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1 Introduction
The Lactic acid bacterial exopolysaccharides (LAB EPS) are either 

loosely bound to the cell surface or released into the surrounding 
environment during growth (Abedfar & Hossininezhad, 2016; 
Darilmaz & Beyatli, 2012; Deepak et al., 2016; Patel et al., 2012; 
Saadat et al., 2019). Among the various EPS producing bacteria, 
LAB have gained special attention (Kleerebezem et al., 2017; 
Riaz et al., 2015; Sanalibaba & Çakmak, 2016). LAB are generally 
recognized as safe microorganisms and produce EPS with a wide 
diversity of structures with no health risk (Surayot et al., 2014; 
Thummar & Ramani, 2016; Ryan et al., 2015). EPS produced 
by LAB have recently received increasing attention because of 
their health benefits to the consumers (Ishiguro et  al., 2017; 
Mejia-Gomez & Balcázar, 2020). EPS produced by LAB possess 
various potential health benefits and have important functional 
roles in human or animal health including immunomodulatory 
properties, anti-cancer, antioxidant activity, anti-ulcer (Abid et al., 
2018; Deepak et al., 2016; Zhang et al., 2015), anti-biofilm agents 
to prevent adhesion of pathogenic bacteria, blood  glucose 
(Oleksy & Klewicka, 2018; Kanak & Yilmaz, 2021; Pato et al., 
2021) and cholesterol lowering properties (Korcz et al., 2018), 
and antihypertensive activity (Harutoshi, 2013). Although some 
EPS form biofilms that cause hygiene problems, other EPS 
derived from LAB play a crucial role in improving the rheology, 
texture, and mouthfeel of fermented food formulations in the 
food industry (Dilna et al., 2015; Lee et al., 2011).

The production of LAB EPS is affected by many environmental 
factors and intracellular factors. LAB secrete different types of 
EPS (Miao et al., 2015). Important factors for the total yield of 
EPS produced from LAB include the composition of the medium 
(carbon and nitrogen sources, vitamins, minerals, etc.), LAB strains, 
and growth conditions (temperature, agitation, incubation time, 
pH, and oxygen tension). One of the main disadvantages of the 
EPS-producing LAB is the small amount of polymer synthesized, 
which varies from 25-500 mg/L. The highest production 
levels reported so far were obtained for the mesophilic strains 
Lactobacillus rhamnasus 9595M (1200 mg/L) and Lactobacillus 
sakei 0-1 (1375 mg/L) (Mozzi et al., 2003). Optimization of the 
growth environment is critical if maximal EPS production by 
LAB strains is to be achieved (Patel et al., 2012). To produce EPS 
using the biological microcapsule, the cells are evenly dispersed 
in the gel beads, which can maintain the viability and intracellular 
enzyme activity of the bacteria for a long time, for continuous 
production, and protect the cells from adverse conditions such 
as acid, alkali, and harmful ions. Immobilized particles are also 
conducive to simple strain activation and product extraction process 
(Miao et al., 2015). Continuous fermentation of immobilized 
(Menchavez & Ha, 2019; El-Dalatony et al., 2016; Eş et al., 2018) 
LAB to produce EPS can simplify and optimize the industrial 
production process (Caggianiello  et  al., 2016; Thakur  et  al., 
2019), which can substantially reduce production costs (Idris & 
Suzana, 2006). The excessive production cost of LAB EPS also 
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restricts its large-scale industrial production. However, there 
is no research on the immobilization of lactic acid bacteria to 
produce exopolysaccharides.

In this study, high-yielding EPS LAB strains were firstly 
screened, immobilized, and used for shake flask fermentation. 
The optimized immobilization method, fermentation production 
temperature, and seed access amount were selected, and 
orthogonal experiments were carried out to determine the 
optimized immobilized LAB EPS fermentation process conditions. 
The study provides a basis for improving the separation and 
regeneration performance of EPS and continuous fermentation 
to produce LAB EPS.

