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Agro-residues, such as apple peel, banana peel, orange peel, tapioca
peel, and sweet potato peel powders, were screened for the biosynthesis
of bioactive extracellular polysaccharide (EPS) in solid-state fermentation.
Lactobacillus plantarum utilized sweet potato peel and improved EPS
production compared with other wastes, so it was used for optimization
studies. Compared with the unoptimized medium, the response surface
methodology improved EPS production twofold during solid-state
fermentation. In the central composite design, the experimental model was
significant (p<0.01), and the selected variables (moisture, sucrose and
yeast extract) significantly influenced EPS production. The maximum yield
was 59.1 mg/g with 64.5% moisture content, 5.74% sucrose, and 1.39%
yeast extract. In addition, the extracted EPS exhibited strong antioxidant
activity, and it scavenged ABTS, DPPH, and hydroxyl radicals in a
concentration-dependent manner. The antibacterial activity of EPS was
greatest against Staphylococcus aureus, and the corresponding zone of
inhibition was18t+1 mm, followed by Pseudomonas aeruginosa(14+1
mm).The results showed that sweet potato peels can be used as a cheap
substrate for EPS production in solid-state fermentation.
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INTRODUCTION

Bacterial exopolysaccharides (EPSs) are extracellular carbohydrate-based
biopolymers secreted by several microbes such as fungi, microalgae, bacteria, and yeast
(Rana et al. 2020). Bacterial EPSs are produced through various pathways. They are either
in free form into the medium of cell growth (slime EPSs) or in bound form around the cell
surface (capsular EPSs). Once EPSs are released in the medium, EPSs bind with other
macromolecules such as lipids, proteins, and DNA to form an extracellular matrix. The
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term EPS is used to illustrate polysaccharides that represent about 40 to 95% of the
extracellular polymeric substances produced by bacteria into the surrounding ecosystem
(Xu et al. 2019). Bacterial EPSs are produced by various bacteria and have wide
applications in various industries, including the cosmetics, textile, pharmaceutical,
medical, food and petrochemical industries (Bueno et al. 2013; Zhao et al. 2018). Only a
few bacterial EPSs, such as dextran, xanthan, curdlan, and gellan, have been
commercialized, and a few bacterial EPSs have failed to enter the commercial market
because of their high production cost (Freitas ef al. 2011; Mouro et al. 2024). Therefore,
identifying new bacteria with the high EPS yield is necessary. Low-cost substrates such as
molasses, cheese whey, glycerol, and saline byproducts contain significant quantities of
carbohydrates that are widely used for the production of EPS by microorganisms
(Niknezhad et al. 2015, 2016; Imran ef al. 2016; He et al. 2018; Rath et al. 2022).

Extracellular polysaccharides are secondary metabolites synthesized by various
bacteria, such as Bacillus and Lactobacillus; they are produced in the extracellular space
(Bachtarzi et al. 2020; Cao et al. 2020). Postbiotics are a product of microorganisms or
their components that have health benefits. Compared with other reported postbiotics,
polysaccharides have several advantages, including cost-effectiveness, simple extraction
procedures, low-cost media, and the fact that the structure of EPS depends on the type of
microorganism and the composition of the medium (Daba et al. 2021). EPS-producing
strains in different culture media can produce EPS with different structures. These findings
provide a quantitative basis for screening EPS as a means to select those having several
advantages. Compared with xanthan gum, the supplementation of EPS with low-fat
contents may increase the stability and rheological properties of the final product
(Yalmanci et al. 2023) and improve emulsification activity (Sran et al. 2019; Nguyen et al.
2024). Certain extracellular polysaccharides are used also as antioxidants in the food
industry (Zhang et al. 2013). Considering their physical and chemical structures, these
polysaccharides can be applied for suspending, thickening, and gelling applications. In
addition to these prebiotic properties, these polysaccharides present additional features,
such as antimicrobial, antioxidant, blood cholesterol-lowering, and anticancer activities
(Upadhyaya et al. 2025).

