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Abstract
This study focused on optimizing the fermentation-based production of Exopolysaccharides (EPS) from Enterococcus fae-
cium F58 initially isolated from traditional Moroccan Jben, a fresh goat cheese. Using the central composite design, yeast 
extract,  MnSO4, and time affect EPS concentration. The highest experimental and predicted EPS production yields were 
2.46 g/L ± 0.38 and 2.86 g/L, respectively. Optimal concentrations of yeast extract (4.46 g/L) and MnSO4 (0.011 g/L) were 
identified after 26 h at 30 °C. Characterization of EPS was conducted using SEM with EDX, XRD, and FTIR analyses. 
These tests revealed a specific morphology and an amorphous structure. Additionally, thermogravimetric analysis indicated 
adequate EPS stability up to 200 °C with anti-adhesion properties against different pathogens. This study offers valuable 
insights into the optimized production of EPS from Enterococcus faecium F58, which exhibits significant structural and 
functional properties for various applications in the food and biotechnology industries.
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Introduction

Over the past few decades, the demand for novel bioactive 
additives for food production has increased significantly. 
These additives must possess low toxicity, high efficacy in 
enhancing functional and sensory properties, and minimal 
environmental impacts (Mahapatra and Banerjee, 2016). In 
response to growing consumer awareness, researchers are 
exploring natural food additives, such as microbial exopoly-
saccharides (EPS), which are biodegradable, biocompatible, 
and more environmentally friendly materials than synthetic 

polymers. Microbial EPS has applications in a diverse range 
of fields, including tissue engineering, pharmaceuticals, 
cosmetics, and foods (Alsharabasy et al., 2016; Daba et al., 
2021; Korcz and Varga, 2021).

Cheese rheological properties result from the interaction 
of various components, such as water, fat, protein fibers, pre-
cipitated minerals, and microbial cells. Lactic acid bacteria 
(LAB) are selected for their ability to acidify milk and pro-
duce aroma compounds during fermentation. Some LAB are 
prioritized due to their classification as generally recognized 
as safe (GRAS) and long history of consumption by humans 
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(Coelho et al., 2022). In the last decade, studies have shown 
that LAB have various properties, such as the production of 
antimicrobial compounds called bacteriocins, organic acids, 
and EPSs (Abarquero et al., 2022; Agriopoulou et al., 2020; 
Coelho et al., 2022). EPSs facilitate bacterial adhesion and 
biofilm formation on biotic or abiotic surfaces, making them 
suitable for surface coating applications that prevent or inhibit 
bacterial colonization.

Enterococcus faecium is a lactic acid bacteria commonly 
found in fermented foods and has potential as a probiotic 
culture (Bhat and Bajaj, 2018). This species is also known 
for its ability to produce EPS. Previous studies have demon-
strated EPS production from various strains of E. faecium 
(Ayyash et al., 2020; Jia et al., 2019; Elshaghabee et al., 2022). 
Although xanthan gum, levan, dextran, and pullulan are com-
monly used as industrial EPS, microbial EPS production 
remains expensive. Thus, there is growing interest in select-
ing new microbial strains and optimizing their compositions 
and culture conditions to achieve maximum EPS production. 
Nutritional and environmental factors, such as carbon sources, 
sugar linkage-type, amine sources, inorganic substituents, and 
polymerization degree, can affect the physical properties and 
yields of EPS (Sørensen et al., 2022; Hashem et al., 2018 ). 
Statistical methods, particularly response surface methodology 
(RSM), can provide a powerful tool in food microbiology for 
optimizing metabolite production conditions. It enables experi-
mental design, models construction, condition optimization, 
evaluation of factors on expected responses, and determination 
of significant interactions between different factors (Khuri and 
Mukhopadhyay, 2010). Using RSM can reduce the number of 
experiments needed and help achieve large-scale production 
of microbial EPS by identifying the main factors influencing 
EPS production.

To the best of our knowledge, Lactobacillus, Lactococcus, 
Pediococcus, Leuconostoc, and Streptococcus represent the 
most widely recognized LAB known to produce EPS. In con-
trast, Enterococcus species are less well-known in this regard. 
Consequently, the present study aimed to screen various fac-
tors influencing EPS production in E. faecium F58, isolated 
from goat’s cheese. This was followed by statistical optimiza-
tion of the formulated medium to enhance EPS production 
at a laboratory scale. Additionally, we characterized the EPS 
produced by E. faecium F58 using diverse instrumental analy-
ses and evaluated its application for thermal stability and anti-
biofilm properties on stainless steel 316 L surfaces.

