡g𝜇𝜇𝜇𝜇 =  −𝜇𝜇𝜇𝜇 (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)⁄  

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚(𝜏𝜏𝜏𝜏) =  
3
𝑅𝑅𝑅𝑅3

� 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

0
 

 

 

 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) = 𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) −  𝑇𝑇𝑇𝑇1 

𝜕𝜕𝜕𝜕[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]
𝜕𝜕𝜕𝜕𝜏𝜏𝜏𝜏

= 𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2[𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏)]

𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟2
 (𝜏𝜏𝜏𝜏 > 0, 0 < 𝑟𝑟𝑟𝑟 < 𝑅𝑅𝑅𝑅) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) = 𝑛𝑛𝑛𝑛 �(∆𝑡𝑡𝑡𝑡 +  𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇)at 𝑟𝑟𝑟𝑟 ≤  𝑟𝑟𝑟𝑟1 
∆𝑡𝑡𝑡𝑡 at 𝑟𝑟𝑟𝑟 >  𝑟𝑟𝑟𝑟1

 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

= 0, 𝑡𝑡𝑡𝑡(0, 𝜏𝜏𝜏𝜏) ≠ ∞, at 𝜏𝜏𝜏𝜏 > 0 

𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏)
𝜕𝜕𝜕𝜕𝑟𝑟𝑟𝑟

+ 𝐻𝐻𝐻𝐻𝑡𝑡𝑡𝑡(𝑅𝑅𝑅𝑅, 𝜏𝜏𝜏𝜏) = 0 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 − sin𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛 cos𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
 ∙ sin

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟1

 ∙ sin
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅⁄
𝑟𝑟𝑟𝑟

 ∙ exp(−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0), 

𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑉𝑉 ∙ 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 0) 

𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  
𝑏𝑏𝑏𝑏

4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅
 ∙  �

1
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟1

∞

𝑛𝑛𝑛𝑛=1

 ∙  
[(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 1)2 +  𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2]1 2⁄  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
 ∙ sin (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟1 𝑅𝑅𝑅𝑅)  ∙ sin⁄ (𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅)  ∙ exp⁄  (−𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 

𝑇𝑇𝑇𝑇(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) =  𝑇𝑇𝑇𝑇1 + 𝑡𝑡𝑡𝑡(𝑟𝑟𝑟𝑟, 𝜏𝜏𝜏𝜏) 
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The temperature and the mean temperature in 
the vacuum pan depend on the processing time and 
are calculated based on correlations (14) and (15). 
As follows from the assumption about the uniform 
distribution of the crystallization nuclei, the calculated 
thermal characteristics for the selected elementary 
volume with radius R are also valid for the entire volume 
of the vacuum pan.

RESULTS AND DISCUSSION
The initial data included: crystal radius  

r1  = 1×10–5 and 2×10–5 m; volume concentration с = 40 
and 50% (с = 0.4, 0.5); density of intercrystalline 
solution (massecuite) ρ = 1450 kg/m3; thermal 
conduction and diffusion coefficient (for water at 
80°С), respectively, λ = 0.56 Vt/(m⋅°С), с0 = 1250 J/(kg⋅K), 
heat transfer coefficient α = 240 Vt/(m2⋅°C) [10, 21]. 

The resulting thermal diffusion coefficient is  
а = λ/(с0⋅ρ) = 3.09×10–7 m2/s. The equivalent radius of 
elementary volume was calculated as follows:

       R = r1⋅с
–1/3                (16)

Biot number Bi = α⋅r1/(λ⋅с
1/3). 

The specific heat of sucrose crystallization was  
as in [13]: Qsp = 13.42 kJ/mol (39.24 kJ/kg).

The numerical simulation was based on MATHCAD 
software.

Sum (13) was calculated based on (12)–(16) with  
the same four additive components, while the 
parameters of Аn and µn in (13) were based on the tables 
published in [20].  

Temperatures Т0 and Т1 were 80°С all the time, 
which means that ∆Т (9) = 0.

Figures 2 and 3 show the calculation results at 
the accepted values of the thermal process: volume 

concentration c of the solid phase in the solu- 
tion, time τ, and temperature Т on surface r1 for  
model sucrose particle and mean massecuite 
temperature Т.

Figures 2 and 3 show that the heat transfer into 
the sugar solution during crystallization of the model 
sucrose particle proceeded very quickly and took some 
thousandths of a second. That was why the thermal 
regime in the intercrystalline solution stabilized so 
quickly.

Figures 2 and 3 also demonstrate the same 
gradual exponential decrease in temperature, which 
is typical for heat transfer problems. If particles 
differed in radius by a factor of two, smaller particles 
with a larger specific surface area and a greater 
heat transfer cooled faster than particles with a 
larger radius. For curves 1 and 2, the temperature 
rise rate of the particles with radius r1 = 1×10–5 m  
exceeded curves 3 and 4 for particles with a radius 
twice as large. The accumulation and release 
of heat for crystals with radius r1 = 2×10–5 m  
was eight times bigger than those for crystals with a  
radius two times smaller. Figure 3 clearly demon- 
strates that curves 3 and 4 are much higher than  
curves 1 and 2.

CONCLUSION
The equation of non-stationary Fourier diffusion 

with initial and boundary conditions of the third kind 
was applied to calculate the endogenous heat released 
into the solution during the condensation of sucrose 
molecules on a spherical particle of a sucrose crystal in 
a supersaturated sugar solution. 

The numerical study involved conditions close to 
the actual sucrose crystallization process in a vacuum 
boiling pan. It revealed an increase in temperature as a 

Figure 3 Correlation of mean massecuite temperature 
Т with volume concentration с of the solid phase in the 
solution and crystallization time τ (r1 = 1×10–5 m:  
1 – с = 40%, 2 – с = 50%; r1 = 2×10–5 m: 3 – с = 40%,  
4 – с = 50%)

Figure 2 Correlation of temperature Т on surface r1 of the  
model sucrose particle with volume concentration с of the  
solid phase in the solution and crystallization time τ  
(r1 = 1×10–5 m: 1 – с = 40%, 2 – с = 50%; r1 = 2×10–5 m:  
3 – с = 40%, 4 – с = 50%)
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result of the phase transition from 80 to 86°С in 2×10–3 s,  
which means the process was almost instantaneous.  
The calculations were confirmed in practice.  
The results can facilitate calculating the effect of 
temperature on massecuite viscosity, wash water 
temperature, and other characteristics of massecuite 
vacuum processing in the sugar and starch  
industries.
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Abstract:
The research featured the effect of a diet fortified with essential microelements on the ruminal microbiota of young rams. 
Ruminal microbiota is largely responsible for feed digestibility and body functioning of cattle.
The study involved the contents of the rumens and jejuna of seven-month-old rams of the Edilbaev breed, which were subjected 
to a biofortified diet. The diet included the Russian feed additives Yoddar-Zn and DAFS-25 represent a protein-carbohydrate 
complex with plant silicon. The microflora of the digestive tract was tested using the molecular genetic method of terminal 
restriction fragment length polymorphism (T-RFLP) sequestration. The microstructural studies of the jejunum samples exploited 
light microscopy.
The feed additives increased the population of cellulolytic and lactate-fermenting bacteria, as well as the Prevotella sp. 
microbiome and bifidobacteria in the rumen samples. The data obtained revealed the effect of essential microelements on the 
taxonomic pattern of microorganisms and the microflora profile. The research revealed the ratio of normal, opportunistic, 
pathogenic, nonculturable, and transit microflora. The jejunum wall samples obtained from the experimental group that fed on 
Yoddar-Zn and DAFS-25 had a more distinct micropicture of mucous membrane. Their rumen microflora balance had fewer 
pathogenic and opportunistic microorganisms, which was also confirmed by the jejunum morphology.
The feed additives DAFS-25 and Yoddar-Zn proved beneficial for ram diet and inhibited the negative effect of pathogenic 
treponemas on the rumen. The additives improved digestion, absorption, and assimilation of food nutrients, as well as increased 
the livestock yield.
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INTRODUCTION

Feed composition has a direct impact on the 
qualitative and quantitative characteristics of the 
gastrointestinal microbial community. Minerals and 
vitamins are essential micronutrients that participate 
in such vital processes as enzyme formation or the 

synthesis and metabolism of hormones and vitamins. 
They affect the nervous, cardiovascular, and endocrine 
systems, as well as the activity of the endocrine glands 
and the gastrointestinal tract. 

Micronutrient deficiency may trigger various 
infectious and non-infectious diseases [1, 2]. A poorly-
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balanced feed ration often leads to undesirable changes 
in the microbiota of small ruminants. The resulting 
digestive disorders cause various diseases and 
eventually lead to poor livestock yield. Biofortification 
fortifies animal diet with essential nutrients, thus 
improving the chemical composition of meat. It renders 
high-quality mutton that provides consumers with 
essential microelements [3–9].

Practical microbiology gives scientific data on 
the composition, role, or function of the microbial 
community in the rumen content of small ruminants. 
However, some of these methods have disadvantages 
or limitations. For instance, researchers cannot choose 
the optimal environment for microbial cultivation. 
Fortunately, contemporary molecular genetic methods 
make it possible to skip the stage of cultivation and 
study microorganisms without the restrictions that 
traditional diagnostic microbiology are prone to [10–14].

Small intestine (lat. intestinum tenue) of farm 
animals absorbs nutrients from the chyme. It is in the 
small intestine that the main digestion takes place, 
and this is where most digestive enzymes come from. 
Partially digested food leaves the stomach and enters 
the duodenum, where it is processed by intestinal and 
pancreatic juices and bile. The small intestine is where 
digested food, toxins, poisons, medicinal substances, 
etc. are absorbed into the bloodstream or lymphatic  
channel [15–19].

The jejunum is somewhat structurally different from 
other parts of the small intestine. Membrane digestion 
is at its utmost in the upper parts of the jejunum. As a 
result, its wall is thicker; it has more folds in the mucous 
membrane, denser villi, and a more abundant blood 
supply [20–22]. Therefore, the small intestine is a vital 
system of animal body, and its flawless work is essential 
for sheep farming, which proves the relevance of this 
research.

Sheep farming needs new fundamental data on 
the effect of biofortification on the bacterial rumen 
community. Bacterial profile includes normal, oppor- 
tunistic, and pathogenic microflora, as well as 
nonculturable and transit microflora that does not affect 
the life of the animal. Light microscopy revealed the 
morphology of the intestine and the main differences 
between the samples obtained from animals fed with 
Yoddar-Zn and DAFS-25.

The research objective was to assess the effect of 
essential microelements on the ruminal microbiocenosis 
and the microstructure of the jejunum in young rams.

STUDY OBJECTS AND METHODS 
The next-generation sequencing (NGS) revealed 

the digestive microflora of seven-month-old rams of 
the Edilbaev breed. The experiment made it possible 
to evaluate the effect of the feed additives Yoddar-Zn 
(Material Specifications TU 10.91.10-252-10514645-
2019) and DAFS-25 (Material Specifications TU 10.91. 
10-253-10514645-2019). The studies took place in the 
laboratory of molecular genetic research of the Research 
and Production Company BIOTROF (St. Petersburg, 
Russia).

The feed additives were developed at the Volga 
Region Research Institute for the Production and 
Processing of Meat and Dairy Products. Both feed 
additives contain Coretron, an enterosorbent used 
in Russia in cattle diet, and cold-pressed pumpkin  
cake, which served as a protein-carbohydrate  
component (Tables 1 and 2) [6].

A scientific and economic experiment was necessary 
to assess the effectiveness of various diets fortified with 
organic microelements, i.e., mono- and di-iodotyrosines 
and selenomethionine. After weaning from mothers 
at the age of four months, 100 lambs of the Edilbaev 
breed were divided into four groups, 25 animals in each. 
The lambs were fed and fattened in the same way. On 
day 105, when the animals were seven months old, they 
were slaughtered by the traditional method according to 
the Technical Regulations of the Customs Union on the 
safety of meat and meat products TR TS 034/2013. Prior 
to slaughter, all experimental animals had received no 
food for 24 h.

Yoddar-Zn is a source of bioavailable organic 
iodine and zinc. It also contains iodized milk proteins 
associated with amino acids and zinc compounds. 
Yoddar-Zn owes its biological properties to bound iodine, 
which is necessary for the biosynthesis of such thyroid 
hormones as thyrotoxin and triiodothyropine. They are 
important for metabolism and immune system [6].

The control group of young rams received 300 grams 
of mixed fodder per head per day. The first experimental 
group received daily the same mixed fodder together 
with 300 mg of Yoddar-Zn, the second experimental 

Table 2 DAFS-25 feed additive 

Ingredient Amount  
Plant silicon  
(diotomite Coretron), %

1.0

Pumpkin cake 
 protein-carbohydrate complex, % 

99.0,  
including 20.0  
of pumpkin cake 

Organic selenium  
(selenomethionine), mg /100 g

0.16

Table 1 Yoddar-Zn feed additive

Ingredient Amount
Plant silicon  
(diotomite Coretron)

1.0

Iodine-containing  
additive Yoddar-Zn, % 

1.0

Pumpkin cake  
protein-carbohydrate complex, % 

98.0,  
including 20.0  
of pumpkin cake 

Organic iodine  
(mono- and di-iodotyrosines), mg/100 g

3.0
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group – 0.5 mg of DAFS-25, and the third experimental 
group – a mix of these additives (300 and 0.5 mg).

The effect of the organic additives was studied 
in vivo by comparing the microbiocenosis and micro- 
structural parameters of the small intestine in the 
experimental and control groups of young rams.

The next generation sequencing (NGS) is currently 
one of the most optimal research methods. NGS 
technologies provide metagenomic studies of complex 
microbial communities with a large volume of read 
nucleotide sequences. This technology is much more 
accurate than the Sanger sequencing in determining the 
phylogenetic species of microorganisms [23].

The in vivo assessment of the impact on the intestinal 
microbiocenosis took 105 days. Samples of the rumen 
contents were put into sterile containers (Pan Eco, 
Russia) immediately after the slaughter and tested for 
microbial composition. Next step included histology of 
jejunum samples. The preparations were stained with 
hematoxylin and eosin to assess any possible changes in 
the intestinal mucosa.

The bacterial content of the ram rumen was 
analyzed by NGS method. Total DNA was isolated by 
using the Genomic DNA Purification Kit (Fermentas, 
Inc., Lithuania) according to the manual. The final 
concentration of total DNA in the solution was 
measured using a Qubit fluorimeter (Invitrogen, Inc., 
USA) with Qubit dsDNA BR Assay Kits (Invitrogen, 
Inc., USA) according to the manual.

The NGS was performed on a second-generation 
MiSeq sequencing platform (Illumina, Inc., USA) with 
primers for the V3-V4 region of 16S rRNA; upstream 
primer – 5´-TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGCCTACGGGNGGCWGCAG-3 ;́ downstream 
primer – 5´-GTCTCGTGGGCTCGGAGATGTGTATA
AGAGACAGGACTA-CHVGGGTATCTAATCC-3´ [24].

Libraries were prepared with Nextera® XT IndexKit 
reagents (Illumina, Inc., USA); the PCR products were 
purified with Agencourt AMPure XP (Illumina Inc., 
USA); the sequencing was performed with MiSeq® 
ReagentKit v2 (500 cycle) (Illumina, Inc., USA) [25].

The obtained reads underwent overlapping, filtering 
by Q30 quality, and primer trimming. The processing 
involved the Illumina bioinformatics platform (Illumina, 
Inc., USA). The quality control and assessment of the 
taxonomic composition were carried out using the 
QIIME2 v.2019.10 software (https://docs.qiime2.org) 
and the Green-Genes database 13.5 (https://greengenes.
secondgenome.com).

Pieces of ram jejunum samples were removed by 
preparation and fixed in 10% aqueous neutral formalin 
solution at room temperature for 48 h. The selected 
samples were removed from the fixing liquid and 
washed under running water for 48 h. For dehydration, 
the material was washed in alcohols of increasing 
concentration from 50 to 96%. After that, the material 
was embedded in paraffin shaped in paraffin blocks. 
Sections of 5–8 µm were sliced with a sledge microtome, 
deparaffinized, and stained by Ehrlich hematoxylin 

and eosin dyes. Hematoxylin stains basophilic cellular 
elements bright blue, while eosin alcohol acid dye stains 
Y-eosinophilic cell elements pink. Basophilic structures 
most often contain nucleic acids (DNA and RNA), i.e., 
nucleus, ribosomes, and RNA-containing cytoplasm 
sections. Eosinophilic elements contain intra- and 
extracellular proteins. Cytoplasm belongs to the main 
eosinophilic environment, so its elements stain bright 
red [1].

Microscopy involved a Levenhuk MED PRO 600 
Fluo microscope, which is designed for transmitted light 
brightfield microscopy or for a luminescent (fluorescent) 
method (Magnification ×300).

The morphometric analysis of the obtained data 
traced the thickness of the jejunum layers. The 
experiment relied on a screw eyepiece micrometer 
MOV-1-15× and an eyepiece ruler with 60 units of scale 
division. The quantitative parameters of the histological 
structures underwent further statistical processing.

Statistical processing of the obtained digital 
data followed standard methods using the Microsoft  
Excel 2010 (Microsoft Corp., USA) and the statistical 
data analysis package StatPlus 2009 Professional 5.8.4 
for Windows (StatSoft, Inc., USA). Student’s t-test was 
applied to assess the reliability of data between the 
experimental and control groups.

RESULTS AND DISCUSSION
This section describes the effect of feed additives 

Yoddar-Zn and DAFS-25 in the diet of young Edilbaev 
breed rams on their ruminal microbiocenosis and 
jejunum microstructure.

The NGS analysis revealed the ruminal bacteria 
community in the control and experimental groups. 
The rumen samples contained 31 phyla of bacteria 
and 1 phylum of archaea (Fig. 1). Firmicutes and 
Bacteroides predominated with a total share of 86–94%.  
The share of Actinobacteria, Spirochaetes, and 
Candidatus Saccharibacteria was 1–6%. In the control 
group, Firmicutes ranked first: their relative value 
in the community was 65%, while the proportion of 
Bacteroides was only 29.4%. This ratio was different 
in the experimental groups. In the group that received 
Yoddar-Zn, the proportion of Firmicutes and Bacteroides 
was the same (42–43%). In the groups that received 
DAFS-25 and DAFS-25 + Yoddar-Zn, the ratio of these 
two phyla was reversed compared to the control group: 
Bacteroides – 50–60%, Firmicutes – 30–35%.

At the level of orders, the community was dominated 
by Bacteroidales, Erysipelotrichales, and Clostridiales. 
Rams fed with DAFS-25 had a larger proportion of 
Bifidobacteriales (5.8%). The control group had more 
Erysipelotrichales – 28.8%.

Cellulolytic bacteria are important bacterial 
community members. They break down the 
fiber of plant foods and convert it to volatile fatty 
acids. Cellulolytic bacteria in the rumen samples 
were mainly represented by the bacterial families 
Clostridiaceae, Prevotellaceae, Flavobacteriaceae, 
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Eubacteriaceae, Lachnospiraceae, Ruminococcaceae, 
and Thermoanaerobacteraceae, as well as by the 
Bacteroidetes phylum.

The total proportion of cellulolytic bacteria was 
different in all samples. The share of beneficial 
cellulolytic bacteria ranged from 51.3 to 75.4%, 
depending on the sample. The control group had the 
smallest proportion of cellulolytic bacteria, while the 
group that received DAFS-25 had the largest one. In the 
groups treated with Yoddar-Zn and DAFS-25 + Yoddar-
Zn, the proportion of cellulolytic bacteria was 56.6 and 
64.1%, respectively.

Lactate-utilizing bacteria are another important 
group in the ruminal bacterial community. They ferment 
lactic acid produced by bacteroids and lactic acid 
bacteria and other organic acids into volatile fatty acids 
used in metabolic processes.

The NGS analysis showed that the content of 
Veillonellaceae lactate-utilizing bacteria was very large 
in some samples. In the groups that received Yoddar-
Zn and DAFS-25 + Yoddar-Zn, their content was 20.6 
and 12.9%, respectively, while the control group and the 
experimental group fed with DAFS-25 alone, it was 9.1 
and 5.1%, respectively. This indicator may demonstrate 
that these bacteria are especially active in the sheep 
rumen, depending on their physiological state of the 
animal.

The share of bacterial pathogens was insignificant 
in all samples and totaled about 0.5% in all groups. 
Opportunistic Enterobacteriaceae were also represented 
in a very small amount (≤ 0.1%) in all samples.

Prevotella appeared to be the dominant genus. Its 
relative abundance in the experimental groups exceeded 
the control (28.3, 38.9, and 33.4 vs. 22.8%). Prevotella sp.  
often is the most numerous genera in sheep rumen. 

Figure 2 Rumen microbial community at the level of orders, %

Figure 1 Rumen microbial community at phylum level, %
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For instance, Prevotella also dominated in a similar 
study by Cui et al. on the effect of selenium feed 
additives on the microbial community in sheep [3].  
Cui et al. also proved the significant effect of selenium 
on ruminal bacterial populations and microbial 
fermentation in the rumen in general.

Subdominant microorganisms in the rumen were 
represented by the Dysgonomonas, Saccharofermentans, 
Tangfeifania, and Treponema genera. Cui et al. showed 
that the abundance of Saccharofermentans sp. was in 
inverse relationship with selenium. Our research, on the 
contrary, proved that the amount of Dysgonomonas sp. 
and Prevotella sp. depended on the presence of selenium 
in the diet.

To identify and evaluate the changes in the small 
intestine wall, jejunum wall pieces were subjected to 
microscopy [1].

This research of the effect of biofortification on 
the microstructure of sheep jejunum yielded a more 
accurate assessment of the safety of Yoddar-Zn and 
DAFS-25 for small rumens [7, 8].

Light microscopy of the jejunum in all samples 
revealed that the mucous membrane was well-structured, 
with distinct layers. The mucous membrane of the 
jejunum consisted of four layers:  innermost mucosa 
outermost, submucosa, muscularis (outer and inner 
layers), and serosa. The columnar villi (Fig. 3) of the 
mucosal epithelial layer were distinct and consisted of 
a single-layer columnar epithelium lining the crypts. 
The structure of the layer was dominated by goblet 

cells and limbic epithelial cells, which produce mucus. 
The lamina propria consisted mostly of cells and fibers 
of loose fibrous connective tissue. The muscular layer 
was represented by two distinct alternating layers of 
myocytes: annular and longitudinal. The submucosa was 
represented by loose fibrous tissue with clear contoured 
blood and lymphatic vessels, as well as complex tubular-
alveolar glands that produced intestinal juice.

The muscular membrane of the jejunum tissue had 
two distinct layers of myocytes, which were separated 
by a minimal layer of connective tissue. The structure 
was clear; the cells were elongated and spindle-shaped.

On the outside, the jejunum was covered with a 
serous membrane with layers of loose connective tissue 
and mesothelium. The integrity of the latter was intact.

Figure 3 shows the mucous membrane of the jejunum 
samples in the control group. The general histological 
structure remained the same. We observed a slight 
accumulation of mucus between the villi produced 
by goblet cells. Epithelial cells were of an elongated 
cylindrical shape. The glands of the lamina propria were 
well expressed. The integrity of the layers was intact.

The jejunum samples in the experimental groups had 
some histological features that differed from the control 
group samples.

The jejunum of young rams that received Yoddar-Zn 
had a single-layer cylindrical border epithelium on the 
transverse sections of the villi (Fig. 4).

The lumen of the tubular glands looked deserted, 
and the crypts were separated by a minimal layer of 

Figure 3 Jejunum samples in the control group. Epitheliocytes 
of cylindrical villi and gland; stained with Ehrlich 
hematoxylin and eosin. Magnification ×300

Figure 4 Jejunum samples in the group fed with Yoddar-Zn. 
Goblet cells of the villi are quite pronounced; stained  
with Ehrlich hematoxylin and eosin. Magnification ×300

Figure 5 Jejunum sampled in the animals fed with DAFS-25.  
Epitheliocytes are cylindrical, the villi are distinct and 
elongated; stained with Ehrlich hematoxylin and eosin. 
Magnification ×300

Figure 6 Jejunum samples in the animals fed with  
DAFS-25 + Yoddar-Zn. The villi are distinct, with cylindrical 
goblet cells; stained with Ehrlich hematoxylin and eosin. 
Magnification ×300
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connective tissue (Fig. 4). The muscular plate of the 
mucosa was well expressed; the submucosa consisted of 
connective tissue layers with elongated tubular glands. 
The integrity of all membranes was intact.

Figure 5 shows the jejunum samples obtained 
from animals that received DAFS-25. The cylindrical 
epitheliocytes and the villi of the lamina propria were 
distinct, with moderately pronounced glands with empty 
lumens and numerous goblet cells. The integrity of the 
membranes was intact: the muscle layers were separated 
from each other by connective tissue. The serous tissue 
was hardly developed.

Figure 6 shows the jejunum samples obtained from 
animals that received DAFS-25 + Yoddar-Zn. The organ 
wall had a very obvious microstructure. The structure of 
the mucous membrane of the small intestine was intact, 
its constituent elements having clear contours. The 
goblet cells and the single-layered columnar epithelium 
were quite distinct. The villi were separated from each 
other by a minimal layer of connective tissue. The 
submucosa demonstrated contoured blood vessels, some 
of which were filled with blood. This fact indicates a 
more intensive metabolism in animals fed with DAFS-
25 + Yoddar-Zn.

The myocytes of the muscular membrane are quite 
clearly separated by loose fibrous connective tissue 
with a minimal number of blood vessels. Muscle 
cells corresponded to the state of contraction, i.e., the 
cells were as if the muscle was contracted, and the 
morphology of the early autolysis process.

The morphological analysis proved that the structure 
of the jejunum wall in the control and experimental 
groups was intact and typical. The layers had an integral 
structure in all experimental groups. Samples obtained 
from animals that received DAFS-25 + Yoddar-Zn 
had the best developed structure.

Table 3 shows that the arithmetic mean value 
of the thickness of the jejunum mucous layer was  
19.40 ± 0.55 µm in the rams of the experimental groups, 
which exceeded the control by 2.0 µm. The thickness 
of the muscular membrane in experimental groups 
also exceeded this indicator in the control group by an 
average of 0.8–2.0 µm. The experimental rams also had 
a slightly thicker serous layer.

The minimal thickening of the jejunum memb- 
ranes was minimal in the experimental groups, 
the lowest observed in the animals that received  
DAFS-25 + Yoddar-Zn. This fact may be an indirect 

indicator of a more active digestion, a better digestibility, 
and a greater absorption of feeds and nutrients into  
the bloodstream.

CONCLUSION
Biofortification of young rams’ diet with essential 

microelements had a positive effect on the quality and 
quantity of the gastrointestinal microbial community, 
which means a better digestion process and a greater 
animal yield.

In the rumen samples, cellulosolytic bacteria, 
which break down the fiber of plant foods into volatile  
fatty acids, were mainly represented by Clostridiaceae, 
Prevotellaceae, Flavobacteriaceae, Eubacteriaceae, 
Lachnospiraceae, Ruminococcaceae, and Thermoana- 
erobacteraceae families, as well as by the Bacteroidetes 
phylum. The content of lactate-utilizing bacteria in the 
rumen samples reached 40%, which may indicate a high 
degree of activity of these bacteria, depending on their 
physiological state of the animal.

The content of bacilli in the rumen samples  
was ≤ 1%. The total proportion of pathogenic species 
ranged from 0.2 to 6.3%. The experiment revealed ≥ 50  
types of pathogenic microorganisms, which were most 
abundant in the group fed with Yoddar-Zn + DAFS-25.  
The pathogenic microorganisms belonged to ery- 
sipelothrix, fusobacterial, and streptococci. The 
content of porphyromonas reached 0.68% of total 
microorganisms, while the proportion of Treponema in 
the samples ranged from 0.6 to 1%. Lactobacilli were 
represented mainly by Lactobacilliales (0.06–0.45%). 
This fact may indicate a high degree of activity of 
these bacteria in the sheep rumen, depending on their 
physiological state of the animal.

The balance of the microflora in the sheep rumen 
samples was good, and the amount of beneficial 
microflora was enough to inhibit the pathogenic and 
opportunistic bacteria.

The light microscopy revealed no adverse effect 
of the feed additives DAFS-25 and Yoddar Zn on the 
microstructural parameters of sheep jejunum. Therefore, 
they can be recommended for fattening purposes in 
industrial conditions.

The additives had no negative impact on the rumen 
microbiocenosis and the jejunum microstructure. 
The structure of the jejunum corresponded to the 
morphological characteristics for this type and age of 

Table 3 Wall thickness of the jejunum of seven-month-old rams fed with various feed additives

Research subject Wall thickness, μm
Mucus membrane Muscular membrane Serous membrane

Control 17.40 ± 1.07 8.30 ± 0.79 0.80 ± 0.51
Yoddar-Zn 19.10 ± 0.52 9.50 ± 0.81 0.90 ± 0.22
DAFS-25 19.40 ± 0.97 9.60 ± 0.79 0.90 ± 0.55
DAFS-25 + Yoddar-Zn 19.80 ± 0.97* 10.30 ± 0.71* 1.00 ± 0.44

*P ≤ 0.005
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farm animal in all the groups. A clearer micropicture of 
the jejunum wall was revealed in the experimental group 
of rams fed with DAFS-25 + Yoddar Zn.

The complex application of additives DAFS-25 and 
Yoddar Zn helped optimize the processes of digestion, 
absorption, and assimilation of feed nutrients, which 
was partly confirmed by the minimal thickening of the 
jejunum membranes.

