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Abstract: 
Seaweed is a valuable source of iodine, an essential micronutrient critical for thyroid function. However, conventional iodine 
fortification methods often result in nutrient loss and environmental issues, necessitating more sustainable alternatives.
This study established an environmentally sustainable process to produce iodine-enriched agar powder from Gracilaria 
tenuistipitata C.F. Chang & B.-M. Xia, 1976, a red seaweed commonly cultivated in Vietnam. The production involved pre-
treatment, agar extraction, blending of functional ingredients, and organic iodine enrichment. Response Surface Methodology 
optimized critical factors, including enzyme concentration, citric acid usage, and iodine supplementation. 
The developed agar-based powder had a stable iodine content (7.42 mg/100 g), protein level (8.51%), and a firm, elastic gel 
texture. Utilizing MPB cellulase enzyme and citric acid improved the agar yield by ~ 20%, minimized the environmental impact, 
preserved bioactive compounds, and stabilized iodine. Optimal extraction conditions included cellulase (0.4–0.6%), temperature 
(45–50°C), and duration (36–48 h). The final optimal formulation combined agar, carrageenan, and gelatin (60:30:10). It was 
supplemented with 0.2% of sea grapes and 2.5% fermented red algae to significantly enhance iodine retention and sensory 
quality. Analytical tests (HPLC, UV-Vis) and sensory evaluation verified the product’s quality. The agar powder demonstrated 
excellent iodine stability and maintained sensory acceptability after six months of refrigeration storage.
Integrating cellulase enzymatic treatment, citric acid refinement, and organic iodine enrichment effectively enhanced the 
nutritional value and addresses iodine deficiency in health-oriented functional foods.
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INTRODUCTION
Iodine deficiency is an ongoing international public 

health problem, currently affecting nearly 2 billion in-
dividuals, over 266 million of whom are children and 
pregnant women [1]. In Vietnam, between 30 and 35% 
of its population suffer from iodine deficiency, mainly 
in rural and mountainous communities that have lim-
ited access to iodized foods [2]. Iodine is an important 
micronutrient for thyroid hormone synthesis, which di-
rectly impacts intelligence, physical development, and 
immune function. Iodine deficiency over a long period 
has been proven to cause goiter, hypothyroidism, abor-

tions, and increased perinatal mortality. It disturbs nor-
mal development in children and compromises their  
IQ scores in the future [3–5]. Some studies have high-
lighted the importance of finding effective and sus-
tainable iodine fortification mechanisms to solve this 
enduring health problem [1, 6].

The use of organic iodine from seaweed is a poten-
tial solution, given that it has much higher absorption 
and metabolic efficacy compared to inorganic sources. 
This is due to its stability and compatibility with bio- 
logical compounds [7–9]. Among seaweed varieties,  
members of the genus Gracilaria have been found  
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to be the best suited for iodine fortification. They are 
rich in agar (~ 15–30% dry weight) and organic io-
dine (~ 100–500 mg/kg dry weight), as well as have 
good gelling properties that make agar an effective 
medium for delivering organic iodine into functional  
foods [10–14]. However, commercially available agar 
samples often lose iodine and other nutrients due to ex-
treme extraction methods [15, 16].

Traditional extraction methods using high concen-
trations of sodium hydroxide (10–20%) can cause a loss 
of useful compounds such as carotenoids and polyphe-
nols, reducing the capacity of agar to retain organic 
iodine [17–19]. Many studies have used enzymes such 
as agarase and pectinase to help circumvent these dis-
advantages. However, they tend to have high process-
ing costs, provide less consistent agar yields, and fail 
to stop the loss of nutritional compounds. This is be-
cause the enzyme’s activity only targets agar or pectin 
and contribute little to achieving increased purity and 
recovery [20, 21]. Furthermore, research involving the 
application of different enzymes has shown varying 
results, which calls for more effective and affordable  
enzyme-assisted extraction procedures [22, 23].

This study, by comparison, utilizes cellulase as an 
auxiliary enzyme to facilitate effective removal of pe-
ripheral contaminants such as secondary polysaccha-
rides and epiphytic proteins attached to the seaweed 
surface. According to previous studies, cellulase can 
raise yields in agar extraction by 10–20%, greatly re-
ducing the use of aggressive chemicals and decreasing 
production costs [20, 21]. However, we have found no 
comprehensive research into the use of cellulase and 
multiple organic sources of iodine to enhance both nu-
tritional and economic yields for agar production. With 
proven advantages for enzyme-assisted extraction and 
nutritional stability, this new combination of cellulase 
and organic iodine treatment could greatly improve the 
present technology.

Although Vietnam has a moderately high yearly pro-
duction of Gracilaria tenuistipitata C.F. Chang & B.-M. 
Xia, 1976 (5,000–7,000 tons dry weight), the commer-
cial quality of agar is still limited. Vietnamese agar was 
reported to lose about 10% of its raw organic iodine 
content and exhibit poor gel strength, transparency, and 
sensorial acceptability. This was largely attributed to 
less than optimum extraction conditions and the use of 
aggressive chemicals within traditional methods of pro-
duction1 [15, 24]. These limitations indicate an acute 
need for a sustainable and nutritionally effective method 
of production in line with the latest Food and Agricul-
ture Organization recommendations for optimizing sea-
weed processing method.

To fill the research gap described above, we utilized 
the Response Surface Methodology (RSM), which is 
particularly suitable for analyzing multifactorial interac-
tions such as treatment time, temperature, enzyme con-
1  Bagul K. Emerging trends in functional food. Euromonitor. [cited 
2025 Feb 15]. Available from: https://www.euromonitor.com/article/
emerging-trends-in-functional-food

centration, and organic iodine enrichment ratios. The 
RSM allows for optimizing multiple factors at a time, 
which saves on experimental trials and enhances the 
reliability of the outcomes. This makes organic iodine- 
enriched agar extraction more efficient. The RSM has 
been successfully used to optimize ingredient formula-
tions in numerous food applications [25–27].

Our study sought to create high-grade agar forti-
fied with organic iodine in response to the demand for 
organic functional foods in the domestic and overseas 
markets. 

As a final objective, we intended to contribute to al-
leviating iodine deficiency in the population at large. In 
particular, we aimed to select optimum conditions for 
enzymatic extraction using cellulase, quantify the effec-
tiveness of citric acid pre-treatment, and formulate an 
iodine-rich agar product that is nutritionally stable and 
sensorially acceptable.

