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Abstract: The aim of the present study was the isolation of high exopolysaccharide (EPS) producers,
Lactic Acid Bacteria (LAB) strains, from three types of milk: goat, sheep, and camel milk. Among
112 LAB isolates tested for their ability to produce EPS on MRS-sucrose agar, only 11 strains were able
to produce EPS and only three higher producers’ strains were identified by 16S rRNA gene sequencing
as two strains of Lactococcus lactis subsp. lactis (SP255, SP257) isolated from camel milk and one
strain of Weissella cibaria (SP213) isolated from goat milk. The physicochemical characterization of the
purified EPSs revealed a significant sugar yield, with concentrations ranging from 2.17 to 2.77 g/L,
while the protein content remained relatively low (0.03 g/L). The UV-visible spectrum showed high
Ultra Violet (UV) absorption at 240–280 nm and the Fourier-Transform Infrared (FTIR) spectra showed
the presence of a large number of functional groups, including hydroxyl (-OH), carbonyl (-C=O), and
methyl groups (-CH3). The EPS solubility indicated their hydrophilic properties and the investigation
of interfacial properties indicated that these EPSs could be used as natural emulsifiers and stabilizers
in both acidic and neutral emulsions. Moreover, a new type of emulsion system was developed by
the utilization of EPSs in the formation of multilayer interfaces in oil-in-water (O/W) emulsions
stabilized by sodium caseinate (CAS). Thus, the impact of an EPS addition on the particle size
distribution and electrical charge has been studied. At pH 3, the studied EPSs adhered to the surfaces
of caseinate-coated droplets and the stability of O/W emulsions was improved by adding certain
concentrations of EPSs. The minimum concentration required to stabilize multilayer emulsions for
EPSs SP255, EPS SP257, and EPS SP213 was 1.5, 1.5, and 1.7 g/L, respectively. These findings reveal a
new EPS with significant potential for industrial use, particularly as an emulsion stabilizer.

Keywords: lactic acid bacteria; exopolysaccharides; multilayer emulsion; Weissella cibaria; Lactococcus lactis

1. Introduction

Over recent decades, the demand for natural food additives has persistently increased
due to the health effects of artificial additives [1] and the consumer demands for safe and
natural products [2]. The global market size for natural food additives is expected to reach
USD 3.95 billion by 2032 from 213.1 million in 2019 and is projected to grow with a high
compound annual growth rate (CAGR) of ~64.6% [3].

In response to this demand, exopolysaccharides (EPSs) offer a promising solution to
the growing demand for natural food additives. Providing beneficial functionalities, they
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can be used to improve food quality and the stability of various food products like yogurt
and cheese [4].

Indeed, EPSs are high-molecular-weight polymers composed mainly of sugar residues
as monosaccharide units and some non-carbohydrate substituents [5], produced by plants,
algae, fungi and bacteria. Depending on their chemical composition, EPSs are classified in
two types: homopolysaccharides (HoPS), composed of a single type of monosaccharide,
and heteropolysaccharides (HeEPS), composed of repeating units of two or more differ-
ent monosaccharides [4]. The monosaccharide composition includes glucose, mannose,
galactose, fructose, ribose, glucosamine, galactosamine, and in some cases, rhamnose [6].

While some EPSs form a biofilm [7] posing hygiene problems, others play a crucial
role in the improvement of rheology [8], the texture and functionality of health-related
products [5], industry, and cosmetics [9]. These non-toxic and biodegradable polymers also
play an important role in environmental applications [10] such as the biodegradation of
pollutants and water treatment [11].

Among bacterial exopolysaccharides, EPSs produced by Lactic Acid Bacteria (LAB)
are preferred for a wide range of applications, especially in the food industry [9]. Extensive
research focuses on LAB-derived EPSs [8] by exploring their structure, physicochemical
properties, and bioactivities [12]. These polymers are particularly valuable due to their
structural properties and their potential health benefits [13]. The confirmed benefits of
these polymers include anti-ulcer [3], anti-oxidant, anti-cholesterol [5], antitumor, and
immunostimulant properties [14]. Likewise, numerous studies [2,11] have shown that the
structural properties of EPSs from LAB make it possible to optimize the texture, stability,
and sensory characteristics of foods. Their ability to emulsify, texturize, sweeten, gel, and
retain water helps to improve the quality of the final food products [15]. By exploiting these
properties, it is possible to optimize the use of EPSs formed by LAB as a natural alternative
to commercial food additives.

In the view of the numerous EPS applications, the main objective of this work was the
isolation and structural characterization of EPSs from LAB naturally present in camel, sheep,
and goat milk. The rheological, interfacial, and stable multilayered emulsion formation
properties of the selected EPSs were also explored.

2. Material and Methods
2.1. Materials

The De Man, Rogosa, and Sharpe (MRS) was purchased from Merck Millipore, Darm-
stadt, Germany. M17 Agar media were obtained from Biokar Diagnostics, Beauvais (Al-
lonne, France). Sucrose and glucose were purchased from Loba Chemie (Mumbai, India).
Sodium caseinate (CAS) powder was obtained from Fisher Scientific (London, UK). Bovine
serum albumin (BSA) was purchased from Sigma-Aldrich Chimie (St Quentin Fallavier,
France). Acetic acid and analytical-grade imidazole were purchased from Sigma Aldrich
Chimie (St Quentin Fallavier, France).

