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Acid-induced destabilization of casein micelles leads to coagulation of milk which plays an important role in the
formation of yogurt. The resulting protein network is formed by aggregation and reconfiguration of casein mi-
celles, including the release of a portion of caseins from these micelles. It is so far unknown how individual as;-
and p-caseins are organized within this complex network, and how their distribution depends on yogurt
composition and processing. Here, we imaged the spatial distribution of caseins using stimulated emission
depletion (STED) microscopy and single-molecule localization microscopy (SMLM). We used fluorescently tag-

ged antibodies against asj-and B-caseins to localize them inside glucono-8-lactone (GDL)-acidified milk gels. We
conducted quantitative skeleton analysis of STED images and showed that as;-and p-caseins contribute with
different levels of connectivity to the acid induced milk network.

1. Introduction

Yogurt is made through the acidification of milk by lactic acid bac-
teria (LAB). LABs produce lactic acid by the fermentation of milk car-
bohydrates, leading to a drop in pH (Kanauchi, 2019). This process
causes destabilization and gelation of casein micelles, which are
composed of as; -, asy-, B-, and k-caseins at an approximate molar ratio of
4:1:4:1, and constitute 80% of total milk proteins (Walstra, 1990). Whey
proteins make up the remaining 20% of milk proteins and contribute to
network formation when denatured by heat, modifying both the phys-
ical and mechanical properties of the gels (Kalab et al., 1976; Lucey
et al., 1997, 2022). The arrangement of and interactions between these
milk proteins and LAB metabolites, such as exopolysaccharides, underly
the sensory and physical properties of yogurt (Aguilera, 2005).

Electron and fluorescence microscopy visualizations of yogurt
network formation and microstructure have shown that milk protein
gels are composed of clusters and strands at length scales above tens of
pm (Harwalkar & Kalab, 1986; Modler & Kalab, 1983). Moreover, a
handful of ensemble studies using nuclear magnetic resonance (NMR)
spectroscopy (Sone et al., 2022), spin-echo small angle neutron scat-
tering (SESANS) and rheology measurements of transglutaminase
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(TGAse)-crosslinked caseins (Nieuwland et al., 2015) have revealed that
during milk acidification major rearrangements take place within the
casein micelles at the molecular level. These molecular rearrangements
and changes in protein conformation and interactions affect the me-
chanical characteristics of the final gel (Nieuwland et al., 2015). Thus
far, it is known that acidification is accompanied by solvation of calcium
phosphate within casein micelles (Dalgleish & Law, 1989), collapse of
k-casein brushes on the surface of micelles (De Kruif, 1997) and release
of a portion of caseins from the micelles (Dalgleish & Law, 1988). The
exact arrangement of the caseins in the milk gels remains elusive due to
the limited resolution of conventional light microscopy techniques and
challenges in labeling specificity of the individual components. The
implementation of new tools capable of mapping out the spatial distri-
bution of distinct proteins in dairy gels at submicron resolution would
overcome these shortcomings and help to better understand the mech-
anisms involved in milk gelation and to elucidate the parameters that
influence network microstructure and mechanics.

Super resolution microscopy (SRM) techniques have emerged as
powerful tools in life sciences that enable the visualization of complex
structures with resolution beyond the classical diffraction limit (Pujals
etal., 2019). The application of SRM has recently gained much attention

Received 30 August 2022; Received in revised form 4 January 2023; Accepted 22 January 2023

Available online 23 January 2023

0268-005X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:i.voets@tue.nl
www.sciencedirect.com/science/journal/0268005X
https://www.elsevier.com/locate/foodhyd
https://doi.org/10.1016/j.foodhyd.2023.108506
https://doi.org/10.1016/j.foodhyd.2023.108506
https://doi.org/10.1016/j.foodhyd.2023.108506
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodhyd.2023.108506&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Foroutanparsa et al.

for characterizing food microstructure as it enables to visualize the
spatial arrangement of fluorescently tagged biomacromolecules at nano-
and mesoscales (Foroutanparsa et al., 2021; Glover et al., 2019; Hohl-
bein, 2021). One of these tools is stimulated emission depletion (STED)
(Glover et al., 2020; Hell & Wichmann, 1994) microscopy, which uses
one laser for excitation and a second, doughnut-shaped depletion laser
to limit the area from which light is emitted around the focal point
therefore improving the optical resolution to 50 nm and better. This
resolution makes STED microscopy well suited to characterize complex
food systems since it allows non-invasive measurements of turbid sam-
ples with sufficient resolution to resolve nanometric constituents, such
as casein micelles in dairy gels.

