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Abstract: Sargassum hystrix is a brown seaweed that shows potential antidiabetic activity through its
phenolic and phlorotannin compounds. The use of S. Aystrix as a functional food is constrained by the
stability of bioactive compounds and a fishy odor that reduces consumer acceptance. Fermentation is
a processing method that plays a role in improving the sensory quality, functional characteristics, and
biological activity of products. This study aimed to evaluate the effect of fermentation duration using
Lactobacillus plantarum on antidiabetic activity and consumer acceptance level of S. hystrix tea. The
fermentation process was carried out for 0, 1, 2, 3, and 4 days under microaerophilic conditions at 37 °C.
The results showed that the highest increase in functional characteristics was obtained on the third day
of fermentation, marked by higher phenol content (12.94 + 0.68 mg GAE/g), phlorotannin (14.60
+ 0.95 mg PGE/g), and inhibition activity of a-amylase (82.80% =+ 1.70%) and a-glucosidase (91.26%
+ 0.44%) than those of other experimental treatments. Sensory evaluation showed that longer
fermentation duration reduced the taste and fishy odor of S. Aystrix tea. The third day of fermentation
treatment yielded the highest acceptance scores for aroma, taste, and overall product. Therefore, a 3-
day fermentation duration is recommended as the optimal condition to produce S. Aystrix tea with
enhanced functional and sensory qualities.

Keywords: a-amylase; diabetes; fishy odor; lactic acid bacteria; Sargassum hystrix




275

@ Graphical Abstract AIMS Agriculture and Food

Raw Materials Solid-State Fermentation Key Results

O
A
0% . Fermented Seaweed Tea -
%& Day 3 Optimal
Sargassum hystrix Y
4
tal tai
alil alil
& % N 2 % Phenolic Content  Phlorotannin
Py 2 FEPEE. D 1147% 1179%
% % d Day0 Day1 Day2 Day3 Day4
tiiﬁﬁ
i 37°C, Microaerophilic O O
% ---

Potential Antidiabetic Tophlonid £ lneitlon | ibeptos
Lactobacillus plantarum Functional Food 82.80% 91.26%  7.45/9

1. Introduction

Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycemia resulting from
impaired insulin secretion or action [1]. The global number of affected individuals reached 537 million
in 2021 and is projected to increase to 784 million by 2045 [2]. These data indicate an urgent need for
safe and effective glucose-control strategies that can be integrated into daily dietary patterns. Glucose
regulation largely depends on the activity of carbohydrate-digesting enzymes, particularly a-amylase
and a-glucosidase. Inhibition of these enzymes can slow the hydrolysis of polysaccharides into glucose,
thereby reducing carbohydrate absorption in the small intestine. This mechanism is the primary target
of oral antidiabetic agents such as acarbose [3.4]. However, the use of synthetic antidiabetic drugs is
known to cause gastrointestinal side effects, prompting the exploration of natural enzyme inhibitors
derived from functional foods [5]. Numerous molecular studies have reported that polyphenols,
flavonoids, and phlorotannins from brown seaweeds can interact with enzyme active sites through
hydrogen bonding, hydrophobic interactions, and competitive binding, resulting in significant
reductions in a-amylase and a-glucosidase activities [6,7].

In recent years, there has been a growing interest in the utilization of seaweed as a food source.
Seaweeds are increasingly recognized not only for their unique sensory properties, such as umami and
salinity, but also for their rich nutritional profile and potential health benefits [8]. Furthermore, clinical
studies have demonstrated that seaweed extracts can improve carbohydrate metabolism, making them
particularly beneficial for overweight and obese individuals [9]. Alongside the interest in novel food
sources, fermentation technology has gained significant attention in the development of functional
foods and beverages. Fermentation is a traditional processing method that has been revitalized to
enhance the bioavailability of nutrients, produce bioactive compounds, and improve the sensory
characteristics of food products, thereby offering promising avenues for functional food innovation [10].

