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Influence of Post-Treatment Temperature on the Stability
and Swelling Behavior of Casein Microparticles

Md Asaduzzaman and Ronald Gebhardt*

This study investigates the influence of exposure time and post-treatment
temperature on the stability and swelling of casein microparticles prepared by
depletion flocculation and film drying. Stability experiments with sodium
dodecyl sulfate at 20 °C show that particles become more stable with higher
post-treatment temperature and longer exposure times. The two-step
decrease in decay rates in each case indicates a stable intermediate state
structurally different from untreated and more strongly treated microparticles.
The swelling curves of microparticles also show differences in three
temperature ranges at 120 min exposure times each, which is analyzed with
dynamic swelling models. At temperatures T < 50 °C, the casein
microparticles swell and decompose in a typical two-step process. For
post-treatments in the temperature range between T = 60 and 70 °C, the
swelling curves change their shape toward limited swelling to an equilibrium
swelling value. The swelling curves of microparticles treated with
temperatures at 80 and 90 °C show a typical overshooting, which can be
analyzed with an adapted parallel swelling model and attributed to an elastic

before use is essential to meet microbiolog-
ical safety and hygienic requirements.®°]
However, the heat resistance of most of
these materials is insufficient,'”! and pro-
teins in particular exhibit many struc-
tural and functional changes that should
be investigated in advance. The casein
conformation, however, is open and flex-
ible (rheomorphic) and does not show
heat-induced changes to a more disor-
dered structure.l'>?] Nevertheless, heat-
induced changes occur, related to the self-
assembling of the caseins to higher aggre-
gated structures, which will be described be-
low. In milk, four different caseins (eg;-,
ag,-, f-, and k-casein) form spherical ag-
gregates together with colloidal calcium
phosphate. The number distribution of
these so-called casein micelles exhibits a

network of newly formed bonds.

1. Introduction

Caseins are the main protein component in milk and a natural
nanocarrier for highly insoluble calcium phosphate and small
bioactive molecules or larger macromolecules.l'! Important tech-
nological applications of nanostructures engineered from casein
are encapsulation systems for bioactive substances, such as cur-
cumin and vitamins in foods, drugs in cancer therapy, or antibac-
terial agents in animal feeds.[>”]

With casein, a biocompatible, biodegradable, and biore-
sorbable material can be used and synthetic additives are
avoided.%”! Generally, heat treatment of the bio-based sample
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maximum at a radius of 50-100 nm.[*?]
An understanding of the stability and
swelling behavior of the carrier material
casein is necessary for its future use as a delivery platform. In-
ternally, casein micelles are stabilized by two important molec-
ular interactions related to the flexible structure of casein
monomers, closely resembling block copolymers.'*! The hy-
drophilic blocks contain phosphoserine clusters that can com-
bine with colloidal calcium phosphate, and the hydrophobic
blocks form casein—casein interactions. The latter interactions
significantly contribute to the overall stability, as demonstrated
by nanomechanical studies.[’] High-pressure measurements
have shown that hydrophobic interactions increasingly stabi-
lize casein micelles at higher temperatures and that a max-
imum effect is reached at T = 80 °C.'® Stability studies
with sodium dodecyl sulfate (SDS) have shown that the sur-
factant molecules interact with caseins mainly via hydropho-
bic bonds.'”] In addition, a surface layer of x-casein ex-
erts steric repulsion and is essential for the colloidal stability
of casein micelles.'8]

The Flory-Rehner theory explains the swelling state of gel
structures at equilibrium in terms of the free energy of
mixing, the elastic deformation of the network, and ionic
contributions."! In a good solvent, the system gains mixing and
configurational entropy and loses the latter when the stretching
of the polymer network occurs due to swelling.[?°! For this rea-
son, hydrogels made of hydrophilic polymers with low density of
crosslinks in the network and high charge density in the poly-
mer chains swell particularly strongly.[?!] Also, studies on acry-
lamide gels have shown that the swelling rate decreases with in-
creasing cross-linking concentration. As a consequence of more
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cross-links in the gel, smaller equilibrium swelling percentages
result.[?*?3] Casein micelles can be considered as a sponge-like
structure, (125 being highly hydrated with about 3.3 g of water
per g dry mass. Of this amount of water, 15% each is either firmly
attached to the k-casein surface layer or other caseins, while the
remaining 55-60% is trapped in channels or cavities within the
structure.[2%]

