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 46 

Abstract 47 

The microbial exopolysaccharide (EPS) gains escalated attention by researchers and industries. 48 

Therefore, the objectives of this study were to: 1) isolate, purify and characterize EPS produced 49 

by Enterococcus faecium MS79 (EPS-MS79) including molecular weight, monosaccharide 50 

composition, potential structure by NMR analyses, functional groups by FTIR, particle size and 51 

zeta potential, and thermal properties by DSC. 2) investigate bioactive properties of EPS-MS79 52 

namely antioxidant by DPPH and ABTS, antidiabetic, antipathogenic, and anticancer activities. 53 

3) investigate the rheological properties of the EPS-MS79 as influenced by salt type and pH 54 

level.  55 

The average Mw of the EPS-MS79 was 8.3 x 105 Da. EPS-MS79 composed of three 56 

monosaccharides arabinose, mannose, and glucose in a molar ratio of 0.8:1.7:11.3. The proposed 57 

backbone structure of EPS-MS79 was: →4)[α-d-Gal(1→4)α-d-Glc(1→3)α-d-Glc(1→2)]β-d-58 

Man(1→2)α-d-Glc(1→6)α-d-Glc(1→. Scavenging activities of EPS-MS79 were 76% and 85% 59 

as measured by DPPH and 26% and 44% as measured by ABTS. The antiproliferative activities 60 

against colon (72% and 77%) and breast (43% and 56%) cancer cell lines. The reductions in the 61 

pathogens’ population were 2.7, 3.0, 3.0 and 2.9 logs CFU/mL for S. aureus, S. Typhimurium, L. 62 

monocytogenes, and E. coli O157:H7, respectively. All EPS-MS79 solutions displayed shear 63 

thinning behavior. The G' and G" moduli of all EPS-MS79 solutions increased alongside with 64 

frequency increase. Salt type and pH level had noteworthy impact on the rheological properties of 65 

EPS-MS79. The EPS-MS79 could be a potent prebiotic promoting health and rheological 66 

properties.  67 

 68 
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 69 

1. Introduction 70 

Polysaccharides are used widely in the food industry as thickeners emulsifiers or stabilizers, due 71 

to their ability to influence viscosity and rheology (Caggianiello, Kleerebezem, & Spano, 2016; 72 

Hussain et al., 2017). Applications in the dairy industry are particularly extensive and have been 73 

recently reviewed (Llamas-Arriba et al., 2019). However, recent studies regarding 74 

exopolysaccharides (EPS), highlight that they possess a number of underlying physiological 75 

functions and biological activities such as antioxidant, antibacterial, antiviral, antitumor, 76 

immunoregulatory, hypoglycaemic, antihypertensive and cholesterol lowering, whilst promoting 77 

the colonization of probiotics in the host (Xu et al., 2019; Zhou, Cui, & Qu, 2019). 78 

EPS are high molecular weight carbohydrate polymers that can be further classified as either 79 

homo- or hetero-polysaccharides depending on whether they comprise a mixture of glucose, 80 

fructose, rhamnose and glucose or only a single type of monosaccharide respectively (Jiang & 81 

Yang, 2018; Monsan et al., 2001). Functionality-enhancing probiotic EPS are commonly 82 

produced by a range of Lactic Acid bacteria (LAB) as well as bifidobacteria (Llamas-Arriba et 83 

al., 2019). LABs are particularly suited for applications in the food industry due to their GRAS 84 

(generally recognized as safe) status (Saadat, Khosroushahi, & Gargari, 2019; Xu et al., 2019).  85 

Numerous studies have shown the physicochemical characteristics and bioactivates of EPS 86 

produced by Lactobacilli (Zhou et al., 2019) and particularly Lactobacillus plantarum (Jiang & 87 

Yang, 2018; Silva, Lopes Neto, & Cardarelli, 2019), L. bulgaricus RR (Kimmel, Roberts, & 88 

Ziegler, 1998) and Bifidobacterium longum BB-79 (Roberts et al., 1995; Xu et al., 2019) 89 

Enterococcus faecium, a Gram-positive bacterium formerly of the group D Streptococci system, 90 

known as Streptococcus faecium (Ryan & Ray, 2004). E. faecium is of particular interest as it is a 91 
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known extremophile, able to tolerate very basic conditions (pH 9.6) and very high salt 92 

concentrations (Nicolaus, Kambourova, & Oner, 2010). Unlike L. plantarum, few attempts have 93 

studied the properties of EPS produced by E. faecium isolated from infants (Jia et al., 2019), 94 

fermented milk product (Bhat & Bajaj, 2018), fresh and processed fish products (Abdhul et al., 95 

2014; Kanmani et al., 2013). However, these reports have a limited focusing on the biological 96 

activities namely antioxidant, hypocholesterolaemia, and antibiofilm. Therefore, the present study 97 

is a comprehensive analysis of bioactivities and their rheological properties of EPS produced by 98 

E. faecium MS79 (EPS-MS79) with Genbank accession number MF067509 isolated from low-99 

water activity seafoods and characterized as potential probiotic by AlKalbani, Turner, & Ayyash 100 