2 Materials and methods

2.1 Material

Six strains of LAB, Lactobacillus bulgaricus 1.6970(CGMCC), 
Lactobacillus acidophilus 1.1878(CGMCC), Lactobacillus 
plantarum GIM1. 191 (GIMCC), Streptococcus  thermophilus 
1.2718(CGMCC), Lactobacillus casei 1.3206(CGMCC), and 
Lactococcus lactis subsp.latis 6242 LL9(CICC) were provided by 
Laboratory of College of Food and Bioengineering, Zhengzhou 
University of Light Industry. The dialysis bag treatment solution 
consisted of solution A (1.6 g of sodium hydrogen carbonate 
and 0.296 g of EDTA dissolved together in 800 mL of distilled 
water) and solution B (0.298 g of EDTA dissolved in 800 mL 
of distilled water).

2.2 Strain activation

The bacterial powder was inoculated into MRS liquid 
medium, cultured at 37 °C 24 h, subcultured 2 to 3 times, and 
stained for microscopic examination. The selected excellent 
strains were transferred to MRS slants and stored in a refrigerator 
at 4 °C for use.

2.3 Microbial cell fixation:

Calcium alginate method

The logarithmic growth phase fermentation solution was 
centrifuged, and a cell suspension was prepared with an equal 
volume of normal saline. Ten milliliters of the bacterial suspension 
was added into a defined concentration of immobilized carrier 
solution (alginic acid sodium solution). After mixing, granulation 
was carried out with a syringe by dropping 2% calcium chloride 
solution and immobilized for 1.5~2 h.

Agar fixation method

The melted agar solution (3%) was mixed with the logarithmic 
growth phase fermentation broth using a syringe to drop the 
mixture into a measuring cylinder containing liquid paraffin in 
the upper layer and the lower layer was water. The granules were 
filtered using sterile gauze and rinsed three times with sterile 
water for further use.

Gelatin-glutaraldehyde fixation method

The gelatin solution and the logarithmic growth phase 
fermentation broth were uniformly mixed to obtain the final 
gelatin concentration of 10%. To the mixture, glutaraldehyde was 
directly added, stirred uniformly, and poured into a sterilized 
culture dish. After coagulation, the gel was cut into small squares 
of 5 mm × 5 mm × 5 mm and rinsed with sterile water for use.

Carrageenan embedding method

Carrageenan is highly stable as fine powder and does not 
hydrolyze even when heated. 4 g carrageenan was poured at 8% 
concentration into 50 mL distilled water and shaken. This was 
disinfected and dissolved in a sterilizer and allowed to cool. 
After cooling to about 45 °C, the mixed bacterial suspension 
was embedded.

2.4 Determination of EPS using the phenol sulfuric acid 
method

Pure glucose (4 mg) was dissolved in double-distilled water, 
quantitatively transferred to a 100 mL volumetric flask, diluted 
with double-distilled water to the container mark line, and 
shaken well to obtain a final concentration of 40 μg/mL glucose.

Standard samples of different concentrations were prepared 
in 8 20 ml fixed tubes. The absorbance was determined by phenol 
sulfuric acid method with 0 tube solution as reference. The standard 
curves of glucose solution with different concentrations were 
obtained.

2.5 MD34 dialysis bag treatment and use method

Pretreatment of dialysis bag (first use) was done by cutting 
at a length of 15 cm, and the cut dialysis bag was boiled in 
deionized water for 10 min.

Then the dialysis bag was treated by washing the used 
dialysis bag with deionized water, and the washed dialysis bag 
was boiled in solution A for 10 min, taken out, and washed with 
deionized water. The dialysis bag was then boiled in solution B 
for 10 min, washed with deionized water, and finally stored in 
20% ethanol at 4 °C or used directly.

The beaker was filled with 800 mL of double-distilled water, 
and one end of the treated dialysis bag was clamped with a 
dialysis clip, and then double-distilled water was charged to 
check for water leakage (including whether the clip was caught 
or the dialysis bag was damaged). After the leak detection was 
completed, the bag was marked with a black marker on the clip, 
and 20 times diluted EPS solution was added to the dialysis bag 
and checked for leaks again. After confirming the error, dialysis 
was carried out for 12 h.