Sargassum hystrix is a brown seaweed that shows potential antioxidant and antidiabetic activity.
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However, the bioactive compounds in seaweed are susceptible to processing. Total phenolic content
has been reported to degrade during high-temperature drying [11] and storage [12]. In addition, the
characteristic fishy odor of seaweed reduces consumer acceptability, thereby limiting its application
as a functional food [13]. This has driven the development of processing alternatives that not only
maintain the stability of bioactive compounds but also improve sensory attributes. Fermentation by
lactic acid bacteria (LAB), such as Lactobacillus plantarum, is a biochemical approach that produces
various enzymes capable of releasing bound polyphenols into their aglycone forms, which are more
biologically active. This leads to enhanced bioactivity, including antidiabetic effects [14,15]. From a
sensory standpoint, fermentation can modify volatile compounds and produce organic acids that reduce
fishy odors and improve flavor [16], thereby increasing consumer acceptance. Tea is used as a matrix
because it enables the release of bioactive compounds without significant degradation. The brewing
process using boiling water can better preserve polyphenol stability [17], ensuring that the bioactivity
of the fermented product remains optimal upon consumption. Moreover, tea is familiar, convenient,
and easily integrated into daily dietary habits, offering more realistic potential for development as a
functional antidiabetic food product [18]. Therefore, this study aims to explore the effect of fermentation
with LAB on the antidiabetic activity and consumer acceptance of brown seaweed S. Aystrix tea.

2. Materials and methods
2.1. Material

Sargassum hystrix was obtained from Teluk Awur Beach (Jepara, Indonesia) on 25 June 2025.
Lactobacillus plantarum FNCC 0026 isolate was purchased from the Center for Food and Nutrition
Studies, Universitas Gadjah Mada (Indonesia). Media for culture and enrichment were purchased

from Merck (Germany). Chemicals were obtained from several companies, including Sigma-
Aldrich (Germany) and Merck (USA).

2.2. Inoculum preparation and fermentation of S. hystrix tea

An isolate of L. plantarum was cultured in MRS broth at 37 °C for 24 h. A total of 10% (v/v)
inoculum from the first culture was sub-cultured at 37 °C for 24 h before being used for experiments [19].
The seaweed was cleaned before being dried using an oven at 60 °C for 4 h, and the yield was
calculated based on the ratio of dry to fresh weight. The dried S. hystrix was then crushed and filtered
using a 10-mesh screen. Solid-state fermentation of seaweed was carried out by adding 60 mL of sterile
distilled water, 10% (v/w) L. plantarum starter, and 1.5 mL of 20% glucose stock as additional
nutrients. A total of 20 g of seaweed powder was added gradually, and the mixture was homogenized.
Fermentation took place at 37 °C under microaerophilic conditions for 0, 1, 2, 3, and 4 days. This
duration was selected based on preliminary studies indicating optimal bioactive compound release
within this time frame [20]. After fermentation, the pH value, total titratable acidity, total LAB, and
total bacteria were monitored. The fermentation samples were then inactivated at —30 °C. The
fermentation product was moist fermented seaweed substrate (post-fermentation), and some samples
were re-dried at 60 °C for 90 min to produce dry fermented seaweed substrate (post-drying) [21].
Unfermented S. hystrix powder (TF) and commercial black tea (KK) were also used in the test as
comparison samples.
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2.3. Phenolic content analysis

The phenolic content was determined using the Folin—Ciocalteu method [22]. Briefly, a 1 mL
sample (prepared by dissolving 50 mg of sample in 5 mL of distilled water) was added with 1 mL of
ethanol 96%, 5 mL of distilled water, and 0.5 mL of 50% Folin—Ciocalteu reagent. The mixture was
homogenized and left to stand for 5 min. Then, 1 mL of 5% Na.CO; was added and homogenized
again. The reaction mixture was incubated at room temperature in the dark for 1 h. Then, the
absorbance was measured at 725 nm using a UV-Vis spectrophotometer. The phenolic concentration
was quantified as gallic acid equivalents (GAE).

2.4. Phlorotannin content analysis

The phlorotannin content was determined using the method of Koivikko et al. [23]. A
phloroglucinol standard curve was prepared using serial dilutions of 6.25, 12.5, 25, 50, and 100 mg/L.
A total of 50 mg of the sample was dissolved in 5 mL of ethanol. From each standard and sample
solution, 1 mL was transferred into a test tube. Then, 1 mL of Folin—Ciocalteu reagent and 2 mL of
20% Na2COs solution were added. The mixture was incubated in the dark for 45 min and then
centrifuged at 3,000 rpm for 10 min. The absorbance of the supernatant was measured at 730 nm using
a UV-Vis spectrophotometer. The phlorotannin content is expressed in mg PGE/g extract.

