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Abstract 

In this study, the yield of exopolysacchrides (LCEPS) produced by Leuconostoc citreum BH10 was optimized through 
the improvement of fermentation conditions. A three-level four-factor central composite design coupled with 
response surface methodology was employed to elucidate the interactions among four design variables, namely 
fermentation time (X1), fermentation temperature (X2), sucrose concentration (X3), and inoculation amount (X4) over a 
broad range of process conditions and determine their effects on LCEPS production. Based on the developed models, 
under the optimum process conditions of 49.99 h, 25.59 °C, 21.66, and 3.00%, the obtained maximum production of 
LCEPS was up to 55.96 g/L. Besides, the produced LCEPS presented better thermal stability than the original dextran 
and rendered finely emulsifying properties compared with commercial emulsifiers. Moreover, the LCEPS possessed 
good antioxidant activities and showed certain biofilm inhibition against Staphylococcus aureus ATCC 6538 strain, 
which indicated that it has fine potential to be used as an excellent additive into the food industry.
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Graphical Abstract

Introduction
Birch is one of the important tree species in north-
ern China, possessing high environmental protection 
and economic value. The milky saps produced inside 
its tree cortex present weakly acidic (pH 4.3 ± 0.1) 
and contain active substances, such as betulin alco-
hol, polysaccharide, saponin, protein and minerals, 
and a variety of fructose, amino acid, vitamin and 
bioelement that human body needs, etc., and to be 
worldwide recognized as the nutritious, drinkable, 
physiologically active water containing rich nutri-
tion (Kallio & Ahtonen  1987). It has medicinal value 
to human skin whitening, moisturizing, spot, and 
acne. Besides, it has anti-fatigue, anti-aging health-
care function and can help to prevent the diseases 
of hypertension, heart disease, cancer, cerebral hem-
orrhage, and also can be used to treat gout, kidney 
stones, and scurvy, etc. (Enescu 2017).

Some previous studies reported that birch sap’s rich 
polysaccharides were closely related to its endophytic 
bacteria. The main endophytic bacteria of birch sap 
were mainly found to be Leuconostoc, and Leuconostoc 
citreum accounted for the most. Leu. citreum is a lactic 

acid and gram-positive bacteria that can produce poly-
saccharides, lactate, bacteriocin and other metabolites 
(Abid et al. 2020). Dextran is a glucose polymer formed 
by D-glucose bonding through a glycosidic bond. Pres-
ently, most dextran applied in commercial utilization 
mainly comes from Leu. mesenteroides, whereas the 
comparative studies on the polysaccharide of Leu. cit-
reum are few (Wang et al. 2019).

In this study, response surface optimization was 
performed on the polysaccharide-producing condi-
tions of Leu. citreum BH10 which discovered in birch 
sap and collected from Hulunbuir City, Inner Mon-
golia Autonomous Region, China. The physicochemi-
cal properties of the produced polysaccharides were 
studied by gel permeation chromatography (GPC), 
high-performance liquid chromatography (HPLC), 
Fourier-transform infrared spectroscopy (FT-IR), 
ultraviolet-visible (UV-vis), scanning electron micro-
scope (SEM) and thermogravimetric analysis (TGA), 
and its emulsifying, antioxidant properties and anti-
biofilm activities in vitro were investigated, aiming to 
provide a theoretical basis for its application in the 
field of food industrialization.
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Materials and methods
Materials
The monosaccharide standard (mannose, glucose, galac-
tose and arabinose) and 3-methyl− 1-phenyl-2-pyrazolin-
5-one (PMP) were purchased from Aladdin Biotechnology 
Limited Co., Ltd. (Shanghai, China). The dialysis bag (Mw 
cutoff 8000–14,000 Da) and T-series dextran (T-10, T-50, 
T-100, T-200 and T-500) were obtained from Solarbio Life 
Science Co., Ltd. (Beijing, China). The vitamin C (VC), 
1,1-diphenyl-2-picryl-hydrazyl (DPPH), 1,10-phenanth-
roline, nitro blue tetrazolium (NBT), nicotinamide ade-
nine dinucleotide (NADH) and phenazine metho-sulfate 
(PMS) were obtained from McLean Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). The foodborne pathogen 
Staphylococcus aureus ATCC 6538 was obtained from 
Collaborative Innovation Center for meat production and 
processing, Jiangsu province, China. All other reagents 
were in analytical grade.

Microorganism and culture medium
The newly isolated Leu. citreum BH10 strain was iden-
tified by 16S rRNA sequencing and stored at − 20 °C by 
50% (v/v) glycerol. The effect of the initial pH value of 
culture medium on the growth of Leu. citreum BH10 was 
shown in supplementary Fig. S1. The strain grew well 
when the pH value was 5.0 ~ 8.0.

The culture medium for exopolysaccharides production 
of Leu. citreum BH10 was composed of sucrose 180 g/L, 
peptone 10 g/L, K2HPO4 5 g/L and sodium chloride 2 g/L. 
The mediums were sterilized at 121 °C for 20 min before 
the experiment. The produced exopolysaccharide was 
named LCEPS.