Casein micelles lose their colloidal stability, aggregate, and
form a gel when the steric repulsion of the «-casein surface layer
is decreased, e.g., after acidification or enzymatic hydrolysis.[?’]
If the pH is lowered to below 6.4, gelation of casein micelles can
also be induced by heating to temperatures below 90 °C, with the
critical temperature decreasing with falling pH and increasing
casein concentration.!?®] Instead, we developed a gentle aggrega-
tion process at neutral pH and room temperature where volume
exclusion of added pectin leads to aggregation of casein micelles
via depletion flocculation. These casein aggregates are then stabi-
lized by film drying, isolated from the pectin matrix by enzymatic
degradation, and resuspended in any buffer.[?>3% The resulting
casein microparticles (CMPs) are spherical objects with sizes be-
tween 5 and 50 pm. They have an internal structure consisting
of a network of casein building blocks with a size of a few um
interspersed with water channels of similar size.’!l By changing
the milieu conditions or process parameters during the manufac-
turing process, we obtained CMPs with different structures and
properties as described in detail below. In particular, different sta-
bilities and swelling behaviors of the particles can be adjusted,
which are important functional properties given a future applica-
tion as carriers with immediate and controlled release of encap-
sulated bioactive substances. The stability of CMPs can be tested
by analyzing their decomposition after adding sodium dodecyl
sulfate.3?] Our recent studies have shown that CMPs prepared
under standard conditions decay completely mono-exponentially,
suggesting that the microparticles are held together mainly by
hydrophobic interactions. CMPs prepared under standard con-
ditions swell and disintegrate under basic pH conditions but re-
main stable in acidic media (even in 1 N HCI) and in ultrapure
water.33] Swelling occurs more rapidly the higher the pH, last-
ing hours at pH 8, minutes at pH 11, and only a few seconds at
pH 14. Swelling always proceeds in two steps. The correspond-
ing data can be analyzed with a dynamic model approach, which
in the past has also been used to simulate complex processes
such as parallel crystallization and aggregation or permeation of
drugs during particle dissolution and membrane diffusion. >3]
Pre- and post-treatment strategies can be applied to CMPs to ob-
tain tailored functional properties. We have demonstrated that
adding citrate at the beginning of the production process chelates
calcium from the colloidal calcium clusters of casein micelles,
resulting in a more negative charge on the phosphoserine clus-
ters of caseins. This, in turn, results in enhanced swelling of the
CMPs at pH 8 due to increased electrostatic repulsion and wa-
ter binding, whereas at pH 3, the particles remain stable due to
protonation.*®! At the end of the swelling process, the micropar-
ticles disintegrate completely, which may be desirable for appli-
cations as a carrier material with immediate release of the bioac-
tive substance. However, to regulate the release via swelling, it is
preferable to have additional structural stability of the micropar-
ticles, for instance, by enzymatic cross-linking by transglutam-
inase, TGase.[??] Our studies showed that CMPs without cross-
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links completely decomposed after adding SDS, while CMPs
treated with TGase remained stable due to additionally intro-
duced isopeptide bonds.3”! The stabilization also results in CMPs
expanding to an equilibrium state rather than entirely decompos-
ing during swelling. As a new feature in the swelling curves, over-
shooting occurs during rapid swelling at pH 14, which is more
pronounced the longer the treatment time with the crosslink-
ing enzyme. A parallel model approach, which assumes that a
cross-linked casein fraction restricts the swelling of noncross-
linked caseins in the core by forming an elastic network, can be
used to describe all swelling curves of CMPs subsequently cross-
linked with TGase.l*”] Complex swelling kinetics with overshoot
has been described previously for other polymer systems, with
the effect attributed to the ionic contribution.!3¥3940] Subsequent
heating could also affect the stability and swelling of supramolec-
ular casein structures, such as CMPs, which are held together
largely by temperature-dependent hydrophobic interactions.[*!]
In the temperature range up to 40 °C, the amount of soluble ca-
sein — mainly f-casein -, hydration, and apparent voluminosity
of casein micelles decreases at a higher temperature.*?] A 1H-
NMR spectroscopy study showed that in the temperature range
above 70 °C the rigid structure of the casein micelles started to
melt, which can be attributed to the increased mobility of the
caseins.[**] At temperatures T > 70 °C and neutral pH, the thiol-
disulfide exchange interaction between casein and whey protein
plays a significant role in the heat stability of casein micelles in
natural milk.>#

The study aimed to investigate the effects of temperature post-
treatment on the stability and swelling properties of CMPs. For
this purpose, CMPs were heat-treated in a temperature range
from 40 to 90 °C for periods between 30 and 180 min. Based
on the results of previous studies, we hypothesized that heat-
induced changes in the structure and interactions of casein mi-
celles might also affect the stability and swelling properties of
CMPs.

2. Experimental Section

2.1. Materials

Potassium hydroxide (>90%), sodium hydroxide (1 M), hy-
drochloric acid (1 M), and pectinase from Aspergillus niger were
purchased from Merck (Merck, Darmstadt, Germany). Casein
micelle concentrate powder MC80 was delivered by Milei GmbH
Germany, and highly methylated citrus pectin (CU 201, DE°
>70%) was kindly provided by Herbstreith & Fox (Herbstreith &
Fox GmbH & Co. KG, Neuenbiirg, Germany). BisTris methane,
calcium chloride, Sodium dodecyl sulfate, and all salts for simu-
lated milk ultrafiltrate (SMUF) preparation were obtained from
VWR, Darmstadt, Germany. For preparing the solution, Milli-Q
water was obtained from the lab water purification system (Sim-
plicity UV System, Merck, Darmstadt, Germany).