2.5. Inhibitory activity of a-glucosidase

The inhibitory activity of a-glucosidase was assessed by referring to the method of Gazali et al. [24].
The S1 solution was prepared by adding 50 puL of phosphate buffer (pH 7) to a microplate, followed
by the addition of 25 pL of 0.5 mM p-Nitrophenyl-a-D-glucopyranoside (p-NPG) substrate. The
mixture was then supplemented with 25 puL of the sample dissolved in dimethyl sulfoxide (DMSO) at
10,000 mg/L and 25 pL of a-glucosidase 0.2 U/mL. The mixture was incubated for 30 min at 37 °C.
The reaction was stopped by adding 100 pL of 0.2 M Na2CO:s.

The SO solution was prepared using the same procedure, but the enzyme was replaced with 75 pLL
of phosphate buffer (pH 7). Meanwhile, the K solution was prepared by mixing 75 pL of phosphate
buffer (pH 7), 25 uL of p-NPG, and 25 pL of enzyme, while the B solution was prepared with the
same volume, but the enzyme was replaced with buffer. Acarbose (10,000 mg/L) was used as a positive
control. Inhibition activity was determined based on the amount of p-nitrophenol formed, measured
by absorbance at a wavelength of 405 nm using an ELISA microplate reader. The percentage of
inhibition was calculated using the formula:

(K—B)—(S1-S0)

Inhibitory activity of a-glucosidase (%) = B

x 100 (1)

where K = control with enzyme addition; B = control without enzyme addition; S/ = sample with
addition of enzyme; and S0 = sample without addition of enzyme.

2.6. Inhibitory activity of a-amylase

The inhibitory activity of a-amylase was tested based on the method described by Gazali et al. [24].
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Solution S1 was prepared by adding 25 pL of the sample dissolved in DMSO at a concentration of
10,000 mg/L, then adding 25 pL of a-amylase with a concentration of 13 U/mL. The mixture was
incubated for 10 min at 37 °C. Next, 25 uL of 1% starch was added to the mixture as a substrate and
incubated again at 37 °C for 10 min. After incubation, 50 uL of 3,5-dinitrosalicylic acid (DNS) color
reagent was added to the mixture and heated in boiling water for 10 min to stop the reaction. The
mixture was then cooled to room temperature and transferred to a cuvette containing 500 pL of distilled
water. The SO solution was prepared using the same procedure, but the addition of a-amylase was
replaced with 25 uL of phosphate buffer (pH 7). Meanwhile, solutions K and B were also prepared in
the same way as S1 and SO0, but the use of samples was replaced with phosphate buffer (pH 7). Acarbose
(10,000 mg/L) was used as a positive control. Absorbance was measured using a spectrophotometer at a
wavelength of 540 nm. The percentage of inhibition was calculated using the formula:

Inhibitory activity of a-amylase (%) = w X

100 2)
where K = control with enzyme addition; B = control without enzyme addition; S/ = sample with
addition of enzyme; and S0 = sample without addition of enzyme.

2.7. Consumer acceptance analysis

Consumer acceptance analysis was conducted in line with the method described by Pratiwi and
Husni [25], with modifications to the hedonic scale. A total of 80 untrained panelists aged 16—54 years
with diverse occupational backgrounds were involved in the hedonic test. Fermented S. hystrix tea was
prepared by brewing 1 g of tea in 100 mL of boiling water for 6 min, with the tea bag moved up and
down 5 times and stirred 2—3 times before removal. Approximately 25 mL of tea solution was served
in randomly coded cups. Panelists rated the color, aroma, taste, and overall acceptance using a 6-point
hedonic scale (1 = strongly dislike to 6 = strongly like).