2.6 Dialysate post-treatment

The dialyzed dialysate was poured into a sterile test tube 
and a number was assigned to it.

To a corresponding number of sterile test tubes, 1 mL of 
the treated dialysate was added separately, and 2 mL of double-
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distilled water was added to one of the tubes numbered 0, as a 
blank control experiment. Then, to each tube, 1 mL of deionized 
water followed by 1 mL of 5% phenol solution, and 5 mL of 95% 
concentrated sulfuric acid were added to each tube and allowed 
to stand for 10 min. Finally, EPS was determined by the phenol 
sulfuric acid method.

2.7 Optimization of protein removal conditions

The polysaccharide purification process involves the removal 
of impurities from the extracted crude polysaccharide so that a 
single polysaccharide component can be obtained. The main 
impurities in the LAB EPS are proteins, pigments, and some small 
molecules, which make it difficult for the subsequent extraction of 
EPS. Therefore, the key point of purifying the LAB fermentation 
broth is the removal of proteins. For this, the trichloroacetic acid 
solution was added at a one-fifth volume of the fermentation broth, 
shaken well, and placed at 4 °C for 12 h to settle.

2.8 Experimental procedure

The process flow chart of EPS separation and purification 
is shown in Figure 1.

3 Results and discussion

3.1 Preparation of a standard curve

The absorbance (OD) of the sample was measured at 490 nm 
using a spectrophotometer. The standard glucose quasi-curve 
was prepared by taking the liquid in tube number 0 (blank) as 
a reference, the glucose concentration as the abscissa, and the 
corresponding OD value as the ordinate. The linear regression 
equation y = 0.0095x - 0.0067 and the correlation coefficient 
R^2 = 0.9955 were obtained.

3.2 Screening of extracellular polysaccharide produced by 
LAB

If the EPS produced by LAB cells is widely used, the first 
task in actual production is to obtain EPS high-yielding strains 
to reduce EPS production costs. In this experiment, the EPS 
producing ability of six strains of LAB was studied, and high 

EPS-yielding strains were screened. For each LAB, 5% inoculum 
was fermented in MRS medium for 24 h, and the EPS yield 
was measured after extraction and purification. The results are 
shown in Figure 2.

According to Figure 2 that the six strains of LAB can synthesize 
EPS, but at different capacities. The highest production EPS was by 
L. plantarum at 1513.1 mg/L, and the lowest yield was by cheese 
LAB, L. casei at 1064.6 mg/L. The EPS production by the other five 
strains was somewhere in between. L. plantarum was identified as 
a high EPS producing strain (Imran et al., 2016; Lee et al., 2016).

3.3 Single-factor impact experiment

Effect of immobilized materials on the production of 
extracellular polysaccharides by L. plantarum

L. plantarum was immobilized in four different carrier types, 
with 5% inoculum, and fermented in a shake flask at 37 °C. Then 
EPS extraction and purification were conducted, and finally, the 
EPS yield was measured by a spectrophotometer.

The bar graph (Figure  3a) shows that the EPS yield of 
L. plantarum decreased after treatment with immobilized 
materials, and the agar embedding method had the highest 
EPS productivity by L. plantarum, which was 1096.2 mg/L; 
therefore, agar was selected as the immobilization material to 
further explore the optimum process conditions.

Effect of temperature on the content of extracellular 
polysaccharides by L. plantarum

Immobilization of microorganisms sometimes changes 
their optimum temperature of the fermentation. Generally, the 
optimum temperature of the immobilized enzyme is higher than 
that of the free enzyme, so the optimum fermentation temperature 
also increases. We investigated the optimal temperature of EPS 
synthesis after immobilizing microbial cells. The EPS yield 
measured after fermentation of immobilized L. plantarum at 
different temperatures is shown in Figure 3b.