In this work, we aim to localize as;-and f-caseins inside acid-induced
milk gels using specific primary antibodies to identify the as;-and
B-caseins and measure the connectivity of the formed networks. To
accomplish this, we use STED microscopy to characterize model gels and
yogurt-like dairy gels with high spatial resolution and measure the
connectivity of caseins within the network using a semi-automated
skeleton analysis (Arganda-Carreras et al., 2010; Doube et al., 2010;
Lee, 1994). Furthermore, we validate our STED visualizations using two
single-molecule localization microscopy (SMLM) approaches, direct
stochastic optical reconstruction microscopy (dSTORM) (Rust et al.,
2006) and photo-activated localization microscopy (PALM) (Betzig
et al.,, 2006). Our quantitative SRM imaging approach reveals that
B-caseins are present throughout the entire protein network, whereas
asp-caseins distribute more heterogeneously, especially within the
yogurt-like gel. We propose that the observed differences in connectivity
of the casein networks are due to a complex interplay between partial
disintegration, aggregation and gelation of casein micelles and caseins
released from the micelles. We anticipate that the ability to precisely
localize individual caseins within complex matrices by STED using
casein-specific antibodies will be exploited in future studies on
structure-property relations to examine e.g. the impact of changes in
various processing steps, such as acidification rate, on the structure and
rheological properties of milk protein networks.

2. Materials and methods
2.1. Materials

Milk protein concentrate (MPC80) was kindly provided by the
Hungarian Dairy Research Institute Ltd., where it was produced by ul-
trafiltration and diafiltration of milk, followed by heat treatment (direct
steam infusion, 130 °C for 20 s), vacuum evaporation and spray-drying
of the resultant retentate. MPC80 composed of 80% milk proteins (with
a casein-to-whey protein ratio of 80:20), 7.5% ash, 5.5% lactose, 5%
water. Low-fat milk (Dutch: half volle melk) was purchased from local
supermarket. Poly-i-lysine (Cat. No. P8920), phosphate buffer tablets
(Cat. No. P4417), ATTO647N-NHS ester dye (Cat. No. 94822) were
purchased from Sigma-Aldrich, Merck Life Science NV, The Netherlands.
Paraformaldehyde 32% Aqueous SOL. EM GRADE (Cat. No.15714) was
purchased from Electron Microscopy sciences, Hatfield, U.S.A. D-
(+)-gluconic acid 6-lactone (GDL, >99.0%, Cat. No. A13105) was pur-
chased from Alfa Aesar, Thermo Fisher Scientific, Kandel, Germany.
Rabbit anti-bovine p-casein polyclonal antibody (Cat. No. BS-10032R)
and rabbit anti-bovine as;-casein polyclonal antibody (Cat. No. BS-
10033R) were obtained from Bioss Inc., Ferienigde State, U.S.A. Ami-
con Ultra-0.5 Centrifugal Filter Unit (10 000 Da molecular weight cut
off, Cat. No. UFC501024) were obtained from Merk Millipore, the
Netherlands. Zeba Spin Desalting Columns (7K MWCO, Cat. No. 89882)
were purchased from Thermo Scientific™, The Netherlands.