2.8. Data analysis

Statistical analyses were conducted using Microsoft Excel and IBM SPSS Statistics 25, with a
significance level set at 5% probability (p < 0.05). All experiments, including microbial analysis,
enzyme inhibition, phenolic assays, and sensory analysis, were performed in triplicate (n = 3). Data
were analyzed using the one-sample Kolmogorov—Smirnov test to determine data distribution. If the
data were normally distributed (p > 0.05), further testing was performed using analysis of
variance (ANOVA). If the data were not normally distributed, Kruskal-Wallis testing was performed.
If the ANOVA results showed significant differences between treatments overall, a Tukey test was
performed to determine which treatment had the most significant differences. In the figures and tables,
different superscript letters (a, b, ¢, d, e, f) indicate statistically significant differences between
treatments at p < 0.05. Specifically, treatments sharing the same letter are not significantly different
from each other, while treatments with different letters are significantly different. For example, in
Figure 1, if day 0 is marked with superscript a, and day 1 is marked with b, this indicates that the pH
values between these two days are significantly different. Conversely, if both day 3 and day 4 are
marked with the same letter d, this indicates no significant difference between these two fermentation
durations.
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3. Results and discussion
3.1. pH and total titratable acidity

pH and total titratable acidity are parameters used to assess the success of the fermentation
process [19]. During fermentation, lactic acid bacteria (LAB) metabolize sugars and carbohydrates

into organic acids, particularly lactic acid [26]. The accumulation of these organic acids causes a
decrease in pH and an increase in total titratable acidity as the fermentation duration increases.
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Figure 1. Effect of fermentation duration of Sargassum hystrix tea fermented by
Lactobacillus plantarum on the pH (®) and total acid content (A). Note: Different letter
notations indicate a significant difference (p < 0.05).

The results show that fermentation duration has a significant effect on pH and total acid (TA)
values (p < 0.05). As shown in Figure 1, the pH of S. hystrix tea gradually decreased from 6.57 = 0.13
on day 0 to 4.60 £+ 0.50 on day 4. This trend is inversely proportional to TA, which increased from
0.84% =+ 0.06% at the start (day 0) of fermentation to 1.92% + 0.15% on day 4. This pattern of change
reflects an increase in organic acid production during fermentation. The decrease in pH and
accumulation of acid during fermentation affect the modification of the structure of bioactive
compounds in the raw material [ 14]. Excessively low pH and excessive acid accumulation can suppress
microbial growth and reduce the stability of phenolic compounds, which can potentially reduce their
bioactivity [27].

These findings are consistent with previous research [28], which showed a decrease in pH and an
increase in TA during the fermentation of Sargassum cristaefolium kombucha. Another study reported
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a similar pattern in the fermentation of mangrove tea, where total acid increased while pH decreased
over the course of fermentation. The consistency of these findings reinforces that organic acid
production by LAB is a common mechanism in plant-based fermentation, including seaweed.

3.2. Total lactic acid bacteria and total viable bacteria

The total number of bacteria and LAB are key indicators that describe the microbiological
dynamics during the fermentation process. The results showed that fermentation duration had a
significant effect on the number of LAB and total bacteria (p < 0.05). Figure 2 shows an increase in
the number of colonies on the first day of fermentation. The LAB population increased from 6.97 +
0.38 log CFU/mL on day 0 to 8.17 = 1.06 log CFU/mL on day 1. This increase indicates that the
bacteria are in the exponential phase. In line with this, the formation of primary metabolites, such as
enzymes, also occurs optimally at the end of the exponential phase to the beginning of the stationary
phase [29]. An upward trend was also observed in total bacteria, with colony counts increasing from
7.19 £ 0.16 log CFU/mL on day 0 to 8.29 + 0.97 log CFU/mL on day 1, before decreasing to 6.27 +
0.07 log CFU/mL on day 4. This decrease was likely caused by increased acidity and decreased nutrient
availability, which inhibited the growth of microorganisms [30].

10

8.30+0.97a

7.20+ 0.16ab 7.9040.89ab

7.47+0.85ab

8.17+1.06a

6.97+0.38ab 7.18+0.73a
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6.30+0.07b

5.04+0.76b

Total bacteria (Log CFU/mL)

0 T T T 1
0 1 2 3 4

Fermentation duration (days)

Figure 2. Total number of lactic acid bacteria (A) and viable bacteria (®) during
fermentation of Sargassum hystrix tea using Lactobacillus plantarum. Note: Different
letter notations indicate a significant difference (p < 0.05).