Sweet potato (lpomoea batatas Lam.) is cultivated in various countries, and potato
processing industries generate potato residues and wastewater. China is one of the largest
producers of sweet potato, producing more than 52 million tonnes in 2019 (FAO STAT
2019). Approximately 4.5 to Stonnes of potato residue are generated for every tonne of the
final starch product. Moreover, <10% of potato residues are utilized for the preparation of
animal feed, and not all of the remaining amounts are utilized. Unutilized residues cause
environmental pollution. Sweet potato residues consist of protein (5.5%), dietary fibre
(21.4%), and starch (52.0%). The dried residues include cellulose (31.2%), lignin (16.8%),
pectin (15.6%), and hemicelluloses (11.4%) (Mei et al. 2010). These nutrient-rich agro-
residues are valuable for the production of lipopeptides and poly-y-glutamic acid (Wang et
al. 2008), hydrogen (Yokoi et al. 2001), emulsifiers (Xie et al. 2020), and cellulose
nanocrystals (Lu et al. 2013). Mathematical modelling of the optimization process is a
useful strategy for understanding EPS bioprocess conditions and determining the most
significant variables. Response surface methodology (RSM) is a prominent statistical and
mathematical technique that is used to optimize the bioprocess conditions of variables for
the required response and analyse the significance of the selected variables. This RSM can
be performed even in the presence of multiple interactions, which potentially affect the
yield of the final product (Vijayaraghavan and Vincent 2016). Response surface
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methodology has been used for optimizing bioprocess conditions and analysing the
stoichiometric relationships among variables, namely, substrate utilization, cell growth,
and product formation. Central composite design is one of the optimization methods widely
used in bioprocess development. This approach provides more information on the
interactive effects of the variables for bioprocess design and optimization (Bekar and
Kamiloglu 2024).

The yield of extracellular polysaccharides can be improved by optimizing culture
conditions (Biji et al. 2016; El-Sheikh et al. 2020). In this study, the crude extracellular
polysaccharide obtained from the optimized medium using sweet potato peel was
investigated for its antibacterial and antioxidant activities. Response surface methodology
was used to improve the culture conditions of Lactobacillus plantarum in solid-state
fermentation via agro-residues.

EXPERIMENTAL

Microorganisms and Culture Conditions

Lactobacillus plantarum (MTCC9510) was obtained from the Microbial Type
Culture Collection (MTCC), Institute of Microbial Technology (IMTECH), India. It was
cultivated in De Mann, Rogosa Sharpe (MRS) agar medium with the following
composition (g/L): yeast extract, 5; beef extract, 10; peptone, 10; Tween 80 (polysorbate
80), 1; glucose, 20; magnesium sulfate, 0.10; sodium acetate, 5; di-potassium phosphate,
2; and agar—agar, 10. The pH of the medium was tested and adjusted to 6.2 +0.2. The
culture was incubated for 24 h at 37 °C. The colonies were isolated and used for the
preparation of the inoculum.

Chemicals

Yeast extract, beef extract, peptone, polysorbate 80, glucose, magnesium sulfate,
sodium acetate, di-potassium phosphate, and agar—agar were purchased from Himedia,
India. The other chemicals were either analytical grade or ACS grade. The solvents were
purchased from Merck, Germany, with >99% purity.

Agro-residues

Apple peel, banana peel, orange peel, tapioca peel, and sweet potato peel powders
were collected from a local market in Kanniyakumari, India. It was dried for five days
under sunlight and individually ground into powder via a mechanical grinder. The fine
powder was sieved, and a particle size between 0.8 and 1.2 mm was used as the substrate.

Solid-state Fermentation (SSF)

Agro-industrial residues (5 g) were mixed with 3 mL of 0.1 M sodium phosphate
buffer (pH 6.5)to maintain 60% initial moisture content. The mixture was sterilized at 15
psi for 30 min and cooled. It was inoculated with 5% inoculum (1x107 colony forming
units (CFU)/mL) and incubated for four days at 37 °C. Uninoculated medium was used as
a control. All experiments were performed in triplicate, and the mean value was used for
data processing (Marraiki et al. 2020).
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Extraction of Extracellular Polysaccharide and Assay

The fermented solid medium was mixed with 25 mL of double distilled water and
vortexed for 20 min, after which the extracellular matrix was removed from the surface of
the agroresidues. The sample was filtered and centrifuged at 5000%g for 10 min. It was
stored at 4 °C for further studies(Liu et al. 2022).