2.2. Preparation of GDL-induced milk gels

Solutions of milk protein concentrate (MPC80) and low-fat milk were
used as milk medium. The different gels were prepared upon acidifica-
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tion of non-heated 11% MPC80, non-heated 4.5% MPC80, heated 4.5%
MPC80, and heated low-fat milk, in the following manner. First, 11 wt%
MPC80 was reconstituted in Milli-Q water, shaken for 1 h, and stored
overnight at 4 °C to become hydrated. For nonheated 11 wt% MPC80
gel, the 11 wt% MPC80 solution was acidified by adding 2 wt% D-
(+)-gluconic acid-6-lactone (GDL). For nonheated 4.5 wt% MPC80, 11
wt% MPC80 was first diluted to 4.5 wt% and then acidified by adding
1.5 wt% GDL. For heated 4.5 wt% MPC80, the 4.5 wt% MPC80 solution
was heat treated in a thermomixer (Eppendorf® ThermoMixer® C,
Homburg, Germany) for 30 min at 90 °C and 15 min at 85 °C with gentle
agitation (300 rpm). After cooling to room temperature (RT), the solu-
tion was acidified with 1.5 wt% GDL. For the yogurt-like gel, the low-fat
milk was heat treated according to the above procedure and then acid-
ified with 1.5 wt% GDL. The GDL concentration was adjusted so that the
final pH for all model systems was 4.3 + 0.2 over 6-7 h of incubation at
RT. Therefore, a slightly higher GDL concentration was used for acidi-
fication of reconstituted 11% MPC80, which had a higher pH (pH ~ 7)
compared to natural milk. After addition of GDL, all model systems were
incubated overnight at RT, after which samples were prepared for im-
aging as described below.

2.3. CSLM/STED microscopy of model dairy gels

2.3.1. Immobilizing and labeling acid milk gels

To immobilize acid milk gels onto the surface via electrostatic in-
teractions, cationic poly-i-lysine (PLL) was applied to coat the surface.
Cover slides were first cleaned with isopropanol and then coated with
PLL and then washed thoroughly with Milli-Q as described in (For-
outanparsa et al., 2021). Afterwards a small piece of milk gel sample was
carefully transferred on the microscope slide taped with two strips of
double-sided adhesive tape and PLL-coated coverslip was placed on top
to make a flow chamber containing a turbid acid milk gel. Sample was
incubated inside the chamber upside down at RT for 10 min. Thereafter,
for subsequent fixation, 25 pl of 4% (w/v) freshly prepared formalde-
hyde solution in 10 mM phosphate buffer solution (PBS) was injected in
the chamber and incubated upside down at RT for 20 min (Jimenez
et al., 2020). Subsequently, the chamber was rinsed by injecting 3 times
200 pl of PBS inside to make it ready for staining. To localize - and
asi-casein using STED, rabbit anti-bovine p-casein polyclonal antibody
or rabbit anti-bovine as;-casein polyclonal antibody were directly
labeled with ATTO647N-NHS ester dye, which is a suitable dye for
Stimulate emission depletion (STED) microscopy, using protocol
described (Berg & Fishman, 2019). Briefly, prior to labeling, antibodies
were filtered to remove Glycerol using Amicon Ultra-0.5 centrifugal
filter units (10 000 Da molecular weight cut off) or Zeba Spin Desalting
Columns (7K MWCO). Labeling reaction was performed in carbonate
buffer (pH 8.5) overnight at 4 °C, and free dyes were removed from the
solution using centrifugal filters. Final antibody concentration and de-
gree of labeling were determined by spectrophotometric analysis using a
NanoDrop spectrophotometer (Thermo Fisher Scientific, the
Netherlands). The degree of labeling of antibodies was calculated to
2.5-4.5 mol of dye per mole of antibody. The dye-conjugated primary
antibodies were used within 3 days after labeling. For staining, they
were diluted to 200 pg/ml and 25 pl of each was injected into the mi-
croscopy chambers containing acid milk gel from the same batch and
incubated at 4 °C overnight. Following extensive washing with PBS
buffer, the chamber was sealed ready for STED microscopy.