Optimization of LCEPS biosynthesis
Through creating second-order polynomial models in 
response surface methodology (RSM), the interactions 
and optimum conditions of variables for the desired 
response were studied and obtained. The effects of cul-
ture conditions on LCEPS production (Y1), including 
fermentation time (X1) (46 h, 48 h and 50 h), fermenta-
tion temperature (X2) (23 °C, 25 °C and 27 °C), sucrose 
concentration (X3) (18, 20 and 22%) and inoculation 
amount (X4) (1, 2 and 3%) were investigated (Fig.  1). A 
central composite design (CCD) with four variables were 
used to determine the optimum conditions for LCEPS 
biosynthesis. Each variable’s low, middle and high levels 
were designated as − 1, 0 and 1, respectively (Table  1). 
There were 30 experimental runs to be performed in a 
randomized form to obtain the optimal culture condi-
tion for Leu. citreum BH10, as well as to minimize the 
residual errors and effects of un-predicted variability 
from the systematic trends in the variables for the chosen 
responses under investigation (Chen et  al.  2017; Karim 

et al. 2014). These experiments included three replicates 
at center points. The RSM-CCD mathematical model and 
response surface 3D plots were established by Design-
Expert software version 9.0 (Stat-Ease, Inc., Minneapolis, 
USA) to obtain the optimum conditions and graphical 
analysis of obtained data for the preparation of LCEPS.

Preparation and characterization of LCEPS
LCEPS extraction
The 2% (v/v) activated Leu. citreum BH10 strain was 
inoculated into exopolysaccharides-producing medium 
and cultured at 25 °C for 48 h (Abid et  al.  2020; Bai 
et al. 2020). The fermentation broth was boiled in 100 °C 
water-bath for 10 min to remove the likely enzymes 
degrading polysaccharides, cooled to room temperature, 
and then centrifuged at 8, 000×g for 40 min at 4 °C to 
remove bacterial impurities. Triplicate volumes of pre-
cooled absolute ethanol (95% v/v) were added into the 
fermentation broth after cell removal, stirred following 
addition; the polysaccharide precipitation would slowly 
precipitate from the solution. The fermentation broth 
was set at 4 °C overnight and then centrifuged at 12, 
000×g for 50 min at 4 °C, the supernatant was discarded 
and polysaccharide precipitation was collected. Subse-
quently, the polysaccharide precipitation was dissolved 
with deionized water, then added with 80% (w/v) trichlo-
roacetic acid solution to make the final concentration up 
to 5% (w/v). The mixed solution was stirred at room tem-
perature for 2 h or set at 4 °C overnight, then centrifuged 
at 12, 000×g for 50 min at 4 °C to remove the protein 
precipitation.

Triplicate volumes of pre-cooled absolute ethanol (95% 
v/v) were added to the supernatant again to obtain poly-
saccharide precipitation by centrifugation (12, 000×g, 
4 °C, 40 min). The precipitation was dissolved in deion-
ized water and put into the dialysis bags (8, 000–14, 
000 Da) for dialysis for 48 h to remove small molecular 
substances. The LCEPS was obtained after concentration 
and freeze-drying.

Chemical and monosaccharide composition analysis
According to the methods reported by Rani et al. (2017), 
the content of protein, carbohydrate, uronic acid, and 
sulfate group was measured, respectively.

The monosaccharide composition of LCEPS was 
detected by HPLC as described previously (You 
et  al.  2020). Firstly, the LCEPS (5.00 mg) sample and 
monosaccharide standards were hydrolyzed by 2 M trif-
luoroacetic acid (TFA) at 120 °C for 2 h. Superfluous TFA 
was removed by distillation with methanol over three 
times. Then PMP derivatization was performed to con-
vert the obtained hydrolyzate into its derivatives. Subse-
quently, the hydrolyzate was filtered through a 0.22 μm 
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membrane and injected into the Waters LC-20A HPLC 
system (Tokyo, Japan) equipped with a Waters 2998 pho-
todiode array detector at 250 nm and an EclipsePlus C18 
column (4.6 × 250 mm, 5 μm) at 25 °C. The mobile phase 
was comprised of 0.1 M ammonium acetate (pH 7.0), 
acetonitrile and tetrahydrofuran with a ratio of 81:17:2 
(v/v). The flow rate was set at 1.0 mL/min. By comparing 
the peak time and area of monosaccharide standards to 
determine the monosaccharide composition of LCEPS 
samples.

Mw and homogeneity determination
The Mw and homogeneity of LCEPS were measured by 
gel permeation chromatography (GPC, Wyatt Tech-
nology Co., Ltd., Seattle, USA). Standard dextrans were 
injected into a Shodex OHpak series SB-806 HQ col-
umn (4.6 × 250 mm). The column was eluted with deion-
ized water containing 0.02% (w/v) NaN3 at a flow rate of 
1.0 mL/min with a constant temperature of 40 °C. The 
elution volumes were plotted based on the logarithms 
of their respective molecular weights. About 2.00 mg/
mL LCEPS solution was injected into the same operating 
system, and the elution volume was plotted in the same 
graph to determine the molecular weights.

UV‑vis and FT‑IR spectra
The UV-vis spectrum of LCEPS (0.50 mg/mL) was 
detected in the wavelength range of 190–500 nm by 
UV − 1603 spectrophotometer (Shimadzu Co., Ltd. 
Kyoto, Japan). The FT-IR spectrum was performed in the 
wavelength range of 4000–500 cm− 1 by a Nicolet 6700 

Fig. 1  Effects of fermentation time, fermentation temperature, sucrose concentration and inoculation amount on the growth of Leu. citreum BH10 
and the production of LCEPS

Table 1  Variables and design levels for the CCD independent 
variables

Factor Code Level

−1 0 + 1

Fermentation time (h) X1 46 48 50

Fermentation temperature (°C) X2 23 25 27

Sucrose concentration (%) X3 18 20 22

Inoculation amount (%) X4 1 2 3
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FT-IR spectra (Thermo Electron Co., Madison, USA). 
1 mg of LCEPS sample was mixed with dried KBr powder 
(100 mg) and pressed into 1 mm pellets for FT-IR meas-
urement (Wang, Li, Rui, et al. 2015c).