Further research is needed to study the effect of 
these additives on other important systems of animal 

organism, e.g., digestive (liver), excretory (kidneys), 
nervous (cortex and base of brain), and immune (spleen 
and mesenteric lymph nodes) systems.
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Abstract:
The present article introduces the problem of determining the general structure of beer as a complex system of related 
biomolecules. The objective was to establish the correlation of various quantities of organic compounds in beer formulation.
The research featured samples of filtered pasteurized beer obtained from a retail chain shop in Moscow (Russia). The experiment 
relied on standard research methods, including instrumental methods of analysis, e.g., high-performance liquid chromatography 
(HPLC). The obtained experimental data underwent a statistical analysis using the Statistica software (StatSoft, 2016). 
The research established the correlation between the type of grain (barley or wheat malt) and the content of organic compounds, 
e.g., β-glucan, polyphenols, soluble nitrogen, etc. The research also revealed some patterns in the distribution of proteins, 
which served as a framework for the system of organic compounds. The distribution of thiol proteins proved to depend on the 
dissolution degree of the grain and was different in barley light, barley dark, and wheat malt samples. The fraction distribution 
of β-glucan depended on the color of the malt. In light beer samples, it concentrated in high- and medium-molecular fractions of 
nitrogenous substances, in dark beer – in low-molecular fractions (≤ 63%). Initial wort density and alcohol content affected the 
amount of catechins and total polyphenols. Nitrogenous compounds depended on the color, initial extract, and alcohol content. 
The nitrogenous structure and other organic compounds of beer proved to depend on protein substances. The research also 
revealed a number of factors that affected the fraction distribution of biomolecules in different beer sorts.
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INTRODUCTION 
Alcoholic beverages have a colloidal structure that 

depends on primary plant raw materials or secondary 
organic compounds. Secondary organic compounds 
are a product of the microbial activity. They appear as 
a result of various biochemical or chemical processes 
presupposed by the particular production technology. 
The combination of primary and secondary organic 
compounds affects the sensory profile of the beverage 
and, consequently, its demand on the food market. 

Similarly, beer is an alcoholic drink with a complex 
colloidal structure formed by organic biomolecules of 
various molecular weights, which are interconnected 
by hydrogen, covalent, disulfide, and other bonds [1, 2]. 

Nitrogenous compounds, phenols, and carbohydrate 
biomolecules shape both the sensory profile of beer and 
its stability as a fermented drink (Fig. 1) [2]. However, 
flavor profile development is a versatile process. It 
depends both on the primary biomolecules that get 
hydrolyzed during wort production and on the secondary 
biomolecules that appear as a result of biomodification 
in the Krebs cycle during fermentation [3].

Depending on the size and fraction, some organic 
compounds develop both the sensory profile and 
consumer characteristics of beer, while others are 
responsible for haze. 

Foam stability and settling time are important 
consumer characteristics that are associated with 
the quality of beer [4]. Foam quality depends on 
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protein fractions, bitter hop resins, pentosans, gum 
substances, and other fractions of plant materials that 
produce carbon dioxide bubbles on beer surface [5].  
Protein biomolecules play the key role in foam 
development during brewing. Some proteins possess 
foaming properties, while others are responsible for  
stabilizing [6]. The composition of beer foam is strongly 
associated with lipid carrier proteins (LTP1). Their 
molecular weight is 9.7 kDa, and they include 91 amino 
acids. Other foam-related proteins are protein Z (40 kDa)  
and various derivatives of hordein (10–30 kDa) [7].

Beer foam has a complex composition, which 
consists not only of protein fractions but also of ligand 
compounds. Ligands are formed by bitter isoforms 
of α-bitter acids found in hop. The carboxyl group of 
the asparagine residue in the LTP1 protein molecule 
is linked by covalent bonds with the hydroxy group of 
resin, flavonoids, phytosterols, etc. [8]. Foam stability 
always correlates with the degree of malt dissolution and 
sometimes with another protein Z fraction [9].

 Protein Z is part of the fraction of hordein proteins. 
Good solubility of malt stimulates the release of this 
protein into the liquid fraction and causes haze [10, 11]. 
Similarly, the intensity of haze depends on the content of 
fractions with a molecular weight of 8–14 kDa in barley 
malt and < 7 kDa in wheat malt [12].

The last 40 years of beer studies have established 
a partial similarity in the composition of the protein 
fractions of the foam and the body of beer. It includes 
three groups of protein molecules of 40, 10, and 8 kDa 
(proteins and peptides), which are similar to barley 
nitrogenous compounds [13].

Non-starch polysaccharides also affect the taste of 
beer [14]. For instance, maltodextrins and β-glucan can 
enhance flavor profile. The molecular weight of β-glucan 
in barley is 150–1937 kDa, in malt – 800–1220 kDa, and 
in beer – 10–10 000 kDa [15]. The content of β-glucan in 
the initial barley affects that of malt, and the content of 
β-glucan in malt affects that in wort. The correlation is 
different for different types of barley. For instance, the 
correlation coefficient was 0.9717 for barley malt and 
0.9998 for barley wort colloids [15].

Phenolics are other important compounds of beer. 
Catechins, non-condensed phenolic compounds, and 
monophenolic acids have a positive effect on the flavor 
profile of beer, while proanthocyanidins spoil both 
its taste and stability [16]. In fact, proanthocyanidins 
possess an extraordinary reactivity and condense 
into large globules, dragging along proteins and other 
biomolecules [2].

Thus, the effect of grain organic compounds on the 
finished product is diverse and quantitatively unclear. 
For instance, the issue of the interrelation between grain 
biomolecules and other plant materials still remains 
understudied in the brewing industry. The research 
objective was to establish the correlation between 
the biomolecules of beer plant raw materials to cast 
light upon the general structure of beer as a colloidal 
system. The research will make it possible to update the 
methodology for quality control in the brewing industry.

STUDY OBJECTS AND METHODS
Beer samples. Samples of filtered pasteurized beer 

were purchased from a retail network in Moscow and 
stored in the dark at temperature 15 ± 20°C and air 

Figure 1 Colloidal structure of beer
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humidity W ≤ 75 ± 2%. The list included light beers 
(45 samples), dark beers (10 samples), wheat beers  
(10 samples), and non-alcoholic beers (5 samples), five 
bottles or cans per each sort. 

Fractioning the organic compounds of beer. To 
preserve the spatial structure of the protein fractions 
of biomolecules, the protein fractioning was carried 
out by two methods. High-molecular proteins and 
related organic compounds were precipitated with a 2% 
tannin aqueous solution. High-molecular and medium-
molecular nitrogenous compounds were precipitated 
using a 50% sodium molybdate (Na2MoO4) solution 
in an acid medium. The fractions of nitrogenous 
compounds, polyphenols, and β-glucans in the filtrate 
were determined as described below. 

An aliquot (62 cm3) of decarbonated beer was taken 
into two volumetric flasks of 100 cm3. Into the first flask, 
we added 35 cm3 of distilled water, followed by 2 cm3 
of concentrated sulfuric acid, which made it possible 
to establish the acidic pH of the medium. The solution 
was stirred, mixed with a 2% tannin aqueous solution, 
and filtered. Into the other flask, we added 30 cm3 of 
distilled water, followed by 5 cm3 of 50% Na2MoO4 
solution. The mix was brought to the mark with distilled 
water, followed by another 5 cm3 of concentrated 
sulfuric acid. The resulting phosphomolybdic acid in the 
medium made it possible to precipitate protein nitrogen 
from beer. The initial samples of beer, post-tannin 
fraction, and post-molybdate fraction were tested for 
the mass concentrations of soluble nitrogen, nitrogenous 
compounds with unoxidized disulfide bonds, β-glucan, 
catechins, and polyphenolic compounds. 

The content of organic compounds in the high 
molecular weight fraction was calculated as the 
difference between the total amount of a particular 
compound and its content in the post-tannin extract. The 
low molecular weight fraction was determined in the 
postmolybdate filtrate. The average molecular fraction 
was calculated as the difference between the total 
amount of the substance and the sum of the high and low 
molecular weight fractions.

Determining the nitrogenous compounds. 
The Kjeldahl method for determining total soluble 
nitrogen was used according to the European Brewery 
Convention method No. 4.9.3 [17].

Determining the total content of polyphenols. 
The mass concentration of polyphenols was measured 
according to the European Brewery Convention method 
No. 9.9 [18].

Determining the mass concentration of catechins. 
The content of catechins was determined by high-
performance liquid chromatography (HPLC). The 
procedure involved an Agilent Technologies 1200 
device (Agilent, USA) with a diode array detector and 
a Hypersil 5u C18 250×4.6 mm 5 µm column (Thermo, 
USA) with a wavelength of 280 nm. According to 
the procedure, 0.001 cm3 of samples and all standard 
solutions were injected into a reverse phase column 
at 30°C. The mobile phase for HPLC was prepared 

as follows. Solution A included 0.1 mL of phosphoric 
acid dissolved in 900 cm3 of HPLC water. The volume 
was brought up to 1000 cm3 with water. The solution 
was filtered through a 0.45-µm membrane filter and 
degassed in an ultrasonicator for 3 min. Solution B was 
acetonitrile. The mobile phase used gradient elution: at 
0.01 min – 11% B; 30 min – 25% B; 35–39 min – 100% B;  
40–50 min – 11% B. The flow rate of the mobile 
phase was 1.0 cm3/min, and the injection volume was  
0.001 cm3 [19].

Determining the mass concentration of 
nitrogenous compounds with disulfide groups. The 
Ellman method detected nitrogenous compounds that 
contained unoxidized sulfhydryl (thiol) groups [20].  
The procedure was based on the reaction of thiol 
with dithiobisnitrobenzoic acid, which formed a 
mixed disulfide and 2-nitro-5-thiobenzoic acid. They 
were quantified by anion absorption at 412 nm in a 
spectrophotometer. A number of reagents made it 
possible to determine the concentration of thiol groups.  
The list included 0.1 and 0.2 M phosphate buffer 
and Ellman’s reagent that consisted of 37 mg of 
dithiobisnitrobenzoic acid dissolved in 10 cm3 of 0.1 M 
phosphorus buffer with pH = 7.0 and 15 mg of NaHCO3. 
The experiment was prepared as follows. First, 3 cm3 of 
the protein solution was poured into a test tube, followed 
by 2 cm3 of a 0.2 M phosphate buffer solution and 5 cm3 
of distilled water. The aliquot (3 cm3) was poured into 
another tube, followed by 0.02 cm3 of Elman’s reagent. 
After 3 min, the optical density was measured at 412 nm 
against the control solution. The control solution was 
prepared similarly, but 0.02 cm3 of distilled water was 
added to 3 cm3 in another test tube at the last stage.

The mass concentration of thiol-containing nitro- 
genous compounds (mol/dm3) was calculated by the 
following formula:

       Сs-s = D·P/11,400                           (1)

where D is the optical density at 412 nm; Р is the 
dillution.

Determining the mass concentration of β-glucan. 
The mass concentration of β-glucan was determined by 
the enzymatic European Brewery Convention method 
No. 8.13.1 [21].

Statistical analysis. All experiments were 
performed in five repetitions. The obtained values   
were presented as mean ± standard deviation (SD). The 
Student’s t-test was applied to test the homogeneity of 
the samples. The multivariate models in the correlation-
regression analysis were checked using the Fisher test 
(P ≤ 0.95). The data were processed using Statistica 
software (StatSoft, Redmond, WA, USA, 2006).

RESULTS AND DISCUSSION 
Relationship between the beer quality and 

the quantity of organic compounds in grain. The 
first stage of the research was aimed at finding the 
quantitative characteristics of the main organic 
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compounds that shape the colloidal structure of beer. 
The list included nitrogenous compounds, polyphenols, 
and a non-starch carbohydrate β-glucan. Together with 
divalent metal ions, hop resins, and melanoidins, these 
compounds are responsible for both haze and beer 
quality [22]. The dual behavior of biomolecules can 
be explained by their grain origin: they originate in 
malted or unmalted grain and pass into the liquid phase 
during processing. Table 1 illustrates the quantitative 
characteristics of the main organic compounds.

Non-alcoholic and light beer had a similar content of 
solids in the initial wort (Table 1). As a result, they both 
were poor in β-glucan, polyphenols, and soluble nitrogen. 
Apparently, this fact can be explained by the technology 
of removing alcohol from beer by thermal or membrane 
methods.

Thermal de-alcoholization processes include vacuum 
evaporation, vacuum distillation, and centrifugation. 
They have a negative effect on the sensory profile of 
beer, which loses in aroma and palate fullness while 
acquiring new unwanted aromas [23]. Adsorption 
extraction is another de-alcoholization method. It 
involves adsorbents, e.g., zeolites. Their surface has 
charged sites that have an affinity for polar organic 
substances, which means they can adsorb them. Zeolites 
often have an affinity for Ca2+ and Mg2+ ions [24]. 
Molecules of nitrogenous substances, polyphenols, and 
β-glucan can be connected to other biomolecules via 
Ca2+ and Mg2+ bridges [25]. Nanofiltration can decrease 
both the level of alcohol and some polyphenolic 
compounds [23].

Thus, differences between the de-alcoholization 
methods can reduce the mass concentration of these 
compounds. This fact can explain the decrease in the 
level of non-starch polysaccharides, polyphenols, and 
soluble nitrogen in non-alcoholic beer, compared to light 
varieties.

In light beer, β-glucan, polyphenols, and soluble 
nitrogen are proportional to the increase in the solids of 
the initial wort (Table 1).

In dark beer, the content of β-glucan was 30%, 
and the content of soluble nitrogen was two times 
higher. This effect might have been caused by colored 
malt, which has higher dissolving properties during 
germination [26]. Colored malt is also responsible for 
the lower total amount of polyphenols because they 
contain lower amounts of such polyphenols as catechin, 
prodelphinidin B3, procyanidin B3, and ferulic acid [27].

Wheat beer with 12–15% of Brix, °P in the initial 
malt had twice as much β-glucan as light barley beer. 
The amount of polyphenols in these samples was higher 
by 30% and that of soluble nitrogen (lower limit) – by 
33% (Table 1). In [28], wheat beer also contained a 
greater amount of non-starch polysaccharides with a 
structure-dependent difference and a higher degree of 
polymerization, compared to light barley beer. Barley 
malt has a β-glucan polymerization of 38–48, while 
wheat malt has a polymerization of 38–83 [28]. In 
wheat beers with 16÷20% solids, the content of non-
starch polysaccharide was 1.5 times higher (upper 
limit), polyphenols – 1.3–1.6 times higher, protein – by 
5.0÷32% higher than in the samples of barley-malt beer, 
which was probably caused by wheat malt [29].

Distribution of biomolecules of grain raw 
materials by nitrogenous fractions. The content of 
soluble nitrogen in beer samples was more significant. 
Thus, the structure of beer was studied depending 
on the ratio of different groups of biomolecules with 
protein substances. The beer samples were tested 
for nitrogen with thiol groups and catechins. Table 2 
shows the averaged data, while Fig. 2 demonstrates the 
quantitative distribution of biomolecules by fractions of 
nitrogenous compounds.

The catechin content confirmed the data obtained by 
Maia et al. [30]. No correlations between thiol groups 
were detected. However, dark beer had more catechins 
because the malt had better dissolution and antioxidant 
activities. As a result, catechins did not oxidize until the 
final stage of beer production [30].

Table 2 shows a high level of nitrogen with thiol 
groups in dark and light barley-malt beers with a lot of 

Table 1 Quantitative profile of beer compounds

Beer Brix, °P Content* of organic substances, mg/dm3

β-glucan Polyphenols Soluble nitrogen
from to from to from to

Non-alcoholic, 
barley-malt, light 

7÷8 69.8 ± 4.9 93.0 ± 6.5 32.8 ± 3.0 65.6 ± 5.9 440.0 ± 6.6 864.0 ± 13.0

Light, barley-malt 10÷11 31.0 ± 2.2 93.0 ± 6.5 70.4 ± 6.3 217.0 ± 19.5 560.0 ± 8.4 920.0 ± 13.8
11÷15 45.0 ± 3.2 125.0 ± 8.8 85.5 ± 7.7 225.0 ± 20.2 580.0 ± 8.7 880.0 ± 13.2

15÷23 78.0 ± 5.5 180.0 ± 12.6 100.0 ± 9.0 305.0 ± 27.5 850.0 ± 12.8 1350.0 ± 20.3
Dark, barley-malt 10÷11 76.5 ± 5.4 125.0 ± 8.8 102.0 ± 9.2 172.0 ± 15.5 1200.0 ± 18.0 1780.0 ± 26.7

15÷23 120.0 ± 8.4 180.0 ± 12.6 110.0 ± 9.9 180.0 ± 16.2 1200.0 ± 18.0 1800.0 ± 27.0
Light, wheat-malt 12÷15 95.0 ± 6.7 240.0 ± 16.8 110.0 ± 10.0 290.0 ± 26.0 770.0 ± 11.6 890.0 ± 13.4

16÷20 125.0 ± 8.8 280.0 ± 19.6 145.0 ± 13.0 290.0 ± 26.0 1150.0 ± 17.3 1380.0 ± 20.7

* Each value is the mean ± standard deviation of five independent experiments
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initial wort solids. This fact was probably associated 
with the antioxidant capacity of these samples, which 
retained thiol groups in unoxidized form.

Light wheat beers contained a relatively low amount 
of nitrogen with thiol groups (8.80–11.4 µm) compared 
to barley-malt light beers (12.7–16.4 µm), as confirmed 
by other studies [31].

The fraction distribution of organic compounds  
(Fig. 2a–h) depended on the type of beer.

The high-molecular fraction of soluble nitrogen 
ranged from 7 to 15% of the total amount. Its minimal 
amount was in dense light barley-malt beers, where 
the solids content in the initial wort was 15÷23%. The 
maximal amount was in light barley-malt beer with the 
solids content of 11÷15%.

The average molecular fraction correlated with 
the density. The biggest amount of soluble nitro- 
gen (8÷40 kDa) was registered in the beer samples with 
initial wort solids content ≥ 23%: it was 20–34% of the 
total amount of protein compounds. The low molecular 
fraction of soluble nitrogen was inversely related to the 
density of beer. For all samples, the higher the content 
of dry matter in the initial wort, the lower the content of 
protein compounds with a molecular weight of ≤ 8 kDa.

The distribution of thiol groups of nitrogenous 
substances was as follows. In light barley-malt beers, the 
maximal amount was in the medium molecular weight 
fraction (8÷40 kDa). In dark barley-malt beers, it was 
in the low molecular weight fraction (≤ 8 kDa). In light 
wheat-malt beer, it was in the high molecular weight 
fraction (40÷100 kDa).

The β-glucan dextrins differed in distribution. In 
light barley-malt beer, 58–68% of the total content of 
non-starch polysaccharide fractions accounted for the 
protein fraction with a molecular weight of 8÷40 kDa. 
In dark barley-malt beer, 59–63% of β-glucan molecules 
were concentrated in the fraction of nitrogenous 
substances of ≤ 8 kDa, and 73–79% of its total 
content was distributed in nitrogenous substances of  
40÷100 kDa.

Catechins did not depend on the type and 
composition of beer: 45–74% of the total content 
accumulated in the high molecular weight fraction 

of soluble nitrogen. However, the total content of 
polyphenols showed strong correlation with the type of 
beer.

Table 3 shows the correlation between the total 
polyphenol content and the catechin content.

Table 3 revealed a strong correlation between the 
total polyphenols and catechins and the type of beer. 
According to the determination coefficient, the total 
polyphenols depended on the content of catechins when 
the latter was 50–99%. Therefore, some unknown 
factors affected the total polyphenols in different beer 
samples. The lowest determination coefficient was 
registered in light barley-malt beers 15÷23%, dark beers 
15÷23%, and wheat-malt beers 16÷20%. When the 
solids in the initial wort was high, the composition of 
polyphenolic compounds experienced a stronger impact 
from anthocyanogens, phenolic acids, aldehydes, hop 
resins, and prenylflavanoids. Apparently, strong beer 
requires a greater proportion of hops, which, like grain, 
is a source of polyphenolic compounds [32]. On the 
other hand, the stability of phenolic compounds depends 
on many factors, e.g., temperature, pH, coactivating 
substances, polar solvents, etc., which makes the amount 
of alcohol a more significant factor for strong beer  
sorts [33].

Table 4 illustrates the dependence of the distribution 
of thiol groups and catechins.

Table 4 shows that the change in β-glucan was 50%, 
while the content of thiol groups and catechins changed 
by 80%, which depended on the parameters of the plant 
material, i.e., barley or wheat malt. On the one hand, this 
fact can be traced back to grain varieties. On the other 
hand, non-starch polysaccharides can develop colloidal 
suspensions and links with other beer compounds, 
which leads to product losses and affects the content of 
β-glucan [15, 34].

Figures 3 and 4 illustrate the analysis of correlations 
and regressions, which registered the presence and 
degree of the relationship between the content of soluble 
nitrogen and other parameters. The analysis established 
a close and logical relationship between the amount of 
raw materials (solids in the initial wort) and the content 
of alcohol and polyphenols, which was confirmed by 

Table 2 Thiol nitrogen-containing compounds and catechins in beer samples

Beer type Brix, °P Content in beer
Protein with thiol groups, µmoL/dm3 Catechins, mg/dm3

Non-alcoholic barley malt 7÷8 5.61 ± 0.56 2.25 ± 0.23
Light, barley malt 10÷11 12.7 ± 1.26 6.33 ± 0.65

11÷15 16.4 ± 1.55 8.14 ± 0.80
15÷23 36.7 ± 3.60 14.4 ± 1.40

Dark barley malt 10÷11 28.0 ± 2.80 14.9 ± 1.50
15÷23 35.5 ± 3.50 18.0 ± 1.80

Light, wheat malt 12÷15 11.4 ± 1.00 1.98 ± 0.20
16÷20 8.80 ± 0.90 6.90 ± 0.70

Each value is the mean  ±  standard deviation of five independent experiments
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Figure 2 Distribution of compounds by fractions of soluble nitrogen: (a) non-alcoholic barley-malt beer; (b) light barley-malt beer 
with 11÷12 Brix, °P; (c) light barley-malt beer with 12÷15 Brix, °P; (d) light barley-malt beer with 15÷23 Brix, °P;  
(e) dark barley-malt beer with 10÷11 Brix, °P; (f) dark barley-malt beer with 15÷23 Brix, °P; (g) light wheat-malt beer with  
12÷15 Brix, °P; (h) light wheat-malt beer with 16÷20 Brix, °P

previous studies [32, 33]. Fermentation and the content 
of polyphenols in the finished product also proved 
closely interconnected. This fact has been described in 
different publications [32].

The content of soluble nitrogen proved to depend 
on the color (type) of beer. This result was quite 
predictable since a greater degree of dissolution of 
colored malt means a greater effect of low molecular 
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Table 3 Analysis of correlation and regression between components and beer parameters

Beer type Brix, °P Correlation 
coefficient (r)

Equation of dependance Correlation according to 
Chaddock scale 

Determination 
coefficient 

Non-alcoholic 
barley malt

7÷8 0.744 y = 48.2 – 2.56 x Direct, high 0.553

Light, barley malt 10÷11 0.713 y = 77.4 + 6.22 x Direct, high 0.508
11÷15 0.975 y = 54.9 + 12.2 x Direct, high 0.952
15÷23 0.517 y = 81.9 + 15.3 x Direct, moderate 0.267

Dark barley malt 10÷11 0.999 y = –133 + 19.4 x Functional 0.999
15÷23 0.556 y = 294.7 – 8.9 x Direct, moderate 0.310

Light, wheat malt 12÷15 0.959 y = 19.8 + 38.7 x Direct, high 0.919
16÷20 0.557 y = 225.5 – 2.1 x Direct, moderate 0.310

Significance level ≤ 0.05 
x – type of beer; y – total polyphenols and catechins

Table 4 Analysis of correlation and regression between beer parameters and raw material

Component
Correlation 
coefficient (r)

Equation of dependance Correlation according to  
Chaddock scale

Determination coefficient

Thiol-containing Proteins 0.920 y = –9.8 + 1.9 x Direct, high 0.846
Catechins 0.896 y = –4.0 + 0.8 x Direct, high 0.803
β-glucan 0.708 y = 19.5 + 9.8 x Direct, high 0.501

*Significance level ≤ 0.05  
x – solids in initial wort; y – component amoun

weight nitrogenous compounds on colored compounds. 
Similar conclusions were obtained by Castro et al. and 
Filipowska et al. [26, 35]. Partial correlation coefficients 
(Fig. 4) were based on the changes in the pair correlation 
of the corresponding features (Y and Xi), provided they 
experienced no effect from other factors (Xj). This 
aspect demonstrated much deeper dependencies of 
the analyzed indicators. The change in the content of 
soluble nitrogen was confirmed by the conclusion about 
the correlation with the color (type) of beer, as well as 
correlation coefficients YX3, YX5, and X5. The experiment 
confirmed the hypothesis about the relationship of 
nitrogenous fractions of nitrogenous substances with 
polyphenolic and non-starch compounds. X2, X4, 
and Y also appeared to correlate, which means that 
polyphenolic compounds affected soluble nitrogen 
fraction. Polyphenols transformed when the parameters 
of young beer changed during fermentation while pH 
became more acidic, oxygen dissolved, carbon dioxide 
accumulated, etc.

The calculations represented in Figs. 3 and 4 resulted 
in the following multiple regression equation (2):

       Y = 117.2991 – 33.1413 · X1 + 15.1575 · X2  +  
               + 34.8177 · X3 + 2.6063 · X4 + 7.7755 · X5       (2)

Color or type of beer (X3) was the most significant 
parameter in the regression equation. This result 
confirmed our previous conclusion that the fraction 
distribution of biomolecules depended on the type 

of beer (Fig. 2). The overall coefficient of multiple 
correlation R equaled 0.9073, while the multiple 
determination coefficient R2 equaled 0.82. The 
difference indicates that the change in the content 
of soluble nitrogen depended the abovementioned 
parameters by 82%.

The study of the protein fractionation could be 
used to determine the accompanying groups of organic 
molecules. The acidic extraction regime of biomolecules 
was quite sparing. Different conditions, e.g., alkaline pH, 
organic polar solvents, etc., disrupt the equilibrium 
of nitrogenous substances, polyphenols, and other 
compounds. As they oxidize, their amount in equili- 
brium systems cannot be determined [36, 37].

The behavior of organic compounds in the colloidal 
system of beer revealed a strong correlation between the 
technological conditions and the low amount of β-glucan, 
polyphenols, and soluble nitrogen. In particular,  
thermal or adsorption de-alcoholization had a great 
impact on the abovementioned substances, which 
is consistent with data obtained Muller et al. and  
Yassue-Cordeiro et al. [23, 24].

The distribution of biomolecules by types of beer 
also revealed an obvious connection between the 
type of beer and the biochemical composition of the  
raw materials (barley or wheat malt), production 
technology, and the amount of mashed grain 
(Table 1). These results are consistent with other  
publications [26–30].
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Figure 3 Correlation coefficients of beer parameters

Figure 4 Pair correlation coefficients of beer parameters

The quantitative assessment of organic compounds 
and their biochemical properties resulted in the 
hypothesis about the structural character of nitrogenous 
substances in the colloidal system of beer. This 
experiment also made it possible to trace the changes 
in polyphenols, carbohydrates, and other compounds 
relative to the fraction distribution of nitrogenous 
compounds [38].

The results of nitrogenous fractionation (Fig. 2) 
showed its obvious correlation with the beer type. The 
high molecular weight fraction of soluble nitrogen 
(40÷100 kDa) varied in the range of 7÷15%, depending 

on the Brix, °P. The higher was the solids content, the 
lower was the amount of the high molecular weight 
fraction of nitrogenous compounds. High-molecular 
fractions of nitrogenous substances are associated 
with the palate fullness, which is most typical for light 
beers with low density [14, 39]. In the samples where 
the content of extractive substances of the initial wort 
was 15÷23%, the palate fullness depended not only on 
the raw materials but also on the secondary products of 
yeast metabolism, i.e., secondary alcohols, aldehydes, 
ketones, ethers, and other carbonyl compounds. Our 
results were quite similar. The medium molecular 
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fraction (8÷40 kDa), which is responsible for foam 
structure, correlated with the density of beer or the 
proportion of grain products in it, which is consistent 
with some previously obtained data [40]. In all samples, 
the low molecular weight fraction of soluble nitrogen  
(≤ 8 kDa) developed inversely to the density of beer, 
which is consistent with other studies on sensory 
perception of beer body [14, 39]. In other words, the 
low molecular weight fraction of protein compounds 
depended on the yeast metabolism, i.e., the enzyme 
systems of the strain.

Thiol groups of nitrogenous substances are 
responsible for foam and palate fullness. Their 
distribution proved to depend on the grain raw material –  
barley or wheat malt. Thus, light barley-malt beer 
contained the maximum of thiol groups in the medium 
molecular weight fraction, dark barley-malt beer – in 
the low molecular weight fraction, and wheat-malt beer –  
in the high molecular weight fraction. This finding 
indicates a great effect of the type of grain on beer 
quality.

The fraction distribution of non-starch β-glucan 
depended on the type of malt. In light beers, this 
non-starch polyaccharide was mostly represented in 
high- and medium-molecular fractions of nitrogenous 
substances (Fig. 2). In dark beers, up to 63% of β-glucan 
molecules concentrated in low molecular weight 
fractions of nitrogenous compounds, which means 
they linked to peptides through hydrogen bonds [12]. 
Probably, this fact can be explained by the competitive 
distribution of catechins and their bonding with 
nitrogenous biomolecules in high and medium molecular 
weight fractions of dark beer (Fig. 2).

The correlation analysis revealed a close and logical 
relationship between catechins and total polyphenols 
(Table 3) in different types of beer. The amount of 
polyphenols depended on the density of the initial wort, 
as well as on the increase in the alcohol content, which 
stabilized polyphenolic compounds [33].

The analysis of correlation and regression  
(Figs. 3 and 4) showed the strong impact of the raw 
material factor (light, dark barley, and wheat malt) on 
the content of alcohol and polyphenols. This finding was 

consistent with the previously obtained research results 
(Tables 1 and 2) [32, 33].