2.2. Sampling and Isolation of LAB

A total of 32 milk samples were collected in the region of Médenine (south of Tunisia)
between October 2020 and March 2021 (autumn, spring, and winter), including 20 camel
(Camelus dromedarius) milk samples (5 fermented and 15 raw milk), 6 goat (Capra hircus) milk
samples (4 fermented and 2 raw milk), and 6 sheep (Ovis aries) milk samples (3 fermented
and 3 raw milk). The use of different types of raw and fermented milk from various species
(camel, goat, and sheep) allows for the exploration of the diversity of LAB strains and
their ability to produce EPSs. This diversity is crucial for assessing the influence of milk
composition and species on EPS production and the functional characteristics of LAB in
different types of milk. Likewise, conducting studies across different seasons can help
identify trends and variations in EPS yield.

One milliliter of each milk sample was homogenized with 9 mL of physiological water
solution (0.9% NaCl). Then, serial dilutions were carried out and spread on the surface of
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MRS and M17. After incubation at 37 ◦C for 24 h, several colonies of different morphologies
were selected and purified by successive streaks on an appropriate medium.

Morphological identification of isolates was conducted by microscopic observation of
bacterial cells, Gram staining, and catalase tests. Only Gram-positive, catalase-negative,
and non-spore-forming bacteria were considered.

2.3. Screening of EPS-Producing LAB

The potential of different lactic isolates to produce EPS was tested by the method
described by Derdak et al. [16] with slight modifications. The isolated strains were inocu-
lated on MRS-agar medium where the glucose was replaced by 50 g/L of sucrose. After
incubation at 37 ◦C for 24 to 48 h, colonies exhibiting a viscous or filamentous appearance
were selected as potential EPS producers.

EPS production was detected qualitatively by the formation of viscous colonies on
solid medium and quantified by the phenol–sulfuric acid method for sugar determination.
Strains producing more than 1.5 g/L of EPS were selected for further analysis

2.4. Identification of the EPS-Producing LAB

After morphological identification, Gram-positive and catalase-negative bacteria were
preselected as LAB. Strains exhibiting significant EPS production were then identified using
the 16S ribosomal gene to determine their genus and species. This test was selected for its
ability to provide rapid and accurate identification.

Extraction of genomic DNA from pure colonies was carried out as previously de-
scribed by Laguerre et al. [17] using proteinase K. Amplification of the 16S rDNA gene of the
selected bacterial strains was carried out using the universal primers 8f′ (AGAGTTTGATC-
CTGGCTCAG) and 1495r′ (CTACGGCTACCTTGTTACGA) [18].

Amplification parameters are an initial denaturation of 10 min at 94 ◦C, 30 cycles
of 1 min at 94 ◦C, 1 min at 55 ◦C, and 1 min at 72 ◦C, followed by a final extension step
of 10 min at 72 ◦C. Two sequences, each generated by one of the two primers, were thus
obtained for the strain studied.

An alignment of the two sequences using the Basic Local Alignment Search Tool
(BLAST; www.ncbi.nlm.nih.gov/BLAST, accessed on 14 June 2024) was performed to
obtain a single sequence per strain. The species was identified by comparing the sequence
to public nucleotide databases from Genbank’s Open-Access Advanced Research program.

The MEGA 11 software with the Maximum Likelihood Composite model was used to
perform the phylogenetic analysis.

2.5. EPS Characterization
2.5.1. EPS Quantification and Total Protein Assay

EPS extraction was performed according to Ziadi et al. [19] with a little modification.
The studied strains were cultured in a modified liquid MRS medium (50 g/L of sucrose)
at 37 ◦C. After 24 h of incubation, the cultures obtained were centrifuged at 5000 rpm for
10 min at 4 ◦C. Supernatants were filtered (using 0.45 µm porosity filters) and stored for EPS
extraction by ethanol precipitation. The supernatant (50 mL) was treated with 1 M NaCl
(final concentration) before being precipitated with 96% (v/v) ethanol overnight. Precipitated
EPS were recovered by centrifugation (20 min, 6000 rpm, 4 ◦C). The resulting pellets were
washed with 96% ethanol, recentrifuged (20 min, 6000 rpm, 4 ◦C), and then resuspended in
milliQ water (3 mL). The solutions obtained were frozen at −20 ◦C and then freeze-dried in a
vacuum freeze-drier (Buchi, model: Lyovapor L-200) at −80 ◦C for 48 h.

The exopolysaccharides obtained by ethanol precipitation were assayed according to
the Dubois method [20]. The total protein was studied by colorimetric assay based on the
Bradford method [21] using bovine serum albumin (BSA) at different concentrations for
the preparation of the standard curve.

These tests were selected for their accuracy, reproducibility, and their ability to provide
essential information on the amount of EPSs produced and their purity. At the end of the

www.ncbi.nlm.nih.gov/BLAST


Fermentation 2024, 10, 532 4 of 20

screening tests, three strains producing the highest concentrations of exopolysaccharides
were selected for further analysis.

2.5.2. UV-Vis Analysis

Analyses by UV-vis spectroscopy were performed with a VWR UV-3100PC spectropho-
tometer (VWR International, Auckland, New Zealand). The EPS solutions of the SP213,
SP255, and SP255 strains were prepared with the imidazole–acetate buffer (5 mmol/L;
pH 7). UV absorption spectra were measured from 230 nm to 350 nm. The presence of
specific peaks in the UV region allows for a qualitative characterization of EPS, especially
in terms of their purity and chemical structure.