SEM observation of LCEPS
The LCEPS sample was glued onto aluminum stubs and 
then gold-sputtered. The microscopic surface morphol-
ogy of it was observed by SEM (JEOL/EO, and model 
JSM-6380, Japan) at an accelerating voltage of 10 kV 
(Girard & Schaffer-Lequart 2008).

The ζ potential and particle size
The samples were determined by Marvin Zetasizer Nano 
ZSE ζ potential and particle size analyzer (Marvin PANa-
lytical Co., Ltd., UK) at 25 °C. The LCEPS solution was cen-
trifuged at 12,000×g for 40 min and filtered with 0.45 μm 
cellulose membrane. The instrument was set to automatic 
scanning mode, and each sample was measured for three 
times. The relationship between the ζ potential and par-
ticle size of LCEPS solution with different concentrations 
was compared and analyzed (Omar-Aziz et al. 2020).

Thermodynamic properties of LCEPS
The determination was performed in a sealed manner 
to determine the melting point and enthalpy change of 
LCEPS by a differential scanning calorimeter (Netzsch 
STA449F3). The 7.36 mg of LCEPS sample was placed 
in an aluminum pan and an empty pan without samples 
was set as a reference. The sample was heated from 20 °C 
to 800 °C at 10 °C/min, keeping the airflow rate at 50 mL/
min. The system used indium as the melting standard, 
and temperature readings were initially calibrated as 
described by Iftikhar et al. (2020) and Yang et al. (2018).

Emulsifying properties
The emulsifying property of LCEPS was analyzed accord-
ing to the method described by Wang et al. (2021). About 
0.5 mg of freeze-dried LCEPS, xanthan gum, gellan gum 
and sodium alginate were weighed and dissolved entirely 
in 0.5 mL deionized water. Subsequently, each solu-
tion was boiled for 20 min in a water bath and cooled to 
25 °C. The phosphate buffer solution (PBS) was added 
to adjust the volume of each solution up to 2 mL. The 
solution was fully mixed by vortex vibration (constant 
volume) for 10 min after adding 0.5 mL cetane. Immedi-
ately after that, the absorbance value of the solution at 
540 nm wavelength was read and recorded as A0. Each 
solution sample was placed in sequence at 25 °C for 30, 
60, and 90 min, and the corresponding absorbance value 
at 540 nm (At) was recorded. Meanwhile, 2 mL PBS phos-
phate buffer and 0.5 mL cetane mixed solution were set 

as the blank control. The emulsifying capacity of the sam-
ple was calculated according to the following formula, 
and expressed by the ratio of the absorbance value of the 
emulsion in the set time.

Antioxidant properties of LCEPS
The 1.0 mL LCEPS solution (0.125–4.0 mg/mL) and 
2.0 mL deionized water were sequentially added into 
0.2 mL ethanolic DPPH radical solution (0.4 mM), fully 
mixed and placed in the dark at room temperature for 
30 min. The absorbance was read at 517 nm. The scav-
enging rate of DPPH radical (%) = [1 -(Asample-A0)/
Ablank] × 100, where A0 represented the absorbance of the 
sample under identical condition as Asample with water 
instead of DPPH radical solution, and deionized water 
and VC were used as the blank and positive control, 
respectively (Dilna et al. 2015; Moretto et al. 2021).

The hydroxyl radical was generated when 1 mL 
0.75 mM FeSO4, 1 mL 0.75 mM 1,10-phenanthroline, 
1.5 mL 0.15 M sodium phosphate buffer (pH 7.4), and 
1 mL H2O2 (0.01%, v/v) were mixed. Then, the mixture 
was added with 1.0 mL sample solution (0.125–4.0 mg/
mL) and incubated at 37 °C for 30 min. The absorbance 
of the mixture was read at 536 nm. The hydroxyl radical 
scavenging rate (%) = [(Asample-Ablank)/(A0-Ablank)] × 100, 
where A0 represented the absorbance of the deionized 
water in the assay system excluding H2O2 and sample, 
VC and deionized water were used as the positive control 
and blank, respectively (Tang et al. 2017).

Based on the method of Li et  al. (2014), the superox-
ide radical scavenging activity was evaluated. When 
the 0.1 M sodium phosphate buffer (pH 7.4) contain-
ing 20 mM PMS, 156 mM NADH, and 52 mM NBT was 
prepared, the superoxide radical arose in the mixture. 
Then, the mixture was added with 1.0 mL sample solution 
(0.125–4.0 mg/mL) and incubated for 5 min at 25 °C. The 
absorbance of the mixture was determined at 560 nm. 
The superoxide radical scavenging rate (%) = (1-Asample/ 
Ablank) × 100. VC and deionized water were used as the 
positive control and blank, respectively.

Antibiofilm activities of LCEPS
Determination of planktonic growth
According to the method recommended by the Clinical 
and Laboratory Standards Institute, USA (2006), the effect 
of LCEPS on planktonic growth of the pathogens S. aureus 
ATCC 6538 was determined. Briefly, different amounts 
of LCEPS were dissolved in LB broth to prepare different 
concentrations with ranging from 0.125 to 8 mg/mL. Then, 

E =

At

A0

∗ 10
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150 μL bacterial suspension (~ 105 CFU/mL) was added into 
96-well plates, incubated for 30 h at 37 °C, and monitored by 
Bioscreen C Automated Microbiology Growth Curve Anal-
ysis System (ALT, USA). Besides, the biomass of S. aureus 
ATCC 6538 in the broth added with different concentra-
tions of LCEPS was determined. Firstly, 1% of tested patho-
gens (0.6 OD600 nm) were inoculated to LB broth containing 
different concentrations of LCEPS ranging from 0.125 mg/
mL to 8 mg/mL and cultured at 37 °C for 48 h. The biomass 
of the total viable pathogens was measured by the plate 
count method (Zhang et al. 2014).