Extrapolysaccharide Assay

The supernatant was mixed with three volumes of ethanol (95%) and stirred
vigorously. The mixture was incubated for 24 h at 4 °C, after which the extracellular
polysaccharide was precipitated. The EPS precipitate was dialyzed against double distilled
water for 24 h at 4 °C (three changes). The dialyzed sample was lyophilized, and the EPS
powder was used for the assay. The amount of EPS was determined via the phenol—sulfate
acid method with glucose as a standard (Dubois et al. 1956). Briefly, 0.1 mL of the sample
(10 mg/mL) was mixed with 1 mL of phenol (5%) and 2.5 mL of 98% sulfuric acid. The
mixture was incubated for 20 min at room temperature (28+1 °C), and the absorbance was
read at 490 nm. Glucose was used as the standard (10 to 100 pg).

Screening of the Process Variable by a Two-level Full Factorial Design

A two-level full factorial design was used to screen the significant media
components from the five selected variables (2° level).This is an economical factorial
design that analyses the significance level at two different levels (low and high). This
model shows the interactions among the analysed factors that influence EPS production. A
total of 32 experimental runs were performed to analyse the effects of five selected
variables. Five variables, sweet potato, ammonium sulfate, yeast extract, sucrose, and
glucose, were used as variables. Table 1 shows the factors and levels for EPS production,
and fermentation experiments were performed for 96 h at 37 °C under static conditions (Al
Farraj et al. 2020).

Central Composite Design and Response Surface Methodology

A central composite design was used to determine the optimum concentrations of
the variables (Kalaiyarasi et al. 2020). The other components were maintained at moderate
levels. Each variable in the experimental design was analysed at five different levels. The
experimental design included 20 runs, and solid-state fermentation was performed as
described earlier in separate experiments. The amount of EPS produced was calculated
after the EPS assay, and the result was expressed as the response (Y). An analysis of
variance (ANOVA) was used to analyse the significance level of the designed model.
Three-dimensional (3-D) response surface graphs were plotted via Design Expert software
(version 8.0), and the interactive effects between variables were analysed.

Antioxidant Activity
DPPH-free radical scavenging activity

DPPH radical-scavenging activity was determined as described previously (Cheng
et al. 2019). Briefly, various concentrations (0.25, 0.5, 0.75, 1.0, and 1.25 mg/mL) of EPS
were allowed to react with 0.2 mm DPPH solution (2 mL), which was prepared in
methanol. The mixture was further incubated for 30 min in the dark. The absorbance of
each sample was read at 517 nm. DPPH was not included in the blank vials. For the control,
EPS was not added, and ascorbic acid was used as the positive control. The DPPH
scavenging activity of each sample was analysed via the following formula,
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Scavenging activity (%) = W X 100% (1)
0

where 4 is the absorbance of the blank sample, 4o is the absorbance of the control

sample, and A1 is the absorbance of the test.

ABTS radical-scavenging assay

The ABTS radical scavenging assay was performed as described previously by
Wang et al. (2017). Briefly, an ABTS solution was prepared at a 7 mM concentration, and
2.4 mm potassium persulfate was prepared separately. To 1 mL of ABTS solution, 1 mL
of potassium persulfate solution was added, and the mixture was incubated for 16 h in the
dark. EPS (0.2 mL) was then added at various concentrations (0.25, 0.5, 0.75, 1.0, and 1.25
mg/mL), mixed with 1.8 mL of the ABTS solution and incubated in the dark for 10 min.
The absorbance of the sample was read at 734 nm. To the blank, ABTS was not added,
whereas to the control, EPS was not incorporated. Ascorbic acid was prepared at various
concentrations, and the ABTS radical scavenging activity was determined using Eq. 1.

Hydroxyl radical-scavenging assay

In this method, EPS (0.5 mL) was prepared at various concentrations (0.25, 0.5,
0.75, 1.0, and 1.25 mg/mL) and mixed with 1.8 mmol salicylic acid (2 mL), .8 mmolFeSO4
(0.25 mL), and 6 mmol H202 (1 mL). The mixture was incubated at 37 °C for 30 min, and
the supernatant was collected after centrifugation at 5000 rpm for 10 min. The absorbance
of the sample was read at 510 nm. Salicylic acid was not added to the blank group, and
EPS was not added to the control group (Wang et al. 2017). The hydroxyl radical-
scavenging activity of the EPS was determined by use of Eq. 1.