The statistical analysis revealed a correlation 
between the color (type) of beer and the amount 
of nitrogenous compounds in terms of colloidal 
structure (Fig. 3). This correlation is associated with 
the technology of coloring malts and the degree of 
dissolution of malt endosperm during the hydrolysis that 
occurs during barley germination [33].

Therefore, the experimental part of the research 
confirmed the hypothesis that fractionation of nitro- 
genous compounds can be conducted by the method 
specified in Study Objects and Methods. Fractions 
of soluble nitrogen and polyphenolic compounds 
demonstrated a close correlation under various beer 
production technologies. This relation can be illustrated 
by a multiple correlation equation (2), in which the color 
(type) of beer is the most significant parameter.

CONCLUSION
The present research featured the fractionation of 

organic compounds in various beers. It established the 
dependences and factors affecting the distribution of 
nitrogenous compounds in the colloidal system of beer, 
as well as the relationship between polyphenolic and 
non-starch biomolecules. The study also revealed the 
relationship between the fractional composition of beer 
and such parameters as contents of solids in the initial 
wort, raw materials, alcohol, color, etc.
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Abstract:
Formulating high-quality pasta from wheat-free materials is a technological challenge. We aimed to make gluten-free pasta with 
carboxymethyl cellulose and psyllium husk and evaluate their effect on the quality of the final product.
Gluten-free pasta was produced from rice flour, white corn flour, potato starch, soy protein isolate, and carboxymethyl cellulose 
or psyllium husk used as binding agents. Then, we evaluated the effect of these hydrocolloids on the color, texture, cooking 
quality, and sensory characteristics of the product. 
The uncooked gluten-free pasta containing psyllium husk showed significantly higher values of hardness compared to the 
samples with carboxymethyl cellulose, while the cooked pasta with psyllium husk had a significantly lower nitrogen loss. Also, 
psyllium husk improved the texture of the cooked gluten-free pasta, providing the highest values of resilience, springiness, 
and chewiness. Generally, the psyllium husk samples received higher quality values for texture, cooking quality, and sensory 
parameters, compared to the pasta with carboxymethyl cellulose.
Psyllium husk showed a better ability to bind gluten-free pasta than carboxymethyl cellulose. Consequently, psyllium husk could 
become a feasible alternative to wheat gluten in producing high-quality gluten-free pasta.
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INTRODUCTION
Functional foods that are consumed as part of a 

regular diet have the potential to improve health or 
reduce disease risk. For example, gluten-free foods are 
particularly useful for celiac patients [1]. Preventive 
medicine has made significant progress in the previous 
decade and proved the critical importance of nutrition in 
avoiding diseases, particularly those related to diet [2].

Celiac disease is a chronic inflammatory 
autoimmune disease of the small intestine mucosa 
triggered by the consumption of gluten proteins [3]. 
It is characterized by a lifelong intolerance to gluten, 
specifically the prolamin portion of wheat (gliadin), rye 
(secalin), and barley (hordein) [4]. 

Today, 1% of the world’s population has celiac 
disease [5]. A life-long rigorous gluten-free diet is 
currently the only treatment available for celiac 

patients. It improves the quality of life, prevents 
refractory celiac disease, and alleviates symptoms [6].  
In the long run, this diet also benefits patients with 
previously unexplained persistent watery diarrhea or 
dominating bloating symptoms who satisfy the criteria 
for functional bowel disorders [7]. Thus, gluten-free 
food production must be prioritized to meet the needs of 
people with celiac disease [8]. 

Gluten-free pasta is one of the options for people 
with celiac disease caused by their inability to digest 
gluten adequately [9]. Gluten-intolerant people, who 
are becoming more common in society, will prefer this 
product to gluten-containing pasta [10].

Pasta is generally regarded as a classic food 
product that is frequently consumed due to its sensory 
qualities, as well as convenience and ease of transporta- 
tion, cooking, handling, and storage. In addition, pasta 
has grown popular due to its nutritional qualities that 
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are linked to a low glycemic index. In short-term human 
intervention studies, low-glycemic-index foods reduced 
appetite and increased fullness [11]. However, people 
with celiac disease prefer gluten-free pasta for health 
reasons [12].

Rice flour has been included in gluten-free product 
formulations to give the batter structure and nutritional 
value [13]. It is a primary ingredient in pasta pro- 
duction [14]. Furthermore, the use of rice flour is 
appealing because of its low salt content and high 
digestibility [15].

Hydrocolloids are commonly used as thickening 
agents that increase dough viscosity and bind water to 
improve texture, volume, and final quality. In addition 
to their advantages for the technological properties of 
gluten-free products, hydrocolloids may impact the 
final product’s glycemic index [16]. Particularly, fiber 
increases satiety after eating and reduces the glycemic 
index of food [17]. As a result, hydrocolloids such as 
psyllium husk are particularly crucial materials for 
gluten-free flour [18]. 

In addition, using psyllium in cooking may help 
celiacs live longer by allowing them to eat fiber with 
regular meals rather than separately as a supplement, 
which may not be as tasty [19]. On the other hand, the 
consumption of soybean food or fortified foods has 
recently increased due to its benefits for human nutrition 
and health [20].

Gluten-free pasta is more expensive and it is often 
brittle and pale compared to wheat flour pasta [21]. 
Therefore, we aimed to produce high-quality gluten-free 
pasta from various formulas fortified with soy protein 
isolate and two types of hydrocolloids (psyllium husk 
or carboxymethyl cellulose), as well as to evaluate the 
physicochemical and sensory characteristics of the final 
product.

STUDY OBJECTS AND METHODS
Our study involved the production and evaluation 

of gluten-free pasta made from white corn flour, rice  

flour, soy protein isolate, psyllium husk, and 
carboxymethyl cellulose.

Materials. Wheat flour with 72% extraction 
(11.31% protein, 0.95% protein, 0.57% ash, 0.66% 
fiber, and 86.51% nitrogen-free extract) was obtained 
from Amoun Milling Company (Giza, Egypt). Rice 
flour (7.16% protein, 1.50% protein, 0.57% ash, 1.21% 
fiber, and 89.56% nitrogen-free extract) and white corn 
flour (9.76% protein, 4.24% protein, 1.27% ash, 2.94% 
fiber, and 81.79% nitrogen-free extract) were obtained 
from the local market (Giza, Egypt). Soy protein isolate 
(87.74% protein, 0.43% protein, 2.87% ash, 0.29% fiber, 
and 8.67% nitrogen-free extract) was obtained from 
American Food Chemicals. Potato starch (0.16% protein, 
0.17% protein, 0.03% ash, 0.01% fiber, and 99.63% 
nitrogen-free extract) was obtained from Emsland 
Group, Germany. Carboxymethyl cellulose was obtained 
from Sigma Company. Psyllium husk powder (Plantago 
psyllium L.) was obtained from Now Foods, USA. All 
the chemicals used in the estimation and analysis were 
of analytical grade.

Methods. 
Technological methods.
Preparation of composite flour. Wheat flour 

(72% ext.) pasta was used as a control sample. The 
experimental samples, in addition to gluten-free 
flours, contained soy protein isolate and psyllium husk 
or carboxymethyl cellulose, with varying levels of 
white corn flour, rice flour, and potato starch (Table 1). 
Individual flour combinations were homogenized, sealed 
in polyethylene bags, and stored at –18°C until needed.

Pasta dough preparation. Pasta was produced 
according to Collins and Pangloli with some 
modifications [22]. All dry ingredients were sieved 
through a 100-mesh sieve, combined, and mixed to 
produce a homogenized mixture. Then, the mixture 
was placed in a mixing bowl and mixed until the dough 
formed (31 ± 1% of tap water). The dough was shaped 
into a ball, covered with a plastic wrap, and allowed to 
rest for 30 min. Then, it was hand-kneaded for 1 min, 
divided into 100-g portions, and shaped in a cylindrical 

Table 1 Pasta formulas

Samples Raw materials, g
Wheat  
flour

White  
corn flour

Rice  
flour

Potato starch Soy protein isolate Psyllium husk Carboxymethyl cellulose

Control 100.00 – – – – – –
A – 45.0 45.0 – 10 2.5 –
B – 37.5 37.5 15.0 10 2.5 –
C – 30.0 30.0 30.0 10 2.5 –
D – 22.5 22.5 45.0 10 2.5 –
E – 15.0 15.0 60.0 10 2.5 –
F – 45.0 45.0 – 10 – 2.5
G – 37.5 37.5 15.0 10 – 2.5
H – 30.0 30.0 30.0 10 – 2.5
I – 22.5 22.5 45.0 10 – 2.5
J – 15.0 15.0 60.0 10 – 2.5
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form by using a pasta machine without vacuum  
(Philips Pasta Maker HR 2357/05, Italy).

Pasta drying process. In line with Kishk et al., the 
pasta samples were air-dried at 23–25°C for 4 h in a 
room equipped with a fan [23]. After drying in the open 
air, the samples were placed in a cabinet dehydrator and 
dried at 70°C to a moisture level of about 12%. After 
cooling to room temperature (25 ± 2°C), the samples 
were placed in plastic bags, sealed, and stored at  
12–14°C until analysis.

Analytical methods.
Color determination. The color of the samples 

was measured according to Humter  by using a Hunter 
Lab colorimeter [24]. L*, a*, and b* parameters were 
measured by a spectro-colorimeter (Tristimulus 
Color Machine) with a CIELAB color scale (Hunter 
Lab Scan XE-Reston VA, USA) and the reflection 
mode. The instrument was standardized with white 
tiles (Hunter Lab Color Standard (LX No.16379), 
X = 72.26, Y = 81.94, and Z = 88.14 (L* = 92.46,  
a* = –0.86; b* = –0.16)). The instrument (65°/0° geometry; 
D25 optical sensor; 10° observer) was calibrated by 
using black and white reference tiles. The color values 
were expressed as lightness to darkness for L*, redness 
to greenness for a*, and yellowness to blueness for b*. 

Physical properties of pasta. Pasta cooking quality 
was determined according to the method approved 
by the American Association of Cereal Chemists [25]. 
Optimum cooking time was the time required for the 
opaque core of the pasta to disappear when squeezed 
gently between two glass plates after cooking. Pasta 
pieces of 25 g were cooked for optimum time in a beaker 
with 300 mL of tap water, rinsed in cold water, drained 
for 15 min, and weighed. The percentage of increased 
weight was calculated as a cooking yield. 

The content of solids in the cooking water was 
determined by drying at 105°C overnight. The cooking 
loss was expressed as a percentage between the solid 
weight and the initial dry matter. To calculate the 
swelling index, we divided the difference between the 
weight of cooked and uncooked pasta by the weight 
of uncooked pasta. The nitrogen loss was determined 
according to the Kjeldahl method approved by the 
American Association of Cereal Chemists by using 
conversion factor of 5.7 [25].

Texture profile analysis of pasta. The texture of the 
pasta samples (hardness, springiness, cohesiveness, 
chewiness, gumminess, and resilience) was determined 
by Texture Profiles Analysis (TPA) using a CT3™ 
Texture Analyzer (Brookfield) according to Boume [26].  
The Test Works software was installed and an 
appropriate test was selected for the TPA analysis:  
a 2.50 mm/s test speed, a 10 000 g load cell, two cycles 
for cooked pasta, one cycle for uncooked pasta, and a 
10 mm depth. The parameters, such as length, diameter, 
speed, compression percentage, and the number of 
cycles, were entered as input data before starting the 
compression. Then the load cell started to slowly move 
downwards, compressing the sample, with a 5-s wait 

between the first and the second compression cycles. 
After two cycles, the compression stopped automatically. 

Sensory evaluation of pasta. The sensory attributes 
of the gluten-free pasta were evaluated by ten panelists 
from the Department of Food Technology, National 
Research Centre, according to the method reported 
by Inglett et al. [27]. Color, texture, flavor, and overall 
acceptability were evaluated on the 9-point  hedonic 
scale. The scale was verbally anchored with nine 
categories, namely: like extremely, like very much, 
like moderately, like slightly, neither like nor dislike, 
dislike slightly, dislike moderately, dislike very much, 
and dislike extremely. The quality attributes of the 
experimental samples were compared with those of the 
control sample (100% wheat flour).

Statistical analysis. The results were analyzed 
statistically by performing analysis of variance 
(ANOVA) and Duncan’s multiple range test in the 
SPSS statistical package (Version 9.05). The least signi- 
ficant difference was chosen to determine significant 
differences among various formulations. Differences 
were considered significant at P ≤ 0.05.

RESULTS AND DISCUSSION
We studied effects of psyllium husk (2.5%) and 

carboxymethyl cellulose (2.5%) on gluten-free pasta 
with different proportions of white corn flour, rice flour, 
potato starch, and a fixed amount of soy protein isolate 
(10%). 

Color parameters of gluten-free uncooked pasta. 
The color parameters (L*, a*, b*, and color intensity) of 
the uncooked pasta samples are presented in Table 2. As 
we can see, the samples containing potato starch (60%) 
and carboxymethyl cellulose or psyllium husk (samples J  
and E, respectively) recorded the highest values of 
L* color (more lightness) with significant differences 
between them or in comparison with the other samples 
(P ≤ 0.05).  

We also found that lightness was affected by the 
amount of potato starch in the samples: the more potato 
starch, the lighter the samples. The control sample had 
the lowest value of lightness. The highest values of 
redness (a* value) were observed in the control sample 
(3.22) and the sample with carboxymethyl cellulose and 
without potato starch (2.52). However, there were no 
significant differences in redness among the rest of the 
samples.

As for yellowness (b* values), the lowest value 
(13.20) was recorded in the control sample, while the 
highest values (16.70 and 15.93) were observed in the 
samples without potato statrch (samples A and F). There 
were no significant differences in yellowness among the 
gluten-free samples with soy protein isolate. However, 
the highest value of color intensity was found in the 
sample containing 60% potato starch + carboxymethyl 
cellulose, in contrast to the control sample with the 
lowest value. These results were consistent with those 
of Bolarinwa and Oyesiji who reported that gluten-free 
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pasta with rice and corn flour had higher lightness and 
lower redness compared to wheat flour pasta [28].

The hardness of gluten-free uncooked pasta. 
Hardness (N) is related to the strength of structure 
under compression during the first compression cycle. 
It is a force required to attain a given deformation. The 
hardness of uncooked pasta was determined by the 
texture profile analyzer (Fig. 1). 

As can be seen, the control pasta showed the highest 
value of hardness (65.13) compared to the gluten-free 
samples, which reflected the strength of structure 
provided by the gluten network. 

However, there was a clear difference in hardness 
between the samples with psyllium husk and those 
with carboxymethyl cellulose. Particularly, the highest 
hardness (44.97) was recorded in the psyllium husk 

sample without potato starch (sample A) compared to 
the carboxymethyl cellulose samples without starch 
(sample F) (23.30). 

In general, the psyllium husk pasta had hardness 
values in the range of 44.97 to 15.16, whereas the carbo- 
xymethyl cellulose samples had this parameter ranging 
from 23.30 to 4.26. Thus, potato starch played an 
important role in the hardness of uncooked pasta: higher 
contents of potato starch led to lower hardness. These 
results were confirmed by Kang et al. who found that 
the hardness of gluten-free pasta containing potato 
starch was lower than that of wheat flour pasta [29].

Color parameters of gluten-free cooked pasta. 
The color parameters of the cooked pasta samples 
are presented in Table 3 and Fig. 2. As we can 
see, the samples containing 60% potato starch and 

Table 2 Color parameters of uncooked wheat flour pasta and gluten-free pasta with psyllium husk or carboxymethyl cellulose

Samples Color parameters 
L* (lightens) a* (redness) b* (yellowness) Color intensity

Control 61.73i 3.22a 13.20d 1.510d

Gluten-free pasta with  
psyllium husk:
A  (0% of potato starch) 68.86h 1.77c 15.93ab 1.530c

B (15%) 70.36g 1.67cd 15.30bc 1.530c

C (30%) 71.90f 1.57cd 14.73bc 1.540b

D (45%) 73.96d 1.49cd 14.33c 1.540b

E (60%) 75.70b 1.46cd 14.26c 1.540b

Gluten-free pasta with 
carboxymethyl cellulose: 
F (0% of potato starch) 69.50h 2.52b 16.70a 1.530c

G (15%) 70.86g 1.71cd 15.60ab 1.536b

H (30%) 72.80e 1.68cd 15.23bc 1.540b

I (45%) 74.86c 1.36cd 15.16bc 1.540b

J (60%) 77.50a 1.29d 15.06bc 1.550a

Means in the same column with different letters are significantly different (P ≤ 0.05)

Figure 1 Texture profile analysis of uncooked pasta: Control – 100 % wheat flour pasta; A, F – no potato starch;  
B, G – 15% of potato starch; C, H – 30% of potato starch; D, I – 45% of potato starch; E, J – 60% of potato starch

H
ar

dn
es

s o
f u

nc
oo

ke
d 

pa
st

a,
 N

GFP containing 2.5% PsH GFP containing 2.5% CMC 

0

60

50

40

30

20

10

70



333

Faheid S.M.M. et al. Foods and Raw Materials. 2022;10(2):329–339

carboxymethyl cellulose or psyllium husk (samples J 
and E) recorded the highest values of L* (more lightness), 
with no significant difference between them. However, 
they showed significant differences when compared to 
the other samples (P ≤ 0.05). Consequently, lightness 
was affected by the content of potato starch in the 
samples, with higher contents leading to lighter color. 
The control sample had the lowest value of lightness.

The highest redness (a*) values were recorded 
in the samples containing 45% white corn flour, 
45% rice flour, 10% soy protein isolate, and 2.5% 
carboxymethyl cellulose or 2.5% psyllium husk, with 
no significant differences. The lowest redness was 
observed in the samples containing 60% potato starch 
with 2.5% carboxymethyl cellulose or 2.5% psyllium 
husk. However, the lowest value of color intensity was 
significantly recorded in the control sample, with no 
significant differences between the gluten-free samples.

Our results were in agreement with those of Yaseen 
and Shouk [30]. The authors found that pasta with corn 
starch had higher lightness and lower redness values 
compared to the control (100% wheat flour). Similarly, 
Mohammadi et al. reported that increased amounts of 
rice flour in gluten-free products led to higher lightness 
of the final product [31]. 

The quality of gluten-free cooked pasta. The 
cooking time and quality parameters of the pasta 
samples prepared with hydrocolloids (carboxymethyl 
cellulose and psyllium husk) are presented in  
Table 4. As can be seen, the optimum cooking time was 
highest (13.16 min) for the control sample (P ≤ 0.05) 
compared to the other samples except for the samples 
without potato starch (A and F). However, the optimum 
cooking time gradually decreased with higher contents 
of potato starch. Also, potato starch had a positive effect 

on the cooking yield, whether the samples contained 
carboxymethyl cellulose or psyllium husk as binding 
agents.

The swelling index of pasta is an indicator of how 
much water is absorbed by starch and proteins during 
cooking. It is utilized for the gelatinization of starch 
and hydration of proteins [32]. According to Table 
4, the swelling index was the lowest (142.82) for the 
control sample and highest (190.60) for the psyllium 
husk sample with 60% of potato starch (sample E), with 
significant difference. The swelling index was also high 
(186.66) for the carboxymethyl cellulose with 60% of 
starch (sample J). 

Cooking loss is defined as the quantity of solids 
going into water during cooking. It determines the 
quality of pasta, with compact-textured pasta having 
a lower cooking loss [33]. According to our results  
(Table 4), the control sample significantly recorded the 
lowest value of cooking loss (6.16%). We also found that 
potato starch had a negative effect on the quality of the 
gluten-free pasta, i.e., higher contents of potato starch 
gradually increased cooking loss. However, this negative 
effect was reduced by adding psyllium husk.

The results also showed a significantly high value 
of nitrogen loss in the gluten-free samples with 
carboxymethyl cellulose, compared to the control and 
the samples with psyllium husk. Moreover, potato 
starch significantly increased nitrogen loss in the 
carboxymethyl cellulose samples. In general, nitrogen 
loss ranged from 12.10 to 40.55% in the samples with 
carboxymethyl cellulose and from 6.50 to 10.20% in the 
samples with psyllium husk. 

In the study by De Arcangelis et al., such hydro- 
thermal treatments inhibited granule swelling, retarded 
gelatinization, and increased starch paste stability, 
having thus enhanced the texture properties and cooking 

Table 3 Color parameters of cooked wheat flour pasta and gluten-free pasta with psyllium husk or carboxymethyl cellulose

Samples Color parameters 
L* (lightens) a* (redness) b* (yellowness) Color intensity

Control 52.70c 2.80ab 19.20b 1.50b

Gluten-free pasta with  
psyllium husk:
A (0% of potato starch) 57.84b 3.03a 21.23a 1.51a

B (15%) 57.94b 2.90ab 20.40ab 1.51a

C (30%) 58.57b 2.83ab 20.20ab 1.51a

D (45%) 58.80b 2.73b 19.46b 1.51a

E (60%) 60.70a 2.33c 16.40c 1.51a

Gluten-free pasta with 
carboxymethyl cellulose:
F (0% of potato starch) 57.90b 3.03a 21.23a 1.51a

G (15%) 58.50b 2.90ab 20.33ab 1.51a

H (30%) 58.80b 2.76b 19.53b 1.51a

I (45%) 58.90b 2.73b 19.40b 1.51a

J (60%) 61.66a 2.10d 14.76d 1.51a

Means in the same column with different letters are significantly different (P ≤ 0.05)
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behavior of rice noodles [32]. Further, Khosla et al. 
reported that higher contents of rice flour in gluten-free 
pasta might increase the optimum cooking time [34]. 

The texture profile of gluten-free cooked pasta. 
The textural properties of cooked pasta are an important 
parameter that determines the overall acceptability by 
consumers [35]. The results of texture profile analysis of 
our gluten-free cooked pasta against the control (100% 
wheat flour) are shown in Table 5. 

During the first bite, we obtained hardness, 
adhesiveness, and resilience values.  

Hardness is defined as the maximum load applied to 
the samples during a compression cycle, corresponding 
to the peak force [36]. According to Table 5, the control 
pasta recorded the highest value of cycle 1 hardness 
(3.96 N) compared to the gluten-free samples. This 
result was in agreement with Larrosa et al. who stated 

that wheat control pasta showed higher hardness values 
than all gluten-free tagliatelles, demonstrating the 
impact of the gluten matrix on tagliatelle texture [37]. 

In our study, the gluten-free samples with psyllium 
husk had higher hardness values than those with 
carboxymethyl cellulose, ranging from 3.31 to 1.76 N 
and from 1.73 to 0.69 N, respectively. We also found  
that higher contents of potato starch decreased the 
hardness values in all gluten-free samples. Similarly, 
Detchewa et al. reported an increase in the hardness 
of gluten-free spaghetti when hydrocolloids were 
incorporated [38].

Adhesiveness measures the extent to which the 
product gets attached to teeth and is considered the 
most undesirable characteristic of pasta [39]. According 
to Table 5, the control pasta recorded the lowest 
value of adhesiveness (0.1 mJ). As for the gluten-
free pasta, the samples with psyllium husk had lower 

Table 4 Cooking time and quality parameters of cooked wheat flour pasta and gluten-free pasta with psyllium husk or 
carboxymethyl cellulose

Samples Optimum cooking 
time

Cooking yield Swelling index Cooking loss Nitrogen loss

Control 13.16a 136.93g 142.83h 6.16j 4.00h

Gluten-free pasta with 
psyllium husk:
A (0% of potato starch) 12.83ab 144.80f 159.43f 6.83i 6.50gh

B (15%) 12.50b 152.60e 171.46e 7.36h 6.80g

C (30%) 12.00c 160.40d 178.43d 8.30g 7.30g

D (45%) 11.33d 175.40b 182.80c 8.90f 9.00fg

E (60%) 10.16e 183.80a 190.60a 9.80e 10.20ef

Gluten-free pasta with
carboxymethyl cellulose:
F (0% of potato starch) 13.00a 120.80h 150.00g 9.70e 12.10e

G (15%) 12.00c 132.80g 157.53f 11.43d 17.30d
H (30%) 11.33d 142.40f 169.33e 13.30c 21.60c

I (45%) 10.33e 154.40e 182.93c 15.40b 34.50b

J (60%) 10.00e 166.40c 186.66bc 18.76a 40.55a

Means in the same column with different letters are significantly different (P ≤ 0.05)

                  Control                         A                                B                               C                                 D                                E

            F                                G                               H                                I                                J

Figure 2 Gluten-free pasta samples: Control – 100% wheat flour; A – psyllium husk without potato starch ; B – psyllium husk + 15% of potato 
starch; C – psyllium husk + 30% of potato starch; D – psyllium husk + 45% of potato starch; E – psyllium husk + 60% of potato starch; F – 
carboxymethyl cellulose without potato starch; G – carboxymethyl cellulose + 15% of potato starch; H – carboxymethyl cellulose + 30% of potato 
starch; I – carboxymethyl cellulose + 45% of potato starch; J – carboxymethyl cellulose + 60% of potato starch
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values of adhesiveness (0.2–0.3 mJ) than those with 
carboxymethyl cellulose (0.3–0.7 mJ). 

These results reflect the good quality of the control 
wheat pasta compared to the gluten-free pasta. They 
also show that psyllium husk improved the quality 
of gluten-free pasta compared to the samples with 
carboxymethyl cellulose. Piwinska et al. reported such 
special qualities of durum wheat pasta as high hardness, 
low adhesiveness, low cooking loss, and tolerance to 
overcooking [40].  

During the second bite, we obtained hardness, 
cohesiveness, springiness, gumminess, and chewiness 
values (Table 5). As we can see, the control had a lower 
value of hardness (3.74 N) compared to the same sample 
in cycle 1 (3.96 N), with a decreasing rate of 5.55%. In 
the gluten-free pasta, the decreasing rate of hardness 
from cycle 1 to cycle 2 ranged from 4.53 to 52.27% in 
the samples with psyllium husk and from 5.20 to 47.54% 
in those with carboxymethyl cellulose. The maximum 
decrease was recorded in the carboxymethyl cellulose 
sample with 45% potato starch.

Cohesiveness quantifies the internal resistance of 
food structure and can be briefly defined as an ability of 
a material to stick to itself [41]. According to our results, 
the highest value of cohesiveness (0.90) was recorded in 
the control sample. Also, quite high (0.75) cohesiveness 
was in the psyllium husk sample without potato starch 
(sample A). We also found that cohesiveness values 
gradually decreased with the increasing contents of 
potato starch. 

Springiness measures elasticity by determining 
the extent of recovery between the first and the second 
compression. According to our results, the control 
sample recorded the highest value of springiness 
(4.95 mm). In the gluten-free samples with psyllium 
husk, springiness ranged from 4.58 to 3.34 mm, whilst 

in those with carboxymethyl cellulose, from 4.30 to  
1.80 mm. Also, the control sample recorded the highest 
values of gumminess and chewiness. 

Among the gluten-free samples, those with psyllium 
husk had higher values of gumminess and chewiness 
than those with carboxymethyl cellulose. We found 
that higher contents of potato starch in the gluten-free 
samples decreased their gumminess and chewiness. 
These results showed a more positive effect of psyllium 
husk than carboxymethyl cellulose. 

As reported by Udachan and Sahoo, the primary 
parameters of pasta quality are hardness, springiness, 
and cohesiveness (they should be higher), whereas the 
secondary parameters are chewiness and resilience [9]. 
Generally, our results were in agreement with Anisa et al. 
who stated that gluten-free pasta was characterized by 
lower hardness, gumminess, chewiness, and springiness, 
and it had higher adhesiveness than wheat pasta [42].

Sensory evaluation of gluten-free cooked pasta. 
Sensory evaluation is a unique tool that uses human 
senses to determine organoleptic characteristics of a 
food product and the consumer’s attitude to it. Therefore, 
it is a reliable comprehensive test of the final product’s 
quality. Additionally, sensory evaluation provides 
important reference information to be compared with 
the results of instrumental or chemical methods [43]. 

In our study, the cooked gluten-free pasta samples 
were evaluated on a hedonic scale, with a wheat sample 
(72% ext.) used as a control (Table 6). We found no 
significant differences (P ≤ 0.05) in color between the 
control sample and those containing 15, 30, 45, and 
60% of potato starch and 2.5% psyllium husk or 30, 45, 
and 60% of carboxymethyl cellulose. There were no 
significant differences in texture between the control 
sample and sample B containing 15% potato starch and 
2.5% psyllium husk. Sample B had the most optimal 

Table 5 Texture profile analysis of cooked pasta under study

Samples First bite Second bite
Hardness 
cycle 1, N

Adhesiveness,  
mJ

Resilience Hardness 
cycle 2, N

Cohesiveness Springiness, 
mm

Gumminess Chewiness,  
mJ

Control 3.96 0.1 0.61 3.74 0.90 4.95 3.56 17.64
Gluten-free pasta with  
psyllium husk:
A (0% of potato starch) 3.31 0.2 0.57 3.16 0.75 4.58 2.48 11.37
B (15%) 3.11 0.2 0.53 2.94 0.66 4.33 2.05 8.89
C (30%) 2.33 0.2 0.45 1.93 0.45 4.24 1.05 4.45
D (45%) 1.84 0.3 0.36 1.26 0.42 3.67 0.77 2.84
E (60%) 1.76 0.3 0.32 0.84 0.38 3.34 0.67 2.23
Gluten-free pasta with 
carboxymethyl cellulose:
F (0% of potato starch) 1.73 0.3 0.55 1.64 0.83 4.30 1.09 4.69
G (15%) 1.46 0.4 0.36 0.87 0.43 4.04 0.63 2.54
H (30%) 1.44 0.5 0.14 0.72 0.32 3.79 0.46 1.75
I (45%) 1.22 0.6 0.12 0.64 0.05 2.19 0.06 0.13
J (60%) 0.69 0.7 0.10 0.56 0.04 1.80 0.03 0.05
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content of potato starch among those containing 
psyllium husk as a binding agent, since increased levels 
of potato starch (30, 45, and 60%) significantly lowered 
the scores for texture. Also, psyllium husk had a more 
positive effect on texture than carboxymethyl cellulose, 
with the texture scores of 3.00–4.60 and 1.40–3.70, 
respectively.