(2019). Herein, we (i) isolated, purified and characterized EPS-MS79 including molecular 101 

weight, monosaccharide composition, potential structure by NMR analyses, functional groups by 102 

FTIR, particle size, zeta potential, and thermal properties by DSC; (ii) investigated bioactive 103 

properties of EPS-MS79 namely antioxidant by DPPH and ABTS, antidiabetic, antipathogenic, 104 

and anticancer activities, and (iii) investigated the rheological properties namely apparent 105 

viscosity, thermal behavior, viscoelastic properties, and thixotropic behavior as influenced by two 106 

salts (CaCl2 and NaCl) and two pH levels (4.0 and 6.0) 107 

 108 

2. Materials and Methods 109 

All chemicals and reagents were purchased from Sigma-Aldrich (Chemie GmbH, Taufkirchen, 110 

Germany) unless otherwise stated.  111 

 112 

2.1 Bacterial propagation 113 
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E. faecium MS79 (MF067509) stored in 50% glycerol solution at -80°C was activated in MRS 114 

broth (de Mann Rogosa Sharpe; LAB-M Limited, Lancashire, UK) at 37°C for 20 hours (h) and 115 

kept at 4°C. Two successive activations of E. faecium MS79 were performed prior to each EPS 116 

extraction step.  117 

2.2 EPS extractions and purification 118 

The extraction and purification of EPS produced by E. faecium MS79 (EPS-MS79) was based on 119 

previously reported methods (Nikolic et al., 2012). Briefly, E. faecium MS79 was cultivated in 120 

MRS broth (250 mL) supplemented with 20 g/L sucrose and incubated at 25°C for 48 h. The 121 

EPS-MS79 was purified by dialysis at 4°C for 48 h followed by lyophilization and freeze-dried. 122 

The purity of EPS solution (5 mg/mL) was confirmed by scanning for proteins and nucleic acid 123 

traces by UV-Vis spectrometer (Epoch™ 2, Bio-Tek, VT, USA) at 190-400 nm wavelength 124 

range. There was no absorbances at 260 nm and 280 nm indicating no or undetected proteins and 125 

nucleic acid traces.  126 

2.3 EPS characterization 127 

2.3.1 Determination of EPS-MS79 molecular weight 128 

The EPS-MS79 Molecular weight (Mw) was determined by gel permeation chromatography 129 

(GPC) coupled with refractive index detector (Waters Cooperation, Herts, UK) as described by 130 

Kansandee, Moonmangmee, Moonmangmee, & Itsaranuwat (2019). Pullulan standard curve 131 

(Mw: 5 kDa, 10 kDa, 20 kDa, 50 kDa, 100 kDa) was used for calculation of Mw. 132 

2.3.2 Monosaccharide composition 133 

The purified EPS-MS79 was hydrolysed by 2 M trifluoroacetic acid (TFA) at 120°C for 2 h. 134 

Composition of monosaccharides was evaluated by GC-FID instrument (YL6500) coupled with 135 

HP-Ultra-2 column (25 m × 0.20 mm × 0.11 µm) as described by Wang et al. (2017b). The 136 
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monosaccharides which were used as standards are glucose, galactose, xylose, arabinose, fucose, 137 

and mannose.  138 

2.3.3 FTIR spectroscopic study 139 

Fourier transform-infrared (FTIR) analysis was carried out by attenuated total reflectance (ATR)-140 

FTIR spectroscopy using Spectrum Two IR coupled with Universal ATR (UATR) unit (Perkin-141 

Elmer Inc., Norwalk, CT, USA). Diamond/ZnSe crystal plate (Perkin-Elmer) was used for 142 

scanning purified-dried EPS-MS79 over a spectral range of 4000 cm−1 to 400 cm−1 at room 143 

temperature (23±0.1°C).  144 

2.3.4 NMR analysis 145 

The 1H NMR, 13C NMR, 1H‒13C heteronuclear single quantum correlation (HSQC) spectra were 146 

recorded in D2O using an Avance III Bruker 600 MHz spectrometer (Bruker Corporation, MA, 147 

USA) equipped with a cryo-probe according to the method described by Cheng et al. (2017). The 148 

EPS-MS79 structure was predicted by the online CASPER program 149 

(www.casper.organ.su.se/casper) (Jansson, Stenutz, & Widmalm, 2006) and performed as 150 

reported by (El-Deeb, Yassin, Al-Madboly, & El-Hawiet, 2018).  151 

2.3.5 Thermal properties 152 

The EPS-MS79 thermal behaviour was determined by the method described by Sasikumar, 153 

Kozhummal Vaikkath, Devendra, & Nampoothiri (2017). 25 mg purified EPS-MS79 was heated 154 

from 20°C to 350°C and analysed using a differential scanning calorimeter DSC 25 (TA 155 

instrument, DE, USA).  156 

2.3.6 EPS microstructure study 157 

A 5 mg of EPS-MS79 was used for microstructure study using JEOL JSM-6010LA scanning 158 

electron microscope (SEM, Akishima, Tokyo, Japan) operating at 20 kV accelerating voltage. A 159 

http://www.casper.organ.su.se/casper
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thin gold layer was coated on EPS-MS79 using Cressington Sputter Coater 108 Auto (Ted Pella 160 