2.5.3. FTIR Spectrometer

The chemical structures of EPS SP255, EPS SP257, and EPS SP213 were analyzed using
the Agilent Cary 630 FTIR spectrometer (Santa Clara, CA, USA). Samples were prepared
by grinding the exopolysaccharides (1 mg) with potassium bromide (20 mg) powder and
then pressed into pellets. The FTIR spectra at a wavenumber range of 4000–400 cm−1 were
recorded. The absorption bands will help identify the functional groups and glycosidic
bonds, providing a detailed description of the chemical structure of the EPS.

2.6. Techno-Functional Properties
2.6.1. Zeta Potential Measurement

The measurement of zeta potential provides valuable information about the surface charge
and stability of exopolysaccharides (EPS). Understanding these properties is essential for opti-
mizing their application in various fields, including food technology and pharmaceuticals.

The zeta potential (ζ) of biopolymer solutions diluted (0.5% (w/w)) in imidazole–
acetate buffer (5 mM) and adjusted to the suitable pH was determined using a Zetasizer
NanoZS90 (Malvern Instruments, Malvern, UK).

2.6.2. Measurement of EPS Solubility

The behavior of the exopolysaccharides (EPS SP255, EPS SP257, and EPS SP213) in
different solvents was characterized by determining their solubility. As described by
Hamidi et al. [22], a determined amount (0.5, 1, 2, 3, and 4 mg) of EPS powder was blended
with 1 mL of each solvent (distilled water, chloroform, and methanol) in 2 mL microtubes
and they were vortexed for 1 min at room temperature.

2.6.3. Interfacial Properties

Interfacial rheology of exopolysaccharides (EPSs) is an essential measurement to
evaluate their ability to stabilize interfaces between two phases, such as oil and water, in
emulsified systems. To conduct this analysis, a dynamic pendant-drop volume tracker
tensiometer (Teclis instrument, Civrieux-d’Azergues, France) was used for measuring
interfacial tensions and viscoelastic modulus at the oil–water interface at 20 ± 0.1 ◦C. The
aqueous phase was EPSs (1 g/L) adjusted at either pH 7 or pH 3 and the oily phase was
sunflower oil.

2.7. Multilayer Emulsion Systems Prepared Using EPS Fractions

Multilayer emulsion systems involve the stabilization of oil-in-water (O/W) emulsions
through the sequential adsorption of different biopolymers, such as EPS, at the interface [11].
These systems are used to improve the emulsion stability.

2.7.1. Solution Preparation

A stock buffer solution was prepared by initially dissolving the lyophilized EPS
fractions (1% w/v) in an imidazole–acetate buffer (5 mM) at pH 3. Each EPS solution was
then stirred for at least 3 h until the powders were completely dissolved.
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2.7.2. Emulsion Preparation

An emulsifier solution was prepared by dispersing 2 wt % of sodium caseinate (CAS)
in imidazole–acetate (5 mM) buffer and adjusted at pH 3 by using HCl (0.1 M) or NaOH
(0.1 M) solutions. The obtained solution was then blended with 10 wt % sunflower oil using
an Ultra-Turrax T25 high-speed blender (IKA, Staufen, Germany) operating at 15,000 rpm
for 60 s. The secondary O/W emulsions were prepared by mixing the primary emulsion
containing 2 wt % (CAS) with aqueous EPS solutions using magnetic stirring for 1 h.
The pH of these secondary emulsions was adjusted to 3. The resulting emulsions were
diluted with different ratios of EPS solution to form a multilayered emulsion with a final
composition of 5 wt % sunflower oil, from 0.25 to 1.5% wt sodium caseinate, and from 0 to
2 wt % of EPSs.

2.7.3. Droplet Size and Zeta Potential Measurements

The average droplet size and zeta ζ potential of EPS/caseinate oil emulsions with
different concentrations of emulsifiers, as well as the zeta potential of emulsifier solu-
tions, were measured as described by Liao et al. [23]. The zeta potential was examined
using a particle electrophoresis instrument (Zetasizer Nano-ZS90, Malvern Instruments,
Worcestershire, UK). At least three measurements of each were taken.

A Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK) was used to deter-
mine the size distribution by dynamic light scattering. The particle size was calculated by
the instrument and was reported as the surface weight mean diameter:

D (4, 3) = ∑ni × di4/ ∑ nidi 3

where ni is the number of droplets of diameter di.

2.8. Statistical Analysis

All experiments were performed at least three times under the same conditions.
Average and standard deviations were calculated from these triplicate measures.

3. Results and Discussion
3.1. Isolation and Preliminary Identification of LAB

Two hundred and seventy presumptive LAB strains were isolated from different milk
samples; 112 strains were Gram-positive and catalase-negative. A macroscopic examination
showed the presence of colonies of different sizes, smooth, whitish, cream, round or
lenticular in shape, with a regular contour, and varying in size from 0.5 to 2 mm.

A microscopic observation of the selected strains revealed the abundance of the shell
form (82 strains) and rod forms represented the rest of the strains (34). This abundance
of cocci shapes in milk has been reported in previous studies [24,25]. Thus, the isolates
were initially classified as LAB based on the colony and cell morphology, Gram stain, and
catalase test [26,27].

3.2. Screening of EPS-Producing Strains

In order to detect the EPS-producing strains, LAB were cultured on modified MRS
where glucose was replaced by sucrose. The results of the screening revealed that 11 strains
were able to produce EPSs, namely, SP126, SP215, SP80, SP212, SP213, SP214, SP92, SP238,
SP255 SP257, and SP258. The retained strains showed a “stringy” phenotype or the “non-
stringy mucoid” phenotype.