2.2. Preparation of Working Solutions

The working buffer solution (50 mm BisTris, 10 mm CaCl,) was
prepared by dissolving 10.462 g BisTris and 1.11 g CaCl, in
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Figure 1. Process steps required to produce CMPs at T = 20 °C and under neutral pH conditions. The post-treatment step, which is investigated in

detail in this study, is highlighted.

1000 mL milli-Q water. After complete dissolution, the pH of the
solution was adjusted to pH 6.8 using the required amount of 1 m
HCI solution.

SMUF buffer was prepared following the preparation method
described by Dumpler et al.l**] Briefly, all salts were dissolved in
milli-Q water step by step with continued stirring. Finally, pH
was adjusted at 6.7 by adding 1 m KOH solution.

Pectin solution (2%) was prepared by adding 2 g citrus pectin
in 98 g BisTris buffer solution. The mixture was vigorously stirred
at 80 °C for 3 h to completely dissolve the pectin. After that, the
pectin solution was cooled at 20 °C, and the pH was adjusted to
6.8 using the required amount of 1 M NaOH solution.

Casein dispersion was prepared by adding 5 g casein powder in
45 g SMUF solution to achieve the final concentration of 7.36%
casein. The casein solution was stirred for 1 h at room tempera-
ture, then 4 h at 4 °C followed by another hour at 37 °C, each at
200 rpm. The pH value of the casein solution was 6.7.

For film hydrolysis, a working pectinase solution was prepared
by adding 0.47 mL pectinase from Aspergillus niger to 10 g buffer
to obtain enzyme activity ~36 units mL™!.

2.3. Preparation of CMPs

The CMPs production process was based on the principles of
depletion flocculation interaction between casein micelles and
pectin.[“*#7] The specific preparation steps are summarized in
Figure 1 according to a protocol described by Gebhardt et al.l’”]
Briefly, the casein, pectin, and BisTris buffer solution were ap-
propriately mixed to end up with the solution having casein and
pectin concentrations of 3.0% and 0.3%, respectively. To prepare
the casein-pectin film, 3.9 g mixed solution was evenly spread on
a glass petri dish (@ 70 mm) and dried under a controlled lab en-
vironment (T = 22 °C, RH 45%) for 16 h. The casein aggregates
formed during the mixing step were deformable but compressed
and solidified during the drying process of the film. For the en-
zymatic hydrolysis of film, 10 mL of pectinase solution (37 unit
mL~! in buffer solution) was added to the petri dish. The hydroly-
sis was performed in a ThermoMixer (Eppendorf, Eppendorf AG,
Hamburg, Germany) by continuous shaking (160 rpm) at 47 °C
for 2 h. After hydrolysis, the supernatant solution was collected
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and centrifuged (at T = 22 °C and 1500 RCF for 10 min) to isolate
the microparticles. The isolated CMPs were then resuspended in
BisTris buffer solution for further use. To study the effect of tem-
perature post-treatment, a portion of the CMPs solution (0.15 g
L1) was then heated at different temperatures (T = 40 to 90 °C).
For each temperature, samples were heated for 30, 60, 120, and
180 min and immediately cooled down by placing them in ice
water and stored at T = 4 °C for further analysis.

2.4. Stability Experiments

The stability of the CMPs was investigated following the tur-
bidity of the CMPs solution according to the protocol described
by Asaduzzaman et al.?®! An aliquot of 1.5 mL CMPs disper-
sion was transferred in a semimicro cuvette (Eppendorf AG, Ger-
many) and measured using a Lambda 365 UV/VIS spectrometer
(PerkinElmer, USA). The turbidity of the sample was recorded for
900 s at a wavelength of 600 nm. The turbidity of each sample was
measured with or without adding 40 pL SDS solution (520 mm
in water) to CMPs dispersion. All samples were measured in du-
plicate.

2.5. Swelling Experiments

The swelling behavior of CMP was monitored by applying ex-
change media (ultrapure water, pH 11) in a sieve cell according to
the protocol developed by Schulte et al.33! The microfluidic sieve
cell was filled with CMPs dispersion (in BisTris buffer, pH 6.8)
and placed on the stage of an inverted microscope (Leica DMIL
LED, Leica Microsystems, GmbH, Wetzlar, Germany). The cell
was allowed to stand for 5 min so the CMPs could settle in the
sieve holes. The microscope was equipped with a Basler cam-
era (Basler AG, Ahrensburg, Germany) for video recording. A
syringe pump (PHD ULTRA Harvard Apparatus, MA) was con-
nected to the swelling cell to deliver the exchange buffer at a flow
rate of 0.05 mL min~!. After activation of the syringe pump, the
swelling process of the single microparticle trapped in the sieve
holes was monitored for 2 h. The video was recorded with the
speed of 2 frames s! using the Basler camera. PyCharm (version
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Figure 2. Overview of dynamic STELLA models used to simulate the swelling kinetics. Top: Sequential model according to Schulte et al. for CMPs

post-treated at low temperatures.[>3] Bottom: Parallel model modified after Gebhardt et al. for medium and high temperature treatments.