STUDY OBJECTS AND METHODS
Materials. The seaweed Gracilaria tenuistipitata 

C.F. Chang & B.-M. Xia, 1976, used in this research, 
was harvested from Do Son, Hai Phong, between the 
months of May and June 2023, after 60 days of cultiva-
tion. The harvested biomass was pre-treated to remove 
contaminants such as sand, shells, and organic residues. 
It was washed in water from the cultivation location to 
eliminate materials such as moss, snails, clams, and 
silt to avoid their negative impact on the quality of the 
extracted agar. The seaweed was then sun-dried at 30–
35°C for 48–50 h until it reached a constant moisture 
content of about 14–15%. These drying conditions have 
been reported to be effective for preserving bioactive 
compounds such as agar and polyphenols [22]. Similar 
conditions have been recommended for maintaining nu-
trients and functional compounds through seaweed pro-
cessing [21, 28]. The dried seaweed was vacuum-packed 
in gas-tight polyethylene bags and kept at 25°C, ambient 
humidity below 60%, and away from light for long-term 
stability [10].

The enzyme MPB2 was used to improve agar ex-
traction efficiency. The enzyme’s activity was 700 IU/g 
and it performed optimally at pH 4.5–5.0 and 45–50°C. 
The enzyme’s mode of action was through endo-cellu-
lase activity, leading to seaweed cell wall breakdown to 
obtain better agar extraction yield [26].

Commercial-grade kappa-carrageenan (E407, purity  
≥ 95%, FMC Corporation, USA) was added due to its 
strong gel-forming properties, high gel strength, and 
good compatibility with agar and gelatin. These proper-
ties significantly enhance the final product’s gel texture, 
mechanical strength, and sensory attributes. Fish gela-
tin (food grade, Bloom strength ~ 300, sourced from 
marine fisheries byproducts, Vietnam) was also added 
to increase the protein content and improve gel char-
acteristics. Moreover, these ingredient choices align 
2  MPB-Cellulase-700IU. MP Biomedicals. Product specification sheet. 
[cited 2025 Feb 15]. Available from: https://www.mpbio.com/us/
cellulase-16-000-units-g
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with the international trends towards organic and func- 
tional food development3.

Organic iodine was sourced from freeze-dried sea 
grapes (Caulerpa lentillifera J. Agardh, 1837, iodine 
content of 1,752 mg/kg) and freeze-dried, fermented red 
algae (Kappaphycus alvarezii (Doty) Doty ex P.C. Silva, 
1996, iodine content of 195.32 mg/kg) [23].

Processing method. The procedure to produce or-
ganic iodine-rich agar powder from G. tenuistipitata 
consisted of four major stages.

Raw seaweed pre-treatment. G. tenuistipitata sea-
weed was thoroughly washed clean after harvesting us-
ing fresh water to eliminate impurities. It was soaked 
for 8 h using clean water at a 30:1 (water:seaweed, w/w) 
ratio. The water was changed twice to soften the tissues 
and remove unwanted soluble compounds. The seaweed 
was then boiled using a 3% NaOH solution at 90–100°C 
for 1 h to reduce cellulose structures before enzymatic 
hydrolysis. Enzymatic hydrolysis was then carried out 
using cellulase enzyme at concentrations of 0.5–1% at 
45–50°C for 40–45 h. This enzymatic treatment was 
used to enhance the breakdown of the cells and boost 
the efficiency of agar extraction. After enzymatic hy-
drolysis, the seaweed was soaked for 30 min in a 0.3% 
citric acid solution to eliminate excess polyphenols and 
unwanted colors and thus improve the clarity, whiteness, 
and sensory acceptability of the finished agar product.

Agar extraction. The seaweed was treated with the 
enzyme and extracted at 90–100°C for 60 min. The ex-
tracted solution was concentrated and dried at 50°C af-
ter filtering at 70°C to obtain residual insoluble material. 
The agar powder with a steady moisture content (~ 7%) 
was ready for blending.

Blending agar powder and iodine supplementation. 
The powder was mixed with carrageenan and fish gela-
tin (w/w/w, 60:30:10). This proportion was determined 
from optimized trials based on gel composition, elastic-
ity, nutritional quality, and consumer acceptance. The 
powder mixture was then enriched with organic iodine 
by adding freeze-dried powder of sea grape (0.5%) and 
fermented red algae powder (2.5%) to fulfill the nutri-
tional and sensorial quality criteria.

Preparation and use. For consumer preparation, the 
iodine-rich agar powder mixture was dissolved in clean 
water at 1:100 to 1:110 ratios (w/v) and made to stand 
for 30–60 min for complete hydration. The solution was 
then boiled and stirred regularly at 100°C for 4–6 min 
to homogenize, avoid sedimentation, and to obtain con-
sistent gel texture. The organic iodine-rich solution was 
then cooled to about 70°C and transferred into molds to 
store at 4–7°C for gelation and product consistency.

Analytical methods. The strength of agar gel was 
determined according to Vietnamese government stan-
dard TCVN 3591-88. The contents of protein, moisture, 
ash, and organic iodine were determined using stan-
dards TCVN 3705-90, TCVN 3700-90, TCVN 4327-
2007, and TCVN 6341-1998, respectively [22]. Standard 
TCVN 3215-79 was used to assess the sensory attributes 
3  MPB-Cellulase-700IU...

including color, aroma, firmness, and clarity. Seven 
trained panelists rated the samples using a descriptive 
1–5 scale (1 = poor, 5 = excellent) [15].

Microbial data was measured using TCVN 4884-
1:2015 and TCVN 6507-3:2005 through dilution and 
selective culture methods. The samples randomly taken 
from different regions within the batch were run in trip-
licate (n = 3).

The iodine content and homogeneity of the nutri-
ents were further checked by UV–Vis spectroscopy 
(Shimadzu UV-2600, Japan), and the structural charac- 
teristics of agar polysaccharides were determined by 
High-Performance Liquid Chromatography (Agilent 
1260, USA). All analytical data were measured three 
times (n = 3) and expressed as means ± standard devia-
tion. Statistical analysis of all experiment data was car-
ried out using Analysis of Variance (ANOVA) through 
the use of DD software and Excel 2016 to compare the 
treatment regimes. The difference was reported at the 
confidence level of p < 0.05 [11].

To analyze the structural characteristics of agar 
polysaccharides, specifically their molecular weight 
distribution and monosaccharide composition, samples 
were prepared by hydrolyzing agar polysaccharides 
with trifluoroacetic acid (TFA, 2 M) at 120°C for 2 h. 
The hydrolyzed samples were neutralized and then ana-
lyzed using a Shodex KS-802 column (300×8 mm, Sho-
dex, Japan) at 40°C, with ultrapure water as the mobile 
phase at a flow rate of 0.8 mL/min. Detection was per-
formed using a refractive index detector.

