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Abstract 15 

Exopolysaccharides (EPS) are commonly used to improve the texture of yogurt. These 16 

polysaccharides interact with casein micelles, the major protein in milk, via electrostatic and 17 

depletion mechanisms during fermentation by lactic acid bacteria (LAB). However, the relationship 18 

between the physicochemical properties and monosaccharide composition of EPS and their impact 19 

on yogurt texture is not yet fully understood. To address this knowledge gap, we studied the effects 20 

of polysaccharides commonly used as food additives on acid-induced milk protein networks. Confocal 21 

laser scanning microscopy (CLSM) was used to image the network microstructures. Image analysis, 22 

including Fourier transform, autocorrelation, and binarization-based techniques, was applied to 23 

quantify key structural features of the mixed milk protein/polysaccharide gels. These parameters 24 

were then related to the macroscopic properties of the model food matrices, such as elastic and 25 

viscous moduli and yield point. We found that the addition of neutral polysaccharides resulted in a 26 

concentration-dependent increase in structure factor, protein domain size, and pore fraction. In 27 

contrast, the presence of charged polysaccharides led to an increase in protein domain size, a 28 

decrease in pore fraction, and a decrease in elastic and viscous moduli. These results demonstrate 29 

the use of a quantitative image analysis method for selecting LAB with favorable EPS properties to 30 

improve yogurt texture. 31 

Keywords: Acidified milk gel, polysaccharides, 2D spatial autocorrelation analysis, Fourier transform, 32 

rheology 33 

 34 

1. Introduction 35 

The demand for healthy food products that are low-fat and free of synthetic additives has been 36 

increasing due to the rising consumer awareness of the importance of good nutrition (Lynch et al., 37 

2018; Metilli et al., 2020). To meet these demands, the food industry must develop products that 38 

offer improved nutritional and sensory quality. Achieving these requirements depends on an 39 

understanding of the impact of ingredients on food microstructure and the resulting characteristics 40 

of the final product (Aguilera, 2005). The microstructure is particularly critical in fermented milk 41 

products, such as sour cream, cottage cheese, and yogurt. For these foods, the processing conditions 42 

largely affect the final milk gel texture, firmness, and viscosity (John A. Lucey, 2004). Fermented milk 43 

products are high in nutritional value and are consumed worldwide, with yogurt being the most 44 
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popular (Savaiano & Hutkins, 2021; Tamang et al., 2020). During the formation of yogurt, lactic acid 1 

bacteria (LAB) convert lactose present in milk into lactic acid (Duboc & Mollet, 2001). The pH 2 

decreases as a result, causing destabilization of the casein micelles, which comprise approximately 3 

80% of the protein in bovine milk.  4 

 5 

Casein micelles are assemblies of mainly four types of casein proteins (αs1-, αs2-, β-, and κ- caseins) 6 

and colloidal calcium phosphate held together by hydrophobic interactions and hydrogen bonding 7 

(Lucey & Singh, 1997). The κ-caseins are located on the outer surface of the micelles and stabilize the 8 

casein micelles against aggregation by extending its hydrophilic C-terminal moiety, the so-called 9 

caseinomacropeptide (CMP) (Dalgleish, 2011). The CMP is hydrophilic and extends away from the 10 

casein micelle surface by 5-10 nm, creating a so-called ‘hairy layer’, which provides steric 11 

stabilization. During acidification of milk, the CMP chains loses the intra- and interchain repulsive 12 

electrostatic interactions and collapse onto the κ-casein layer (Dalgleish & Corredig, 2012). This 13 

decreases the steric stabilization of the micelles, allowing them to aggregate by short-range 14 

attractive forces, resulting in a sol-gel transition. The internal structure of the casein micelles also 15 

changes upon acidification. When the pH decreases from 6.6 to 5.3, colloidal calcium phosphate 16 

(CCP) is released from the interior of the micelles. A further decrease in pH to 4.6, corresponding to 17 

the isoelectric point (pI) of caseins, results in aggregation and gelation. The microstructure of the 18 

final yogurt network now consists of an aggregated casein protein network with embedded fat 19 

globules and voids filled with serum with soluble proteins, lactose, bacterial cells and excreted 20 

metabolites (Duboc & Mollet, 2001). The yogurt microstructure highly depends on the fermentation 21 

process and the ingredient composition, and in turn the microstructure leads to specific physical and 22 

sensory properties (Sodini et al., 2004). Therefore, it is important to understand how to tune yogurt 23 

microstructure by optimizing the fermentation parameters. 24 

 25 

An interesting aspect of LAB with regards to yogurt fermentation is the ability of certain LAB strains 26 

to produce and secrete polysaccharides (Hassan, 2008). These polysaccharides include 27 

exopolysaccharides (EPS) that are released into the surrounding medium and capsular 28 

polysaccharides (CPS) that remain attached to the cell wall.  Because of the diverse impact 29 

polysaccharides have on the casein micelle network structure, EPS can be used to enhance yogurt 30 

texture naturally without using additives. EPS can influence the formation of casein gels by 31 

interfering with protein-protein interactions (Hassan, 2008), facilitate the formation of serum 32 

channels and pores during gelation (Lynch et al., 2018), but also increase the compactness of the 33 

casein network (Everett & McLeod, 2005) and either reduce (Zhang et al., 2016) or increase (Tiwari et 34 

al., 2021) the water holding capacity. 35 

 36 

The impact of a specific exopolysaccharide (EPS) on the microstructure of yogurt is influenced by 37 

multiple factors, including monosaccharide composition, molecular mass, branching, stiffness, charge 38 

density, and their interactions with milk proteins (Mende et al., 2016). Previous research on 39 

commercially available polysaccharides has revealed general trends (Corredig et al., 2011; Syrbe et 40 

al., 1998) and their underlying physical mechanisms (Kruif & Tuinier, 2001; Turgeon & Laneuville, 41 

