
Citation: Hohn, C.; Gebhardt, R.

Fluctuations in Humidity Influence

the Structure Formation and Swelling

of Casein Microparticles. Colloids

Interfaces 2024, 8, 45. https://doi.org/

10.3390/colloids8040045

Academic Editors: Georgi G. Gochev

and Reinhard Miller

Received: 7 June 2024

Revised: 29 July 2024

Accepted: 8 August 2024

Published: 14 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

colloids 
and interfaces

Article

Fluctuations in Humidity Influence the Structure Formation and
Swelling of Casein Microparticles
Calvin Hohn and Ronald Gebhardt *

Faculty of Mechanical Engineering, RWTH Aachen University, Chair of Soft Matter Process
Engineering (AVT.SMP), Aachen 52062, Germany; calvin.hohn@rwth-aachen.de
* Correspondence: ronald.gebhardt@avt.rwth-aachen.de

Abstract: Caseins are a sustainable alternative to non-biodegradable materials for the production of
functional microparticles. These show a characteristic swelling behavior when they are prepared
from micellar casein under gentle conditions using depletion flocculation and subsequent film drying.
The typical two-step swelling process is a result of the internal particulate network structure, which
is surrounded by water channels. The seasonal and daily fluctuations in humidity during the 16 h
film drying process influence the structure formation and swelling kinetics, which we analyze using
system dynamics analysis. Microparticles with better and more uniform swelling properties can be
produced using a drying apparatus with an integrated humidifier and ventilation system. At higher
humidity levels, the casein micelles are less compressed during film drying, which facilitates the
initial swelling of the microparticles. Furthermore, the more stable drying conditions in the drying
apparatus result in a more homogeneous compaction of the film, which causes similar swelling rates
for different microparticles.

Keywords: air humidity; casein microparticles; film drying; swelling; system dynamics modeling

1. Introduction

Caseins can be used as a sustainable alternative to non-biodegradable materials for
the production of functional microparticles. Caseins have a flowable, naturally open
structure [1]. In nature, they occur as spherical association colloids with average sizes of
200 nm [2,3]. These so-called casein micelles are held together by electrostatic contacts
between caseins and colloidal calcium phosphate nanoclusters, as well as by hydrophobic
and other physical interactions between the caseins [4–6], while steric stabilization is
provided by k-casein, which is distributed unevenly as a polyelectrolyte brush on the
surface [7]. A recent model description of casein micelles as a sponge-like structure [8]
can also explain the compaction and deformation of casein micelles during film drying [9].
Casein micelles are highly hydrated with 3.4 g of water per g casein [10]. Most of the water
is trapped in the porous casein micelle structure, while a smaller part is bound to caseins or
associated with the κ-casein surface layer [11].

There is currently great interest in functionalizing caseins as a transport platform
for bioactive substances [12]. Both micro- and nanocapsules have been produced from
casein, and biologically active agents, probiotic cells and nutraceuticals have been encapsu-
lated [13]. However, there is still a great need for research to understand the behavior of the
wall material casein, from which these capsules are made, under different physicochemical
conditions [14]. The investigation of the size changes of the caseins in different media is
of particular importance with regard to the function of the particles. For example, the
swelling of microparticles plays a significant role in the immobilization of enzymes for
biosensors or in the controlled release of bioactive substances [15–17]. A key challenge
is to produce the capsules under conditions that preserve the activity of the encapsulat-
ing substance. We have developed a gentle process for the production of microparticles
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from casein aggregates, which are produced by depletion flocculation at neutral pH and
subsequent film drying under ambient conditions [18]. The casein aggregates are formed
from the casein micelles due to the volume exclusion of pectin, which is added in a specific
mixing ratio at pH 7 [19]. It has recently been shown that these aggregates are also retained
after acidification. Liquid yogurt is formed in this case because no continuous network
is formed [20]. The aggregates deform in shear and extensional flows and disintegrate
when pectin is removed. However, the aggregates solidify during a film drying step and
remain stable after preparation from the film matrix [21]. During drying, the increase in
concentration of the casein micelles within the aggregates leads to deviations from the hard
sphere behavior, deformation and finally to a liquid–solid transition, which is accompanied
by a structural arrest [22,23]. Only this step stabilizes the casein aggregates, which is in
contrast to other casein microparticle preparations where drying processes are used. In
these cases, spray or freeze-drying processes followed after stable structure formation of
casein utilizing ionotropic gelation and cross-linking, coacervation, or enzymatic gelation
with transglutaminase or chymosin [16,24–27].