Determination of antibiofilm activities
The biofilm inhibition activity of LCEPS was performed 
based on the previous method (Zhang et al. 2020). The S. 
aureus ATCC 6538 strains were inoculated to LB broth 
at the ratio of 1:100, cultured overnight, and the obtained 
culture was added to a 96-well plate in equal proportion. 
Different concentrations of LCEPS components (0.125, 
0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 mg/mL) were prepared with 
sterile LB broth, filtered through a 0.22 μm membrane and 
added into culture suspensions. The LB broth was added 
into wells and set as the negative control. Then, the plate 
was covered and incubated aerobically at 37 °C for 24 h. 
Subsequently, the plate was gently rinsed with sterile nor-
mal saline to remove the bacteria that did not adhere. The 
remaining bacteria were fixed with 95% (v/v) methanol, and 
the plate was dried naturally. Then, each well was stained 
with 0.2 mL of 2% (w/v) crystal violet for 5 min. The exces-
sive dyes were removed with sterile distilled water to wash 
the plate three times. After air drying naturally, 0.16 mL of 
33% (v/v) glacial acetic acid was used to resolubilize the 
dyes bound to the adherent cells. The dissolved dye from 
each well (125 μL) was diluted and equivalently transferred 
to the separation well in the optically transparent 96-well 
plate, and the value of OD was determined at 595 nm. The 
inhibition rate was based on the formula: Inhibition rate of 
biofilm formation (%) = [1-(ODassay/ODcontrol)] × 100%.

In situ observation of biofilm by CLSM
The biofilms were observed under the non-destruc-
tive living cell laser confocal microscope imaging sys-
tem (Ultra View VOX 3D, Perkin, Elmer, Germany) as 
described previously with modification (Yin et al. 2021). 
Firstly, 1% of an overnight culture of the tested bacteria 
was inoculated to fresh LB broth supplemented with or 
without LCEPS (8 mg/mL). Secondly, about 2 mL cell 
suspensions were dispensed into a 25 mm confocal dish. 
After incubation at 37 °C for 48 h, the confocal dishes 
were carefully washed with PBS, stained with 10 μg/mL 
DAPI (4,6-Diamidino-2-phenylindole dihydrochloride) 
staining solution and then observed by CLSM.

Statistical analysis
All measurements in this study were conducted in trip-
licates. The analysis of variance (ANOVA) was applied 
to establish the linear, quadratic, and interaction effects 
of the independent variables on the responses (LCEPS 
production). Various statistical parameters such as coeffi-
cient of determination (R2), adjusted coefficient of deter-
mination (adjusted R2), coefficient of variation (CV), and 
adequate precision were used to evaluate the adequacy 
and precision of the developed models. Significance of 
the responses was measured at p < 0.05 and p < 0.01 sig-
nificant levels. IC50 value was calculated by linear regres-
sion through IBM SPSS Statistics Software 25.0 version.

Results and discussion
Building of regression model
The RSM was utilized to regulate the independent vari-
ables of fermentation time, fermentation temperature, 
sucrose concentration, and inoculation amount to increase 
LCEPS production, and the experimental results were 
shown in Table 2. The LCEPS production (Y1) was ranged 
from 36.55 g/L to 56.39 g/L. Based on the multiple regres-
sion analysis, the relationship between the four independ-
ent variables and LCEPS production (Y1) as a response was 
related to Eq. (1). Negative sign represents the antagonistic 
effect. In contrast, the positive sign in front of the terms 
represents synergistic effect (Chen et al. 2017).

Y1  = 48.58 + 1.97X1  + 1.60X2  + 2.85X3  + 2.98X4 
+ 0.84X1X2− 0.96X1X3  + 1.18X1X4  + 1.17X2X3− 0.90 
X2X4 + 0.39X3X4 + 0.81X1

2 - 5.34X2
2 - 1.43X3

2–0.17X4
2 (1).

X1, X2, X3 and X4 were referred to as the coded values 
of fermentation time, fermentation temperature, sucrose 
concentration and inoculation amount, respectively.

The results of ANOVA, model adequacy and regression 
coefficients were presented in Table  3. The F-value of 
37.89 and a p-value < 0.0001 confirmed the significance 
of the model, whereas the lack of fit with p = 0.3159 was 
not significant. The coefficient of determination (R2) 
value was 0.9997 and the adjusted R2 was 0.9903, indicat-
ing that the model was highly significant. Furthermore, 
the regression coefficients’ values were close to 1, sug-
gesting excellent correlations between predicted and true 
values (Hamid et al. 2016; Masoumi et al. 2011).

As shown in Table  3, the second-order terms of fer-
mentation temperature and sucrose concentration were 
presented p-value < 0.05 (< 0.0001 and 0.0248, respec-
tively) through ANOVA analysis, whereas that of fermen-
tation time and inoculation amount was showed p-value 
> 0.05 (0.3191 and 0.8254, respectively), indicating the 
two variables’ second-order terms were not signifi-
cant, but their linear terms were statistically significant. 
Besides, the p-values for X1X4 and X2X3 were less than 
0.05 (0.0237 and 0.0401, respectively), suggesting obvious 
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interactions between the studied variables. To graphically 
visualize the interactions between the variables and their 
relationship with the response, three-dimensional (3D) 
response surface plots were generated (Fig. 2). Each fig-
ure presented the effect of two variables on LCEPS pro-
duction when the other variables were kept at 0 levels 
within the studied experimental range.