Antibacterial Activity of EPS Isolated from Lactobacillus plantarum
(MTCC9510)

The antibacterial activity of the EPS was tested against four indicator bacteria:
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Bacillus cereus.
The antibacterial test was carried out via the agar disc diffusion assay method according to
the manufacturer’s instructions. Briefly, Mueller—Hinton agar plates (Himedia, Mumbai,
India) containing each indicator organism (0.1 mL) (10’ CFU/mL) were spread on plates.
A disc (6 mm diameter) containing 5 mg EPS was subsequently loaded, placed on the
plates, and allowed to diffuse for 2 h at 4 °C. The mixture was incubated for 24 h, after
which the plates were tested. The diameter of the clear zone was observed, and
chloramphenicol was used as the positive control (Al-Ansari ef al. 2021).

RESULTS AND DISCUSSION

Agro-residues: A Low-cost Substrate for Extracellular Polysaccharide
Production

Substrates such as apple peels, banana peels, orange peels, tapioca peels, and sweet
potato peel powder were utilized for the production of extracellular polysaccharides in
solid-state fermentation (Fig. 1). The selected substrates are agro-residues or leftovers
chosen on the basis of their ability to produce EPS in microbial fermentation. These starch-
rich substrates, especially tapioca peel and sweet potato, are suitable for the production of
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EPS by L. plantarum to promote bacterial growth and EPS production. EPS production
was 20.5+4.1 mg/g in the apple peel substrate and reached a maximum in the sweet potato
substrate (34.5+£9.3 mg/g), followed by the orange peel substrate (34.5+£3.3 mg/g). Apple
pomace has previously been considered a substrate for the production of SSF products
because of its increased amount of crude fibre, pectin, and various minerals, including Fe,
Mg, K, and Mn (Shalini and Gupta 2010). Xanthomonas strains produce xanthan gum via
solid-state fermentation using agroresidues, including pineapple peel, sugarcane peel, and
sugarcane bagasse (Itunu et al. 2025). Lactobacillus confuses are cultivated via solid-state
fermentation and submerged fermentation, and EPS production has been reported
(Seesuriyachan et al. 2010). An EPS-producing Bacillus licheniformis UD061 strain was
cultivated in SSF using agro-residues, and maize cobs were reported as an ideal substrate
for EPS production (Fang et al. 2013).
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Fig. 1. Production of extracellular polysaccharide by Lactobacillus plantarum in solid-state
fermentation using agro-residues

Screening of Variables via a Two-level Full Factorial Design

The screening experiments were performed to evaluate the effects of five factors:
moisture content of the medium, pH of the medium, sucrose, yeast extract, and ammonium
sulfate. A two-level full factorial design was used, and the results of the full factorial design
are described in Table 1.

The biosynthesis of EPSs, described as mg/g, varied significantly from 1.3 to 37.8
mg/g. A decreased level of EPS production was observed at the lowest moisture, sucrose,
yeast extract, and ammonium sulfate contents. As shown in Table 2, in addition to pH,
other variables, such as moisture content, sucrose, yeast extract, and ammonium sulfate,
significantly improved EPS production. The main effect of these selected factors was
positive, and pH had an insignificant effect on the production of EPS. The effects of
moisture content, sucrose, yeast extract, and ammonium sulfate on EPS production were
analysed via multiple regression. The results of the F test for variations between the
responses of two-level full factorial experiments revealed that the variation was significant
(p<0.001).
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The optimal combination of physical and nutritional factors varies on the basis of
the bacteria being cultivated for the production of EPS and the type of fermentation. Guet
al. (2017) used a fractional factorial design to screen the variables, and KCl and MgSO4
significantly improved EPS production. The optimum nutrient compositions were 0.50%
peptone, 0.50% KCl, 5.80% MgSOs4, 0.30% yeast extract, 1.00% sodium citrate, and 0.50%
casein hydrolysate. In EPS production, pH, incubation time, temperature, and nitrogen and
carbon sources were significantly influenced, whereas salts or vitamins were considered
the least influential factors. The supplemented nitrogen sources influenced EPS production.
Inorganic nitrogen sources such as ammonium sulfate, ammonium chloride, potassium
nitrate, sodium nitrate, diammonium oxalate, and urea are commonly screened for EPS
production. In this study, only organic sources were used for the production of EPS in SSF.