The casein microparticles (CMPs) produced in this way swell in an alkaline milieu in
a two-step process and finally disintegrate. The two-step kinetics can be attributed to the
multi-level structure of the CMPs. Their inner structure consists of 1–2 µm large building
blocks, which are composed of several casein micelles. The first swelling step leads to the
expansion of the caseins within the casein micelles and building blocks. In contrast, the
second swelling step concerns the interactions between the micelles within the building
blocks. These are weakened as a result of prolonged swelling, which finally causes the irre-
versible disintegration of the CMPs [28]. The expansion process at pH 11 takes place over a
period of several minutes and is particularly suitable for studying the swelling properties
and stability of differently structured CMPs [21]. Swelling-induced decomposition can be
prevented, for example, by subsequent chemical crosslinking via disulfide bridges [29].

During the two-step swelling of CMPs, we observed large variations in the rates. It
is generally known that, in addition to the amino acid sequence, constant environmental
conditions in the cell are also crucial for the synthesis of functional proteins [30]. For the
artificially produced CMPs, the drying conditions during compaction of the film could
have a significant influence on the structural and functional properties. The mechanical
properties in the film state depend in particular on the relative humidity during production,
storage and use, as has been shown for the example of caseinate films [31]. Humidity
fluctuations affect the water content in the films and thus influence the structuring processes
of the protein network [32]. Our hypothesis is therefore that more uniform humidity levels
during the film drying step will lead to CMPs with more uniform swelling properties. As
the relative humidity in the laboratory is subject to seasonal and daily fluctuations, we also
prepare CMPs in a drying apparatus that reduces the fluctuations over the 16 h drying
process. To test the influence of absolute humidity, we prepare CMPs on two days, one
month apart, and analyze the swelling properties of the CMPs compared to those dried in
air on the laboratory bench.

2. Materials and Methods
2.1. Materials and Preparation Process of Casein Microparticles

Hydrochloric acid (1 M), potassium hydroxide (>90%), sodium hydroxide (1 M) and
pectinase from Aspergillus niger were purchased from Merck (Merck, Darmstadt, Ger-
many). Micellar casein concentrate powder MC80 was supplied by Milei GmbH, Leutkirch,
Germany. Highly methylated citrus pectin (CU 201, DE◦ > 70%) was provided by Herb-
streith & Fox (Herbstreith & Fox GmbH & Co. KG, Neuenbürg, Germany). All salts for
the preparation of simulated milk ultrafiltrate (SMUF), as well as BisTris methane, calcium
chloride and sodium dodecyl sulphate were purchased from VWR, Darmstadt, Germany.
All solutions were prepared with Milli-Q water from the laboratory water purification
system (Simplicity UV System, Merck, Darmstadt, Germany).
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SMUF buffer was prepared according to the method described by Dumpler et al. by
dissolving all required salts stepwise in Milli-Q water with constant stirring [33]. Sodium
azide was also added to the SMUF buffer at a concentration of 0.5 g/L to inhibit the
growth and activity of microbiological organisms. The pH was finally adjusted to 6.7 with
KOH solution.

For a pectin solution (2%), 2 g of citrus pectin was dissolved in 98 g of BisTris buffer
solution. To dissolve the pectin completely, the mixture was stirred vigorously at 80 ◦C for
3 h. It was then cooled to 20 ◦C and the pH of the pectin solution was adjusted to 6.8 with
NaOH solution.

To produce a casein dispersion with a final concentration of 7.36% casein, 5 g of MC80
powder was added to 45 g of SMUF solution. The casein solution was stirred for 1 h at room
temperature, then for 4 h at 4 ◦C and then for a further hour at 37 ◦C at 400 rpm in each
case. The pH value of the casein solution was 6.7. A pectinase solution with an enzyme
activity of ≈36 units/mL was used for film hydrolysis. For this, 0.47 mL of pectinase was
added to 10 g of buffer.