Materials and methods

Bacterial strain and growth conditions

Enterococcus faecium F58 was employed as the EPS-pro-
ducing agent in this investigation. This strain was derived 

from fresh goat cheese (Jben) manufactured without starter 
culture and was distinguished by its production of enterocins 
L50A and B active against a diverse range of foodborne and 
spoilage bacteria. Molecular techniques were employed to 
identify the bacterium, and to assess its safety traits (Achem-
chem et al., 2005). Long-term storage was performed at 
− 23 °C. For subsequent investigations, the strain was cul-
tured twice in de Man, Rogosa and Sharpe broth (MRS, 
Biokar Diagnostics, France) for 16 h at 30 °C.

Optimization of EPS production using response 
surface methodology

Sources of carbon and nitrogen for EPS production

The maximum production of EPS was screened by identi-
fying the carbon and amine sources that affect the produc-
tion (Table 1). A modified MRS broth was prepared with 
the following components (g/L):  MnSO4·H2O (0.05), ammo-
nium citrate (2),  K2HPO4 (2),  MgSO4·7H2O (0.2), sodium 
acetate (5), and tween 80 (1 mL/L). The carbon sources 
(glucose, maltose, lactose, fructose, or sucrose at 30 g/L), 
and amine sources (yeast extract, meat extract, peptone, or 
tryptone at 25 g/L) were replaced in the customized medium 
using one-factor-at-a-time (OFAT) experimental approach 
through changing one source at a time while maintaining 
the other components of the customized MRS broth con-
stant (Singh et al., 2017). The pH was adjusted to 6.4. The 
medium was inoculated with 1% (v/v) of a 16-hours-old 
inoculum containing bacterial cells with a density of  108 
CFU/mL for EPS synthesis.

Plackett–Burman design (PBD)

To determine the significant factors and culture con-
ditions affecting the EPS yield of E. faecium F58, a 

Table 1  Effects of carbon and nitrogen sources on cell growth and 
EPS production of E. faecium F58

Culture conditions Growth (OD 620 nm) EPS (g/L)

Carbon sources (30 g/L)
 Glucose 0.73 ± 0.04 1.12 ± 0.47
 Lactose 0.50 ± 0.01 0.80 ± 0.74
 Maltose 0.68 ± 0.03 3.55 ± 0.62
 Fructose 0.46 ± 0.19 1.34 ± 0.79
 Sucrose 0.64 ± 0.20 1.70 ± 0.52

Nitrogen sources (25 g/L)
 Yeast extract 1.04 ± 0.21 4.00 ± 0.81
 Meat extract 1.17 ± 0.66 1.71 ± 0.48
 Peptone 0.33 ± 0.24 Absence
 Tryptone sel No growth Absence
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Plackett–Burman experimental design was employed. Eleven 
factors were tested, including tween 80 (X1),  MnSO4·H2O 
(X2),  K2HPO4 (X3),  MgSO4·7H2O (X4), sodium acetate 
(X5), yeast extract (X6), maltose (X7), pH (X8), temper-
ature (X9), time (X10), and initial inoculum (X11). Each 
factor was arranged in the Plackett–Burman matrix with 
high (+ 1), medium (0), and low level (− 1) tested in 15 tri-
als. All experiments were performed in triplicate, and the 
mean value ± SD was reported. The statistical analysis was 
conducted using ordinary one-way ANOVA with Tukey’s 
multiple comparisons test (p < 0.05).

The results were subjected to analysis by fitting them to 
a second-order polynomial equation (Eq. 1).

where Y represents the EPS yield, βi is the variables esti-
mates, and Xi is the independent variables.

Central composite design (CCD)

The experimental designs and statistical analysis were con-
ducted using Design-Expert Package 12 (Stat-Ease Inc., 
Minneapolis, USA). The study evaluated the influences 
of three independent variables, namely yeast extract (X2), 
 MnSO4 (X3), and time (X10), at five levels (Table 1S, Sup-
plementary data), with 20 experiments including 6 replicates 
central points (Table 2). The experimental setup comprised 
250 mL Erlenmeyer flasks containing 50 mL of media, 
which was prepared as per the design. The response gener-
ated from RSM was expressed through a second-order poly-
nomial equation (Eq. 2):

where Y is the predicted response (EPS concentration), β0 
is the model constant, Xi and Xj are the coded independent 
variable, βi, βii, and βij were the linear, quadratic, and inter-
action coefficient respectively, and k is the number of factors. 
The experiments were performed in triplicate. To evaluate 
the optimal medium components, 2D graphical plots were 
generated to illustrate the mutual interactions between deter-
minative factors, as the response (EPS yield in g/L) was the 
dependent variable.

