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A B S T R A C T   

Super-resolution microscopy (Stimulated Emission Depletion, STED) combined with quantitative image analysis 
and rheology was used to study acidified milk gels with the addition of both endogenous milk proteins (i.e., 
liquid casein and whey protein concentrate, LCC and LWPC) and different types of whey protein ingredients. 
Casein and whey protein were stained separately using two different dyes prior to mixing. STED micrographs 
showed that added whey protein concentrate (WPC) and nano-particulated whey protein (NWP) were able to 
self-aggregate and attach to casein assemblies by inter-chain crosslinking. The behavior of NWP was shown to be 
similar to the behavior of LWPC, except that NWP formed larger aggregates with increased connectivity to the gel 
network. Micro-particulated whey protein (MWP) did not appear to interact with any other proteins and scat-
tered MWP particles were visible in the mixed gels. The spatial colocalization of the fluorescence emission 
stemming from casein and whey protein, respectively, was highest for the system that contained only endoge-
nous proteins. The lowest colocalization level was found for the systems with added MWP which also showed the 
highest image coarseness in accordance with the lowest observed G’. The systems with added LWPC or NWP 
exhibited thicker aggregate strands, which correlated to higher G’ compared to the other systems with WPC.   

1. Introduction 

In yogurt and other fermented milk products, acid gelation is an 
essential processing step which is usually achieved using lactic acid 
bacteria. A porous gel network will be formed during this process with 
serum entrapped inside (Lucey, 2004; Tamime, Hassan, Farnworth, & 
Toba, 2007). The microstructure of set milk gels, where the gels remain 
undisturbed after acidification, is largely affected by three factors: milk 
composition which can be modified through the addition of ingredients 
or up-concentration of proteins, pre-processing, such as heat treatment 
or homogenization, and the acidification/fermentation conditions 
including the temperature, time and starter cultures used (Gilbert & 

Turgeon, 2021; Laiho, Williams, Poelman, Appelqvist, & Logan, 2017). 
The process of heat treatment can induce whey proteins to get denatured 
and form aggregates. With the presence of casein micelles, whey pro-
teins are able to modify the surface of the micelles, and form complexes 
with micellar or serum κ-casein and αs2-casein during heating. These 
complexes can be present both on the micelles and in the serum phase 
(Dalgleish & Corredig, 2012). During acidification, decreasing negative 
charges on individual caseins and collapse of the κ-casein layer 
decreased steric stabilization of the micelles (Dalgleish & Corredig, 
2012), leading to a honeycomb-like mesh gel connected by the protein 
aggregate strands (Mok, Qi, Chen, & Ruan, 2008). The different whey 
proteins can generate different surface interactive properties, affecting 
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acid gelation mechanisms when attaching to either caseins or aggre-
gating with themselves (Andoyo, Guyomarc’h, Burel, & Famelart, 
2015). 

Various techniques, such as light scattering, microscopy, and diffuse 
reflectance spectroscopy, have been utilized to characterize and 
describe acidified dairy gels with observations at different length scales 
and may also include induced de-structuring of samples (Abildgaard 
et al., 2016; Gilbert, Rioux, St-Gelais, & Turgeon, 2020b; 
Guénard-Lampron, St-Gelais, Villeneuve, & Turgeon, 2019; van Marle, 
1998). When applying laser diffraction and sieving methods, for 
example, some structural information may be lost, as they involve 
dispersion and agitation (Gilbert et al., 2020b). Microscopy has been the 
most extensively used method for characterizing the structural proper-
ties of a dairy matrix (especially casein micelles and acidified milk gels), 
and the applied techniques include transmission and scanning electron 
microscopy (TEM and SEM), atomic force microscopy (AFM), and 
confocal laser scanning microscopy (CLSM) (Gilbert & Turgeon, 2021; 
Nguyen, Afsar, & Day, 2018; Ouanezar, Guyomarc’h, & Bouchoux, 
2012). The development of methods for image analysis has aided in 
quantitative evaluation of microstructural characteristics, especially for 
dairy gels (Gilbert et al., 2020b; Glover, Bisgaard, et al., 2019; Torres, 
Amigo Rubio, & Ipsen, 2012). 

Stimulated emission depletion (STED) microscopy, a super- 
resolution technique, is able to provide information at the nanoscale, 
which is of relevance for detailed investigation of colloidal interactions. 
STED has been successfully applied to characterize the microstructures 
of acidified milk gels (Glover et al., 2019a, 2019b). Coupling quantita-
tive image analysis (e.g., autocorrelation analysis) with STED imaging 
has shown to differentiate acidified gels formed from either fresh or 
reconstituted skim milk, where the samples displayed different rheo-
logical properties (Glover, Ersch, et al., 2019). It has also been shown 
that cross-correlation analysis of STED images has the capacity to 
characterize the components of whole milk gels, for example, protein 
and fat, and evaluate their relative particle sizes and separation dis-
tances (Glover, Bisgaard, et al., 2019). Furthermore, quantitative anal-
ysis of the gel microstructure characteristics can be expected to establish 
a link with macroscopic rheological behaviours (Glover, Ersch, et al., 
2019). 

Whey protein ingredients have been widely applied in food products, 
due to their favorable nutritional and functional properties (Hau & 
Bovetto, 2001; Torres, Mutaf, Larsen, & Ipsen, 2016). Whey protein 
ingredients can be used to improve the taste and texture according to 
required product characteristics and further provide a natural milk 
profile. The denaturation of whey proteins has been suggested to facil-
itate their integration into the three-dimensional gel network, which 
could impede the unwanted formation of coarse and lumpy gel induced 
by normal milk with higher casein-to-whey protein ratio (Kelly, 2019). 
Microparticulated whey protein (MWP) can be used as a fat replacer in 
various low-fat food application (Dissanayake, Kelly, & Vasiljevic, 
2010). Nanoparticulated whey protein (NWP) has been shown to in-
crease gel strength and whey retention (Andoyo, Guyomarc’h, Cauty, & 
Famelart, 2014). In previous studies (Li et al., 2021b & Liu et al., 
2016b), MWP has been suggested to be inert when mixed with other 
milk protein components, and NWP tended to form large aggregates 
with other components. However, it is still unclear how the interaction 
of these whey protein ingredients with other milk components occurs, 
and so is the relation between the microstructure of the gels formed and 
the ingredient functionalities. 