Among the studied strains, the EPS producers showed variability in their filament
length, with strain SP80 (Table 1) exceeding 20 mm. These results suggest that there are
biochemical differences among selected EPS-producing LAB.

The production of these two types of capsular and stringy EPSs has been found in
lactic acid bacteria [4,28]. Both types of EPS are capable of increasing the viscosity of
the fermented product. Consequently, the utilization of EPS-producing LAB in the dairy
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industry can be highly advantageous, as their polysaccharide production can enhance the
texture and quality of products such as yogurt and cheese [28].

However, the stains producing ropy polysaccharides are preferable to those produc-
ing stringy polysaccharides, making them suitable as biothickening agents in the dairy
industry [28,29].

In literature, some strains were able to produce both stringy and capsular polysaccha-
rides [4]. This diversity observed in bacterial polysaccharides was influenced by genetic
factors and environmental conditions [29].

Table 1. Main LAB strains able to produce EPSs.

Strain Origin EPS Production Identification Accession Number

SP80 raw camel milk + Weissella cibaria PP911463
SP92 raw camel milk + Leuconostoc mesenteroides subsp. -
SP126 fermented camel milk + Weissella cibaria -
SP212 fermented goat milk + Leuconostoc mesenteroides subsp. PP911461
SP213 fermented goat milk + Weissella cibaria PP911457
SP214 fermented goat milk + Leuconostoc mesenteroides subsp. PP911462
SP215 fermented goat milk + Weissella cibaria -
SP238 raw sheep milk + Weissella cibaria PP911460
SP255 raw camel milk + Lactococcus lactis subsp. Lactis PP911458
SP257 raw camel milk + Lactococcus lactis subsp. Lactis PP911459
SP258 raw camel milk + Leuconostoc mesenteroides subsp. -

The strains SP92, SP126, SP215, and SP258 have not been deposited in the international gene bank yet and,
consequently, no accession numbers were attributed.

3.3. Estimation of Carbohydrates and Protein Contents of Crude EPS Extracts

The sugar content of the EPS extracts was estimated by the Dubois method [20]. The
results are presented in Figure 1 and show that the total sugar contents ranged from
0.287 g/L to 2.778 g/L, indicating that EPS production was strain-dependent. This variabil-
ity in concentration could be explained by the heterogeneity between the isolated species.
Furthermore, the highest (p < 0.005) production of EPSs was shown by the SP255 strain
(2.778 g/L) followed by SP257 (2.773 g/L) and SP213 (2.18 g/L). The lowest (p < 0.005)
amount was recorded for SP212 (0.287 g/L).

As reported in the literature, there was a variation in the amounts of EPSs produced
by LAB, which was influenced by a different parameter including the type of strain used,
the carbon source, pH, temperature, inoculum size, and incubation time [29–31].

In a previous study, it was found that the strains Lactobacillus rhamnosus RW9595M
and Lactobacillus kefiranofaciens WT-2B had the potential to produce high amounts of EPSs,
with yields of 2.775 g/L and 2.500 g/L, respectively [32]. These findings were similar to
our results for the strains SP255 and SP257.

Despite the importance of EPS amounts, the quantities produced by LAB are generally
lower than those produced by other microorganisms [9].

However, the protein content of EPS extracts was low. The highest protein content was
found in SP214 (0.0513 g/L) and the lowest protein content was found in SP215 (0.014 g/L).
These results revealed that EPS extracts are mainly composed of carbohydrates.

In general, proteins are present in lower quantities in the structure of EPSs produced
by microbial isolates compared to carbohydrates [33], which contain various sugars like
glucose, galactose, rhamnose, and others in different ratios [10].

According to some authors [34], EPSs of a bacterial origin can contain other compo-
nents such as lipids, proteins, and nucleic acids, which usually co-precipitate in ethanol.
Nevertheless, a low protein content can be an indicator of EPS purity.

These findings demonstrate the ability of three LAB strains to produce high levels of
EPS: SP213, SP255, and SP257. Consequently, those strains were retained for further work
and the potential of produced EPSs as natural stabilizers was investigated.
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3.4. Molecular Identification of SP213, SP255, and SP257 Strains

The three retained strains, SP213, SP255, and SP257, previously selected as the best EPS
producers, were identified by sequencing 16S rDNA. The 16S fragments were amplified by
two selected primers, resulting in an amplicon with a size of approximately 1500 bp. The
obtained 16S rDNA nucleotide sequences were compared to those listed in the GenBank
database of the BLAST program. The results demonstrated that both strains SP255 (Gene
Bank accession no.PP911458) and SP257 (Gene Bank accession no.PP911459) could be
identified as Lactococcus lactis subsp. lactis JCM 5805 and the SP213 (Gene Bank accession no.
PP911457) as Weissella cibaria KACC 11862, respectively, with more than 99% of similarity.

The phylogenetic tree presented in Figure 2 shows the relative positions of the
exopolysaccharide-producing LAB strains. The strain Weissella cibaria shared a maxi-
mum identity of 100% with the Leuconostoc strain. This result suggests a close relationship
between Weissella cibaria and Leuconostoc Mesentoroides.
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According to previous studies [35,36], Leuconostoc and Weissella have previously been
acknowledged as closely related. Both genera are known for their ability to produce
lactic acid and other metabolites that contribute to the flavor, texture, and preservation of
fermented foods [37,38]. However, the Weissella genus, part of the Leuconostocaceae family, is
known to produce significantly high amounts of EPSs compared to other LAB species [4,12].