Inc., CA, USA).  161 

2.3.7 Zeta potential and Particle size analysis 162 

The particle size and zeta potential charge of EPS-MS79 (0.5% w/v) were measured using 163 

NanoPlus Zeta Potential & Particle Size Analyzer (Particulates System, GA, USA).  164 

2.4 EPS bioactivities 165 

2.4.1 Antioxidant by ABTS and DPPH assays 166 

The free radical scavenging activities of EPS-MS79 (5 mg/mL or 10 mg/mL) were detected by 167 

2,2′-azino-bis(3-ethylbenzo-thiazoline-6-sulphonic acid) (ABTS•+) and 1,1-diphenyl-2-168 

picrylhydrazyl (DPPH) assays as reported by Ayyash, Al-Nuaimi, Al-Mahadin, & Liu (2018). 169 

The percentage of radical scavenging activity was expressed as scavenging (%) using: 170 

Scavenging % = (1 −
𝐴𝑏𝑠 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠 𝑏𝑙𝑎𝑛𝑘
) ×  100…Eq. (1) 171 

2.4.2 ⍺-Amylase and ⍺-glucosidase inhibitory activities 172 

The EPS-MS79 (100 µg/mL or 200 µg/mL) inhibitory activities against ⍺-amylase and ⍺-173 

glucosidase enzymes were measured by previously described method (Sasikumar et al., 2017).  174 

Inhibition % = (1 −
𝐴𝑏𝑠 𝑠𝑎𝑚𝑝𝑙𝑒− 𝐴𝑏𝑠 𝑏𝑙𝑎𝑛𝑘

𝐴𝑏𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) ×  100…Eq. (2) 175 

2.4.3 Antiproliferative activity 176 

The Antiproliferative activities of EPS-MS79 (5 mg/mL or 10 mg/mL) were evaluated in 177 

carcinoma cell lines Caco-2 (colon carcinoma) and MCF-7 (breast carcinoma). The assay was 178 

carried out according to the protocol described Ayyash et al. (2018). The percentage of 179 

cytotoxicity was calculated using: 180 

Antiproliferative (%) = [1 −  
R𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑜

R𝑐𝑡𝑟𝑙−𝑅𝑜
] ×  100…Eq. (3) 181 
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where Rsample and Rctrl represents ratio of absorbance (OD570/OD605) in the presence of EPS-182 

MS79 and in the absence of EPS-MS79 [vehicle (positive) control] respectively. Ro [non-cell 183 

(negative) control] is the averaged background representing absorbance ratio of OD570/OD605. 184 

2.4.4 Antipathogenic activity 185 

The antipathogenic activities of EPS-MS79 (5 mg/mL) against foodborne pathogens 186 

Staphylococcus aureus ATCC 25923, Salmonella Typhimurium 02-8423, Listeria 187 

monocytogenes ATCC 7644, E. coli O157:H7 1934 were examined according to the previously 188 

described method (Jeong et al., 2017). EPS-MS79 aqueous (100 µL of 5 mg/mL) solution was 189 

added to 250 µL of the activated pathogen in brain heart infusion (BHI, LAB-M) followed by 190 

incubation at 37°C for 18 h. The pathogen was enumerated on BHI agar (LAB-M) and incubated 191 

at 37°C for 24 h in aerobic condition.  192 

2.5 Rheological properties of EPS 193 

EPS-MS79 was mixed (5 mg/mL) with different aqueous solutions (dd-H2O, 0.1 M CaCl2, 0.1 M 194 

NaCl) at pH values 4.0 and 6.0. Five rheological measurements were carried out for each EPS-195 

MS79 solution using a Rheometer (Discovery Hybrid HR-2, TA Instruments, DE, USA). The 196 

geometry cone plate (50-mm diameter, 1° cone angle, 50 µm gap) with plate-controlled 197 

temperature (25°C ± 0.1°C) was employed to perform the following tests: 198 

2.5.1 Apparent viscosity (𝜂) 199 

The shear rate (𝛾̇) at 25C ± 0.1°C was used to measure the shear stress (𝜏) and the apparent 200 

viscosity (𝜂) of the samples. A shear rate range of 1000 s-1 to 10 s-1 was used to measure 201 

rheological property of the sample. All rheological tests were performed at 25C ± 0.1C. The 202 

increasing (forward measurements) and decreasing (backward measurements) shear rates were 203 

used to carry out the measurements. Thixotropy was measured as a function of the area between 204 
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the upward and downward curves using RHEOPLUS/32 V3.31 software. Power law model was 205 

employed to describe the flow curves of EPS-MS79: 206 

𝜏 = 𝑚𝛾̇𝑛…Eq. (4) 207 

where τ is shear stress (Pa), 𝑚 is the consistency coefficient, 𝛾̇ is shear rate (s-1), and 𝑛 is the flow 208 

behaviour index.  209 

2.5.2 Temperature-dependent behaviour  210 

The change in viscosity of EPS-MS79 ( 𝜂) was analyzed as a function of temperature from 10°C 211 

to 80°C. The temperature ramp rate was 3°C/min at a constant shear rate of 20 s-1. Activation 212 

energy was calculated according to Arrhenius equation: 213 

𝜂 = 𝜂0𝑒
𝐸𝑎
𝑅𝑇…Eq. (5) 214 

2.5.3 Amplitude and frequency sweep tests 215 

Amplitude sweep was employed to determine the linear viscoelastic region of EPS-MS79 216 

solutions in the strain range of (0.1 – 100%) and at a constant frequency of 1.0 Hz. 217 