The study was attempted to optimize the fermenta-
tion process to obtain the maximum LCEPS production. 
The results in Table  2 indicated the optimum conditions 
required for maximizing the response values. The predicted 
conditions required for obtaining the maximum LCEPS 
production (56.50 g/L) were 49.99 h, 25.59 °C, 21.66 and 
3.00% for fermentation time, fermentation temperature, 

sucrose concentration and inoculation amount, respec-
tively. A high desirability level (D = 1.0) was obtained in 
the experiment. The results of the optimization were con-
firmed by the experimental data using treatment in three 
replicates with a mean of 55.96 g/L, which presented high 
matching between the experimental and predicted results. 
This confirmed the validity of RSM with good correlation.

Physicochemical properties of LCEPS
The homogeneity, mw, chemical and monosaccharide 
composition of LCEPS
The Mw of LCEPS was measured by GPC (Fig.  3A). As 
can be observed, its numerical average molecular weight 

Table 2  Experimental design matrix and results

Number Factor LCEPS 
production
actual value/
(g/L)

LCEPS production 
predictive value/
(g/L)Fermentation time 

(h)
X1

Fermentation 
temperature (°C) X2

Sucrose 
concentration (%)
X3

Inoculation 
amount (%)
X4

1 −1 −1 0 −1 44.59 43.86

2 −1 0 −1 1 41.81 43.42

3 −1 1 1 0 45.84 46.39

4 −1 −1 0 −1 38.96 38.45

5 0 0 0 0 46.92 48.58

6 −1 −1 -1 1 40.06 39.40

7 -1 0 1 1 51.99 51.82

8 -1 0 0 1 49.13 49.05

9 0 1 -1 0 40.30 39.39

10 0 1 1 1 48.35 46.75

11 0 1 -1 -1 37.51 37.52

12 0 0 0 0 47.73 48.58

13 0 -1 1 -1 38.11 37.46

14 0 -1 1 0 40.24 41.90

15 0 1 1 0 48.19 47.43

16 0 -1 0 0 41.45 41.64

17 0 1 0 0 45.28 44.84

18 1 1 0 1 49.87 51.55

19 1 -1 0 -1 38.01 38.35

20 1 -1 0 1 47.11 48.47

21 1 1 1 1 53.14 53.57

22 1 1 1 0 49.82 50.09

23 1 1 -1 -1 40.15 40.92

24 1 -1 -1 -1 36.55 36.59

25 1 0 1 0 52.35 51.82

26 1 0 1 1 55.96 56.20

27 1 0 -1 0 48.90 48.04

28 1 0 0 0 53.02 51.35

29 1 -1 1 1 49.19 48.16

30 1 0 0 1 56.39 55.34
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was large and computed to be 8.99 × 106 Da, indicating 
the good viscosity of LCEPS. This was consistent with 
the results reported by Moghadam et  al. (2019), which 
suggested that large Mw corresponded to fine viscos-
ity. Besides, the contents of carbohydrates, uronic acid 

and sulfate in LCEPS were about 74.56, 2.27 and 21.51%, 
respectively. No protein content was detected. And the 
retention time of referred monosaccharide standards 
was analyzed and compared with that of LCEPS (Fig. 3B), 
demonstrating that the LCEPS was comprised of glucose.

Table 3  ANOVA for response surface quadratic models

Note: * * The difference was very significant (p < 0.01); * The difference was significant (0.01 < p < 0.05)

Source Sum of
squares

df Mean
square

F value p value Significance

Model 942.93 14 67.35 37.89 < 0.0001 **

A 37.28 1 37.28 20.97 0.0004 **

B 31.51 1 31.51 17.72 0.0008 **

C 79.68 1 79.68 44.83 < 0.0001 **

D 69.67 1 69.67 39.19 < 0.0001 **

AB 6.17 1 6.17 3.47 0.0821

AC 5.85 1 5.85 3.29 0.0897

AD 11.26 1 11.26 6.34 0.0237 *

BC 8.98 1 8.98 5.05 0.0401 *

BD 5.92 1 5.92 3.33 0.0881

CD 0.76 1 0.76 0.43 0.5241

A2 1.89 1 1.89 1.06 0.3191

B2 130.61 1 130.61 73.48 < 0.0001 **

C2 11.05 1 11.05 6.22 0.0248 *

D2 0.090 1 0.090 0.050 0.8254

Residual 26.66 15 1.78

Cor Total 26.34 14 1.88 5.79 0.3159

Model 0.32 1 0.32

Total deviation 969.59 29

Correlation coefficient R2 = 0.9997 R2
Adj = 0.9903

Fig. 2  Response surface plots of LCEPS production as a function of fermentation temperature and fermentation time (a), sucrose concentration 
and fermentation time (b), inoculation amount and fermentation time (c), sucrose concentration and fermentation temperature (d), inoculation 
amount and fermentation temperature (e), and inoculation amount and sucrose concentration (f)
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UV‑vis and FT‑IR spectra
The UV-vis spectrum of the LCEPS presented only 
a single peak at 210 nm. No other peak was discov-
ered in 260–290 nm, which indicated that the LCEPS 
did not have any protein and nucleic acid (Fig.  4A). 

