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Abstract
Microbial exopolysaccharides (EPS) are extracellular polymeric substances synthesized by bacteria, fungi or algae which 
are now one of the important food ingredients. In this study, glucan EPS was isolated from lactic acid bacteria (LAB) of 
fermented food origin and was incorporated in yoghurt to enhance its techno-functional attributes and rheological proper-
ties. Glucan EPS concentration at 1% showed significant improvement in syneresis, wheying off, water-holding capacity, 
and sensorial properties of yoghurt. The water holding capacity (WHC) increased from 47% to about 63% while syneresis 
decreased from 52% to nearly 30%. Rheological features such as viscosity, storage modulus, loss modulus, and firmness 
were significantly higher for 1% EPS containing yoghurt (1% ECY) than that of the control. The average particle size 
of 1% ECY was increased from 2.35 µm to 3.46 µm. The microstructure of EPS containing yoghurt was studied by 
scanning electron microscopy and confocal laser scanning microscopy. EPS supports the growth of probiotic microflora 
of yoghurt, which was revealed by analyzing the microbial count of yoghurt. The antioxidant activity as 2,2’-azino-bis 
(3-ethylbenzothiazoline-6-sulphonic acid (mg Trolox/100 g sample) and reducing power assay (mg ascorbic acid/100 g 
sample) for 1% ECY and control yoghurt were found to be 27.9 (mg Trolox/100 g sample), 6.44 (mg Trolox/100 g sample) 
and 0.25 (mg ascorbic acid/100 g sample), 0.19 (mg ascorbic acid/100 g sample), respectively. Significant enhancement 
of these bio-functional attributes of EPS containing yoghurt makes the glucan EPS a suitable hydrocolloid to develop 
various functional foods.
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Introduction

Increased consumer awareness about the relationship 
between healthy food habits and well-being, the impor-
tance of functional foods has tremendously grown. 
Yoghurt is one of the popular fermented dairy-based 
product, commonly produced by the addition of lactic 

culture namely Streptococcus salivarius ssp. thermo-
philes and Lactobacillus delbrueckii ssp. bulgaricus. 
They convert lactose to lactic acid and synthesize flavour 
components including volatile and non-volatile acids 
as well as carbonyl compounds that are responsible for 
the characteristic flavour of yoghurt [1]. In the past few 
decades, yoghurt has gained importance from a functional 
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food perspective due to its rich pool of various functional 
and bioactive components. Variety of health attributes 
associated with yoghurt consumption includes preven-
tion of osteoporosis, weight management, improved lac-
tose tolerance, strengthening of immune system, cancer 
prevention etc. [2]. Along with these biological roles, 
other key parameters which are important in yoghurt are 
structural, rheological and textural properties which ulti-
mately decides consumer’s sensorial acceptance. Hence, 
to obtain these attributes, several studies were conducted 
in recent years stating the use of hydrocolloids, kind of 
polysaccharides, such as gelatin, carrageenan, various 
gums and modified starches have been successfully used. 
Parallelly, extensive work has been conducted to enhance 
these techno-functional attributes by using bacterial exo-
polysaccharides (EPS). Many lactic acid bacteria (LAB) 
can produce EPS, carrying a wide range of applications 
such as stabilizer, emulsifier, viscosity enhancer, gelling 
agent and water-binding agents in many food products 
like jam, jellies, yoghurt, bakery products, beverages 
and salad dressings which contributes to texture, consis-
tency, mouthfeel, and reduced syneresis of the products 
[3]. Especially, in dairy-based fermented products such 
as yoghurt and cheese, EPS incorporation was done suc-
cessfully to obtain proper consistency and texture of the 
product [4]. Numerous studies have also indicated that 
EPS can enhance the textural, physical, microstructural 
and sensorial properties of yoghurt [4–7]. Furthermore, 
few EPS reported in previous studies showed excel-
lent antioxidant properties [8]. EPS has been known for 
imparting various physicochemical and functional prop-
erties such as emulsification, anti-syneresis, flocculation, 
water solubility, prebiotic properties etc. [9]. The quanti-
ties reported for EPS production by various LAB strains 
that have got Generally Regarded as Safe (GRAS) status 
with various functional attributes varies from 25 mg L− 1 
to 600 mg L− 1. These amounts are lower as compare to 
EPS produced by microbes that have not got GRAS status 
(10–25 g L− 1) [10].

In this study, glucan EPS produced from Enterococcus 
hirae OL616073, it is able to produce 20 g L− 1 thereby 
opening the door for its sound use in favour of industrial 
scale-up. Further, this EPS has shown to possess various 
functional properties including foaming capacity, emulsi-
fying and good water holding capacity [11]. Moreover, in 
detail antioxidant potential and in vitro probiotic stimula-
tion abilities are also studied for this glucan EPS (unpub-
lished results). Therefore, by virtue of these properties and 
higher production rates, this study aims at evaluating the 
effect of glucan EPS on various techno-functional, micro-
structural, textural, rheological and bio-functional proper-
ties of yoghurt.