2021.1.3, JetBrains, Czech) script was used to extract the image
frames from the videos. Image] software (NIH, USA) was used
to calculate the area of the CMPs. At least two repeated measure-
ments were performed for each sample.

2.6. Dynamic Swelling Models

Dynamic models for simulating the swelling kinetics of CMPs
were developed using Stella 1.6 software (iseesystems.com,
Lebanon, NH). The sequential swelling model was used for the
temperature range between T = 20-50 °C and a post-treatment
time of 120 min.*¥] This swelling model (labeled with I high-
lighted in red in Figure 2) considers CMPs as a reservoir (volume
1) with a filling level that can change by two volume flows. Both
inflows (flow Ia and flow Ib) depend on the current volume of
the reservoir and on rate coefficients (RC Ia and RCIb) activated
by step functions o(t) with characteristic times Ia and Ib, respec-
tively. The rate of change of volume I, which in the sequential
model also corresponds to the total volume, is thus given by

dvolume )

T‘ = Z RCI; - o, - volume, (1)
i=a,b

with

o(t) = {0 for t < time I_i 2

1 fort>timel_i
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The parallel model approach (I +II in Figure 2) assumes that
there are two types of caseins within the CMPs, to which volumes
I and II are assigned. The noncross-linked casein portion is hy-
drated and swells in two steps according to the sequential model
approach mentioned above. However, the increase of volume [ is
now limited because of the cross-linked casein fraction, in con-
trast to the pure sequential swelling model. It was accounted
for this by introducing the maximum swelling degree Voo, and
second-order swelling kinetics originally used to describe the
swelling of gelatin and cellulose in an aqueous medium!*®! but
also successfully used recently to simulate swelling kinetics of
casein fibers, and CMPs treated with TGase.**¥’] As a result, the
rate coefficients of the swelling steps are no longer comparable
and are now denoted as RC Ia* and RC Ib*. The rate of volume
change for volume I within the parallel swelling model is

dvolume I,

= Z RCLi* - 6} - (V,, — volume It)2 3)

i=a,b

Cross-linked caseins are initially in a relaxed state and do not
bind water, so that the reservoir volume II has the value 0 at
the beginning. Due to the loosening of casein—casein bonds or
stretching, water binding occurs, and consequently, volume II
increases (see the blue curve of the parallel model (I+1II) in Fig-
ure 2). The corresponding rate of volume change for volume II
depends on the swelling rate (Rate II) and a deswelling rate (Rate
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Figure 3. Decay rates of CMPs obtained by fitting SDS decomposition kinetics with a single-exponential function versus treatment time for different
temperatures a) and hypersurface of log disintegration rate as a function of treatment time and temperature b). The data points were connected by

straight line segments for better visualization.

I1%) to simulate the expansion and recovery to the equilibrium

state of the network of linked caseins. While the swelling rate is

a function of both the rate coefficient I (RCII) activated at time II

and the total volume, the deswelling rate depends on the volume

IT and the rate coefficient RC II* activated at time II*

drolumell, _ RCII - o' - totale volume, 4
—RCIT* - /™ - volume II, *)

The total volume of CMPs is then obtained by adding the con-
tributions of volumes I and II.

The system of underlying differential equations for the se-
quential and parallel model was solved using the Euler integra-
tion method with a simulation time step of 0.25 s. Projected par-
ticle areas were calculated from the simulated volume profiles
using the spherical approximation, which is a good approxima-
tion for CMPs for the entire swelling process.[*]

3. Results and Discussion

The CMPs were heat-treated for different times (0-180 min) and
temperatures (40-90 °C) after their preparation according to the
process shown in Figure 1. We investigated the effect of post-
treatment on the stability and swelling behavior of the CMPs
using turbidity measurements in a photometer and swelling ex-
periments in microfluidic sieve cells, both at 20 °C. First, we
tested the stability of all post-treated CMPs against SDS using ab-
sorbance measurements at 600 nm. Previous studies have shown
that CMPs completely decompose after adding SDS, indicating
that they are mainly stabilized by hydrophobic interactions.[3?!
We used this method to investigate the influence of treatment
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temperature and time on the interconnectivity of CMPs. Two de-
composition curves were measured from each heat-treated CMPs
sample immediately after SDS was added. For all conditions stud-
ied, the turbidity measurements showed simple decay curves,
which could be fitted with a simple exponential function and
characterized by a single decay rate (see the Supporting informa-
tion, Figure S1). Figure 3a shows the decay rates obtained as a
function of treatment time for different temperatures. The ref-
erence values for the disintegration rates of untreated samples
vary between 0.035 and 0.055 s7! and correspond to the data in
Figure 3a at 0 min treatment time.