RESULTS AND DISCUSSION
Initial seaweed material characteristics. Table 1 

demonstrates the sensory, physicochemical, and micro-
biological attributes of the seaweed under study.

Table 1 Initial quality indicators for Gracilaria tenuistipitata

Indicator group Analysis parameter Result
Sensory Color Yellow to 

dark brown, 
purplish black

Odor Characteristic 
seaweed-like 
fishy smell

Texture Elastic, 
flexible

Impurities, % 1.45 ± 0.50
Physicochemical Organic iodine, mg/kg 320 ± 12

Protein, % 10.03 ± 1.03
Moisture, % 15.76 ± 0.40
Ash, % 14.70 ± 0.50
Polyphenol, % 1.20 ± 0.10
Agar content, % 22.42 ± 0.25

Microbiological Staphylococcus aureus, 
CFU/g

< 10

Escherichia coli, CFU/g < 10
Salmonella (in 25 g sample) n.d.
Total yeast and mold, CFU/g < 10

n.d. – not detected
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The sensory analysis confirmed the acceptable overall  
quality of the seaweed. Although the natural dark shade 
and the intense fishy smell may raise the cost associat-
ed with further color and odor treatments when produc- 
ing agar, they can be well addressed using appropriate 
processing methods later. Earlier research also reported 
that enzymatic and organic acid treatments are crucial 
for improving the quality of the final product [22, 29].

The moderate polyphenol level (1.2%) helped ensure 
color stability but did not notably impact the transpar-
ency of the final agar product. The high protein level  
(10.03%) is beneficial to human health and can be opti-
mized further by enzymic treatment. Although the mois-
ture content (15.76%) was higher than optimal and likely 
to affect long-term stability, it could be acceptable under 
proper sealing and storage conditions. Similar moisture 
contents have been reported as acceptable for seaweed 
products exposed to further processing [15, 29].

Our findings are consistent with, or exceeded, those 
reported by Correia et al. [15], namely 21–23% of agar, 
280–310 mg/kg organic iodine, and 9–11% protein con-
tents. These results reinforce the international accept-
ability and competitive nature of Vietnamese-grown  
G. tenuistipitata. Low replicate variation (< 5%) indi-
cated high sample homogeneity and analytical data reli-
ability, which aligns with the international standards for 
seaweed material quality [21, 30, 31].

Thorough microbiological examination right from 
the beginning was imperative for meeting strict food 
safety standards, especially for functional foods, health 
foods, or for export purposes. According to our micro-
biological findings, the seaweed fully meets the safety 
standards and is therefore well-suited for commercial 
use. Comparable strict microbiological control has been 
suggested for guaranteeing safety and acceptability for 
seaweed-derived food products [28].

Enzymatic pre-treatment of G. tenuistipitata. The 
use of MPB cellulase enzyme was crucial for degrading 
the cellulose matrix present in the seaweed cell walls, 

thus contributing to more efficient agar extraction and 
better quality of the finished product. For this, we ex- 
plored the impact of three significant factors: enzyme- 
to-seaweed ratio, treatment temperature, and enzymatic 
incubation period. ANOVA statistical analysis was em-
ployed (p < 0.05, n = 3) to establish the most desirable 
conditions based on agar yield, gel strength, visual clarity,  
and sensory features.

Effect of enzyme-to-seaweed ratio. The enzyme-to- 
seaweed ratio was investigated between 0 and 1.00%, 
based on pilot-scale trial tests (n = 3) and enzyme sup- 
plier recommendations4. Figure 1 shows that both the 
agar yield and the gel strength increased continuously as 
the enzyme level increased from 0 to 0.4%, to obtain an 
optimal yield at 0.4% enzyme addition. Under this con-
dition, the optimum agar yield was 20.64 ± 0.45% and 
the optimum gel strength was 338.40 ± 4.25 g/cm2.

However, further increase in the enzyme concen-
tration to 0.6 and 1.0% resulted in a drastic drop both 
in the yield and the gel strength. At 1.0%, the yield 
was 16.22 ± 0.37% and the gel strength fell to 295.25 ±  
1.65 g/cm2 (p < 0.05). These findings are supported by 
prior studies [15], which established that high cellulase 
activity can weaken the agar structure through over- 
hydrolysis and breakage into polysaccharide chains, 
leading to low-molecular-weight fragments and poor 
gel quality. Recently, Li et al. [23] also reported similar 
degradation trends at high cellulase concentrations, im-
plying an urgent need for optimizing the enzyme dos-
age to balance the gel quality and the agar yield.

Effect of enzymatic treatment temperature. The 
temperature for enzymatic treatment was tested in the 
range of 40–60°C, which was consistent with the tech-
nical specifications for MPB cellulase suggesting an 
operating range of 45–50°C. Figure 2 demonstrates an 
improvement in the agar yield and gel strength as the 
temperature increased from 45 to 50°C. The optimal tem- 
4  MPB-Cellulase-700IU…

Figure 1 Effect of enzyme-to-seaweed ratio on agar yield and gel strength
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perature of 50°C provided an agar yield of 21.85 ± 0.18%  
and a gel strength of 345.75 ± 0.02 g/cm2.

However, as the temperature rose above 50°C, both 
indicators decreased dramatically (p < 0.05). This drop 
of activity was due to the enzyme kinetics: when the 
temperature is raised from 50 to 60°C, cellulase activity 
decreases by about 30% [15]. High-performance liquid 
chromatography also showed a significant increase in 
the percentage of low-molecular-weight agar fractions 
when the temperature exceeded 50°C, which eventually 
resulted in lower gel strength. Trigueros et al. [22] re-
ported similar thermal sensitivity of enzyme-mediated 
agar extraction, with significant drops in agar viscosity 
and gel strength when the extraction temperatures sur-
passed the optimum values for enzyme activity.

Effect of enzymatic treatment time. The impact of 
enzymatic treatment time was determined over a 0 to 
60 h range, according to initial scale-laboratory studies 
(n = 3). The agar yield and the gel strength increased 
continuously as the treatment lasted between 24 and 

36 h (Fig. 3). The best values occurred at 36 h, with 
the agar yield of 21.23 ± 0.54% and the gel strength of 
358.45 ± 3.58 g/cm2.

