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Understanding the fermentation factors affecting the separability of 
fermented milk: A model system study 
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A B S T R A C T   

The demand for high-protein fermented milk products is globally increasing. The effect of added starter culture, 
cutting pH and fermentation temperature on separability, i.e., how well curd and whey separate, were evaluated 
in a model system aiming to resemble Greek-style yoghurt. Skim milk was fermented with three commercial 
starter cultures at 39 ◦C or 43 ◦C to a pH of 4.45 or 4.60. Stirred fermented gels were concentrated to produce 
high-protein (~10%) fermented milk. The starter culture influenced the microstructure as well as the association 
(interactions) between exopolysaccharides (EPS) with the surface of the protein aggregates. The high association 
of EPS increased the viscosity and gel strength of the fermented model gels and decreased the zeta potential, the 
amount of whey removed as well as the protein and total solids concentration in the white mass. Increased 
fermentation temperature (from 39 ◦C to 43 ◦C) resulted in increased particle size and zeta potential values when 
EPS-producing starter cultures were applied. Cutting pH did not influence the separability of fermented stirred 
gels. The presence of EPS and pronounced association with protein increased the particle size, negative surface 
charge and structural rigidity, establishing a more stable system with reduced separability.   

1. Introduction 

Concentrated fermented products have gained increased popularity 
in recent years (Bong & Moraru, 2014; Desai et al., 2013; Jørgensen, 
Abrahamsen, Rukke, Hoffmann, Johansen, & Skeie, 2019). They are 
primarily produced from stirred natural yoghurts (Robinson et al., 2002) 
by expelling two-thirds of the initial milk volume as whey and concen-
trating the milk proteins (Tong, 2013). Higher protein (~10%) content 
in concentrated yoghurt can be achieved in various ways, e.g., prior to 
fermentation by fortification, evaporation, or membrane filtration and 
post-fermentation by straining, mechanical (centrifugal) separation, or 
membrane filtration. Production of concentrated yoghurt, however, is 
associated with several challenges such as generating acid whey, sensory 
defects (e.g., graininess, bitterness, too acidic flavour, and whey sepa-
ration) and technical challenges (e.g., fouling) of using membrane 
filtration (Jørgensen et al., 2019). In an industrial context, however, 
centrifugal separation of stirred fermented gel is the most common 
practice when producing high-protein Greek-style yoghurts and under-
standing the physical properties and particle interactions of stirred 

fermented gels are hence of great interest in the processing of concen-
trated yoghurt. 

The viscosity of fermented milk is e.g., influenced by kinetics of gel 
formation, the structural arrangement of the casein network, and by the 
presence of exopolysaccharides (EPS), EPS composition and EPS mo-
lecular mass (Nguyen, Picart-Palmade, Nigen, Jimenez, Ait-Abderahim, 
& Marchesseau, 2019; Ruas-Madiedo et al., 2005; Zhang et al., 2018). 
EPS production is strain-specific (Ruas-Madiedo, Tuinier, Kanning, & 
Zoon, 2002) and able to improve the textural and rheological properties 
of fermented gels (i.e., increase storage moduli) (Buldo et al., 2016; 
Hassan, Frank, Schmidt & Shalabi, 1996; Li et al., 2020; Nguyen et al., 
2018; Ruas-Madiedo & Zoon, 2003). Production of polysaccharides, e.g., 
capsular-polysaccharides (CPS) or EPS, could enhance water retention 
and reduce the syneresis since mainly CPS followed by EPS can bind 
water and retain it inside the protein matrix (Costa et al., 2012; Hahn, 
Müller, Wille, Weiss, Atamer, & Hinrichs, 2014; Hassan, Ipsen, Janzen, 
& Qvist, 2003; Jaros, Rohm, Haque, Bonaparte, & Kneifel, 2002). The 
type of starter culture is crucial in determining the textural properties (i. 
e., firmness, elasticity, consistency etc.) of fermented gels, e.g., 
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Priyashantha, Quintáns, Baixauli, and Vidanarachchi (2019). 
During post-treatment, such as stirring, the gel partially disintegrates 

and result in micro-gel particles (Weidendorfer et al., 2008). The stirring 
result in microstructure consisted of compartmentalized protein aggre-
gates, containing exopolysaccharides between channels. This has been 
shown to hinder syneresis, as well as the build-up of the structure after 
EPS containing fermented gels, have been stirred (Folkenberg, Dejmek, 
Skriver, & Ipsen, 2005; Hassan et al., 2003). The particle size distribu-
tion of stirred gels influences textural properties (Cayot, Schenker, 
Houzé, Sulmont-Rossé, & Colas, 2008), rheological properties (Hahn, 
Wachter, Weiss, & Hinrichs, 2013) and mechanical processability of the 
gel (Shekunov, Chattopadhyay, Tong, & Chow, 2007). 