Materials and methods

Ingredients

Milk was procured from the local dairy co-operative out-
let of Pondicherry, India. Skim milk powder (SMP having 
35% of protein) used was from well-known national brands. 
EPS (glucan) used was produced from the potential probi-
otic strain Enterococcus hirae OL616073 formerly isolated 
from traditional Indian fermented food (Idli) [11]. Stan-
dardized yoghurt cultures (Streptococcus salivarius ssp. 
thermophiles & Lactobacillus delbrueckii ssp. bulgaricus) 
were procured from National Collection of Dairy Cultures, 
NDRI, Karnal, India in the form of freeze-dried culture 
(NCDC 144 mixed culture), activated and stored in deMan 
Rogosa Sharpe (MRS) media. All other chemicals and 
microbial media used were procured from Sigma Aldrich 
Chemicals Pvt. Ltd. (Bangalore, India) and HiMedia Labo-
ratories Pvt. Ltd. (Mumbai, India) were either of analytical 
or HPLC grade.

EPS production

The EPS production was carried out according to the 
method explained by Kavitake et al. [11] from probiotic 
strain Enterococcus hirae OL616073. The culture was 
inoculated in sterile MRS broth (supplemented with 2% 
sucrose) and incubated for 48 h in a static condition at 
30 °C. To remove the cell biomass, the fermented broth was 
centrifuged at 12,000 x g for 15 min and the supernatant 
was collected. Then, 2% (w/v) trichloro acetic acid (TCA) 
solution was added to the supernatant and the precipitated 
protein impurities were removed by centrifugation (10,000 
x g for 30 min at 4 °C). Then three volumes of the ice-cold 
ethanol were added to the supernatant and kept overnight 
for precipitation at 4 °C. The precipitate was collected by 
centrifugation (10,000 x g for 15 min) and dissolved in 
deionized water. It was washed with ethanol 2–3 times to 
remove the media impurities from the EPS. Then the crude 
EPS suspension was dialyzed against deionized water using 
12–14 kDa molecular weight cut-off (MWCO) dialysis 
membrane at 4 °C for two days. The dialyzed contents were 
then freeze-dried, weighed, and stored. The sugar content in 
the extracted (partially purified) EPS was quantified by the 
phenol–sulfuric acid method.

Yoghurt production

Yoghurt was produced by following the method of Wacher-
Rodarte et al. [12] with few modifications. The milk pro-
cured was standardized to 15% total solids (w/v) and heated 
at 90 °C for 10 min. Then the samples were cooled to 42 °C 
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Sensory evaluation

Sensory evaluation performed in this study was carried 
out by healthy, non-smokers and lactose-tolerant subjects 
with consent to participate in the sensory evaluation of the 
yoghurt samples. Ten semi-trained sensory panelists from 
the Department of Food Science and Technology, Pondi-
cherry University (5 women and 5 men, ages 25–55 years 
old) were chosen based on voluntariness with the under-
standing that the samples under evaluation were safe. The 
participants in this research were regular users of this kind 
of product. They rinsed their palates with water in between 
for each sample. A nine-point Hedonic scale, which indi-
cates the degree of participants’ general liking or disliking 
of quality characteristics such as appearance, taste, texture, 
aroma, and overall acceptability, was used to ask partici-
pants to rate the product. According to the evaluator, each 
attribute’s score ranged from 1 to 9 (1: extremely dislike; 9: 
extremely like) [16]. The average intensity score for each 
attribute was determined and tallied when the evaluation 
process was finished.

Physicochemical properties of yoghurt

pH and acidity

The pH of the yoghurt sample was measured using a digi-
tal pH meter (Eutech Instruments, Cyberscan 2100, Singa-
pore). The titratable acidity of the yoghurt was analyzed 
by the method given by AOAC [17]. It was determined by 
titrating with NaOH (0.1 N), using phenolphthalein as an 
indicator and expressed as % lactic acid

Lactic acid (% acidity per 5 g of sample)

= (0.1N NaOH × 0.009

/weight of yoghurt sample)× 100

 (3)

Color parameters

L*, a*, b*, chroma, hue, whiteness index, yellowness index, 
Browning index and ΔE (Degree of color change).

Hunter Lab ColorFlex (Reston, VA, USA) was used to 
measure the color of yoghurt samples [18]. Results were 
expressed as L*, a*, b*, chroma (C*), hue (H*), whiteness 
index (WI) yellowness index, Browning index and ΔE.

Chroma(C∗) =
√

(a∗2 + b∗2) (4)

Hue angle (H∗) = tan− 1 [b ∗ /a∗] (5)

in a water bath containing ice and subsequently inoculated 
with the yoghurt cultures (2%), poured into 100 mL PET 
bottles. Later incubated at 42 °C for about 7–8 h and stored 
at refrigeration temperature (4 °C) for 24 h before testing. 
All the analysis were done after 24 h but before 48 h of 
storage.

The effect of glucan EPS was studied by adding and dis-
solving (a process of dissolution involves 30 min hydra-
tion and 10 min vortexing) it into milk prior to incubation. 
Different concentrations of EPS (0.10, 0.25, 0.50, 0.75 and 
1.00% (w/v), were used and the milk without EPS was taken 
as control.

Selection of EPS concentration level based on 
techno-functional and sensory properties

Wheying off

Wheying off was measured by using a siphon-off method 
described by Hassan et al. [13] with few modifications. 
Briefly, the set of refrigerated yoghurt samples were taken 
out and immediately kept at 45° C to allow the whey present 
on the surface to collect on the side of the cup within 10 s. 
Thereby, whey separated on the surface for spontaneous 
serum separation was collected by pipetting it out.