As can be seen from the Figure 3b, the optimum temperature 
for fermentation of immobilized L. plantarum was 37 °C. When 

Figure 1. Process flow chart of EPS separation and purification.
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the fermentation temperature was lower than 37 °C, the EPS yield 
reduced significantly and was the lowest at 30 °C. The results showed 
that the optimum temperature of fermentation for maximum yield 
of EPS by L. plantarum did not change, and was 37 °C.

Effect of amount of inoculum on the production of extracellular 
polysaccharides by L. plantarum

Microorganisms require optimal inoculum for fermentation 
and productivity. A very large or very small size of inoculum affects 
product synthesis. Here, we studied the effect of different amounts 
of inoculum (15%, 13%, 10%, 8%, and 5%). The effect of inoculum 
size on the production of EPS by L. plantarum is shown in Figure 3c.

As can be seen from Figure 3c, when the inoculum amount 
was 5%, the EPS yield of LAB was the highest at 1443.6 mg/L, 
indicating that the inoculation amount was optimal and the 
most beneficial for the production of EPS by LAB fermentation.

Effect of immobilization using agar at different concentrations on 
the production of extracellular polysaccharides by L. plantarum

The concentration of agarose for immobilization can have 
a significant impact on EPS yield. A low concentration of agar 
results in low strength of the colloid after embedding, causing 
brittleness and affecting dispersibility, and a possible cell leakage 
leading to embedding failure. At high agarose concentration, 
the agar colloid strength is not easy to break, but it affects the 
contact efficiency between the nutrient and the bacteria, causing 
slow growth of the cells, and a decrease in the efficiency of EPS 
productivity. Moreover, the EPS cannot diffuse into the fermentation 
broth through the agar, and little or no detection is detected in 
the fermentation broth, thus, greatly affecting the yield of LAB 
EPS. We studied the effect of different concentrations of agar 
(15, 20, 25, 30, and 35 g/L). The effect of agar concentration on 
EPS production by L. plantarum is shown in Figure 3d.

When the agar concentration was 35 g/L, the LAB EPS yield 
was 1458.3 mg/L. This indicates that the agar strength does not 
significantly affect the LAB EPS productivity of L. plantarum 
and the culture solution. It does not affect the absorption of 
nutrients by the cells, as well as the diffusion of EPS into the 
medium solution. Therefore, the agar concentration of 35 g/L 
was selected as the optimum colloid strength.

Effect of the diameter of agar particle on the production of 
extracellular polysaccharides by L. plantarum

The size of the encapsulated agar block has a large effect on the 
EPS yield of L. plantarum. Excessively large size is not conducive 
to the exchange of substances between the LAB and the medium 
and is too small to be conducive to experimental operation and 
actual fermentation production. Here, we tried the beads of the 
immobilized carrier material at different sizes (5, 10, and 15 mm) 
and the effect on EPS production is shown in Figure 3e.

When the agar particle diameter was 1.0 cm, the EPS yield 
of L. plantarum was 1477.3 mg/L and the highest among all the 
tested agar particles of different diameters. This indicates that the 
microorganisms embedded in the agar can exchange materials 
with the medium and that the effect of agar immobilization 
on LAB EPS productivity was minimal. Therefore, 1.0 cm was 
selected as the optimum particle size for immobilization.

3.4 Orthogonal experimental results

From the afore-mentioned single factor experiments, three 
conditions of fermentation temperature, agar strength, and inoculum 
size could be selected for the orthogonal experiment (Table 1).

The results of the orthogonal experiment are shown in Table 2.

The analysis of the R-value from the orthogonal experiments 
shows that the influence of a single factor on the EPS yield 

Figure 2. Screening of high-yielding EPS strains of lactic acid bacteria at 5% inoculum each. Significant differences (p < 0.05) between the two 
experimental samples are indicated by the asterisk.
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Figure 3. Effect of immobilized materials a temperature b inoculum size c agar strength d and agar particle diameter e on EPS yield of L. plantarum. 
Significant differences (p < 0.05) between the two experimental samples are indicated by the asterisk.
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of LAB was in the order of inoculum size > agar intensity > 
temperature. The optimum fermentation conditions were agar 
strength of 30 g/L, fermentation temperature of 37 °C, and 
inoculum size of 3%.