Although the total number of viable bacterial colonies was slightly higher than LAB in all

observations, both parameters showed consistent trends, indicating that LAB was the dominant
bacterial species in the total bacterial population during fermentation and that changes in the total
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bacteria were largely influenced by the growth dynamics of LAB. The difference in the total number
of bacterial colonies and total LAB was likely due to the presence of other microorganisms originating
from seaweed or the environment at the start of fermentation. However, as LAB activity increases, the
fermentation environment becomes more acidic, inhibiting the growth of non-LAB microorganisms [31].
Nevertheless, some microorganisms can still survive and grow because they are tolerant to acidic
conditions, allowing them to dominate until the end of fermentation and potentially be used as starters [32].

3.3. Phenolic and phlorotannin content

The fermentation mechanism increases the levels of phenols and phlorotannin (Figure 3a and 3b),
which can be explained by the biochemical activity of L. plantarum, which has been reported in the
literature to produce various enzymes like amylase, B-glucosidase, and tannase [14]. However, specific
enzyme activities were not measured in this study, and further phytochemical profiling (e.g., HPLC or
LC-MS) is needed to confirm the responsible compounds. The B-glucosidase enzyme plays an
important role in releasing bound phenols by breaking B-glycoside bonds, thereby producing more
reactive phenolic aglycones. Meanwhile, the amylase, peptidase, and proteinase enzymes contribute
to the degradation of cell wall polysaccharides and proteins, which accelerates the release of phenols
previously trapped in the cell matrix. This mechanism was demonstrated by measuring free phenol
levels, which showed a consistent increase in Betaphycus gelatinum fermented by L. brevis from 0 to
60 h, while bound phenol levels decreased significantly.

On the other hand, the decrease in total phenols and phlorotannin on day 4 is thought to be due to
further degradation by enzymes such as phenolic acid decarboxylase and phenol reductase, which are
capable of converting complex phenols into simpler or even non-phenolic forms that are undetectable [14].
In addition, increasingly acidic fermentation conditions can inhibit phenol release while accelerating
phenolic structure degradation. These findings are consistent with the fermentation of S. cristaefolium
kombucha, which shows an increase in total phenols up to a certain optimum point before declining in
the final phase of fermentation. The decrease in total phenols at the end of fermentation occurs because
the environment becomes very acidic due to the accumulation of organic acids, causing phenolic
compounds to begin to degrade and inhibiting the activity of microbial enzymes that release phenols
from the cell matrix. Low pH conditions also make phenols more stable in their bound form [28].

The increase in total phenol and total flavanol values after drying, especially dry heating, may
occur because previously bound phenolic compounds become easier to release, as well as due to the
formation of Maillard reaction products. These Maillard products have the characteristics of phenolic
compounds and reductants, which arise due to partial damage to the cell structure during the heating
process, making them detectable in total phenol testing [33].
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Figure 3. Effect of fermentation duration of Sargassum hystrix tea fermented by
Lactobacillus plantarum on the phenolic (a) and phlorotannin content (b). Note: TF =
Unfermented S. hystrix powder. KK = Commercial black tea. Different letter notations
indicate a significant difference (p < 0.05).
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3.4. Antidiabetic activity of fermented seaweed tea
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The duration of fermentation of S. Aystrix tea using L. plantarum had a significant effect on a-
amylase and a-glucosidase inhibition activity (p < 0.05). In the a-amylase test (Figure 4a), the
percentage of inhibition increased with longer fermentation duration. In post-fermentation samples,
inhibition activity increased from 22.52% 4 0.50% on day 0 to 62.27% + 0.50% on day 3, before
decreasing slightly to 61.23% + 1.27% on day 4. In post-drying samples, inhibition values were higher,
increasing from 55.26% + 1.02% (day 0) to a peak of 82.80% + 1.70% on day 3, then decreasing
slightly to 81.26% =+ 0.75% on day 4. The commercial black tea (KK) showed an inhibition activity of
81.80% = 1.10%, which was equivalent to the values on days 3 and 4 post-drying. Meanwhile, acarbose,
as a standard drug, had the highest inhibition value, namely 90.27% =+ 1.53%.