Similar percentages of relationship homology were obtained for SP255 (Lactococcus
lactis PP911458) and SP257 (Lactococcus lactis PP911459). A phylogenetic analysis also
revealed that the SP238 strain (Weissella cibaria PP911460) had 60% homology with both the
SP213 and SP80 strains (Weissella cibaria PP911457 and Weissella cibaria PP911463).

These findings indicate that most LAB isolates belong to the same phylogenetic lineage.
Furthermore, all the isolates demonstrated a remarkable capacity for exopolysaccharides’
production, further supporting their classification as closely related strains. This could be
due to a close geographic or ecological link, probably from sharing milk sources [39].

3.5. UV-Visible Analyses

UV-visible spectroscopy is based on the property of chromophore molecules to absorb
light radiation of a specific wavelength, providing valuable information about the sample’s
composition and concentration [40]. This technique is widely used for various applications,
including chemical research, food quality analysis, drug identification, nucleic acid purity
checks and quantitation, and bacterial culturing [41–43].

In the present study, the absorption spectra of the EPSs extracted from the selected
strains are illustrated in Figure 3. For the three EPS extracts, UV spectra showed a strong
absorbance peak around 220–290 nm. A similar result was also observed for dextran, a
bacterial polysaccharide [44]. This absorbance peak can be attributed to various compounds
and molecules present in the analyzed samples, such as carboxyl groups, carbonyl groups,
metaldehyde, and uric acid [45].
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Additionally, the maximum absorption wavelength varied between 254 nm and
260 nm. The absorption in the interval 240–280 nm could be attributed to the presence
of amino acids [46]. The UV absorption below 260 nm is possibly due to the presence of
tryptophan and sometimes tyrosine or phenylalanine.

Thus, the structural differences of these exopolysaccharides due to the presence of
various functional groups and compounds like tryptophan can significantly impact their
physicochemical, biological, and technological properties [47]. Understanding these re-
lationships can enhance the use of EPS in various fields such as the food industry and
pharmacology [48].
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3.6. Chemical Structure of EPS

The FTIR spectra of the three investigated EPSs obtained in the 4000−420 cm−1 region
are illustrated in Figure 4 and showed similar profiles. The presence of several different peaks
allowed the identification of the major functional groups present in the structure of EPSs [49].
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Indeed, the presence of a broad stretching peak in the region of 3000–3600 cm−1

corresponded to the hydroxyl group of the polysaccharide [50]. These groups lead to strong
inter- and intramolecular interactions of the exopolysaccharide chains [11], while a minor
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band due to the stretching of the methylene group (C–H) vibration appears in the region
of 2930 cm–1. These methyl groups are generally found in hexoses or deoxyhexoses [51].
Therefore, the presence of this peak provides valuable information about the composition
and structure of the sugars present in EPS extracts [52].

The presence of the two characteristic peaks at 1606 cm−1 and 1409 cm−1 can be due,
respectively, to the asymmetric and symmetric stretching vibration of the carboxylic groups
(COOH) [53].

The appearance of a peak at about 1231 cm−1 can be related to a C–O stretching
vibration with the possible presence of sulfate groups in the EPS extracts [54].

Similarly, the strong band at 1027 cm−1 and the weak absorption peak at 993 cm−1 can
be attributed to the C–O stretching vibration of the polysaccharide backbone [55]. Thus,
the spectral data in this region (1000–900 cm−1) support obtaining fingerprints related to
vibrational modes of the C-O stretching of the polysaccharide and were used to determine
the monosaccharide composition [19,56].

Also, the observation of weak peaks at 926 cm−1 can be an indication of the presence
of α-anomers of pyranose saccharides with α-(1→6) glucosidic bonds and the peak at
856 cm−1 has been attributed to the presence of α-(1,3)-D-glucan [57,58].

These results suggest that EPSs produced by W. cibaria SP213, L. lactis SP257, and
L. lactis SP255 are most likely dextran, which is a type of polysaccharide composed of
glucose units linked by α-1,6 glycosidic bonds [59,60]. This α-glucans polymer is the most
widely used bacterial polysaccharides with many potential applications in various fields,
such as medicine, drug delivery systems, and the cosmetic and food industries [61].

Since the diversity of functional groups gives EPSs their properties [62], the biological
activities of our extracts can be exploited.

Indeed, the existence of these functional groups in the EPS backbone leads them to interact
with other molecules, such as lipids and proteins [60]. The presence of the hydroxyl groups
in exopolysaccharides means they can form hydrogen bonds with water molecules, making
them highly soluble in water and contributing to their viscoelastic properties [63]. Likewise, the
presence of the methylene group (C–H) makes exopolysaccharides either hydrophobic or water
soluble [62]. The occurrence of these functional groups, makes EPSs suitable as emulsifiers and
as thickening agents [64]. The carboxyl groups (COO−) in EPSs can form ionic bonds with
positively charged molecules, such as metal ions [65,66], making them useful in numerous
industrial domains, mainly in pharmaceutical applications and in food formulations [67].

In a previous study, the use of EPSs from LAB was shown to have a positive impact
on the rheological properties of fermented dairy products [68]. During fermentation, the
viscosity of milk gel was influenced by the chemical composition and the EPS structure,
including the type of bonds and presence of side chains [69].