To evaluate viscoelastic behaviour of EPS-MS79 frequency sweep test was used at various 218 

frequencies ranging from 0.1 Hz to 10 Hz at constant strain within the linear viscoelastic region 219 

(less than 2%). 220 

2.5.4 Thixotropy test 221 

The solutions of EPS-MS79 were subjected to low and high shear to investigate the structural 222 

deterioration and recovery. The viscoelastic parameters storage (G’) and loss (G”) moduli were 223 

recorded using oscillation-time test at frequency 1.0 Hz. Three-time segments were applied with 224 

the following conditions: 1) first time (200 s, stress 0.2 Pa), 2) second time (60 s, stress 50 Pa), 225 

and third time (400 s, stress 0.2 Pa).  226 

2.6 Statistical analysis 227 
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All biological activities were measured at least three times. Values were represented as the mean 228 

± SD. One-way ANOVA was performed to determine the significance of differences between 229 

different concentrations. Fisher's test was carried out for comparing means at a significance level 230 

of P < 0.05. 231 

 232 

3. Results and Discussion 233 

 234 

3.1 Molecular weight and monosaccharides analysis 235 

The average molecular weight (Mw) of the EPS-MS79 was determined by GPC method (Figure 236 

S1). Based on the external pullulan standard curve, the average Mw of the EPS-MS79 was 8.3 x 237 

105 Da. This result is relatively larger than the Mw of EPS produced by E. faecium WEFA23 (2.5 238 

– 3.23 x 105 Da) (Jia et al., 2019) and E. faecium MC13 (2.0 x 105 Da) (Kanmani et al., 2013). No 239 

Mw has been reported about EPS produced by E. faecium K1 (Bhat & Bajaj, 2018) and E. 240 

faecium BDU7 (Abdhul et al., 2014). The larger molecular weight contributes significantly to 241 

rheological properties and viscosity of the existence systems such food products (Zhou et al., 242 

2019). As illustrated in Figure S2, the present EPS-MS79 composed of three monosaccharides 243 

arabinose, mannose, and glucose in a molar ratio of 0.8:1.7:11.3. This variation in 244 

monosaccharides suggests that EPS-MS79 was a hetero-exopolysaccharides. The 245 

monosaccharides type has significant influence on the functionalities of the exopolysaccharide 246 

(Zhou et al., 2019). The types of monosaccharides moieties of EPS-MS79 relatively differ 247 

compared with EPS produced by E. faecium WEFA23 (Jia et al., 2019) and E. faecium MC13 248 

(Kanmani et al., 2013). Unlike the present study, both studies reported the presence of galactose 249 

and absence of arabinose moieties. This suggests that the present EPS-MS79 was a hetero-250 
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exopolysaccharide and had distinctive monosaccharides composition compared with EPS 251 

produced by same bacterial species.  252 

 253 

3.2 FTIR and NMR analyses 254 

Functional group analysis by FTIR is presented in Figure 1. The peaks as appeared at 812.8 cm-1 255 

and 915.65 cm-1 were ascribed to presence of α- and β-configurations of mono-sugars (Jeff et al., 256 

2013). The peak absorption at 880.3 cm-1 implies the presence of β-glycosidic linkage. The peaks 257 

at 1027.1 cm-1 and 1127.4 cm-1 are the fingerprint peak of the polysaccharides. These peaks 258 

appeared due to stretch vibration of C-O-C and C-O-H linkages in the pyranose structure (Tian, 259 

Zhao, Zeng, Zhang, & Zheng, 2016). The band at 1213.8 cm-1 was assigned to presence of 260 

monosaccharide sugar in pyranose structure (Wang et al., 2017a). The peaks at 1545.4 cm-1 and 261 

1645.8 cm-1 could be attributed to the vibration of C-O and C=O groups, respectively (Chen et 262 

al., 2013; Tian et al., 2016). The stretching vibration of C-H appeared as a peak signal at 2927.4 263 

cm-1. The wide band at 3285.3 cm-1 was accredited to large number of hydroxyl groups in the 264 

EPS-MS79 structure (Zeng et al., 2016). Functional groups have been linked with various EPS 265 

characteristics including viscosity, antimicrobial and antioxidant activities (Zhou et al., 2019). 266 

The FTIR spectrum of EPSs produced by E. faecium BDU7 (Abdhul et al., 2014) and E. faecium 267 