2.3.2. CSLM/STED microscopy

Imaging was performed using a STED microscope (Abberior Instru-
ment, Gottingen, Germany) equipped with UPlanSApo 100x/1,40 Oil
[infinity]/0,17/FN26,5 objective (Olympus), a Katana-08 HP laser
(Onefive) and multiple laser lines at 405 nm, 488 nm, 561 nm, 640 nm,
and the pulsed laser at 595 nm and 775 nm (power = 3 W); plus
Imspector 0.14.13 919 software. Typically, the images were acquired
with pixel size of 30 nm, and a pixel dwell time of 10 ps. Images were
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taken at different locations on each coverslip, and 1-2 pm above the
coverslip where the structure was fixed and immobilized with the
highest signal to noise ratio. A pinhole was set at 1.00 AU at 100x.
ATTO647N dye was excited at 640 nm (5% laser power), whereas STED
was achieved using a wavelength of 775 nm (4% laser power equal to
120 mW).

2.3.3. Image analysis of STED images: skeleton analysis

A skeleton analysis method was used to quantify caseins (- and as;-
caseins) topology in yogurt gel. All the analysis steps were performed
using Fiji/Image J software (https://imagej.net/software/fiji/)
(Schneider et al., 2012). For skeleton analysis, first 8-bit STED TIFF
images were noise reduced by applying Gaussian filter (radius = 2) and
then binarized using the mean grey level as threshold. The resulting
binarized images of protein domains were skeletonized (Fiji, skeleton
plugin) to produce one-pixel wide representative image (Lee, 1994).
Furthermore, the skeletonized images comprising a network of branches
were analyzed by AnalyzeSkeleton plugin (Arganda-Carreras et al.,
2010). AnalyzeSkeleton classifies the pixels within the thinned protein
domains based on their 26 neighboring positions into three categories:
end-points pixels, which have less than 2 neighbors, junction pixels with
more than 2 neighbors and slab pixels which have exactly 2 neighbors.
Slab pixels are building blocks of branches that connect end and junction
points. Additionally, the possible loops were pruned by cutting the loop
branches from its darkest pixel by choosing “lowest intensity voxel” as
prune cycle method.

2.3.4. Measuring connectivity

To define the connectivity of skeleton, we aimed to identify dangling
ends and loop defects within the network. Dangling ends, branches
connecting to the end points were eliminated by choosing “Prune Ends”
option of the plugin. Branches with Euclidean distance of less than 100
nm (about the resolution of STED microscopy) were termed as dangling
loops and further removed. Therefore, link density, a metric to assess the
connectivity, was obtained for individual images from a ratio of total
number of linking branches excluding dangling ends and loops to total
number of branches. In addition, AnalyzeSkeleton provides information
on total length of branches per skeletons, skeleton length, identified in
the field of view. To compare the skeleton lengths detected at each
condition, we provided the length-weighted frequency of skeleton
length of seven size categories. For each condition, the length-weighted
frequency of skeleton length was achieved by multiplying the relative
frequency of a skeleton length by its corresponding length and dividing
the result to the average skeleton length. Then for simplifying the graph,
the length-weighted frequency of given skeleton length was classified by
interval of 100 pm and normalized by sum.

2.4. Statistical methods

Normality tests were performed using a Shapiro-wilk test and
Normal Q-Q plot which showed that link density distribution was not
normal at all conditions. Therefore, the statistical difference in link
density distributions of, total protein network, as;-and p-caseins in GDL-
acidified gel of nonheated 11 wt% MPC80 and heated low-fat milk, and
asi-and p-caseins in GDL-acidified gel of nonheated and heated 4.5 wt%
MPC80 were compared pairwise with non-parametric one-way ANOVA
tests (Kruskall-Wallis). All the statistical analyses were performed using
IBM SPSS statistics Version 25.0 software and results with a P-value
<0.05 were considered statistically significant.