3.5 Verification through a parallel experiment

The optimal combination mentioned above were not observed 
in the orthogonal experiment, therefore, parallel experiments 
were carried out in triplicate for verification and the results are 
shown in Figure  4. LAB fermentation was carried out using 
an inoculum size of 3% at optimum agar strength of 30 g/L, 
at 37 °C. The average yield of EPS in the parallel experiment 
was 1489.9 mg/L at 3% inoculum amount, and 30 g/L agar for 
immobilization at 37 °C.

In this study, we screened six strains of LAB (L. bulgaricus, 
L. plantarum, L. casei, L. acidophilus, L. lactis subsp. lactis LL9, and 
L. thermophilus). The highest yield of EPS was 1513.1 mg/L using a 
5% inoculum of L. plantarum fermented at 37 °C in a shake flask.

Table 1. Orthogonal experimental factors.

Factor and level
A

Agar strength 
(mg/L)

B
Temperature 

(°C)

C
Inoculation 
amount (%)

1 30 35 3
2 35 37 5
3 40 40 8

Table 2. Orthogonal experiment results.

Experiment
Number
Factor

A
Agar strength (mg/L)

B
Temperature

(°C)

C
Inoculum

(%)

Productivity of EPS
(mg/L)

1 30 35 3 1487.8
2 30 37 5 1418.5
3 30 40 8 1401.5
4 35 35 5 1399.4
5 35 37 8 1399.4
6 35 40 3 1489.9
7 40 35 8 1302.5
8 40 37 3 1485.7
9 40 40 5 1361.5

K1 4307.6 4189.7 4463.4
K2 4288.7 4303.6 4179.4
K3 4149.7 4252.9 4103.4
K1 1435.9 1396.6 1487.8
K2 1429.6 1434.5 1393.1
K3 1383.2 1417.6 1367.8
R 52.7 37.9 120.0

Figure 4. Verification of optimum fermentation condition of LAB through parallel experiments.
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The selection of optimum immobilized carrier for L. plantarum 
was carried out using calcium alginate colloid, carrageenan, 
gelatin, and agar as the carrier. The agar-embedded method gave 
the best immobilization effect, and the yield was 1096.2 mg/L. 
Compared with other immobilization methods, this method 
has the least impact on EPS yield; therefore, it was selected as 
the best embedding vector for EPS production by L. plantarum.

The process conditions of immobilized fermentation of 
L. plantarum were studied. The optimum conditions were 
agar strength 30 g/L, particle size 1.0 cm, and 3% inoculum 
fermentation at 37 °C for 24 h; the optimum condition gave 
the highest extracellular polysaccharide yield at 1489.9 mg/L.

4 Conclusions
The results reveal that the immobilized cells of L. plantarum 

gave almost the same yield of EPS as that of free cell fermentation, 
probably because the diffusion of the product in the immobilized 
carrier was limited, which affected the yield increase. However, 
from the perspective of the process, the immobilization method 
greatly simplifies the process. Immobilization reduces the need 
to activate the strain multiple times, thereby avoiding the step 
of separating cells in the fermentation liquid, thus simplifying 
the subsequent product extraction. Moreover, the immobilized 
LAB cells can be well maintained and can be used repeatedly, 
effectively increasing the rate of use of the strain and reducing 
the production cost.

The EPS production of LAB is generally low, and there 
are many influencing factors. In recent years, based on the 
understanding of genetic basis, biochemical type, biosynthesis 
pathway, metabolic model and physiological activity of EPS 
producing lactic acid bacteria, metabolic engineering method 
has become a hot spot in this field. The strain and technology 
of this study also laid a good foundation for the production of 
EPS by LAB.
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