K1 (Bhat & Bajaj, 2018) are relatively different compared with the present EPS-MS79. This 268 

suggests that these exopolysaccharides have different characteristics. Jia et al. (2019) did not 269 

report FTIR spectrum of EPS produced by E. faecium WEFA23.   270 

 271 

The NMR analyses including 1H NRM, 13C NMR, TOCSY, HSQC, and HMBC of EPS-MS79 272 

are presented in Figure 2 (A, B, C, D and E, respectively). In addition to the 1D 1H and 13C traces 273 
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(Fig. 2A and 2B), the 2-D maps of TOCSY and HSQC (Fig. 2C and 2D) illustrate the anomeric 274 

proton and carbon correlations that typically occur in the regions 4.5 - 5.5 ppm (1H) and 95.0 - 275 

110.0 ppm (13C). Panel E of Figure 2 shows the HMBC map that confirms the expected pattern 276 

for the long-range connections in the polysaccharide regions. The presence of uronate or acetyl-277 

uronate derivatives, that could be possible in principle because of the occurrence of a weak 278 

broadened signal in the carbonyl 13C region, is not ruled out by the HMBC spectrum (Fig. 2E). 279 

The observation of a weak HSQC correlation linking a carbon at 72.6 ppm to a proton at 4.62 280 

ppm, accompanied by a weaker one at 76.8 and 5.37 ppm (Fig 2C), seems to support the 281 

interpretation in favor of an uronate derivative in EPS-MS79, in either 𝛼 and 𝛽 anomeric 282 

configuration (Ma et al., 2018; Ye, Chen, Wang, Yang, & Bin, 2018). The CASPER computed 283 

assignments (Lundborg & Widmalm, 2011) of the experimental anomeric CH correlations 284 

obtained from 1H-13C NMR HQSC are presented in Table 1. According to the CASPER 285 

outcomes, the proposed backbone structure of EPS-MS79 was: →4)[α-d-Gal(1→4)α-d-286 

Glc(1→3)α-d-Glc(1→2)]β-d-Man(1→2)α-d-Glc(1→6)α-d-Glc(1→. To best of our knowledge, 287 

no information has been reported about the potential backbone structure of EPS produced by E. 288 

faecium strains (Abdhul et al., 2014; Bhat & Bajaj, 2018; Jia et al., 2019).   289 

 290 

3.3 Thermal properties, particle size, zeta potential and SEM 291 

The thermodynamic analysis by DSC demonstrated that the transition temperature (Tg) of EPS-292 

MS79 was detected at 58.6°C followed by sharp peak indicated for melting temperature at 293 

161.0°C (Fig. 3A). The enthalpy energy at the Tm was 195.7 J/g. The present Tm of EPS-MS79 is 294 

greater than EPS produced by E. faecium K1 (Tm 62.99°C) (Bhat & Bajaj, 2018) and E. faecium 295 
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MC13 (Tm 125.89°C) (Kanmani et al., 2013). EPS with higher Tm has great application in the 296 

industrial processes which require thermal treatments such food production (Xu et al., 2019).  297 

The particle size analyzer found that the average molecular size and the zeta potential of the EPS-298 

MS79 were 561.7 nm and -109.97 mV, respectively. The size and charge of the EPS-MS79 are 299 

comparable to those reported of EPS produced by Pediococcus pentosaceus M41(Ayyash et al., 300 

2020b). It has been reported that negative charge usually associated with noticeable bioactive 301 

properties of EPS (Xu et al., 2019). The negative charge of the EPS-MS79 may be due to 302 

hydroxyl and carboxyl groups composed the EPS structure. SEM images at 2000x (Fig. 3B) and 303 

800x (Fig. 3C) magnifications of the EPS-MS79 demonstrated a layer-like, flake-like and closed 304 

structure. The presence of 1→4 and 1→3 linkages may be responsible for the layer-like structure 305 

which in turn provides firm structural properties (Zhou et al., 2019).  306 

 307 

3.4 Bioactive properties 308 

3.4.1 Antioxidant, Antidiabetic and Antiproliferative Activities 309 

The results of the bioactive properties namely antioxidant measured by DPPH and ABTS, 310 

antidiabetic measured 𝛼-amylase and 𝛼-glucosidase inhibitions activities, antiproliferative 311 

activity against colon (Caco-2) and breast (MCF-7) carcinoma cell lines, and antibacterial 312 

activities against 4 foodborne pathogens are presented in Figure 4. Free radicals (superoxide 313 

(●O2
‾, ●OOH), hydroxyl (●OH), and peroxyl (ROO●)) cause pronounced stress and damage to cell 314 

components (Saadat et al., 2019). The antioxidant activity of the bacterial EPS is a major 315 

bioactive parameter frequently assessed by enormous studies related to EPS. Scavenging 316 

activities of EPS-MS79 were 76% and 85% as measured by DPPH and 26% and 44% as 317 

measured by ABTS at 5 mg and 10 mg concentrations, respectively (Fig. 4A). The current DPPH 318 
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results are comparable to the DPPH activities of EPS produced by E. faecium K1 (64%) (Bhat & 319 

Bajaj, 2018) and greater than E. faecium BDU7 (Abdhul et al., 2014). Functional groups 320 

(hydroxyl and carboxyl), monosaccharide composition, and substitutions of EPS are main 321 

determinants of the antioxidant activities (Zhou et al., 2019). Statistical analysis displayed that 322 

EPS-MS79 concentration affected the antioxidant activities significantly (p < 0.05) (Fig. 4A). 323 