Table 1. Range of Five Selected Variables and Results for a Two-level Full
Factorial Design

pH Moisture (B) Sucrose A. sulfate EPS
Run (A) % (C)% Y. extract (D) % (E) % (mg/g)
1 5.5 40 0.5 0.1 1 2.03
2 7.5 80 5 0.1 0.1 8.05
3 5.5 40 0.5 1 0.1 15.43
4 5.5 80 5 0.1 1 8.3
5 7.5 80 5 1 0.1 37.8
6 7.5 40 5 1 1 15.4
7 5.5 80 5 1 0.1 13.9
8 5.5 80 0.5 1 0.1 10.3
9 7.5 80 5 1 1 35.3
10 5.5 40 5 1 1 34.2
11 7.5 80 0.5 1 1 21.1
12 7.5 40 5 0.1 0.1 10.1
13 5.5 40 0.5 1 1 25.4
14 5.5 40 5 1 0.1 12.15
15 7.5 80 5 0.1 1 13.3
16 5.5 40 5 0.1 1 8.11
17 5.5 80 0.5 1 1 12.12
18 5.5 40 0.5 0.1 0.1 2.07
19 7.5 80 0.5 0.1 0.1 14.19
20 5.5 80 5 0.1 0.1 8.7
21 5.5 80 0.5 0.1 1 11.9
22 7.5 40 0.5 1 0.1 8.1
23 7.5 40 5 0.1 1 7.9
24 7.5 40 0.5 0.1 1 2.9
25 7.5 40 0.5 1 1 12.3
26 7.5 40 0.5 0.1 0.1 1.3
27 7.5 40 5 1 0.1 10.2
28 5.5 80 0.5 0.1 0.1 18.3
29 5.5 40 5 0.1 0.1 10.1
30 7.5 80 0.5 1 0.1 4.05
31 5.5 80 5 1 1 28.3
32 7.5 80 0.5 0.1 1 12.3
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Table 2. Analysis of Variance for the Influence of Variables on EPS Production in
a Two-Level Full Factorial Design

Sum of Mean p-value
Source Squares df Square F-Value Prob> F
Model 2748.932 21 130.9015 43.89198 < 0.0001
B-Moisture 201.1015 1 201.1015 67.43041 < 0.0001
C-Sucrose 242.11 1 242.11 81.18078 < 0.0001
D-Yeast extract 765.3828 1 765.3828 256.637 < 0.0001
E-Ammonium sulfate 136.6205 1 136.6205 45.80957 < 0.0001
AB 178.4161 1 178.4161 59.82386 < 0.0001
AC 39.605 1 39.605 13.27977 0.0045
BD 13.57205 1 13.57205 4.550781 0.0587
CD 148.2642 1 148.2642 49.71378 < 0.0001
DE 191.3946 1 191.3946 64.17564 < 0.0001
ABC 42.45811 1 42.45811 14.23643 0.0036
ABD 171.4026 1 171.4026 57.47221 < 0.0001
ABE 27.5282 1 27.5282 9.230353 0.0125
ACD 12.62531 1 12.62531 4.233335 0.0667
ACE 60.2802 1 60.2802 20.21227 0.0012
ADE 40.23045 1 40.23045 13.48949 0.0043
BCD 333.2071 1 333.2071 111.7261 < 0.0001
ABCD 12.65045 1 12.65045 4.241764 0.0664
ABCE 10.19261 1 10.19261 3.417637 0.0942
ACDE 56.44531 1 56.44531 18.92642 0.0014
BCDE 47.38511 1 47.38511 15.88848 0.0026
ABCDE 18.06005 1 18.06005 6.055631 0.0336
Residual 29.82356 10 2.982356
Cor Total 2778.756 31

Central Composite Design and Response Surface Methodology

Microbial EPS have various functions, including removal of pollutants from
wastewater, bioflocculation, sedimentation, and activated sludge dewatering. However,
several factors affect the commercialization of EPS because the production cost is
relatively high (Patel and Prajapat 2013). The optimization method using a statistical
approach reduced the number of experimental runs and helped to analyse the interactive
effects between the variables (Hao ef al. 2019). Extracellular polysaccharide production is
affected by several environmental factors, including the pH and moisture content of the
substrate in the SSF. In this study, variations in pH and moisture content influenced EPS
production. In the present study, response surface methodology with a central composite
design was used to analyse the optimal levels of three factors (moisture, sucrose, and yeast
extract). The central composite design and the results are described in Table 3. EPS
production ranged between 0.33 mg/g and 58.04 mg/g in the central composite design
experiment. Analysis of variance was performed via the Design Expert software package.