To assess the accuracy and performance of the model, we 
employed determination coefficients  (R2), root mean square 
error (RMSE), and standard error of prediction percentage 
(SEP%). Specifically, the SEP(%) accounts for the differ-
ences in the magnitude order of the response variable. The 
RMSE and SEP were calculated using the following equa-
tions Eqs. (3 and 4):

(1)Y = �0 +
∑

�iXi

(2)Y = �0 +

k∑

i=1

�iXi +

k∑

i=1

�iiX
2
i
+

k∑

i=1

�ijXiXj

 where obs represents the observed values, pred represents 
the predicted values, obs represents the arithmetic mean of 
observed values, and n indicates the total number of meas-
urements included in the analysis.

Extraction and purification of EPS

After 16 h of incubation of E. faecium F58 (1%) under 
optimal conditions, 7 mL trichloroacetic acid (TCA) with 
concentration of 80% was added to the culture and incu-
bated at 30 °C in a shaker incubator at 90 rpm for 40 min 
to inactivate polysaccharide-degrading enzymes. The 
resulting precipitate was removed by centrifugation (Cen-
trofriger-BL II, JP SELECTA, Barcelona, Spain) at 4 °C 
and 5000×g for 30 min. The supernatant was mixed with a 
two-fold volume of cold 99% ethanol and incubated at 4 °C 
overnight to precipitate the EPSs. A second centrifugation 
was carried out at 4 °C and 5000×g for 30 min to col-
lect the EPS pellet, which was then dissolved in ultrapure 

(3)RMSE =

√∑n

i=1

(
obsi − predi

)2
∕n

(4)%SEP = 100∕
||
|
obs

||
|

√∑n

i=1

(
obsi − predi

)2
∕n

Table 2  Results of central composite design of three variables

 Run Yeast 
extract 
(%)

Time (h) MnSO4 (%) EPS (g/L)

Actual value Predicted 
value

1 5 37 0.009 3.38 3.41
2 5 48 0.009 3.24 3.57
3 3.5 43 0.007 2.39 2.33
4 3.5 22 0.007 1.67 1.10
5 5 15 0.009 2.46 2.37
6 5 37 0.014 2.53 2.55
7 6.5 22 0.012 5.15 4.87
8 3.5 22 0.012 1.63 2.01
9 6.5 43 0.012 4.42 5.08
10 7.5 37 0.009 6.44 6.01
11 5 37 0.009 3.70 3.41
12 5 37 0.005 1.28 1.44
13 6.5 22 0.007 1.49 2.09
14 5 37 0.009 3.44 3.41
15 5 37 0.009 3.40 3.41
16 6.5 43 0.007 4.30 3.96
17 5 37 0.009 3.34 3.41
18 3.5 43 0.012 2.47 1.59
19 2.5 37 0.009 1.39 2.01
20 5 37 0.009 3.32 3.41
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water. To obtain purified EPS, the sample was subjected 
to dialysis against ultrapure water for 24 h using a dialysis 
membrane with Mw cut-off of 12–14 KDa (Sigma Aldrich, 
USA), and lyophilized at − 50 °C for 24 h. EPS production 
was estimated using the colorimetric method described 
by DuBois et al. (1956) with glucose as the standard. In 
this method, 0.05 mL of 80% phenol solution and 5 mL of 
95–98% sulfuric acid were quickly added to 2 mL of EPS 
suspension after dyalysis. After 10 min of incubation at 
20 °C, the samples were incubated at 30 °C for 20–30 min 
in a water bath, and the optical density was measured at a 
wavelength of 460 nm using a UV–visible spectrophotom-
eter. The absorbance values obtained were compared with 
the glucose standard curve, and the control tube consisted 
of distilled water. For each experiment, three duplicates 
were conducted.

Characterization of purified EPS

Scanning electron microscopy (SEM) and energy dispersive 
X‑ray (EDX) analysis

The lyophilized EPS sample under the optimal conditions 
was affixed onto SEM stubs using conductive tape and 
coated with a thin layer of gold by sputtering. The surface 
morphology and structure of the EPS were examined using a 
scanning electron microscope (VEGA3 TESCAN) operated 
at an acceleration voltage of 10.0 kV. Elemental composi-
tion of the EPS was analyzed using SEM equipped with an 
energy-dispersive X-ray (EDX) spectrometer.