The FT-IR spectrum of the LCEPS presented a strong 
and broad absorption at 3315.44 cm− 1, indicating that 
the LCEPS contained many hydroxyl groups (O-H) 
(Fig.  4B). The hydroxyl stretching vibration caused 
the spectral phenomenon (Liu et  al.  2019; Wang 

Fig. 3  GPC chromatogram (A) and HPLC chromatogram (B) of LCEPS from Leu. citreum BH10. Man: mannose, Glc: glucose, Gal: galactose, Ara: 
arabinose
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et  al.  2019). The band at 2922.38 cm− 1 was caused by 
the C-H stretching vibration (Rani et  al.  2017; Zhang 
et al. 2016). The band at around 1640.82 cm− 1 might be 
attributed to the existence of associated water. In the 
spectrum during 1500 cm− 1-500 cm− 1, the fine struc-
ture of LCEPS was reflected, the absorption peak at 
1419.94 cm− 1 and 1343.69 cm− 1 were supposed to the 
C-O-C and C-O-H bond vibrations (Wang, Zhao, Tian, 
Yang, and Yang  2015). The infrared absorption peak at 
1003.63 cm− 1 was mostly caused by α-(1 → 6) glyco-
sidic bonds (Ye et al. 2012). The band at 915.88 cm− 1 in 
the LCEPS was regarded as properties of pyranose ring 
stretching vibrations (Sran et  al.  2019). Moreover, the 
band at 845.25 cm− 1 was usually caused by α-glycosidic 
bonds (Sirajunnisa et  al.  2016). The results of monosac-
charide composition and FT-IR spectra analysis indicated 
that the LCEPS was probably a homopolysaccharide and 
contained α-type glycosidic bond to pyranose.

Observation of surface microscopic morphology
The surface morphology of LCEPS, xanthan gum and 
gellan gum were observed by SEM at 100×, 1000× 
and 5000× (Fig.  5). LCEPS was appeared to be a hol-
low porous structure with stacked flakes of polysaccha-
ride at low power observation, xanthan gum appeared 
to be compact and folded with potholes, whereas gel-
lan gum appeared folded and smooth glittering surface. 
At higher magnification of 1000× and 5000×, the sur-
face of LCEPS was more uneven and rough compared 
with that of xanthan gum and gellan gum, indicating 
the higher viscosity and more substantial water holding 
capacity of LCEPS. The characteristics illustrated that 

LCEPS could have the potential to be set as an addi-
tive for application in food and cosmetics industries as 
thickening, emulsifying, stabilizing and texturing agent 
(Yang et al. 2015; Yang et al. 2018).

The ζ potential and particle size
The difference between the external charge of polysac-
charide molecules and the surrounding suspension can 
be reflected by ζ potential. And it could reflect the elec-
trostatic repulsion between polysaccharide molecules 
(Gahruie et al. 2020). When the concentration of LCEPS 
ranged from 0.0 to 2.0 mg/mL, the corresponding ζ 
potential value changed from − 4.37 mV to − 10.46 mV 
(Fig. 6A). The average particle size of LCEPS in aqueous 
solution increased with LCEPS concentration as well, 
rising from 108.17 nm to 909.13 nm. The ζ absolute value 
and particle size increased with the solution concen-
tration, and the ζ absolute value was always lower than 
30 mV (p < 0.05). This phenomenon may be related with 
the composition of LCEPS, chain connection mode, and 
the interaction between hydroxyl and carboxyl groups 
and water. Besides, in order to ensure the stability of the 
solution system, there is a strong interaction between 
the particles with a small amount of negative charge, the 
attraction is greater than the repulsion, resulting in the 
increase of the particle size of the solution. Moreover, 
solution polydispersion coefficient (PDI) is an index to 
measure whether the particles are uniformly distributed. 
When PDI is equal to 1, the particles are monodispersed 
(Zambrano-Zaragoza et al. 2011). The average PDI of the 
LCEPS solution was 0.700, indicating that LCEPS was 
a homogeneous polysaccharide, which was consistent 
with that of Selene-rich Grifola Fiondosa (PDI = 0.206) 

Fig. 4  UV-vis (A) and FT-IR spectra (B) of LCEPS in the range 190–500 nm and 500–4000 cm−1, respectively
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(Li et  al.  2017). Taken together, these results indicated 
the possible application of LCEPS in high-concentration 
products.

Thermodynamic properties of LCEPS
The thermogravimetric analyzer was used to deter-
mine the thermodynamic properties of polysaccha-
ride LCEPS (Fig.  6B). LCEPS had been losing weight 
ranging from the heating temperature of 33.19 °C to 
793.10 °C. The TGA curve consisted of two distinct 
stages. In the first stage, from the initial temperature 
to 96.62 °C, the weight loss was nearly 8.00%, mainly 
because LCEPS contains many carboxyl groups, which 
can bind water molecules, and the temperature rise 
leads to the loss of bound water. Similarly, Wang et al. 
(2019) reported that a mass loss of approximately 9.7% 
PC EPS was observed between 43.9 °C and 99.7 °C. In 

the second stage, from 96.62 °C to 793.10 °C, a weight 
loss of 77.97% was due to chemical reactions and 
changes in functional groups. When the temperature 
rose to 317.30 °C, half of the LCEPS weight was lost. 
The extrapolated starting and ending temperatures 
were 304.89 °C and 334.77 °C, respectively.