As for flavor, there were no significant differences 
between the control and the gluten-free samples except 
for two carboxymethyl cellulose samples with 45 and 
60% potato starch, respectively. Taste received the 
highest score (5.0) for the control sample (P ≤ 0.05) 
followed by sample B (4.0) containing 15% potato 
starch and psyllium husk. While the best score for taste 
among the carboxymethyl cellulose samples was 3.7 for 
the sample with 15% potato starch, it was significantly 
different from the control sample but not from sample B. 

The best scores for appearance were obtained by the 
control sample and the gluten-free sample containing 
psyllium husk and 15% of potato starch and (sample B), 
with significant differences. However, there were no 
significant differences between the sample containing 
psyllium husk and 30% of potato starch (sample C), and 
the one with carboxymethyl cellulose and 15% of potato 
starch and (sample G). 

Overall acceptability showed no significant 
differences between the control and the gluten-free 
sample containing 15% potato starch and psyllium 
husk. In general, 15% was the most optimal content of 
potato starch in the samples with both psyllium and 
carboxymethyl cellulose. On the other hand, the samples 
with psyllium husk had a better effect on overall 
acceptability than those with carboxymethyl cellulose, 
with the scores of 1.90–4.80 and 1.0–3.50, respectively. 
Our results were consistent with a study by Bolarinwa 

and Oyesiji, where the acceptability of gluten-free rice-
soy pasta was highly ranked for sensory attributes [28]. 
Additionally, Ribeiro et al. stated that incorporating 
legume flour in rice pasta resulted in acceptable 
scores for color, taste, flavor, and appearance [44]. 
Also, Peressini et al. reported that psyllium husk had a 
positive effect on sensory evaluation, improving overall 
acceptability [45].

CONCLUSION 
Based on the overall results, we can conclude that 

hydrocolloids have an important effect on the physical 
and sensory characteristics of gluten-free pasta. The 
experimental samples with psyllium husk used as a 
binding agent had better texture properties due to an 
increased hardness of uncooked pasta, compared to 
the samples with carboxymethyl cellulose. Therefore, 
the cooked samples with psyllium husk showed better 
quality parameters such as swelling index, cooking loss, 
cooking yield, and nitrogen loss, compared to those with 
carboxymethyl cellulose.
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Table 6 Sensory characteristics of cooked wheat flour and gluten-free pasta

Samples Color Texture Flavor Taste Appearance OAA
Control 5.0a 5.0a 5.0a 5.0a 5.0a 5.0a

Gluten-free pasta with  
psyllium husk:
A (0% of potato starch) 4.1bc 3.4bc 4.9ab 3.0d 3.8c 4.0b

B (15%) 4.5ab 4.6a 4.9ab 4.0b 4.5b 4.8a

C (30%) 5.1a 3.9b 4.8ab 3.8bc 4.0c 3.7bc

D (45%) 5.0a 3.3cd 4.7ab 3.3cd 3.3d 3.2c

E (60%) 5.0a 3.0d 4.7ab 2.4e 2.6ef 1.9e

Gluten-free pasta with 
carboxymethyl cellulose:
F (0% of potato starch) 3.7c 3.7bc 4.8ab 3.3cd 3.3d 3.5bc

G (15%) 4.3bc 3.9b 4.7ab 3.7bc 3.9c 3.6bc

H (30%) 5.0a 3.0d 4.7ab 2.9de 2.7e 2.4d

I (45%) 5.0a 2.4e 4.5b 2.4e 2.2f 1.3f

J (60%) 5.0a 1.4f 4.0c 1.3f 1.2g 1.0f

Means in the same column with different letters are significantly different (P ≤ 0.05)
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INTRODUCTION
According to the WHO, average life expectancy is 

steadily increasing worldwide [1]. Over the last 20 years,  
it has grown by 6 years as a result of advances in 
science and medicine. However, behind these advances 
is an increase in diseases associated with aging, which 
has become a serious problem of public health in the  
21st century. Aging is a process that affects the entire 

human body, in particular its cardiovascular, nervous, 
digestive, and immune systems.

The aging process is directly related to oxidative 
stress. Age-related diseases cause structural changes 
in mitochondria, as well as changes in the functions 
of the electron transport chain, which ultimately leads 
to oxidative stress. The cardiovascular system is 
particularly susceptible to this effect, which explains the 
increase in cardiovascular diseases in the elderly [2–5].
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Abstract:
Medicinal plants are sources of natural antioxidants. Acting as reducing agents, these substances protect the human body against 
oxidative stress and slow down the aging process. We aimed to study the effects of bioactive substances isolated from medicinal 
plants on the lifespan of Caenorhabditis elegans L. used as a model organism.
High-performance liquid chromatography was applied to isolate bioactive substances from the extracts of callus, suspension, and 
root cultures of meadowsweet (Filipendula ulmaria L.), ginkgo (Ginkgo biloba L.), Baikal skullcap (Scutellaria baicalensis L.), 
red clover (Trifolium pretense L.), alfalfa (Medicágo sativa L.), and thyme (Thymus vulgaris L.). Their effect on the lifespan of  
C. elegans nematodes was determined by counting live nematodes treated with their concentrations of 10, 50, 100, and  
200 µmol/L after 61 days of the experiment. The results were recorded using IR spectrometry.
The isolated bioactive substances were at least 95% pure. We found that the studied concentrations of trans-cinnamic acid, 
baicalin, rutin, ursolic acid, and magniferin did not significantly increase the lifespan of the nematodes. Naringenin increased 
their lifespan by an average of 27.3% during days 8–26. Chlorogenic acid at a concentration of 100 µmol/L increased the lifespan 
of C. elegans by 27.7%. Ginkgo-based kaempferol and quercetin, as well as red clover-based biochanin A at the concentrations of 
200, 10, and 100 µmol/L, respectively, increased the lifespan of the nematodes by 30.6, 41.9, and 45.2%, respectively.
The bioactive substances produced from callus, root, and suspension cultures of the above medicinal plants had a positive effect 
on the lifespan of C. elegans nematodes. This confirms their geroprotective properties and allows them to be used as anti-aging 
agents.
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The problem of aging is widely covered by the 
free-radical theory of aging developed by Denham 
Harman in the 1950s [6]. According to this theory, 
the body’s defense mechanisms stop responding to 
damage caused by reactive oxygen species, resulting 
in the deterioration of cellular homeostasis, energy 
imbalance, and mitochondrial insufficiency [7].

The molecules of reactive oxygen species include 
nitric oxide, hydrogen peroxide, monoxide radicals, 
superoxide anions, tocopherols, ascorbic acid, and 
polyphenols [8]. Reactive oxygen species alter cellular 
activities such as cell survival, stress responses, and 
inflammation. They are also involved in muscle 
contractions, regulate vascular tone, as well as 
determine bactericidal and bacteriostatic activity [9].  
However, their increase leads to oxidative stress, 
disrupting the balance of antioxidants and pro-
oxidants [10]. This causes damage to macromolecules 
(lipids, DNA, and proteins) and subsequently to whole 
cells, tissues, and organs [4]. Higher concentrations 
of reactive oxygen species in the body promote 
inflammation, which, in turn, can accelerate the 
formation of their molecules [11]. Therefore, it is very 
important to maintain a balance between antioxidants 
and pro-oxidants.

Antioxidants can react with free radicals and 
neutralize them by causing them to decay. The human 
body has three lines of defense against oxidative 
stress. The first line consists of body enzymes such as 
superoxide dismutase, catalase, glutathione peroxidase, 
glutathione S-transferase, and glutathione reductase [12]. 
They prevent cell damage by scavenging free radicals 
that cause premature aging and age-related disorders. 
The first line also includes non-enzymatic molecules 
in the blood plasma such as transferrin, ferritin, 
ceruloplasmin, and albumin [13]. These preventative 
antioxidants inhibit the formation of new reactive 
oxygen species by binding transition metal ions (for 
example, copper and iron). The second line of defense is 
represented by non-enzymatic antioxidants that provide 
intermediate protection against oxidative radicals. The 
third line of defense serves to regenerate biomolecules 
damaged by oxidative stress [14].

However, protection against oxidative stress should 
not be limited to the protective function of the biological 
system itself. Noteworthily, one antioxidant molecule 
is capable of reacting with only one oxidizing radical. 
Therefore, there is a need to replenish antioxidant 
molecules, including the use of supplements.

There are three groups of exogenous antioxidants: 
mineral elements, nutritional antioxidants (carotenoids, 
vitamins E and C), and natural antioxidants 
derived from natural sources commonly known as 
phytochemicals or phytonutrients [15].

Synthetic antioxidants have been widely used until 
recently, but there is some doubt as to their usefulness 
and safety. According to some studies, synthetic 
antioxidants are ineffective against oxidative stress. 
Moreover, their long-term use can lead to diseases such 

as skin allergies, gastrointestinal and cardiovascular 
diseases, and even increase the risk of cancer [16]. 
Therefore, there is a need for thorough research into the 
safety of synthetic antioxidants.

The main sources of exogenous antioxidants are 
fruits, vegetables, cereals, etc. However, modern 
research is focused on traditional medicinal plants as a 
source of natural antioxidants [17, 18].

Since ancient times, plants have been a source of 
many useful substances, including exogenous anti- 
oxidants. These substances act as reducing agents 
that scavenge free radicals, protect the body against 
oxidative stress, and, as a result, maintain a balance 
between oxidants and antioxidants [19]. This is achieved 
due to the presence of polyphenols, tocopherols, 
carotenoids, ascorbic acid, and macromolecules 
(including polysaccharides and peptides), as well as 
essential oils [20].

Polyphenols are substances that contain a multiple 
number of structural units of phenol [21]. Their 
number affects the chemical, biological, and physical 
properties of polyphenolic compounds. Polyphenols 
are represented by flavonoids, phenolic acids, and 
nonflavonoids [22, 23]. Depending on the chemical 
structure, flavonoids are classified into flavonols, 
flavanones, isoflavones, anthocyanins, and flavan-3-ols. 
They are the most abundant class of polyphenols, with 
about 8000 compounds identified to date [24]. A couple 
of decades ago, researchers significantly increased 
their interest in polyphenols due to their beneficial 
properties for humans [25]. In particular, polyphenols 
curb oxidative stress and related conditions through their 
reductive ability to protect cellular components from 
oxidative damage caused by free radicals [26].

Model organisms have become an indispensable 
part of biological studies that would be impossible to 
conduct on humans for ethical or economic reasons [27].  
Studies of aging and age-related diseases require an 
organism with a relatively short lifespan and clearly 
identified genetic factors to ensure reproducibility and 
reliability [28]. Nematodes (Caenorhabditis elegans L.), 
drosophila (Drosophila melanogaster L.), and yeasts 
(Saccharomyces cerevisiae L.) are used to test the effect 
of bioactive substances on lifespan [29, 30].

C. elegans is a non-parasitic, free-living nematode 
that feeds on various bacteria, primarily Escherichia 
coli [31]. This simple multicellular organism up to 1 mm 
long is a hermaphrodite capable of self-fertilization [32]. 
Its hermaphroditic structure contributes to low genetic 
variability [33]. C. elegans has a short life cycle (2– 
4 days) and remains viable for 20–25 days at 20°C as an 
adult [34]. The nematode can be stored in liquid nitrogen 
for an almost unlimited amount of time [35].

C. elegans was first used as a model organism for 
biological research by Sydney Brenner in the 1965s [36]. 
Since then, it has been widely used to study aging and 
associated oxidative stress, as well as neurodegeneration 
and inflammation processes [37].

https://academic.oup.com/ib/article-abstract/11/12/425/5711064
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C. elegans has a number of advantages that explain 
its common uses as a model organism. Firstly, the 
nematode is easily cultivated and has a transparent 
body, which makes it easy to track the changes 
microscopically [33, 38–40]. Secondly, C. elegans has 
four organ systems that are the same as in vertebrates 
(nervous, digestive, immune, and reproductive), which 
allows for reliable and valuable conclusions [41]. Thirdly, 
its short lifespan (20–25 days) enables scientists to 
conduct rapid experiments aimed to study the effect 
of various substances on the lifespan [42]. Finally, the 
nematode’s genome is completely deciphered and 
easily modified, which facilitates studies of the aging  
process [43–46].

Plants of the Siberian Federal Okrug (Russia) are 
potential sources of geroprotectors – substances that can 
slow down the aging process [47].

Meadowsweet (Filipendula ulmaria L.) is a herba- 
ceous perennial plant common in Russia and many 
European countries [48]. Extracts of this plant 
have anticancerous, antioxidant, and anti-inflam- 
matory activity [49]. This activity is associated with 
tannins, phenolic compounds, phenolcarboxylic acids, 
catechins, flavonoids, essential oils, and other bioactive 
substances contained in the roots and flowers of the  
plant [50]. Many previous studies confirm its medicinal 
properties [51, 52]. Rutin, one of its phytochemicals, 
belongs to the class of natural flavonoids and is known 
as quercetin-3-O-rutinoside or vitamin P [53]. It has 
antitumorous, anticarcinogenic, and antimicrobial 
properties [54, 55].

Ginkgo (Ginkgo biloba L.) is a special medicinal 
plant that contains a variety of compounds with a 
unique structure due to its phylogenetic divergence 
from other plants. Its extract obtained by drying 
the leaves is used to treat many neurodegenerative 
diseases (memory impairment, dementia, Alzheimer’s  
disease) [56]. It is also widely applied as an anti-
inflammatory, cardioprotective, and antioxidant  
agent [57]. The plant’s active components are 
flavonoids, terpenoids, polyphenols, and organic 
acids [58]. Quercetin and kaempferol are two of these 
beneficial compounds. Quercetin is a flavonoid that 
has a positive effect on cardiovascular diseases, breast 
cancer, and ischemia [59–62]. Kaempferol is a valuable 
component with anticancerous, antitumorous, and anti-
inflammatory properties [62].

Baikal skullcap (Scutellaria baicalensis L.) belongs 
to the genus Lamiaceae and is still widely used in 
Chinese traditional medicine [63]. This plant grows 
in China, Russia, Mongolia, Japan, and North Korea. 
To date, scientists have identified 126 low-molecular 
weight compounds in it, mostly in its root. These 
compounds include flavonoids, flavonoid glycosides, and 
phenylethanoid glycosides [64]. The most widespread 
and studied of them is baicalin, which is used for various 
medical purposes [66].

Red clover (Trifolium pretense L.) is one of the 
most important representatives of the Leguminosae 
family, numbering over 240 species [66]. It has 
numerous medicinal properties and therapeutic 
effects on respiratory diseases, bacterial and fungal 
infections, tumors, and diabetes [67]. The plant is 
rich in isoflavones (biochanin A, genistein, trifoside), 
flavonoids (quercetin, kaempferol), as well as cinnamic, 
caffeic, and chlorogenic acids [68].

Alfalfa (Medicágo sativa L.) is a flowering plant in 
the Fabaceae family, which is the largest and most 
widespread family in the world. The genus Medicágo 
includes 83 species rich in alkaloids, flavonoids, 
naphthoquinones, and saponins [69]. Naringenin, one 
of its components, is a water-soluble flavonoid of great 
value due to its anticancerous, antioxidant, and anti-
inflammatory effects [70, 71].

Thyme (Thymus vulgaris L.) is an aromatic perennial 
flowering plant belonging to the Lamiaceae family. Its 
therapeutic properties are mainly associated with its 
essential oil that has antitussive, expectorant, antiseptic, 
antimicrobial, and anthelmintic effects [72]. The plant 
is traditionally used to treat oral, gastrointestinal, and 
urinary tract infections, as well as respiratory diseases 
(cough, bronchitis, asthma) [73]. Ursolic acid, one of its 
bioactive substances, is a promising agent against cancer, 
cardiovascular disease, brain and liver diseases, obesity, 
and diabetes [74, 75].

We aimed to study the effect of individual bioactive 
substances on the lifespan of the model organism  
C. elegans.

STUDY OBJECTS AND METHODS
We used individual bioactive substances isolated 

from the extracts of suspension, callus, and root cultures 
of Siberian medicinal plants. The extraction parameters 
are presented in Table 1.

Table 1 Parameters for obtaining extracts from Siberian medicinal plants

Sample Extraction time, h Temperature, °С Ethanol, %
Callus cultures of meadowsweet (Filipendula ulmaria L.) 5 35 70
Suspension cultures of ginkgo (Ginkgo biloba L.) 6 55 70
Root cultures of Baikal skullcap (Scutellaria baicalensis L.) 5 35 70
Callus cultures of red clover (Trifolium pretense L.) 5 70 60
Callus cultures of alfalfa (Medicágo sativa L.) 3 50 70
Callus cultures of thyme (Thymus vulgaris L.) 4 50 70
Root cultures of sweetvetch (Hedysarum neglectum L.) 6 30 70
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High-performance liquid chromatography (HPLC) 
was applied (Shimadzu LC-20 Prominence liquid 
chromatograph, Japan) to isolate the following bioactive 
substances from the extracts of the above cultures:
1. Rutin from the callus culture extract of meadowsweet 
(Filipendula ulmaria) [76];
2. Quercetin from the suspension culture extract of 
ginkgo (Ginkgo biloba) [77];
3. Kaempferol from the suspension culture extract of 
ginkgo (G. biloba) [77];
4. Baicalin from the root culture extract of Baikal 
skullcap (Scutellaria baicalensis) [78];
5. Trans-cinnamic acid from the root culture extract of 
Baikal skullcap (S. baicalensis) [79];
6. Chlorogenic acid from the callus culture extract of red 
clover (Trifolium pratense) [80];
7. Biochanin A from the callus culture extract of red 
clover (T. pratense) [80];
8. Naringenin from the callus culture extract of alfalfa 
(Medicágo satíva) [81];
9. Ursolic acid from the callus culture extract of thyme 
(Thymus vulgaris) [82]; and
10. Magniferin from the root culture extract of 
sweetvetch (Hedysarum neglectum) [83].

To isolate rutin from the callus culture extract 
of meadowsweet, the plant’s ethanol extract was 
evaporated under vacuum at a temperature under 40°C 
on an IKA RV 8 rotary evaporator (IKA, Germany). 
After adding deionized water to 1/4 of the concentrate’s 
initial volume, evaporation continued until a thick 
precipitate was formed. The precipitate was treated 
with a chloroform:ethylacetate mixture for 5 min 
with vigorous stirring in triplicate. The extracts were 
combined and mixed with anhydrous sodium sulfate 
(2.0 g per 100 mL of extract). The mixture was kept for 
3 h at +4°C and then filtered. The residue containing a 
flavonoid fraction was dissolved in 50% ethanol. Then, 
50.0 g of activated carbon was added to the mixture 
and evaporated until a dry residue was formed. The 
adsorbent with the extract residue was transferred to a 
shot filter and successively eluted with methanol, water, 
7% aqueous phenol, and 15% phenol in methyl alcohol. 
The fraction extracted with 7% aqueous phenol was 
treated with 100 mL of diethyl ether in triplicate. The 
resulting extract was evaporated under vacuum to a 
thick precipitate, which was then mixed with 40.0 g 
of silica gel (column chromatography grade, Sigma), 
dried completely, and transferred to a column (5×6 cm 
BioRad) as a suspension in chloroform. The substances 
were eluted with a mixture of chloroform:ethanol (80:20) 
and evaporated to isolate rutin.

To isolate quercetin and kaempferol from the 
suspension culture extract of ginkgo, the extract was 
filtered through cellulose filters, diluted with water, and 
kept at +4°C for 48 h to filter lipid precipitates. The 
extract was then concentrated in a vacuum evaporator 
in the presence of sodium chloride (up to 10% by salt 
content in solution). Resinous substances were removed 
by decantation. Lipophilic substances were purified 

by liquid-liquid extraction with n-heptane to isolate 
terpenolactones. The aqueous phase was extracted with 
n-butanol in triplicate. 

The three phases were combined and concentrated 
under vacuum until a dry precipitate was formed. The 
precipitate was dissolved in a water-alcohol solution 
and purified by liquid-liquid extraction with ethyl 
acetate. The resulting phase was washed with a sodium 
chloride solution and evaporated. The dry residue 
was dissolved in acetone containing 40 wt.% of water, 
cooled to 10°C, and filtered. Flavonogicosides were 
chromatographed on polyamide (Sigma) packed in a 
5.3×250 mm chromatographic column on a BioLogic 
low-pressure chromatograph (BioRad) using gradient 
elution mixtures: chloroform-methanol (100:0 → 60:40)  
and then water-ethanol (100:0 → 0:100). The compo- 
nents were separated and purified by silica gel 
rechromatography (Lachema) using an eluent mixture 
of chloroform:petroleum ether (30:70), followed by 
recrystallization to isolate quercetin and kaempferol.

Baicalin and trans-cinnamic acid were isolated 
from the root culture extract of Baikal skullcap by 
evaporating the extract under vacuum at a temperature 
under 50°C. The evaporated residue was treated with 
diethyl ether in triplicate. The resulting ether fraction 
was chromatographed on silica gel (mobile phase) in 
a n-hexane-acetone gradient (1:0 → 0:1) to isolate 
flavonoids and hydroxycinnamic acids. Baicalin and 
trans-cinnamic acid were isolated by subsequent 
rechromatography on silica gel (mobile phase) with 
n-hexane-chloroform (1:0 → 0:1).

To isolate biochanin A from the callus culture 
extract of red clover, the ethanol extract was vacuum-
evaporated on a rotary evaporator at under 50°C. 
Deionized water was added to the precipitate up to 1/4 of 
the concentrate’s initial volume to continue evaporation 
to a thick precipitate. The precipitate was treated with 
n-hexane for 5 min in triplicate and the suspension was 
treated ultrasonically. The extracts were filtered through 
filter paper and combined. Then, they were evaporated 
under vacuum to a thick precipitate. The precipitate was 
mixed with 50.0 g of silica gel, dried, and transferred 
to a column (5×6 cm BioRad). Then, it was eluted with 
a petroleum ether-ethanol mixture (99:1, 98:2, 97:3, 
95:5, 93:7, 80:20). Biochanin A was isolated from the 
evaporated eluates.

To isolate chlorogenic acid from the callus culture 
extract of red clover, the thick precipitate obtained as 
described above was treated with diethyl ether to isolate 
hydroxycinnamic and coumaric acids. The mixture 
was then evaporated to a dry residue and separated on 
silica gel (column chromatography grade, Sigma) on a 
column (0.65×10 cm BioRad). Then, it was eluted with 
isopropyl alcohol:acetic acid:hexane (65:12:23) to isolate 
chlorogenic acid.

Naringenin was isolated from the alfalfa extract 
as follows. The ethanol extract was evaporated under 
vacuum at under 55°C on a rotary evaporator. The 
residue was mixed with deionized water added to 1/4 of  
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the concentrate’s initial volume to continue vacuum 
evaporation to a thick precipitate. The precipitate was 
placed on a 5×6 cm BioRad chromatographic column 
and eluted with n-hexane to collect 1-mL fractions. The 
resulting extracts were evaporated to a thick precipitate, 
which was then dissolved in ethanol and fractionated 
on LH-20 Sephadex (Aldrich) in toluene. Silica gel was 
eluted with isopropyl alcohol:water (40:60) and then 
evaporated under vacuum to thick residue. The residue 
was dissolved in ethanol and fractionated on LH-20 
Sephadex (Aldrich) in a methanol gradient of 10 → 90% 
to isolate naringenin.

Ursolic acid was isolated from the callus culture 
extract of thyme. For this, the ethanolic extract was 
evaporated under vacuum at under 40°C on a rotary 
evaporator. The residue was mixed with deionized 
water added to 1/4 of the concentrate’s initial volume 
to continue vacuum evaporation to a thick precipitate. 
The resulting precipitate was treated three times with 
dichloromethane for 5 min with vigorous stirring. The 
extracts were combined and mixed with anhydrous 
sodium sulfate (20.0 g per liter of extract). The mixture 
was kept for 3 h and filtered through a paper filter. The 
filtered precipitate was dissolved in ethanol. The ethanol 
fraction was passed through an AN-1 anion exchanger 
(State Standard 20301-74) and washed with water-
ethanol eluents (up to 50% of ethanol). Then, it was 
desorbed with 0.1 M hydrochloric acid to isolate ursolic 
acid.

Magniferin was isolated from the root culture extract 
of sweetvetch. The ethanol extract was evaporated 
in a vacuum evaporator at 45°C. The residue was 
fractionated on a BioLogic low-pressure chromatograph 
(BioRad) using silica gel (column chromatography 
grade, Sigma). Petroleum ether-ethyl acetate was used as 
an eluent (100:0; 50:1; 20:1; 10:1; 5:1; 2:1; 1:1; and 0:1). 
Methanol was fed to the column to desorb gallic acid, 
resulting in nine 300-mL fractions collected. A crude 
crystal of magniferin was obtained from fraction 3. 
Then, it was recrystallized from a mixture of petroleum 
ether:acetone (20:1) and purified by rechromatography 
on CL6B Sepharose (Sigma – Aldrich) using a BioLogic 
low-pressure chromatograph (BioRad) to isolate pure 
mangiferin.

All the isolated bioactive substances were at least 
95% pure. Their IR spectra were registered on an  
SF-2000 instrument (OKB Spektr, Russia).

Further, we analyzed the effect of bioactive 
substance concentrations on the lifespan of wild-type 
Caenorhabditis elegans nematodes (strain N2 Bristol, 
www.wormbook.org). Our study consisted of five stages 
described below.

Cultivation of nematodes on solid agar. 
Obtaining an Escherichia coli bacterial culture.  

E. coli OP50 was seeded on Petri dishes with a Lysogeny 
broth (L-broth) solid medium (HiMedia Laboratories, 
India). Then, under sterile conditions, one bacterial 
colony was selected and placed in 5–10 mL of L-broth 
(HiMedia Laboratories, India) to incubate at 37°C 

overnight with vigorous stirring. After that, the culture 
was transferred to a refrigerator and stored at +4°C.

Inoculating E. coli OP50 on NGM agar plates. 50 
µL of the E. coli OP50 overnight culture was placed in 
the center of a 100-mm Petri dish. Using a sterile glass 
rod, the drop was distributed over the center of the dish 
in the shape of a square, without touching the walls, and 
incubated at 37°C for a day. After incubation, the dishes 
were wrapped in parafilm and stored in the refrigerator 
for several weeks.

Preparing NGM agar plates. After autoclaving, the 
sterile NGM agar was cooled to 55°C in a water bath. 
Then, the cooled nutrient medium was mixed with 1 mL 
of 1 M CaCl2, 1 mL of 5 mg/mL cholesterol in alcohol, 
1 mL of 1 M MgSO4, and 25 mL of 1 M K3PO4 buffer. 
After thorough mixing, it was poured into sterile Petri 
dishes, 20 mL each. To ensure the absence of bacterial 
contamination, the dishes were left for 2–3 days at room 
temperature.

Transferring nematodes to new NGM agar 
dishes. The nematodes were transferred in two ways: 
with a loop and with a piece of agar. The first method 
involved hooking a nematode with a calcined and cooled 
bacteriological loop and planting it on a bacterial lawn 
in the center of a new NGM Petri dish with agar. The 
second method involved cutting a 0.5×0.5 cm piece of 
agar containing a nematode with a sterile scalpel and 
transferring it to the center of the dish surface down. 
The dishes were incubated at 20°C.

Nematode synchronization. 5–10 mL of sterile 
water was pipetted on the surface of the dish containing 
a nematode until its eggs were completely attached 
to the agar. The liquid from the Petri dish was placed 
in a 50 mL tube and centrifuged for 2 min (1200 rpm). 
Then, the supernatant was removed and the precipitate 
was washed with 10 mL of distilled water to repeat 
centrifugation under the above conditions. 

After repeated centrifugation, the supernatant was 
removed and the precipitate was mixed with 5 mL 
of a freshly prepared mixture of 1 mL of 10 N NaOH, 
2.5 mL of household bleach, and 6.5 mL of H2O. The 
mixture was thoroughly vortexed (Biosan, Latvia) for 
10 min with 2 min intervals to observe the hydrolysis 
of nematodes under an Axio Observer Z1 microscope 
(Karl Zeiss, Germany). At the end of the process, 5 mL 
of M9 medium was added to neutralize the reaction. The 
resulting mixture was centrifuged for 2 min (2500 rpm).  
After that, the supernatant was removed and the 
precipitate was mixed with 10 mL of sterile water to 
repeat the washing and centrifugation three times. Then, 
the precipitate was washed with 10 mL of S-medium 
and the supernatant was removed. Finally, 10 mL of 
S-medium was added and the test tube with nematode 
eggs was placed on a slow shaker for a day at room 
temperature for the complete transfer of the nematodes 
to the L1 stage.
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Cultivation of nematodes in a liquid medium. 
After the nematodes passed to the L1 stage, an overnight 
bacterial culture of E. coli OP50 was added to the 
S-medium. The culture had previously been washed and 
resuspended in the S-medium to a bacterial concentration 
of 0.5 mg/mL. Then, 120 μL amounts of the suspension 
containing the bacteria and nematodes were poured into 
each well of a 96-well plate (TPP, Switzerland). The plate 
was sealed with a film and left for 48 h at 20°C. 

After that, 15 µL of 1.2 mM 5-fluoro-2-deoxyuredin 
was poured into each well of the plate to prevent the 
nematodes from reproduction and left for a day at 20°C. 
At the end of incubation, the nematodes entered the L4 
stage. Then, 15-μL amounts of the bioactive substances 
under study were added to the wells in accordance with 
the experiment plan.