X‑ray diffraction analysis (XRD)

To determine the physical properties of the EPS, X-ray dif-
fraction (XRD) analysis was carried out using an EQUINOX 
2000 diffractometer. Approximately 10 mg of the dried sam-
ple was prepared for analysis. The XRD scan was conducted 
at various two-theta angles ranging from 10 to 90 °C, using 
a Cu–Kα (λ = 1.5418 Å) diffractometer.

EPS analysis by fourier transform infrared (FTIR) 
spectroscopy

The functional groups present in the EPS were analyzed 
through FTIR spectroscopy using a Vertex 40 DTGS spec-
trometer. The range of 400–4000  cm−1 was scanned with a 
resolution of 4  cm−1. To prepare the samples, 1 mg of dried 
EPS was homogenized with 100 mg of potassium bromide 
(KBr) powder at room temperature. The resulting mixture 
was dried at 105 °C for 72 h.

Thermogravimetric analysis (TGA) and differential thermal 
gravimetry (DTG) analysis

To determine the thermal properties of the EPS sample, a 
thermal assay using a Q500 V6.7 build 203 instrument was 
performed. Approximately 3–5 mg of the dried sample was 
placed in an aluminum tray and then wrapped. An empty 
tray was used as a reference. The measurements were car-
ried out under a nitrogen atmosphere with a heating rate of 
10 °C/min. The weight loss (%) and Deriv. weight (%/°C) 
were plotted in graphs.

In‑vitro anti‑adherence activity

The surface utilized in this study was stainless steel 316 L 
which was initially cut into dimensions of 1 × 1 × 0.2 cm. 
Prior to use, the surfaces were immersed in 95% ethanol for 
15 min followed by washing 3 times with distilled water and 
autoclaving at 121 °C for 20 min. The antibiofilm activity 
was conducted following the procedure described by Zan-
zan et al. (2023a), with slight modifications. Specifically, 10 
mL of EPS at a concentration of 2.5 mg/mL was added to 
the stainless steel surfaces and incubated at 30 °C for 24 h. 
After incubation, the surfaces were washed 3 times with 
sterilized distilled water. Next, 10 mL of various pathogenic 
suspensions  (108 CFU/mL) obtained from the Spanish Type 
Culture Collection (Valencia, Spain) and American Type 
Culture Collection (Listeria monocytogenes CECT4032, 
Staphylococcus aureus CECT 976, Pseudomonas aerugi-
nosa ATCC27853, and Escherichia coli ATCC25922) were 
separately added to the surfaces and incubated at 30 °C for 
3 h. The unbound cells were cautiously discarded by wash-
ing the surfaces with sterilized distilled water. The colonies 
that adhered to the surfaces were detached using an ultra-
sonic bath (POWER SONIC 405, Lab Tech, Namyangju-
city, Korea) for 10 min. Subsequently, the viable cells were 
counted using the serial dilution method using physiological 
water, where different pathogens were cultured on an appro-
priate medium: Palcam, Chapman, Cetrimide, and Tryptone 
Bile X-glucuronide (TBX) agar media (Biokar, France) for 
the growth of L. monocytogenes, S. aureus, P. aeruginosa, 
and E. coli respectively. Incubation was carried out for 24 h 
at 37 °C with triplicates for each strain of pathogenic bac-
teria, and colonies were counted as cfu/cm2. The control 
consisted of only pathogenic suspension without the EPS 
of E. faecium F58 and incubated for 3 h at 30 °C to permit 
adhesion.

Statistical analysis

The experiments were carried out in triplicate, and the 
results were expressed as mean ± SD. To determine signifi-
cant differences an ANOVA analysis was carried out using 
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the Tukey’s HSD test. Differences were considered statisti-
cally significant if the associated probability (p) was < 0.05.

Results and discussions

Effect of carbon and amine sources on EPS 
production

To determine the optimal carbon source for both cell growth 
and EPS production of E. faecium F58, five different car-
bon sources (30 g/L) were tested in modified MRS broth 
instead of glucose (Table 1). Our findings revealed that malt-
ose exhibited the highest carbon source efficiency for EPS 
production, with a yield of 3.55 g/L. In descending order 
of EPS yield, sucrose, fructose, glucose, and lactose were 
found to have yields of 1.70 g/L, 1.34 g/L, 1.12 g/L, and 
0.80 g/L, respectively. In contrast, glucose was the most suit-
able carbon source for cell growth with an optical density of 
0.73, demonstrating that the nutritional requirements for cell 
growth and EPS production differed. Fuso et al. (2023) have 
reported similar finding, whereby maltose have been iden-
tified as suitable for EPS production. However, Rahnama 
Vosough et al. (2022) and Tilwani et al. (2021) have demon-
strated that the sucrose medium confers a significant advan-
tage for the EPS production of three enterococcal strains, 
specifically E. durans K48, E. faecium T52, E. faecium R114 
and E. faecium MC-5.