Differential scanning calorimetry (DSC) was used to 
analyze the changes in heat absorption and heat dis-
sipation of LCEPS in the temperature rise process. The 
first and second endothermic peaks of EPS appeared 
at 73.33 °C and 243.42 °C, respectively (Fig.  6B). The 
initial temperature (T0), peak temperature (Tp) and 
terminal temperature (TC) of the first endothermic 
peak were 73.33 °C, 130.42 °C and 155.68 °C, respec-
tively. This stage was mainly related to the movement 
of bound water. The second endothermic peak was 
260.61 °C to 323.74 °C, which was consistent with the 

Fig. 5  Surface morphology of the LCEPS (A), xanthan gum (B) and gellan gum (C) at various magnifications at 100×, 1000×, 5000× by SEM
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TGA curve. The results illustrated the high thermal 
stability of LCEPS, indicating its potential to be uti-
lized in thermal processing.

Emulsifying properties
Many polysaccharides produced by plants or micro-
organisms have been proven to present high emulsify-
ing properties and were extensively applied in the food 
industry. At the initial stage of emulsion formation, its 
structure was easy to be destroyed, the OD values were 

measured at 30 min and 60 min after emulsion for-
mation can be effectively used to evaluate the stabil-
ity of emulsion (Wang et  al.  2014; Wang et  al.  2021). 
The smaller change in emulsification retention rate 
with time indicates that the emulsification capacity is 
stronger. The emulsification retention rate of LCEPS 
was made comparison with commercial gellan gum, 
xanthan gum and sodium alginate (Table  4). The emul-
sification retention rates of LCEPS were 70.01 ± 0.04% 
and 46.02 ± 0.11%, which was similar to that of sodium 

Fig. 6  The ζ potential and particle size of LCEPS at various concentrations (A). TGA and DSC curves of LCEPS (B)

Table 4  Emulsifying activities of LCEPS

Emulsifier Incubation time (min) OD540 Emulsifying 
activity (%)

Control 0 0.241 ± 0.013 100 ± 0.00

30 0.148 ± 0.018 61.15 ± 0.06

60 0.072 ± 0.014 30.23 ± 0.07

90 0.041 ± 0.005 17.12 ± 0.02

Gellan gum 0 0.564 ± 0.012 100 ± 0.00

30 0.393 ± 0.019 93.03 ± 0.04

60 0.259 ± 0.061 84.82 ± 0.01

90 0.221 ± 0.010 75.86 ± 0.08

Xanthan gum 0 0.587 ± 0.035 100 ± 0.00

30 0.446 ± 0.023 75.99 ± 0.03

60 0.435 ± 0.048 74.49 ± 0.01

90 0.362 ± 0.028 61.82 ± 0.07

Sodium alginate 0 0.951 ± 0.008 100 ± 0.00

30 0.884 ± 0.035 77.78 ± 0.06

60 0.806 ± 0.027 61.56 ± 0.02

90 0.721 ± 0.075 47.85 ± 0.01

LCEPS 0 0.499 ± 0.081 100 ± 0.00

30 0.387 ± 0.011 70.01 ± 0.04

60 0.296 ± 0.045 46.02 ± 0.11

90 0.232 ± 0.028 39.21 ± 0.02
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alginate were 77.78 ± 0.06% and 61.56 ± 0.02%, however, 
not as good as the emulsification retention rate of gellan 
gum (93.03 ± 0.04% and 84.82 ± 0.01%) and xanthan gum 
(75.99 ± 0.03% and 74.49 ± 0.01%). Besides, comparing 
the emulsification retention rate at 90 min, it was found 
that the emulsification retention rate of gellan gum was 
75.86 ± 0.08%, followed by xanthan gum (61.82 ± 0.07%), 
and the emulsification retention rates of sodium algi-
nate and LCEPS were 47.85 ± 0.01% and 39.21 ± 0.02%, 
respectively, indicating that the LCEPS produced by Leu. 
citreum BH10 could have the certain application value as 
an emulsification stabilizer.

Antioxidant activities
The DPPH, hydroxyl and superoxide radicals can pro-
mote the production of reactive oxygen species (ROS), 
leading to the reaction with biological macromolecules 
and causing aging, cancer, and other diseases (Chan-
drasekara et al. 2022; Liang et al. 2019; Yuan et al. 2017). 
In this study, VC and LCEPS showed great scavenging 
activity on DPPH radicals and superoxide radicals and 

all presented dose-dependent manner from 0.125 mg/
mL to 4 mg/mL (Fig.  7). The maximum DPPH scaveng-
ing activity was observed in VC (93.16%) and LCEPS 
(85.60%) at the concentration of 4 mg/mL (Fig.  7A), 
which was better than the DPPH scavenging activity 
of the EPS produced by L. gasseri FR4 (52.53%, 4 mg/
mL) and L. plantarum C88 (75.95%, 4 mg/mL) (Rani 
et al. 2017; Zhang et al. 2013). The IC50 values of VC and 
LCEPS were 0.25 mg/mL and 0.48 mg/mL, respectively. 
Fig. 7B showed that the hydroxyl radical scavenging rate 
gradually increased with the increasing concentration of 
LCEPS, and the highest value scavenging rate could be 
up to 31.13% at 4 mg/mL, whereas VC reached 81.18% 
scavenging rate of hydroxyl radicals under corresponding 
concentration. The results were similar to the hydroxyl 
radical scavenging rate of EPS produced by Leucon-
ostoc citreum B-2 and Hirsutella sp (Bai et  al.  2020; Lei 
et al. 2015). And the IC50 values of VC and LCEPS were 
1.83 mg/mL and 7.89 mg/mL, respectively, which were 
relatively higher than the IC50 values of DPPH scaveng-
ing activity. Besides, the IC50 values of VC and LCEPS to 
superoxide anion scavenging activity were 0.20 mg/mL 
and 0.25 mg/mL, respectively. The maximum superoxide 
anion scavenging activity of LCEPS was up to 77.63% at 
4 mg/mL concentration (Fig.  7C), and the correspond-
ingly scavenging activity of VC under the same concen-
tration was 90.57%, which were both higher than that of 
EPS produced by Lb. rhamnosus (5.90% at 4 mg/mL) and 
L. plantarum YW32 (66.5%, 5 mg/mL) (Rajoka et al. 2017; 
Wang, Zhao, Yang, et al. 2015a). Taken together, the anti-
oxidant assay results demonstrated that LCEPS has fine 
potential to be a free radical scavenger or inhibitor.