Preparation of bioactive substances. Stock 
solutions of bioactive substances were prepared in 
dimethyl sulfoxide at a concentration of 10 mmol/L. 
The substances were tested by diluting stock solutions 
in sterile distilled water to concentrations of 2000, 
1000, 500, and 100 µM. Each well was filled with 15 µL  
of freshly prepared stock solutions so that working 
concentrations of each bioactive substance reached 2000, 
1000, 500, and 100 µmol/L, respectively. The stocks 
were stored at 4°C.

Effects of bioactive substances on nematode 
lifespan. The effect of bioactive substances at 
concentrations of 0, 10, 50, 100, and 200 µmol/L on the 
lifespan of C. elegans was determined by the number 
of nematodes surviving in the presence of the tested 
substances. The experiment was carried out in 6-fold 
repetitions using 96-well plates and a liquid S-medium 
for nematode cultivation. The numbers of live and dead 
nematodes were counted every 4–7 days during the 
61-day experiment. The experiment was considered 
completed when there were no live nematodes left in the 
control group.

Each concentration of bioactive substances was 
studied in 6-fold repetitions. Statistical data were 
analyzed in the Microsoft Office Excel 2007. Statistical 
analysis was performed using a paired Student’s t-test 
for each pair of interests. Differences were considered 
statistically significant at P < 0.05.

RESULTS AND DISCUSSION
The effects of the bioactive substances obtained 

from the extracts of suspension, callus, and root 
cultures of Siberian medicinal plants on the lifespan of 
Caenorhabditis elegans L. nematodes are graphically 
presented in Fig. 1.

As can be seen in Fig. 1a, rutin, which was isolated 
from the extract of meadowsweet callus culture, did 
not significantly increase the lifespan of C. elegans 
nematodes. At concentrations of 50 and 100 µmol/L, it 
had a positive effect from day 8 to day 34, but then the 
number of surviving nematodes approached the control. 
Its greatest effect was observed at a concentration of 

50 µmol/L on day 13, with the survival rate of 32.3% 
(15.3% higher than in the control group).

Quercetin, which was obtained from the suspension 
culture extract of ginkgo, had a significant effect on 
the lifespan of C. elegans nematodes at concentrations 
of 10 and 100 µmol/L (Fig. 1b). The proportion of 
surviving nematodes was 32.6–4.6% from day 8 to day 
45 of the experiment. On day 8, all the concentrations 
of quercetin had a positive effect on the lifespan. The 
proportions of surviving nematodes treated with 10, 50, 
100 and 200 µmol/L of this bioactive substance were 
72.9, 74.0, 67.5, and 63.6%, respectively (higher than 
in the control nematodes by 41.9, 43.0, 36.5, and 32.6%, 
respectively).

Of special interest was kaempferol obtained from 
the suspension culture extract of ginkgo (Fig. 1c). At a 
concentration of 50 µmol/l, this substance increased 
the lifespan of nematodes throughout the experiment 
(except for 3 days), compared to the control. The 
nematode population was active, reaching 10.3% on 
day 61. We also observed kaempferol’s positive effect 
at a concentration of 10 µmol/L in the period of 8 to 61 
days. The maximum proportion of surviving nematodes 
treated with this concentration was registered on day 8 
at 48.6%, which was 17.6% higher than in the control 
group. However, the greatest increase in the nematode 
lifespan was provided by a concentration of 200 µmol/L 
on day 8, with the survival rate of 61.6% (by 30.6% 
higher than in the control nematodes).

Baicalin was produced from the root culture of 
Baikal skullcap (Fig. 1d). At concentrations of 10, 100, 
and 200 µmol/L, it increased the lifespan of nematodes 
from day 8 to day 13. After that period, the number of 
surviving nematodes exposed to 200 µmol/L baicalin 
became lower than in the control group. During 
days 13–17, their lifespan increased only at baicalin’s 
concentrations of 10 and 100 µmol/L. From day 17 until 
the end of the experiment, the number of surviving 
nematodes treated with 10, 50, and 200 µmol/L baicalin 
was greater than in the control group. Noteworthily, 
the end of the experiment saw greater proportions 
of surviving nematodes treated with baicalin at all 
concentrations (10, 50, 100, and 200 µmol/L) than that of 
the control (by 4.3, 6.7, 2.3, and 2.1%, respectively).

Trans-cinnamic acid was isolated from the root 
culture extract of Baikal skullcap (Fig. 1e). As we can 
see, on day 8, its concentrations of 10, 50, 100, and  
200 µmol/L increased the lifespan of nematodes by 18.1, 
26.3, 24.1, and 36.6%, respectively. During days 13–34,  
the concentration of 200 µmol/L had no positive 
effect on the lifespan of nematodes, unlike the other 
concentrations. However, from day 34 to the end of the 
experiment, trans-cinnamic acid at all concentrations 
increased the percentage of surviving nematodes. The 
greatest increase in the lifespan was observed in the 
nematodes treated with 50 µmol/L of this bioactive 
substance (9.8%).

Chlorogenic acid obtained from the callus culture 
extract of red clover showed a generally positive effect 
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Figure 1 Beginning. Effects of bioactive substances isolated from the extracts of suspension, callus, and root cultures 
of medicinal plants on the lifespan of Caenorhabditis elegans nematodes: (a) rutin from the suspension culture extract of 
meadowsweet; (b) quercetin from the suspension culture extract of ginkgo; (c) kaempferol from the suspension culture extract of 
ginkgo; (d) baicalin from the root culture extract of Baikal skullcap; (e) trans-cinnamic acid from the root culture extract of Baikal 
skullcap; (f) chlorogenic acid from the callus culture extract of red clover; (g) biochanin A from the callus culture extract red 
clover; (h) naringenin from the callus culture extract of alfalfa; (i) ursolic acid from the callus culture extract of thyme;  
(j) magniferin from the root culture extract of sweetvetch
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Figure 1g shows the effect of biochanin A isolated 
from red clover callus culture. As we can see, the 
best survival rate was provided by this substance 
at 100 µmol/L. Unlike the other concentrations, this 
concentration had a positive effect on C. elegans 
throughout the entire experiment. Days 8–20 saw the 
highest survival rates, with the greatest increase in 
lifespan occurring on day 13 (by 45.2% compared to 
the control). Noteworthily, 200 µmol/L of biochanin 
A had a negative effect on the survival and lifespan 
of C. elegans almost throughout the experiment, 
except for the very end. On day 61, the proportion of 
surviving nematodes increased by 1.8% and amounted 
to 2.5% (compared to 0.7% in the control group). The 
concentrations of 10 and 50 µmol/L increased the 

on the lifespan of C. elegans (Fig. 1f). As can be seen, 
100 µmol/L of this substance increased the survival of 
nematodes throughout the experiment, with the greatest 
increase (by 40.1%) on day 8. The other concentrations 
showed varying survival rates. Days 8–13 saw greater 
lifespans in the nematodes exposed to chlorogenic 
acid at all four concentrations. During days 13–26, 
increased lifespan was provided by the concentrations 
of 10, 50, and 100 µmol/L. The maximum survival 
rate was observed on day 20 (27.7%) in the nematodes 
treated with 100 µmol/L of chlorogenic acid. From day 
26 to day 34, the concentration of 200 µmol/L had no 
effect on the lifespan of C. elegans. However, from day 
45 to the end of the experiment, chlorogenic acid had a 
positive effect again at all its concentrations.

Figure 1 Ending. Effects of bioactive substances isolated from the extracts of suspension, callus, and root cultures of 
medicinal plants on the lifespan of Caenorhabditis elegans nematodes: (a) rutin from the suspension culture extract of 
meadowsweet; (b) quercetin from the suspension culture extract of ginkgo; (c) kaempferol from the suspension culture extract of 
ginkgo; (d) baicalin from the root culture extract of Baikal skullcap; (e) trans-cinnamic acid from the root culture extract of Baikal 
skullcap; (f) chlorogenic acid from the callus culture extract of red clover; (g) biochanin A from the callus culture extract red 
clover; (h) naringenin from the callus culture extract of alfalfa; (i) ursolic acid from the callus culture extract of thyme;  
(j) magniferin from the root culture extract of sweetvetch
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Figure 1 Effects of bioactive substances isolated from the extracts of suspension, callus, and root cultures of medicinal plants on th e lifespan of Caenorhabditis elegans
nematodes: a – rutin from the suspension culture extract of meadowsweet; b – quercetin from the suspension culture extract of ginkgo; c – kaempferol from the suspension culture 
extract of ginkgo; d – baicalin from the root culture extract of Baikal skullcap; e – trans-cinnamic acid from the root culture extract of Baikal skullcap; f – chlorogenic acid from the 
callus culture extract of red clover; g – biochanin A from the callus culture extract red clover; h – naringenin from the callus culture extract of alfalfa; i – ursolic acid from the callus 

culture extract of thyme; j – magniferin from the root culture extract of sweetvetch
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Figure 1 Effects of bioactive substances isolated from the extracts of suspension, callus, and root cultures of medicinal plants on th e lifespan of Caenorhabditis elegans
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survival of nematodes during days 13–45 by an average 
of 8.4 and 9.1%, respectively. Both concentrations 
provided maximum lifespan increases during days 
13–20 and had a weaker effect towards the end of the 
experiment. From day 26 to day 61, biochanin A at 10, 
50, and 200 µmol/L had no significant effect on the 
lifespan of nematodes compared to the control group.

Naringenin was isolated from the extract of alfalfa 
callus culture. As shown by Fig. 1h, its concentration 
of 100 µmol/L had the greatest effect on the lifespan 
of nematodes compared to the other concentrations, 
especially during days 8–26. During that period, 
the survival of nematodes increased by an average 
of 27.3% compared to the control group, with 
maximum survival on day 13 (by 35.4%). The other 
concentrations of naringenin (10, 50, and 200 µmol/L) 
did not have a significant effect on the survival or 
lifespan of nematodes.

Ursolic acid was isolated from thyme callus 
culture. According to Fig. 1i, it had no significant 
effect on the lifespan of nematodes at all its 
concentrations. The greatest increase in survival (by 
14.1%) was observed on day 8 in the nematodes treated 
with 100 µmol/L of ursolic acid.

Similarly, we found no positive effect in magniferin 
obtained from the root culture extract of sweetvetch (Fig. 
1j). Moreover, its concentrations of 100 and 200 µmol/L  
reduced the proportion of surviving nematodes from 
day 13 to day 55 of the experiment. The greatest 
increases in the lifespan of nematodes were observed 
at magniferin concentrations of 10 and 50 µmol/L on 
day 8, amounting to 19.3 and 24.2%, respectively. At 
the end of the experiment, the longest lifespan was  
demonstrated by the nematodes exposed to 100 µmol/L 
of magniferin (1.4%).

CONCLUSION
Having applied HPLC methods, we isolated the 

following bioactive substances from the extracts of 
callus, suspension, and root cultures of medicinal plants 
growing in the Siberian Federal Okrug: rutin – from 
the callus culture extract of meadowsweet (Filipendula 
ulmaria L.); quercetin – from the suspension culture 
extract of ginkgo (Ginkgo biloba L.); kaempferol  – from 
the suspension culture extract of ginkgo (G. biloba); 
baicalin – from the root culture extract of Baikal 
skullcap (Scutellaria baicalensis L.); trans-cinnamic 
acid – from the root culture extract of Baikal skullcap  
(S. baicalensis); chlorogenic acid – from the callus 
culture extract of red clover (Trifolium pretense L.); 

biochanin A – from the callus culture extract of red 
clover (T. pratense); naringenin – from the callus 
culture extract of alfalfa (Medicágo sativa L.); ursolic 
acid – from the callus culture extract of thyme (Thymus 
vulgaris L.); and magniferin – from the root culture 
extract of sweetvetch (Hedysarum neglectum L.). All 
the bioactive substances were at least 95% pure and 
were registered using IR spectroscopy on an SF-2000 
instrument (OKB Spektr, Russia).

We determined the effect of the above bioactive 
substances at concentrations of 10, 50, 100, and  
200 µmol/L on the lifespan of Caenorhabditis elegans 
nematodes, which are widely used as model organisms 
to study the aging process. We used 96-well plates for 
the experiment that lasted 61 days. Surviving nematodes 
were counted every 4–7 days and the experiment 
was considered completed when there were no live 
nematodes left in the control group. Stock solutions of 
the following bioactive substances were prepared for 
the experiment: rutin, quercetin, kaempferol, baicalin, 
trans-cinnamic acid, chlorogenic acid, biochanin A, 
naringenin, ursolic acid, and magniferin.

Trans-cinnamic acid, baicalin, rutin, ursolic acid, and 
magniferin did not significantly increase the lifespan of the 
nematodes. 

Chlorogenic acid and naringenin had a little 
effect on the lifespan of nematodes, while quercetin, 
kaempferol, and biochanin A demonstrated their high 
survival.

Noteworthily, the greatest proportions of surviving 
nematodes treated with various concentrations of 
bioactive substances were recorded on days 8 to 13 
for all the experimental samples. Then, the lifespan of  
C. elegans decreased and their survival rates 
approached those of the control group.

Thus, 200 µmol/L of kaempferol, 10 µmol/L of 
quercetin (both obtained from ginkgo suspension 
culture extract), and 100 µmol/L of biochanin A 
(obtained from red clover callus culture extract) 
increased the lifespan of C. elegans nematodes by 
30.6, 41.9, and 45.2%, respectively, compared to the 
control (days 8 and 13). These results suggest that 
the mentioned bioactive substances can be effectively 
used as anti-aging agents.
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Abstract:
The cowpea (Vigna unguiculata L.) is a legume produced and consumed all over Africa and especially in Nigeria. These beans 
are a major source of protein in the region. The cowpea weevil (Callosobruchus maculatus L.) is a major pest that affects cowpea 
seeds. Therefore, cowpea farmers need effective non-toxic pesticides to replace synthetic chemicals. The present research tested 
the effect of Balanites aegyptiaca L. essential oil on cowpea weevils.
This research quantified weevil proliferation and cowpea seed qualities. The samples were treated with 5, 10, and 15 mL 
of B. aegyptiaca essential oil diluted in 1 mL of acetone and stored in five storage materials, i.e., jute bags, polythene bags, 
sacks, plastic containers, and glass bottles. The study featured a completely randomized design with three replications of each 
treatment: treatment time – 90 days, storage temperature – 30 ± 5°C, check – 0.125 g of aluminum phosphide, control – acetone.
B. aegyptiaca essential oil proved to be an effective insecticide against cowpea weevils. The treatment achieved 100% mortality 
rate at 10 and 15 mL of B. aegyptiaca essential oil after 72 h of exposure in glass bottles, plastic containers, and jute bags. In 
addition, B. aegyptiaca essential oil demonstrated a potent activity against oviposition and survival of immature cowpea weevils. 
Cowpea seeds packaged in glass bottles, plastics containers, and jute bags showed significantly less damage than those stored in 
sacks and polythene bags. Glass bottles were the best storage material in terms of safety and shelf stability, followed by plastic 
containers and jute bags. 
B. aegeptica essential oil has potent insecticidal properties and can be used as pest control during grain storage. 
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INTRODUCTION
The cowpea, Vigna unguiculata (L.), is a legume 

of the Fabaceae family. It is one of the most important 
legume crops in the world. The plant thrives in 
temperate climate and requires little agricultural inputs 
for growth [1]. Cowpeas are popular and cheap in many 
developing countries. In Nigeria, for instance, they are 
a major staple crop. Small-holder farmers are the major 
producer of cowpea grains in Nigeria [2]. 

Cowpeas serve as a rich and affordable source of 
nutrients, especially protein, in sub-Saharan Africa and 
some parts of America and Asia [3]. Cowpea beans 
can be cooked, powdered, germinated, or even used as 
part of a weaning formula. As a dish, they complement 

tubers and cereals. Consequently, cowpea grains are 
present in the diet of many developing countries where 
population suffers from malnutrition and protein 
deficiencies. 

Cowpeas are mainly cultivated by the local farmers 
for profits and satisfy the basic nutritional needs of the 
local population. However, farmers fail to meet the 
local demand as a result of drastic post-harvest losses 
caused by insects and other pests. In fact, these losses 
are considered as one of the underlying causes of food 
scarcity and poverty [4]. 

Insects damage cowpea grains by boring holes, 
thus causing weight loss, poor quality, and low market  
value Cowpea aphids (Aphis craccivora L.), leafhoppers 
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(Empoasca spp.), cowpea weevils (Callosobruchus 
maculatus), and witch-weed (Striga gesnerioides) are 
the main insect species that feed on cowpea seeds [5, 6]. 

Callosobruchus maculatus is the main pest that 
causes losses in cowpea grains. C. maculatus is a field-
to-store pest that typically begins in the field, and the 
level of prior-harvest infestation determines the extent 
of damage to stored grains [7]. A range of insect pest 
control measures have been adopted over decades to 
reduce the prevalence of cowpea grain loss in the field 
and during storage. 

According to Ogunfowokan et al., Nigerian far- 
mers use Lindane (Gammalin 20EC), Dichlorvos 
dichlorodiphenyltrichloroethane (DDT), Chlorpyrifos, 
Endosufan, and Aldrin to prevent pest infestation [8]. 
Synthetic chemicals are very effective in preserving 
grains and increasing their production yield. However, 
they have major drawbacks as improper use often 
results in environmental pollution, pesticide residue in 
food, and toxic poisoning of the ecosystem [9]. Hence, 
several attempts have been made to test pesticides that 
are environmentally friendly, harmless to people, and 
inexpensive. 

Resourceful African farmers tried to use such 
natural preservatives as plant powder, ashes, and cow 
dung. Several authors have documented the insecticidal 
efficacy of plant products on different types of pests [10].  
In fact, plant products with aromatic properties 
are known to prevent insect infestation of stored  
cowpeas [11]. Ikbal and Pavela made an extensive 
research to assess the use of aromatic plants as 
pesticides during storage [12]. They reported that 
essential oils of plant origin could serve as botanical 
insecticides as they contain a lot of bioactive compounds 
with insecticidal, nematicidal, larvicidal, and anti- 
feedant properties that inhibit insect oviposition [13, 14]. 
Essential oils are natural derivatives from aromatic 
plants which contain volatile and phenolic compounds 
with unique flavors. Several works have reported 
the insecticidal effect of essential oils during grain  
storage [15–19].

Balanites aegyptiaca fruits have quite a number 
of bioactive compounds with various medicinal  
properties [20]. The essential oil extracted from 
B. aegyptiaca possesses anticancer, antimicrobial, 
antioxidant, anticarcinogenic, antidiabetic, antifeedant, 
and antiviral activities [21, 22]. Natural fumigants 
developed from plants do not threaten the ecosystem. 
Insecticides based on essential oils are sold all over the 
world, but their production does not exceed 5% [23]. In 
Asia, Europe, and North America, natural extracts have 
been used as insecticides for more than a century, much 
longer than any synthetic insecticides. 

Previous studies have investigated the insecticidal 
efficacy of oil extracted from B. aegyptiaca. For 
instance, Mokhtar et al. reported a strong effect of 
B. aegyptiaca seed oil on the mortality rate of red flour 
beetle (Tribolium castaneum Herbst) [17]. Similarly, 
Nwaogu and Yahaya investigated the insecticidal 

efficacy of oil extracted from B. aegyptiaca in stored 
cowpea seeds [18]. The studies provided evidence that 
B. aegyptiaca seed oil could be used as an insecticide 
against storage pest. However, very few publications 
feature the use of B. aegyptiaca essential oils in 
controlling insect infestation of stored grains. 

Storage materials are also important for seed 
treatments and grain quality. Buleti et al. conducted 
an experiment in the Northeast of Nigeria to assess the 
effect of B. aegyptiaca oil on weevil growth in cowpea 
grains stored in various packing materials [15]. The 
present research provides some new data on using plant 
products as storage pesticides.

STUDY OBJECTS AND METHODS
Plant material. Fruits of Balanites aegyptiaca L. 

were acquired from the Gashua market in Yobe State, 
Nigeria. The fruits were authenticated at the Department 
of Agronomy, Faculty of Agriculture, Federal University 
Gashua, Nigeria.

Preparing the seeds. The mesocarp of B. aegyp- 
tiaca was scraped with a clean sharp knife and dried 
in an oven at 45°C for 24 h to reduce stickiness. The 
endocarp was broken down with a hammer to obtain 
seeds. Then, the seeds were dried to constant weight in 
an airtight oven (45°C, 72 h). Subsequently, the seeds 
were milled into fine particles using an electric blender 
and stored in zip lock bags.

Extracting B. aegyptiaca essential oil. The 
method developed by Nguefack et al. was used to 
extract essential oil from B. aegyptiaca seeds [24]. The 
experiment began by placing 500 g of pulverized seeds 
of B. aegyptiaca in a 5 L flask. After that, distilled 
water was added to cover the sample. Essential oil 
was obtained by hydrodistillation using a modified 
Clevenger-type apparatus at normal atmospheric 
pressure and 96–97°C for 4 h. The resulting essential oil 
was collected by drying it out with anhydrous sodium 
sulfate and kept at 4°C in Eppendorf tubes until the gas 
chromatography-mass spectrometry (GC/MS) analysis. 

Evaluating the effect of B. aegyptiaca essential oil 
against Callosobruchus maculatus. 

Experimental site. The experiment was carried 
out in the Agronomy Laboratory of the Department 
of Agriculture, Federal University, Gashua, after the 
growing season of 2021. 

Experimental design and treatment. The 
research involved five storage materials (jute bags, 
polythene bags, sacks, plastic containers, and glass 
bottles), experimental samples (5, 10, and 15 mL of  
B. aegyptiaca essential oil diluted in 1 mL of acetone), 
a check sample (with 0.125 g of aluminum phosphide), 
and control (acetone). The experiment was laid out in a 
completely randomized design with three replications of 
each treatment.

Insect culture: source and rearing. C. maculatus 
was first cultured from a cowpea seed infested at the 
local market in Gashua. Weevils multiplied in fresh and 
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previously uninfested cowpea varieties in the laboratory 
at an ambient temperature (27–30°C) and relative 
humidity (70–75%). 

Treatment and maintenance of cowpea seeds. Forty 
kilograms of pristine cowpea seeds was purchased 
directly from the local farmers in Gashua, immediately 
after harvest. To destroy and/or prevent any initial 
infection, they were placed in a plastic container and 
maintained in the freezer below 0°C for five days. After 
that, the seeds were taken out of the freezer and placed 
on a laboratory bench, covered with a screen, and left to 
equilibrate for 72 h [25].

Adult mortality of C. maculatus. Mortality contact 
effect of B. agyptiaca essential oil on adult C. maculatus 
was determined using the method developed by  
Obeng et al. [26]. According to the procedure, 200 g of 
cowpea seeds was held in different storage materials 
and then thoroughly mixed with: (a) 5, 10, and 15 mL 
of essential oil diluted in 1 mL of acetone; (b) 0.125 g  
of aluminum phosphide; and (с) acetone (control). 
After that, the storage materials were left open for 2 h 
at room temperature to disperse acetone. Thereafter, 
20 unsexed pairs (10 males and 10 females) of three-
day-old C. maculatus beetles were introduced into the 
storage materials. They were kept on laboratory benches. 
Dead insects were counted after 24, 48, and 72 h after 
infestation using Abbott’s equation [27]. To confirm 
mortality, insects were probed three times with a sharp 
pin [28]. The data were subjected to Probit analysis [29].

Oviposition. For this part of the experiment, 100 g  
of cowpea seeds was held in the varying storage 
materials and thoroughly mixed with 5, 10, and 15 mL 
of essential oil diluted in 1 mL of acetone, 0.125 g of 
aluminum phosphide, and control (acetone). After that, 
10 males and 10 females of three-day-old newly sexed 
C. maculatus beetles were introduced into the storage 
materials, where they paired and laid eggs. Following 
egg deposition, 100 seeds were randomly selected on 
days 7, 30, 60, and 90, and the number of eggs deposited 
on the cowpea seeds was counted and recorded in each 
treatment and replicate [30].

Egg hatchability. At this stage, 100 g of cowpea 
seeds was infested with 20 (10 males and 10 females) 
sexed pairs of five-to-seven-day-old C. maculatus 
beetles in a transparent plastic container. The insects 
paired and laid eggs for six days. After oviposition, 
100 seeds (27 g) bearing eggs were chosen and placed 
in various storage materials that contained pure and 
uninfested cowpea seeds (73 g). They were thoroughly 
mixed with 5, 10, and 15 mL of essential oil diluted in 
1 mL of acetone, 0.125 g of aluminum phosphide, and 
control (acetone).

In each treatment and replicate, the cowpea 
seeds were stored on the laboratory bench until adult 
beetles emerged. The number of emerged adults was 
recorded on days 30, 60, and 90 after the exposure. 
The percentage of adult emergence was calculated 
conversely from each of the treatments and replicates 
according to the method developed by Adesina and 
Ofuya [31], with a slight modification (1): 

                                                                                   (1)

Seed perforation. This test included 100 g of 
cowpea seeds held in the varying storage materials and 
thoroughly mixed with 5, 10, and 15 mL of essential oil, 
0.125 g of aluminum phosphide, and control (acetone). 
After that, 10 pairs of three-day-old newly sexed C. 
maculatus beetles were introduced into the storage 
materials and kept in the laboratory for 90 days. Every 
four weeks for three months, the number of exit holes 
was assessed by counting in each seed from a random 
sample of 100 seeds.  

The weevil perforation index (WPI), which measured 
the protective ability of the storage material, was 
calculated according to standard methods. If the weevil 
perforation index was ≥ 50%, it indicated an increase in 
weevil infestation or a low efficacy of the plant material. 
To obtain the percent protection ability (PPA), the weevil 
perforation index was subtracted from 100 using the 
following equation (2): 

where WPI is the weevil perforation index; WPI > 50 is 
the negative protectant of plant material, i.e., low anti-
weevil activity; WPI < 50 is the positive protectant, i.e., 
high anti-weevil activity.

Seed weight loss. To calculate the seed weight loss, 
100 g of cowpea seeds was randomly selected after 

30, 60, and 90 days of storage. To obtain the final seed 
weight for the sample, all dead insects and other debris 
in the cowpea seeds were removed, and the cowpea 
seeds were weighed. As described by Sibakwe and 
Donga [32], the percentage of seed weight loss was 
calculated using the following equation (3):

(2)

(3)

Seed damage. After 30, 60, and 90 days of storage, 
100 g of cowpea seeds were randomly selected from 
the lots. We divided seeds into two groups, damaged 
and undamaged, and counted seeds with exit  
holes. Adenekan et al. [30] described how to quantify  

the percentage of damaged seed using the following 

equation (4):

                                  (4)

Egg hatching =  
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒
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Seed germinability. After the storage period, 
15 seeds were randomly picked from the various 
storage materials to test the effect of the essential 
oil concentrations on the germinability of cowpea 
seeds. A seed from each treatment was placed in 9-cm 
Petri dishes with moistened Whatman filter paper on 
laboratory benches at room temperature (27–30°C) and 

relative humidity (70–75%) [33]. Each treatment was 
triplicated. To avoid contamination, the seeds were 
watered (23 mL) twice a day (morning and evening) 
with distilled water from a wash bottle. According to 
Olisa et al. [34], the germination percentage of cowpea 
seeds was estimated from germination data on day 7 
after sowing according to the following equation (5):

(5)

Data analysis. Natural mortality in the control 
samples was corrected using Abbott’s formula [27]. The 
acquired numerical data was square root transformed 

, and the adjusted mortality and other data in 
percentages was transformed arc sine before being 
subjected to the analysis of variance using JMP 13 
Computer Software (2016). The Student Newman-
Keuls (SNK) test was used to differentiate significant 
treatment means at the 5% level of probability. With 
the SPSS statistical software (version 19), the data were 
subjected to a two-way analysis of variance (ANOVA) at 
the 5 % significance level, and Duncan’s Multiple Range 
Test was used to separate the means. 

RESULTS AND DISCUSSION 
Mortality of Callosobruchus maculatus L. exposed 

to Balanites aegyptiaca L. essential oil stored in 
different storage materials after 24, 48, and 72 h. 
The treatment under discussion provided appropriate 
protection to cowpea seeds against C. maculatus. Table 
1 shows the effect of B. aegyptiaca oil extract and such 
storage materials as jute bags, polythene bags, sacks, 
plastic containers, and glass bottles on cowpea weevil 
mortality. 

The experiment showed a statistically significant 
correlation between the effects of B. aegyptiaca 
essential oil and storage materials (F(16,75) = 41.813,  
P = 0.000) after 24 h of exposure. A simple main effect 
analysis showed that B. aegyptiaca essential oil had a 
statistically significant effect on mortality of cowpea 
weevils at 24, 48, and 72 h, respectively (P < 0.000). 

Glass bottles, plastic containers, and jute bags 
proved to be the most effective storage material, while 
samples stored in polythene bags had the lowest beetle 
mortality rate at all the B. aegyptiaca essential oil 
concentrations. Our results confirmed those obtained 
by Buleti et al., who reported a higher weevil mortality 
rate in grains stored in glass bottles compared to other 
storage materials [15]. On the other hand, the results can 
be explained by the techno-functional properties of the 
storage materials, e.g., water vapor permeability, the 
interaction between the plant extracts and the material, 
etc. [35]. Thus, such vapor proof containers as glass 
bottles, plastic containers, and jars can provide good 
insulation against weevils, thereby inhibiting their 
survival: insects suffocate as soon as they run out of 
oxygen. 

In addition, the abrasive effect and contact toxicity 
of essential oils on the pest cuticle interferes with insect 
respiratory mechanism, thereby causing a knock down 
effect. This study is similar to the research conducted by 
Karimzadeh et al., who reported that the abrasive effects 
of combined insecticides may cause abrasion of insect 
cuticle and dehydration of the insect body, thus leading 
to insect mortality [36]. 

Evidently, the B. aegyptiaca essential oil treatments 
had a noticeable effect on the population growth rate and 
mortality of the weevils. Low quantity of the essential 
oil (5 mL) resulted in a lower mortality rate, while high 
quantities (15 mL) provided the highest mortality rate, 
irrespective of the storage material used. 