2009), including their effects on network formation driven by depletion (Fig. 1A) or bridging (Fig. 1B). 42 

Below the isoelectric pH of the caseins, anionic polysaccharides are attracted to the oppositely 43 

charged casein micelles (now cationic), leading to bridging flocculation and destabilization of the 44 

casein dispersions when the polysaccharide concentration is low. The compactness of the aggregates 45 

increases with the number of protein-polysaccharide interactions, and denser structures can form 46 

with higher numbers of opposite charges (Turgeon & Laneuville, 2009). Electrostatic interactions with 47 

anionic polysaccharides also strengthen the final protein network (Everett & McLeod, 2005) and 48 

result in smaller pores (Loeffler et al., 2020). However, if the biomacromolecules have low affinity for 49 

each other, the mixture may destabilize in a segregative manner through depletion, generating 50 

domains enriched in either biomacromolecule and depleted of the other. This applies to mixtures of 51 

neutral polysaccharides and casein micelles. Non-adsorbing neutral polysaccharides and excess 52 
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anionic polysaccharides increase serum viscosity (Everett & McLeod, 2005) and can accelerate casein 1 

aggregation by depletion effects (Kruif & Tuinier, 2001). Stiffer polysaccharide chains may also 2 

enhance protein aggregation. Rigid polysaccharides may bind weaker to oppositely charged proteins, 3 

because chain rigidity may not afford sufficient conformational flexibility to reach oppositely charged 4 

patches on the protein in an optimal manner (Kayitmazer et al., 2003). Laneuville and Turgeon 5 

observed that xanthan and k-carrageenan, both having high chain stiffness, induce segregative phase 6 

separation and induce syneresis in acidified milk gels (Laneuville & Turgeon, 2014). An increase in 7 

branching (Tuinier et al., 2001) and charge density (Zdunek & Pieczywek, 2021) both increase the 8 

stiffness of polysaccharide chains.  9 

 10 

 11 
Figure 1. Schematic overview of polysaccharide/casein interaction modes and their consequences for 12 

the formation and structure of milk protein gels. A) Non-adsorbing neutral and excess anionic 13 

polysaccharides can drive casein aggregation by depletion flocculation. B) At low concentration 14 

negatively charged, adsorbing polysaccharides can destabilize casein dispersions by bridging 15 

flocculation. Adapted from de Kruif & Tuinier (Kruif & Tuinier, 2001).  16 

   17 

Previous studies have investigated the interaction between milk proteins and a selection of specific 18 

in-situ produced EPS (Ayala-Hernandez et al., 2008; Gentès et al., 2013), isolated EPS (Girard & 19 

Schaffer-Lequart, 2008; Weinbreck et al., 2003) and polysaccharides (Buldo et al., 2016). However, 20 

quantitative approaches have not yet been utilized to study the effect of EPS and polysaccharides on 21 

the microstructure of mixed milk protein/exopolysaccharide gels. Several quantitative image analysis 22 

techniques have been applied to yogurt microstructure, but these studies did not focus on the effect 23 

of EPS and polysaccharides. Analysis techniques that have been utilized include grayscale 24 

morphology analysis (Fenoul et al., 2008), typical aggregate size, binarization (Silva et al., 2015), 25 

fractal image analysis (Torres et al., 2012), Fourier transform and autocorrelation based image 26 

analysis (Glover et al., 2019) to assess various structural features of milk protein gels, such as fractal 27 

dimension, protein domain size and pore fraction.  28 

 29 

Since EPS produced by different LAB strains differ greatly in chemical composition and physical 30 

properties (Birch et al., 2019), it is crucial to quantitatively analyze the microstructure of mixed milk 31 

protein/exopolysaccharide gels to achieve a detailed, fundamental understanding of EPS structure-32 

yoghurt property relations. Whilst the rate and (local) concentration of LAB produced EPS is largely 33 

unknown, it is important to investigate these properties for a comprehensive series of (E)PS 34 

premixed with milk proteins, such that the composition of the milk protein/(exo)polysaccharide 35 

mixtures is controlled and known. Whereas in previous work the effect of EPS on microstructure is 36 

studied merely qualitatively, in this work we compare and contrast in a quantitative manner the 37 

influences of different commercially-used polysaccharides, with known composition and physical 38 
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properties, on gelation in yogurt model systems, comprising mixtures of polysaccharides and milk 1 

protein concentrate powder (MPC) acidified by D-(+)-gluconic acid δ-lactone (GDL). We compared 2 

the effect on microstructure of polysaccharides that vary in charge density, hydrophilicity, chain 3 

flexibility and propensity to aggregate and form helices. Specifically, we focused on low acyl gellan 4 