In general, the decay rates decrease with increasing treatment
time and temperature. Thus, for the parameter ranges selected
here, CMPs become more stable the higher the treatment tem-
perature and the longer the treatment time is. Figure 3a shows
that the rates at temperatures between 60 and 90 °C decrease
strongly within the first 60 min, and hardly change thereafter. In-
terestingly, almost identical final values are reached after 180 min
of treatment at T = 80 and 90 °C and T = 60 and 70 °C, re-
spectively. In contrast, major changes in the rates occur only af-
ter treatment times > 60 min at temperatures between 40 and
50 °C. The data points connected by straight line segments indi-
cate that the rates in this temperature range decrease sigmoidally,
while they tend to decrease exponentially at higher temperatures.
The sigmoidal decrease at T = 40 and 50 °C could occur due to a
cooperative, temperature-dependent structural transition neces-
sary for the internal gel network of CMPs to compact into a more
stable structure. While this cooperative transition takes up to 60
min at moderate temperatures, it occurs within a few minutes
in the 60-90 °C temperature range and, therefore, may not have
been resolved here due to the temporal resolution of our exper-
iment. As a result, we only observe an exponential decrease in
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decay rates due to the transition to the stable, internal network
structure. To get an overview of the different stability ranges of
the entire data set, we have also plotted the log decomposition
rate as a hypersurface versus disintegration time and treatment
temperature in Figure 3b. The logarithmic representation was
chosen to highlight the stepwise variation of rates at medium to
high treatment times and temperatures. The corresponding log-
arithmic color scale highlights differences in the range of high
stability or low decay rates. Based on the 3d plot, three stability
ranges can be identified, with the most stable (blue coloring) with
decay rates of < 0.01 s™! being reached only after a heat treatment
of T = 80 °C and treatment times exceeding 60 min. In contrast,
medium stabilities with rates in the range of 0.01 s (yellow col-
oration) are achieved by temperature treatment between T = 50—
70 °C for more than 40 min. It can be clearly seen that in this
range, the lower the treatment temperature, the more time is re-
quired for stabilization, and vice versa. The same applies to the
range of low stabilities with rates around 0.1 s7! (red coloring).
Correspondingly fast decays of CMPs are obtained only for very
short treatment times or temperatures of T < 60 °C. In the curves
in Figure 3a, the three decay regimes are covered only at temper-
atures of T = 80 and 90 °C. The intermediate state can probably
not be displayed due to a lack of time resolution. However, if the
3d hyperplane in Figure 3b is intersected at a constant treatment
time of 120 min (the gray plane in Figure 3b), a step-like progres-
sion can be seen in the corresponding 2d plot in Figure 3c. The
results show that thermal post-treatment causes stabilization of
the CMPs, which is stronger at higher temperatures and longer
treatment times. Furthermore, a region of intermediate stability
of the decay rate hyperplane indicates a stable intermediate state
resulting in a change of the decomposition mechanism.

It has been reported that weakening of hydrophobic interac-
tions in polymer gels by urea leads to swelling due to hydropho-
bic hydration.’*>!l We performed swelling experiments on indi-
vidual CMPs at pH 11 and T = 20 °C to investigate further the
changes in the decomposition mechanism and water-binding be-
havior caused by previous temperature post-treatment. To com-
pare with Figure 3c, we heat-treated the CMPs for 120 min each
at temperatures between T = 40-90 °C after their preparation. Af-
ter that, the increase in particle area was measured for two CMPs
each after the pH value was increased from pH 6.5 to pH 11 by
buffer exchange in the swelling cell. Figure 4 shows the averaged
and normalized data of the swelling curves determined in this
way for all measured temperatures. The CMPs swell after treat-
ment up to T =60 °C in a two-step process and finally decompose
after their area has reached at least five times the initial size. In
contrast, CMPs swell only to a limited extent after a temperature
treatment between 70-90 °C and do not decompose even after 2 h
in the swelling medium. It is noticeable that the swelling curves
of CMPs treated in the medium temperature range (60-70 °C)
behave somewhat differently during swelling. For CMPs treated
at 60 °C, the swelling process starts with the longest delay only
after about 12 min, and an exceptionally large degree of swelling
(10 times the initial swelling area) is achieved. Swelling curves
of CMPs with 70 °C treatment temperature, in contrast to 80 and
90 °C, show no overshooting after about 12 min and reach higher
equilibrium swelling values after a longer time (30 min).

Figure 5 shows the swelling curves of individual CMPs and
simulations for the control sample held at 20 °C and for CMPs
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Figure 4. Averaged and normalized swelling kinetics at pH 11 and T =
20 °C of CMPs that were previously heat-treated for 120 min at different
temperatures.

post-treated at T = 40 and 50 °C, respectively. In contrast to Fig-
ure 4, the change in absolute particle area is shown as a function
of time from only one of the two measured swelling curves in
each case. The different starting values result from the different
initial sizes of the investigated CMPs. All swelling curves show
the typical two-step course and can be best described with the
sequential swelling model.**] While the first swelling step starts
at the same time for all samples after about 200 s, the second
swelling step for CMPs starts later for the samples with higher
post-treatment temperatures.