As described in Table 4, the designed model was significant (p<0.05), and the
nonsignificance of the lack of fit revealed that the determined model had a high quality of
fit and was valid in the screened experimental range. The obtained p values of the quadratic
terms of the variables revealed very good dependence of the results on the selected factors.
The moisture content of the medium (p<0.05) and the supplemented yeast extract (p<0.05)
significantly improved EPS production. The model F value of 6.72 implies that the
designed model was significant. In this case, A, B, C, A2, and B? are significant model
terms.
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Table 3. Central Composite Design of Three Variables and Five Different Levels

and the Experimental Results

Run Moisture (%) Sucrose (%) Yeast extract (%) EPS (mg/g)
1 40 1 1.5 2.5
2 40 1 0.5 2.65
3 62.5 5.5 1 34.2
4 40 10 1.5 49.4
5 62.5 -2.07 1 0.33
6 62.5 5.5 0.159 12.84
7 85 10 0.5 45.9
8 62.5 5.5 1 44
9 62.5 5.5 1.84 58.04
10 24.7 5.5 0.48
11 62.5 13.1 50.7
12 85 1 31
13 62.5 5.5 54.91
14 62.5 5.5 47
15 62.5 5.5 48.3
16 85 10 31.8
17 85 1 12.01
18 62.5 5.5 50.3
19 40 10 13.2
20 100.3 5.5 25

Table 4. Analysis of Variance for Extracellular Polysaccharide Production in the

Central Composite Design

Mean
Source Sum of Squares | df | Square F-Value | p-value Prob>F
Model 6769.262 9 752.1403 6.716946 0.0032
A-Moisture 649.7236 1 649.7236 5.80232 0.0368
B-Sucrose 2290.176 1 2290.176 20.45228 0.0011
C-Yeast extract 1001.618 1 1001.618 8.944891 0.0136
AB 64.7522 1 64.7522 0.578266 0.4645
AC 121.3682 1 121.3682 1.083872 0.3223
BC 1.32845 1 1.32845 0.011864 0.9154
A? 2024.119 1 2024.119 18.07628 0.0017
B2 775.2898 1 775.2898 6.923682 0.0251
C? 210.9182 1 210.9182 1.883593 0.1999
Residual 1119.765 10 111.9765
Lack of Fit 873.5812 5 174.7162 3.548488 0.0954
Pure Error 246.1841 5 49.23682
Cor Total 7889.028 19

The “lack-of-fit F value” of 3.55 implies that there was a 9.54% chance that a “lack-
of-fit F value,”which could be attributed to noise. Central composite design is a suitable
method for optimizing medium components in solid-state fermentation. It has been used
for the production of enzymes, EPS and other biomolecules in solid-state fermentation.
The optimum culture conditions for each organism are unique; hence, the optomization of
any organism is warranted to improve yield. Saeed et al. (2023) used mango peel as an
effective medium for the production of EPS, and process parameters such as incubation
time, temperature, inoculum, pH, and agitation speed were optimized. A central composite
design was used to optimize the variables, and the maximum production of EPS (0.717 g/L
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mango peel hydrolysate) was obtained after incubation for 64 h at 35 °C and pH 7.5 and
inoculation with 2% inoculum. In Rhodotorula mucilaginosa, EPS production was
improved by optimizing culture conditions via a central composite design. A total of three
factors were optimized (pH, sucrose, and ammonium sulfate), and nutrient factors (sucrose
and ammonium sulfate) improved the EPS yield (Okoro ef al. 2021).