3. Results and discussion

3.1. Sub-micron localization of as;-and f-caseins in GDL-acidified model
and yogurt-like dairy gels

Model gels and yogurt-like dairy gels with different composition and
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heat treatment were prepared by glucono-8-lactone (GDL)-induced
acidification of reconstituted milk protein concentrate (MPC80 con-
taining 80% milk proteins and no fat) for model gels, or low-fat milk for
yogurt-like gels. Model gels with MPC80 were prepared at either a high
protein content (11% w/v) or low protein content (4.5% w/v). Yogurt-
like gels were prepared from low-fat milk containing 3.5% milk proteins
and 1.5% fat. The heat-treated yogurt-like gel and the low-protein model
gels were heated as in yogurt production to denature the whey protein
fraction prior to acidification. All gels were mounted on a coverslip,
fixated by formaldehyde, and subsequently stained with ATTO647N-
labeled antibodies specific to as;-and p-casein for STED imaging. We
also stained the entire protein network, consisting of 80% caseins and
20% whey proteins, in the simplest model gel (nonheated 11% (w/v)
MPC80) and in the yogurt-like gel, with the amine-reactive
ATTO647N-NHS ester (A647N). With this approach, we aim to map
out the distribution of the two types of caseins and assess if this is
affected by the milk protein content, presence of fat, and heating or not.

We first tested whether the antibodies showed binding to other
macromolecules present in the dairy gels, such as p-lactoglobulin, and
confirmed their specificity by STED imaging of the control samples (see
materials and method, and Supplementary Fig. S1). Subsequently, the
nonheated and heated gels were imaged simultaneously by STED mi-
croscopy and confocal laser scanning microscopy (CLSM) to assess how
well the labeled components could be resolved within all gels (Fig. 1).
Diffraction-limited CLSM images of the dairy gels did not show marked
differences in casein distribution and network architecture (Fig. 1, the
top half of zoomed-out images). Both caseins appeared to generate a
connected structure with microscale variations in brightness, which
seem slightly more pronounced in the heated yogurt-like gel. To take a
closer look at the casein distribution and gel structure at smaller length
scales, we turned to STED microscopy (Fig. 1, the bottom half of
zoomed-out images). STED offered about a two-fold increase in resolu-
tion (see Supplementary Fig. S2) revealing clear differences in domain
structure and spacing between the gels (Fig. 1, the zoomed-in images). In
the simplest model system, nonheated 11% (w/v) MPC80 (NH 11%
MPC80), p-caseins appeared to form an interconnected network, while
asi-casein (mostly) accumulated more heterogeneously, partially in the
form of distinct spherical structures spaced apart by rather large dis-
tances (Fig. 1A). These trends were also observed with fewer details in
dual-color CLSM images of NH 11% MPC80 that showed a dense
network of p-casein and a heterogenous distribution of as;-casein all
around the B-caseins network (see Supplementary Fig. S3). Next, we
examined whether the distribution of the two caseins changed upon a
reduction in the protein concentration in the model system to a similarly
low protein concentration as in milk. In nonheated 4.5% (w/v) MPC80
(NH 4.5% MPC80), asj-casein domains appeared less connected
compared to the pB-casein network. Both the as;. and p-casein structures
appeared less dense than those in the model gels with a higher protein
content (NH 11% MPC80) (Fig. 1B). Heating 4.5% (w/v) MPC80
resulted in the formation of a dense and compact network of $-caseins,
and a fine network of asj-caseins with some domains of higher con-
centrations (Fig. 1C). A similarly compact p-casein network was also
observed in the yogurt-like gel, which was obtained by heating low fat
milk (Fig. 1D). By contrast, as;-caseins did not adopt such a compact
network-like architecture in the yogurt-like gel. Instead, the as;-casein
network looks rather coarse, comprising of seemingly loosely-connected
domains. In sum, in all model gels we observed a highly-interconnected
network of -caseins which densifies upon heat-treating the milk protein
source. asp-caseins accumulated in less-connected domains compared to
fB-caseins across all samples. In heated 4.5% MPC8O0 gels, the as;-casein
domains appeared more connected than in the other gels. Single-color
dSTORM and two-color SMLM microscopy of the simple model gel
(NH 11% MPC80) and yogurt-like system (H LFM) agreed with the
corresponding STED images and showed the same trend in the distri-
bution of the two caseins (see Supplementary Figs. S4-6). Having
visualized the arrangement of caseins within different dairy gels with
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Fig. 1. STED imaging of the arrangement of as;- and p-caseins in GDL-induced milk gels (with final pH 4.3 + 0.2) of: (A) 11% (w/v) reconstituted (nonheated)
MPC80 solution (NH 11% MPC80). (B) 4.5% (w/v) reconstituted (nonheated) MPC80 solution (NH 4.5% MPC80). (C) 4.5% (w/v) reconstituted (heated) MPC80
solution (H 4.5% MPC80). (D) (heated) low-fat milk (H LFM). In A-D panels, the left panels display p-caseins distribution in confocal (top) and STED (bottom) images.
The right panels display as;-caseins distribution in confocal (top) and STED (bottom) images. Scale bars represent 2000 nm in zoomed-out images, and 500 nm in
zoomed-in images.