The present study combines STED with quantitative image analysis 
and rheology to investigate the microstructure of set acidified milk gels 
with the addition of different types of whey protein ingredients. Our 
hypothesis was, that the different types of whey protein ingredients and 
the quantity of the ingredient added influenced gel microstructure and 
rheological properties by affecting the extent of crosslinking and struc-
tural rearrangements during acid gelation. We applied staining of casein 
and whey proteins separately to enable a simultaneous study of the 

resultant microstructure of both these components in the mixed systems. 
Use of STED microscopy was expected to provide images of micro-
structures resolved down to below 100 nm (Glover, Ersch, et al., 2019), 
which would give a unique impression of the spatial localization of ca-
seins and whey proteins in the acidified gels, and also elucidate casein 
and whey protein interactions. The innovative approach utilized here 
has allowed further insight into the gelation mechanism and the in-
teractions between casein and whey proteins, including added whey 
protein ingredients, in a mixed system. The methods and results from 
this study will enable the industry to optimize the use of different in-
gredients and develop new and sufficiently stable fermented dairy 
products. 

2. Materials and methods 

2.1. Materials 

Three whey protein ingredients in powder form were provided by 
Arla Foods Ingredients (Nr. Vium, Denmark), whey protein concentrate, 
WPC (77.0% protein, 6.5% fat, 7.5% lactose, w/w), nano-particulated 
whey protein, NWP (80.0% protein, 5.3% fat, 2.0% lactose, w/w) 
with all particles smaller than 1 μm, and micro-particulated whey pro-
tein, MWP (79.0% protein, 6.5% fat, 3.0% lactose, w/w) ranging from 
0.1 to 2.5 μm. The composition is cited directly from the product sheets 
from the manufacturer who has additionally informed that the content 
of caseinomacropeptide (CMP) is approximately 17% in all the whey 
protein ingredients. The casein content can assumed to be negligible. 

Two liquid ingredients were used: Liquid casein concentrate (LCC, 
approximately 17% casein and 2% whey protein) and liquid whey 
protein concentrate (LWPC, approximately 7.1% whey protein and 0.8% 
casein). These were produced using microfiltration (MF) and ultrafil-
tration (UF), and stored at − 80 ◦C prior to use. Permeate from the same 
UF production was stored at − 20 ◦C before use and was used as the 
buffer solution for the rheological and microstructural investigations 
described hereafter. Full details about the production and thawing 
procedures of these frozen products can be found in Li et al. (2021a & b). 

4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), so-
dium hydroxide (NaOH), and dimethyl sulfoxide (DMSO, 99.9% pure) 
were purchased from Sigma Aldrich (Steinheim, Germany). The two 
dyes used in this study, Abberior STAR ORANGE NHS ester and Abberior 
STAR RED NHS carbonate were purchased from Abberior GmbH 
(Göttingen, Germany). 

2.2. Sample preparation 

The preparation of model acidified milk gels was conducted 
following the methodology presented in Li et al. (2021a& b) with some 
modifications. Briefly, the five individual protein ingredients (LCC, 
LWPC, WPC, NWP, and MWP) were added to a buffer of either permeate 
(pH 6.6, mimicking milk environment, for rheological analysis) or 
HEPES (pH 8, 50 mM, for microstructural investigation) at a concen-
tration of 4% (w/w) in 300 mL and stirred (600 rpm, 5 ◦C) overnight 
with a magnetic stirrer (IKA™ RET Basic Magnetic Stirrer, Fisher Sci-
entific, Roskilde, Denmark). Subsequently samples were subjected to 
two-stage homogenization (20/5 MPa) using a high-pressure homoge-
nizer (Panda plus 1000, GEA Niro, Soavi, Italy) after a pre-heat treat-
ment (55 ◦C, 5 min). 

Then, as shown in Table 1, LCC was mixed with whey proteins 
(LWPC, WPC, NWP, and MWP) in different ratios to form a total of 
eleven milk model systems (No. 6–16), as well as five samples (No. 1–5) 
consisting of individual proteins (4%, w/w) and a sample (No. 17) 
mimicking commercial skim milk (SM; 3.5% total protein, w/w) as 
reference. All the mixed model systems, except for the reference SM 
mentioned above, consisted of 4% (w/w) of total protein, and were 
designed with a ratio of casein to whey protein of 1:1, whereas the casein 
to whey protein ratio for the reference SM was 4:1. The mixed systems 
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were stirred at 600 rpm for 30 min with the same magnetic stirrer. Af-
terwards, a heat treatment at 90 ◦C for 10 min in a water bath was 
conducted for all the samples, and subsequently they were moved to an 
ice water bath for 10 min. 

Next, 3 aliquots of 20 mL of each sample (reconstituted with 
permeate, 4% (w/w)) were loaded in 50 mL centrifuge tubes and solid 
GDL (glucono-δ-lactone; Sigma Aldrich Co., St Louis, MO, USA) was 
added to a concentration of 1.5% (w/v) to induce acidification. After 
shaking manually for 30 s, samples were kept in a water bath at 45 ◦C 
until their pH reached 4.60 ± 0.05. The acidification process was 
monitored in a separate sample using a HQ411D Laboratory pH mV-1 
Meter with an Intellical™ PHC705 (Hach, Düsseldorf, Germany) elec-
trode. A logarithmic relationship was evident between pH and time 
during acid gelation for all the samples (with R2 values ranging from 
0.993 to 0.999). 

pH =A ∗ ln(t) + B (1)  

where t represents time in min. The values of A and B varied slightly for 
the different model systems (data not shown). 