Yet, the extension of treatment time to 48 h resulted 
in a noticeable decline for both parameters. In particu-
lar, the agar yield decreased to 20.55 ± 0.09% and the 
gel strength reduced to 350.83 ± 5.07 g/cm2 (p < 0.05). 
These results agree with previous studies [23], which  
attribute the drop in performance to the gradual loss  
of enzyme activity over time. Extended incubation 
also facilitates microbial growth and generation of sec-
ondary metabolites such as ammonia (NH3), hydrogen 
sulfide (H2S), and carbon dioxide (CO2), which are det-
rimental to agar quality. Aakre et al. [32] also reported 
increased microbial contamination and unwanted sec-
ondary metabolite buildup due to extended enzymatic 
treatments beyond the optimum times causing a detri-
mental effect on the product quality.

The long enzymatic treatment time is a large econom- 
ic drawback that can be addressed by coupling enzy-

Figure 2 Effect of enzymatic treatment temperature on agar yield and gel strength
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Figure 3 Effect of enzymatic treatment time on agar yield and gel strength
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matic treatment with support technologies such as ultra-
sonics or using a combination of different enzyme types 
(e. g., cellulase and hemicellulase). These can bring the 
treatment time below 30 h and thus raise the commer-
cial viability. Integrated treatments have been shown to 
be effective by Qin [16] and Rhein‐Knudsen et al. [21], 
among other studies, particularly through improving 
both the product quality and processing efficiency.

To summarize, the optimum enzymatic treatment  
conditions determined in our study were an enzyme-to- 
seaweed ratio of 0.4–0.6%, a treatment temperature of 
45–50°C, and a treatment time of 36–48 h. These factors 
were tested through strict statistical analysis and found 
to be consistent with the latest international research [15, 
22], establishing clear scientific applicability and indus-
trial viability. Notably, a new combination of cellulase 
and citric acid pre-treatment tested in our study ensures 
better preservation of bioactive compounds compared 
to conventional alkaline extraction. This is consistent 
with the new trends for sustainable food processing 
highlighted in the Food and Agriculture Organization’s 
(FAO) recommendations. However, further optimiza- 

tion is needed to decrease the enzymatic treatment time 
and improve economic viability and practical scalability.

Effectiveness of seaweed treatment using citric 
acid. Effect of citric acid concentration. The citric acid 
concentration was tested between 0 and 0.4%, based on 
the initial laboratory trials using five different concentra-
tions (n = 3) and backed by the existing research on weak 
acid treatments for agar extraction [15, 22]. Figure 4a 
shows significant increases in agar yield and gel strength 
as citric acid concentrations varied between 0.1 and 
0.3%. The highest readings occurred at 0.3% citric acid, 
with an agar yield of 21.91 ± 0.09% and a gel strength  
of 367.84 ± 21.91 g/cm2.

Beyond a 0.3% threshold, both values significantly 
decreased (p < 0.05). This was due to an acid-induced 
scission of agar chains at higher concentrations result-
ing in shorter molecular forms and, therefore, lower 
product quality. Agar decolorization was determined by 
UV-Vis spectrophotometry (Shimadzu UV-2600, Japan)  
at 600 nm using samples at 1% (w/v) concentration pre-
pared in 1 cm cuvettes. The greatest whiteness was ob-
tained at 0.3% citric acid, with an absorbance reading  
of 64.65 ± 0.70.

Figure 4 Effect of citric acid concentration on agar gel strength and recovery efficiency (a) and sensory characteristics (b)
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Sensory analysis was carried out using a double- 
blind Quantitative Descriptive Analysis technique and 
ANOVA-based statistical analysis (p < 0.05). The panel  
consisted of 5–7 members, all with experience over  
5 years. According to the results, the agar samples 
treated with 0.3% citric acid had the highest score for 
total taste and flavor, which was 17.14 ± 0.05 out of 20  
(Fig. 4b). The results were consistent with the most re-
cent findings by Charoenphun et al. [29], who reported  
comparable citric acid contents to be optimum for 
achieving enhanced clarity, gel properties, and better 
total taste and flavor for seaweed-based gels.

Based on the findings, the optimal citric acid con-
centration for agar treatment was established at 0.3%.

Effect of citric acid treatment time. The treatment 
time for citric acid was tested between 0 and 40 min, 
based on initial kinetic analyses and relevant literature. 
From 10 to 30 min, the agar yield and gel strength im-
proved gradually (Fig. 5a). Performance was greatest at 
30 min, when the yield was 21.94 ± 0.27% and the gel 
strength was 366.54 ± 0.11 g/cm2. However, when the 
treatment time was increased to 40 min, both parame-
ters significantly declined (p < 0.05).

Interestingly, the highest whiteness was observed 
for agar at the 40-min treatment, with the highest ab-
sorbance of 65.48 ± 0.05 (Fig. 5b). However, a sensory 
evaluation by the Quantitative Descriptive Analysis per-
formed by 5 to 7 trained panelists under double-blind con- 
ditions showed the highest sensorial score (17.44 ± 0.07 
on a 20-point scale) in the 30-min treated agar. The statis- 
tical significance was determined by ANOVA (p < 0.05).

Economically, an extension of the treatment period 
from 30 to 40 min will raise production costs by about 
15%, mainly through the increased usage of citric acid 
(estimated at 1.2 USD/kg, with an approximate usage 
rate of 5 kg/ton agar). This cost-benefit imbalance must 
be managed judiciously for commercial use. This obser-
vation accords with the economic evaluations by Cor-
reia et al. [15], who highlight judicious optimization of 
the acid treatment time for the product quality and eco-
nomic viability.

The best treatment conditions for citric acid (30– 
40 min treatment and 0.3% concentration) are achiev-
able across most seaweed processing facilities. Care, 
however, must be taken regarding acid wastewater and 
occupational health to make scaling the method safe 
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and environmentally acceptable. This was also high-
lighted by the FAO, suggesting strict environmental 
guidelines for scaling acid-mediated extraction. 

Evaluation of agar powder quality and selection of 
blending components for agar-based powder. Evalu-
ation of agar powder quality. The quality of agar pow-
der, which was obtained from the optimized extraction 
procedure, was thoroughly examined using an array of 
technical, food safety, and sensorial criteria. The analy-
sis data are presented in Table 2 (n = 3, mean ± SD).

An independent t-test confirmed that the experimen-
tal agar was superior to the control sample in terms of 
gel strength, turbidity, viscosity, water content, and io-
dine level (p < 0.05). However, a larger dataset might be 
used for further validation and statistical strength since 
the sample size was small (n = 3).

According to the Food Chemicals Codex and European  
Union specifications (e. g., gel strength ≥ 350 g/cm2, ash 
content < 3%, and impurity contents < 0.1%), our prod-
uct qualifies as commercially acceptable on the interna-
tional level.