The relationships between the selected variables (moisture, sucrose, and yeast
extract) and the experimental levels of the selected factors are illustrated in 3D response
surface graphs (Fig. 2). The response surface plots revealed interactions between each pair
of factors (moisture and sucrose, moisture and yeast extract, and yeast extract and sucrose).
The optimum level was analysed by observing the response surface plots and solving the
regression equation. The maximum EPS production was achieved when the moisture,
sucrose, and yeast extract contents were 64.5%, 5.74%, and 1.39%, respectively. EPS
production was 59.1 mg/g, which was highly consistent with the predicted response (58.4
mg/g). Xanthan gum was produced from Xanthomonas spp., and the initial process
parameters were optimized via a 2° full factorial central composite design. The
supplemented sucrose, magnesium sulfate and dipotassium hydrogen phosphate
significantly influenced xanthan gum production. The strain Bacillus subtilis ES used
sucrose (4%), 0.002% Na2S04, and 0.1% NaNOs3 for xanthan gum production (Bashandy
and Abd-Alla 2024). One of the main advantages of applying the RSM is that it can
determine the effects of experimental variables more accurately than conventional
methods, which involve the possible consequences of the selected variables. The
interactions between the selected factors can be explained in 3D graphs, revealing the
interactive effect between two variables and the middle level. Carbon and nitrogen sources
play critical roles because these nutrients are directly involved in metabolic processes and
cell proliferation (Lakra et al. 2024). The yield of EPS improved with increasing sucrose
concentration, possibly because sucrose provided the required carbon source for
Lactobacillus plantarum, resulting in a high yield of EPS. When the level of yeast extract
and sucrose was above the optimum level, the yield of EPS decreased because an adequate
supply of carbon could cause the production of lipids, which affects EPS production
(Chenet al. 2024).

EPS (malg)
EPS (mg/g)
EPS (mg/g)
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Fig. 2. 3D-response surface plot showing the effects of sucrose and moisture (A), yeast extract
and moisture (B), and yeast extract and sucrose (C)

Antioxidant Activity

The DPPH radical-scavenging activity of EPS is illustrated in Fig. 3A. At
concentrations ranging from 0.25 to 1.0 mg/mL, the radical scavenging activity increased
significantly.
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Fig. 3. Antioxidant activity of EPS isolated from Lactobacillus plantarum and cultivated in solid-
state fermentation using sweet potato peels. (A) DPPH activity, (B) ABTS activity, and (C)
hydroxyl radical scavenging activity

Alodaini et al. (2025). “Bioactive polysaccharides,” BioResources 20(3), 7358-7377. 7368



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

At the 0.25 mg/mLEPS concentration, the scavenging activity was 21.4+0.3
mg/mL, while the scavenging activity of EPS increased to 81.4+2.1 mg/mL at the | mg/mL
EPS concentration. The ABTS scavenging activity of EPS ranged from 30.1+£2.1% at 0.25
mg/mL, and it increased at a concentration of 1.25 mg/mL. No significant variation was
observed between the 1.0 mg/mL EPS and the 1.25 mg/mL EPS (Fig. 3B). The hydroxyl
radical-scavenging ability of EPS is illustrated in Fig. 3C. The hydroxyl radical scavenging
activity of EPS was 19.340.5% at 0.25 mg/mL, and the scavenging ability of EPS increased
slowly at higher concentrations (78.4+1.7%). As was discussed earlier, the bioactivity of
EPS varies with culture conditions. In this study, the antioxidant activity was determined
via three different methods to determine the antioxidant properties. Reactive oxygen
species (ROS) have several functions in various cellular processes, including cell
signalling, apoptosis, ion transport, and genetic regulation (Harman 1993).Although ROS
participate in several cellular processes, an excess of RPS can lead to several harmful
effects on the body. These include promoting the development of cancer, damaging DNA,
and accelerating cellular degeneration, which can lead to the development of various
diseases, including lung injury, inflammation, and cancer (Bjorn and Hasselbalch 2015;
Espinosa ef al. 2016). For this reason, it is important to search for novel antioxidants from
biological sources. In this study, the antioxidant activity of the crude EPS isolated from
Lactobacillus plantarum was tested via three different methods. The scavenging activity
was dose-dependent, and the maximum activity was observed at higher concentrations. In
L. plantarum KX041 EPS, a >80% scavenging efficacy was observed at 8§ mg/mL EPS
(Wang et al. 2017). In Bacillus velezensis SN-1, approximately 60% activity was observed
at an EPS concentration of 8 mg/mL (Cao et al. 2020). The free-radical scavenging assay
method is a useful and state-of-the-art preliminary evaluation method. /rn vivo and in vitro
experimental results may not be similar (Ahmad et al. 2020).