2.3. Rheological measurements 

Similar to the pH measurements, each sample reconstituted with 
permeate was mixed with GDL and 19 mL were loaded in the rheometer 
cup of a rotational rheometer (Kinexus Pro KNX 2100, Malvern) with a 
cup/bob geometry (C25 (DIN)). In order to avoid water evaporation, a 
layer of paraffin oil was added to cover the sample surface. The pro-
cedure was set up with an initial equilibration time of 4 min with a 
temperature increase from 20 to 45 ◦C, where after the temperature was 
maintained at 45 ◦C. Oscillatory measurements were performed every 
minute using a frequency of 1 Hz and a stress of 0.1 Pa applied after the 
gel point (the applied stress was considerably lower in the still fluid 
system) using a method similar to Liu et al. (2016a). The measurement 
was stopped when each sample reached pH 4.6 based on the above pH 
measurement. Each measurement was done at least in duplicate. Gela-
tion time and pH were defined when G’≥ G’’. 

2.4. STED measurements 

2.4.1. Sample preparation prior to imaging 
Each individual protein sample of 1 mL after reconstitution in HEPES 

buffer was mixed individually with a 10 μL DMSO solution (33 mg/mL) 

of the NHS (N-hydroxysuccinimide) functionalized dye to a final dye 
concentration of 392 μM in the protein samples. Casein was stained with 
Abberior STAR ORANGE NHS ester and whey protein with Abberior 
STAR RED NHS carbonate. Samples were gently stirred for 3 h (kept in 
the dark) at room temperature using an IKA IKAMAG RT 10 Power 
magnetic stirrer (LabX, Midland, Canada). Afterwards, non-covalently 
bound dye was removed via standard gel filtration using PD-10 desalt-
ing columns (VWR, Søborg, Denmark), and the previously used HEPES 
buffer as eluent. Gel filtration fractions were collected in clear Flat- 
Bottom Immuno Nonsterile 96-well microplates (Thermo Fisher Scien-
tific, Roskilde, Denmark). Covalently labeled protein fractions were 
identified using a plate reader and collected into a glass vial covered 
with aluminum foil, as seen in Fig. 1. The protein concentration of both 
the collected fractions and unlabeled original sample were measured 
using a colorimetric method (BCA Protein Assay Kit, Pierce 23225) and 
also confirmed with Kjeldahl method (method details not shown here) in 
order to calculate the dilution factors. Based on this, the collected 
fractions were concentrated to their original protein concentrations 
using a Sartorius Vivaspin®6 centrifugal concentrator with a PES 
membrane (Thermo Fisher Scientific, Roskilde, Denmark). The MWCO 
was 100,000 Da for casein- and 10,000 Da for whey protein samples. The 
centrifugal concentration process was performed at a centrifugation 
force of 2500×g at 10 ◦C and using permeate buffer to recreate an 
environment similar to milk in terms of minerals and lactose in the final 
samples. Initially, the samples were centrifuged to the original protein 
concentration based on the dilution factor as calculated above, and 
subsequently, the concentrate was re-diluted with permeate (2 mL) each 
time, and the centrifugation was repeated four times. The next step was 
to build the milk model systems with the different labeled ingredients, as 
seen in Table 1. The mixed model systems were heat treated at 90 ◦C for 
10 min, and then immediately cooled down in an ice water bath for 10 
min. Then 1.5% (w/v) of solid GDL was added to the mixed samples 
(300 μL) by pipetting up and down gently for 30 s using a micropipette 
and following this, samples were transferred to a μ-Slide 8-well chamber 
with glass bottom (ibidi, Germany). Subsequently, samples were incu-
bated at 45 ◦C in ThermoMixer (Eppendorf, Framingham, United States) 
for the time obtained from the pH measurements as described above. 
Evaporation was minimized by the cover of the Thermomixer which 
ensures heating from both top and bottom of the sample. When a final 
pH of 4.6 ± 0.1 was achieved, samples were cooled down in an ice water 
bath for 5 min. The acidification process was slowed down by this and 
expected to be sufficiently slow, so that samples could be handled for 

Table 1 
Experimental design and ingredients used in the non-fat milk model systems.  

No. Total protein content Systems LCC 
(%, w/w) 

LWPC 
(%, w/w) 

WPC 
(%, w/w) 

NWP 
(%, w/w) 

MWP 
(%, w/w) 

1 4.0% (w/w) (Individual proteins) LCC4.0 4.0     
2 LWPC4.0  4.0    
3 WPC4.0   4.0   
4 NWP4.0    4.0  
5 MWP4.0     4.0 

6 4.0% (w/w) (Mixed model systems) LCC2.0+WPC2.0 2.0  2.0   
7 LCC2.0+LWPC0.5+ WPC1.5 2.0 0.5 1.5   
8 LCC2.0+LWPC1.0 + WPC1.0 2.0 1.0 1.0   
9 LCC2.0+NWP2.0 2.0   2.0  
10 LCC2.0+LWPC0.5 + NWP1.5 2.0 0.5  1.5  
11 LCC2.0+LWPC1.0 + NWP1.0 2.0 1.0  1.0  
12 LCC2.0+MWP2.0 2.0    2.0 
13 LCC2.0+LWPC0.5 + MWP1.5 2.0 0.5   1.5 
14 LCC2.0+LWPC1.0 + MWP1.0 2.0 1.0   1.0 
15 LCC2.0+NWP1.0 + MWP1.0 2.0   1.0 1.0 
16 LCC2.0+LWPC2.0 2.0 2.0    

17 3.5% (w/w) (Skim milk system) SM 2.8 0.7    

Note: LCC represents liquid casein concentrate, LWPC is liquid whey protein concentrate. WPC, NWP and MWP are powdered whey protein concentrate, nano-/micro- 
particulated whey protein ingredients, respectively. The calculated protein composition ignores the small amount of whey protein and casein present in LCC and 
LWPC, respectively. 
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imaging at room temperature with no further changes in pH or gel 
microsctructure. Each sample was produced at least in triplicate. A flow 
chart of sample preparation for microscopy can be seen in Fig. 1. 