S. Foroutanparsa et al.

submicron precision, we next set out to quantitatively analyze the
observed differences in the STED images acquired for the two models
with the largest compositional differences. Therefore, for further char-
acterization, we selected the images of nonheated model gels with high
milk protein content and no fat (NH 11% MPC80) and heated yogurt-like
gels with low protein content and 1.5% fat (H LEM).

3.2. as;-caseins and f-caseins contribute to the acid-induced protein
network with different levels of connectivity

We employed skeleton analysis to study the connectivity of the as;-
and p-casein domains within the food networks visualized by STED
(Arganda-Carreras et al., 2010; Doube et al., 2010). For this purpose,
STED images were first binarized (Fig. 2A-B), after which the binarized
protein domains were thinned to produce a skeleton of the network
(Fig. 2C, and Supplementary Figs. S7-10). The skeletonized images were
then further analyzed using the Analyze Skeleton ImageJ plugin
(Arganda-Carreras et al., 2010; Doube et al., 2010) to obtain the number
of branches, corresponding to the lines that connect the junctions within
the skeleton (black in Fig. 2D). We divided the branches into three types:
dangling ends connected to the endpoints (as shown by the arrow in
Fig. 2D and which are removed in Fig. 2E), dangling loops (two branches
that end-up in the same junction), and linking branches, being all other
branches, which are not identified as dangling ends or dangling loops.
Therefore, we obtained the link density of each image from the ratio of
the total number of linking branches (excluding dangling ends and
loops) to the total number of branches in the same image (which in-
cludes dangling ends and loops) (Fig. 3). The link density was used to
characterize the connectivity of the network formed by as;-and p-caseins
represented in the two-dimensional (2D) images. Note that the link
density which we compute in this manner reflects network connectivity,
but it will deviate from theoretical values for (ideal) three-dimensional
polymer gels, because aggregates and finite clusters are not excluded
from the analysis and because we analyze a 2D projection of a 3D
network.

To characterize the connectivity of the whole protein network and
the as;-and p-casein networks in the model gels and the yogurt-like gels,
we performed skeleton analysis of STED images acquired from networks
stained with amine-reactive ATTO647N-NHS ester (A647N), or the asq-
and p-casein antibodies (Fig. 3A). Analysis showed an interconnected
porous structure with an average link density of 0.6 for both the model
gel and the yogurt-like gel when stained nonspecifically with
ATTOG647N dye (Fig. 3B). The maximal link density of 0.6 is lower than
the theoretical value of 1 for a fully connected network without dangling
ends and loop defects (Grillet, Anne, Nicholas, & Lindsey, 2012). In such
ideal, end-linked polymer gels, all branches are connected via junctions.

A B c

Raw image

Skeleton
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We tentatively attribute the lower link density to the architecture of the
network (which is not an ideal, end-linked polymer gel, but does contain
dangling ends and loops) and to the analysis scheme which is based on a
2D image of a 3D gel. Connectivity measurements performed on milk
protein networks in which either as;-or p-caseins were localized using
primary antibodies suggest differences in the connectivity of as;-caseins
and p-caseins. Both qualitative assessment and quantitative connectivity
measurements showed a clear difference in the link density distribution
of asj-and p-caseins in both gels. Average link densities of p-caseins in
model gels and yogurt-like gels were 0.5 + 0.08 and 0.6 + 0.02,
respectively and did not differ significantly from each other. In both
cases, asi-casein connectivity was much lower with link densities of 0.39
4+ 0.14 and 0.34 4 0.06 (Fig. 3B). A skeleton analysis on the other model
gels (Fig. 3C) showed that the as;-casein network link density is lower
than the p-casein link density regardless of the protein composition and
heat treatment of the model dairy gels. The difference in as;-casein and
B-casein link density is most pronounced (and significant according to
statistical analysis) for the yogurt-like gel. This is probably due to the
compositional differences between the yogurt-like gel compared to the
other gels, such as the presence of heat-denatured whey proteins,
heat-treated fat globules (Sharma & Dalgleish, 1993), and/or differences
in ionic strength and mineral content (Famelart et al., 1996; Reitmaier
et al., 2020).