Similarly, the population of the weevils decreased 
as the treatment intervals progressed from 24 to 72 h.  
For instance, at the same essential oil dose, plastic 
containers and glass bottles caused 62.5 and 70% 
mortality rate, respectively, after 24 h. Likewise, 80 and 
90% mortality rate were recorded after 48 h. However, 
100% mortality was recorded for glass bottles, plastic 
containers, and jute bags after 72 h. Most importantly, 
all the three doses and storage materials showed high 
mortality rates of C. maculatus after 72 h of exposure, if 
compared to the control samples. 

The insecticidal efficacy of B. aegyptiaca essential 
oil could be attributed to such active compounds as 
hexadecanoic acid, (9Z,12Z)-octadeca-9,12-dienoic acid,  
(Z)-octadec-9-enoic acid, ethyl hexadecanoate, 3,3-dihy- 
droxypropyl hexadecanoate, and methyl hexadecanoate. 
All these compounds have been reported to possess 
repellent and insecticide activities [17]. This result 
confirms the findings obtained by Mokhtar et al.,  
who observed 100% mortality of C. maculatus after 
24 h on cowpeas treated with chloroform extract of 
B. aegyptiaca seeds at 1.131 mg·cm–2 [17]. Various 
studies have also demonstrated the insecticidal effect 
of B. aegyptiaca essential oil against such pests as  
C. maculatus, Tribolium casteneum, and khapra  
beetle [17,18]. 

In our research, various doses of B. aegyptiaca 
essential oil and storage materials provided an excellent 
protection against C. maculatus, both independently 
and synergistically. B. aegyptiaca essential oil extract 
had a substantial impact on the longevity and survival 
of cowpea weevils. In addition, glass bottles, plastic 
containers, and jute bags caused 100% mortality at the 
highest dose (15 mL) after 72 h of exposure. 
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𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒
𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

 × 100 

 

Germination percentage =  
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡ℎ𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡

𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒
 × 100 
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Table 1 Mortality of cowpea weevils exposed to Balanites aegyptiaca oil extract in different storage materials after 24, 48, and 72 h

Samples Storage materials Mortality ± SE, %
24 h 48 h 72 h

Balanites aegyptiaca essential oil  
(5 mL)

Glass bottle 20.00 ± 0.00 46.50 ± 4.79 90.00 ± 0.00
Jute bag 12.50 ± 5.00 25.00 ± 4.08 70.00 ± 0.00
Plastic container 20.00 ± 0.00 60.00 ± 0.00 61.20 ± 2.50
Polythene bag 10.00 ± 0.00 25.00 ± 0.00 60.00 ± 0.00
Sack bag 10.00 ± 0.00 30.00 ± 0.00 75.00 ± 0.00

Balanites aegyptiaca essential oil  
(10 mL)

Glass bottle 40.00 ± 0.00 65.00 ± 5.77 100.00 ± 0.00
Jute bag 30.00 ± 0.00 60.00 ± 0.00 83.60 ± 2.50
Plastic container 35.00 ± 0.00 75.00 ± 0.00 90.00 ± 0.00
Polythene bag 23.70 ± 2.50 42.00 ± 5.00 70.00 ± 0.00
Sack bag 32.50 ± 2.89 50.00 ± 0.00 90.00 ± 0.00

Balanites aegyptiaca essential oil 
(15 mL)

Glass bottle 70.00 ± 0.00 80.00 ± 0.00 100.00 ± 0.00
Jute bag 50.00 ± 0.00 70.00 ± 0.00 100.00 ± 0.00
Plastic container 62.50 ± 2.89 90.00 ± 0.00 100.00 ± 0.00
Polythene bag 32.50 ± 2.89 55.00 ± 0.00 80.00 ± 0.00
Sack bag 55.00 ± 0.00 70.00 ± 0.00 97.50 ± 5.00

Aluminum phosphide Glass bottle 90.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00
Jute bag 81.20 ± 2.50 90.00 ± 0.00 100.00 ± 0.00
Plastic container 90.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00
Polythene bag 85.00 ± 4.08 90.00 ± 0.00 95.00 ± 5.77
Sack bag 90.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00

Control (acetone) Glass bottle 0 0 20.00 ± 0.00
Jute bag 0 0 0
Plastic container 0 0 02.50 ± 2.89
Polythene bag 0 0 0
Sack bag 0 0 0

A P < 0.05 P < 0.05 P < 0.05
B P < 0.05 P < 0.05 P < 0.05
AB P < 0.05 P < 0.05 P < 0.05

A – essential oil; B – storage material

Oviposition of C. maculatus exposed to 
B. aegyptiaca essential oil stored in different 
storage materials after 7, 30, and 90 days of 
storage. Figures 1–3 show the mean value of 
oviposition in both treated and untreated cowpeas. 
The analysis of variance showed that a statistically 
significant correlation between the effects of 
B. aegyptiaca oil extracts and storage materials 
on the oviposition of cowpea weevils (F(16,75) =  
3346.73, P = 0.000). When compared to the control, the 
treated samples showed a much lower oviposition. At a 
seven-day interval, all the storage materials showed the 
same trend in the total oviposition of cowpea weevils as 
the essential oil doses increased, except polythene bags 
(Fig. 1). 

B. aegyptiaca essential oil significantly reduced the 
number of eggs laid by weevils. The highest amount 
of eggs was recorded at 5 mL, and then it significantly 
decreased at 10 mL. The lowest amount of eggs was 
registered at 15 mL. The drastic reduction in the 
number of eggs laid by cowpea weevils might have 
been caused by the toxicity of the plant material active 

components to the weevils rather than by the prevention 
of oviposition. 

The previous section that the B. aegyptiaca essential 
oil caused the highest mortality rate in the experimental 
samples, which was associated with its insecticidal 
effect. The chemical composition of plant oils and 
their phytocompounds is known to produce a toxic and 
repellent effect on insects that live in stored grain [37].

Grains stored in glass bottles had the fewest eggs, 
while those stored in polythene bags had the maximal 
number of eggs. Even though polythene bags had the 
lowest effect on weevil oviposition, they also showed 
a significant reduction in the number of eggs laid 
compared to the untreated samples. Buleti et al. also 
reported a reduction in the number of eggs laid in glass 
bottles [15]. Furthermore, the experimental samples 
revealed just a few eggs on day 90, with a mean 
fecundity of 1–4 eggs for glass bottles and 1–14 eggs for 
plastic containers. A slightly higher value was recorded 
for polythene and sack bags with a mean of 18–45 and 
8–30 eggs, respectively. However, the values recorded 
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Figure 1 Effect of Balanites aegyptiaca on Callosobruchus 
maculatus oviposition at various treatments in different 
storage materials after 7 days of storage

Figure 3. Effect of Balanites aegyptiaca on Callosobruchus 
maculatus oviposition at various treatments in different 
storage materials after 90 days of storage

Figure 2. Effect of Balanites aegyptiaca on Callosobruchus 
maculatus oviposition at various treatments in different 
storage materials after 30 days of storage

in polythene and sack bags were lower than in the 
control samples with a mean fecundity of 256–544 eggs 
per female after 90 days, which implied a significant 
difference in the oviposition of treated cowpeas. 

The synergic treatment of B. aegyptiaca essential 
oil and storage materials killed more than 50% of the 
total eggs laid at various stages of development from 
7 to 90 days. Likewise, the high numbers of eggs laid 
in polythene and sack bags could be explained by the 
porous surface of these materials that allowed moisture 
and air circulation. Such conditions encouraged weevils 
present in the seed lot to lay eggs and proliferate 
continuously. 

The lower oviposition rates observed in this study 
suggested that B. aegyptiaca essential oil could be 
useful as cowpea protectants. This finding confirms that 
made by Alves et al., who discovered that lemon grass 
essential oil extract reduced C. maculatus oviposition 
significantly [38]. Previous studies by a Nwaogu 
and Yahaya and Aous et al. reported the effect of 
essential oil of Cymbopogon schoenanthus (L.) on the 
development of freshly laid eggs and newborn larvae of 
C. maculatus [18, 39]. The extract probably contained 
a powerful oviposition deterrent. Also, cowpea seeds 
that are packaged in glass bottles and plastic containers 
showed a low oviposition, which made them the optimal 
ovipositional deterrents in this study.

Egg hatchability of C. maculatus exposed to  
B. aegyptiaca essential oil stored in different storage 
materials after 24, 48, and 72 h. Table 2 shows the 
effect of B. aegyptiaca essential oil on C. maculatus 
egg development and hatchability. The main significant 
effect of B. aegyptiaca essential oil and storage 
materials (P < 0.05) was observed after 30, 60, and  
90 days. Similarly, the study revealed no significant  
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Table 2 Callosobruchus maculatus egg hatchability treated with Balanites aegyptiaca essential oil in different storage materials 
after 30, 60, and 90 days of storage

Samples Storage materials Mean number of hatched eggs ± SE
30 days 60 days 90 days

Balanites aegyptiaca essential oil  
(5 mL)

Glass bottle 4.10 ± 0.17 2.40 ± 0.25 1.00 ± 0.00
Jute bag 7.00 ± 0.00 4.70 ± 0.14 1.30 ± 0.08
Plastic container 4.20 ± 0.68 3.10 ± 0.78 1.10 ± 0.03
Polythene bag 8.60 ± 0.79 7.70 ± 0.17 5.50 ± 0.05
Sack bag 6.40 ± 0.36 4.60 ± 0.09 1.60 ± 0.00

Balanites aegyptiaca essential oil:  
(10 mL)

Glass bottle 1.50 ± 0.78 1.00 ± 0.00 1.00 ± 0.00
Jute bag 5.10 ± 0.15 3.60 ± 0.79 1.20 ± 0.02
Plastic container 2.20 ± 0.15 1.20 ± 0.96 1.00 ± 0.01
Polythene bag 5.40 ± 0.34 6.30 ± 0.24 3.30 ± 0.28
Sack bag 3.20 ± 0.00 2.00 ± 0.02 1.00 ± 0.00

Balanites aegyptiaca essential oil:  
(15 mL)

Glass bottle 0.80 ± 0.09 1.00 ± 0.00 1.00 ± 0.00
Jute bag 3.00 ± 0.00 2.20 ± 0.11 1.00 ± 0.00
Plastic container 1.10 ± 0.05 1.10 ± 0.10 1.00 ± 0.00
Polythene bag 2.90 ± 0.12 6.10 ± 0.13 1.90 ± 0.01
Sack bag 2.90 ± 0.17 1.90 ± 0.07 1.00 ± 0.00

Aluminum phosphide Glass bottle 0.20 ± 0.06 1.00 ± 0.00 1.00 ± 0.00
Jute bag 1.00 ± 0.13 1.00 ± 0.00 1.00 ± 0.00
Plastic container 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
Polythene bag 1.10 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
Sack bag 0.50 ± 0.04 1.00 ± 0.00 1.00 ± 0.00

Control (acetone) Glass bottle 16.60 ± 0.00 20.40 ± 0.67 42.10 ± 1.14
Jute bag 23.40 ± 0.84 27.30 ± 1.51 52.60 ± 31.1
Plastic container 18.20 ± 0.56 21.90 ± 0.89 52.00 ± 0.04
Polythene bag 31.30 ± 0.76 38.90 ± 0.93 72.40 ± 1.47
Sack bag 26.80 ± 1.30 26.20 ± 0.46 66.40 ± 0.28

A P < 0.05 P < 0.05 P < 0.05
B P < 0.05 P < 0.05 P < 0.05
AB P > 0.05 P > 0.05 P > 0.05

A – essential oil; B – storage material

(P > 0.05) interactive effect of B. aegyptiaca 
essential oil and storage materials on C. maculatus 
egg hatchability. The results demonstrated that the 
productivity in the experimental samples was extremely 
low at all intervals and doses, with the mean values 
ranging from 1 to 8.6. 

Hence, over 65% of the total eggs laid in the 
experimental samples died at different stages of 
development in all the trials. B. aegyptiaca oil 
extracts obviously had a strong larvicidal effect on the 
development of immature weevils. Similarly, the high  
mortality of C. maculatus in the experimental samples 
implied that the plant had some phytochemical pro- 
perties, which reduced egg production [40]. 

Furthermore, the egg hatchability reduced as the 
storage interval progressed from 30 to 90 days. Among 
the experimental samples, the highest mean values of 
egg hatchability were observed in cowpeas stored in 
polythene bags at all the essential oil concentrations. 
However, the values observed in polythene bags were 
lower in comparison to the control samples. Therefore, 
the low egg hatchability was caused by the effectiveness 
of B. aegyptiaca essential oil with its poisonous com- 

ponent and physical properties, which affected the 
surface and oxygen tension of eggs. 

The essential oils of Borago officinalis, Melissa 
officinalis, Carapichea ipecacuanha, and Laurus nobilis 
have also been reported to reduce hatchability [41]. 
Similarly, Piper gaudichaudianum essential oil showed 
a better insecticidal activity against Lucilia cuprina 
third instar larvae under laboratory conditions [42].

Weevil Perforation Index, weight loss, damage, 
and germinability of cowpea seeds treated with B. 
aegyptiaca essential oil stored in different storage 
materials after 30, 60, and 90 days. These parameters 
of cowpea seeds indicate its suitability for consumption 
and other aesthetic values because damaged seeds with 
holes and flour dust are not marketable. Figures 4 and 
5 show the weevil perforation index for cowpea seeds 
treated with different concentrations of B. aegyptiaca 
essential oil packaged in different storage materials on 
days 30, 60, and 90. 

After 30 days, the highest weevil perforation 
index was observed in polythene and sack bags. When 
compared to the control treatment, the cowpea seed 
treated with B. aegyptiaca essential oil showed a 
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Figure 4 % Weevil perforation index of cowpea seeds treated 
with Balanites aegyptiaca in different storage materials after 
30 days of storage

Figure 5 % Weevil perforation index of cowpea seeds treated 
with Balanites aegyptiaca in different storage materials after 
90 days of storage

substantial reduction in seed damage. The analysis 
of variance showed a statistically significant effect 
of B. aegyptiaca oil extracts and storage mate- 
rials on weevil perforation index (F(16, 75) = 176.150,  
P = 0.000). Exposure of weevil-infested cowpea seeds 
to B. aegytiaca essential oil in various storage materials 
resulted in a significant reduction in seed weight  
(F(16,75 = 311.357, P = 0.000). 

The weevil perforation index decreased following 
the increase in B. aegytiaca essential oil concentration 
for all storage materials. The lowest weevil perforation 
index was observed in the seeds packaged in glass 
bottles followed by those stored in plastic containers. 
The highest weevil perforation index was recorded in the 
seeds stored in polythene bags throughout the storage 
period (Figs. 4 and 5). 

Furthermore, exposure of weevil-infested cowpea 
seeds to B. aegytiaca essential oil in various storage 
materials resulted in a significant reduction in seed 
weight (F(16,75) = 311.357, P = 0.000). After 90 days of 
exposure, the seeds treated with B. aegyptiaca essential 
oil in all the storage materials showed a significantly 
low weight loss at all doses (5, 10, and 15 mL), except 
the cowpea seeds stored in polythene bags (Table 3).  
For these parameters, interactive treatment of  
B. aegyptiaca essential oil and storage materials 
had equally significant effects (P < 0.05) on cowpea  
weevils. 

Taken together, B. aegyptiaca had a more 
detrimental effect on the weevils in comparison to 
the control. A similar research by Borzoui et al. also 

registered a significantly low amount of seed damage 
because the oviposition rate was reduced by the 
sublethal doses of essential oil [43]. Among all the 
storage materials, glass bottles and plastic bags showed 
the lowest weevil perforation index, seed weight loss, 
and seed damage. The low seed weight loss and damage 
observed in the seeds stored in these storage materials 
could be attributed to the significant reduction of 
weevils that could have caused seed damage. 

B. aegyptiaca essential oil and storage materials 
demonstrated both individual and interactive effects on 
the germination rate of cowpea seeds. The germination 
rate of the treated seeds ranged from 46.7 to 93.3%, 
which was lower than the values reported for cowpea 
seed germination rate by Gad et al. [44]. 

An increased germination rate of cowpea seeds 
was observed with increased B. aegyptiaca essential 
oil concentration, which implied a strong relationship 
between the treatment and germination rate. Similar 
results were described by Bhavya et al. and Harshani 
and Karunaratne, who indicated that essential oils and 
their principal components affected seed germination. 
Storage materials also affected seed germination [45, 46]. 

In this study, glass bottles proved to be the optimal 
storage material as indicated by the maximal seed 
germination rate of 88.3, 91.6, and 93.3% after essential 
oil treatment of 5, 10, and 15 mL, respectively. Storing 
seeds in appropriate storage material retained higher 
germination capacity rate. 
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Table 3 Effect of Balanites aegyptiaca essential oil and storage material on cowpea seed damage, weight loss, and germination rate 
caused by Callosobruchus maculatus infestation

Samples Storage  
materials

Seed weight loss Seed damage Germination  
rate30 days 60 days 90 days 30 days 60 days 90 days

Balanites 
aegyptiaca 
essential 
oil (5 mL)

Glass bottle 8.30 ± 0.00 3.50 ± 0.03 1.00 ± 1.63 1.00 ± 0.00 1.00 ± 0.05 3.00 ± 0.00 88.30 ± 3.30
Jute bag 13.40 ± 0.16 6.00 ± 0.19 1.50 ± 0.25 2.00 ± 1.63 4.50 ± 0.14 7.50 ± 0.21 64.60 ± 4.91
Plastic 
container

12.50 ± 0.29 3.90 ± 0.00 1.20 ± 0.19 1.00 ± 0.00 1.90 ± 0.22 3.30 ± 0.23 80.00 ± 0.00

Polythene bag 15.60 ± 0.17 8.50 ± 0.25 3.00 ± 0.16 5.90 ± 0.25 7.00 ± 0.17 11.40 ± 1.49 46.70 ± 0.00
Sack bag 13.60 ±0.47 6.80 ± 0.14 1.40 ± 0.25 2.20 ± 0.00 5.00 ± 0.16 7.70 ± 0.81 60.00 ± 0.00

Balanites 
aegyptiaca 
essential 
oil (10 mL)

Glass bottle 7.80 ± 0.09 2.00 ± 0.08 0.80 ± 0.00 0 1.00 ± 0.00 1.90 ± 0.17 91.60 ± 3.30
Jute bag 11.70 ± 0.04 5.40 ± 0.32 1.50 ± 0.00 2.00 ± 0.00 4.50 ± 0.10 7.00 ± 0.08 60.00 ± 0.00
Plastic 
container

10.00 ± 0.13 2.30 ± 0.34 0.90 ± 0.17 0 1.00 ± 0.00 2.00 ± 0.00 80.00 ± 0.00

Polythene bag 13.00 ± 0.17 11.50 ± 0.57 2.50 ± 0.21 3.90 ± 0.41 7.00 ± 0.00 9.10 ± 0.87 55.00 ± 2.01
Sack bag 12.00 ± 0.74 5.70 ± 0.19 1.30 ± 0.28 2.00 ± 0.16 5.40 ± 0.18 6.90 ± 0.01 60.00 ± 0.00

Balanites 
aegyptiaca 
essential 
oil (15 mL)

Glass bottle 2.80 ± 0.16 1.60 ± 0.02 0.30 ± 0.23 0 1.00 ± 0.00 1.50 ± 0.00 93.30 ± 0.00
Jute bag 10.80 ± 0.48 3.10 ± 0.00 0.70 ± 0.19 0 2.00 ± 0.07 5.00 ± 0.16 66.70 ± 0.00
Plastic 
container

3.10 ± 0.24 1.90 ± 0.10 0.30 ± 0.19 0 1.00 ± 0.00 2.00 ± 0.71 93.00 ± 0.00

Polythene bag 11.70 ± 0.84 9.70 ± 0.22 1.40 ± 0.16 2.00 ± 0.16 5.00 ± 0.38 6.00 ± 0.00 65.00 ± 1.88
Sack bag 10.50 ± 0.38 3.40 ± 0.13 0.80 ± 0.00 0 4.00 ± 0.16 5.00 ± 0.00 60.00 ± 0.00

Aluminum 
phosphide

Glass bottle 0 0 0.10 ± 0.00 0 0 0 100.00 ± 0.00
Jute bag 0 0 0.10 ± 0.00 0 0 0 100.00 ± 0.00
Plastic 
container

0 0 0.10 ± 0.00 0 0 0 100.00 ± 0.00

Polythene bag 0 0 0.10 ± 0.00 0 0 0 100.00 ± 0.00
Sack bag 0 0 0.10 ± 0.00 0 0 0 100.00 ± 0.00

Control  
(acetone)

Glass bottle 18.60 ± 0.26 37.40 ± 0.13 42.00 ± 0.08 15.70 ± 1.25 28.00 ± 0.16 71.80 ± 0.43 26.70 ± 0.00
Jute bag 28.60 ± 0.36 42.40 ±1.77 48.50 ± 0.00 20.90 ± 0.68 30.80 ± 1.45 79.70 ± 1.39 20.00 ± 0.00
Plastic 
container

20.80 ± 0.16 40.30 ± 1.57 45.70 ± 0.22 16.00 ± 0.16 29.20 ± 0.66 77.80 ± 0.44 26.70 ± 0.00

Polythene bag 35.60 ± 0.77 56.00 ± 0.00 56.50 ± 0.25 23.70 ± 0.48 38.60 ± 0.41 91.50 ± 1.07 13.30 ± 0.00
Sack bag 26.40 ± 0.16 44.30 ± 1.80 50.00 ± 1.63 18.90 ± 0.17 34.10 ± 1.57 84.10 ± 1.72 20.00 ± 0.00

A P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05
B P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05
AB P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05

A – Balanites aegyptiaca essential oil; B – storage material

Therefore, the B. aegyptiaca essential oil could be 
used to protect cowpea seeds stored in glass bottles 
because the values observed were related to the 
international germination threshold of 90% required 
by seed exportation. This result is similar that obtained 
by Buleti et al., who also used glass bottles as storage 
containers [15]. 

On the contrary, cowpea seeds stored in polythene 
bags displayed the lowest germination rate, which 
indicated a strong relationship between weight loss, 
damage score, and germination rate. However, the 
germination rates were not as highly related with seed 
damage traits. The lowest germination rate observed 
could be explained by weevil damage that occurred 
due to minimal weevil mortality rate in polythene 
bags, which, in its turn, led to nutrient exhaustion [15]. 

Storing seeds in inappropriate storage materials could 
significantly decline their germination rate and resulted 
in a rapid loss of seed viability. 

Overall, even though B. aegyptiaca essential oil 
had a stronger effect on cowpea weevils, they failed to 
remove cowpea weevils completely; rather, they only 
lowered their numbers. Thus, hermetic storage could 
enhance the quality of cowpea seeds during storage. 

CONCLUSION 
The combination of essential oil of Balanites 

aegyptiaca L. and storage materials had significant 
effects on weevil proliferation in cowpea seeds 
(P > 0.05) during storage. B. aegyptiaca essential oil 
proved to possess insecticide properties that can help 
control Callosobruchus maculatus L. in stored cowpea 
seeds. 
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After 90 days of storage, mortality, oviposition, and 
egg hatchability fell down, following the increase in 
the concentration of B. aegyptiaca essential oil. In 
addition, such storage materials as glass bottles, plastic 
containers, and jute bags also reduced the population of 
cowpea weevils in cowpeas during storage. Hermetic 
storage material – glass bottles – had the greatest 
effecton weevil infestation and sustained the quality 
of cowpeas under storage conditions. These findings 
suggest that B. aegyptiaca essential oil could be useful 
as a botanical insecticide against cowpea pests. A large-
scale trial is required to perform a toxicity assay of  
B. aegyptiaca essential oil.
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Abstract:
Synbiotic compositions have a great potential for curing microbial intestinal infections. Novel targeted synbiotics are a promising 
field of the modern functional food industry. The present research assessed the effect of various fructan fractions, initial probiotic 
counts, and test strains on the antagonistic properties of synbiotics.
The research involved powdered roots of Arctium lappa L. and strains of Bifidobacterium bifidum, Bacillus cereus, and 
Salmonella enterica. The exp eriment was based on the central composite rotatable design. A water extract of A. lappa roots 
was purified and concentrated. Fructan fractions were precipitated at various concentrations of ethanol, dried, and subjected to 
carbon-13 nuclear magnetic resonance (13C-NMR) spectrometry. The bifidobacteria and the test strains were co-cultivated in 
the same medium that contained one of the fractions. Co-cultivation lasted during 10 h under the same conditions. The acid 
concentrations were determined by high-performance liquid chromatography to define the synbiotic factor.
The obtained fructans were closer to commercial oligofructose in terms of the number and location of NMR peaks. However, 
they were between oligofructose and inulin in terms of signal intensity. The response surface analysis for bacilli showed that 
the minimal synbiotic factor value corresponded to the initial probiotic count of 7.69 log(CFU/mL) and the fructan fraction 
precipitated by 20% ethanol. The metabolites produced by the bacilli also affected their growth. The synbiotic factor response 
surface for the experiments with Salmonella transformed from parabolic to saddle shape as the initial test strain count increased. 
The minimal synbiotic factor value corresponded to the lowest precipitant concentration and the highest probiotic count.
The research established a quantitative relationship between the fractional composition of fructans and the antagonistic activity 
of the synbiotic composition with bifidobacteria. It also revealed how the ratio of probiotic and pathogen counts affects the 
antagonism. The proposed approach can be extrapolated on other prebiotics and microbial strains in vivo.

Keywords: Bifidobacteria, Bacillus cereus, Salmonella enterica, Arctium lappa L. fructans, synbiotics, antagonism, co-culture, 
rotatable central composite design, response surface methodology
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INTRODUCTION
Intestinal microbiota affects human health and 

vitality. Microbial community is a powerful and 
multifunctional metabolic system that modulates 
immunity, suppresses pathogens, and produces various 
vitamins [1, 2]. A disturbed qualitative and quantitative 
microbial composition leads to various alimentary 
and chronic diseases. For instance, low counts 
of Bacteroides and Firmicutes, if accompanied by 
excessive proteobacteria, fusobacteria, and the mucin-

decomposing Ruminococcus gnavus, can trigger Crohn’s 
disease, ulcerative colitis, obesity, and diabetes [3].

However, some intestinal microbes inhibit 
pathogens and food contaminants by producing 
such antimicrobial substances as organic acids 
and bacteriocins or competing for nutrients and 
adhesion sites [4–7]. If it were not for them, unwanted 
microorganisms would cause constant harm to 
human health by producing various toxins or 
enzymes. For instance, Bacillus cereus is a common 
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food contaminant that produces two types of toxins 
and causes vomiting and diarrhea intoxication [8].  
B. cereus spores are resistant to heat treatment and 
chemical preservation [9]. 

Non-typhoid Salmonella is another wide-spread 
cause of foodborne diseases [10]. Salmonella enterica 
s. Typhimurium is often resistant to antibiotics and can 
develop biofilms, thus causing gastroenteritis, vomiting, 
and diarrhea [11]. Antibiotic-resistant bacteria are the 
most dangerous causes of intestinal infections [12].  
Therefore, novel non-antibiotic ways to suppress 
these pathogens and food contaminants for therapy 
and prevention are one of the most urgent tasks of the 
modern medicine. Synbiotic compositions offer a 
potential solution to this problem because they are 
extremely effective in inhibiting the growth, activity, 
and pathogenesis of specific undesirable microorganisms.

Probiotics, prebiotics, and synbiotics are parts 
of functional foods that inhibit unwanted members 
of intestinal microbiota [13]. These food additives 
are known to increase α-diversity, combat obesity, 
improve immunity, and counteract pathogens [13–16]. 
Synbiotics are the most effective type because they 
possess synergistically enhanced beneficial properties of 
probiotics and prebiotics [17].

For synbiotics, the most important criteria are their 
inhibiting properties, adhesion to intestinal epithelial 
cells, and pathogen toxicity. Antagonistic research 
of synbiotic combinations is a promising strategy 
for developing new synbiotics. Ruiz et al. studied 
the combined antimicrobial activity of a synbiotic 
based on Bifidobacterium longum subsp. infantis and 
galactooligosaccharides against such enteric pathogens 
as Escherichia coli, Cronobacter sakazakii, Listeria 
monocytogenes, and Clostridium difficile. C. sakazakii 
and C. difficile proved to be the most effective 
pathogen inhibitors [18]. Co-cultivation of B. longum 
or Bifidobacterium breve with C. difficile in a medium 
with commercial fructooligosaccharides reduced 
the pathogen growth, as well as the toxicity of its 
metabolites [19]. 

Śliżewska and Chlebicz-Wójcik focused on the effect 
of various prebiotics co-cultivated with lactobacilli 
on pathogenic S. enterica of various serovars and 
L. monocytogenes. Inulin demonstrated the greatest 
antagonistic activity, although the effect depended on 
the test strain [20]. Obviously, the effectiveness of one 
and the same composition depends on the pathogen. 
The inhibitory effect can be measured by the inhibitory 
metabolites produced by probiotics. This effect can 
be expressed in terms of inhibition constants (Ki) or 
minimal inhibitory concentrations. The synbiotic 
factor is another quantitative criterion for evaluating 
the effectiveness of synbiotic compositions. It shows 
how many times the specific growth rate of a pathogen 
or microbial contaminant decreases under the action 
of acids produced by a probiotic when they are co-
cultivated in the same medium with this prebiotic [21].