2.4.2. STED imaging 
The samples were imaged using an Abberior Facility Line STED mi-

croscope equipped with a 100x 1.4 oil objective (UPLSAPO 100X 
Olympus). The fluorophores, STAR ORANGE and STAR RED, were 
excited by 561 nm and 640 nm lasers, respectively, and a STED deple-
tion laser at 775 nm was used on both fluorophores. Emission was 
detected at 571–625 nm for Abberior STAR ORANGE and 690–735 nm 
for STAR RED. Images of gels were acquired with a 20 nm XY pixel size 
and 15 × 15 μm2 images with 10 μs pixel dwell time. Ten STED images 
were acquired per sample with all images being taken 3–4 μm above the 
sample well glass bottom to avoid boundary anomalies in the gel for-
mation. Each sample was imaged at room temperature around 60 min 
after the point of gelation. Room temperature was chosen as preliminary 
experiments had shown negligible acidification with GDL when samples 
were cooled from the acidification temperature. We thus assume that the 
gel structure will change only slightly during the 60 min imaging at 
room temperature. 

2.4.3. Image pre-processing and deconvolution 
Images were converted to TIFF in Image J (ver. 1.53f51, National 

Institutes of Health (NIH), available from imagej.nih.gov/ij) Schindelin 
et al. (2012). Due to a slight bleed through from the 561 nm channel into 
the 640 nm channel, 4.5% (calculated from the average of all the sample 
after bleeding) of the 561 nm channel intensity was subtracted from the 

640 nm channel intensity on a pixel-by-pixel basis using NIS-Elements 
software (ver. 5.30.02, Nikon Laboratory Imaging, 2020). The STED 
images were deconvolved in Huygens Professional (ver. 21.04, Scientific 
Volume Imaging B.V., http://svi.nl) by first subtracting the minimum 
intensity value in the 16-bit images using the automated background 
estimation tool with a search area of 0.7 μm radius. This was verified 
using a 1D line intensity profile where the background levels could 
easily be distinguished. The two channels were then deconvolved using 
Huygens CMLE (classic maximum likelihood estimation) deconvolution 
algorithm. 

2.4.4. Image analysis 
Image analysis was conducted using MATLAB R2018b (Mathworks, 

U.S.A) based on the method developed by Glover, Bisgaard, et al. (2019) 
and Glover, Ersch, et al. (2019). Each microscopy image contains two 
channels, and the image analysis generated a 2D power spectrum image 
of each channel and a 2D spatial cross-correlation image between both 
channels. 

Five different parameters were extracted to quantitatively evaluate 
the micrographs of the acidified gels: 

The normalized cross-correlation intensity at zero spatial lag (X-corr 
intensity) was analyzed to evaluate the degree of overlap between the 
two channels from the composite image. This parameter was calculated 
by multiplying the corresponding pixels from the two channels together 
and summing up all these values, therefore a higher value indicates a 
higher spatial correlation between the two channels. 

The fractal dimension, Df, was determined from the radial average of 
the power spectrum image of the STED images. It is related to the 

Fig. 1. Flow chart of sample preparation prior to STED imaging.  
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gradient of the linear region from the radial decay of the power spec-
trum, β, as shown in Equation (2). Df can be used to indicate packing 
density of the protein aggregates in an acidified gel. 

Df = 4 −

(
β
2

)

(2) 

The parameter normalized variation, σ2, indicates the degree of 
coarseness in the gel structure (i.e., coarseness signifies a more discon-
nected gel network) and was determined using Equation (3) (de Bont, 
van Kempen, & Vreeker, 2002). 

σ2 =

(
1

N − 1

)
∑N

i=1
(xi − x)2 (3)  

where N is the total number of pixels in the image, xi is the intensity of 
the ith pixel and x is the average pixel intensity in the image (de Bont 
et al., 2002). 

Pore ratio and protein perimeter were determined from binarised 
images, performed based on Otsu’s method (Otsu, 1979) (using MAT-
LAB function ‘regionprops’), which is a method of applying a global 
threshold of an image into objects and background. Otsu’s method has 
been successfully utilized for similar images of dairy structures by 
Glover, Bisgaard, et al. (2019) where the illumination profile of a 
greyscale image is uniform and computational speed is unimportant. 
Otsu’s method has been expanded upon to provide further benefits to 
more complex images as discussed by Wang, Duan, and Wang (2017). 

The pore ratio, Pa, was used to quantify the proportion of the image 
that is occupied with void space, which can indicate the porosity of the 
structures, equation (4). Simply, the pore ratio is the ratio between the 
number of pixels that represent structure in the image against the total 
number of pixels in the image. Practically this was achieved by inverting 
so the void spaces were the bright features in the image. 

Pa =

∑P

i=1
αi

N
(4)  

where α is the number of pixels in each pore, P is the number of pores 
and N is the total number of pixels in the image. 

The perimeter of the protein network in each image was also 
determined according to Glover et al. (2020). A higher perimeter can 
indicate a finer structure with a larger surface area of the network. 