Inhibiting the activities of 𝛼-amylase and 𝛼-glucosidase is one of the approaches to protect 324 

diabetic people by blocking carbohydrates hydrolysis by these enzymes (Ayyash et al., 2019). 325 

EPS-MS79 exhibited remarkable inhibitions activities against 𝛼-amylase (87% and 91%) and 𝛼-326 

glucosidase (91% an 92%) at 100 µg and 200 µg concentrations, respectively (Fig. 4A). To best 327 

of our knowledge, no information has been reported previously about the antidiabetic activities of 328 

EPS produced by E. faecium (Abdhul et al., 2014; Bhat & Bajaj, 2018; Kanmani et al., 2013). 329 

However, the present results are comparable to those found by Ayyash et al. (2020b) and 330 

Sasikumar et al. (2017) who reported antidiabetic properties of EPS produced by Pediococcus 331 

pentosaceus M41 and L. plantarum BR2, respectively. To present, the inhibition mechanism of 332 

the 𝛼-amylase and 𝛼-glucosidase activities is unclear. For instance, 𝛼-amylase activity could be 333 

inhibited by either blocking the active site, altering the allosteric site of the enzyme, or attaching 334 

to the enzyme’s substrate which by then would be unavailable to be hydrolyzed by the enzyme 335 

(Aghajari, Feller, Gerday, & Haser, 2002; Tundis, Loizzo, & Menichini, 2010). According to 336 

statistical analysis, there was no significant effect (p > 0.05) of EPS-MS79 concentration on the 337 

inhibition activities of 𝛼-amylase and 𝛼-glucosidase.  338 

 339 

As can be depicted from Figure 4A, EPS-MS79 displayed antiproliferative activities against 340 

colon (72% and 77%) and breast (43% and 56%) cancer cell lines at 5 mg and 10 mg 341 
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concentrations, respectively. The antiproliferative magnitude of EPS-MS79 on colon cancer 342 

(Caco-2) was greater (p < 0.05) compared with breast cancer (MCF-7). Like the antidiabetic, 343 

there are no anticancer activities have been reported about EPS produced by E. faecium. 344 

However, our results accord with the anticancer activities of EPS produced by R. mucilaginosa 345 

CICC 33013 (Ma et al., 2018) and are greater than EPS of L. plantarum C70 (Ayyash et al., 346 

2020a). Several hypotheses have been proposed to explain the anticancer mechanism(s) of EPS 347 

(Saadat et al., 2019). EPS could induce the autophagy via regulating the autophagy Beclin-I 348 

protein (Kim, Oh, Yun, Oh, & Kim, 2010). EPS could also block the cancer cell receptors which 349 

in turn prevent growth promotors to enter the cells (De Flora & Ferguson, 2005). 350 

 351 

3.4.2 Antibacterial Activities 352 

Figure 4B displays the antibacterial activities of EPS-MS79 against 4 foodborne pathogens 353 

namely S. aureus, S. Typhimurium, L. monocytogenes, and E. coli O157:H7. The EPS-MS79 had 354 

significant (p < 0.05) bactericide impact on all experimented foodborne pathogens. The 355 

reductions in the pathogens’ population were 2.7, 3.0, 3.0 and 2.9 logs CFU/mL for S. aureus, S. 356 

Typhimurium, L. monocytogenes, and E. coli O157:H7, respectively, compared with the initial 357 

9.1 – 9.2 logs CFU/mL (Fig. 4B). There was no significant difference between the log reductions 358 

of the pathogens. This suggests that EPS-MS79 had similar bactericidal effects on both gram-359 

positive and gram-negative pathogens. The mechanism(s) of the antibacterial effect of the EPS is 360 

yet unclear. However, few hypotheses have been proposed in literatures explaining the 361 

antimicrobial mechanisms of the EPS. It has been reported that EPS could block the enzymes 362 

responsible for the cell wall biosynthesis which leads to leakage in cell components followed by 363 

cell death (Vazquez-Rodriguez et al., 2018). We also propose that EPS might lead to cell 364 
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starvation by preventing nutrients entrance via blocking cell-wall porins. This proposal requires 365 

further investigations.  366 

 367 

3.5 Rheological behaviors  368 

Rheological properties are the foremost features attract various industries’ attention to EPS. The 369 

capabilities of EPS to flow, bind water (water-holding), form a gel, and maintain original 370 

characteristics under various industrial processes are crucial for, but not limited, food, 371 

pharmaceutical and packaging industries. Furthermore, the EPS stability under various 372 

temperatures, salt type and pH level are highly regarded. The experimented EPS-MS79 was 373 

subjected to different rheological tests with presence of NaCl (anion) and CaCl2 (cation) at two 374 

pH values 4.0 and 6.0. To the best of our knowledge, no rheological information is available 375 

about EPS produced by E. faecium.  376 

3.5.1 Apparent viscosity (ƞ) and temperature-dependent behavior 377 

All EPS-MS79 solutions displayed shear thinning behavior, as ƞ decreased along with shear rate 378 

increase, regardless of the salt type and pH level (Fig. 5A). As can depicted from Fig. 5A, EPS-379 