3.7. Zeta Potential Measurement (ζ)

The zeta potential (ζ) measurements of the tested EPSs within a pH range of 3 to 8
revealed varying charges, ranging from −14.23 to −24.30 mV for EPS SP255, −12.85 to
−19.43 mV for EPS SP255, and −12.8 to −24.76 mV for EPS SP213. The result is shown
in Figure 5. As the pH increases, there is a decrease in the zeta potential. It should be
noted that the zeta potential is a key index to measure the attraction and repulsion between
macromolecules, which could be used to assess the stability [70]. It is also a key parameter
in the preparation, utilization, and destruction of colloidal dispersions. Moreover, zeta
potential (ζ) is widely used in various fields, including biomedical research and water
purification [71]. The negative charge of different EPSs reveals the presence of anionic
groups in the polysaccharides backbone.

This negative charge is attributed to the ionization of the carboxyl groups of the EPS [72].
Also, it may be an indication of the presence of amino acids in its protein fraction [73].

Indeed, the presence of charged groups is the best indicator for the stability of disper-
sion due to their role in improving the solubility of EPSs [74] and prevents electrostatic
interactions from producing intermolecular associations [75].
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Likewise, the three studied strains exhibited a wide range of zeta potential values,
indicating differing anionic characteristics. Thus, the EPSs from strain SP255 measured
−24.3 mV at pH 8, while strain SP257 recorded −19.4 mV at the same pH. This variation
indicates that the nature of EPSs is significantly influenced by the bacterial strain and its
metabolic pathways [76].

Overall, these results suggest that the presence of anionic EPSs can significantly influence
the rheological properties of the product by their electrostatic interactions with other existing
charged polymers and their ability to adsorb on the surface. This impact can be observed in
various industrial products, particularly in new formulations of food and drugs, where the
texture and stability of products depend on the rheological properties [77,78].

Furthermore, zeta potential (ζ) measurements could be utilized to evaluate the bioac-
tivities of EPSs. A previous study [79] reported that the negative charge can significantly
impact the bioactivities of exopolysaccharides, providing valuable insights into their func-
tional properties and contributing to their application in food and medicine.
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3.8. EPS Solubility

The different dried EPS extracts were tested for their solubility in water. The determi-
nation of this parameter can give an idea about the hydrophobicity of the polymers [49].

The dried EPSs dissolved completely in water and the EPS solution was a clear and
homogenous liquid with no precipitation. This solubility in water suggests that the EPS
has hydrophilic properties and contains functional groups (carboxyl groups, sulfate, or
phosphate groups) that can form hydrogen bonds with water molecules [80].

However, the same EPS samples remained insoluble in methanol, acetone, and chlo-
roform. This insolubility in organic solvents indicates that the EPS may lack sufficient
hydrophobic characteristics to dissolve.

Thus, the solubility characteristics of EPS extracts were in line with previous stud-
ies [81,82]. The high water solubility of EPS extracts could be used as an agent that can
effectively bind water molecules [49]. This property may be advantageous for certain
biomedical or food-related applications [83], such as improving moisture retention in food
products and preventing syneresis.

3.9. Interfacial Properties

In general, the effectiveness of an emulsifier is often evaluated by its ability to reduce
the interfacial tension between two immiscible phases [84]. In the present study, the
measurement of the interfacial properties of EPS extracts at the oil–water interfaces were
determined at two different pH values (3 and 7).
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For all interfacial tension–time curves (Figure 6), the decrease in interfacial tension
γ(t) between the aqueous EPS solution and the oil was an indicator of the EPS extracts’
adsorption on the oil–water interface.
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At pH 7, the interfacial tension decreased in the following order: EPS SP257–EPS SP213–
EPS SP255. Although, at pH 3 the interfacial tension decreased in the following order: EPS
SP213–EPS SP257–EPS SP255. This order implies that among the three samples, EPS SP255
had the lowest (p < 0.005) interfacial tension γ (14.13 mN/m) and EPS SP213 had the highest
(p < 0.005) interfacial tension γ value (18.7 mN/m). The notable ability of EPS SP255 to reduce
interfacial tension suggests that this ability was superior to other EPS samples.

These results suggest that the presence of protein residues in the studied EPS extracts play a
role in the reduction of interfacial properties [85]. In our case, the correlation between the protein
content (Figure 1) and interfacial properties shows that EPS SP255 extract exhibits the highest
(p < 0.005) protein content among the studied extracts and shows the most significant interfacial
reduction. The observed correlation could be attributed to the electrostatic interactions and
hydrogen bonding between existing proteins and polysaccharides in EPSs [77].

Other than the adsorption of proteins on the surface, the interfacial tension of EPSs can
be influenced by various factors, including molecular configurational changes, realignment,
and intermolecular interactions of the molecular chains [84,86].

Our findings also demonstrated that the decrease in interfacial tension due to EPS
adsorption varies with the pH. This suggests that the pH of the solution influences the extent
of EPS adsorption and its impact on interfacial tension. For example, at pH 7, the interfacial
tension γ(t) of EPSs produced by strain SP257 decreased from 22.7 to 14.33 mN/m and
from 21.45 to 12.25 mN/m at pH 3 throughout the measurement time. In this case, the
EPS appears to be more effective at reducing interfacial tension at a lower pH (pH 3)
compared to a higher pH (pH 7). Therefore, this EPS displayed better surface activity in an
acidic environment than neutral, whereas for the EPS SP213 and EPS SP255 extracts, the
interfacial tension value was lower at pH 7 compared to 3. Thus, the adsorption affinity to
the oil–water interface was higher in a neutral environment.
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For all strains, understanding how EPSs interact with interfaces and how their ad-
sorption behavior is influenced by pH provide important data to their uses. The interfacial
tension reduction property of EPS extracts can have various applications, particularly those
related to emulsification [87] where controlling the interfacial properties is essential.