3. Results and discussion 

3.1. Acidification and rheological properties 

Table 2 presents a summary of the rheological properties for the milk 
model systems, which were described in Table 1, during acidification. 
Significant differences were found for the gelation time and pH, the final 
G′ at pH 4.6, and the time needed to reach pH 4.6. Differences were most 
pronounced for the systems only containing the individual protein in-
gredients, where the higher gelation pH of whey proteins could be due to 
the different pI value of 5.2–5.4 compared to casein (4.6). The whey 
protein ingredients, LWPC, WPC, and NWP generally displayed the 
shorter gelation time, and higher values of gelation pH and G′ at pH 4.6, 
as this is very likely due to denatured whey proteins being crosslinked 
extensively via disulphide bonding. The highest G′ of NWP is probably 
because of its larger surface area, leading to more possible protein- 
protein bonding and aggregate formation compared to other systems. 
The observation of lower G′ for WPC, compared to LWPC, was probably 
due to the ~17% CMP (caseinomacropeptide from cheese production) 
present in WPC that does not contribute to gel formation. Furthermore, 
it was notable that systems with the powdered whey protein ingredient 
MWP were almost unable to form a gel during acidification. This cor-
roborates previous studies indicating that MWP is an inert filler, not 
interacting with other proteins in the dairy matrices (Ipsen, 2017) as it 
consists of dense particles with limited ability to interact with each other 
(MWP particles) or with other proteins (Li et al., 2021b). It was expected 
that both WPC and NWP would form stronger gels based on the inves-
tigation by Liu et al. (2016b), where both NWP and WPI (whey protein 
isolate) solutions (5%, w/v) demonstrated high G′ at pH 4.6 using the 
same amount of GDL and gelation temperature as the present study. The 
sample containing only liquid micellar casein (LCC) took the longest 
time to reach pH 4.6, the gelation time of this sample was longer and 
gelation pH and G’ was lower compared to whey proteins. The phe-
nomenon could be due to the lower pI of casein and higher casein 
concentration, which will have a greater buffering capacity than the 
whey proteins and need more time for the colloidal calcium phosphate 
(CCP) to be released from the interior of casein micelles. CCP is pro-
gressively dissolved into the serum and reach an equilibrium during 
milk acidification (Marchin, Putaux, Pignon, & Léonil, 2007). 

The mixed systems containing micellar casein and added LWPC, 
NWP or WPC produced a relatively higher G’ (188–201 Pa) (Table 2). 
The most likely explanation might be that the structure of the acidified 
gel network was strengthened by the interactions (i. e. mainly thiol 

Table 2 
Rheological properties of acidified milk model systems.  

No. Systems Gelation time 
(min) 

Gelation pH G’ at pH 4.6 
(Pa) 

Time to reach pH 4.6 
(min) 

1 LCC4.0 16.0 ± 0.5 5.40 ± 0.01 148±5g 100 ± 2 
2 LWPC4.0 3.0 ± 0.2 6.00 ± 0.03 538 ± 15b 30 ± 1 
3 WPC4.0 4.0 ± 0.5 5.95 ± 0.02 510 ± 12c 30 ± 2 
4 NWP4.0 3.0 ± 1.0 6.05 ± 0.03 599 ± 21a 35 ± 1 
5 MWP4.0 32.0 ± 0.5 4.66 ± 0.05 1±0i 35 ± 2 
6 LCC2.0+WPC2.0 11.0 ± 1.0 5.50 ± 0.03 188±4f 75 ± 2 
7 LCC2.0+LWPC0.5+ WPC1.5 11.0 ± 0.2 5.53 ± 0.02 197±3e 75 ± 3 
8 LCC2.0+LWPC1.0 + WPC1.0 11.0 ± 0.4 5.53 ± 0.05 206±3d 75 ± 1 
9 LCC2.0+NWP2.0 9.0 ± 1.0 5.60 ± 0.05 208±3d 80 ± 1 
10 LCC2.0+LWPC0.5 + NWP1.5 9.0 ± 0.5 5.60 ± 0.04 206±2d 80 ± 0 
11 LCC2.0+LWPC1.0 + NWP1.0 10.0 ± 1.0 5.56 ± 0.02 201±5de 80 ± 1 
12 LCC2.0+MWP2.0 26.0 ± 0.2 5.06 ± 0.02 9±1i 80 ± 0 
13 LCC2.0+LWPC0.5 + MWP1.5 20.0 ± 1.0 5.19 ± 0.05 71±5h 80 ± 2 
14 LCC2.0+LWPC1.0 + MWP1.0 15.0 ± 0.5 5.32 ± 0.01 141±6g 80 ± 0 
15 LCC2.0+NWP1.0 + MWP1.0 13.0 ± 0.2 5.40 ± 0.05 82±4h 80 ± 2 
16 LCC2.0+LWPC2.0 10.0 ± 1.0 5.54 ± 0.01 212±4d 75 ± 2 
17 SM 13.0 ± 0.5 5.40 ± 0.02 147±5g 85 ± 3 

Note: Gelation time and pH were defined as the criteria (time or pH) required for the elastic modulus to be equal or higher than the loss module (G’≥G′′). The value of 
G′ and time were set when pH reached 4.6. Values within the same column not sharing a common superscript letter are significantly different (P < 0.05). Abbreviations 
used correspond to the sample codes as given in Table 1. 

R. Li et al.                                                                                                                                                                                                                                        



Food Hydrocolloids 138 (2023) 108468

6

disulfide exchange reactions and hydrophobic interactions) between 
casein micelles and whey protein aggregates, which was also suggested 
by Vasbinder, van de Velde, & de Kruif (2004). The involvement of 
casein micelles could contribute to the final gel stiffness (G′) with 
presence of whey protein aggregates via both disulfide and hydrophobic 
linkage formation and rearrangement. In addition, Vasbinder et al. 
(2004) implied that whey protein aggregates could be involved in the 
gelation process of casein micelles at around pH 5.5, even though they 
were not associated with casein micelles prior to gelation. Other studies 
also suggested that the total amount of whey protein/κ-casein com-
plexes in heated milk might be the primary factor to influence the acid 
gelation behaviour (Donato, Alexander, & Dalgleish, 2007). It should be 
noted that highest G′ values were found for mixed systems with added 
NWP (LCC2.0+NWP2.0, LCC2.0+LWPC0.5 + NWP1.5, LCC2.0+LWPC1.0 +

NWP1.0, 201–208 Pa) and LWPC (LCC2.0+LWPC2.0, 212 Pa) compared to 
the systems with added WPC, especially LCC2.0+WPC2.0 with a G′ value 
of 188 Pa, as seen in Table 2. Our previous study suggested the higher G′

in the systems with higher amount of NWP added compared to other 
systems was probably due to its high surface hydrophobicity and 
accessible thiol groups, increasing interactions between protein particles 
(Li et al., 2021b; Liu et al., 2016b). Furthermore, the critical effect of 
whey proteins (LWPC, WPC, and NWP) on increasing the gel stiffness of 
casein can be observed by comparing the G′ value of LCC (4%, ~148 Pa) 
with the mixed systems that include 2% LCC and 2% whey proteins 
(~188–212 Pa). This suggests that the reactive thiol groups present in 
WPC and NWP aggregates could initiate the rearrangement, and the 
aggregates could fill the voids between micelles and also attach to casein 
micelles (facilitated by thiol disulfide exchange reactions as well as 
hydrophobic interactions) thus reinforcing the gel network in the mixed 
systems. The systems with MWP exhibited higher G′ for increasing 
amounts of added LWPC compared to the pure MWP system. The value 
of G’ ~82 Pa for the mixed system with both NWP and MWP 

(LCC2.0+NWP1.0 + MWP1.0) added was closer to the value observed for 
LCC2.0+LWPC0.5 + MWP1.5 (~71 Pa), which may be explained by MWP 
particles impeding the interaction of NWP with casein micelles or 
micellar assemblies, hence affecting the gel forming functions of NWP. 