To further characterize the network formed by the two caseins, we
compare the total length of branches within the skeletons (including
dangling ends and loops) (Fig. 4A), for which we introduce the term
skeleton length (Fig. 4). Skeleton length is the total length of branches
within skeletons (connected structures in the field of view). The skeleton
length distributions obtained from images of the model gel (Fig. 4B) and
the yogurt-like gel (Fig. 4C) subjected to nonspecific and f-casein
staining were similar and enriched in skeleton lengths greater than 300
pm. By contrast, the same skeleton analysis of images of gels in which
the asj-casein domains were stained yielded different skeleton length
distributions skewed toward smaller values, with the majority of skel-
eton lengths below 100 pm. Thus, both the link densities and skeleton
length distributions indicate that as;-caseins are more heterogeneously
localized than B-caseins within the model gel and yogurt-like gel. We
also note that the skeleton lengths of the yogurt-like gels (stained
aspecifically or with the p-casein antibody) were somewhat longer than
the corresponding skeleton lengths of the model gels, suggesting a finer
network architecture, as shown schematically in Fig. 4A.

3.3. Role of asj-caseins and p-caseins in the formation of GDL-acidified
dairy gels

Based on the STED images and our quantitative analysis of the
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Fig. 2. Connectivity of the GDL-induced casein network measured by skeleton analysis of STED images. Processing steps prior to skeleton analysis of STED images.
(A) Raw STED images. (B) STED images were binarized using a mean grey value of the image as threshold, (C) The binarized domains were thinned to produce
skeleton of the network. (D) Skeleton analysis was performed by ImageJ Analyze Skeleton plugin (http://imagej.net/AnalyzeSkeleton) (Arganda-Carreras et al.,
2010) to classify pixels within the skeleton and tag branches as black, end points as yellow, and junction points as blue. End point-connected branches are called
dangling ends and branches with Euclidean distance of less than 100 nm are called dangling loops. (E) Dangling ends were removed by the “prune end” function in

the plugin. Scale bar in panel A is 1 pm.
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distribution of as;-and B-caseins within the studied milk protein net-
works, we propose that the final microstructure of the GDL-acidified,
nonheated dairy gels develops in the following manner (Fig. 5). Dur-
ing acidification to pH 5.5, casein micelles reconfigure and release both
calcium phosphates and a moderate fraction of all casein types (Fig. 5B)
(Dalgleish & Law, 1988; Famelart et al., 1996). Release of p-caseins
occurs to a larger extent compared to asj-casein release (Dalgleish &
Law, 1988). As a result, partially disintegrated casein micelles, to which
we refer as non-native micellar caseins, remain in solution at pH 5.5
(Fig. 5B) (Ingham et al., 2016; Marchin et al., 2007). The solubility of

released caseins, specifically of the calcium-sensitive as;-caseins (Post
et al., 2012),as well as non-native micellar caseins, deteriorates upon
further acidification to pH 5.2 and induces the formation of
sparsely-connected aggregates of as;-caseins (Fig. 5C) (Bingham, 1971;
Dalgleish & Law, 1988). Eventually, acidification to pH values below 4.6
(i.e., below the isoelectric point of the caseins), also compromises the
solubility of the other released caseins (mostly f-caseins) to such an
extent that these now also aggregate and deposit onto the already pre-
sent non-native micelles and as;-casein domains (Fig. 5D). This gener-
ates a more interconnected milk protein network comprising non-native
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D

Fig. 5. Schematic representation of the role of as;- and p-caseins in the formation of GDL-acidified (nonheated) milk gels.