(LAG), high acyl gellan (HAG), xanthan, guar gum and ι-carrageenan. We analyzed CLSM images from 5 

acidified milk gels containing these different types of polysaccharides to determine the structure 6 

factor, average protein domain size and pore fraction. This approach allows us to relate differences in 7 

microstructure induced by the various polysaccharides and imaged by CLSM to variations in the 8 

viscoelasticity of the network determined by rheometry.  9 

 10 

2. Materials and Methods 11 

2.1. Materials 12 

Milk protein concentrate powder containing 80 wt% protein (MPC80) was kindly provided by the 13 

Hungarian Dairy Research Institute Ltd. During MPC80 powder preparation, milk was subjected to 14 

ultrafiltration and subsequent diafiltration to exclusively concentrate protein and casein-bound CaP 15 

(Babella, 1989). The retentate was heat treated by direct steam infusion at 130 °C for 20 seconds, 16 

followed by vacuum evaporation and spray-drying. The composition of the resulting MPC80 powder 17 

was 80% milk proteins (comprising a casein-to-whey protein ratio of 80:20, which is similar to the 18 

natural ratio in milk), 7.5% ash, 5.5% lactose, 5% water and 1.5% fat. LAG, HAG, xanthan, and yeast 19 

extract were kindly provided by DSM Biotechnology Center (Delft, The Netherlands). Guar gum, ι-20 

carrageenan (commercial grade, type II), rhodamine B and D-(+)-gluconic acid δ-lactone (GDL, 21 

≥99.0%) were purchased from Merck. Fresh pasteurized skimmed milk (fat content < 0.1%, de Zaanse 22 

Hoeve) was locally purchased in the Netherlands. All compounds were used as received. 23 

Characteristics of the commercially available polysaccharides used in this study, as reported in 24 

literature, are listed in table 1. A more extensive comparison of the properties of the 25 

polysaccharides, also based on information available from the literature, is given in the 26 

supplementary information (S1). In brief, low acyl gellan is produced from high acyl gellan by removal 27 

of the acetate and glycerate moieties (Buldo et al., 2016). HAG is less prone to aggregation compared 28 

to LAG since its acyl groups interfere with aggregation of double helices. As a result, LAG forms hard 29 

brittle gels whereas HAG forms soft elastic gels (Williams & Phillips, 2003). Xanthan has the same 30 

charge density as LAG and HAG but has a trisaccharide sidechain attached to every other 31 

monosaccharide unit in the backbone. Guar has a smaller, monosaccharide sidechain and is neutral, 32 

in contrast to ι-carrageenan which bears a negative charged sulphate group on every 33 

monosaccharide unit in the linear backbone.  34 

Table. 1. Overview the PS and their composition, charge density and structure. 35 

Polysaccharide Compositiona Molecular 

Weight 

(kg/mol)i 

Persistence 
Length 
(nm) 

Charge 

density 

a  

Structureb,c  

Low acyl 

gellan 

Linear chain of 

glucuronic acid (

), glucose ( ) and 

rhamnose ( ) in 

the ratio 1 : 2 : 1. 

2.5∙102 70-100d 0.25 
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High acyl 

gellan 

Linear chain of 

glucuronic acid 

with acetyl (OAc) 

and L-glyceryl as 

side-groups 

(Williams & 

Phillips, 2003), 

glucose and 

rhamnose in the 

ratio 1 : 2 : 1.  

1.5∙103 25e 0.25 

 

Xanthan Glucose backbone 

with trisaccharide 

side-chain of 

mannose, 

glucuronic acid 

and mannose with 

acetyl and 

pyruvate (Pyr) 

substituents.   

1.5∙103 125f 0.25 

 

Guar Mannose 

backbone with 

galactose ( ) as 

monosaccharide 

side-chain. 

1.5∙103 10g 0 

 

ι-carrageenan Linear chain of 

galactose and 

anhydrogalactose 

( ), with a 

sulphate group (S) 

on every 

saccharide. 

1.5∙103 23h 1 

 

a(de Jong & van de Velde, 2007), b(Cheng et al., 2017), cSchematically depicted using the standardized 1 

Symbol Nomenclature For Glycans (SNFG). The configurations (α/β) and position of the glycosidic 2 

linkages are indicated. d(Rinaudo & Milas, 2000), e(Jamil et al., 2019), f(Marguerite, 2001), g(Morris et 3 

al., 2008), h(Schefer et al., 2014). iMolecular weights (MW) of low acyl gellan and high acyl gellan 4 

were determined by the supplier, the MW for xanthan, guar and ι-carrageenan were determined 5 

from static light scattering as described in the supplementary information (S2).  6 

 7 
 8 
2.2. Methods 9 

2.2.1. Preparation of a GDL induced MPC80 gel 10 

The yogurt model system was prepared based on the methods described by Zhang et. al. (Zhang et 11 

al., 2015). MPC80 powder was reconstituted to 5.6 wt% (4.5 wt% protein) in MilliQ water and no 12 