The newly created extraction procedure also showed 
considerable ecological and financial advantages. With 
less sodium hydroxide usage by about 70% compared to 
common techniques, it also decreased chemical expen-
diture by about 20%. In addition, a reduction of NaOH 
from 15–20 to 3% considerably lowered wastewater pol-

lution. This ecological benefit reflects prevalent interna-
tional trends for sustainability, as described by the FAO 
and in a more recent work by Chen et al. [28] on envi-
ronmentally friendly processing technologies.

Despite these benefits, there are still certain limita-
tions. Of particular concern are the iodine (0.43 mg/kg) 
and protein (0.12%) contents, which are below standard 
commercial specifications (iodine > 2 mg/kg, protein 
> 0.2%). These could constrain the competitiveness of 
the product in the international functional food industry.

Selection of blending components for agar-based 
powder. To counter the above-identified limitations, 
particularly the protein and iodine contents, we investi-
gated a possibility of combining agar with carrageenan 
and gelatin (Table 3).

Out of the tested blending ratios, the 60:30:10 ratio 
of agar, carrageenan, and gelatin was determined to 
produce the most desirable quality, elasticity, and over-
all texture. The product had a satisfactory taste and 
chewy, elastic gel texture coupled with a protein content 
of 8.14%, which is far beyond the minimum 3% require-
ment set by the market.

This new formula greatly enhanced pure agar’s fla-
vor and nutritional deficits, specifically iodine and 
protein contents. It further boosts the commercial ac-
ceptability of the product by conforming to the ex-
pectations for both functional benefits and consumer 
acceptance. Likewise, recent research by Qin [16] and 
Jayakody et al. [31], confirmed the synergistic advan- 
tages of blending hydrocolloids in terms of practical 
and economic acceptability of the blended product.

Selection of organic iodine sources for agar gel 
supplementation. Organic iodine sources were selected 
for incorporation into agar gel on the basis of the follow-
ing key criteria: high iodine content, nutritional stability 
during processing, and feasibility for commercial-scale 
production. Based on preliminary evaluations, three 
seaweed materials were identified as promising candi-
dates: sea grapes (Caulerpa lentillifera J.Agardh, 1837), 
sargassum (Sargassum sp.), and fermented red algae 
(Kappaphycus alvarezii (Doty) Doty ex P.C. Silva, 1996). 
These choices were also informed by their market avail-
ability, processing compatibility, and cost-effectiveness.

Processing and quality evaluation of seaweed ma-
terials. To retain their nutritional and iodine values, the 
fermented red algae and sea grapes were freeze-dried 
under vacuum (0.1 mmHg) for 48 h at –40°C. This me- 
thod helped avoid a significant degradation of their 
bioactive compounds. According to Aakre et al. [32], 
vacuum freeze-drying is better at preventing the degrada- 
tion or loss of volatile bioactive compounds than tradi-
tional methods.

Comparatively, sargassum was extracted using a hot- 
water method. The dried sargassum was pulverized 
to a size less than 2 mm and extracted at a seaweed-to- 
water proportion of 1:10 at 80–90°C for 20 min. The so- 
lution was then filtered through a 0.45 µm membrane for 
a clear, particulate-free solution. The iodine extraction 
yield was about 88%, as determined by UV–Vis spectro-

Table 3 Quality characteristics of carrageenan and gelatin 
powders

Parameter Carrageenan 
powder

Fish gelatin 
powder

Appearance Ivory-white, fine, 
odorless

Slightly 
yellowish, coarse, 
odorless

Gel strength, g/cm2 468.5 ± 2.5 316.8 ± 1.8
pH 8.45 ± 0.12 5.80 ± 0.10
Moisture content, % 10.36 ± 0.15 12.50 ± 0.20

Table 2 Quality indicators of experimental agar powder 
compared to a commercial control sample (n = 3, mean ± SD)

Indicator Experimental 
sample

Commercial 
control

Sensory score 17.24 ± 0.04 17.45 ± 0.05
Gel strength, g/cm2 365.96 ± 1.52 380.35 ± 0.09
Turbidity, NTU 114.17 ± 1.04 112.77 ± 0.93
Viscosity, cP 56.67 ± 0.70 55.39 ± 0.07
Moisture, % 7.07 ± 0.07 7.11 ± 0.05
Ash, % 2.17 ± 0.01 2.37 ± 0.08
Protein, % 0.12 ± 0.01 0.13 ± 0.01
Impurities, % 0.06 ± 0.01 0.05 ± 0.01
Iodine, mg/kg 0.43 ± 0.02 0.34 ± 0.01
Total aerobic bacteria, CFU/g 1.6×102 1.52×102

Cadmium, mg/kg n.d. n.d.
Salmonella spp. (in 25 g) n.d. n.d.
Escherichia coli, CFU/g < 10 <10

n.d. – not detected
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photometry at 420 nm (ISO 18232:2006). The efficiency  
of hot-water extraction in our study was consistent with 
the findings of Yeh et al. [30], who reported similar  
iodine extraction yields (circa 85–90%) for different sea-
weed varieties using similar hot-water procedures. The 
stock solution was kept at 4°C under light-restrictive 
conditions for stability.

The quality characteristics for every seaweed ma-
terial were evaluated based on the existing standards  
(Table 4; n = 3, mean ± SD).

Each seaweed processing method was specifically 
designed according to its structural properties and sen-
sitivity to bioactive compounds. Freeze-drying was the 
best for materials sensitive to heat, such as sea grapes 
and fermented algae, while hot-water extraction was  
an economical and effective method for sargassum. 
This differential processing strategy can significantly 
optimize total costs and retain bioactive compounds, 
which fulfills the commercial requirements and sup-
ports the recommendations from recent studies, such as 
Chen et al. [28] and Jayakody et al. [31].

Results of organic iodine source blending in agar 
gel. The Response Surface Methodology based on a 
Box-Behnken design was utilized to assess the impact of 
various blending proportions of sea grapes, sargassum 
extract, and fermented red algae on the sensory quality 
and iodine level of the final agar gel. A panel consisting 
of seven professionally trained panelists assessed the 
sensory quality under double-blind conditions through 
Quantitative Descriptive Analysis. It was based on the 
factors such as color, taste, crispiness, chewiness, and 
elasticity, with a total score of 20. The data was ana-
lyzed through multi-factor ANOVA (p < 0.05).

According to Table 5 (n = 3, mean ± SD), the best for-
mula was 0.2% pf sea grapes and 2.5% of fermented red 
algae (Test 5). This sample had the best sensory score 
(p < 0.05) and satisfied the commercial requirements 
for iodine (> 500 µg/kg). The product contained no off-
odors, had better color, and was firm and crunchy, which 
is consistent with the consumer trends. These sensory 
outcomes agree with those in a recent study of Charoen-
phun et al. [29], who reported better texture, color, and 
overall sensorial acceptance when combining different 
types of seaweed for gel-based functional foods.