Water holding capacity

The water-holding capacity (WHC) of yoghurt was esti-
mated by the protocol given by Mudgil et al. [14] with few 
modifications. Briefly, 10 g of yoghurt sample (X) was sub-
jected to centrifugation at 950 g for 10 min at 4° C. The 
whey expelled (Y) was removed and the pellet was weighed. 
It was estimated as:

water holding capacity (%) = [(X − Y )/X ] × 100 (1)

Syneresis

Syneresis (%) was estimated by the protocol given by Ama-
tayakul et al. [15] with some modifications. Ten gram of the 
yoghurt sample was centrifuged at 950 g for 15 min. The 
syneresis was calculated as a percentage.

syneresis (%) =

(Weight of whey exp elled

/Weight of initial yoghurt sample)× 100

 (2)
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Model Nikon (A1R), Tokyo, Japan) equipped with multiple 
laser lines including Diode (405 nm, 440/445 nm, 488 nm, 
561/594 nm, 638/640 nm), AR laser (457 nm, 488 nm, 
514 nm), He-Ne laser (543 nm) with the wavelength range 
of 400–750 nm, fixed with 4 Photo Multiplier Tubes detec-
tor and 6 Filter cubes. The emission spectral range for sam-
ple observation kept was 565–600 nm.

Rheological properties of yoghurt

Viscosity and viscoelastic properties

Compact rheometer (RHEOPLUS MCR 52, Anton Paar, 
GmbH, Austria) equipped with a Peltier plate temperature 
controller over an extended period of time was used. The 
apparent viscosity was measured by using a parallel plate 
(PP-50) geometry, a probe with a diameter of 50 mm, and 
the gap between the plates as 1 mm at different shear rates 
(0.1 to 100 s− 1). An amplitude sweep test was performed 
to determine the linear viscoelastic range with a constant 
angular frequency of 10 rad/s and varying strain between 
0.1–100 rad/s. Subsequently, a frequency sweep test was 
performed at maximum strain to measure the storage modu-
lus (G’), loss modulus (G’’), and complex viscosity (η*).

Texture analysis

Texture analysis of yoghurt sample was done as described 
by Behare et al. [20]. The texture analyzer (TA-XT2i, Stable 
Micro Systems, UK) fitted with 25 kg load cell was cali-
brated by using 5 kg standard weight prior to use. A 25 mm 
diameter perplex cylindrical probe (P25) was used to mea-
sure yoghurt firmness set in 50 mL sterilized sample con-
tainer at a temperature 25 ± 1 °C.

Antioxidant assays

Preparation of sample aliquots for antioxidant assays 0.5 g 
of yoghurt sample was weighed and 1 mL of 100% of 
methanol was added to it thereby centrifugation was done at 
1600 g for 15 min. Supernatant was used as sample aliquot.

ABTS

ABTS (2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic 
acid)) free radical scavenging activity of yoghurt was ana-
lyzed by the method described by Re et al. [21] with some 
modifications. ABTS radical cation (ABTS+) stock solution 
having a concentration of 7 mM was prepared in potassium 
persulfate solution (2.45 mM) and kept in the dark at room 
temperature for 12–16 h before use to produce free radi-
cals. For further study, the ABTS+ solution was diluted with 

Whiteness index

= 100−
√

(100− L∗)2 + (a∗)2 + (b∗)2
 (6)

Y ellowness index = 142.86 b ∗ L−1 (7)

Browning index = 100/0.17 ((a ∗+1.75L∗)/(5.645 L∗
+ a ∗ −0.012 b∗)− 0.31)

 (8)

∆E = [(∆L∗)2 + (∆a∗)2 + (∆b∗)2]1/2  (9)

Particle size analysis

The particle size analysis of yoghurt was done by using 
Malvern Mastersizer, (Malvern Instruments Ltd., Worces-
tershire, UK). The sample was prepared by diluting it 20 
times with ethylene glycol to avoid particle sedimentation. 
A hundred micrograms of sample was suspended in 2 mL of 
ethylene glycol and ultrasonicated for 20 min in a bath soni-
cator. Average particle size was estimated and results were 
expressed in µm. The refractive index was calculated using 
Abbe’s refractometer yoghurt (1.365) and ethylene glycol 
(1.429).

Fourier transform infrared microscopy

Fourier transform infrared microscopy (FTIR) was used 
to detect the structural and functional groups of yoghurt. 
Approximately 5 mg of yoghurt powder sample was mixed 
with dry potassium bromide (KBr) thereby compressing 
the mixture into pellet form. The spectrum was recorded 
between the wavelength ranges of 400–4000 cm− 1 at a reso-
lution of 4 cm− 1 using FT-IR Thermo Nicolet: 6700, USA.

Microstructural analysis of yoghurt

Scanning electron microscopy (SEM)

A very thin layer of the sample was smeared on a coverslip 
and air-dried, thereby subjected to metallization (sputtering) 
for about 45 min with a thin layer of gold nano-particles in 
a sputter coater. Typical microstructures at different mag-
nifications (1.00 K and 2.00 K) were taken using a Hitachi 
S-570 SEM, operating at 15 kV (Hitachi S-3400 N), Japan.