A consistent pattern was also observed in a-glucosidase inhibition activity (Figure 4b). In post-
fermentation samples, inhibition activity increased from 42.69% + 1.66% (day 0) to 72.04% + 1.75%
on day 3. It then decreased slightly on day 4 to 71.71% =+ 1.43%. The peak activity indicates that the
optimum fermentation point occurred on day 3. A similar result was found in the post-drying sample,
where activity increased from 67.39% + 1.10% (day 0) to a peak of 91.26% + 0.44% (day 3), then
decreased slightly on day 4 (88.74% + 1.01%). This value is comparable to the commercial black tea
(KK), which had an activity of 89.30% =+ 0.35%. Acarbose, as a standard drug, showed the highest
inhibition value of 95.97% + 0.84%, but the difference with day 3 post-drying was relatively small,
indicating that fermentation was able to increase o-glucosidase inhibition activity at the tested
concentration (10,000 mg/L). However, further studies determining ICso values are required for a more
accurate comparison with pharmaceutical inhibitors.

This study shows a positive correlation between phenol, phlorotannin content, and antidiabetic
activity, with day 3 showing the highest levels. These findings show that the increased a-amylase and
a-glucosidase inhibitory activity are in line with the increased total phenol content in fermented
Saccharina japonica and Undaria pinnatifida [34].

The hydrolysis of starch by a-amylase and the absorption of glucose by a-glucosidase cause an
increase in blood sugar levels in people with type 2 diabetes. Inhibiting these two enzymes is one
method of controlling diabetes. Phenolic compounds and phlorotannin in S. Aystrix tea, which are
enhanced through fermentation, produce increased inhibitory activity against a-amylase and a-
glucosidase. Mechanistically, phenolic compounds work in several ways. Phenolic compounds can
compete with substrates to bind to the active site of the enzyme, thereby blocking substrate access and
reducing its catalytic activity. Some phenolic compounds that do not bind to the active site can interact
with other parts of the enzyme through hydrogen bonding and n—m interactions. These n—r interactions
are strengthened by the delocalization of electrons in double bonds (C=C or C—O) and aromatic rings
in the phenolic structure, thereby increasing the stability of the bond between phenolic compounds and
enzymes. These bonds can cause changes in enzyme conformation or interfere with the efficiency of
the active site, even though the substrate remains available [35,36].

3.5. Consumer acceptance level of seaweed tea

The hedonic test was designed to measure the level of preference for a product [37]. The hedonic
test in this study aimed to determine consumer acceptance of S. hystrix fermented tea products with
different fermentation durations. Table 1 indicates that there is a significant effect of fermentation
duration on the aroma, taste, and overall acceptability of S. hystrix tea. In contrast, no significant effect
was observed for color attributes (p > 0.05). Table 1 also shows no significant differences (p > 0.05)
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between the 3- and 4-day fermentation treatments for any of the evaluated hedonic parameters. The
tea color became progressively lighter with increasing fermentation duration. This phenomenon may
be associated with the activity of L. plantarum, which is known to influence color changes during
seaweed fermentation [38]. The decrease in pH during fermentation can also promote the degradation
of brown seaweed pigments such as fucoxanthin, resulting in a brighter appearance [39].

Table 1. Effect of fermentation duration of Sargassum hystrix tea fermented by
Lactobacillus plantarum on consumer acceptance level.

Parameters Fermentation duration (days)

0 1 2 3 4
Color 3.41+1.79* 3.43+1.18 3.41 +0.92° 3.64 +1.25a 3.69 £ 1.51°
Aroma 1.69 + 1.03% 241 +1.07° 2.91 +1.02° 4.05 +1.25¢ 3.89 + 1.24¢
Taste 226+ 1.39* 2.64+1.11° 3.14 + 1.05° 4.14 +1.23¢ 4.08+1.17¢
Overall 2.18+1.19* 2.79 +1.03° 3.24 +0.93° 4.29 +1.06° 4.18 +1.10¢

Note: Different superscript letters in the same line indicate a significant difference (p < 0.05).