Furthermore, nitrogen sources (25 g/L) were assessed, 
and the findings showed that yeast extract was the optimal 
nitrogen source for EPS production, yielding 4.04 g/L, 
while meat extract was the preferred nitrogen source for 
cell growth, with an optical density of 1.169. Yeast extract, 
which contains amino acids, peptides, carbohydrates, salt, 
and minimal lipid, provides an optimal environment for 
microorganisms to produce EPS. Previous studies have also 
reported the influence of yeast extract as a nitrogen source 
on EPS production by LAB (Adesulu-Dahunsi et al., 2018).

Optimization of EPS production using response 
surface methodology

PBD experimental design

The influence of media compositions and cultural conditions 
on EPS production was determined using the PBD. Optimi-
zation of these factors is essential for achieving high EPS 
productivity. Analysis of the data (Table 2S, Supplementary 
data) revealed that the p-value were less than 0.05, and the 
coefficient  R2 was 0.98, indicating the significance of the 
model terms. The PB analysis identified yeast extract, time, 
and  MnSO4 as the significant factors, which were further 

optimized using a CCD, while the other components were 
maintained at their usual levels in the MRS broth.

Time was one of the factors that showed a significant 
influence on EPS production based on the Plackett-Burman 
screening. However, it is worth noting that the optimal 
cultivation time for EPS production varies depending on 
the strain used and the conditions of the culture. Studies 
have reported that prolonged cultivation time may lead to 
enzymatic degradation of EPS, resulting in reduced yield 
(Adesulu-Dahunsi et al., 2018). The decrease in EPS yield 
could also be attributed to the action of glycohydrolases, 
such as α and β glucosidases, galactosidases, glucuronidases, 
and rhamnosidases (Degeest et al., 2002). Yeast extract was 
identified as a significant factor that had a high impact on 
EPS produced from Enterococcus faecium MC13 (Kanmani 
et al., 2013).

Central composite design (CCD)

While evaluating the impact of individual parameters on 
EPS production, one factor at a time analysis does not 
consider the interdependence between two or more vari-
ables. Therefore, in this study, RSM was utilized to assess 
the combined influence of the three independent variables 
mentioned earlier. A single-block design model comprising 
20 runs, with each independent variable evaluated at differ-
ent levels (Table 2), was presented. The EPS yield values 
were measured in triplicate for each run and compared to the 
predicted response values obtained from the model, using 
Design Expert 12 software.

An implementation of a design model was carried out 
to determine the optimal conditions for the production of 
EPS with a specific composition and to identify the opera-
tional region necessary to achieve the maximum EPS yield. 
The ANOVA for EPS, presented in Table 3, showed that the 
fitted model was able to explain 91% of the variability in 
EPS concentration  (R2 value of 0.910). This high  R2 value 
(> 90%) indicates good agreement between the experimen-
tal data and the theoretical values predicted by the model 
(Fig. 1S, Supplementary data) (Niknezhad et al., 2015). 
The statistical analysis of the second-order model revealed 
significant prediction of the EPS response, as indicated by 
the ANOVA p-value (p < 0.05). The model’s performance 
was further verified by the low values of RMSE and SEP 
(0.44 and 13.09%, respectively; Table 3), indicating an ade-
quate model fit to the data. Therefore, our study achieved 
a satisfactory correspondence between the experimental 
and predicted data. The findings indicate that the chosen 
model effectively characterizes the impact of yeast extract 
and  MnSO4 concentrations, as well as fermentation time, 
on EPS production by E. faecium F58 in a batch flask. This 
relationship can be expressed as a multiple regression equa-
tion Eq. (5):
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The response variable Y represents the predicted EPS 
production (g/L) and is dependent on coded independent 
variables, X6 , and  corresponding to  MnSO4, yeast extract 
concentrations, and time, respectively. Among the vari-
ables examined,  MnSO4 (X2) , time

(
X10

)
 , and the interac-

tion between  MnSO4 and yeast extract  had a significant 
(p < 0.05) positive impact on EPS production, confirming 
the suitability of using second-order polynomial equations. 
Similarly, various studies showed the effect of yeast extract 
on EPS production (Adesulu-Dahunsi et al. 2018; Zanzan 
et al. 2023b). Similarly, results of Amiri et al. (2019) showed 
that EPS production was significantly increased by increas-
ing incubation time with yeast extract concentration and 
time significantly affected EPS production from Bifidobac-
terium animalis subsp. lactis BB12. However, in this study, 
correlation coefficients between yeast extract and time  and 
 MnSO4 and time  did not significantly affect EPS produc-
tion (p > 0.05).