Confocal laser microscopy (CLSM)

Sample preparation was done according to the protocol 
given by Kristo et al. [19] with slight modifications. Yoghurt 
samples were incubated for 3 h by staining with rhodamine 
B dye at 4 °C before observing in the microscope. The sam-
ples were observed under CLSM (M/S Nikon Corporation, 
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mL yoghurt) as shown in Fig. 1(a). One set of yoghurt was 
kept in test tubes to observe the visual serum separation as 
indicated in Fig. 1 (b). It was mainly due to the presence of 
higher level of EPS in the serum phase which increased the 
viscosity of yoghurt by aiding in bridges formation with the 
casein matrix, it was observed that EPS and casein interac-
tions can modify the gel structure. Further, EPS increased 
the density of protein network due to the presence of α-1-6 
and α-1-3 linked D-glucose units of glucan EPS causing 
an increase in the adsorption of water in gel structure as 
mentioned in our previous work on physicochemical char-
acterization of glucan EPS [11]. EPS entanglement with the 
casein matrix was also confirmed with scanning electron 
micrographs of yoghurt by Teggatz, and Morris [24]. Pre-
viously, Han et al. [6] indicated the less whey separation 
in EPS rich yoghurt compared to control. Therefore, it is 
suggested that EPS can be a good alternative to hydrocol-
loids for cultured dairy products where texture is of prime 
importance.

Water holding capacity

Water holding capacity or water retention capacity is the 
total amount of water that can be absorbed in the three-
dimensional structure of the protein. It is an important 
structural characteristic of yoghurt. Figure 1(c) indicates 
that with increasing concentration non-significant differ-
ence (p < 0.05) was found between control (WHC: ~47%) 
and 0.1% (WHC: 48%) of EPS. However, WHC increased 
with increasing EPS concentration. As a result, significant 
increase was found (p < 0.05) when the EPS concentration 
increased from 0.1 to 0.75% (WHC: ~60%) and thereby 
non-significant difference was observed at 1% level of EPS 
(WHC: ~63%). The increase in WHC was mainly due to 
the interaction between proteins micelles and EPS [25]. 
Especially, EPS when present at higher level, it causes the 
formation of protein aggregates, and the water retention 
ability increases with the formation of larger protein aggre-
gates. Several reports have suggested that EPS enrichment 
enhances the water holding capacity in yoghurt [26, 27]. 
Furthermore, in fermented milk-based pudding also, İspirli 
et al. [28] has reported reduced serum separation by enrich-
ing it with 1% of glucan type EPS with enhanced bio-func-
tional attributes. Recently, Du et al. [29] revealed nearly 
10% increment in WHC when 0.6% level of glucan EPS 
was added ex situ compared to control sample. Significant 
increase in WHC was observed by Pan et al. [30] also after 
adding 0.5% of dextran EPS obtained from Leuconostoc 
pseudomesenteroides. Amani et al. [27] has suggested that 
an EPS and protein interaction plays a very significant role 
to bind the serum phase and thereby enhancing the WHC. 
However, non-significant increase in WHC was found when 

methanol to an absorbance of 0.76 ± 0.02 at 734 nm to obtain 
a working solution. Methanol was taken as a reagent blank. 
To 3.0 mL working solution of ABTS+, 30 µL of sample 
aliquot was added; the absorbance (at 734 nm) was taken 
after 6 min of initial mixing. The results were expressed in 
mg trolox equivalent/100 g sample.

Reducing power assay

Reducing power assay was analyzed by the method given 
by Benslama and Harrar [22]. Standard curve was plotted 
using ascorbic acid and results were expressed as mg/100 g 
ascorbic acid equivalent.

Microbial analysis of yoghurt

Spread plate method was used to determine the colony-
forming units as log CFU/g by serial dilution and plating of 
yoghurt samples (control and 1% ECY) on MRS agar plates 
and incubating at 40 °C for 48 h.

Statistical analysis

The data obtained during optimization were analyzed sta-
tistically using Duncan’s Multiple Range Test and paired-t 
test in SPSS tool (IBM SPSS Statistics Version 20) both at 
p < 0.05 level of significance. All results are presented as the 
mean ± SD.

Result and discussion

Selection of EPS concentration level based on 
techno-functional properties of yoghurt

Wheying off

Wheying off is a kind of textural defect in yoghurt occurs 
due to the weakening of the gel network. This is mainly 
caused by shrinkage of the yoghurt gel when it loses its 
ability to bind all of the serum phase [23]. Therefore, spon-
taneous serum separation on the surface of a gel network 
without applying external pressure leads to wheying off; 
while whey syneresis is quantified by disrupting the gel net-
work mechanically [15]. Wheying off on the surface was 
analyzed by pipetting out the whey present on the surface 
for selection of EPS concentration in yoghurt samples. In 
case of control, the wheying off was excessive (~ 1.7 mL 
for 100 mL yoghurt) while with increasing concentration 
of EPS wheying off went on decreasing and ultimately in 
the yoghurt sample containing 1% EPS whey separation on 
the surface was almost negligible (less than 0.1 mL for 100 
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Fig. 1 (a): Wheying off in yoghurt samples 
at different EPS Levels (0.00 to 1.00%). 
(b): One set of yoghurt at different EPS 
Levels (0.00 to 1.00%) was kept in glass 
tubes for visualization (Arrow indicat-
ing whey separation). (c): Syneresis and 
water holding capacity (WHC) of yoghurt 
samples at different EPS levels (Alphabets 
a to d and A to C indicate significant differ-
ences at various concentrations of EPS in 
syneresis and WHC, respectively)
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Sensory evaluation