(A) Casein micelles are sterically stabilized at pH 6.8 (purple: as;-casein, green: p-casein, red: calcium phosphate nanoclusters (CaP)). (B) At pH ~ 5.5, CaP are
dissolved, and caseins (mainly p-and k-caseins) release from the micelles, leaving behind non-native micellar caseins. (C) At pH 5.2, the onset of aggregation, small
aggregates form as a result of electrostatic interactions between insoluble as;-casein structures and p-caseins. Non-native micellar caseins (indicated by arrow)
become insoluble. (D) At pH values below 4.6, hydrophobic interactions promote the formation of a network of interconnected p-caseins and loosely entangled as;-

casein. Scale bars are 200 nm.

micelles and compact, loosely connected as;-casein domains which are
decorated, interspersed and interconnected by f-casein domains. A
similar sequence of events likely takes place in the heat-treated model
and yogurt-like gels albeit somewhat differently presumably due to the
presence of heat-denatured whey proteins and fat (Ong et al., 2010;
Singh et al., 1996). In model gels prepared from heat-treated milk
media, heat-denatured whey proteins can interact with and bind to
casein micelles (Algleish, 2007, Anema and Li, 2003), limiting the
dissociation and disintegration of caseins from micelles at pH of about
5.5 (Heertje et al., 1985; Singh et al., 1996). Consequently, the network
might exhibit greater colocalization of as;-caseins and p-caseins, which
is reflected in our results with a more comparable connectivity of caseins
(H 4.5 MPC80 in Fig. 3C). In a yogurt-like gel, it is possible that
heat-denatured whey proteins cover the fat droplets (Sharma & Dal-
gleish, 1993) rather than hindering the dissociation of caseins, and a
higher ionic strength and mineral content may lead to a slightly
increased release of caseins (Famelart et al., 1996). This could allow for
greater dissociation of p-casein from casein micelles at pH 5.5 (Fig. 5B)
and consequently a more heterogeneous distribution of as;-casein in the
final gel forms at pH below 4.6 according to the scenario proposed
above. However, in-depth time-resolved studies are required to fully
decipher the exact formation mechanism. In this light, it would be
helpful to also specifically localize the fat globules and heat-denatured
whey proteins within the network and to determine e.g. whether or
not they interact with as;-caseins and fp-caseins.

4. Conclusion

In this work, we used various super-resolution microscopy tools,
including stimulated emission depletion (STED) microscopy, and spe-
cific labeling of as;-caseins and f-caseins to localize as;.and p-casein
domains within acid milk gels and to examine whether or not the caseins
are similarly distributed throughout the protein network. Regardless of
the microscopy technique used, we observed differences in the distri-
bution of as;-caseins and B-caseins in glucono-5-lactone(GDL)-acidified
milk gels. STED allowed for imaging of the turbid model yogurts at twice
the resolution of confocal microscopy, which was helpful for further
quantitative analysis of the network architecture. Interestingly, whereas
B-caseins are distributed throughout the entire gel, as;-caseins distribute
more heterogeneously in acid milk gels. This differential distribution
was quantified by measuring the connectivity of the two caseins using a
skeleton analysis. We attribute the differences in as;-and f-casein dis-
tribution and domain connectivity to a reorganization of as;-and f-ca-
seins in the pH range of 6.8 to 4.6 during GDL-induced gelation as

proposed earlier (Heertje et al., 1985). Regardless of protein content or
the presence of whey proteins and fat, asj-casein domains were less
connected compared to p-casein domains. Within a skeleton analysis,
this was borne out by a lower link density and a higher fraction of short
skeleton lengths in the skeleton length distributions. In the future, it
would be of the great interest to investigate how the connectivity of
caseins changes in real yogurt fermented with different bacterial strains
under physiological conditions, and to examine how the observed mi-
crostructures relate to the rheological properties and quality charac-
teristics of the yogurt.
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