Figure  1 shows contour plots of EPS concentration 
response surfaces for each factor pair while keeping the 
remaining factors at their median levels. Notably, the con-
centration of EPS exhibits an upward trend with increasing 
levels of  MnSO4 and yeast extract, as shown in Fig. 1B, as 
long as time is maintained at a moderate level. Additionally, 
Fig. 1A and C demonstrate that increasing fermentation time 
at a constant medium level of yeast extract or  MnSO4 does 
not significantly affect EPS production. 

(5)

EPS(g∕L) = −59.66 − 13.70*X6 + 1.62*X10

+ 13102.71*X2 + 0.08*X6*X10

+ 1008*X6*X2 − 127.77*X2*X10

+ 0.75*X2
6
− 0.01*X2

10
− 649, 660*X2

2

The relationship between two variables with other variables 
at zero levels was demonstrated by linear interaction plots. 
Comparing Fig. 1A–C (contour plots) with Fig. 1D–F (linear 
plots) illustrates the interdependence of variables. it can be 
inferred that there is a significant correlation between  MnSO4 
and yeast extract. As depicted by the differing behavior of the 
red and black lines in Fig. 1E, the yield of EPS is signifi-
cantly influenced by yeast extract and  MnSO4 concentrations 
in the range of 2.48–7.52 and 0.0053–0.0137 g/L, respectively. 
Based on the results, the strain used had a significant impact 
on the selection of different factors influencing EPS produc-
tion. Previous studies have demonstrated the main role of 
components and culture composition on EPS biomass of LAB 
(Degeest et al., 2002; Du et al., 2017; Hashem et al., 2018).

An experimental validation was conducted to confirm the 
optimized conditions, resulting in a yield value slightly lower 
than the predicted value. To validate the results, a confirmation 
experiment was conducted under the optimized conditions, 
which consisted of a concentration of 4.46 g/L of yeast extract, 
0.011 g/L of  MnSO4, and 26 h of fermentation, resulting in an 
EPS yield of 2.86 g/L. Triplicate verification experiments were 
carried out to confirm the optimized conditions, which yielded 
an EPS yield of 2.46 ± 0.38 g/L. Thus, the results obtained 
from the confirmation experiments were consistent with the 
predicted values, indicating that the developed quadratic model 
was both accurate and suitable for EPS production.

Characterization of purified EPS

Scanning electron microscopy and energy dispersive X‑ray 
analysis

The EPS produced by E. faecium F58 exhibited an irregu-
lar shape, compact, porous, and rough surface, as shown in 

Table 3  Analysis of variance 
for quadratic model of 
exopolysaccharides production

*Significant model terms 

Source Sum of Squares df Mean square F-value p-value

Model 2027.53 9 225.28 11.25 0.0004*
X2: Manganese sulfate 248.04 1 248.04 12.39 0.0055*
X6: Yeast extract 929.62 1 929.62 46.42 < 0.0001*
X10: Time 141.51 1 141.51 7.07 0.0240*
X2 × 6 114.31 1 114.31 5.71 0.0380*
X2 × 10 96.84 1 96.84 4.84 0.0525
X6 × 10 14.08 1 14.08 0.70 0.4214
X2² 236.77 1 236.77 11.82 0.0063*
X6² 41.28 1 41.28 2.06 0.1816
X10² 7.10 1 7.10 0.36 0.5648
R2 0.910
R²adjusted 0.829
RMSE 0.40
SEP % 13.09
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Fig. 2A–C. In the same line Taylan et al. (2019) showed a 
compact morphology detected with SEM and atomic force 
microscopy respectively. Previous studies have extensively 
explored the characteristics of EPS originating from LAB. 
The findings of these studies have revealed a wide range of 
structures such as compact and irregular aggregates, which 
suggest a tendency of the EPS molecules to clump together 
in a non-uniform manner. Additionally, the EPS have been 
observed to form porous structures, resembling spongy 
arrangements, indicating the presence of void spaces within 
the matrix (Tilwani et al. 2021; Zanzan et al. 2023b). The 
elemental composition of EPS from E. faecium F58 was 
analyzed to determine the weight and atomic percentage of 
different elements (Fig. 2D). The results showed that carbon 
and oxygen were the most abundant elements in the EPS, 
accounting for 44.27 and 38.65%, respectively. The presence 
of carbon indicates carbon ring sugar monomer units with 
a relative proportion of nitrogen of 7.38% suggesting the 
presence of amino linkages in the sugar chain. Phosphorus 
was detected in smaller amounts, at 7.73%. The results were 