(control) or 0.04 wt% polysaccharide (LAG, HAG, xanthan, guar gum, ι-carrageenan) was added. This 13 

concentration was selected since the protein network is continuous for all studied polysaccharides 14 
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up until this concentration (de Jong & van de Velde, 2007). The mineral content of the 1 

polysaccharides, which is unknown, is assumed to be of negligible importance at this polysaccharide 2 

concentration, which is much lower than the MPC concentration (with known mineral content). The 3 

resulting reconstituted milk was heated in a thermomixer (Eppendorf® ThermoMixer® C) with mild 4 

agitation (300 rpm) for 20 minutes at 90 ℃ and subsequently cooled in ice water for 30 minutes. 5 

Sodium azide (0.02 wt%) was added as an antimicrobial agent and the protein was labelled with 6 

rhodamine B (0.1 μg/ml), which binds strongly to proteins. The samples are equilibrated to room 7 

temperature, subsequently 3.5 wt% GDL was added, and part of the sample was quickly transferred 8 

to a chambered microscopy slide (chamber volume = 20 μl). Note that polysaccharide addition has a 9 

negligible impact on the rate of pH decline (de Jong & van de Velde, 2007; Sone et al., 2022). As 10 

determined by pH monitoring of the remaining sample volume, after incubation for 2 hours the pH 11 

was 4.3, which below the pI of casein. At this time after GDL addition, five images of the final 12 

network structure were taken per sample, and six repetitions are performed for each polysaccharide. 13 

Therefore, for each polysaccharide a total of 30 images of milk gel microstructures are analysed. 14 

2.2.2. Confocal laser-scanning microscopy 15 

Confocal laser-scanning microscopy (CLSM, Leica SP8) was performed in the inverted mode with a 16 

100x oil-immersion objective. The pixel size was set to 80 nm, using 0.75 digital zoom to generate 17 

images of 1936 x 1936 pixels. Samples were excited with an incident laser at 552 nm with detection 18 

between 565 and 630 nm. All images were taken >10 μm from the glass interface to avoid boundary 19 

anomalies in the gel formation (Glover et al., 2019).  20 

2.2.3. Quantitative data analysis 21 

Analysis of variance (ANOVA) was used to evaluate differences between values of the protein domain 22 

size, fractal dimension and pore fraction using multiple comparison of means Tukey Honesty 23 

Significant Difference (HSD) test. A significance level of p < 0.05 was used. 24 

2.2.3.1. Pore fraction analysis 25 

Prior to image analysis, the images are rescaled to maximize contrast using the automatic brightness 26 

adjustment function in ImageJ. Further image analysis was conducted with Python 2 using inbuilt 27 

functions for area calculation, Fourier transformation and additional custom-made functions. To 28 

calculate the pore fraction, a wiener smoothing filter of 5 x 5 pixels was applied to the images using 29 

the SciPy function ‘wiener’. Inspired by the work of Pugnaloni et al. (Pugnaloni et al., 2005), images 30 

were transformed into 8-bit binary images and thresholded, with the mean grey level as threshold. In 31 

this way, any pixel with a grey level above the mean value is considered to belong to the protein 32 

network, and any pixel with a grey level below is considered to belong to the voids within the 33 

network. The pore fraction was subsequently calculated as the total pore area divided by the total 34 

image area.  35 

2.2.3.2. Autocorrelation and Fourier space analysis 36 

The autocorrelation and Fourier space analysis were performed according to a method described by 37 

Glover et al. (Glover et al., 2019).  The autocorrelation G(a,b) of an image is defined as: 38 

                          

 

   

 

   

                                                                                                          

Where M and N are the number of pixels in the height and width, respectively, (a,b) are the 39 

coordinates in the generated autocorrelation image. According to the Wiener-Khinchin theorem 40 
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(Robertson, 2012), a computationally efficient method to compute the autocorrelation image is to 1 

take the inverse Fourier transform of the power spectrum image: 2 

                                                                                                                                                                    

                                                                                                                                                                  

Where S(I) is the power spectrum of the image, and   represents the Fourier transform and     the 3 

inverse of the Fourier transform. The power spectrum describes how the signal is distributed over 4 

the spatial frequencies that together form the image. To limit the influence of variations in intensity 5 

over the samples, a normalized autocorrelation        is computed by subtraction of the mean 6 

intensity, and division by the standard deviation of the image: 7 

       
 

       
                                                                                               

Where        is the standard deviation of the intensity values of the source image I,    denotes the 8 

complex conjugate of the Fourier transform and          is the average intensity in the image. Then, 9 

the radial distribution of the autocorrelation and power spectrum images are computed by a costum 10 

built python function which calculates for every pixel in the image the distance to the center of the 11 

image, and averages the correlation values over the pixels that have the same distance to the center. 12 

The radially averaged correlation values were normalized by division by the largest value, which is at 13 

the image center. As demonstrated by Ako et al. (Ako et al., 2009), the radially averaged 14 

autocorrelation decay can be fit to a stretched exponential:  15 

        
  

 
 
 
 

                                                                                                                                                       

Where C is a constant, β is a value between 1 and 2, and   is the characteristic length which in this 16 

paper was taken as a measure of the protein domain size. The model p(r) was fitted to the radial 17 

distribution of the autocorrelation image for each microscopy image using the function ‘curve_fit’ of 18 

the open-source Python library SciPy, and the value for the characteristic length   is extracted.  19 