Antibiofilm activities of LCEPS
Biofilm inhibition activity of LCEPS
The effect of LCEPS on the growth of S. aureus ATCC 
6538 was characterized by growth curve analysis (Fig. 8). 
The LCEPS exhibited no significant inhibitory effect on 
the growth of S. aureus ATCC 6538 at concentrations 
lower than 8 mg/mL. The inhibition ability of LCEPS 

Fig. 7  Scavenging activities on DPPH radical (A), hydroxyl radical (B) and superoxide radical (C) of LCEPS and VC

Fig. 8  Growth of S. aureus ATCC 6538 in LB broth with LCEPS at 
concentrations of 0.125–8 mg/mL. Each value represented the 
average of triplicate independent assays
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produced by Leu. citreum BH10 to biofilm-forming 
of foodborne pathogen bacteria S. aureus ATCC 6538 
was investigated to evaluate its antibiofilm activities 
(Fig.  9A). The antibiofilm activity assay was set with 
varying concentrations of LCEPS (0.125–8.0 mg/mL). 
The inhibitory activities of the LCEPS on biofilm forma-
tion were dependent on concentration. The inhibition 
rate of LCEPS (8 mg/mL) on the biofilm formation of 
S. aureus ATCC 6538 reached 38.43 ± 1.45%. Similarly, 
Zhang et al. (2020) reported the antibiofilm activities of 
anthocyanin-rich aqueous on S. enterica ATCC10398 
was 47.25 ± 3.81%. Besides, the LCEPS inhibited the 
biofilm formation of S. aureus ATCC 6538 without obvi-
ous biomass inhibition. Selvaraj et  al. (2020) reported 
that Sapindusmukorossi methanolic extract (SMME) 
had antibiofilm without antibacterial effects. Some 

studies demonstrated that the non-antibacterial activity 
of antibiofilm agents were considered more advantageous 
because it could exert any selective pressure on patho-
genic bacteria and thus excludes the possibility of resist-
ance development (Yin et al. 2021).

In situ observation of S. aureus ATCC 6538 biofilms by CLSM
The antibiofilm activity of the LCEPS could be directly 
observed by microscopic observation of pathogenic 
bacteria biofilm through invaluable insight by optical 
microscopy and CLSM z-section analysis (Fig.  9B). The 
images of the light microscopy and CLSM 2D images 
showed thinner and looser cell aggregates instead of typi-
cal biofilm architecture in the treatment groups with a 
concentration of 8 mg/mL LCEPS compared with the 

Fig. 9  Effect of LCEPS on the biofilm inhibited percentage and biomass of S. aureus ATCC 6538 (A). CLSM observation of biofilm formation by S. 
aureus ATCC 6538 in the absence of LCEPS (Control) and the presence of LCEPS under light, 2D and 3D models (B)
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control group without treatment. Furthermore, CLSM 
z-section analysis showed that the biofilms formed by the 
tested strains were compact when grown in the absence 
of LCEPS, whereas, in the LCEPS at 8 mg/mL test groups, 
a thinner and looser biofilm architecture and cell aggre-
gates were observed. The confocal 3D images showed that 
the thicknesses of biofilms formatted by S. aureus ATCC 
6538 in the negative control group were 30.72 ± 1.85 μm. 
However, when the S. aureus ATCC 6538 was incubated 
with 8 mg/mL LCEPS, the biofilm thicknesses dropped 
to 17.53 ± 1.05 μm. The development of biofilm is closely 
linked to the signal-mediated quorum sensing (QS) sys-
tem, the formation of S. aureus biofilm may be effectively 
hindered by interference with QS (Galloway et al. 2012; 
Pang et al. 2019). The results demonstrated that the addi-
tion of LCEPS could effectively inhibit the formation of 
S. aureus ATCC 6538 biofilms, indicating that the LCEPS 
may potentially be developed as a new QS inhibitor and/
or as food-grade adjuncts improve food safety.

Conclusion
In the current study, the producing condition of LCEPS 
was optimized by RSM and LCEPS production was set 
as the response. The optimum condition was 49.99 h, 
25.59 °C, 21.66 and 3.00% for fermentation time, fermen-
tation temperature, sucrose concentration and inocu-
lation amount, respectively, and the obtained LCEPS 
production was up to 55.96 g/L. The Mw of LCEPS was 
8.99 × 106 Da, and it was composed of glucose only. The 
high thermal properties of LCEPS indicated its poten-
tial to be used as an additive in hot processed foods. The 
fine emulsifying properties of LCEPS demonstrated that 
it could be used as a stabilizing and emulsifying agent. 
Besides, LCEPS presented specific antioxidant activ-
ity, especially through its strong scavenging ability of 
DPPH radicals. Moreover, LCEPS presented the fine abil-
ity to inhibit biofilm formation of foodborne pathogens, 
especially to S. aureus ATCC 6538. Hence, the excellent 
properties of LCEPS produced by Leu. citreum BH10 
indicated its broad application prospects in food process-
ing, pharmaceuticals and cosmetics.
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