Negatively charged EPS present on the particle surface (i.e., already 
negatively charged proteins), is likely to result in decreased or more 
negative values for the zeta potential of stirred yoghurts (Ayala--
Hernández, Hassan, Goff, Mira de Orduña, & Corredig, 2008; Girard & 
Schaffer-Lequart, 2007; Pang et al., 2015). Micellar interactions are 
highly dependent on pH and temperature (Trejo, Corzo-Martínez, Wil-
kinson, Higginbotham, & Harte, 2014) and are likely to influence the 
zeta potential values of casein micro-gel particles. Moreover, the pres-
ence of EPS on the surface can also reduce the steric and electrostatic 
repulsions of particles and therefore result in the formation of larger 
aggregates (Evans et al., 2013). Larger particles were observed in ropy 
yoghurts compared to non-ropy yoghurts (Zhang, Folkenberg, Amigo & 
Ipsen, 2016) possibly due to more EPS inside the network pores (Hassan 
et al., 2002), which may facilitate particle aggregation. The yield of EPS 
was suggested to depend on fermentation conditions i.e., temperature, 
oxygen pressure, incubation time, pH etc.(Degeest et al., 2001). 

The present work is a model study using lab-scale centrifugal sepa-
ration whereas industrial applications are e.g., based on nozzle separa-
tors. Despite the similarities in applying centrifugal force to separate 
particles, lab-scale centrifuges are operated as closed systems (batch- 
wise), while industrial nozzle separators are open systems with a dy-
namic input flow. Pumping in and out from nozzle separators and other 
mechanical treatments will likely alter the gel physical properties crit-
ical for separation. This is because shearing will change the viscosity of 
the fermented gels, i.e., the applied post-fermentation mechanical 
treatment has been shown to affect the gel rheology (e.g., cause a decline 
in storage moduli and flow properties) and microstructure (e.g., 
decrease the size of gel particles and redistribute the EPS) (Zhang et al., 
2016). Thus, adopting results in industrial applications is not straight-
forward. To date, scarce information is available regarding the effect of 
starter culture and fermentation conditions on the separability of stirred 
gels in the production of concentrated yoghurts. The present study hy-
pothesized that manipulating fermentation through the choice of starter 
culture differing in EPS production, fermentation temperature and cut-
ting pH (i.e., pH value when the fermentation was terminated) could 
improve the separation-favourable physical properties of the fermented 
gel particles and optimize centrifugal separation. We aimed to assess the 
impact of starter culture, lowering fermentation temperature (from 
43 ◦C to 39 ◦C) and cutting pH (from 4.60 to 4.45) on the separability of 
fermented milk. 

2. Materials and methods 

2.1. Production of fermented milk 

Twelve types of fermented gels (Table 1), differing in the type of 
starter culture, fermentation temperature and cutting pH were produced 
from skimmed milk (Arla Foods, Viby, Denmark) that was standardized 
to a protein content of 3.3% with deionized water. The resulting milk 
base (3.3% protein, 0.1% fat and 9.15% final total solid content) was 
subsequently heat-treated at 90 ◦C for 10 min in a water bath and stored 
overnight at 4 ◦C. 1 L of milk base in a glass beaker was then heated in a 
water bath (Julabo GmbH, Seelbach, Germany) to the appropriate 
fermentation temperature (43 ◦C or 39 ◦C) and inoculated with one of 

three bacterial cultures (Chr. Hansen, Denmark) at a rate of 0.02% (v/v). 
The starter cultures were chosen based on their known ability to produce 
EPS (according to Chr. Hansen internal knowledge): e.g., low level of 
EPS (A), high level of EPS (B) as well as a moderate level of EPS (C). 
Culture B was ropy and culture A was non-ropy, while culture C 
exhibited a moderate level of ropiness. The degree of ropiness was 
evaluated based on creating an unbroken longer thread when flowing 
from a spoon (not shown). pH values were measured every 30 s during 
fermentation using a Hach HQ411d pH meter (Colorado, USA). 
Fermentation was terminated by immediately removing the sample from 
the water bath and cooling it to room temperature when a cutting pH of 
4.45 or 4.60 was reached. Subsequently, a perforated disk stirrer was 
used to break the fermented gel samples manually for ten cycles up and 
down inside the same glass beaker. Immediately after stirring, the fer-
mented gels were analyzed in the same sequential order. All analysis was 
performed in triplicates (e.g., three separate batches of fermented gels 
were made for each treatment). 

In a separate experiment (using the same milk composition), the rate 
of acidification was tested using a Cinac system (Ysebaert, Frépillon, 
France) for the three cultures at two testing temperatures to determine 
the expected time for terminating the fermentation at desired pH 
(Table 2). 

2.2. Microstructure 

Fermented gel samples were stored at 5 ◦C overnight before sample 
preparation and visualization of the microstructure according to Buldo 
et al. (2016) and Zhang, Folkenberg, Qvist, and Ipsen (2015). Briefly, 
Wheat Germ Agglutinin conjugated with Alexa Fluor® 488 (WGA 488; 
Invitrogen, Molecular Probes, Oregon, USA) was used to visualized EPS. 
A few drops of Rhodamine B (Sigma-Aldrich, Munich, Germany) 
strained fermented gel were added on top of WGA 488 diluted in PBS 
Ca-Mg buffer (30 µL). Samples were inspected using a Leica TCS SP5 
Confocal Laser Scanning Microscope (CLSM) (Leica, Microsystem, Hei-
delberg, Germany) fitted with an inverted DMI 6000 microscope and a 
63x water objective. Excitation was done using an Argon 488 and a 
HeNe543 laser and emission spectral ranges of 505–560 nm (WGA 488) 
and 565− 620 nm (Rhodamine B) were used for sequential scanning of 
images. A line average of 4 at an 8 bits resolution of 1024 × 1024 pixels 
was used to improve the image quality during acquisition. 