The structure factor was determined from the log-log plot of the radially averaged distribution of the 20 

power spectrum image S(q). The power spectrum describes the distribution of power over the spatial 21 

frequencies that together form the image.  22 

 23 

We assume the images can be described as an isotropic fractal Brownian surface (Super & Bovik, 24 

1991). For the global power spectrum of an isotropic fractal Brownian surface, the following relation 25 

in equation (6) applies: 26 

 27 

             
 
  

  

                                                                                                                                  

 28 

In which (u, v) are two-dimensional frequency coordinates, and the exponent     is the structure 29 

factor. Therefore, the gradient of the linear region in the S(q) log-log plot is the structure factor β. To 30 

extract the structure factor  , a high order polynomial fit was applied to the S(q) log-log plot and the 31 

minimum value of the derivative was taken as the slope    of the linear region.  32 

 33 

2.2.4. Rheology 34 

Rheology measurements are performed with a rheometer (Anton Paar GmbH, MCR501) with double 35 

gap cylinder geometry (DG26.7-SN188610). GDL induced MPC80 gel samples with no (as a control) or 36 
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0.04 wt% polysaccharide (LAG, HAG, xanthan, guar gum or ι-carrageenan) were prepared as 1 

described in section 2.2.1. After storage overnight at 4 ℃ of the MPC80-polysaccharide samples, 3.5 2 

wt% D-(+)-gluconic acid δ-lactone (GDL, ≥99.0%, Merck) was added. Subsequently, 3.8 ml sample is 3 

added to the rheometer and a few oil droplets are added on top to prevent evaporation. After a 2 4 

hours waiting time to allow for gel formation at room temperature (20 °C) at rest, the rheological 5 

measurements were started. Frequency sweeps were performed across a frequency range of 100 to 6 

0.1 Hz at a constant strain of 1%. Amplitude sweeps were performed across a strain range of 1 to 7 

1000% at a constant frequency of 1 Hz. Each system was prepared twice and every prepared sample 8 

is measured once. The results are presented as the average of these two  rheology measurements.  9 

3. Results and discussion 10 

Aiming to investigate the impact of polysaccharide properties and concentration on the 11 

microstructure of milk protein gels, GDL acidified samples were imaged using CLSM (see materials 12 

and methods). To quantify the influence of various polysaccharides and quantitatively compare 13 

differences in network structure, the CSLM images were subjected to an autocorrelation and Fourier 14 

space analysis as described by Glover et al. (Glover et al., 2019) (Fig. 2). These methods yield 15 

information on key features of the food matrices, such as protein domain size, pore fraction and the 16 

interfacial roughness of the gel strands in the network. 17 

 18 

Figure 2. Overview of the image analysis methods: (top) autocorrelation to calculate the average 19 

protein domain size, (middle) Fourier transformation to calculate the structure factor and (bottom) 20 

binarization to calculate the pore fraction and pore area distribution. 21 

 22 

3.1. Microstructure of milk protein gels with commercially available polysaccharides 23 

The network microstructures formed upon GDL acidification in the absence of PS or in the presence 24 

of one of LAG, HAG, xanthan, guar and ι-carrageenan have clearly different characteristics. While 25 

guar has a network with thick protein strands and large voids , the control has a network of fine 26 

protein strands and smaller void spaces. The networks with LAG and HAG have similar voids as the 27 
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control, but with thicker protein strands. The ι-Carrageenan network also has protein strands of 1 

intermediate thickness, but larger voids. Finally, the xanthan network has a dense protein network 2 

with both very small and large voids. This is apparent from both a qualitatively inspection of the 3 

confocal images (Fig. 3A-F) and from the quantitative analysis (Fig. 3-I). It is also in line with 4 

observations on non-acidified renneted milk gel microstructures with 0.025wt% xanthan and guar 5 

reported previously by others (Tan et al., 2007).  6 

Quantitative analysis revealed significant differences in the microstructures of acidified milk with 7 

different polysaccharides. Whilst the protein domain size of the milk protein networks without 8 

polysaccharides (Fig. 3A) and with LAG (Fig. 3B) are statistically indifferent, the protein domain size 9 

significantly increases (PS ≈ LAG < HAG < ι-carrageenan < xanthan < guar) in the presence of all other 10 

polysaccharides (Fig. 3G). These differences are not (easily) detectable upon an exclusively 11 

qualitative inspection of the confocal images. Instead, quantitative analysis is required to uncover the 12 

effect of added polysaccharides on the microstructure of model yoghurt networks. The protein 13 

domains are on average largest in gels with guar and xanthan, with a far larger spread in strand 14 

thickness in networks with xanthan than with guar. The mean strand thickness in mixed milk 15 

protein/guar networks is about 2.5 μm. The average strand thickness of mixed casein/xanthan 16 

networks is 1.7 μm, which is considerably lower. Intermediate protein domain sizes of approximately 17 

1 and 1.4 μm are found in networks containing HAG and ι-carrageenan, respectively. None of the 18 

analyzed protein domains in gels with HAG are as small as those without polysaccharides or in the 19 

presence of LAG. Networks with ι-carrageenan comprise both small- and intermediate-sized 20 

domains. 21 

Gels with the neutral, non-adsorbing polysaccharide guar clearly stand out in protein domain size. 22 