According to our results, all studied EPSs could be used in the formation and stabi-
lization in both neutral and acidic emulsions, which find applications in various industries
such as pharmaceuticals, cosmetics, and food.

However, given that the use of EPS SP257 as an emulsifier in acidic emulsions is
recommended, it could be employed in acidic emulsions such as yogurt and fermented
milk products.

It is worth noting that our study is one of the first to investigate the interfacial prop-
erties of native EPS derived exclusively from LAB. The majority of earlier studies are
interested in modified or partially purified forms of EPSs. They have also explored the
interactions between EPSs and other molecules, particularly proteins [88,89].

The focus on the unmodified form could provide valuable insights into the intrinsic
characteristics of the EPS produced by these bacteria. Thus, the results obtained from this
study open up a wide range of potential applications for these extracts.

3.10. Formation of Multilayer Emulsions
3.10.1. Zeta Potential Analysis

Improving the stability of oil-in-water (O/W) emulsions is achievable by harnessing
the advantageous properties of various emulsifiers, leading to the formation of emulsions
where droplets are stabilized by multilayer membranes [90].

To create a stable multilayer emulsion, it is important to select the right combination
of emulsifier and biopolymers [91]. As seen previously (Figure 5), the three EPS extracts
were negatively charged across the entire studied pH range. For this reason, a combination
between the EPS extracts and the commercial protein sodium caseinate (CAS) was used
to obtain the colloidal stability of CAS-EPS emulsion systems by electrostatic attractions
between anionic groups of EPS chains and positive groups of (CAS) proteins through
complexation at an acidic pH [90,92].

Likewise, to demonstrate the presence of distinct interfacial layers in the emulsions co-
stabilized by caseinate and exopolysaccharides (EPSs), zeta potential measurements were
conducted before and after the addition of EPSs. The results show significant changes in the
zeta potential, indicating a shift in the surface charge of the oil droplets. This shift after the
addition of EPSs strongly suggests the adsorption of a second stabilizing layer of EPSs onto the
caseinate-stabilized droplets, thereby confirming the formation of a multilayered emulsion [85].

In this context, Zeta potential analysis is a crucial method for characterizing the stabil-
ity and behavior of colloidal dispersions such as a multilayer EPS/caseinate emulsion [93].
ζ-potential measurements can be used to study the ionization behavior of polymers em-
ployed and to assess the appropriate concentration of biopolymer coatings around the
emulsion droplets [92].

According to Bouyer et al. [94], particles exhibiting a zeta potential beyond +25 mV
or below −25 mV typically demonstrate heightened stability owing to their electrostatic
stability. Consequently, biopolymer dispersions formed with these particles tend to re-
main stable. Conversely, lower zeta potential values lead to eventual aggregation within
dispersions due to Van der Waals inter-particle attractions.

As shown in Figure 7, the behavior of the ζ-potential of secondary emulsions prepared
using different EPS concentrations (0–2 mg/mL) were measured. At pH 3 and without
EPSs, the charge of the emulsion droplets was positive and reached approximately 30 mV.
The positive charge is attributed to the sodium caseinate (CAS) being below its isoelectric
point (IEP) of 4.6, resulting in a net-positive charge on the droplets. When the EPSs were
added to the emulsions, the values of the ζ-potentials decreased considerably from positive
to negative and reached 0.0 for an EPS/CAS ratio ranging from 0.75 to 1.500 mg/mL for
the three emulsions. This change in the ζ-potential could imply the formation of complexes
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or binding between oppositely charged functional groups present in EPS (-COO−) and the
protein sodium caseinate (-NH3

+).
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Indeed, the adsorption of charged polyelectrolytes on oppositely charged surfaces is a
well-studied phenomenon in the literature [95,96] and it is influenced by several factors
such as the charge fraction, ionic concentration, and particle size [97].

3.10.2. Particle Size Measurements

As shown in Table 2, primary emulsions containing caseinate-coated lipid droplets had
a monomodal particle size distribution characterized by a relatively small mean particle
diameter (z-average) of approximately 22, 7 ± 0.96 µm at pH 3 and no creaming was observed.
Furthermore, the mean particle diameter d (4.3) of the droplets in the secondary emulsions
containing different ratios of CAS/EPS measured at saturation (between 0.75 and 1.5 mg/mL)
was significantly larger (between 32 and 55 µm) than that of the primary emulsion, but still
remained small. Indeed, emulsions prepared with small droplets tend to be more stable due
to their surface properties [89].

Table 2. Average particle size D (4.3) for primary and secondary emulsions as function of ratio (w/w).

Emulsion D (4.3) (µm)

Primary emulsion
2 wt % CAS, 10 wt % oil 22.70 ± 0.95

Secondary emulsion
0.75 wt % CAS/EPS 257 55.90 ± 2.72
1.25 wt % CAS/EPS 257 55.20 ± 2.24
1.7 wt % CAS/EPS 257 31.24 ± 2.27
0.75 wt % CAS/EPS 255 68.16 ± 4.27
1.5 wt % CAS/EPS 255 36.30 ± 1.37
1.25 wt % CAS/EPS213 47.13 ± 3.25
1.7 wt % CAS/EPS213 56.55 ± 1.20

However, the increase in the mean particle size may be attributed to the adsorption of
EPSs to the surface of the CAS-coated oil droplets or due to their ability to bind multiple
droplets together, a phenomenon known as bridging flocculation. This phenomenon has been
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reported in the literature for various other types of anionic polysaccharides added to emulsions
stabilized by proteins, like pectin and xanthane [98], fucoidane [95], and alginate [96].