Plant extracts are common sources of prebiotic 
substances. In addition to polysaccharides of various  
molecular weights, they may contain non-carbo- 
hydrate substances with a potential beneficial 
effect, e.g., polyphenols [22, 23]. Precipitation with 
different concentrations of ethanol can separate plant 
carbohydrates into fractions with different degrees of 
polymerization. Polysaccharides with a higher degree of 
polymerization require a lower concentration of ethanol. 
As the alcohol concentration increases, the average 
degree of polymerization of the precipitated fraction 
decreases [24, 25]. Polysaccharides with a high degree 
of polymerization are not metabolized by pathogens 
without extracellular hydrolases. However, they can 
be metabolized by many types of probiotics, e.g., 
bifidobacteria and some lactobacilli, which determines 
their significant prebiotic potential [26]. In our previous 
research, we evaluated the effectiveness of a synbiotic 
composition in vitro by the degree of its antagonism 
against staphylococci. It depended on the fractional 
composition of Arctium lappa fructans, as well as on the 
ratio of the initial probiotic and pathogen counts [27].

The response surface methodology was deve- 
loped by Box and Wilson [28]. It is a powerful tool  
for establishing quantitative relationships between 
various factors and the response function, also by 
taking into account the mutual effect of factors in 
multiparameter equations. Shuhaimi et al. used this 
method to optimize the composition of a synbiotic that 
consisted of Bifidobacterium pseudocatenulatum and 
several prebiotics, while Pandey and Mishra tested this 
method on a soy drink with lactic acid bacteria and 
organophosphates [29, 30]. 

Few researchers venture beyond simple optimization 
to look for the patterns between various factors 
and the response function. This approach proved 
quite effective in studying the change patterns in 
microbial communities under various environmental  
factors [31, 32]. Antagonism is a type of relationships in 
microbial communities. Our research objective was to 
use the response surface method to evaluate the effect 
of fructan fractional composition, the initial counts of 
probiotics and the pathogen test strain on the antagonism 
of the synbiotic against B. cereus and S. enterica.

STUDY OBJECTS AND METHODS
Plant raw materials and obtaining fructan 

fractions. To isolate fructans, we used burdock 
root powder (Arctium lappa L.) in accordance with 
pharmacopeial monograph 2.5.0025.15 of the Russian 
Pharmacopoeia. The powder was diluted with distilled 
water in a ratio of 1:12 (g dry solids per 1 mL extractant) 
and extracted twice at 75°C and pH 6.5 for 30 min with 
constant stirring. The pulp was separated by vacuum 
filtration. To separate high-molecular impurities, the 
extract was ultrafiltered at 45°C through a hollow fiber 
module (AR-0.5-20PS, NPO Biotest, Kirishi, Russia) 
with a retention threshold of 20 kDa. The permeate 
was stirred with active clarifying carbon at a rate of  
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15 g/L for 30 min until the extract became colorless. 
The activated charcoal was separated by vacuum  
filtration [33]. 

The extract was evaporated using a rotary film 
evaporator (model 561-01110-00 with glass set G1, 
Heidolph, Germany) at 45°C until the carbohydrate 
concentration reached 170–200 g/L. To separate the 
carbohydrates into fractions with different degrees 
of polymerization, the extract was precipitated with 
varying ethanol concentrations (20.0, 32.2, 50.0, 67.8, 
and 80.0%) at 4°C for 4 days [24]. 

The precipitates were separated by centrifugation at 
5000 rpm for 15 min and dried in a ScanVac Coolsafe 
100-9 freeze-dryer under the following temperature 
and time conditions: 0°С – 8 h, 5°С – 8 h, 10°С – 6 h,  
15°С – 6 h, and 20°С – 6 h. The samples were diluted 
1:1 with a 10% solution of trichloroacetic acid and 
hydrolized for 40 min in a boiling water bath. After that, 
the content of fructans was determined by the modified 
Bertrand method.

Microbial objects and cultivation conditions. All 
the bacterial cultures were obtained from the National 
Bioresource Center of the All-Russian Collection of 
Industrial Microorganisms in the National Research 
Center of Kurchatov Institute (VKPM). Bifidobacterium 
bifidum (AS-1666, ATCC 29521T) served as a probiotic 
culture. Bacillus cereus (B-8076, ATCC 9634) was 
used as a model food contaminant. Salmonella enterica  
(B-5300) was a model intestinal pathogen. The medium 
described in [34] was modified to obtain inoculums and 
co-cultivate the probiotic and test strains. 

The composition of the carbohydrate-free 
medium was as follows (g/L): casein trypton (Difco  
Laboratories) – 10; yeast extract (Springer) – 7.6; meat 
extract (Panreac) – 5; ascorbic acid (AppliChem) – 1;  
sodium acetate – 1; (NH4)2SO4, – 5; urea – 2; 
MgSO4·7H2O – 0.2; FeSO4·7H2O – 0.01; MnSO4·7H2O –  
0.007; NaCl – 0.01; Tween-80 – 1, and L-cysteine –  
0.5 (pH 7.0). All the components were dissolved  
in 80% of the required amount of distilled water and 
autoclaved at 115°C for 30 min. The fructan precipitates 
were dissolved in distilled water (20% of the required 
medium volume) and sterilized separately under the 
same conditions. Prior to inoculation, carbohydrates 
were added to the medium aseptically until their 
concentration was 8 g/L.

Inoculums were cultivated at 37°C and stirred at 
180 rpm under anaerobic conditions (2% CO2, 98% N2) 
in a CB-210 CO2 incubator (Binder, Germany) for 12 h  
without maintaining a constant pH. After that, the 
inoculums were centrifuged at 6000 rpm and 4°C for  
2 min and washed twice in sterile saline (9 g/L NaCl). 
Then the precipitate was resuspended in a carbohydrate-
free medium to obtain suspensions with an optical 
density depending on the bacterial count. To achieve the 
selected initial count of the probiotic and the test strain, 
0.5 mL of the obtained solution was added to the media 
with pre-added fructans. To determine the synbiotic 
factor, co-cultivation lasted during 10 h under the same 

conditions. Sampling took place at the beginning and 
end of fermentation.

Microbial count. Microbial count was conducted 
in triplicate by seeding tenfold dilutions in Petri dishes 
with the media. Colonies of B. cereus and S. enterica 
were counted after 24 h of aerobic growth at 37°C in 
MRS medium [35]. B. bifidum colonies were counted 
after 48 h of growth in BFM medium  with the 
following composition (g/L): peptone – 10, NaCl – 5.0,  
lactulose – 5.0, L-cysteine –   0.5, riboflavin – 0.01, 
yeast extract – 7, meat extract – 5, starch – 2, thiamine 
chloride – 0.01, and lithium citrate – 3.3 [36]. The pH 
was adjusted to 5.5 by adding propionic acid (5 mL/L). 
The dishes were incubated under anaerobic conditions at 
37°C using a BD GasPak™ Anaerobic Container System.

Determining the content of organic acids. The 
concentration of organic lactic and acetic acids was 
determined by high-performance liquid chromatography 
(HPLC) according to a slightly modified standard 
procedure by the refractometric signal [37]. The 
experiment involved an Agilent 1220 Infinity chroma- 
tograph (Santa Clara, CA, USA) with an Agilent Hi-
Plex H column (250×4.6 mm). The supernatant was 
centrifuged at 12 000 rpm for 15 min, then filtered 
through 0.45-μm cellulose acetate membranes (HAWP, 
MF-Millipore, St. Louis, MO, USA). Other parameters 
included: sample volume – 3 μL, temperature – 50°C, 
mobile phase flow rate (0.002 M H2SO4) – 0.3 mL/min.  
To prepare calibration solutions, the concentrated 
organic acids were diluted in their mobile phase to 
concentrations of 1, 5, and 10 g/L.

Determining the structure of fructans. The 
structure of the isolated fructans was analyzed using 
carbon-13 nuclear magnetic resonance (13C-NMR) 
spectrometry following the procedure described by 
Mariano et al. [38]. One-dimensional spectra were 
obtained at 298 K on a BRUKER CXP-200 NMR 
spectrometer (50.3 MHz) (Bruker, Germany) in an 
aqueous solution of D2O. Inulin (Orafti ® HSI, BENEO-
ORAFTI, Belgium) and oligofructose (Orafti ® P95, 
BENEO-ORAFTI, Belgium) served as standard.

Calculating the synbiotic factor. The synbiotic 
factor was calculated in accordance with the 
previously approach proposed by Karetkin et al. and  
Evdokimiova et al. [21, 27]. The microbial count, pH, 
and the concentration of organic acids were determined 
at the initial and final stages of co-cultivation. Based on 
the data obtained, the synbiotic factor was calculated as 
follows:

                                    (1)

where SF is the synbiotic factor; pHopt is pH optimal 
for test strain growth; pHmin is pH the minimal for test 
strain growth; [LA] is the concentration of undissociated 
lactic acid, (mg/mL); [AA] is the concentration of 
undissociated acetic acid, mg/mL; MICLA is the minimal 
inhibiting concentration of lactic acid, mg/mL; MICAA 
is the minimal inhibiting concentration of acetic acid,  

 

 

 

 

 

 

 

( ) 2 2 2
1 2 3 0 1 1 2 2 3 3 12 1 2 23 2 3 13 1 3 123 1 2 3 11 1 22 2 33 3, ,kY x x x b b x b x b x b x x b x x b x x b x x x b x b x b x= + + + + + + + + + +

[ ] [ ]1 1
  

min

opt min LA AA

LA AApH pHSF
pH pH MIC MIC

α β      −
= × − × −      −          



368

Evdokimova S.A. et al. Foods and Raw Materials. 2022;10(2):365–376

mg/mL; α and β are constants for B. cereus or  
S. enterica, which we defined in [39] (Table 1).

Design of experiment and statistical analysis. 
The central composition rotatable design was applied 
to study the effect of the following parameters on the 
co-cultivation: the precipitant concentration x1, the 
fractional composition of A. lappa fructans, the initial 
count (decimal logarithm) of bifidobacteria (x2), and 
test strain cells (x3). Synbiotic factor (Y1) and final test 
strain count (Y2) were chosen as response functions. The 
variation levels were determined based on data obtained 
from [21, 27] (Tables 3 and 4). The response function  
was presented as follows:

 The significance test of the coefficients for Eq. (2) 
was based on the t-test. The adequacy of the equation 
was assessed by the Fisher criterion at P = 0.05. 
Response surfaces were calculated and constructed 
using the MathLab software. The scanning method 
with a variable step as in [40] was applied to determine 
the extreme values of the factors. The method consists 
in a sequential search for points in the parametric 
space using the GeoGebra Classic software 6.0.694.0 
(University of Salzburg, Salzburg, Salzburg state, 
Austria).

RESULTS AND DISCUSSION
13C-NMR specters of Arctium lappa L. root 

fructan fractions. Figure 1 illustrates 13C-NMR 
specters of standard inulin and oligofructose, purified 
from A. lappa L. fructan fractions and precipitated by 
different concentrations of ethanol. 

The analysis was based on the difference between 
the chemical shifts of the carbon atoms of the monomers 
located inside the chain of oligo- and polysaccharides 
and the atoms of the terminal monomers [24]. The 
chemical shifts of carbon atoms in the standard and test 
samples are typical of inulin-type fructans (Table 2).  
The obtained spectra of fructan fractions were closer 
to those of commercial oligofructose in terms of the 
number and location of peaks. In terms of signal 
intensity, they were between standard oligofructose 
and highly purified inulin. None of the test samples 
demonstrated peaks at the terminal C-2 atom of 
D-fructofuranose. However, the test samples showed an 
increase in the relative areas of the peaks, as well as an 
increase in the precipitant concentration for all carbon 

Table 1 Minimal inhibitory concentrations, constants, and optimal and minimal pH during the process of Bacillus cereus or 
Salmonella enterica inhibition by lactic and acetic acids

Test strain pHopt pHmin MICLA, mg/mL MICAA, mg/mL α β
Bacillus cereus 7.0 4.9 3.48 3.20 0.25 0.40
Salmonella enterica 7.0 5.0 2.25 1.77 1.70 0.90

Figure 1 13C-NMR specters in distilled water with D2O  
and (a) HSI inulin, (b) oligofructose and Arctium lappa L. 
fructan fractions precipitated by ethanol with concentrations,  
(c) 20.0% (Burd-20), (d) 32.2% (Burd-32), (e) 50.0% (Burd-50), 
(f) 67.8% (Burd-68), and (g) 80.0% (Burd-80)
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atoms of the D-fructofuranose residues within the chain 
(forming a 2→1 bond). 

All the peak areas for the corresponding carbon 
atoms were smaller than for inulin, and the values  
obtained for Burd-50 and Burd-68 were closest to 
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oligofructose. The differences in the relative proportions 
of peak areas for Burd-20 and Burd-32 were small 
and manifested as unidentified peaks in the Burd-20. 
Probably, carbohydrates of similar molecular weight 
were precipitated at these ethanol concentrations. 
No correlation was observed between the relative 
proportions of the peak areas for the terminal atoms of 
glucopyranose and fructofuranose.

Synbiotic antagonism to Bacillus cereus and 
response surface analysis. To assess the effect of 
various factors on the anti-B. cereus activity of the 
synbiotic composition, the experiment was carried out 
according to a central composition rotatable design. The 
limiting values   of ethanol concentration were chosen 
as 20 and 80% as in [27]. The average polymerization 
degree of the precipitated carbohydrate fraction was at 
its highest at 20% of ethanol. 

Zeaiter et al. used 33% ethanol to obtain a fraction 
of inulin-type artichoke fructans with an average degree 
of 32–42 [26]. Table 3 demonstrates the planning matrix, 
as well as the experimental and calculated values   of 
response functions, i.e., the synbiotic factor and the final 
test strain cell count.

The coefficients of the response function equation 
were determined from the values of the synbiotic factor 
and the final bacterial count. The response surface was 
constructed according to Eq. (2) (Fig. 2). The adequacy 

of the equations was confirmed by Fisher’s criterion  
F = 1.681 and 1.66: it was below the tabulated F = 4.704 
at P = 0.05.

The synbiotic factor reduced of the specific 
growth rate of the test strain. It showed how many 
times the specific growth rate decreased relative 
to the optimal value under the effect of inhibitors 
produced by the probiotic and the prebiotic. The 
maximal inhibition corresponded to the lowest value 
of the synbiotic factor [21]. The synbiotic factor of the 
composition of Bifidobacterium bifidum and A. lappa  
root fructans had a positive linear dependence on 
the precipitant concentration (x1). Therefore, the 
composition with fructans precipitated by the lowest 
alcohol concentration had the greatest inhibitory effect 
on B. cereus because it had the highest average degree of 
polymerization. This result confirms the data obtained 
by us before [27]. The dependence of the synbiotic 
factor on the initial probiotic count (x2) was parabolic 
and reached its minimum at +1.156, which corresponded 

Table 2 13C-NMR chemical shifts of β-D-fructofuranose and α-D-glucopyranose of HSI inulin standard samples, oligofructose, and 
experimental samples of Arctium lappa L. root fructan fractions precipitated with various concentrations of ethanol: 20% (Burd-20), 
32.2% (Burd-32), 50% (Burd-50), 67.8% (Burd-68), and 80% (Burd-80)

Carbon atom Chemical shift, ppm
Inulin Oligofuctose Burd-20 Burd-32 Burd-50 Burd-68 Burd-80

C-2 f (terminal) – 103.88 – – – – –
C-2 f (2→1 bond) 103.4262 103.2645 104.26 104.29 103.40 103.43 103.43
 – 97.98 99.31 99.25 – – –
C-1 g (terminal) – 92.7261 93.41 – – – –
 – 88.76 – – – – –
C-5 f (terminal) – – – – – – –
C-5 f (2→1 bond) 81.3253 81.3253 82.40 82.30 81.44 81.50 81.44
 – 77.71 – – – – –
C-3 f (2→1 bond) 77.2824 77.1477 78.31 78.06 77.32 77.48 77.54
C-3 f (terminal) – 76.77 77.16 77.00 76.07 – 77.32
 – – – – – – –
C-4 f (2→1 bond) 74.5872 74.70 75.85 75.76 74.83 74.96 74.86
C-4 f (terminal) – – – 75.44 – – –
C-3 g (terminal) – 72.8892 73.75 73.75 – 72.79 73.04
C-5 g (terminal) – 72.6736 – – – – –
C-2 g (terminal) – 71.4337 72.53 72.41 – 71.58 71.54
C-4 g (terminal) 69.4 69.3045 71.06 70.94 70.11 70.17 70.46

– 68.39 69.09 68.83 68.13 68.19 68.13
C-6 f (2→1 bond) – 64.1566 65.38 64.49 64.30 64.30 64.43
C-6 f (terminal) – 63.67 64.65 63.47 63.69 63.79 63.69
 – – 64.36 – – – –
C-1 f (2→1 bond) 62.3777 62.4858 63.53 62.06 62.61 62.61 62.57
C-1 f (terminal) 61.16 60.84 62.06 61.78 61.04 61.20 61.27
C-6 g (terminal)  – 60.49 58.78 58.71 57.88 – 57.85
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probiotic count of 7.69 lg(CFU/ml) and the A. lappa 
fructan fraction precipitated with 20% ethanol.

As the initial bifidobacterial count (x2) increased, 
the final bacterial count decreased (Fig. 2b). The 
dependence of the final test strain count (Y2) on the 
initial one (x3) was parabolic. The maximal value of 
the response function was reached when the bifido- 
bacterial count was minimal, i.e., 6.0 lg(CFU/mL), and 
the initial test strain count in the design center was  
5.5 lg(CFU/mL). At these values, the inhibition was 
least effective. The minimal final test strain count was 
around the highest seed doses of both the probiotic and 

to 7.69 lg(CFU/mL). As x2 rose (> +1.156), the synbiotic 
factor also increased.

All experimental values appeared to be much higher 
than those obtained by calculation, both at the minimal 
point and at high values of x2. Apparently, the observed 
decrease in the antagonistic activity could be ignored. 
All the coefficients at x3 proved insignificant, and the 
initial test strain count did not affect the synbiotic factor. 
Within the range of the variables, the minimal value of 
the synbiotic factor (maximal suppression of the test 
strain) was 0.0033 and lied at the point with coordi- 
nates –1.682 and 1.156, which corresponded to the initial 

Figure 2 Synbiotic factor response surface (a) and final bacterial count (b), CFU/mL

Table 3 Range of variation and encoding of variables: experimental and calculated values of response functions for Bacillus cereus

Test 
No.

Factors Synbiotic factor Final bacterial count, 
lg(CFU/mL)*Precipitant concentration  

(EtOH), %
Initial prebiotic count,  
lg(CFU/mL)

Initial bacterial count,  
lg(CFU/mL)

z1 x1 z2 x2 z3 x3 SFobs SFpred Xbac obs Xbac pred

1 67.8 +1 7.6 +1 6.4 +1 0.0267 0.0249 5.72 6.77
2 67.8 +1 7.6 +1 4.6 –1 0.0310 0.0249 7.48 7.65
3 67.8 +1 6.4 –1 6.4 +1 0.0420 0.0397 7.80 7.72
4 67.8 +1 6.4 –1 4.6 –1 0.0433 0.0397 7.77 7.80
5 32.2 –1 7.6 +1 6.4 +1 0.0136 0.0089 5.43 6.77
6 32.2 –1 7.6 +1 4.6 –1 0.0092 0.0089 7.58 7.65
7 32.2 –1 6.4 –1 6.4 +1 0.0224 0.0236 7.66 7.72
8 32.2 –1 6.4 –1 4.6 –1 0.0244 0.0236 7.79 7.80
9 20.0 –1.682 7.0 0 5.5 0 0.0188 0.0076 7.77 7.69
10 80.0 +1.682 7.0 0 5.5 0 0.0404 0.0346 7.63 7.69
11 50.0 0 6.0 –1.682 5.5 0 0.0471 0.0425 7.82 7.88
12 50.0 0 8.0 +1.682 5.5 0 0.0179 0.0177 7.51 7.34
13 50.0 0 7.0 0 4.0 –1.682 0.0268 0.0211 7.77 7.69
14 50.0 0 7.0 0 7.0 +1.682 0.0301 0.0211 6.63 6.84
15 50.0 0 7.0 0 5.5 0 0.0213 0.0211 7.74 7.69
16 50.0 0 7.0 0 5.5 0 0.0122 0.0211 7.68 7.69
17 50.0 0 7.0 0 5.5 0 0.0239 0.0211 7.76 7.69
18 50.0 0 7.0 0 5.5 0 0.0241 0.0211 7.70 7.69
19 50.0 0 7.0 0 5.5 0 0.0205 0.0211 7.56 7.69
20 50.0 0 7.0 0 5.5 0 0.0237 0.0211 7.66 7.69

 * the response function was calculated as CFU/mL; the results are given on a logarithmic scale

     a                            b
                               

% EtOHX
0  Bif X

0 Bac X 0
 Bif
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surface was parabolic, and its analytical minimum was 
outside the variation range. These surfaces demonstrated 
an increase in the initial bifidobacterial count, which 
followed the increase in the initial Salmonella count. 

The larger bifidobacterial count resulted in  
the greatest suppression, which varied from x3 = – 1.682 
to x3 = 0. Thus, the response surface method made it 
possible to define the critical value of the Salmonella 
count (6.5 lg(CFU/mL)). When this value was exceeded, 
only the maximal count of viable bifidobacterial cells 
could inhibit the pathogen. If the initial pathogen count 
exceeded 6.91 lg(CFU/mL), the response surfaces had a 
saddle shape.

The global minimum of the response function within 
the variation range was determined by the variable 
step scanning method. Initially, all variables for each 
coordinate had an interval with two equal subintervals. 
The values of the function were calculated at the nodes 
of the resulting grid to select the optimal point with 
the lowest synbiotic factor. Subsequently, the interval 
was cut in two. The calculation cycles continued until 
the interval along one of the coordinates fell below 
0.001. The minimum was determined at the border of 
the region in coordinates –1.682, +1.682, and +1.682. 
Therefore, the greatest antagonistic effect was expected 
at the lowest alcohol concentration of 20% and the 
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Figure 3 Synbiotic factor response surface as a function of ethanol concentration (x1) and initial probiotic count (x2) at fixed initial 
Salmonella count (x3)

                               x3 = +1.682                       x3 = 0.46
                               

                               
          x3 = 0          x3 = – 0.86                                                          x3 = – 1.682

the test strain. As the initial probiotic and test strain 
concentrations increased, the final bacterial count 
plummeted. Probably, bacilli inhibited their own growth 
by their own metabolites, i.e., lactic acid.

Antagonism of synbiotic compositions against 
Salmonella enterica and response surface analysis. 
Table 4 shows the design matrix with experimental 
and calculated values of the response functions for 
S. enterica. The variation range of variables in natural 
coordinates did not differ from that of bacilli, except for 
the shift in the initial test strain count by +1 lg(CFU/mL).

The response surface analysis for synbiotic factor (Y1) 
was represented as the following equation confirmed by 
Fisher’s criterion (F = 3.99 < 4.87, P = 0.05):

                                                                                   

The coefficients for all factors and their pairwise 
interactions turned out to be significant. The response 
surfaces were calculated for fixed  (Fig. 3). For all the 
surfaces obtained, the smallest value of the response 
function within the variation range was obtained when 
the precipitant concentration was minimal. When  
was below 0.46, which corresponded to the initial 
Salmonella count (6.91 lg(CFU/mL)), the response 
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highest initial bifidobacterial count of 8.0 lg(CFU/mL). 
Unlike the bacilli, the metabolism of the test strain 
affected the synbiotic factor and reduced its value. 
Probably, the reduction happened because of extra acid 
production.

The final Salmonella count equation (F = 2.20 < 4.74, 
Р = 0.05) looked as follows:

 

As for the synbiotic factor, all factors had a 
significant impact on target function Y2. The response 
surfaces were calculated for fixed x3 values (Fig. 4). 
The surface was parabolic in coordinates x1 and x2. 
The maximal value of the final test strain count was  
8.68 lg(CFU/mL) in coordinates 0, –1.101, and +1.685. 
Thus, the synbiotic composition of fructans precipitated 
by 50% ethanol and bifidobacteria with the initial count 
of 6.34 lg(CFU/mL) had the lowest antagonistic effect 
against Salmonella. As the initial Salmonella count 
increased, the efficiency weakened. 

The effect of the initial test strain count on the 
response function was not symmetrical to the design 
center because the minimum of the function for this 
variable was at the point – 0.749, 5.83 lg(CFU/mL). The 
dependence had a quadratic nature. As a result, the 
final Salmonella count remained almost the same when 

the initial count was below 6.5 lg(CFU/mL). When the 
values were large, the value of the response function 
rose sharply. Therefore, the initial Salmonella count of  
6.5 lg(CFU/mL) was critical from the standpoint of 
microbiology.

The response paraboloid was symmetrical to the 
design center of variable. Thus, both fructan fractions 
precipitated by the highest and the lowest alcohol 
concentrations possessed the same inhibition effects. 
However, as the initial probiotic count exceeded 6.34 
lg(CFU/mL), the inhibition of the pathogen increased. 
The lowest values   of the final S. enterica count (and the 
greatest antagonistic effect) within the variation range 
were achieved at the maximal initial bifidobacterial 
count of 8.0 lg(CFU/mL) in the medium with A. lappa  
root fructan fractions precipitated with 20 or 80% 
ethanol.

Previously, we considered Staphylococcus aureus 
as the test strain and also found out that the effect of  
A. lappa fructans precipitated with 40 and 60% ethanol 
was weaker than those precipitated with 20 or 80% 
ethanol [27]. Apparently, the highest average degree of 
polymerization was effective because the carbohydrate 
substrate was less available. The lowest degree of 
polymerization was effective because the bifidobacteria 
consumed the substrate faster and thus produced more 
metabolites. This issue, however, requires further 
research.

Table 4 Range of variation and encoding of variables: experimental and calculated values of response functions for Salmonella 
enterica

Test 
No.

Factors Synbiotic factor Final bacterial count, 
lg(CFU/mL)*Precipitant concentration 

(EtOH), %
Initial prebiotic count, 
lg(CFU/mL)

Initial bacterial count, 
lg(CFU/mL)

z1 x1 z2 x2 z3 x3 SFobs SFpred Xsal obs Xsal pred

1 67.8 +1 7.6 +1 7.4 +1 0.0544 0.0477 8.55 8.58
2 67.8 +1 7.6 +1 5.6 –1 0.0636 0.0596 8.53 8.47
3 67.8 +1 6.4 –1 7.4 +1 0.0233 0.0214 8.71 8.67
4 67.8 +1 6.4 –1 5.6 –1 0.0689 0.0616 8.64 8.59
5 32.2 –1 7.6 +1 7.4 +1 0.0114 0.0088 8.58 8.58
6 32.2 –1 7.6 +1 5.6 –1 0.0265 0.0267 8.41 8.47
7 32.2 –1 6.4 –1 7.4 +1 0.0328 0.0351 8.60 8.67
8 32.2 –1 6.4 –1 5.6 –1 0.0278 0.0247 8.60 8.59
9 20.0 –1.682 7.0 0 6.5 0 0.0225 0.0202 8.51 8.49
10 80.0 +1.682 7.0 0 6.5 0 0.0525 0.0602 8.47 8.49
11 50.0 0 6.0 –1.682 6.5 0 0.0468 0.0371 8.61 8.64
12 50.0 0 8.0 +1.682 6.5 0 0.0221 0.0371 8.46 8.44
13 50.0 0 7.0 0 5.0 –1.682 0.0399 0.0413 8.59 8.63
14 50.0 0 7.0 0 8.0 +1.682 0.0179 0.0162 8.77 8.74
15 50.0 0 7.0 0 6.5 0 0.0328 0.0287 8.61 8.62
16 50.0 0 7.0 0 6.5 0 0.0289 0.0287 8.61 8.62
17 50.0 0 7.0 0 6.5 0 0.0334 0.0287 8.65 8.62
18 50.0 0 7.0 0 6.5 0 0.0244 0.0287 8.63 8.62
19 50.0 0 7.0 0 6.5 0 0.0230 0.0287 8.63 8.62
20 50.0 0 7.0 0 6.5 0 0.0308 0.0287 8.57 8.62

 * the response function was calculated as CFU/mL; the results are given on a logarithmic scale

(6)
 

8 7 7 7 2 7 2 7 2
2 2 3 1 2 34.14 10 4.58 10 3.95 10 3.61 10 2.08 10 2.63 10Y x x x x x= × − × + × − × − × + ×

 
8 7 7 7 2 7 2 7 2

2 2 3 1 2 34.14 10 4.58 10 3.95 10 3.61 10 2.08 10 2.63 10Y x x x x x= × − × + × − × − × + ×
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In this study, we considered lactic and acetic acids 
as inhibitors. As proved by Prosekov et al., many 
bifidobacteria can produce antimicrobial peptides 
(bacteriocins), and some representatives of B. bifidum 
are among them [41]. However, their synthesis usually 
becomes active at the stationary phase, and by that time 
the bifidobacterial count in the co-culture of bacilli 
and Salmonella stop growing. Therefore, the synbiotic 
factor calculations did not take into account the effect of 
bacteriocins. Further research is required to study these 
inhibitors under conditions close to real, e.g., intestinal 
simulators with a continuous slow medium flow.

The approach proposed in this paper can also be 
applied to non-plant prebiotics. Lactulose is one of 
the best prebiotics [42]. It is often combined with 
other prebiotics, such as fructooligosaccharides, to 
make up functional foods. Scientists also turn to 
oligosaccharides of goat’s milk, which are a mix of tri- 
and tetrasaccharides that consist of glucose, fructose, 
galactose, and their acylated derivatives [43]. Obviously, 
the qualitative and quantitative composition affects the 
action of the prebiotic both separately and as part of a 
synbiotic composition. Our approach can be applied to 
similar studies in vitro.