For a closer look, the rates of the two swelling steps obtained
from the simulation are plotted above their characteristic start
times in a double-logarithmic plot in Figure 6. The values of the
rates and the corresponding characteristic times are in a range
that has been determined in previous measurements for CMPs
swelling kinetics at pH 11.1** No differences can be detected be-
tween the three samples for the values of the first swelling step,
as they are within their error limits for both the rate RC Ia and
the characteristic time. In contrast, differences between the heat-
treated samples can be detected for the rate coefficient of the sec-
ond swelling process, RC Ib. While there are no differences be-
tween CMPs post-treated at 40 °C and control, post-treating the
CMPs at 50 °C results in a delayed start time and a significantly
lower rate. According to our model, the volume of the granular
microstructure of the CMPs increases during the first swelling
step. The second swelling step loosens the interconnecting con-
tacts between the microstructures eventually leading to the com-
plete disintegration of the CMPs.[3!) Our simulation results show
that post-treatment at moderate temperatures does not affect the
expansion of the internal microstructure elements but the stabi-
lizing interactions between them. The delayed start time and re-
duced speed of the second swelling process indicate that the con-
tacts between the microstructure are improved after temperature
treatment at 50 °C. The interaction between caseins is mainly a
result of hydrophobic as well as electrostatic contacts between cal-
cium and phosphate groups.['*l Based on the higher SDS stability
and the observed temperature dependence of the swelling curves,
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Figure 5. Swelling curves (pH 11 and T = 20 °C) and simulations with the sequential dynamic model of single CMPs, untreated and after 120 min
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Figure 6. Rate coefficients as a function of the characteristic times from
the simulations of the swelling kinetics with the sequential dynamic model
for the control sample at T = 20 °C and for the CMPs post-treated for
120 min at T = 40 and 50 °C. The data from the first swelling step are
shown as closed symbols and those from the second swelling step as open
symbols.

it can be assumed that new hydrophobic contacts are formed dur-
ing temperature treatment, which persists after cooling to 20 °C
and reinforce the structure. Moreover, our recent results have
shown that calcium chelator citrate does not affect the rate of the
second swelling step.[*®] This suggests that hydrophobic interac-
tions, rather than calcium-mediated electrostatic contacts, actu-
ally exist between the casein interfaces of the microstructure and
that they are responsible for the effect.

Post-treatment for 120 min at T = 60 and 70 °C resulted in
even more stable CMPs, with the swelling process not leading
to immediate decay, but converging to a maximum equilibrium
swelling value. A more detailed investigation revealed additional
features in the swelling kinetics (see Figure 7). Within the red-
marked time range, up to ~700 s of the swelling kinetics for
T = 60 and 70 °C, a two-step swelling process still takes place.
However, further swelling steps become visible for longer times,
which cannot be described by the sequential swelling model
alone. Instead, we now use the parallel swelling model (I + II)
in Figure 2, which we used in a similar form to describe the
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swelling kinetics of CMPs treated with TGase.l’’l A new fea-
ture is that the two-step swelling process can be resolved for
temperature-treated CMPs at the beginning, which was not pos-
sible after TGase treatment because, in this case the neighboring
interfaces of the microstructure were probably covalently cross-
linked with each other, so the second swelling process did not
occur.

The exact partition of the simulated swelling kinetics (black
line) into the parallel swelling processes is shown on the right
side in Figure 7. The time course of volume I (red line) corre-
sponds to the sequential swelling of the caseins, which was indi-
rectly influenced by the temperature treatment. Volume II (blue
line), on the other hand, can be assigned to the casein portion
stabilized due to the temperature post-treatment. The new bonds
inserted by temperature treatment at T = 60 °C are not yet able
to stabilize the overall structure and can only slow down the de-
composition. As a result of the stepwise expansion of volume I,
volume II also expands very strongly within 200 s from about 700
s onward and at a smaller rate from about 900 s onward. In con-
trast, after treatment at T = 70 °C for 120 min, the newly and
irreversibly formed bonds are already so strong that the corre-
sponding kinetics for volume II reaches an equilibrium end value
at times > 3000 s. Furthermore, overshooting occurs after about
1500 s, which we had already considered in the analysis of CMPs
covalently cross-linked by TGase.l’”] According to our model,
cross-linked casein components elastic network is overstretched
during the expansion of the uncross-linked caseins. Similar to a
stretched spring, this causes a restoring force that brings the sys-
tem back to its equilibrium state. As a result, water is squeezed
out and the volume or cross-sectional area of the CMPs becomes
smaller again. Overshooting in the swelling kinetics was also ob-
served in other polymer systems and explained by the ionic con-
tribution to the free enthalpy.?®39%] Since the effect increases
with increasing treatment time with TGases or temperature in
this study, we assume that overshooting can rather be attributed
to the elastic contributions due to the newly formed bonds be-
tween the caseins.’’] After post-treatment temperatures above
T = 80 °C, the characteristic behavior of the newly cross-linked
casein fraction increasingly dominates the simulated swelling ki-
netics via model volume II (see blue curve in Figure 8, right).
Also, in the measured data (Figure 8, left), the overshooting ef-
fect is now clearly visible at T = 80 °C and further intensifies at
T=90°C.
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Figure 7. Swelling data at pH 11 and T = 20 °C (crosses) and corresponding simulations with the parallel dynamic model (solid line) of single CMPs
with 120 min post-treatment at T = 60 and 70 °C. The simulated total volume, which is composed of volume | for the noncross-linked and volume II