Antibacterial Activity of EPS

The antibacterial activity of EPS was tested against four indicator bacteria, and the
results are shown in Fig. 4. The extracted EPS showed antibacterial activity against both
gram-positive bacteria and gram-negative bacteria. The antibacterial activity of EPS was
greatest against S. aureus, and the corresponding zone of inhibition was the 18+1 mm zone
of inhibition, followed by P. aeruginosa (141 mm zone of inhibition). Moreover, the
antibacterial activity was significantly lower against E. coli and B. cereus. Similarly, EPS
isolated from L. plantarum exhibited varying antibacterial effects against S. aureus and E.
coli (Ayyash et al. 2020). The antibacterial activity of EPS has been reported previously;
however, the mechanism of action has not been clearly established (Abdalla et al. 2021;
Yang et al. 2023). The antibacterial property of EPSs is attributed mainly to their activity
on the peptidoglycan layer of the bacterial envelope, which is a major component of the
cell structure (Sivasankar et al. 2018). The antibacterial activity of lactic acid bacterial EPS
is due mainly to the presence of available functional groups, such as hydroxyl, phosphate
and carbonyl groups (Rajoka et al. 2020). The pathogenic bacteria have several receptors
on their cell surfaces. The cell surface of pathogenic bacteria plays an important role in
cell-to-cell-to-host communications (Dertli et al. 2015). The negatively charged EPS
produced by Lactococcus sp. showed higher inhibitory action against Gram-positive than
Gram-negative pathogens (Zhou et al. 2019). In the present study, EPS extracted from L.
plantarum showed maximum activity against Gram positive S. aureus strain. Moreover,
EPSs exhibit antagonistic activity against both gram-positive and gram-negative bacteria
(Salachna et al. 2018).
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Fig. 4. Antibacterial activity of extracellular polysaccharides against bacterial pathogens. The
bacterial strains were cultured on Mueller—Hinton agar medium, EPS inhibited bacterial growth
(A), and the inhibitory effect was expressed as the zone of inhibition (mm) (B)

Several research works reported that EPS produced by LAB is associated with
several health benefits, including anticancer, antioxidant, and anti-biofilm effects.
Moreover, the biological activity of different EPS is affected by their chemical structure.
EPS extracted from LAB can inhibit or reduce biofilm production by pathogenic
microorganisms, thereby preventing infectious diseases (Oerlemans et al. 2021). LAB-
synthesized EPSs are useful and are found in several applications in therapeutic medicine,
and in adjuvant therapy for the treatment of cancer due to their potential to form hydrogels.
The limitation for the industrial application of EPS is the wide variation in the yield, and
functional properties of EPS of EPS-producing bacteria. Therefore, it is very important to
develop new ideas to improve the production of EPS for its future industrial applications.
The monosaccharide composition, molecular weight, and functional groups of EPSs
influence biological and technological activities (Mahmoud et al. 2021). Most of the
research work performed in recent years has focused on evaluating structural characters
and functional properties. Moreover, the mechanism of EPS’s antibacterial properties is
highly complex and still not clearly understood. A better understanding of the underlying
molecular mechanism of EPS could lead to the development of EPSs with known
functional properties as therapeutic agents or functional foods.

Alodaini et al. (2025). “Bioactive polysaccharides,” BioResources 20(3), 7358-7377. 7370



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Levilactobacillus brevis was used to produce both homopolysaccharides and

heteropolysaccharides, and these have several functional properties. They were purified
from the culture supernatant of LAB previously (Notararigo et al. 2013). Moreover, the
composition of carbon/nitrogen level in the medium affected the final composition and
functional properties of EPS (Le et al. 2017). Recently, Wang et al. (2024) purified
heteropolysaccharide from Levilactobacillus brevis AM7 strain using oat flour, hemp
protein, and oat bran concentrate medium. The recent focus was mainly towards the
development of healthy and safe functional food additives for modern consumers using
homo and heteropolysaccharides (Liu et al. 2025).

CONCLUSIONS

1.

Agro-industrial residues were exploited for the production of extracellular polymeric
substances by Lactobacillus plantarum. Compared with other substrates, sweet potato
peel induced EPS production.

2. The response surface methodology improved bioactive extracellular polysaccharides
(EPS) production in solid-state fermentation twofold, and the central composite design
was ideal for determining the interactive effects among variables.

3. The crude EPS exhibited antioxidant activity and scavenged ABTS, DPPH, and
hydroxyl radicals. The antagonistic property of EPS was evident against gram-positive
and gram-negative bacteria.
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