The Mann—Whitney test results for the aroma parameter showed a significant effect (p < 0.05)
between each treatment except for the 3- and 4-day fermentation treatments (p > 0.05) (Table 1). The
highest value was obtained in the 3-day fermentation, while the lowest value was obtained in the 0-
day fermentation. Tea with 0-day fermentation had a strong fishy aroma from S. hystrix seaweed,
which was less preferred by the panelists. The intensity of the fishy aroma decreased as the fermentation
duration increased. This fishy aroma is generally caused by the presence of amine compounds in
seaweed [40]. The reduction in fishy aroma in tea is due to the formation of volatiles during
fermentation through carbohydrate and lipid metabolism, polysaccharide degradation, proteolysis, and fatty
acid breakdown [41]. This process produces volatile compounds such as esters and alcohols, as well as lactic
acid and acetic acid, resulting in a more acceptable aroma [41]. This is reinforced by similar research [42],
which reported a decrease in the intensity of the fishy aroma in red seaweed after fermentation.

The different fermentation durations also had a significant effect (»p < 0.05) on tea taste (Table 1).
Each treatment interaction had a significant effect (p < 0.05) except for the 3- and 4-day fermentation
treatments (p > 0.05). The highest value for the taste parameter was obtained by the 3-day fermentation.
Meanwhile, the lowest hedonic taste value was in the 0-day fermentation. The fishy taste decreased as
the fermentation duration increased, accompanied by the emergence of a faint sour taste. This sour
taste was caused by the formation of volatile compounds from the lactic acid fermentation process,
such as esters, alcohols, and organic acids [41]. The panelists preferred this sour fermentation taste to
the fishy taste of seaweed.

The overall parameter contains all tested attributes, including color, aroma, and taste. Different
fermentation durations had a significant effect (p < 0.05) on the overall hedonic value (Table 1). The
highest overall hedonic value was found in tea with a fermentation period of 3 days, while the lowest
value was found in the 0-day fermentation. Although the highest overall hedonic value in the 3-day
fermentation treatment was not significantly different from the 4-day fermentation treatment (p > 0.05),
the 3-day fermentation was selected as the optimal condition because it achieved the highest functional
characteristics (phenol content, phlorotannin, and enzyme inhibition activity) while maintaining
comparable sensory acceptance to the 4-day treatment. This approach balances both functional and sensory
optimization while minimizing unnecessary fermentation time and potential resource consumption.

AIMS Agriculture and Food Volume 11, Issue 1, 274-289.



286

4. Conclusions

This study demonstrates that solid-state fermentation of brown seaweed S. Aystrix using L.
plantarum significantly enhances its in vitro antidiabetic potential and consumer acceptance. During
the fermentation process, pH gradually decreased while total titratable acidity increased, indicating
successful microbial metabolism. The optimal results were achieved on the third day of fermentation,
which yielded the highest functional characteristics, including total phenolic content (12.94 + 0.68 mg
GAE/g), total phlorotannin (14.60 = 0.95 mg PGE/g), and inhibitory activities against a-amylase
(82.80% = 1.70%) and a-glucosidase (91.26% + 0.44%). Although statistical analysis showed no
significant difference in overall sensory acceptance between the 3- and 4-day fermentation treatments,
the 3-day duration is recommended as the optimal condition. This selection is based on its superior
functional profile and greater practical efficiency, as it minimizes unnecessary fermentation time and
resource consumption while achieving maximum bioactive compound release.

These findings suggest that lactic acid fermentation is an effective processing strategy to improve
both the bioactivity and sensory profile of seaweed-based products, effectively reducing the
characteristic fishy odor. The implications of this study highlight the potential of fermented S. hystrix
tea as a natural, functional beverage that could assist in managing blood glucose levels, offering a
promising dietary complement to conventional diabetes management. However, the interpretation of
these results must consider several limitations. The enzyme inhibition assays were conducted at a
single concentration (10,000 mg/L) without determining the half-maximal inhibitory concentration
(ICs0), which limits direct potency comparisons with pharmaceutical inhibitors like acarbose.
Furthermore, the current evidence is restricted to in vitro biochemical assays and preliminary sensory
evaluations. Future in vivo studies, bioavailability analyses, and clinical trials are essential to confirm
the physiological antidiabetic efficacy, determine appropriate dosages, and establish the safety profile
of the fermented tea in human subjects.
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