MS79 solution in presence and absence of CaCl2 at pH 4.0 showed highest and lowest, 380 

respectively, apparent viscosity at shear rate ≤ 80 s-1. However, the presence of CaCl2 at pH 6.0 381 

exhibited lower ƞ. These results suggest an interaction effect of CaCl2 and pH at level 4.0 on the 382 

ƞ. The ƞ results fitted well with Power law model. The highest deviation from the Newtonian 383 

behavior (n = 1.00) was scored by EPS-MS79 solution with CaCl2 at pH 4.0 (n = 0.54) (Table S). 384 

the competence of the cations and anions to build intermolecular bridges within the EPS structure 385 

has been reported (Li et al., 2017). However, the present study reveals that pH level had 386 

noticeable and positive impact on the cation bridging capacity. This finding disagrees with (Li et 387 
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al., 2017) who reported higher viscosity of EPS-POS16 at pH 6.0 to 9.0; however, authors did not 388 

investigate the cations impact at different pH level. On the other hand, Ahmed, Wang, Anjum, 389 

Ahmad, & Khan (2013) have found that the viscosity of ESP-ZW3 decreased at neutral pH. In 390 

this study, we postulate that the lower pH 4.0 may affect the EPS conformation which improved 391 

the capacity of Ca+2 to form intermolecular bridges. The highest ƞ in this study contradict with 392 

the results reported by (Ayyash et al., 2020b). This contradiction may be due to differences in 393 

EPS composition and structure.  394 

 395 

Fig. 5B presents the viscosity behavior of all EPS-MS79 solutions functioned to temperature 396 

elevation. After 22°C, all EPS-MS79 solutions had similar viscosity till 350°C. This result 397 

implies that the thermal energy after 22°C was enough to break down the polymer structure. This 398 

finding suggests that the present EPS-MS79 is not suitable for high thermal processes. The 399 

highest activation energy calculated according to Arrhenius equation was EPS-MS79 prepared 400 

with CaCl2 at pH 4.0. This result concurs with apparent viscosity of the same solution (Fig. 5A). 401 

The thermal behavior of the EPS-MS79 in presence of CaCl2 at pH 4.0 supports the concept of 402 

the intermolecular bridging by Ca+2. Comparatively, the thermal stability of the EPS-MS79 is less 403 

than EPS produced by P. pentosaceus M41 (Ayyash et al., 2020b). This difference could be 404 

attributed to the variation in EPS composition and structural linkage.  405 

3.5.2 Storage (G`) and Loss (G``) moduli 406 

The amplitude sweep test showed that all EPS-MS79 solutions maintained a linear behavior for 407 

storage (G') and loss (G") over a strain range between 0.01 to 5.0% (Fig. 6A and 6B). The G' 408 

(elastic) was greater than G" (viscus). This result is different than the result reported by Ayyash 409 

et al. (2020b) who reported that G" was greater than G' of EPS-M41 and linear behavior up to 2% 410 
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strain only. Our result also contradicts with result reported by Han, Du, Xu, Qian, & Zhang 411 

(2016).  412 

The G' and G" moduli as functioned to frequency range from 0.1 to 20 Hz of the EPS-MS79 413 

solutions prepared with different salt types and pH values are displayed in Figures 7A and 7B, 414 

respectively. Both moduli of all EPS-MS79 solutions increased alongside with frequency 415 

increase. In agreement with apparent viscosity results, the G' (Fig. 7A) and G" (Fig. 7B) of the 416 

EPS-MS79 solution with CaCl2 at pH 4.0 were the highest; whereas, the EPS-MS79 with water 417 

only at pH 4.0 had the lowest G' and G". This result evident the intermolecular bridging may 418 

occur by aid of Ca+2. The impact of salt on EPS viscosity is a controversial concept. Andhare et 419 

al. (2017) did not report a noticeable impact of anions (Na+1, K+1) and cations (Mg+2 and Ca+2) on 420 

viscosity of EPS produced by Rhizobium radiobacter CAS. On the other hand, a reduction in the 421 

viscoelastic properties of EPS produced by Rhizobium because of NaCl has been reported by 422 

Aranda-Selverio et al. (2010). It is well stated that the viscoelastic behavior of the EPS is highly 423 

influenced by the following factors: Mw, monosaccharide composition, type of glycosidic bond, 424 

substitutions and functional groups (Zhou et al., 2019). Therefore, the salt and pH impact would 425 

be influenced by the same aforementioned factors. Figure 7C demonstrates that that the viscous 426 

modulus is greater than storage modulus for all EPS-MS79 solutions at low frequency (tan delta 427 