Sensory evaluation of yoghurt samples incorporated with 
EPS on various important attributes such as color, odour, 
taste, mouthfeel, texture and overall acceptability conducted 
is indicated in Fig. 2. In case of EPS enriched yoghurts, 
texture and mouth feel scores were increased as compared 
to control. This can be correlated with texture enhancing 
effects of EPS on yoghurt while overall acceptability, odour 
and taste got marginally affected. The texture and mouth-
feel scores were higher for 1% EPS containing yoghurt 
while taste, odour and overall acceptability scores were 
almost comparable with that of control. The effect of EPS 
on sensory properties of yoghurt studies have indicated that 
addition of EPS does not affect the sensory qualities much 
however exhibited better textural properties and mouthfeel. 
The mouthfeel of ECY was better due to enhanced micro-
structural characteristics like stiff and dense protein network 
with large size pores [8].

Based on these techno-functional parameters and sensory 
analysis, 1% ECY concentration was selected and used for 
further studies in yoghurt.

Physicochemical properties of yoghurt

pH and acidity

Statistically, non-significant difference was found between 
control and 1% ECY, however, 1% ECY had slightly lower 
pH values than control (Table 1). Ramchandran and Shah 
[31] and Hassan et al. 2015 [13] have reported similar 
results stating non-significant (p > 0.05) difference in pH of 

concentration of EPS increased from 0.75 to 1%. Hence, it 
can be concluded that glucan EPS at 1% can influence the 
WHC of yoghurt gel positively.

Syneresis

Syneresis is simply shrinkage of a gel network which leads 
to oozing out of water. The effect of different concentra-
tions of EPS on the syneresis of yoghurt was studied. Sig-
nificant (p < 0.05) reduction of syneresis was found between 
control and yoghurt containing different EPS concentra-
tions, Fig. 1(c). The syneresis was significantly decreased 
to an extent of ~ 31% (case of 1% EPS level) from ~ 52% 
(case of control). At higher concentrations of EPS, synere-
sis was less due to the water imbibing ability of the EPS 
and the presence of EPS in the protein matrix of yoghurt 
subsequently modifies the yoghurt gel during the coagula-
tion process. Previously, similar results have been reported 
by several authors [4, 5, 7, 26]. These studies have shown 
that the yoghurt made with EPS or EPS producing strains 
showed significantly (p < 0.01) less syneresis as com-
pared to that of control. In previous reports, EPS indicated 
reduced degree of syneresis in starch paste at the level of 
0.50% using galactan EPS [9]. Further, syneresis decreases 
as the pH increases, however, no significant difference in 
the pH values was found. Hence, 1% of this EPS can be 
successfully used as anti-syneresis agent to reduce the syn-
eresis and enhance the quality of yoghurt without affecting 
the pH significantly.

Fig. 2 Sensory analysis of 
yoghurt samples at different 
EPS Levels. (C&A: Color & 
appearance, MF: Mouthfeel, OA: 
Overall acceptability)
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color of same lightness, which again was higher for EPS 
enriched sample. Hue angle, H*, is classified on the basis 
of four quadrants to define the color. In case of control H* 
lied in the second quadrant (90º to 180 º) indicating green-
ish hue (characteristic of whey due to the presence of ribo-
flavin) while for EPS enriched sample it was between 0º 
to 90º i.e. first quadrant depicting red-yellow region (due 
to EPS). Additionally, browning index was also estimated 
which may indicate the prior processing of milk and degree 
of browning in the same. BI was found to be more for 1% 
ECY sample compared to control, however, in both the 
cases the values of BI were not that high. The degree of 
color change (ΔE) was found to be 9.58 due to the addition 
of EPS in yoghurt (Table 1).

Particle size analysis

Yoghurt is a gel formed by casein particle aggregation which 
leads to gelation. The nature of final yoghurt gel is decided 
based on the theory given by Mitchell [33]. This says that 
gel is made up of chains of polymer segments (particles in 
case of yoghurt), the more aggregation and cross-linking, the 
higher the particle size. In these experiments, higher values 
of particle size i.e. for 1% ECY (3460 d.nm ~ 3.46 μm) as 
compared to that of control (2354 d.nm ~ 2.35 μm) indicates 
the formation of bonds and series of polymer-like structure 
which was formed due to the cross-linking between EPS 
and milk components that comprises various components 
(fat, protein, carbohydrate sugars, bacteria etc.). However, 
in this experiment, the particle size values were very much 
less as compared to the literature available (previously 
reported ~ 10–20 μm) which was due to the ultrasonication 
treatment given to yoghurt which caused collisions and dis-
ruption of gel particles.

FTIR analysis

FTIR spectra for both the control and 1% ECY sample are 
presented in Fig. 3. The almost same pattern of functional 
groups was recorded in both the yoghurt samples with the 
main difference related to polysaccharides composition 
which could demonstrate the presence and nature of EPS 
observed mainly in the regions near 1043 and 1414 cm− 1 
due to strong stretching vibrations in this region Wang et al. 
[34]. The presence of a peak near 1043 cm− 1 confirmed the 
presence of monosaccharide characteristics having a pyra-
nose ring which might be glucan EPS or another similar 
pyranose ring containing EPS and a peak near 1414 cm− 1 
which is a characteristic peak of carboxyl group indicat-
ing the acidic nature of EPS [35–37], suggesting the desir-
able changes in treated samples is due to the presence of 
EPS. However, the presence of other bands (additional 

the hydrocolloid (EPS, cress seed mucilage and guar gum) 
containing and non-containing yoghurt.