for the additionally cross-linked caseins, is shown on the right.

Figure 9 shows the mean values of the parameters of the par-
allel swelling model for all treatment temperatures. Each mean
value and the plotted error range are based on two swelling ki-
netics per condition. As Figure 9a shows, all swelling steps of
the noncross-linked casein fraction occur between 100 and 1000
s and thus lie in the time range generally determined for swelling
kinetics of CMPs at pH 11.13337%] The values of the rates are
several orders of magnitude smaller than those of the untreated
CMPs or the CMPs post-treated at T = 30 and 40 °C (compare
Figure 6) and cannot be directly compared. The reason for this
is the maximum degree of crosslinking Voo considered in the
parallel swelling model, which limits swelling and results in sig-
nificantly smaller values. The rates of the second swelling pro-
cess (rate Ib*, open symbols in Figure 9a) are larger than those
of rate Ia* (first swelling step) for all treatment temperatures,
which we always observed for untreated CMPs.33#1 Moreover,
the rates of both swelling steps for CMPs with T = 80 and 90
°C post-treatment temperatures are higher than those obtained
at temperatures of T = 60 and 70 °C, respectively. This effect can
also be seen directly in the normalized swelling kinetics in Fig-
ure 4, where the swelling curves of 60 and 70 °C rise the low-
est before rising steeply again at T = 80 and 90 °C. About the
reason for this can only be speculated at present. However, the
sigmoidal course of the SDS decomposition rates as a function
of the treatment temperature (Figure 3c) indicates a cooperative,
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internal restructuring process of the CMPs as a result of the tem-
perature post-treatment. A stable but rather unstructured inter-
mediate state is reached only when a certain fraction of caseins
are relinked. This is the case, for example, after 120 min of tem-
perature treatment in the temperature range of 60 °C. The cor-
responding volume II within the parallel model (the blue curve,
Figure 7 above) continues to expand as a result of the swelling
process and is not yet able to stabilize the overall structure of the
CMPs. The casein fraction that crosslinks at T = 60 °C proba-
bly densifies the original network structure of the CMPs, so the
swelling process is strongly delayed at T = 20 °C and pH 11. Due
to the new casein—casein contacts, however, the CMPs treated
in this way do not decompose until their microscopically visi-
ble particle areas reach ten times their initial value. After post-
treatments with even higher temperatures (T = 80 and 90 °C), the
internal restructuring is possibly finally completed, again result-
ing in a rather sponge-like structure consisting of casein-rich and
solvent-rich compartments. A network structure stabilized by hy-
drophobic contacts between caseins could explain the increased
stability of CMPs treated in this way. The void structure formed
Dby the network would again exhibit a high water binding capacity,
which could explain the higher swelling rates of these CMPs. The
values of rate Ia* and rate Ib* can be compared with the rate of
the noncross-linked casein fraction of CMPs treated with TGase
from earlier measurements, which were also analyzed with the
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Figure 8. Swelling data at pH 11 and T = 20 °C (crosses) and corresponding simulations with the parallel dynamic model (solid line) of single CMPs
with 120 min post-treatment at T = 80 and 90 °C. The simulated total volume, which is composed of volume | for the noncross-linked and volume I

for the additionally cross-linked caseins, is shown on the right.