(ẟ) > 1.0). The ẟ decrease with frequency increase allowed for the elastic behavior to be 428 

dominant at high frequency.  429 

3.5.3 Thixotropic behavior (Time-dependent test) 430 

Some products, especially foods, are subjected to high shear stress during processing and 431 

transportation. This high shear stress creates major defect in the structure of the final products 432 

which become undesirable to end consumers. EPS could play crucial role to alleviate this 433 
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phenomenon. EPS capable to re-build its original structure after the EPS undergo for magnitude 434 

shear stress. This capability varies between different EPSs based on the Mw, monosaccharide 435 

composition, type of glycosidic bond, substitutions and functional groups. As can be depicted 436 

from Figure 8, thixotropic behaviors were detected for EPS-MS79 solutions prepared with CaCl2 437 

at pH 4.0 and NaCl at pH 6.0. Whereas, EPS-MS79 with NaCl at pH 4.0 demonstrated an anti-438 

thixotropic behavior. These results suggest that salt type and pH level are determinants affecting 439 

the thixotropic behavior. This result disagrees with those reported by Ayyash et al. (2020b) who 440 

found that the thixotropic behavior did not respond to presence of anion (Na+1) or cation (Ca+2). 441 

This disagreement may be attributed to the differences in EPS composition, linkages, and 442 

functional groups.  443 

 444 

4. Conclusions 445 

EPSs are valuable biopolymers to various industrial sections especially food and pharmaceutical 446 

sectors. EPS-MS79 had relatively large molecular weight that preferred by industries. EPS-MS79 447 

exhibited pronounced bioactive properties make it a potent ingredient in various food formula as 448 

prebiotic. All EPS-MS79 exhibited a non-Newtonian behavior (shear-thinning) The rheological 449 

properties were affected by the presence of salts and pH level.  450 
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 640 
 641 
 642 
Table 1: The 1H and 13C chemical shifts assignments of EPS-MS79 643 

Residues 
Chemical shifts (ppm)1 

1 2 3 4 5 6,6’ 

→6)α-d-Glci(1→ 103.26 74.24 74.70 69.57 72.77 65.19 

 5.30 3.33 3.83 4.02 4.64 4.80,5.34 

→2)α-d-Glcii(1→ 105.69 80.99 73.02 70.56 73.21 61.59 

 5.08 3.96 4.89 4.10 3.83 4.56,5.09 

→2,4)β-d-Maniii(1→ 102.09 79.73 75.23 75.90 76.68 63.78 

 5.22 5.00 4.98 4.50 3.63 5.23,5.20 

→3)α-d-Glciv(1→ 105.29 72.41 81.38 70.55 72.51 61.28 

 5.11 3.70 4.39 3.69 4.52 4.76,4.86 

→4)α-d-Glcv(1→ 100.92 72.36 76.55 77.99 72.65 61.40 

 5.36 3.69 4.95 3.77 4.76 5.43,5.12 

α-d-Galvi(1→ 104.90 68.22 69.40 69.10 72.74 61.79 

 5.37 5.03 5.23 5.17 4.76 4.36,4.25 
1 the chemical shifts assignment by CASPER software (Lundborg & Widmalm, 2011).  644 
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Figure 1: ATR-FTIR spectrum of the EPS-MS79 672 
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Figure 2: One- and two-dimensional NMR spectra of EPS-MS79 (A) 1D 1H spectrum, (B) 1D 696 
13C spectrum, (C) 2D 1H TOCSY, (D) 2D 13C-1H HSQC spectrum, (E) 2D 13C-1H HSQC. black 697 
contours: 2D 13C-1H HSQC, red-blue contours: 2D 13C-1H HMBC 698 
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 709 

 710 
Figure 3: The DSC thermogram (A), and SEM images at x2000 (B) and x800 (C) magnifications 711 
of EPS-MS79 712 
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 717 

 718 
Figure 4: The bioactivities of EPS-MS79: (A) Antioxidant (5 mg  and 10 mg ), antidiabetic 719 
(100 µg  and 200 µg ) and antiproliferative activities (5 mg   and 10 mg ). (B) 720 
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 727 
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 729 

 730 
Figure 5: Apparent viscosity (A) and Temperature-dependent behavior (B) of EPS-MS79 731 

solutions (5 mg) prepared with CaCl2 pH 6.0 (◇), CaCl2 pH 4.0 (☐), NaCl pH 6.0 (◯), NaCl pH 732 

4.0 (△), H2O pH 6.0 (+), or H2O pH 4.0 (✕). 733 
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 745 

 746 
 747 

Figure 6: Storage G' (A) and loss G'' (B) of EPS-MS79 solutions (5 mg) prepared with CaCl2 pH 748 

6.0 (◇), CaCl2 pH 4.0 (☐), NaCl pH 6.0 (◯), NaCl pH 4.0 (△), H2O pH 6.0 (+), or H2O pH 4.0 749 

(✕). 750 
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 761 
Figure 7: G' (A, elastic), G'' (B, viscus), and tan delta (ẟ) of EPS-MS79 solutions (5 mg) 762 

prepared with CaCl2 pH 6.0 (◇), CaCl2 pH 4.0 (☐), NaCl pH 6.0 (◯), NaCl pH 4.0 (△), H2O pH 763 

6.0 (+), or H2O pH 4.0 (✕). 764 
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 769 

 770 
Figure 8: Thixotropic behavior of EPS-MS79 solutions (5 mg) prepared with CaCl2 pH 6.0 (◇), 771 

CaCl2 pH 4.0 (☐), NaCl pH 6.0 (◯), NaCl pH 4.0 (△), H2O pH 6.0 (+), or H2O pH 4.0 (✕). 772 
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