Furthermore, the optimized formula had better iodine  
availability and sensory characteristics than the formu-
las containing sargassum alone. Li et al. [33] also re-
ported diminished acceptability and quality when high 
contents of brown algae extracts were incorporated due 
to their pronounced taste and odor.

Economically, the chosen formula raises ingredient 
prices by about 12%. However, its nutritional and senso-
ry quality significantly enhances the product’s compet-
itiveness and long-term trade opportunities. Economic 
studies by Correia et al. [15] and FAO also indicate that 
modest increases in production costs can be justified if 
they significantly enhance acceptability and consumer 
appeal, as well as widen market coverage.

Future research is needed to evaluate iodine stabil-
ity over a long period of storage to further increase the 
product’s value and shelf life. This is important since 
long-term storage and improper conditions can great-
ly decrease iodine bioavailability in seaweed fortified 
foods, as reported by Ameye et al. [34]. There is also 
a need for increased research into packaging solutions 
and stability during storage.

Table 4 Quality parameters of seaweed-derived organic iodine materials (n = 3, mean ± SD)

Parameter Freeze-dried sea grapes Sargassum extract Freeze-dried fermented red algae
Appearance Fine powder, light green, 

characteristic aroma
Clear solution, light brown Smooth powder, light yellow, mild 

sweet aroma
Protein, % 16.06 ± 0.25 – 13.34 ± 0.20
Iodine, mg/kg or mg/L 1,552.00 ± 15.40 288.15 ± 5.20 195.32 ± 3.10
Moisture, % 4.6 ± 0.1 – –
Total aerobic bacteria, CFU/g 4.3×102 5.2×102 7.3×103

Cadmium, mg/kg 0.001 n.d. n.d.
Salmonella spp. (25g) n.d. n.d. n.d.
Escherichia coli, CFU/g < 10 < 10 < 10
Coliforms, CFU/g < 10 < 10 < 10

n.d. – not detected

Table 5 Evaluation of organic iodine blending ratios in agar gel (n = 3, mean ± SD)

Sea  
grapes, %

Sargassum 
extract, %

Fermented 
red algae, %

Iodine content, 
mg/kg

Sensory description

0.4 0 0 6.21 ± 0.12 Nice texture, evenly distributed sea grapes, slightly fishy, clear color
0 2 0 5.76 ± 0.15 Mild seaweed smell, brown color, slightly mushy texture
0 0 5 7.75 ± 0.08 Bright color, strong fermented aroma, excellent crunch, slightly sour
0.2 1 0 5.84 ± 0.12 No fishy odor, brown color, even texture distribution
0.2 0 2.5 6.84 ± 0.13 No fishy smell, crisp and chewy texture, mildly sour flavor
0 1 2.5 6.65 ± 0.17 No odor, light brown color, good crunch, slight sour note
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Development of agar jelly formulation from iodine- 
enriched agar powder. The major aim of our study was 
to create an optimum formula for iodine-enriched agar 
jelly based on the best water-to-agar ratio and heat treat-
ment time. These factors were examined to improve the 
gel’s texture and strength, as well as its overall senso- 
rial quality.

Determination of optimal agar-to-water ratio. Agar- 
to-water ratios between 1:90 to 1:130 (w/v) were test- 
ed using available literature on agar gel preparation [35,  
36]. Our findings are summarized in Table 6 (n = 3, 
mean ± SD).

Based on the Response Surface Methodology and mul- 
tivariate regression modeling, the best agar-to-water ra-
tio was found to be between 1:110 and 1:120 (R2 = 0.95, 
p-value less than 0.01). The 1:110 ratio is preferred for 
ready-to-eat jelly products, while 1:120 is better for bev-
erage-compatible usage. These values are consistent 
with the trends observed by Jayakody et al. [31], who re-
ported an optimum range of 1:100–1:120 (w/v) for hydro-
colloid-based gels with consumer-preferred texture and 
mouthfeel properties.

Determination of optimal heat treatment time. The 
heat treatment times varying between 0 to 8 min were 
tested at 100°C, with 150 revolutions per min stirring. 
We aimed to study the total solubility of agar and its ad-
ditives, while maintaining the gel stability and prevent-
ing water loss during storage. Our findings are shown in 
Table 7 (n = 3, mean ± SD).

The optimal duration of heat treatment was found to 
be 4 to 6 min. This time allowed complete agar melting, 
created a firm and clear gel, and avoided water separa-
tion. Statistical verification based on ANOVA supported 
the importance of the findings (p < 0.05), validating the 
efficacy of this treatment time for creating high-quality  
agar jelly. Our findings align with those of Qin [16], 
highlighting that heat treatments beyond the optimum 
time tend to create detrimental texture through loss of 
excess water and polymer degradation. The complete 
production process is shown in Fig. 6.

Final product formulation and usage guidelines. 
Based on the above-stated tests, the final formula for io-
dine-rich agar jelly was created from a combination of  
iodine-enhanced agar powder (with 0.2% dried sea grapes  

Table 6 Effect of agar-to-water ratio on the quality of agar jelly 
(n = 3, mean ± SD)

Agar/water 
ratio (w/v)

Gel strength, 
g/cm2

Quantitative descriptive sensory 
evaluation

1:90 354.87 ± 5.30 Hard (4.2), dry (4.1)
1:100 249.53 ± 4.60 Hard-dry (3.5), crisp (4.5)
1:110 327.14 ± 5.10 Very elastic and chewy (5.0)
1:120 290.56 ± 4.90 Moderately chewy, soft (4.6)
1:130 210.54 ± 5.50 Soft, fragile (3.8)

Table 7 Effect of heat treatment time on sensory quality of 
agar jelly (n = 3, mean ± SD)

Heating 
time, 
min

Quantitative descriptive sensory evaluation

0 Poor solubility, water separation (Score: 2.5)
2 Incomplete dissolution, weak structure (Score: 3.0)
4 Fully dissolved, stable gel, crisp texture (Score: 4.8)
6 Fully dissolved, stable gel, crisp texture (Score: 4.9)
8 Fully dissolved, slightly hard gel (Score: 4.0)

Figure 6 Flowchart of iodine-rich agar powder production

Input Gracilaria

Impurities removed

Cellulase dosage: 0.5–1.0% 
(w/w, enzyme to wet seaweed); 

Temperature: 45–50°C; 
Time: 40–45 h

NaOH concentration: 3%;
Temperature: 90–100°C; 

Time: 60 min
Alkaline treatment

Pre-processing

Cellulase enzymatic hydrolysis

Citric acid treatment

Extraction of agar

Agar powder

Mixture
Agar powder 60%;
Carrageenan 30%;

Gelatin 10%

Iodine-rich powder  
mixture
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and 2.5% fermented red algae powder) and pure water. 
The desired water-to-agar ratio can vary from 1:110 to 
1:120 (w/v), depending on use – more concentrated for 
immediate eating and diluted for use as a beverage.