Table 1 
Nomenclatures of samples.    

Culture     

A B C   

pH  4.45 YA1 YB1 YC1 39 ◦C Temp ◦C    
YA2 YB2 YC2 43 ◦C    

4.60 YA3 YB3 YC3 39 ◦C     
YA4 YB4 YC4 43 ◦C  

Yoghurt (Y) sample codes were assigned by considering the respective starter 
culture (YA, YB and YC), fermented up to pH 4.45 at temperature 39 ◦C (1) or 
43 ◦C (2) and fermented up to cutting pH 4.60 at temperature 39 ◦C (3) or 43 ◦C 
(4). 

Table 2 
Fermentation time (hrs) to cutting pH for culture A, B and C at 39 ◦C and 43 ◦C.  

Type of Starter 
Culture 

Time (hrs.) to reach the expected pH 

39 ◦C 43 ◦C 

4.45 pH 4.60 pH 4.45 pH 4.60 pH 

A  6.97 ± 0.04A  5.44 ± 0.04B  5.84 ± 0.68A  4.57 ± 0.12B 

B  7.69 ± 1.81A  7.20 ± 0.14A  6.68 ± 0.04A  5.08 ± 0.04B 

C  8.90 ± 0.10A  7.35 ± 0.04B  6.07 ± 0.06A  4.75 ± 0.04B 

Mean values with different superscripts within rows, under each fermentation 
temperature, are significantly different (P < 0.05). 
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2.3. Rheological measurements 

An AR G2 Rheometer (ARG2 TA Instruments, New Castle, Delaware, 
USA) equipped with bob-cup geometry (stator inner radius 15 mm; rotor 
outer radius 14 mm; cylinder-immersed height 42 mm; gap 7000 µm) 
and a Peltier-heating system was used. Approximately 20 mL of sample 
(fermented gel or supernatant) was gently loaded into the cup and 
testing was conducted at the respective fermentation temperatures 
(39 ◦C or 43 ◦C) according to Buldo et al. (2016), with the following 
modifications. First, the linear viscoelastic region was identified by a 
strain sweep test (1 rad/s, 0.001–1000% strain) for fermented gels. For 
the fermented gels, an oscillation test was conducted from 1 to 50 Hz at 
0.05 Pa. For fermented gels and supernatants, viscosity was measured by 
a flow test (0.001–1000 s-1 and back). The hysteresis loop area was 
calculated (created by ascending and descending flow curves of 2 min 
each) to compare the energy required to break down the thixotropic 
structures. 

2.4. Zeta potential measurements 

Measurements were conducted with diluted fermented milk, 
approximately 1:100 with Milli Q water. The diluted sample (1 mL) was 
filled into a DTS1070 folded capillary cell and analyzed using a Zetasizer 
Nano (Malvern Instruments, Malvern, UK). The Refractive Index (RI) of 
the protein was set to 1.52, and the RI of the dispersant phase (water) 
was set to 1.33 (Jørgensen, Abrahamsen, Rukke, Johansen, Schüller, & 
Skeie, 2015). The equilibration time was set to 120 s. The temperature of 
the samples was 39 ◦C or 43 ◦C, corresponding to the fermentation 
temperature. One measurement was consistent with 100 runs, and an 
average value of three measurements was taken from each sample. The 
milk used in this experiment had − 28 mV zeta potential, in agreement 
with Tuinier & de Kruif (2002). 

2.5. Particle size distribution 

Volume-surface average diameter based particle size distributions 
were calculated using Mie theory and RI of the dispersant phase (water: 
1.33) using a Mastersizer 3000 (Malvern Instruments, Malvern, UK) as 
previously described by Buldo et al., (2016). Samples were introduced 
until the obscuration ranged from 8% to 15% with a stirring speed of 
2400 rpm inside the sample-dispersing unit. Measurements were taken 
at 25 ◦C. The average value of the three recordings was taken for each 
sample. 

2.6. Centrifugal separation of fermented milk 

Approximately 50 g of stirred fermented milk was centrifuged (SL 16 
R, Thermo Scientific, Karlsruhe, Germany) at 4696 g at 40 ◦C, imme-
diately after the fermentation was terminated. The g value was selected 
based on preliminary screening of centrifugal separations (data not 
shown). The aim was to separate 2/3 of the whey from the initial fer-
mented gel (i.e., obtain a concentration of 10% protein in the separated 
white mass) and targeted it as the reference level (based on starter 
culture B at pH 4.60 and 43 ◦C) of separability. Subsequently, the 
resulting supernatant was carefully removed by pouring it out and the 
weight of the supernatant and precipitated white mass was recorded. 
Average values of four samples were taken for each measurement. 
Separation efficacy was determined according to Leung (2020), based on 
the easiness of whey separation from the white mass. Total protein 
content and total solid content (dry matter basis) of the supernatant and 
white mass samples were analyzed at Eurofins Steins Laboratories 
(Vejen, Denmark) using the MilkoScan FT+(Foss, Hillerød, Denmark). 