ECY showed significantly higher titratable acidity 
(p < 0.05) than control. Contrarily, Güler-Akin et al. [5] 
reported that the titratable acidity of EPS containing yoghurt 
was lower than non EPS containing yoghurt. However, in 
this study, slightly higher acidity values for EPS-enriched 
yoghurt were observed which might be due to the EPS utili-
zatio n and acid production by microorganisms present 
in yogurt.

Color parameters 

L*, a*, b*, chroma (C*), Hue angle (H*), whiteness index, 
yellowness index, browning index and ΔE (degree of color 
change). The color measurements are presented in terms of 
L*, a*, b*, chroma, hue angle, whiteness index, yellowness 
index, and browning index values, along with a degree of 
change in color of yoghurt sample after EPS enrichment i.e. 
ΔE. In the case of 1% ECY sample, whiteness index, an 
important quality parameter related to the processing, and 
storage of yoghurt as well as L* value related to luminos-
ity, were decreased significantly (p < 0.05) (Table 1). On the 
other hand, a* and b* values and yellowness index were 
higher for 1% ECY samples which can be correlated with 
slight reddish and yellowish color of EPS reported in previ-
ous report by Kavitake et al. [11]. The shifting of a* values 
from − 1.60 to + 1.42 indicates the shifting slight greenness 
to slight redness [32], while a color shift in case of b* val-
ues indicates the increase in slight yellowness of yoghurt 
sample which again can be attributed to the color provided 
by EPS. Further, higher intensity of chroma value is associ-
ated with higher degree of colorfulness with respect to grey 

Table 1 Effect of EPS on pH, acidity, colour values, whiteness and 
yellowness index of yoghurt
Parameters Control 1% EPS 

containing 
yoghurt (1% 
ECY)

pH 4.45 ± 0.04a 4.37 ± 0.03a

Acidity (%) 1.08 ± 0.02a 1.17 ± 0.02b

Colour values
L*(Lightness) 91.40 ± 0.09a 82.45 ± 0.005b

a*(+ for redness, − for greener) -1.60 ± 0.03a 1.42 ± 0.00b

b*(+ for yellowness, − for 
blueness)

13.16 ± 0.07a 14.76 ± 0.00b

Chroma 13.26 ± 0.05 a 14.83 ± 00 b

Hue 96.95 ± 0.14 a 84.50 ± 0.02 b

Whiteness index 84.19 ± 0.01a 77.02 ± 0.00b

Yellowness index 20.58 ± 0.09a 25.57 ± 0.01b

Browning index 0.14 ± 0.02 a 3.01 ± 0.00 b

Mean ± SD (n = 3), Different superscripts (a−b) are significantly differ-
ent (p < 0.05) with each other, row-wise, by paired t-test.
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protein matrix more uniformly. Yoghurt sample enriched 
with EPS had larger spaces and pockets between the pro-
tein matrix, probably these larger pores made the protein 
matrix tightly packed (thick and dense) leading to more 
ordered structure in case of 1% ECY sample. On the other 
hand, in case of control yoghurt sample protein strands and 
small pores were observed which may not be able to hold 
enough amount of serum. This is in agreement with early 
reports, Folkenberg et al. [41], and Puvanenthiran et al. [42] 
indicated that EPS scatters in the pores effectively by sur-
rounding the protein matrix and increases the density of pro-
tein matrix by aggregation. Kristo et al. [43] also recorded 
exactly similar confocal micrographs in the presence of EPS 
having very large voids in the microstructure thereby form-
ing dense protein strands. The microstructural visualization 
in our case also showed that in the 1% ECY sample the den-
sity of protein matrix increased due to increased porousness, 
which thereby led to an increase in the compactness of pro-
teins. This compactness of proteins might also be the reason 
for a change in physical characteristics like decreased syn-
eresis and increased WHC [44]. Since the denser network 
has formed due to higher aggregation consequently immo-
bilized a significant amount of free water. Recently, Wu et 
al. [45] revealed a very interesting comparison between 
the porous and non-porous structures of yoghurt. Porous 

peaks indicated within a circle) in the treated sample near 
the region 422 cm− 1, 477 cm− 1, and 619 cm− 1 could be 
correlated with the complexity of food constituents [38], 
which might have produced some by-products by reacting 
with EPS or some other interfering components, other than 
native milk lactose, proteins, and fat. As, milk lactose, pro-
teins, and fat indicate the peak near 1039 cm− 1, 1546 cm− 1, 
and 2873, 1747 cm− 1 due to hydroxyl (OH), amide group 
(CONH), and carbon-hydrogen (C-H), carbonyl (C-O) 
groups, respectively [39].