3.2. STED micrographs of individual casein and whey proteins acidified 
gel 

Fig. 2 displays representative STED micrographs of the microstruc-
tures of acidified gels made from individual casein and whey protein 
ingredients. Covalent fluorophore labeling and efficient purification 
ensured specific labeling of the ingredients. The gel networks from the 
five protein preparations are generally different in terms of protein 
aggregate shape, size and distribution and spacing of pores. In general, 
the acidified gels of casein micelles (i.e. LCC4.0) contained larger protein 
aggregates than the gels made from whey protein ingredients, including 
some very large aggregates which induced an inhomogeneous network. 
The images analysis carried out in this work (as seen in Fig. 3) facilitates 
quantification of parameters related to the gel microstructure and en-
ables a direct comparison and more quantitative interpretation of the 
effects of the milk gel ingredient. Four parameters (Df, σ2, Pa and 
perimeter) were extracted that explain the differences of the gel struc-
ture. The gel network made from LCC4.0 had a less densely packed 
(lower Df), and coarser (higher σ2) structure than the networks formed 
by the whey protein ingredients, with a relatively lower average 
perimeter, indicating a lower surface area with thicker aggregate 
strands. LWPC4.0 exhibited the highest packing density (Df), the finest 
structure (σ2) and highest perimeter of the protein aggregates with more 
gelled structure than voids in the image (Pa), indicating an inter-
connected, compact and homogenous network, most probably due to the 
highest amount of native whey protein available in this ingredient for 
aggregate formation. The image analysis parameters relate to the 

Fig. 2. Representative STED micrographs of individual casein and whey proteins in the acidified gel. The square inserts on the right side of each image represents a 
zoomed image. Casein is labeled with Abberior STAR ORANGE NHS ester (in green) and whey proteins with Abberior STAR RED NHS (in red). LCC represents liquid 
casein concentrate, LWPC is liquid whey protein concentrate. WPC, NWP and MWP are powdered whey protein concentrate, nano-/micro-particulated whey protein 
ingredients, respectively. The scale bar is 10 μm for non-zoomed images and 2 μm for zoomed images. Arrows in the zoomed images point out characteristic 
structures for each of the whey protein ingredients. 
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rheological properties, i.e. LWPC4.0 had the highest G’. Compared to 
LWPC4.0, WPC4.0 showed many larger aggregates, which could be seen 
as bright granules, and image analysis showed a significantly lower 
packing density (Df) and perimeter, as well as a coarser (higher σ2) 
structure with larger ratio of void area (Pa), in accordance with the lower 
observed G′ of this ingredient. The microstructural difference between 
LWPC4.0 and WPC4.0 may be due to the processing of WPC, which is 
produced from ultrafiltrated, pasteurized whey retentate and subse-
quently spray dried into a powder (Abd El-Salam, El-Shibiny, & Salem, 
2009). The processing of WPC may lead to denaturation and structural 
reorganization of the native whey proteins. NWP4.0 (also a powdered 
ingredient) showed larger aggregates than WPC4.0, as seen in the 
brightest granules in Fig. 2. A similar Df and σ2 were seen for NWP4.0 and 
WPC4.0, whereas NWP4.0 had the significantly highest pore ratio and 
lowest perimeter among the four whey protein ingredients. It is sug-
gested that the original small NWP particles easily aggregated as more 
surface area was exposed, leading to more compact and thicker aggre-
gate strands. The gel structure observed for MWP4.0 was clearly different 
from the other systems, showing fewer interactions and containing 
many scattered MWP particles. From our previous study (Li et al., 
2021b), the milk model system with added MWP presented an average 
particle size of ~1.5 μm, which is almost similar to the observed 
aggregate size (≤2 μm). This phenomenon corresponded to the lowest 
packing density (Df) and highest coarseness (σ2) of the four whey protein 
ingredients, also explaining the lowest G’ mentioned above in section 
3.1. In addition, the image analysis shows a similar ratio of void area 
(Pa) for MWP4.0 as for NWP4.0, whereas the perimeter of MWP4.0 was 
higher than both NWP4.0 and WPC4.0, and only lower than LWPC4.0. It 
was most likely due to the different morphological characteristics of the 
MWP particles, the scattered particles of MWP with the lowest degree of 
aggregation lead to the unexpected results for the image analysis 

compared to other proteins. 

3.3. STED micrographs of mixed model systems including both casein and 
whey proteins acidified gels 

3.3.1. Method development and validation 
The first stage of this investigation required method development, 

where the milk proteins casein and whey protein were separately visu-
alized using two different stains in the non-fat acidified milk model 
systems. 