2.7. Data analysis 

A full factorial statistical design was used. Statistical analysis was 

performed using one-way analysis of variance (ANOVA) followed by a 
Tukey post-hoc test for pairwise comparisons when appropriate and 
considered as significantly different at P < 0.05. ANOVA was carried out 
with IBM SPSS Statistic for Windows (IBM Corp, Armonk, NY, USA). 
Mean values were compared according to the correlations calculated 
with R statistical software (R Core Team, Vienna, Austria). For this 
analysis, we extracted the data from the rheological experiment, i.e., 
viscosity of fermented gel/supernatant measured at low (0.01s-1) and 
high (250s-1) shear rate as well as storage moduli at 5 Hz. 

3. Results 

3.1. Influences on microstructure 

Microstructures of fermented gels were observed for evaluating the 
differences in fermentation temperature, cutting pH and applied starter 
culture (Fig. 1). The micrographs visualized protein network in green 
and EPS in yellowish-reddish colour. An evenly distributed protein 
network with empty pore spaces (black areas) containing serum was 
apparent in all samples irrespective of the culture used. Gels made using 
cultures known to produce EPS corroborated the classification given by 
the producer of the starter cultures, e.g., more EPS content was apparent 
in fermented gels made with cultures B and C. In general, gels made 
using starter cultures A and C exhibited a more compact gel structure 
compared to culture B, which resulted in a more open structure with 
more separated aggregates. This was especially evident in gels made at 
39 ◦C (Fig. 1). We assume that when more EPS is present (e.g., gel B), gel 
reformation upon stirring was hindered and resulted in comparatively 
larger pores. Likewise, Folkenberg et al. (2005) also observed a more 
dense microstructure, when the EPS content was low. Thus, the three 
different starter cultures resulted in mainly two different microstruc-
tures, which could reflect in differing textural and physical properties, i. 
e., separability. 

Polysaccharides (e.g., EPS or CPS) are likely to be present in two 
types of associations (interactions) such as well distributed and con-
nected with milk protein or aggregated together in serum pores, i.e., 
located as clusters as has previously been observed (e.g., Folkenberg 
et al., 2005 and Hahn et al., 2014) and is equivalent to what was 
observed in the current study. EPS appears to be more associated with 
the protein network when culture B was used than compared to the other 
two cultures, irrespective of fermentation temperature (Fig. 1). This 
higher compatibility of EPS and protein may also have resulted in the 
ropy nature of the gel. In gel C, polysaccharides appear to be more 
localized and clustered into discrete domains, suggesting the possibility 
of being CPS or a mixture of EPS and CPS. Hence, obtained micrographs 
can be used as a tentative confirmation of EPS or CPS production, 
although without distinguishing between EPS and CPS. EPS can be 
mainly associated with milk protein and consequently be located on the 
surface or inside of pore spaces when they are incompatible with milk 
proteins (Hassan et al., 2003; Hahn et al. 2014). In such situations, when 
EPS mainly localised at the protein–serum interface, they are acting as 
an active filler to protect the protein core from aggregation. Presence of 
a moderate level of EPS inside the serum pores has been reported to not 
necessarily result in the highly ropy nature of the gel (e.g., as seen for gel 
C) (Folkenberg et al., 2005). The differences observed in the present 
study concerning EPS association may relate to chemical composition 
and functional properties (e.g., ropiness and rehydration) of EPS, as 
illustrated by Gentès et al. (2013), where the functional properties of 
fermented products depended on the structural properties (e.g., stiffness 
and degree of branching) and charge of the EPS present (e.g., stronger 
gels were observed when anionic EPS is present). In the present study, 
however, we do not know the exact chemical composition or molecular 
structure of the EPS produced by the applied cultures. 

Gel reformation upon stirring was influenced by fermentation tem-
perature and cutting pH (Fig. 1). At lower fermentation temperature, a 
denser gel was formed than at the higher fermentation temperature 
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(Fig. 1A). Similarly, Nguyen, Ong, Kentish, and Gras (2014), also 
observed a more porous microstructure at 43 ◦C compared to a com-
pacted microstructure at 37 ◦C. Higher fermentation temperature was 
linked to shorter fermentation time (Table 2), which in turn resulted in 
more rapidly formed aggregates with less potential for interacting with 
other aggregates and therefore, a lower storage modulus was observed 
(Lee & Lucey, 2004; Peng et al., 2010). Nguyen et al. (2018) reported 
cultures that exhibit slower acidification rates produce medium levels of 
EPS compared to cultures with faster acidification kinetics. Cutting pH 
influenced the gel structure reformation and at lower cutting pH (pH 
4.45), a more shrunken gel was observed (Fig. 1). This is likely due to 
shrinkage of casein micelles at lower pH before their aggregation 
(Sinaga et al., 2017) or alterations of calcium between the serum and 
micellar phase with reducing pH (Vasbinder, Rollema, Bot, & de Kruif, 
2003). Comparatively more EPS was visible at a lower temperature as 
well as at reduced pH and this is most probably due to enhanced EPS 
production at lower fermentation temperatures (Schellhaass & Morris, 
1985) and at lower pH (due to the time factor; Table 2). More EPS might 
be produced after the onset of gelation during an extended fermentation 
period (Kristo et al., 2011 & Li et al., 2020). In general, higher EPS yield 
is expected at optimal growth conditions for starter cultures (Knoshaug 
et al., 2000). Our observation on higher EPS content at lower fermen-
tation temperature is in agreement with previously reported results 
(Looijesteijn & Hugenholtz, 1999). The more clumpy or shrunken gel at 
lower pH could also be due to the higher level of acid production during 
prolonged fermentation time and thereby more shrinkage of the gel. 
Similarly, EPS production has been reported to increase with the 
fermentation time (28.3 mg/L at the beginning of fermentation vs. 
1026.4 mg/L at eight hours in the fermentation) (Li et al., 2020). 
Overall, in agreement with Wu et al. (2009), we suggest that more time 
available at either lower fermentation temperature or decreased cutting 
pH (Table 2), provides more opportunities for possible protein-protein 
interactions and thereby results in a more dense gel structure. 