similar in terms of ratios that were close to those reported 
in the study by Amer et al. (2021) with EPS from Weis-
sella paramesenteroides MN2C2. In addition, Na, Cl, and Al 
detected in trace with weight reaching 0.40%, 1.02%, 0,55% 
respectively may be attributed to sample impurities. The 
EDX analysis confirmed EPS’ organic nature.These findings 
suggest that differences in the physicochemical composition 
of EPS may contribute to variations in its morphology and 
topography (Kanamarlapudi and Muddada, 2017). 

X‑ray diffraction analysis (XRD)

The XRD analysis performed on the EPS of E. faecium F58 
(Fig. 2E) revealed an amorphous nature of the EPS, with an 
extremely broad peak near 2θ = ~ 18 °C and an intensity 
of 200. This is consistent with previous studies that have 
reported a non-crystalline amorphous nature of EPS from 
other bacteria, such as Enterococcus hirae KX577639 (Jay-
amanohar et al., 2018). However, a study by Tilwani et al. 

Fig. 1  Contour plots and factor interaction plots illustrating the 
impact of yeast extract,  MnSO4, and fermentation time on EPS yield 
in E. faecium F58. A, D Effect of time and yeast extract concentra-
tions while keeping  MnSO4 concentration constant; B, E  Effect of 

 MnSO4 and yeast extract concentrations while keeping fermentation 
time constant; C, F Effect of time and  MnSO4 concentrations while 
keeping yeast extract concentration constant
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Fig. 2  Scanning electron micrograph of EPS from E. faecium F58. SEM images at 2.00 kx (A), 5.00 kx (B), and 10.0 kx (C) magnifications, 
along with corresponding EDX spectra (D). XRD pattern (E), FTIR spectrum (F), and TGA/DTG curves (G)
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(2021) showed a semi-crystalline nature of EPS from Ente-
rococcus faecium MC-5.

FTIR analysis

The FTIR spectrum analysis of the EPS from E. faecium 
F58 revealed the presence of various functional groups and 
chemical bonds (Fig. 2F). The broad and intense peak at 
3397.73  cm−1 suggested the presence of hydroxyl (O–H) 
stretching vibration which is common to all polysaccharides 
(Bhat and Bajaj, 2018). The weak peak at 2931.35  cm−1 
indicated C–H stretching vibration of the methyl group, 
while the band at 1680.14  cm−1 was associated with C=O 
(carboxyl group) and (N–H) bending of proteins (Banerjee 
et al., 2018; Venkatesh et al., 2016). The absorption band 
at 1411.40  cm−1 suggested the presence of C–H and bend-
ing bond of  NO2 group. The absorption at 1228.84  cm−1 
was associated with carboxylic acids and ester groups. The 
peaks at 1040–1200  cm−1 suggested the presence of car-
bohydrates, particularly C–O–C and C–O bonds (Choud-
huri et al., 2020). Finally, the peaks at 815.02  cm−1 and 
573.13   cm−1 indicated α-glucoside linkages and sulfate 
groups (Venkatesh et al., 2016).

Thermogravimetric analysis (TGA)

TGA is a crucial method for determining the thermal sta-
bility and decomposition shape of substrates. The thermal 
properties of EPSs are important for their commercial appli-
cations in the food industry. As shown in Fig. 2G, the TGA 
curve of EPS from E. faecium F58 was examined dynami-
cally by weight loss versus temperature. The result indicated 
two phases: the first phase displayed a weight loss of nearly 
11.5% from 0 to 120 °C due to the loss of bound water in 
EPS, which might be attributed to the increased carboxyl 
content that has a high affinity towards water molecules. 
The findings were in agreement with a previous study by 
Tilwani et al. (2021), which reported a marginal decrease 
in the weight of EPS extracted from E. faecium by around 
7.60% within the temperature range of 30 to 110 °C. The 
second phase involved a degradation of 72.5% with maxi-
mum loss at 890 °C, which was due to the depolymeriza-
tion and destruction of the chemical structure and chemical 
bonds.