In the model system denoted LCC2.0+LWPC2.0 consisting of 2% LCC 
and 2% LWPC, two negative controls were set up, i.e., one containing 
unlabeled LCC and labeled LWPC (Fig. 4 A and B), the other containing 
unlabeled LWPC and labeled LCC (Fig. 4 D and E), in order to verify a 
unique and individual labeling of the casein and whey protein compo-
nents, respectively. We can clearly see that unlabeled LCC (Fig. 4 A) and 
unlabeled LWPC (Fig. 4 E) did not exhibit any fluorescence signal in 
their corresponding channels. In addition, Li, Auty, O’Mahony, Kelly, 
and Brodkorb (2016) found that the dye may affect final milk protein gel 
microstructure. However, Glover, Ersch, et al. (2019) noted no signifi-
cant differences on rennet induced milk gel microstructures obtained 
from label-free Coherent Anti-Stokes Raman Scattering (CARS) micro-
scopy images compared with STED images stained with Atto 488 NHS 
ester. Our preliminary experiment also showed that no difference was 
observed comparing the viscoelastic properties of both labeled and 
unlabeled-protein gels. In the present study, the overlay images (Fig. 4 C 
and F) show similar gel microstructures as seen in Fig. 4 I with both 
labeled LCC and LWPC. Thus, the effects of the two applied stains 
(Abberior STAR ORANGE and RED) can be concluded to be negligible on 
the gel microstructures formed by acidification with GDL, which agrees 
with Glover, Ersch, et al. (2019) that non-covalently bound fluorescent 

Fig. 3. Image analysis data of acidified gels micrographs from individual casein and whey proteins. Values within the same parameter not sharing a common su-
perscript letter are significantly different (P < 0.05). Df: fractal dimension, σ2: normalized variation and Pa: pore ratio. LCC represents liquid casein concentrate, 
LWPC is liquid whey protein concentrate. WPC, NWP and MWP are powdered whey protein concentrate, nano-/micro-particulated whey protein ingredients, 
respectively. For further explanation of the parameters, the reader is referred to the text. 
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dye will not affect the protein structure in these milk-derived gels using 
the STED microscopy. 

Furthermore, it can be seen clearly that both casein and whey protein 
not only interact between themselves, but also with each other (Fig. 4 I). 
The large aggregates were dominated by casein-casein aggregates 
interpenetrated by whey protein aggregates/strands. This agrees with 
previous studies (Dubert-Ferrandon, A., Niranjan, K., & Grandison, A. S., 
2006; Guyomarc’h, Jemin, Le Tilly, Madec, & Famelart, 2009 & Vas-
binder et al., 2004), which concluded that both casein and whey protein 
aggregates interact simultaneously without phase separation during 
acid gelation in a milk system that included denatured whey proteins, 
since they found the casein phase to be overlaid by the structure of the 
whey protein phase. It was also expected that mixed casein-whey pro-
tein gels would form, since a substantial fraction of whey protein already 
would have bound covalently with casein prior to acidification (most 
probably during heating). 

3.3.2. STED micrographs and image analysis data 
Fig. 5 shows representative composite STED micrographs of acidified 

gels from both the casein and whey protein channels for all the mixed 
model systems, thus visualizing the interactions of micellar casein (LCC) 
with the different types of whey protein ingredients added (WPC, NWP 
and MWP). The micrographs illustrate that WPC and NWP, similar to 
LWPC, can self-aggregate and attach to casein micelle aggregates by 
inter-chain crosslinking (Fig. 5A–F). It has been reported that heat de-
natured whey proteins form filamentous projections extending to con-
nect casein micelles, thus affecting the nature of casein-casein 
interactions in yogurt gels (Needs et al., 2000). NWP formed much larger 
NWP-NWP aggregates connecting to the formed gel network 
(Fig. 5D–F). It was also reported that stirred acidified gel with NWP 
added to the milk matrix show larger average particle sizes compared to 
samples with added WPC or MWP, when measured using laser diffrac-
tion (Li et al., 2021b). MWP appears not to interact with any other 
proteins, only displaying scattered MWP particles within the casein 

Fig. 4. Control measurements of the acidified gel microstructure from mixed casein and whey protein model system (2% liquid casein concentrate (LCC) and 2% 
liquid whey protein concentrate (LWPC)). Casein is labeled with Abberior STAR ORANGE NHS ester (in green) and whey proteins with Abberior STAR RED NHS (in 
red). Row 1: casein unlabeled, whey protein labeled (A and B), Row 2: casein labeled, whey protein unlabeled (D and E), Row 3: casein + whey protein labeled (G and 
H). The scale bar is 10 μm. Panels J–L are zoomed images corresponding to panels G–I, respectively, with a scale bar of 2 μm. 
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network (Fig. 5G–I). We could also observe from the colors of the images 
that MWP and casein aggregates almost did not present overlapping 
colors (red and green). The large MWP particles could even impede 
casein-casein interactions through protein excluded volume 
interactions. 

Five parameters were extracted from these micrographs in order to 

quantify their different structural characteristics, as seen in Fig. 6. The 
cross-correlation intensity (X-corr intensity) demonstrates the overlap 
degree/extent of crosslinking or spatial colocalization in the two chan-
nels and can be used to imply the interaction level of casein and whey 
proteins in the mixed acidified gels (Fig. 6 A). The mixed system only 
containing liquid protein components, LCC2.0+LWPC2.0, unsurprisingly 

Fig. 5. Representative composite STED micrographs of acidified milk gels from the mixed model systems. Casein is labeled with Abberior STAR ORANGE NHS ester 
(in green) and whey proteins with Abberior STAR RED NHS (in red). LCC represents liquid casein concentrate, LWPC is liquid whey protein concentrate. WPC, NWP 
and MWP are powdered whey protein concentrate, nano-/micro-particulated whey protein ingredients, respectively. The details of sample composition can refer to 
Table 1. The scale bar is 10 μm. 
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showed the significantly highest interaction levels of casein and whey 
protein, due to the highest amount of native whey protein from LWPC. A 
similar high X-corr intensity was also observed for the skim milk refer-
ence SM (2.8% LCC and 0.7% LWPC), probably as a result of higher 
amount of casein in SM, increasing the bonds available for interaction 
with whey proteins. LCC2.0+LWPC2.0 presented significantly higher 
degree of coarseness (normalized variation, σ2) from the whey protein 
channel and a lower σ2 from the casein channel, as well as lower 
perimeter from both channels compared to the control SM (Fig. 6 C and 
E). Increasing the amount of LWPC either formed smaller whey protein 
aggregates or attached with casein micelles to form larger aggregates, 
inducing LCC2.0+LWPC2.0 to be coarser in the whey protein channel. 
However, the lower amount of casein aggregates led to less coarse 
structures (σ2), in the casein channel, in contrast to the control SM. With 

their similar pore ratios, the lower perimeter of LCC2.0+LWPC2.0 implies 
more dense aggregate strands compared to SM, in corroboration with 
the higher G’ of observed for LCC2.0+LWPC2.0. 