3.2. Rheology of model stirred gels 

After reaching a peak viscosity, all stirred gels exhibited shear- 

thinning behaviour, i.e., a sharp drop in the viscosity with increasing 
shear rate (Fig. 2) in agreement with McCarthy (2002), suggesting a 
similar pattern of structural breakdown kinetics for all samples. At lower 
shear rates (approximately around 0.01 s), higher viscosities were 
observed (Fig. 2), possibly due to a more interconnected protein 
network. The values for the maximal viscosity (83 Pa.s and 120 Pa.s at 
pH 4.60 and 4.45, respectively) to be lowest for the applied high 
EPS-producing culture (e.g., culture B), suggesting weaker 
protein-protein interactions within the gel network, when EPS is present 
in substantial amounts, in agreement with (Ruas-Madiedo et al., 2002, 
2005). 

At lower shear rates, gels fermented to lower pH (4.45) resulted in 
increased peak viscosities (>100 Pa.s) compared to gels fermented to 
higher pH (4.60) (Fig. 2, left panel). This is likely due to the more 
clumped and aggregated gel formed at the lowered pH. Similarly, 
Heertje et al. (1985) demonstrated the aggregation of gel network at 
lower pH levels, i.e., after the onset of gelation, lowering pH resulted in 
further contraction and rearrangement of the gel network. One expla-
nation for this could be that a higher amount of EPS was available in 
samples with a low cutting pH or low fermentation temperature (Section 
3.1) which could increase the viscosity in agreement with previous 
studies (De Vuyst et al., 2003; Kristo et al., 2011; Rawson & Marshall, 
1997). It should be noted that the viscosity of the supernatant was 
higher when fermented at a lower temperature possibly due to the 
presence of more EPS (Fig. 2, right panel) since EPS is known to 
percolate into the whey (Tuncturk, 2010). 

Cutting pH did not affect the hysteresis loop area within a starter 
culture (Fig. 3). The high EPS-producing culture B resulted in a signifi-
cantly greater hysteresis loop compared to low or moderate level EPS 
producing cultures, indicative of a more impeded structure rebuilding, 
in agreement with previous observations (Hassan et al., 1996, 2003). 
Therefore, this suggested that EPS might involve in weaker bond for-
mation because of incompatibility between EPS and protein. Hence, 
compartmentalization of the protein aggregates and exhibiting hin-
drance for the restructuring of the sheared gel network. The linear 
viscoelastic region of the samples extended until the applied stress of 
0.5 Pa and then gradually decreased as the gel structure was destroyed. 

Fig. 1. Confocal micrographs of skimmed stirred gels (3.3% protein, 0.1% fat and 9% total solids) made with bacterial culture A, B and C (row-wise) at 39 ◦C (first 
column) 43 ◦C (second column) at 4.45 pH and gels made at 43 ◦C up to pH 4.45 (third column) and pH 4.60 pH (fourth column). Green areas: protein matrix, black 
areas: porous/void spaces and red/orange/yellow areas: exopolysaccharides. Bar size is 40 µm. 
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In a study by Lazaridou, Serafeimidou, Biliaderis, Moschakis, and Tza-
netakis (2014) increasing fermentation temperature (36, 38 and 40 ◦C) 
was reported to result in a decreased storage modulus and shorter 
gelation time. In the present study, we also observed increasing 
fermentation temperature decreased the storage moduli at pH 4.45 for 
cultures A and C (data not shown). 

3.3. Zeta potential of stirred gels 

The present study has found higher negative values of the zeta 

potential for the predominantly EPS-producing culture (i.e., culture B) 
(Table 3) and this culture resulted in a fermented gel that was more 
sensitive to the change of fermentation temperature and cutting pH. This 
suggests that EPS is modifying the electrostatic properties of the gel 
particles, possibly resulting in differences in the onset of gelation and 
differences in the zeta potential values among the bacterial cultures. 
This is in agreement with the findings on modification of gelation point 
of fermented gels made with ropy, non-ropy cultures or chemically 
induced gels as previously discussed by Lucey et al. (1998). However, 
there are studies (Li et al., 2020), which report the opposite, e.g., 

Fig. 2. The viscosity of stirred gel (left panel; e.g., type of starter culture.1) and supernatant (right panel; e.g., type of starter culture.2) as a function of shear rate 
0.001 s-1 to 300, for gel, resulted from culture A (raw 1), culture B (raw 2) and culture C (raw 3) by fermenting up to pH 4.45 (circle) at 39 ◦C (black) or 43 ◦C (white) 
and up to pH 4.60 (triangle) at 39 ◦C (black) or 43 ◦C (white). Values are based on the average of triplicates (n = 3). Note: Y-axis in the left panel is linear and the 
right panel is logarithmic. 
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positive zeta potential values and increasing zeta values with increased 
EPS content. Discrepancies are likely due to differing EPS types and 
compositions between studies. 