Microstructural analysis of yoghurt

The mechanism of interactions at the microstructural level 
was analyzed by using SEM and CLSM. The CLSM analy-
sis also was done along with SEM for further visualization 
of a fully hydrated sample as SEM alone is not suitable for 
observing highly hydrated samples. Also, the visualization 
of a completely hydrated sample can also avoid the artifacts 
related to conventional SEM as reported by Hassan et al. 
[40]. However, in our case, both SEM, as well as CLSM 
micrographs, revealed almost similar morphology and rear-
rangements. As shown in Fig. 4a, b, the control samples the 
proteins are more randomly arranged while in the 1% ECY 
sample they became more structured as EPS distributed the 

Fig. 3 FTIR analysis of control and 1% EPS containing yoghurt (1% ECY)
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was significantly higher as compared to control presented 
in Table 2 (for comparison purpose, indicated at shear rate 
50 s− 1) and Fig. 5(a). The possible reason could be the bind-
ing of serum present in yoghurt by the EPS that led to an 
increase in serum phase viscosity and followed by increased 
product viscosity. Moreover, in our case higher EPS con-
centrations viz. 1% level occupied more space hence casein 
micelles and other milk constituents probably were com-
pelled to interact with each other leading to the formation of 
more cross-linked compact strands which thereby increased 
the stiffness and viscosity of yoghurt gel, this hypothesis 
could be supported by the SEM and CLSM micrographs. 
Stiffer gels could be derived from the cross-linking of the 
EPS molecules with whey proteins and casein particles 
within the gel network which resulted in increased viscosity. 
Costa et al. [48] speculated that the presence of EPS in the 

structure helps strengthen of gel network as it increases its 
capacity to hold excess of water while non-porous struc-
ture had lower WHC. Secondly, in the case of dairy-based 
products like yoghurt and related products, whey proteins 
are also present which can act with EPS synergistically to 
enhance water binding ability by increasing the density of 
protein matrix and imbibing more water in the gel system 
[46].

Rheological properties of yoghurt

Apparent viscosity

The apparent viscosity (η) was recorded at a shear rate ( γ̇
) of 50 s− 1

, which is comparable with those shear rates 
occurring in the mouth [47]. The viscosity of 1% ECY 

Fig. 4 (a): SEM images of 
control and 1% EPS containing 
yoghurt (1% ECY) at different 
magnifications (1000 and 2000 
X). (b): CLSM images of control 
and 1% ECY showing (more 
scattered protein particles are 
present in the control sample 
while in case of 1% ECY more 
cross-linked polymer-like dense 
protein strands are formed)
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the proteins of the gel matrix indicating higher viscosity. 
Predominantly, two explanations can be anticipated for such 
interactions, firstly, in their native state milk proteins pos-
sess a net negative charge, however below the isoelectric 
point (for casein ~ 4.6) and (for whey proteins ~ 5.2) they 
acquire a net positive charge, thus the pH of yoghurt is obvi-
ous below than the isoelectric point of milk proteins. Hence, 
positively charged milk proteins and slightly anionic EPS 
led to the formation of a continuous gel network, which in 
turn resulted in high viscoelastic moduli and viscosity [24]. 
The second justification stands in the prior heat treatment 
given to milk which induces denaturation in whey proteins, 
denatured whey proteins interact with these colloidal parti-
cles which can form large aggregates via electrostatic inter-
actions, and acts as a bridging link in the protein network 
leading to higher G’ and G” values.

Also, for polymeric systems, at higher shear rates the 
apparent or steady-state viscosity is considered as less reli-
able so complex viscosity or dynamic viscosities are calcu-
lated. The complex viscosity of the 1% ECY sample was 
significantly higher than the control sample. Hence, the 
addition of EPS has a positive impact on the rearrangement 
of gel formation by interacting with milk proteins which 
resulted in higher product viscosity.

Firmness

EPS addition to yoghurt significantly affected the texture 
of yoghurt, the firmness values are presented in Table 2. 
The formation of a dense network between EPS and casein 
micelles might be the possible reason that led to an increase 
in the strength of coagulum and subsequently firmness 
[44]. Contrarily, some authors revealed that EPS-enriched 
yoghurt had lower firmness values than the control [46, 
47]. However, on the opposite side, similar to our results it 
has been reported that firmness values were higher for EPS 
enriched samples as compared to control [7, 51]. Therefore, 
the dynamics of changes occurring between gel and proteins 
is a highly complex phenomenon, it is still not clear how 
EPS interacts with milk protein and modifies texture. The 
possible mechanism advocated for increased firmness is 
the presence of net negative charge and the high molecular 
weight of EPS which induces strong casein-casein interac-
tions [52]. To some extent changes occurring in colloidal 
calcium phosphate, whey proteins and other milk compo-
nents are also responsible for protein bridge formation [53]. 
This may be the negative charge and high molecular weight 
with a varying chain length of glucan EPS could be the pos-
sible mechanism responsible for increased firmness. There-
fore, improving the texture as firmness using glucan EPS 
could be important for enhancing the texture of yogurt and 
related products.

serum phase or on the surface of protein particles can be the 
driving force responsible for yoghurt properties. They also 
reported that the presence of EPS may influence the protein 
aggregates formation, larger the protein aggregates more the 
ability to retain water which thereby increases the solvation 
characteristics of the protein matrix [48]. Hence, glucan 
EPS can influence the formation of a protein network and 
ultimately lead to the formation of larger pores with more 
rearrangements, in regard to possible formation of large and 
thicker protein aggregates. This influences viscosity, mouth-
feel, and creaminess of the product positively. Therefore, 
higher viscosity of 1% ECY can be correlated with smooth 
and creamy mouthfeel which in turn also led to an increase 
in texture and mouthfeel for sensory scores.