Both average domain size as well as the sizes of all analyzed domains were larger than the analyzed 23 

domain sizes in all other gels, which do not contain neutral polysaccharides. We attribute this finding 24 

to enhanced gel coarsening due to depletion interactions arising between the neutral guar and 25 

charged casein micelles (Fig. 1A) (Kruif & Tuinier, 2001). In this scenario, it is thermodynamically 26 

favorable to minimize the volume excluded to guar, so that its conformation entropy is least 27 

compromised. Consequently, a depletion attraction arises between casein micelles, which effectively 28 

pushes the milk proteins to aggregate and results in large protein domains interspersed by large 29 

pores. Such a coarse microstructure increases the free volume accessible to the polysaccharides and 30 

it is therefore entropically more favorable than a network with finer meshes. We observed a similar 31 

effect for neutral EPS isolated from lactic acid bacteria, as described in the supplementary 32 

information (S3). 33 

 34 
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 1 
Figure 3. Confocal images of the protein network microstructure of the GDL-induced milk gel: A) 2 

control without polysaccharide, and B) with 0.04 wt% of low acyl gellan, C) high acyl gellan, D) 3 

xanthan, E) guar and F) ι-carrageenan. Box plots of G) the protein domain size, H) structure factor 4 

and I) pore fraction of the GDL-induced milk gels. Images were taken after 2 hours of incubation, at 5 

pH 4.3. For samples, the number of images analyzed is n=30. Statistical significance as calculated with 6 

multiple comparison of means Tukey HDS is indicated with asterisks, with not significant (n.s.) for 7 

0.05 < p < 1, * for 0.01 < p < 0.05 and ** for 0.001 < p < 0.01.  8 

 9 

Enhanced coarsening may also arise in the four networks containing negatively charged 10 

polysaccharides due to bridging interactions at sufficiently low PS concentrations (Fig. 1B) or 11 

depletion interactions (sufficiently high concentrations) at pH values below the pI of casein. The 12 

branched, low charge density xanthan exhibits the largest impact on protein domain size of all 13 

negatively charged PS investigated. Although we cannot directly and unambiguously relate specific 14 

microstructural features to the characteristics of the polysaccharides, we believe that this finding is 15 

in line with previous work by others showing xanthan having the stiffest chain conformation in milk 16 

at neutral pH (Hege et al., 2020). Stiffer chains lead to stronger depletion attractions (Egorov, 2022). 17 

Therefore, when present in excess, xanthan exhibits stronger depletion interactions with casein 18 

micelles (partially) decorated with adsorbed xanthan chains resulting in enhanced coarsening. The 19 

effect on protein domain size of ι-carrageenan is more pronounced than of LAG and HAG, but less 20 
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than that of guar and xanthan. As ι-carrageenan has both a high charge density (de Jong & van de 1 

Velde, 2007) and a high degree of chain flexibility (Hege et al., 2020), this can likely be attributed to a 2 

high level of bridging interactions. An insignificant impact on protein domain size is detected for the 3 

linear, low charge density polysaccharide LAG, which may be related to the presence of less acyl 4 

groups. Previous studies indicate that the presence of small side groups, such as acyl groups, can 5 

interfere with PS-protein interactions (Buldo et al., 2016). Due to the larger number of acyl groups, 6 

HAG may cause more depletion interaction than low acyl gellan. We propose that the coarser 7 

network with larger protein domain size observed with HAG is due to stronger depletion interactions, 8 

caused by the larger number of acyl groups compared to LAG.  9 

 10 

Next, we analyzed the structure factor of the gels (Fig. 3H see section 2.2 for more information). The 11 

structure factor is related and inversely proportional to the fractal dimension of the milk gels (Glover 12 

et al., 2019). The milk gel microstructure can be modeled as a fractal Brownian surface, and based on 13 

the definition of a fractal Brownian surface (Super & Bovik, 1991), a surface with smaller intensity 14 

fluctuations, and thus a smoother surface, will have a larger fractal dimension, and thus a smaller 15 

structure factor. Vice versa, a rougher surface results in a larger structure factor. Interestingly, it is 16 

again the network with guar that stands out most. We find a structure factor of 3.67±0.07, which is 17 

higher than that of all other gels without polysaccharide (value) or with anionic polysaccharides 18 

(3.10±0.14, 2.91±0.31, 2.81±0.13 and 2.79±0.06 for xanthan, LAG, HAG and ι-carrageenan, 19 

respectively. Hence, regardless of charge density, hydrophobicity, and branching density, the 20 

microstructures in the presence of the negatively charged polysaccharides all display a comparatively 21 

low structure factor. This suggests that the protein-serum interface is smoother in networks with 22 

guar than on the other gels. The large spread in the structure factor of the LAG protein network is 23 

notable and may be related to a more heterogeneous structure. The spread in domain size is not 24 

much larger than for other mixed polysaccharide/milk protein gels (Fig. 3G), but we did observe 25 

heterogeneously distributed regions with higher protein density. These correspond to markedly 26 

brighter spots in the confocal images of the network. The different polysaccharides also impact the 27 

porosity (Fig. 3I). Compared to all the other milk gels, the gels with guar are significantly more porous 28 