Higher negative zeta potential values were observed from gels 
resulted from predominately EPS producing cultures (e.g., mainly B) 
fermented up to pH 4.60 than 4.45 (Table 3). This is likely due to the 
change in the hydration status of the casein micelle at lengthy fermen-
tation periods (Table 2) as suggested by Li & Zhao (2019) when lowering 
the pH at an extended period. Consequently, this could be attributed to 
more acid production by LAB during extended fermentation up to pH 
4.45 (Lucey, 2002). The influence of fermentation temperature on the 
zeta potential was not significant. Overall, the presence of EPS leads to 
increasing the negative charge of fermented gels and thereby stabilizes 
the particles in the suspension. In agreement, Che et al., 2019 showed 
EPS binds with caseins during the acidification process to stabilize the 
casein micelles. 

3.4. The particle size distribution of stirred gels 

Following stirring, the obtained particle size distributions were 
unimodal (Fig. 4.) and hence results can be presented as mean particle 
size (D[4;3]; Table 3). The D[4;3] was significantly higher for gel B 
compared to the cultures producing less or moderate EPS (gel A & C), in 
agreement with Zhang et al. (2016). This is likely due to larger particles 
being formed due to enhanced flocculation (depletion flocculation) as 
previously proposed by Kruif and Tuinier (1999) and Ruas-Madiedo 
et al. (2002). Particle size distributions were in the range between 1 and 

100 µm, larger and broader particle size distributions were found mainly 
for EPS producing cultures (Fig. 4), in agreement with Zhang et al. 
(2016). Likewise, narrow particle size distribution is apparent for the 
non-ropy gels (i.e., gels A and C) indicating comparable and homoge-
neous gel structure for such gels. Agglomeration of the particles 
(>100 µm) was not observed from these fermented stirred gels (Fig. 4.), 
since the employed measuring technique (Mastersizer) may cause par-
ticles to disintegrate to some extent during the applied stirring 
(2400 rpm). However, some studies have reported that the presence of 
EPS decreased the particle size, for example in a sodium caseinate so-
lution with added EPS (Li et al., 2020). At higher fermentation tem-
perature, particle size distribution tends to exhibit larger particles for 
ropy gels at 39 ◦C than 43 ◦C (Fig. 4 gel B) (Table 3; i.e., 53.88 vs. 
67.92 µm at pH 4.45 and 41.70 vs. 60.86 µm at pH 4.60, respectively). 
Possibly this could be due to larger cluster formation or aggregation of 
protein as a result of faster acidification (Table 2) with fewer EPS pro-
duction (Section 3.1). This temperature-induced particle size was 
observed for culture A and C as well, mainly at pH 4.45 (Table 3). 
However, cutting pH only influenced the particle size of the high EPS 
producing starter culture B where larger particle sizes were observed at 
pH 4.45 compared to 4.60 (Table 3. i.e., 53.9 vs. 41.7 µm at 39 ◦C and 
67.9 vs. 60.9 µm at 43 ◦C, respectively). Differences in particle sizes at 
pH 4.45 and 4.60 was not observed for culture A and C, likely due to less 
impact from EPS related factors. These observed differences are likely 
due to the differences in acidification rate (Table 2) and the time 
available to produce EPS and interacting with protein aggregates. 

3.5. Efficacy of centrifugal separation 

The culture composition and the fermentation temperature signifi-
cantly influenced separability, yield, or efficacy (%w/w) (Fig. 5). 
Similarly, Abbasi et al. (2009) reported increased water holding ca-
pacity and lowered syneresis for EPS producing cultures at 37 ◦C than 
non-EPS cultures or higher fermentation temperature (e.g 42/45 ◦C). In 
agreement with this, lower separability of culture B at 39 ◦C compared 
to 43 ◦C or cultures A and C were seen in the present study (Fig. 5). Ropy 
fermented gels (e.g., gel B) exhibited reduced separability (increased 
white mass) compared to moderate or non-ropy gels (gels A and C). We 
speculated based on our observations (e.g., microstructure, hysteresis 
area, an increase of serum viscosity etc.) for EPS producing cultures 
might enhance the direct interactions between protein and EPS in the 
sample and thus reducing the separability for ropy starter cultures. 
Reduction of syneresis/increase of water holding capacity for EPS pro-
ducing cultures is well known and reported in many studies ( e.g., 
Broadbent, McMahon, Welker, Oberg & Moineau, 2003; Folkenberg, 
Dejmek, Skriver, Skov Guldager & Ipsen, 2006; Hassan et al., 2002; 
Priyashantha et al., 2019; Schellhaass & Morris, 1985; Surono & 
Hosono, 2002). In the present study as well, reduction of whey separa-
tion (increased white mass) was prominent for EPS producing cultures 
(e.g., culture B). 

The separability of gel B was increased significantly at 43 ◦C 

Fig. 3. Hysteresis loop areas of gel (Y) made with starter culture A, B and C 
fermented up to pH 4.45 at 39 ◦C (1) or 43 ◦C (2) and up to pH 4.60 at 39 ◦C (3) 
or 43 ◦C (4). Mean values with different small superscripts on the bar within a 
starter culture and * or ** between starter cultures (comparison of temperature 
and pH) are significantly different (P < 0.05). Values are based on the average 
of triplicates (n = 3). 