Viscoelastic properties

Viscoelastic parameters including G’, G” and η* of both 
control and 1% ECY samples are represented in Table 2 
(expressed at 10 rad/s for comparison) and Fig. 5(b). G’ 
indicates the elastic or solid-like behaviour and it measures 
the deformation energy stored in the sample during the shear 
process [49] while G” represents the viscous behaviour of 
the product. As indicated in Table 2, the G’ values were sig-
nificantly higher for 1% ECY than that of the control indi-
cating high elastic behaviour or more firm, compact, and 
solid-like properties of EPS treated sample. The results of 
the present study are not in agreement with Doleyres et al. 
[50] who reported lower G’ values for EPS-treated yoghurt. 
However, the higher values of G’ reported by Prasanna et 
al. [7] again indicate the interactions between the EPS and 

Table 2 Effect of EPS on rheology, firmness, and antioxidant activity 
of yoghurt
Parameters Control 1% EPS contain-

ing yoghurt (1% 
ECY)

Apparent viscosity (η, 
mPa.s at 50 s− 1)

624.33 ± 92.35a 1803.33 ± 265.39b

Viscoelastic Properties
(at angular frequency 
10 s− 1)
Storage modulus (G, Pa) 715.33 ± 262.40a 1230.00 ± 121.65b

Loss modulus (G”, Pa) 273.00 ± 93.20a 510.00 ± 51.68b

Complex viscosity (η*, 
Pa.s)

76.46 ± 27.78 a 133.00 ± 13.00b

Firmness (N) 0.71 ± 0.05a 1.05 ± 0.01b

Antioxidant Activity
ABTS (mg Trolox/100 g 
sample)

6.44 ± 1.97a 27.9 ± 6.95b

Reducing Power Assay
(mg ascorbic acid/100 g 
sample)

0.19 ± 0.03a 0.25 ± 0.04b

Mean ± SD (n = 3), Different superscripts (a−b) are significantly differ-
ent (p < 0.05) with each other, row-wise, by paired t-test
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for reducing power assay being 3.6, while that for ABTS 
being 7.4). The presence of carboxyl group of this EPS also 
has caused the electrons withdrawal and ultimately increas-
ing the antioxidant activity. To some extent milk proteins 
also contributes to significant amount of antioxidant activ-
ity and this perhaps could be the reason that plain yoghurt 
sample also has some of the radical scavenging potential. 
Perhaps, the changes in molecular characteristics and inter-
action of EPS with other milk components during fermenta-
tion had also led to higher antioxidant activity. Moreover, it 
may be concluded that during fermentation process interac-
tion of EPS with milk proteins can also influence the charge, 
molecular characteristics and hydrophobicity of protein 

Antioxidant assays

The presence of EPS in yoghurt sample increased the antiox-
idant activities performed by ABTS radical scavenging and 
reducing power assay as compared to the control yoghurt 
(Table 2). EPS has also been previously reported to show 
antioxidant activity in a dose dependent manner [8]. Both 
the ABTS and reducing power assay are based upon single 
electron transfer mechanism and allows the determination of 
hydrophilic antioxidants efficiently. But the values for both 
the parameters found to be different. This could be because 
two antioxidant conditions were measured under different 
reaction conditions, particularly in terms of pH value (pH 

Fig. 5 (a): Graph obtained 
from rheometer for steady-state 
viscosity of yoghurt (control 
and 1% EPS containing yoghurt 
(1% ECY). (b): Graph obtained 
from rheometer for viscoelastic 
properties of yoghurt (control and 
1% ECY)
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leading to higher radical scavenging activity in case of EPS 
treated sample.

Microbial analysis of yoghurt

Yoghurt bacteria are well known for maintaining the healthy 
gut function. The bacterial population present in control was 
~ 8.0 log CFU/g, whereas in the 1% ECY it was found to be 
~ 8.3 log CFU/g. This indicates that presence of EPS has sup-
ported the growth of yoghurt starters. The slight increase in 
acidity for 1% ECY can also be correlated with the increase in 
microbial count. Moreover, recent reports on prebiotic assay 
done for galactan EPS has indicated appreciable amounts of 
short-chain fatty acids production which makes it a good candi-
date as prebiotic food source [54]. Good prebiotic potential of 
glucan type EPS added (at 1%) in probiotic milk pudding was 
observed by İspirli et al. [28], along with improved technologi-
cally important aspects (syneresis, texture etc.) of the product.

Conclusion

This work shows that adding 1% of ex-situ EPS to yoghurt 
can improve its technological and biological qualities to a 
great extent without affecting its overall or sensory quali-
ties. The water-binding ability of yoghurt with glucan EPS 
was found to be greatly enhanced, indicating the potential 
of this natural hydrocolloid for usage in both dairy and non-
dairy products. Yoghurt with glucan EPS had good firmness, 
viscosity, and mouthfeel because to its high water retention 
capacity, which also improved its microstructural qualities. 
Analysis of the yogurt’s microbes and antioxidants showed 
that it could enhance its biological performance. Because 
of its technical and health-promoting qualities, glucan EPS 
therefore has potential for use in a variety of food applica-
tions to develop the functional foods.
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