In this context, the term “agar” specifically refers 
to the optimized agar-based powder mixture consisting 
of agar, carrageenan, and gelatin blended at a ratio of 
60:30:10. Thus, the water-to-agar ratio indicated in this 
section applies to this combined powder formulation 
rather than agar alone.

The preparation procedure includes the following steps.
1. Hydration. The agar powder is blended with wa-

ter and left to soak for 30–60 min so that the agar com-
ponents are maximally swollen and hydrated. Proper 
hydration is important for complete solubilization of 
agar polymers and for smooth gelation, as reported by 
Charoenphun et al. [29].

2. Heat treatment. Boiling the mixture for 4–6 min 
under constant stirring at 150 revolutions per min caus-
es it to uniformly disperse, avoiding lump formation 
and inhibiting sedimentation. Constant stirring is im-
portant to avoid lump formation or heterogeneous gel 
formation, as shown previously by Jayakody et al. [31].

3. Cooling and molding. The heated mixture should 
be cooled quickly to about 70°C and poured into molds. 
Fast cooling prevents water separation and enhances gel 
texture making it more elastic and clearer, as evidenced 
by Qin [16] and Rhein‐Knudsen et al. [21].

4. Storage. The product must be kept at a refrigerated  
temperature of 4–7°C to maintain gel stability, organ-
ic iodine retention, and desirable sensory properties 
throughout its shelf life. Ameye et al. [34] confirmed 
that effective refrigeration ensures iodine availability 
and quality retention in seaweed-based gels under long-
term storage conditions.

Additionally, gel stability at room temperature (~ 25°C)  
was evaluated under practical consumer usage condi-

tions. Upon removal from refrigeration, the gel retained 
its structural integrity, firmness, and sensory appeal for 
approximately 4–6 h at ambient temperature without 
notable melting or textural deterioration. Extended ex-
posure beyond 6 h, however, caused gradual softening, 
negatively affecting the sensory attributes. Therefore, it 
is recommended to consume the product within 4 h of 
removal from refrigerated storage to ensure optimal tex-
ture and sensory quality.

The above optimized procedure ensures high quali-
ty and commercially acceptable nutritional and sensory 
attributes of the product. Notably, this multi-stage in- 
tegrated approach, involving optimized heating, cool-
ing, hydration, and storage, is a major improvement  
over conventional agar processing. Its significant bene-
fits include product consistency, consumer acceptabili-
ty, and retention of nutrients. Economic evaluations by 
Correia et al. [15] also indicate that full optimization 
significantly improves long-term market appeal and 
economic viability.

Quality evaluation of iodine-enriched agar pow-
der. The final iodine-enriched agar powder was ex-
posed to extensive quality control against the applicable 
Vietnamese standards. The test results were also cross-
checked against the regional and international standards, 
as well as those established by the Food Chemicals Co-
dex and Codex Alimentarius (Table 8).

As can be seen in Table 8, our product fulfills every 
national and international standard for technical speci-
fications and food safety criteria. Of particular impor-
tance was that the organic iodine content was consistent 
at 7.42 mg/100 g after 6 months’ storage under 4–7°C  
(n = 3, mean ± SD = 0.15%, p > 0.05).

The homogeneity of iodine was determined by ran-
domly analyzing five locations within one batch (5 g per 
location). The iodine content standard deviation was less 
than 0.5% mean ± SD = 0.45%, n = 5), which reflects high  

Table 8 Quality indicators of iodine-enriched agar powder compared to TCVN and international standards (FCC, Codex)

Parameter Measured value TCVN 3591–88 FCC/Codex Alimentarius
Sensory score 17.25 ± 0.12 ≥ 15.00 points ≥ 16.00 points
Gel strength, g/cm2 365.35 ± 0.06 ≥ 350.00 ≥ 350.00
Turbidity, NTU 113.00 ± 0.05 ≤ 120.00 ≤ 120.00
Viscosity, cP 82.0 ± 0.1 80.0–90.0 80.00–90.00
Moisture, % 8.16 ± 0.05 ≤ 10.00 ≤ 10.00
Ash, % 2.13 ± 0.04 ≤ 3.00 ≤ 3.00
Protein, % 8.51 ± 0.06 ≥ 7.00 ≥ 7.00
Impurity, % 0.06 ± 0.05 ≤ 0.10 ≤ 0.10
Total solids, % 91.20 ± 0.10 ≥ 90.00 ≥ 90.00
Iodine (mg/100 g) 7.42 ± 0.02 6.00–8.00 6.00–8.00
Total sugar, % 15.24 ± 0.03 ≤ 20.00 ≤ 20.00
Cadmium, mg/kg 0.001 ≤ 0.050 ≤ 0.050
Total aerobic bacteria, CFU/g 5.6×102 ≤ 103 ≤ 103

Salmonella spp. (per 25 g) n.d. n.d. n.d.
Escherichia coli, CFU/g < 10 ≤ 10 ≤ 10
Coliforms, CFU/g < 10 ≤ 10 ≤ 10
Total yeast and mold spores, CFU/g < 10 ≤ 10 ≤ 10

n.d. – not detected
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homogeneity in iodine distribution within the product. 
These data correlate well with Ameye et al. [34], who 
reported high stability and homogeneous iodine distri-
bution within seaweed-derived functional foods under 
refrigerator conditions.

The overall compliance with the international stan-
dards considerably raises the product’s competitive ad-
vantage in the market, following the international safety 
and quality trends highlighted by the FAO and the latest 
guidelines on iodine fortification by Chen et al. [28].

General discussion. Our research established an 
effective overall procedure to produce iodine-rich agar 
powder from G. tenuistipitata using a combination of 
MPB cellulase enzymatic treatment and citric acid pu-
rification. Replacing part of the alkaline chemicals with 
MPB cellulase resulted in a ~ 70% reduction in NaOH 
compared to the traditional industrial methods and 
greatly enhanced the agar recovery yield and the prod-
uct’s purity. Our findings agree with and strengthen 
previous work by Trigueros et al. [22] and Li et al. [23] 
that showed the efficacy of enzyme-assisted extraction 
in diminishing chemical usage, reducing environmental 
impact, and improving the product’s quality.