Table 3 
Zeta potential and mean volume weighted diameter (D [3,4]) of the particle distribution of stirred yoghurt from culture A, B and C, as affected by cutting pH (4.45 or 
4.60 pH) and fermentation temperature (39 ◦C or 43 ◦C).  

Starter culture Parameter ± SE pH 4.45 pH 4.60 

39 ◦C 43 ◦C 39 ◦C 43 ◦C 

A ZP  0.53 ± 0.05aA -0.08 ± 0.09abA -1.13 ± 0.37bcA -1.43 ± 0.29cA 

D[4;3]  41.5 ± 0.74bB 55.6 ± 1.043aB 40.9 ± 0.774bB 47.6 ± 0.919abB 

B ZP  -0.25 ± 0.15aB -1.44 ± 0.16aB -5.99 ± 0.26bB -4.39 ± 0.930bB 

D[4;3]  53.9 ± 0.84bA 67.9 ± 1.03aA 41.7 ± 0.62cA 60.9 ± 0.85dA 

C ZP  0.33 ± 0.13aA 0.13 ± 0.15aA -2.07 ± 0.06bA -1.60 ± 0.20bA 

D[4;3]  39.9 ± 0.83bB 52.7 ± 1.20aB 40.2 ± 0.64bB 42.3 ± 0.91abB 

ZP: Zeta Potential (mV), D[4;3]: Equivalent volume-weighted mean (µm). SE: Standard error A, B and C represents three starter cultures. Mean values with different 
small superscripts within rows and bigger superscripts within columns (separately for ZP and D[4;3] values) are significantly different (P < 0.05). Values are based on 
the average of triplicates (n = 3). 
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Fig. 4. Particle size distribution measured by dynamic light scattering for stirred gel made from culture A (panel A), culture B (panel B) and culture C (panel C) as 
affected by fermented up to pH 4.45 (circle) at 39 ◦C (black) or 43 ◦C (white) and up to pH 4.60 (triangle) at 39 ◦C (black) or 43 ◦C (white). Values are based on the 
average of triplicates (n = 3). 
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compared to 39 ◦C (approximately 25%). This could be due to the pro-
duction of more EPS and denser microstructures at 39 ◦C during the 
comparatively longer fermentation period (Table 2) and possibly due to 
an altered ability of the involved LAB to produce EPS (Feldmane, 
Ciprovica, Semjonovs & Linde, 2014, & Haque et al., 2001). Moreover, 
at a lower incubation temperature, the rigidity and stability of the gel 
structure have been shown to increase and thus likely to reduce whey 
separation (Lucey & Singh, 1997 and Schellhaass & Morris, 1985). 
Cutting pH had no influence (p < 0.05) on measured separability under 
the studied conditions (Fig. 5). 

Gels made using culture B resulted in the lowest (p < 0.05) protein 
and total solids content (g/100 g) in white mass (Table 4), likely due to 
the higher water holding capacity of gels made with starter cultures 
resulting in ropy gels (Hassan et al., 2002). Increasing fermentation 
temperature increased the protein content (g/100 g) of the white mass 
of gel B (Table 4). This could be due to fewer EPS being available at 
higher fermentation temperature, hence less water binding and thereby 
more protein concentration into the white mass. Likewise, Nguyen et al., 
(2014), reported higher syneresis of gels made at 43 ◦C compared to 
lower temperatures (e.g., 37 and 40 ◦C). This may be due to the porous 
microstructure (Section 3.1). However, the cutting pH change at 39 ◦C 
or 43 ◦C does not alter the protein or total solid content in the white 
mass (Table 3). Protein and total solids lost in the supernatant were not 
significantly affected by bacterial culture, fermentation temperature and 

pH (Table 4). 

3.6. Correlation between measured parameters 

The correlations between different measured parameters in the 
present study are shown in Fig. 6. The weight of the white mass obtained 
from centrifugation was positively correlated (r = 0.86) with the hys-
teresis loop area, due to water binding of the EPS (Hassan et al., 2003) 
resulting in decreased separability as stated above. The hysteresis loop 
area has previously been found to relate to ropiness (as evaluated by a 
simple suction test) (Folkenberg et al., 2006), i.e., reflect that the EPS 
present in the fermented gel and interacts with the protein (gel B). The 
hysteresis loop area exhibited several negative correlations such as with 
the weight of whey (r = − 0.87), the protein content in white mass 
(r = − 0.89) and the total solid content in white mass (r = − 0.87). Thus, 
a higher hysteresis loop area can be seen as indicative of the efficacy of 
separation. Hysteresis loop area was also positively correlated (r = 0.77) 
with the viscosity of fermented gels at higher shear rates. This confirms 
that the presence of EPS (resulting in increased viscosity of the serum 
phase) determines the viscosity at the high shear rate, i.e., when the gel 
structure has broken down and the viscosity of the continuous phase is 
dominant. 

White mass weight was highly positively correlated (r = 0.94) with 
the viscosity of the supernatant measured at the high shear rate since 

Fig. 5. Mean fractions (% w/w) of white mass (dark) and 
whey (light) obtained by centrifugation of gel (Y) made 
with starter culture A, B and C fermented up to pH 4.45 at 
39 ◦C (1) or 43 ◦C (2) and up to pH 4.60 at 39 ◦C (3) or 
43 ◦C (4). Reference (dotted) line indicates the targeted 
whey removal (approximately 2/3 of whey removal or 
concentration of protein up to 10% from the initial milk 
protein level). Different letters on top of the bars indicate 
identical groups based on significant differences (P > 0.05) 
on separability. Values are based on the average of tripli-
cates (n = 3).   