parallel model. Based on similar values, it can be concluded thata
120 min temperature post-treatment at T = 80 or 90 °C results in
a similar effect on the swelling rates of the noncross-linked casein
fraction at pH 11 as a 1 h TGase post-treatment under conditions
as described in Gebhardt et al.*”] In contrast, even an increase in
swelling could be achieved by this temperature treatment for the
elastically linked casein portion. The corresponding values for the
rates of the swelling and deswelling step (rate II and rate II*) are
above 1072 s7! after treatment with T = 80 and 90 °C and thus
above those determined for the sample treated with TGase. Fig-
ure 9b again shows that both rates for CMPs at T = 80 and 90 °C
are larger than those for CMPs post-treated at T = 60 and 70 °C.
This is firstly in contradiction to the assumption that at higher
temperatures more bonds are formed between the caseins, mak-
ing their swelling more difficult. On the other hand, the rates of
cross-linked caseins in Figure 9b are strongly coupled with those
of uncross-linked caseins in Figure 9a. Since the noncross-linked
caseins swell fastest at T = 80 and 90 °C, the cross-linked caseins
are also stretched faster, resulting in higher rates. Post-treatment
at higher temperatures also leads to smaller equilibrium swelling
values (see the normalized swelling curves in Figure 4). As CMPs
with different initial sizes were investigated for the temperature-
dependent swelling kinetics, we related their maximum equilib-
rium swelling values Voo to the corresponding initial volumes I
and plotted the resulting ratio as a function of the treatment tem-
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perature in Figure 9c. It can be seen in the semilogarithmic plot
that the relative equilibrium swelling value drops sharply from 40
times at T = 60 °C to only twice the initial volume at T = 80 °C and
does not change further after a further temperature increase to
90 °C. A decrease in equilibrium swelling values can be attributed
to an increase in gel crosslinking, but this is also accompanied by
a decrease in swelling rate.[?223] This supports our assumption
that an increasing irreversible fraction of newly cross-linked ca-
seins are formed during the temperature post-treatment, which,
however, also restructures the CMPs. New casein—casein contacts
delay the swelling process at medium temperatures (see smaller
values RC II for T = 60 and 70 °C in Figure 9b). However, these
are not yet strong enough after 60 °C treatment, so the decompo-
sition cannot be prevented and comparatively high swelling val-
ues are achieved. Only after a 120 min post-treatment at T =70 °C
the CMPs no longer decompose during swelling and stabilize at
an equilibrium swelling value. At post-treatment temperatures of
80 °C and higher, additional formed contacts further reduce the
equilibrium swelling value. At the same time, the swelling rates
(RC Ia* and RC Ib* as well as RC IT* and RC IT*) increase again,
which can only be explained by an internal restructuring of the
CMPs toward a rapid swelling and stable elastic network struc-
ture. This restructuring could be a consequence of the increased
mobility of caseins, which, for example, melts the rigid structure
of casein micelles in the temperature range above 70 °C.[**] The
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Figure 9. Parameter values of the parallel swelling model used to describe the swelling kinetics of the CMPs post-treated for 120 min with temperatures
between T = 60 and 90 °C. As a function of the characteristic times, the rates of noncross-linked casein fraction are shown in a) and cross-linked casein
fraction in b), while the maximum equilibrium degree of swelling achieved is shown as a function of treatment temperature in c).

restructuring of the internal structure is also supported by the ob-
served decay rates in Figure 3c, which suggest at least two stable
structural states of the CMPs, as a result of temperature post-
treatment.

4. Conclusion

Temperature post-treatment is necessary to ensure the microbi-
ological safety of polymer systems, but structural and functional
changes, especially in proteins, should be considered. SDS de-
cay rates and swelling curves indicate a complex, temperature-
induced restructuring process of the CMPs that proceeds via
an intermediate state. CMPs that were post-treated for at least
120 min at temperatures of 40 and 50 °C decayed comparatively
quickly after adding SDS but more slowly the higher the treat-
ment temperature was. Since the swelling curves in this tem-
perature range can still be analyzed with the standard sequen-
tial model, major structural changes can be excluded. For post-
treatment temperatures between 50 and 90 °C, the SDS stabil-
ity of the CMPs increases over an intermediate state between
60 and 70 °C. In this temperature range, the swelling steps are
delayed and the swelling rates reduced, which we attribute to
a relatively homogeneous internal structure of the intermedi-
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ate state that makes water penetration more difficult. Further
changes in the swelling curves can only be simulated with an
extended paralle] modeling approach, which has already been
successfully used to describe the swelling of CMPs with sub-
sequently inserted cross-links.?”] These new characteristic fea-
tures in the swelling curves can thus be attributed to structure-
stabilizing contacts resulting from the heat treatment. At temper-
atures of 60 °C and above, the swelling curves now converge to
equilibrium swelling values, which become smaller with increas-
ing temperature, as shown by our model simulations. The low-
est equilibrium swelling values are obtained after post-treatment
temperatures of T > 80 °C for CMPs, whose SDS stability is fur-
ther enhanced. Contrary to the trend, CMPs treated in this way
now swell comparatively rapidly, so we assume an internal struc-
tural transformation to a stable network structure at these high
temperatures, which irreversibly persists after the post-treatment
process. The newly observed elastic network structure of the
temperature-treated CMPs should be characterized nanome-
chanically in the future, as has already been done for TGase-
treated casein nanogel particles.’?! The internal structures of
CMPs can be visualized in future studies, e.g., with confocal fluo-
rescence microscopy, to better understand the swelling and decay
process of CMPs in view of their potential application as carriers
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for bioactive compounds with immediate or controlled release
function.[*%]
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