CONCLUSION
In this research, the highest synbiotic efficiency 

belonged to the fraction of fructans with a higher degree 
of polymerization precipitated by the lowest ethanol 
concentration and the highest bifidobacterial count. The 
study established a quantitative relationship between the 
bifidobacteria and the parameters of fructan production 
and the antagonistic activity of their synbiotic 

composition. We also determined the effect of the ratio 
of probiotic and pathogen counts on antagonism. The 
proposed approach can substantiate the composition 
of new synbiotics. In the future, we plan to study other 
compositions of probiotics and prebiotics in vivo to find 
their optimal ratio.
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Abstract:
Recently, the number of people suffering from allergy to caw’s milk has increased. Lupine, a plant rich in protein, can be a 
good alternative product for non-dairy products production. We aimed to obtain a yogurt-like product based on lupine milk and 
evaluate its properties.
Lupine milk was obtained from lupine seeds, egg white protein powder, disaccharides, and starter cultures were added to the 
milk to obtain yogurt-like products: samples with maltose, samples with lactose, and samples without sugars. Physico-chemical 
and microbiological characteristics of the products were determined by the standard techniques. Sensory attributes were 
evaluated by trained panelists.
In the study, the effects of egg white protein powder and disaccharides on the activities of starter cultures and the properties of 
the yogurt-like products obtained were investigated. The relationship between the addition of sugar and the growth of starter 
cultures was found to be significant (P < 0.05). In terms of physico-chemical, rheological, and microbiological properties, 
the yogurt-like products obtained from lupine milk with disaccharides demonstrated good results, especially the sample with 
maltose. Sensory analysis revealed high sensory properties of the yogurt-like products.
Yogurt-like products from lupine milk can be used as an alternative to cow’s milk fermented products, but more detailed studies 
should be conducted on their formulations.
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INTRODUCTION
The increasing prevalence of protein allergenicity 

to cow’s milk has driven the food industry towards the 
design, supply, and production of new plant-based milk 
alternatives. Studies on the creating of formulations with 
sensory acceptability that are suitable for vegetarian 
diets have rapidly increased in recent years. In addition, 
fermented products made from plant-derived milk 
instead of fermented products from animals’ milk have 
become of interest [1].  

One of the plant-based alternatives to cow’s milk 
is lupine milk. Lupine (Lupinus albus L.) is a plant 
belonging to the Lupinus species of the Papilioneceae 
(Legumineceae; butterfly-flowered) family. Lupine 
is used as a soy alternative in such products as bread, 
biscuits, cakes, pasta, confectionery, and soy sauce. 
Besides, due to its antioxidant content, lupine is also 

used in high-quality vegetable oil, gluten-free flour, 
emulsifying agents, and alternative fermented pro- 
ducts [2, 3]. 

Today, lupine attracts attention as functional food 
because it is rich in protein, minerals, vitamins, oleic 
acid, fiber and other valuable components, as well as 
because its antioxidant capacity. Lupine seeds contain 
significant amounts of polyphenols, carotenoids, 
phytosterols, tocopherols, and alkaloids, as well 
as peptides with antioxidant, antimicrobial, anti-
carcinogenic, and anti-inflammatory activities [4]. 

Lupine milk is obtained from lupine grains. The 
protein value of lupine milk is 4.90 g/100 g, the fat 
content is 5.00 g/100 g, the total dry matter ratio 
is 11.20 g/100 g, and the pH is 6.30 [1, 2, 5]. Lupine 
milk characteristics make it suitable to produce dairy 
products such as set yogurt, probiotic yogurt, and  
cheese [6]. 

https://orcid.org/0000-0002-3141-4973
https://ror.org/02eaafc18
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In addition to the use of lupine milk itself, there are 
studies on the use of its components in the production of 
dairy products. For example, lupine proteins were used 
in ice-cream production and yielded ice cream with high 
sensory properties [7]. 

Some studies, have reported that fermented 
products can be produced from lupine milk, but since 
yogurt starter cultures cannot use carbohydrates in the 
composition of lupine milk, it is necessary to enrich this 
milk by adding disaccharides, increasing thereby the 
activity of starter cultures [6].

The growth of lactic acid bacteria in artificial 
environments (other than milk) is difficult, but they 
can easily grow in most plant-based media/substrates. 
Additionally, lactic acid bacteria have been found to 
rapidly increase acidity (decrease in pH) in plant-
derived environments to a point where other competitive 
organisms cannot thrive. 

Krunglevičiūtė et al. have reported that acidity 
(hence the growth of lactic acid bacteria) in a fermented 
product made using lupine milk depends on the lupine 
variety and amino acid levels [8]. However, it has 
been stated that lupine milk has a unique nutritional 
composition and may support the increase in the 
number and survival of lactic acid bacteria in fermented 
products.

Egg white protein powder is obtained as a result 
of drying the egg white protein by the traditional 
drying method. Pasteurized egg white protein powder 
is produced by drying egg white protein by the 

conventional spraying method [9]. In our research, egg 
white protein powder was used to increase dry matter 
level.

The aim of this study was to obtain a yogurt-like 
product based on lupine milk as an alternative to cow’s 
milk and evaluate its microbiological, physico-chemical, 
and sensory attributes. 

STUDY OBJECTS AND METHODS
Raw lupine (Lupinus albus L.), pasteurized egg 

white protein powder (Alfasol®), JOINTEC VB530 
lyophilized culture, lactose, and maltose were obtained 
from Ödemiş (Turkey-İzmir), Kimbiotek Chemical 
Substances Inc. (Istanbul-Turkey), CSL laboratory 
(Strade per Merlino, 3,26839, Italy), and Sigma-Aldrich, 
respectively.   

Production of lupine milk. Lupine milk was 
extracted from seeds by the method illustrated in Fig. 1.

Production of non-dairy yogurt-like product. 
In the study, plant-based yogurt-like products were 
obtained by from lupine milk with functional 
properties, egg white protein powder, and disaccharides  
(lactose and maltose) with the following fermen- 
tation with Lactobacillus bulgaricus + Streptecoccus 
thermophiles (Table 1). 

Lupine milk was aliquoted into three equal 
batches to obtain three samples, namely milk without 
saccharides (control), milk with lactose (0.5%, w/v), and 
milk with maltose (0.5%, w/v). Lactose and maltose 
were added into the milk, the batches were pasteurized 
separately at 85°C for 20 min, and cooled to 50–55°C. 

Figure 1 Preparation of lupin milk from the seeds of Lupinus albus L.

Clean lupine seeds (1 kg)

Boiling 1:3 seeds/water (30 min)

Removing bitterness from the seeds

Heat treatment (20 min at 30°C)

Dehulling

Shredding (5 min)

Adding water (10 g/100 mL) so that the lupine dry matter is 10% and pH adjustment (6.5–7.0)

Homogenization

Cooling to room temperature

Storage at +4°C

Filtration



379

Kavas N. Foods and Raw Materials. 2022;10(2):377–385

After adding egg white protein powder (3%, w/v) to 
each batch, they were homogenized for 3–5 min with 
an Ultra Turrax Blender at 1200 rpm. Then, the samples 
were cooled to 42–43°C and the starter culture (3%, w/v) 
was added. Thus, we prepared three yogurt-like samples 
based on the lupine milk samples. The samples were 
incubated at 42–43°C and pH 4.60 for three days. On 
days 1, 7, 14, and 28 of storage at 4°C, we performed 
physico-chemical, rheological, microbiological, and 
sensory analyses. 

Physico-chemical analyses. Dry matter was 
determined by the gravimetric method. The ash 
content was determined using AOAC methods. The 
fat content was determined by Gerber’s method. pH 
value was detected using an SS-3 Zeromatic (Beckman 
Instruments Inc., California, USA) pH meter, and 
titration acidity (% lactic acid) was determined 
according to the alkali titration method. The protein 
value was determined by the Kjeldahl method according 
to AOAC in milk and yogurt-like product samples [10].  
Viscosity was determined with a digital visco- 
meter (V100003/FungiLabAlpha), and syneresis was 
determined as described by Kieserling et al. [11, 12].  
The texture properties were determined with a 
texture analyzer (HDPL2/CEL5/TA-XT Plus), and the 
carbohydrate content was determined with an Atago 
Polax×2L polarimeter (Japanese). 

Determination of fatty acid composition. Each 
homogenized sample was extracted according 
to the Gerber method to obtain oil as described 
in [14], fatty acid methyl esters were prepared 
according to AOCS and investigated using gas 
chromatography [15]. We used a Supelco SP-
2380 (Supelco Inc., Bellefonte, USA) fused a silica 
capillary column (60×0.25 mm i.d., 0.2 mm film 
thickness) and a Hewlett-Packard gas chromatographer 
(model 6890) with a flame ionizing detector. 
Injection volume: 1 μL; oven temperature: 4°C/min  
100°C to 220°C; injector and detector temperature: 
300°C; carrier gas: helium; and flow rate: 1 mL/min.  
Fatty acid methyl esters were detected in the lupine milk 
and yogurt-like samples on day 1 of storage.

Microbiological analysis. MRS-agar (Merck, 
Germany) was used to count L. bulgaricus. All 
the samples under study were subjected to anaero- 
bic incubation at 42°C for 3 days on MRS-agar.  
L. bulgaricus count was determined as CFU/g [16]. 
An M17 agar medium containing lactose was used for  
S. thermophiles counting. The incubation of the planted 
Petri dishes was carried out under aerobic conditions  

at 37°C for 72 h. The typical colonies formed at the end 
of the incubation were counted [17]. 

Sensory tests. Sensory analysis was performed by 
10 trained panelists on days 1, 7, 10, 14, and 21 according 
to Jovanović et al. [18].   

Statistics. The samples were examined in three 
repetitions and two replications. SPSS version  
15 (IBM SPSS Statistics) statistical analysis package 
program was used. The data considered significant 
according to the analysis of variance (ANOVA) was 
tested at the P < 0.05 level using the Duncan multiple 
comparison test.

RESULTS AND DISCUSSION
Physico-chemical properties. In the study, dry 

matter in lupine milk was determined as 10.02%, fat 
3.58%, protein 5.05%, carbohydrates 2.59 g/100 g, 
titration acidity (°SH) 0.131, pH value 6.38, ash 1.3%, 
and viscosity 3.52 cP (20°C). The physico-chemical 
properties of the yogurt-like samples based on lupine 
milk are given in Table 2.

The acidity in the samples with lactose and maltose 
was higher than that in the samples without sugars 
during storage, which was associated with maltose and 
lactose added to the lupine milk. The acidity increase 
in the samples with maltose during storage was higher 
than that in the products with lactose. The relationship 
between the increase in acidity and the sugar addition/
type added to the samples was significant (P < 0.05). 

Bintsis has reported that lactic acid bacteria develop 
better especially in the presence of glucose and some 
other sugars (sucrose, maltose), which cause higher 
acidity increase [19]. Our research results were found 
to be compatible with the literature, and depending 
on the glucose ratio, the highest acidity increase was 
determined in the yogurt-like product with maltose. 
Additionally, the results regarding the increase in acidity 
were found to be compatible with studies by Ozcan et al.  
who stated that the viability of lactic acid bacteria 
in plant-based yogurt-like products increased, thus 
increasing the acidity of the product [20]. 

Dry matter in all the samples decreased by the end 
of storage. The highest decrease was determined in 
the samples without sugars, while the decrease in the 
samples with lactose and maltose was found to be close 
to each other. However, the dry matter decrease in the 
products with maltose was found to be lower than that 
in the samples with lactose. The relationship between 
the type of sugar used in the production of non-dairy 

Table 1. Experimental design

Lactobacillus bulgaricus + 
Streptecoccus thermophilus

Egg white protein powder Lactose Maltose

Lupine milk (control) 3% 3%
Lupine milk with lactose 3% 3% 0.5%
Lupine milk with maltose 3% 3% 0.5%
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yogurt-like products from lupine milk and dry matter 
was significant (P < 0.05). 

The fat content decreased in all the samples by the 
end of storage, but this decrease was not significant  
(P > 0.05). We revealed that during storage fat amounts 
in the samples with maltose and lactose were higher 
than in the samples without sugars. This situation is 
associated with a more pronounced syneresis in the 
yogurt-like products without sugars compared to the 
other samples. In this study, the relationship between the 
fat content and the type of sugar added to the samples 
and the amount of egg white protein powder was found 
to be significant (P < 0.05). 

Protein values decreased in all the samples during 
storage, and the highest protein hydrolysis had the 
samples with maltose, followed by the samples with 

lactose and the samples without sugars. Among the 
samples, protein hydrolysis is associated with egg 
white protein powder added to lupine milk to increase 
the protein content and dry matter in lupine milk. The 
relationship between the sugar type added to milk and 
the addition of egg white protein powder and protein 
hydrolysis was significant (P < 0.05). In the study, the 
relationship between the type of sugar added to lupine 
milk and viscosity and syneresis was found to be 
significant (P < 0.05). 

Al-Saedi et al. stated that yogurt-like products can be 
produced from lupine milk, with shortened fermentation 
time and the increased amount of the starter culture 
(especially probiotic microorganisms) [6]. In this respect, 
our research results are compatible with the literature. 

Table 2 Physicochemical properties in yogurt-like samples based on lupine milk (n = 3)

Storage, days Milk without sugars Milk with lactose Milk with maltose
Dry matter, % 1 12.82 ± 1.44aA 13.00 ± 1.14aB 13.00 ± 1.13aB

7 12.25 ± 1.26aA 12.75 ± 1.06aB 12.85 ± 1.69aC

14  10.69 ± 1.33aA 11.36 ± 1.46aB 11.65 ± 1.47aC

28 10.44 ± 1.67aA 11.03 ± 1.57aB 11.26 ± 1.33aC

Viscosity, cP 1 899.00 ± 5.11aA 941.00 ± 8.21aB 1021.00 ± 9.25aC

7 1056.00 ± 8.23bA 1154.00 ± 8.36bB 1163.00 ± 8.73aC

14 1274.00 ± 9.63bA 1566.00 ± 9.45bB 1621.00 ± 8.91bC

28 1663.00 ± 9.74bA 1841.00 ± 9.98bB 2047.00 ± 9.95bC

Syneresis, g 1 9.52 ± 1.01aA 8.67 ± 1.06aB 8.55 ± 1.02aC

7 12.25 ± 2.06aA 11.36 ± 1.03AB 11.22 ± 1.11aC

14 13.49 ± 1.12aA 12.41 ± 1.07aB 12.10 ± 1.53aC

28 15.95 ± 2.07aA 14.65 ± 2.06aB 14.24 ± 2.54aC

pH 1 4.60 ± 1.22aA 4.58 ± 1.29aB 4.56 ± 1.11aC

7 4.57 ± 0.81aA 4.42 ± 1.06aB 4.39 ± 1.46bC

14 4.45 ± 0.63aA 4.29 ± 1.21aB 4.25 ± 1.89bC

28 4.41 ± 0.78bA 4.19 ± 1.63bB 4.16 ± 1.42bC

Acidity (%LA), °SH 1 0.912 ± 0.120aA 0.938 ± 0.100aB 0.944 ± 0.550aC

7 0.988 ± 0.220aA 1.045 ± 0.650aB 1.095 ± 0.630bC

14 1.039 ± 0.350bA 1.121 ± 0.750bB 1.133 ± 0.710bC

28 1.044 ± 0.630bA 1.128 ± 0.430bB 1.139 ± 0.390bC

Fat, % 1 3.55 ± 0.41aA 3.57 ± 0.66aB 3.57 ± 0.51aB

7 3.12 ± 0.96aA 3.36 ± 0.60aB 3.38 ± 0.62aB

14 2.75 ± 0.25aA 3.19 ± 0.82aB 3.22 ± 0.84aB

28 2.35 ± 0.57aA 2.88 ± 0.74aB 2.93 ± 0.78aB

Protein, %
1 5.03 ± 0.91aA 5.00 ± 0.82aA 4.98 ± 0.52aB

7 4.62 ± 0.93aA 4.45 ± 0.67aA 4.33 ± 0.87aB

14 4.22 ± 0.67bA 4.16 ± 0.88aA 4.02 ± 0.74aB

28 4.06 ± 0.76bA 3.86 ± 0.50bA 3.75 ± 0.46bB

Carbohydrates, % 1 2.57 ± 0.92 aA 3.51 ± 0.80 aB 3.48 ± 0.91 aB

7 2.54 ± 0.82 aA 2.85 ± 0.85 aB 2.44 ± 0.72 aC

14 2.12 ± 0.49 aA 1.57 ± 0.63 aB 1.25 ± 0.56 aC

28 1.95 ± 0.57 aA 0.92 ± 0.22 aB 0.84 ± 0.21 aC

 Ash, % 1 0.55 ± 0.09 aA 0.57 ± 0.09 aA 0.57 ± 0.03 aA

7 0.31 ± 0.08 aA 0.41 ± 0.07 aA 0.43 ± 0.07 aA

14 0.21 ± 0.08 aA 0.33 ± 0.09 aA 0.34 ± 0.06 aA

28 0.16 ± 0.07 aA 0.29 ± 0.02 aA 0.30 ± 0.02 aA

a,b,c different letters on the same column are statistically significant (P < 0.05)
A,B,C different letters on the same line are statistically significant (P < 0.05)
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In this study, the carbohydrate content decreased in 
all the samples during storage. The highest decrease 
was detected in the yogurt-like products with maltose, 
following by the samples with lactose. The relationship 
between the acidity increase and sugar addition/type 
and carbohydrate content was found to be significant  
(P < 0.05). 

The ash values of all the samples decreased during 
storage, with the highest decrease in the sample without 
sugars, while the values for the products with lactose 
and maltose did not differ significantly. There was no 
significant difference between the samples in terms of 
the ash level (P > 0.05).

Fatty acid composition. Saturated fatty acids, 
monounsaturated fatty acids, and polyunsaturated fatty 
acids in the yogurt-like products made from lupine 
milk were detected as 14.17, 52.3, and 9.86 g/100 g, 
respectively (Table 3).

Rheological properties. Syneresis and viscosity 
values are given in Table 2, and the texture characteristic 
are given in Table 4. Consistency values of the samples 
were found to be significant in terms of sugar type and 
storage time interaction (P < 0.05). During storage, 
the stability (hardness) of the curd increased and the 
effect of storage was significant (P < 0.05). Hardness, 
flexibility, gumminess, and chewiness increased, while 
stickiness decreased in all the samples. The hardness 
determined in the sample with maltose was higher than 
that in the other samples. This situation is associated 
with lower syneresis, higher viscosity increase, lower 
dry matter decrease compared to the other samples, and 
higher increase in acidity (decrease in pH value) during 
storage. The hardness of the samples with lactose was 
higher than that in the samples without sugars. The 
difference between the samples in terms of syneresis 

Table 3 Fatty acid composition in yogurt-like products based on lupine milk

Fatty acid, g/100 g Milk without sugars Milk with maltose Milk with lactose

Oleic Acid (C18:1) 49.00 ± 1.13 49.10 ± 1.05 49.10 ± 1.05
Linoleic Acid (C18:2) 23.41 ± 1.21 23.40 ± 1.07 23.40 ± 1.05
Palmitic Acid (C16:0) 7.33 ± 1.03 7.35 ± 1.13 7.34 ± 1.05
Gadoleic Acid (C20:1) 3.46 ± 1.12 3.47 ± 1.15 3.46 ± 1.05
Stearic Acid (C18:0) 1.62 ± 0.26 1.62 ± 0.04 1.62 ± 0.13
Arachidic Acid (C20:0) 2.85 ± 0.65 2.86 ± 0.70 2.85 ± 0.55
Miristic Acid (C14:0) 0.49 ± 0.01 0.48 ± 0.03 0.48 ± 0.06
Pentadecanoic Acid (C15:0) 0.21 ± 0.02 0.20 ± 0.01 0.21 ± 0.02
Lauric Acid (C12:0) 0.050 ± 0.001 0.050 ± 0.004 0.050 ± 0.003

Table 4 Texture changes in yogurt-like products based on lupine milk during storage

Indicator Storage, days Milk without sugars Milk with lactose Milk with maltose
Hardness, N 1 0.32 ± 0.01aA 0.33 ± 0.02aB 0.34 ± 0.05aC

7 0.36 ± 0.09aA 0.37 ± 0.07bB 0.40 ± 0.03bC

14 0.37 ± 0.01bA 0.40 ± 0.06bB 0.43 ± 0.08cC

28 0.38 ± 0.02cA 0.42 ± 0.01cB 0.48 ± 0.05cC

Adhesiveness 1 0.04 ± 0.02aA 0.05 ± 0.03aA 0.05 ± 0.01aA

7 0.03 ± 0.01aA 0.03 ± 0.01aA 0.04 ± 0.02aA

14 0.02 ± 0.01aA 0.03 ± 0.01aA 0.03 ± 0.01aA

28 0.01 ± 0.01aA 0.02 ± 0.01aA 0.02 ± 0.01aA

 Springiness, mm 1 4.00 ± 0.52aA 4.20 ± 0.94aB 4.63 ± 0.99aC

7 4.11 ± 0.83aA 4.29 ± 0.63aA 5.16 ± 0.66aB

14 4.36 ± 0.64aA 4.62 ± 0.80bB 5.55 ± 0.83bC

28 4.58 ± 0.84bA 4.81 ± 0.91bA 5.87 ± 0.80bB

Gumminess, g 1 41.05 ± 1.12aA 72.56 ± 1.27aB 79.47 ± 1.22aC

7 45.63 ± 1.23aA 78.56 ± 2.24aB 83.47 ± 2.88aC

14 49.22 ± 1.66aA 82.10 ± 1.96bB 85.33 ± 2.10bC

28 52.11 ± 1.35bA 85.45 ± 2.67cB 87.22 ± 2.66cC

Chewiness, mJ 1 0.14 ± 0.05aA 0.86 ± 0.11aA 0.92 ± 0.30aA

7 0.16 ± 0.04aA 1.12 ± 0.26aA 1.21 ± 0.14aA

14 0.21 ± 0.03aA 1.82 ± 0.49aA 1.88 ± 0.47aA

28 0.35 ± 0.13aA 2.02 ± 0.28aA 2.09 ± 0.66aA

a,b,c different letters on the same column are statistically significant (P < 0.05)
A,B,C different letters on the same line are statistically significant (P < 0.05)
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and the relationship between syneresis and sugar 
addition/type was significant (P < 0.05). 

During storage, syneresis and dry matter decrease in 
the yogurt-like products with maltose were lower than in 
the samples without sugars, while those in the samples 
with lactose were lower than in the samples without 
sugars. The relationship between increased acidity and 
syneresis was found to be significant (P < 0.05). 

The relationships between the viscosity, sugar ratio, 
egg white protein powder, and acidity increase in the 
samples under study were significant (P < 0.05). We 
revealed that the viscosity increased in all the samples 
during storage, with the highest increase in the product 
with maltose, while the lowest increase was in the 
samples without sugars. Egg white protein powder in the 
amount of 3% increased the viscosity of all the samples 
during storage. 

The highest acidity and viscosity increase was 
determined in the samples with maltose, followed by 
the samples with lactose and the samples without sugars. 
The acidity (4.56 pH) and viscosity (1021 cP) values 
determined in the product with maltose on day 1 of 
storage were higher than those in the other samples. In 
the following days of storage, the increase in acidity was 
higher than in the other samples (Table 2). Accordingly, 
hardness and viscosity also increased.

The texture properties of the samples showed 
similar changes during storage. We determined that the 
rheological properties determined in the samples with 
maltose and lactose during storage were similar to those 
for the product without sugars but more acceptable. It 
was observed that the yogurt-like products without 
sugars were similar to the yogurt gel but had a more 
watery (yogurt-like beverage) consistency compared to 
the other samples. During storage, the increase in acidity 
was lower, the syneresis was higher, and viscosity was 
lower in the samples without sugars. 

The rheological properties of curd in fermented milk 
products develop depending on the composition of milk, 
applied temperature, pH, soluble Ca++ ratio, and other 
factors (such as casein micelle size, various interactions, 
etc.). The increase in acidity decreases syneresis and 
increases protein hydrolysis, hardness, more soluble 
calcium, and in turn, viscosity [21]. 

In this study, we detected good physico-chemical 
and rheological properties of the fermented products 
produced with the addition of maltose and lactose. 
It was associated with high protein content and 
saccharide derivatives in the composition of lupine 
milk. Krunglevičiūtė et al. reported that the acidity of 
the fermented product made using lupine milk and the 
development of lactic acid bacteria are related to the 
lupine variety and amino acid level [8].   

Sensory evaluation. Sensory evaluation revealed 
good sensory properties of the yogurt-like products with 
maltose and lactose (Fig. 2.) During storage, the samples 
with the disaccharides got close scores in terms of 
structure and consistency. This situation was associated 
with the scantiness in syneresis and an increase in 

acidity, viscosity, and hardness during storage. The 
relationship between the increase of storage time and 
structure and consistency was found to be significant  
(P < 0.05). 

In the study, the samples with maltose and lactose 
were found to be close to yogurt with a prolonged 
storage time, which is a classical fermented product, 
in terms of structural properties. Additionally, the 
structure and consistency of these samples were 
more similar to the classical fermented product 
(yogurt) with no lupine flavor or with weak one during 
storage. The texture and consistency in the samples 
without sugars were found to be less viscous and the 
panelists concluded that they could be considered as 
yogurt. Apparently, the level of fat in the samples with 
disaccharides during storage also influenced the taste of 
the product.  

Microbiological analysis. Changes in L. bulgaricus 
and S. thermophilus amounts in the yogurt-like products 
obtained from lupine milk are given in Fig. 3. The 
samples with maltose and lactose demonstrated the 
increased growth and activity of starter cultures. 

In the production of non-dairy yogurt-like products 
from lupine milk, the relationship between the addition 
of sugar and the growth of starter cultures was found to 
be significant (P < 0.05). In the samples with maltose 
and lactose, syneresis decreased during storage which 
had a positive effect on the development of starter 
cultures.

In the products without sugars, the L. bulgaricus and 
S. thermophilus growth was weaker compared to those 
with sugars. However, this situation did not appear as a 
problem in the production of yogurt-like products in the 
study. On the contrary, it strengthened the opinion that 
the composition of lupine milk is a suitable raw material 
to produce non-dairy yogurt-like products. Different 
studies have reported that lupine proteins effectively 
maintain the viability of starter cultures in different 

Figure 2 Sensory properties of yogurt-like products based on 
lupine milk (1), lupine milk with maltose (2), and lupine milk 
with lactose (3)
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products based on lupine milk and can protect the starter 
cultures by wrapping them like a capsule [22].

Our research results were found to be compatible 
with studies that stated that starter cultures show 
better growth in the presence of some sugars (such 
as glucose and maltose) [19]. It has been reported 
that lupine milk contains carbohydrates at the level of  
2.83 g/100 g, including different types of carbohydrates 
(galactose and arabinose) [23, 24]. In this work, the 
maximum growth of L. bulgaricus and S. thermophi- 
lus (8 log10  CFU/mL) in the starter cultures on day 14 
in the samples with maltose was associated with the 
adaptation (prolongation of the lag+ phase) and growth 
phase of starter cultures in the presence of maltose. 

However, this effect could not be detected in the 
samples with lactose added. On the contrary, the 
development of starter cultures in the samples with 
lactose was particularly high (7–8 log10 CFU/mL) until 
day 7 of storage, and decreased to 6–7 log10 CFU/mL 
after day 14 of storage. 

L. bulgaricus levels in the products with maltose 
were found to be lower than those in the samples with 
lactose between days 1 and 7 of storage. However, at 
days 14 and 28 of storage, L. bulgaricus levels in the 
samples with maltose were found to be higher than those 
in the samples with lactose. S. thermophilus levels, on 
the other hand, were found to be lower in the yogurt-like 

product with maltose until day 7 of storage (including 
day 7) and higher after day 7 than those in the products 
with lactose. 

These results show that S. thermophilus was 
effective, also it is associated with an increased glucose 
concentration in the medium as a result of reaching a 
higher level of S. thermophilus than of L. bulgaricus. 
We determined relationships between the glucose 
ratio and bacterial growth, between the bacterial 
growth and acidity increase, and between acidity 
increase and hardness, viscosity, and syneresis. These 
results were found to be compatible with Bintsis [19].   
L. bulgaricus and S. thermophilus were determined in 
the samples without sugars during storage, as well as 
the slower growth of acidity on the same storage days 
was attributed to the increase in syneresis observed in 
those samples. With the increase in syneresis in the 
yogurt-like products, the symbiotic relationship between 
microorganisms was disrupted, pH development slowed 
down or stopped [25].  

Elsamani determined that the levels of Bifido- 
bacterium bifidum and Lactobacillus acidophilus 
were preserved and increased in probiotic ice creams 
produced from lupine milk on day 30 of storage [26]. 
The author associated it with the protection of the 
proteins found in high levels in the composition of 
lupine milk that wrap the probiotics like a capsule.

Figure 3 Number of microorganisms in yogurt-like products based on: lupine milk during storage (a), lupine milk with lactose 
during storage (b), and lupine milk with maltose during storage (c)
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CONCLUSION
In our study, lupine milk was obtained from lupine 

with functional properties and egg white protein powder. 
Different concentrations of lactose and maltose were 
added to lupine milk to obtain a non-dairy yogurt-like 
product. 

The growth of Lactobacillus bulgaricus and Strep- 
tecoccus thermophiles was weaker in the disaccharide-
free products compared to the samples with maltose 
and lactose. The increase in acidity in the samples 
with disaccharides during storage (28 days) was higher 
than that in the samples without sugars, and this was 
associated with maltose and lactose added to lupine 
milk. 

It has been concluded that yogurt-like samples 
produced from lupine milk can be produced due to their 

similarity to fermented products (especially yogurt) 
of animal origin in terms of physico-chemical and 
rheological properties. However, with time, the samples 
with maltose and lactose were found to be closer to 
classical yogurt in terms of all properties. Sensory 
evaluation revealed that the smell and aroma of lupine 
were not pronounced. Thus, lupine yogurt-like products 
had high sensory properties. 

Consequently, yogurt-like products based on lupine 
milk can be used as an alternative to fermented products 
produced from cow’s milk, and more detailed studies 
should be conducted to formulate and optimize lupine 
fermented milk products. 
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