It should, however, be noted that the long enzymat-
ic hydrolysis time (36–48 h) poses a serious challenge 
to industrial application due to a decline in enzymatic 
activity, increased energy demand, and high operational 
cost. Therefore, it is important to reduce the hydrolysis 
time to under 24 h using auxiliary technologies such as 
ultrasonic-assisted extraction or multi-enzyme systems. 
This proposition is consistent with modern extraction 
techniques discussed by Rhein‐Knudsen et al. [21], who 
highlighted tremendous advantages of integrating enzy-
matic hydrolysis with ultrasonic or microwave-assisted 
methods to make it more economically competitive.

We established the most effective agar:carrageenan: 
gelatin ratio at 60:30:10. This ratio ensured high elas-
ticity, crunchiness, and chewiness, as well as an excep- 
tionally high sensory rating (17.25 ± 0.12) from an ex-
pert panel (n = 12, p < 0.05). Similar optimum blend- 
ing ratios were recently reported by Qin [16] and Jaya-
kody et al. [31] for hydrocolloid-based functional foods.

For increased objectivity and strength, wider and 
more diverse panels should be used for future sensory 
studies, as well as quantitative, multi-dimensional evalu- 
ations of individual sensory characteristics. Consumer- 
based sensory trials are strongly advised to confirm ac-
ceptance in the marketplace and crosscheck laboratory- 
scale sensory data, as advocated for by Correia et al. [15].

The organic iodine in our finished product proved 
stable, with less than 2% degradation after six months of 
storage. Iodine homogeneity analysis at five sample lo-
cations reported a standard deviation of less than 0.5%, 
which reflects high consistency in distribution. However,  
we suggest testing stability over an extended period 
under changing conditions of storage, including vary-
ing temperatures, humidity, and light, to accurately as-
sess iodine retention. The reason for this suggestion is 
supported by stability studies of Ameye et al. [34], who 

highlighted that iodine availability can change consider-
ably under extended and varying conditions of storage.

Economically and environmentally, the decreased 
usage of NaOH yields tangible advantages, reducing the 
cost of chemicals by about 70% and diminishing chem- 
ical discharge, most notably sodium residues from waste- 
water. However, there is a need for further cost-benefit 
analysis to examine less obvious cost factors regarding 
enzyme purchasing and large-scale enzyme operations 
(e. g., storage, stability, reuse). This need is supported by 
the economic studies by Correia et al. [15] and FAO.

Finally, to fully evaluate the market potential, fur-
ther studies must involve thorough evaluations of com- 
mercial viability and competitiveness. This involves ex-
amining production cost structures, estimating pricing in 
the target markets, and cross-comparing product per-
formance relative to the existing iodine-enriched agar 
powders available internationally. A strategic SWOT 
(Strengths, Weaknesses, Opportunities, Threats) analy- 
sis is also needed to determine likely hurdles and to steer  
the product’s commercial development for both local 
and international markets. Comparable SWOT-based 
market studies have proven highly useful for commer-
cializing new seaweed-based products, as reported by 
Chen et al. [28] and Jayakody et al. [31].

To summarize, our study laid a firm scientific base 
for using advanced processing techniques to produce 
functional iodine-enriched foods. It contributes signifi- 
cantly to the sustainable development of Vietnam’s sea-
weed processing and high-value food innovation indus-
tries. Furthermore, the integrated enzymatic and organic 
acid extraction system established in this study is a ma-
jor improvement over traditional agar manufacturing 
techniques, directly serving international sustainability 
aims and modern consumer trends towards functional 
and natural foods.

CONCLUSION
In this study, we set a technological procedure to pro-

duce iodine-rich agar powder from Gracilaria tenuistipi- 
tata C.F. Chang & B.-M. Xia, 1976 by integrating MPB 
cellulase enzyme and citric acid treatment. This pro-
cedure reduced the application of sodium hydroxide by 
about 70% compared to traditional procedures, signifi-
cantly improving agar extraction yield, product purity, 
and gel strength (> 350 g/cm2). Our findings are consis-
tent with the latest developments on enzyme-assisted 
extraction technologies reported by Trigueros et al. [22] 
and Li et al. [23], who highlight practical and environ-
mental benefits of integrating enzymes into the produc-
tion of hydrocolloids.

Our product was in line with the technical and food 
safety standards according to the international regu-
lations such as Food Chemicals Codex and Codex Ali- 
mentarius and had a significantly high organic iodine 
content (7.42 mg/100g). This gives the product advan-
tages in the international market, as supported by the 
latest market-oriented research by Chen et al. [28] and 
FAO’s guidelines.
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Through a multivariate optimization method, we de-
termined a blending ratio of agar:carrageenan:gelatin at 
60:30:10. This ratio provided the product with high elas-
ticity, chewiness, and crispiness, as well as a high sen-
sorial score (17.25 ± 0.12). The ratio was also consistent 
with the research by Qin [16] and Jayakody et al. [31], 
which established the benefits of multi-hydrocolloid sys-
tems for enhancing sensorial and functional properties 
of seaweed-based foods.

The addition of 0.2% sea grapes and 2.5% fermented 
red algae guaranteed the stability of iodine retention for 
six months of storage (degradation < 2%), validating the 
product’s commercial viability. This exceptional iodine 
stability and homogeneity fully agreed with an observa-
tion by Ameye et al. [34] about the significant role that 
iodine retention plays in functional foods, particularly 
under long-term storage conditions.

However, we also identified some technical issues, 
most notably the long enzymatic hydrolysis time (36–
48 h), instability of enzyme activity under processing 
conditions, and a requirement for regulated logistics to 
maintain iodine stability during storage and distribution. 
Future work is required to limit the enzymatic treat-
ment time and to conduct economic and market studies 
for international commercialization. Possible solutions 
are the incorporation of auxiliary extraction methods, 
for example, using an ultrasonic or multi-enzyme sys-
tem, as suggested by Rhein‐Knudsen et al. [21]. Finally,  
detailed economic studies and SWOT (Strengths, Weak-
nesses, Opportunities, Threats) analyses [15] are re-

quired to enable a transition from the laboratory onto a 
commercial production scale.

Overall, our study lays a scientific and practical foun- 
dation for using advanced seaweed bioprocessing tech-
nologies to produce high-value functional foods fortified 
with iodine. This can help advance the seaweed process-
ing industry sustainably within Vietnam and globally. 
Significantly, our findings are strongly consistent with 
the international sustainability efforts and trends, pro-
moting environmentally sustainable processing, less 
chemical use, and better consumer acceptance of nutri-
tionally enriched food.
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