A peak at approximately 225 °C was observed in the 
DTG curves (Fig. 2G). This value was higher than the peak 
temperature observed for Streptococcus thermophilus EPS, 
which was reported as 110.9 °C (Kanamarlapudi and Mud-
dada, 2017). In the food processing industry, treatment 
temperature often exceeds 150 °C, indicating the need for 
a higher degradation temperature (Sajna et al., 2013). The 
EPS derived from E. faecium F58 exhibited significant ther-
mal stability, which is a crucial characteristic for industrial 

applications, particularly in the dairy industry. Therefore, the 
EPS produced by E. faecium F58 is a promising candidate 
for food applications, even at high temperatures.

In‑vitro anti‑adherence activity

Figure 3 presents the outcomes of the serial dilution tech-
nique employed to assess anti-adhesion activity against four 
pathogenic strains. Pre-treatment of stainless steel 316 L 
surfaces with EPS led to diverse levels of adhesion rate 
reduction for distinct pathogenic strains. The anti-adhesion 
activity against L. monocytogenes, S. aureus, P. aeruginosa, 
and E. coli exhibited significant differences in comparison 
to the control. 

EPS derived from E. faecium F58 displayed moderate 
anti-adhesion activity against both Gram-positive and Gram-
negative bacteria, with the highest reduction observed in 
S. aureus (24%) and the lowest in L. monocytogenes (6%). 
These observations align with prior research demonstrating 
the efficacy of LAB EPSs in impeding biofilm formation in 
various bacterial strains. For instance, Kanmani et al. (2011) 
reported that EPS from Streptococcus phocae PI80 substan-
tially inhibited biofilm formation in S. aureus and L. mono-
cytogenes by 51 and 67%, respectively. In another study, 
Abid et al. (2018) discovered that EPS pre-treatment of 
microtiter plates diminished biofilm formation in S. aureus 
ATCC 25,923, E. coli 25,922, and E. faecalis 25,912 follow-
ing a 6-h exposure.

It is essential to note that EPSs are generally less effective 
at disrupting pre-existing biofilms (Flemming et al., 2016) 
and that higher initial EPS concentrations may be necessary 
for post-treatment activity (Donlan, 2002). The mechanism 
underlying EPSs’ inhibition of biofilm formation likely 
involves reducing cell-surface interactions or attenuating cell 
surface modifications (Hobley et al., 2015). The observed 
inhibition of biofilm formation and decreased adhesion rates 
by E. faecium F58-derived EPSs in Fig. 3 could have sub-
stantial implications for food safety and public health (Galié 

Fig. 3  Effect of F58 EPS pretreatment on pathogens adhesion to 
stainless steel 316 L. Different letters (a, b) indicate significant differ-
ences according to the Tukey’s HSD test (p <0.05)
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et al., 2018). Preventing or reducing biofilm formation on 
surfaces is crucial for controlling pathogenic bacterial 
growth and spread in food processing environments, thereby 
minimizing foodborne illness risks (Gutiérrez et al., 2016).

Moreover, employing LAB-derived EPSs as natural anti-
microbial agents offers several advantages over conventional 
chemical antimicrobials, such as reduced negative impacts 
on food quality and safety and decreased potential for anti-
microbial resistance (Zannini et al., 2016). LAB-derived 
EPSs could provide a safe, effective, and sustainable alter-
native to chemical antimicrobials in food processing and 
preservation applications.

The findings further support the potential utilization of 
E. faecium F58-derived EPS as an eco-friendly and efficient 
alternative to chemical antimicrobials in the food industry. 
The substantial reduction in pathogenic bacteria adhesion 
rates depicted in Fig. 3 underscores the potential of LAB-
derived EPSs to prevent foodborne illnesses and enhance 
food product safety and quality. However, further research is 
needed to optimize the application of EPS-based strategies 
and assess their effectiveness in real-world food processing 
environments.

In conclusion, this study demonstrates the potential of 
EPS production from E. faecium F58, with optimal condi-
tions yielding 2.46 ± 0.38 g/L EPS. The purified EPS exhib-
its a porous structure, ideal for food and cosmetic indus-
try applications as a stabilizing and texturizing agent. Its 
thermal stability enhances versatility for high-temperature 
preparations. Additionally, the EPS shows anti-adherence 
activity against pathogens, suggesting it as a biofilm inhibi-
tor on food industry surfaces. This research highlights the 
significance of microbial exopolysaccharides and their 
novel, commercially promising applications.
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