(with p < 0.01) with a total pore fraction of 0.63±0.02. The large pore fractions in the milk gels with 29 

guar are expected for a non-adsorbing neutral polysaccharide able to cause strong depletion 30 

interactions. In a control experiment, no whey separation was observed in any of the gels, ruling out 31 

that the smaller pore fraction of the other gels is due to whey separation (Supplementary Figure S2). 32 

The pores in this network appear rather large and interconnected. The smallest pore volume fraction 33 

is found in the presence of xanthan (0.48±0.02), whilst all other gels with and without anionic 34 

polysaccharides display comparable porosity with pore volume fraction of 0.55±0.02 up to 0.59±0.02.  35 

At neutral pH, xanthan-milk solutions at the composition used in this study are unstable and phase 36 

separate (Hemar et al., 2001). However, the differences in pore fraction distributions among the 37 

images of these gels were not statistically significant.  38 

In summary, the mixed milk protein/polysaccharide network with the neutral polysaccharide guar 39 

differs markedly in microstructure from the milk protein gels without polysaccharide and from those 40 

with any of the four studied anionic polysaccharides. The guar gel is fairly dense, has a large pore 41 

fraction and exhibits a rather smooth protein-serum interface. The negatively charged 42 

polysaccharides have more subtle effects on protein domain size, fractal dimension and pore 43 

fraction. Differences between these effects are too modest to be appreciated upon qualitative 44 

inspection of the confocal images but do become distinguishable upon quantitative analysis.  45 
 46 

 47 

3.2. Rheological properties of milk protein gels with commercially available polysaccharides 48 

 49 
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Next, we performed rheometry (Fig. 4) to probe viscoelasticity and yielding. In the linear domain (Fig. 1 

4A, B), all gels display elastic behavior (G’>G’’) within the studied frequency range. Interestingly, 2 

most of the studied polysaccharides impact both G’ (Fig. 4A) and G’’ (Fig. 4B) in a similar manner. For 3 

a direct comparison of the moduli of the different milk gels, we focus on G’ and G’’ at 1Hz (Table 2). 4 

Whilst the presence of LAG induces an approximately two-fold increase in G’ and G’’ (to 1210±45 and 5 

310±5 Pa respectively) compared to the gel without polysaccharide (560±6 and 160±3 Pa), HAG and 6 

ι-carrageenan decreased the elastic modulus G’ and the loss modulus G’’ by a factor of 1-2. Sone et 7 

al. observed a similarly slight decrease in decrease in G’ and G’’ for GDL acidified milk gel with 0.05 8 

wt% ι -carrageenan (Sone et al., 2022). A marked decrease in both G’ and G’’ is seen upon addition of 9 

xanthan (36±4 and 11±1 Pa, respectively). Strikingly, the addition of guar only slightly increased G’ 10 

and G’’, to 630±50 and 190±20), whilst mixed milk protein/polysaccharide networks with this neutral 11 

polysaccharide display the most pronounced differences in microstructure. Tan et al. observed a 12 

larger increase in complex modulus for renneted skim milk gels with similar guar concentration (Tan 13 

et al., 2007).  14 

 15 

 16 

 17 
Figure 4. A) Storage modulus (G’), B) loss modulus (G’’) as function of frequency and C) shear stress 18 

as a function of strain for GDL-induced milk gel without polysaccharide (blue circles), and with 0.04 19 

wt% of low acyl gellan (orange triangles pointing upwards), high acyl gellan (green squares), xanthan 20 

(red triangles pointing downwards), guar (purple triangles pointing to left) and ι-carrageenan (brown 21 

crosses).  22 

 23 

The observed trends in viscoelasticity persist in the non-linear rheology up to moderate strains of 24 

20 - 25% (Fig. 4C). Yield stress and strain were determined from these experiments, during which an 25 

increasingly strong strain was applied to the gels until these finally ruptured. Interestingly, the largest 26 

yield strain of 45±6% and yield stress (140±3 Pa) was found for the gels devoid of polysaccharide 27 

(Table 2). Hence, the addition of polysaccharides, neutral as well as anionic, reduces gel toughness 28 

and makes the networks more brittle instead. Apart from the gel network with LAG, which was stiffer 29 

than the control gel network, globally the control gels were weaker than the gels containing 30 

polysaccharides. LAG is known to form brittle gels and to disrupt at lower strain but higher stress 31 

compared to HAG gellan (Tong et al., 2018). It ruptured at the same yield stress (140±7 Pa) but two-32 

fold lower yield strain (22±3%) than the control milk protein gel. In contrast, HAG did not significantly 33 

affect the yield strain, but reduced the yield stress to 84±6 Pa. The milk gel with guar had similar yield 34 

stress and yield strain as the control milk gel. For xanthan, the yield stress decreased forty-fold to 3 35 

Pa at 28% strain. These findings agree with the reduction in complex modulus for milk gels with 36 

0.025-0.1 wt% xanthan compared to skim milk without polysaccharide, as observed by Tan et al. (Tan 37 

et al., 2007). They also observed that xanthan tended to slow down gelation and caused formation of 38 

a discontinuous protein network, which likely explains the lower G’ and G’’. At the composition used 39 

in our study, 0.04wt% and 4.5 wt% milk protein, the xanthan-milk mixture was already 40 

thermodynamically incompatible and ready to phase separate at neutral pH (Hemar et al., 2001).  41 