The second highest X-corr intensity was seen for the mixed systems 
with added WPC. The average X-corr intensity increased slightly with 
increasing ratio of LWPC from LCC2.0+ WPC2.0, LCC2.0+LWPC0.5 +

WPC1.5 to LCC2.0+LWPC1.0 + WPC1.0, but without significant differ-
ences (Fig. 6 A). In addition, the acidified gel of LCC2.0+ WPC2.0 
demonstrated a less coarse structure (σ2) and a higher perimeter than for 
LCC2.0+ LWPC2.0. The reason could be that the amount of inhomoge-
neous larger casein aggregates present in LCC2.0+ LWPC2.0 might be 
reduced by replacing LWPC with WPC, considering the higher overlap 
degree of LWPC and LCC. It might be that a higher amount of casein- 
whey protein aggregates formed in LCC2.0+ LWPC2.0 compared to 

Fig. 6. Image analysis data of acidified gels micrographs from the mixed model systems. White bars represent data from the whey protein channel, and grey bars are 
from the casein channel. X-corr intensity: cross-correlation intensity, Df: fractal dimension, σ2: normalized variation and Pa: pore ratio. Values within the same 
channel not sharing a common superscript letter are significantly different (P < 0.05). LCC represents liquid casein concentrate, LWPC is liquid whey protein 
concentrate. WPC, NWP and MWP are powdered whey protein concentrate, nano-/micro-particulated whey protein ingredients, respectively. The details of sample 
composition can be seen in Table 1. 
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LCC2.0+ WPC2.0, since WPC powder contains ~17% casein-
omacropeptide (CMP) as was reported by the manufacturer. Part of the 
protein aggregate strands formed by LWPC and NWP could also be 
thicker than those from WPC formed with either casein or themselves. 
Considering the similar pore ratios of LCC2.0+ WPC2.0, LCC2.0+

LWPC2.0, LCC2.0+ NWP2.0 and LCC2.0+ LWPC0.5+ NWP1.5, the thinner 
interconnecting bonds of LCC2.0+ WPC2.0 probably also contributed to 
its lower G’. 

For the mixed systems with added NWP, a higher amount of LWPC 
addition also increased the interaction degree by showing significant 
higher X-corr intensity of LCC2.0+ LWPC1.0+ NWP1.0 than LCC2.0+

LWPC0.5+ NWP1.5 and LCC2.0+ NWP2.0. The larger aggregates of NWP 
seen from their corresponding images (Fig. 5D–F) could lead to an 
inhomogeneous and coarser structure (σ2) quantified using image 
analysis (Fig. 6 C). 

The lowest X-corr intensity was found in the systems with added 
MWP, illustrating that the scattered MWP particles do not markedly 
interact with the casein. However, the systems with both NWP and MWP 
added (LCC2.0+ NWP1.0+ MWP1.0) displayed a similar X-corr intensity 
as LCC2.0+ MWP2.0 and LCC2.0+ LWPC0.5+ MWP1.5, which might also 
suggest that MWP hindered the interaction between NWP and LCC. The 
image analysis of Df, Pa and perimeter from the casein channel was 
influenced by the larger casein aggregates seen in the systems with 
added MWP, i.e., LCC2.0+ MWP2.0, LCC2.0+ LWPC0.5+ MWP1.5, LCC2.0+

LWPC1.0+ MWP1.0, and LCC2.0+ NWP1.0+ MWP1.0 (Fig. 5G–I), thus 
these parameters are only shown from the whey protein channel in Fig. 6 
(B, D and E) for these systems. These four systems displayed the 
significantly lowest Df of all the mixed acidified gels, but did not show 
significant differences between each other (Fig. 6 B), illustrating their 
disconnected gel network and weak gel (G’) as discussed above. This was 
similar for Pa, except for the system of LCC2.0+ NWP1.0+ MWP1.0 where 
the Pa values was significantly higher than found in LCC2.0+ MWP2.0, 
LCC2.0+ LWPC0.5+ MWP1.5 and LCC2.0+ LWPC1.0+ MWP1.0 (Fig. 6 D). 
This generally lower pore ratio observed for systems with MWP might 
indicate that disconnected MWP aggregates more easily moved around 
and filled the void spaces. The four systems with added MWP also 
demonstrated significantly coarser structure (σ2) from both channels 
and higher perimeter in the whey protein channel (Fig. 6 C), which is in 
accordance with the data from the individual MWP acidified gel struc-
ture, suggesting that the structural characteristics of the mixed model 
systems were mainly dominated by the added MWP. 

4. Conclusion 

This study used the innovative approach of combining super- 
resolution microscopy (STED) and image analysis, which provided 
direct observation of how casein interacted with whey protein in-
gredients (WPC, NWP and MWP). This study firstly managed to use 
STED to visualize the microstructure of mixed gel systems, and validated 
the methodology with reliable results. Besides, the image analysis pa-
rameters from microstructure were shown to correspond well with the 
physical properties obtained from rheology measurements. Finally, the 
study expands the toolkit available to food scientist in imaging and 
analysis of multi-phase microstructures. Using quantitative image 
analysis provided the advantage of extracting maximal information from 
the micrographs and eliminating the issues caused by the subjective 
observations. The observed interactions and microstructure were related 
to the rheological properties of the gels and enabled a direct comparison 
among the samples’ macroscopic properties. This study is highly 
promising as it provides new insights into the understanding of func-
tionalities of milk protein ingredients, and how the differences of dried 
ingredients affect functionality comparing to fresh milk equivalents. 
This information could greatly aid the dairy industry in optimizing 
productions of milk protein ingredients. 
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