Table 4 
Average protein and total solids (g/100 g on dry matter basis) contents in white mass and whey.  

Yoghurt Sample White mass The supernatant (whey)  

Protein ± SE (g/100 g) Total Solids ± SE (g/100 g) Protein ± SE (g/100 g) Total Solids ± SE (g/100 g) 

YA1 (39 ◦C,4.45)  17.22 ± 0.42c  23.05 ± 0.62c  0.24 ± 0.00a  5.05 ± 0.01a 

YB1 (39 ◦C, 4.45)  7.50 ± 0.66d  10.24 ± 0.36e  0.24 ± 0.01a  5.09 ± 0.00a 

YC1 (39 ◦C, 4.45)  19.02 ± 0.58b  23.93 ± 0.41c  0.25 ± 0.0a  5.07 ± 0.00a 

YA2 (43 ◦C, 4.45)  19.72 ± 0.22b  24.34 ± 0.24c  0.22 ± 0.00a  5.13 ± 0.00a 

YB2 (43 ◦C, 4.45)  9.77 ± 1.13d  13.99 ± 0.043d  0.21 ± 0.00a  5.15 ± 0.01a 

YC2 (43 ◦C, 4.45)  22.44 ± 1.17ab  26.80 ± 0.28ab  0.22 ± 0.00a  5.15 ± 0.00a 

YA3 (39 ◦C, 4.60)  17.94 ± 0.74c  23.30 ± 0.07c  0.23 ± 0.00a  5.17 ± 0.00a 

YB3 (39 ◦C, 4.60)  6.25 ± 1.07d  10.17 ± 0.92e  0.23 ± 0.00a  5.22 ± 0.00a 

YC3 (39 ◦C, 4.60)  22.15 ± 0.44ab  25.96 ± 0.23bc  0.25 ± 0.01a  5.19 ± 0.00a 

YA4 (43 ◦C, 4.60)  22.29 ± 0.56ab  25.25 ± 0.55bc  0.23 ± 0.00a  5.15 ± 0.00a 

YB4 (43 ◦C, 4.60)  9.00 ± 0.33d  12.34 ± 0.42de  0.25 ± 0.01a  5.17 ± 0.00a 

YC4 (43 ◦C, 4.60)  24.41 ± 0.65a  28.28 ± 0.24a  0.25 ± 0.00a  5.16 ± 0.01a 

Yoghurt (Y) made with starter culture A, B and C fermented up to pH 4.45 at 39 ◦C (1) or 43 ◦C (2) and up to pH 4.60 at 39 ◦C (3) or 43 ◦C (4) (as detailed within 
brackets). Mean values (average of triplicates; n = 3) with different superscripts within columns are significantly different (P < 0.05). 
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higher viscosity in the serum phase reduces the particle movement and 
therefore yield more white mass. Viscosities of the supernatant at a 
higher shear rate showed negative correlations with the weight of whey 
(r = − 0.93), protein content in white mass (r = − 0.95) and total solids 
in white mass (r = − 0.97). Thus, higher viscosities of supernatant 
decreased separation efficiency because of the presence of EPS as stated 
above. The viscosity of fermented gels at low shear rates showed a 
positive correlation (r = 0.74) with the storage modulus at 5 Hz. This 
proposed that structurally strong (higher protein-protein interactions), 
solid-like gels have resulted in higher viscosities at lower shear rates. In 
fact, this is expected, since in the nearly intact gel (e.g., at low shear or 
oscillation) protein-protein interaction is the major determinant for the 
mechanical properties. The weight of white mass was negatively 
correlated with the protein content (r = − 0.96), and total solid content 
(r = − 0.98) in white mass. This showed that less separation resulted in 
lower protein and total solids content in white mass and this is expected 
since if less serum is removed, the concentration factor is smaller. 
Similarly, the weight of whey resulted from centrifugation was posi-
tively correlated with protein content (r = 0.91) and total solids 
(r = 0.94) in white mass. 

4. Conclusions 

The present designed model study demonstrates how different starter 
cultures, differing in EPS production, as well as the applied fermentation 
temperature, influenced the separability, whereas the cutting pH did not 
change the separability. The starter cultures also differed in the pro-
pensity for EPS production, where gel B was observed to contain higher 
EPS compared to other gels. The association of EPS with protein network 
differs, mainly due to varying compatibilities with protein, i.e., greater 
associations (e.g., gel B) or weaker associations (e.g., gel C). Fermented 
model gels produced using culture with high EPS-production and asso-
ciated with the surface of the protein aggregates, resulted in lower 

separability as compared to low EPS producing cultures or EPS that are 
not well associated with the protein network. Adapting results from this 
experiment to industrial applications are not straightforward and 
further experiments are recommended. The current study, however, has 
cast light on possible conditions affecting separability and demonstrated 
that it is highly dependent on the applied starter culture (e.g., differing 
from their EPS production and their associations with protein network) 
and the corresponding resultant viscosity of stirred gel. 
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