At the same pH conditions, the two emulsions containing CAS/EPS 257 and CAS/EPS 255
at a ratio of approximately 1.5 mg/mL were relatively stable for droplet aggregation, which can
be attributed to the increase in steric and electrostatic repulsion. This stability for droplet aggre-
gation is crucial in preventing the emulsions from breaking down or separating. Nevertheless,
severe aggregation occurred in the multilayer emulsion prepared from EPS213 at the ratio of
1.7 mg/mL.

Based on previous studies, the characteristics of the emulsifiers or polyelectrolytes
as well as the preparation conditions (homogenization method, pH. . .) play a crucial
role in determining the zeta potential, size, and particle size distribution of the emulsion
droplets [99]. On the one hand, an excess of emulsifiers can lead to bridging floccula-
tion, where the emulsifier molecules form a network connecting the droplets, causing
aggregation and instability [100]. On the other hand, insufficient emulsifiers can result
in depletion flocculation, where the emulsifier molecules are depleted from the interface,
causing droplets to come together and aggregate [101]. Thus, maintaining a delicate balance
between the amount of emulsifier and the preparation conditions is the key to achieve
stable and well-performing emulsions with desirable properties.

3.10.3. Influence of EPS Concentration on Emulsion Stability

For all studied EPS extracts, the investigation focused on examining the impact of
incorporating an anionic EPS layer on the surface of caseinate (CAS)-coated droplets. At
pH 3, a stable multilayer emulsion could be formed at different EPS concentrations. The in-
vestigation was expanded to determine the optimum amount of EPSs and caseinate to form
the best stability among the examined multilayer emulsions. The potential measurements
of the secondary emulsion containing different EPS concentrations (0.05–2.00 g/L, pH 3).
As the EPS concentrations increased from 0 to 2 g/L, the ζ-potential values consistently
decreased, hitting a constantly negative value. This trend suggested that the EPSs could
saturate the surface of the protein-coated droplets surfaces.

Indeed, when anionic EPSs were absent, the droplets in the secondary emulsions ex-
hibited a positive net charge of approximately 30 mV at pH 3. This positive charge was
attributed to the cationic nature of the caseinate outer layer within the biopolymer coating.
As the concentration of EPSs in the emulsions increased, the electrical charge on the droplets
gradually shifted from positive to negative, becoming increasingly more negative.

The zeta potential on the droplets reached zero at an approximately 0.75 g/L EPS/CAS
ratio for the EPS-SP255 extract and a 1.5 g/L ratio for the EPS-SP257 and EPS-SP213 extracts,
indicating a balance between the anionic and cationic groups. This difference between the
three EPS extracts could be explained by the variation in the chemical composition and
structure of the different EPSs.

Moreover, when the concentration of anionic EPSs exceeds 1.5 g/L, the negative charge
on the droplets stabilizes at a relatively constant level. This suggests that electrostatic
interactions caused the negatively charged EPSs to attach to the positively charged protein-
CAS coating of the lipid droplets. The fully coated droplets exhibited a zeta potential of
approximately −15 mV.

The formation of a complete EPS layer around the droplet suggests a synergistic effect
between proteins and exopolysaccharides in stabilizing the emulsion [84]. In addition, as
discussed previously, the mean droplet diameter D (4.3) of the emulsions changes when
EPSs are introduced into the system. The D (4.3) values of the emulsions increased and
then decreased with thhe increasing EPS concentration (0.05–2.00 g/L pH 3).

According to our results, a bridging flocculation was observed at relatively low EPS
concentrations (e.g., 0.05 to 0.75 wt % EPS for 3 wt % oil emulsion), which was not high
enough to saturate the droplet surfaces. However, this emulsion instability to droplet
aggregation could be improved if higher EPS levels were used. The minimum concentra-
tion required to stabilize multilayer emulsions for EPS 255 and EPS257 was found to be
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1.5 and 1.7 wt %, respectively. For the EPS213 emulsion, when the concentration exceeded
saturation, the emulsion flocculated.

Interestingly, these samples observed at pH 3 showed instability against droplet
aggregation, but could be improved if higher exopolysaccharide levels were used. Indeed,
polysaccharides can stabilize oil droplets by forming a protective coating around them [99],
thereby preventing droplet flocculation and coalescence, which leads to phase separation
in emulsions [89].

4. Conclusions

In the present study, three novel EPSs, EPS SP213, EPS SP255, and EPS SP257, biosyn-
thesized by Lactococcus lactis strains and Weissella cibaria strains, were characterized. The
studied strains produced significant amounts of EPSs, reaching 2.77 g/L.

The reduction in interfacial tension due to EPS adsorption supports their potential use
as bio-hydrocolloid agents in the food industry and other biotechnological fields.

Additionally, the influence of the three EPSs on the preparation and stability of mul-
tilayer emulsions was demonstrated. The tested EPS extracts were able to improve the
emulsion stability to varying extents.

Therefore, the interfacial properties of these EPSs, combined with their ability to
create and maintain stable multilayer emulsions, position them as promising alternatives
to certain commercial polysaccharide emulsifiers.
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