 42 
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Table. 2. Rheological properties of the milk gels: Storage modulus and loss modulus at 1 Hz and 1% strain, and 1 
the yield stress and yield strain. All measurements were performed in duplicate; the reported values denote 2 
the mean with accompanying standard deviation. 3 

Polysaccharide Storage 
modulus 
(Pa)

 

Loss 
modulus 
(Pa) 

Yield 
Stress 
(Pa) 

Yield 
strain 
(%) 

No polysaccharide 560±6 160±3 140±3 45±6 

Low acyl gellan 1210±45 310±5 140±7 22±3 

High acyl gellan 390±2 110±7 84±6 39±6 

Xanthan 36±4 11±1 3±0.5 28±10 

Guar 630±50 190±20 130±10 40±6 

ι-carrageenan 270±40 83±10 50±10 34±5 

 4 

 5 

3.3. Relation between rheological properties, gel microstructure and polysaccharide properties 6 

The small yet detectable differences in rheological properties of the mixed polysaccharide/milk 7 

protein gels are related in a complex manner to subtle variations in microstructure which in turn 8 

originate from differences in the interactions between the various integrated polysaccharides and 9 

milk proteins. Although no unambiguous trends were observed between the differences in 10 

microstructure and rheological properties, the observations in this study can serve as the basis of 11 

future hypotheses on microstructure-function relationships in yogurt. Xanthan does not reinforce the 12 

protein network, but rather appears to hinder protein-protein interactions that are essential for the 13 

formation of a strong and tough milk protein gel. The low moduli for xanthan-containing gels have 14 

been related before to a decrease in the continuity of the protein phase; an effect that becomes 15 

more pronounced with increasing polysaccharide concentration (de Jong & van de Velde, 2007). 16 

Whether the low moduli are also related to the rather low pore volume fraction is still to be 17 

uncovered. The low pore fraction does not seem to be caused by syneresis, since no syneresis was 18 

observed (Supplementary information S4). The larger G’ and G’’ values and brittleness of the low acyl 19 

gellan gel are possibly related to its strong interaction with calcium ions (Sworn & Stouby, 2021) and 20 

casein (Buldo et al., 2016). and to the presence of non-uniformly distributed dense protein domains, 21 

which give rise to the large spread in structure factor. High acyl gellan and ι-carrageenan have similar 22 

G’ and G’’, protein domain size and structure factor. Arguably most striking is the similarity in 23 

rheological properties of the gel without any polysaccharide and the guar gel, while their 24 

microstructures greatly differ. The guar gel has slightly yet significantly higher moduli than the 25 

pristine gel, has a higher porosity, a larger structure fraction and a larger protein domain size. These 26 

microstructural differences may have opposing effects on the rheological properties, such that their 27 

combined effect is small. Alternatively, their impact may be attenuated by other factors such as the 28 

increased guar concentration in the serum due to depletion-induced phase separation in these 29 

mixtures comprising neutral polysaccharides and milk proteins. Similarly, van der Velde et al. 30 

observed significant differences in whey-gel microstructure at 0 and  0.05 wt% guar, yet at this 31 

concentration the guar had little impact on Young modulus (de Jong & van de Velde, 2007). 32 

Interestingly, they observed the highest Young modulus at a guar concentration when the pore 33 

fraction is largest. To conclusively relate the microstructure characteristics to the rheological 34 

properties, the present study could be extended to different polysaccharide concentrations. 35 
 36 
5. Conclusions 37 

The influence of different polysaccharides on the microstructure and rheological properties of yogurt 38 

model systems has been quantified in mixtures of food grade polysaccharides and milk protein 39 

concentrate acidified by GDL. The addition of polysaccharides with varying composition, charge 40 
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density and branching density resulted in milk gels with distinct microstructures and rheological 1 

properties. Quantitative image analysis of CLSM images of these acidified milk gels yielded the 2 

structure factor, average protein domain size and pore fraction as parameters to describe the key 3 

features of the microstructure. Through this multi-parameter, quantitative image analysis approach, 4 

the influence of various polysaccharides on the milk gel microstructure could be differentiated, even 5 

if these were not directly apparent from visual inspection by eye. We found that the addition of the 6 

neutral polysaccharide guar had the least impact on the rheological properties of the acidified milk 7 

protein gels even though these networks have a larger structure factor, larger protein domain size 8 

and larger pore fraction compared to networks with negatively charged polysaccharides. Subtle 9 

differences in microstructure were detectable in networks containing different negatively charged 10 

polysaccharides, presumably originating from variations in their interactions with the milk proteins in 11 

the gels. A high degree of acylation, high branching density and high charge density increased protein 12 

domain size and weakened the gel network. In future, the presented methodology can also be 13 

employed in time-resolved studies to monitor the development of the microstructure and 14 

rheological properties of the network. This would reveal when the gels in the presence and absence 15 

of various polysaccharides develop characteristic differences and how their formation pathways 16 

relate to the final network microstructures and their rheological properties. Another interesting 17 

avenue of future research is multi-color imaging of mixed gels with both the proteins and 18 

polysaccharides specifically labelled to elucidate the extent to which these are locally mixed and how 19 

this relates to network structure and properties.  20 
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