Figure 1 summarizes the main process steps of CMPs manufacture. First, casein
aggregates were formed by depletion flocculation [19,34]. For this, the micellar casein
solution and pectin were mixed in a ratio of 3 to 0.3 wt% under neutral pH conditions. The
formed casein aggregates were then compacted by film drying and solidified into stable
microparticles [18]. For this purpose, 3.9 g of the solution was distributed on glass Petri
dishes (Ø 70 mm) and drying was carried out both on the laboratory bench and in a drying
apparatus at T = 22 ◦C.
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Figure 1. Schematic illustration of the four main process steps in the manufacture of CMPs from casein
micelles by depletion flocculation. The drying step with the humidity variation, σϕ as an influencing
variable is highlighted in a frame. A representative CMPs with a typical internal microstructure is
shown on the right.

In the apparatus, the air flow (indicated by red arrows in Figure 2) was directed over
three levels to ensure drying under more uniform humidity conditions. The humid air
reached the second level via a humidifier (HU450, AIRROBO, Singapore) placed on level
I with an adjustable fog volume flow (125, 190, and 300 mL/h). Supported by two fans
(computer fan d = 120 mm, max. 2000 rpm, UNYKAch, Getafe, Madrid, Spain), it reached
level III through an adjustable gap, where it flowed over the films in Petri dishes. A wireless
sensor (TP357, ThermoPro, Carrum Downs, VIC, Australia) was placed inside the third
level of the apparatus behind the Petri dishes to record the relative humidity data.

Both film preparations were dried for 16 h at varying humidity. The microparticles
were then isolated from the dried pectin matrix by enzymatic hydrolysis. This was per-
formed by adding 10 mL of pectinase solution (37 units/mL in buffer solution) to the
Petri dish and performing the hydrolysis in a ThermoMixer (Eppendorf, Eppendorf AG,
Hamburg, Germany) with continuous shaking (160 rpm) at 47 ◦C for 2 h. The supernatant
solution was then mixed with the pectinase solution. The supernatant solution containing
the microparticles was then collected and centrifuged (at T = 22 ◦C and 1500 RCF for 10 min).
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The CMPs in the sediment were separated from supernatant and finally resuspended in
BisTris buffer.
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2.2. Swelling Experiments

The swelling of individual CMPs was investigated microscopically in 3D-printed
flow-through cells with a sieve cell design [21]. To ensure diffusion of the CMPs into the
sieve quenchers, the sieve cells were not moved for 10 min after filling. The flow cell was
then placed under a Leica DMIL LED inverse microscope (Leica Microsystems, GmbH,
Wetzlar, Germany) equipped with a Basler camera (Basler AG, Ahrensburg, Germany)
and connected to a syringe pump (Harvard Apparatus, Holliston, MA, USA) via a PHD
ULTRA™ polyethylene tube (Ø 0.55 mm). A flow rate of 0.07 mL per minute was selected
for the exchange of the medium in the sieve cell with medium (ultrapure water, adjusted to
pH 11). In addition, Thymol blue dye (Carl Roth GmbH + Co. KG Karlsruhe Germany) was
added to the exchange medium in order to determine the exact start time of the swelling
with the camera system.

The swelling of the microparticles in the sieve holes was recorded with a Basler camera
using Basler video recording software version 1.3 (Basler AG Ahrensburg Germany) at a
rate of 2 frames per second for 45 min. The images were extracted with PyCharm (version
2021.1.3, JetBrains, Prague, Czech Republic) and the projection areas of the CMPs were
calculated with ImageJ software Version 1.53t (Wayne Rasband public domain USA).

2.3. System Dynamics Modeling and Simulation

The dynamic model to simulate the two-step swelling kinetics of the CMPs was
created using Stella 1.6 software (iseesystems.com, Lebanon, NH, USA). The underlying
flow diagram is shown in Figure 3. The spherical reservoir volume is filled by two volume
flows that are activated at different times. The rate of volume change of the reservoir,

dV
dt

= ∑i=1,2 RCi·σi
t ·curr Vol, (1)
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depends on a rate coefficient, RCi, and the current filling volume of the reservoir, currVol,
for each of the two volume flows. The rate coefficients RCi, are calculated using step
functions at the characteristic times as follows:

σi
t =

{
0 f or t < timei
1 f or t ≥ timei

(2)

The differential equation, Equation (1), was solved numerically using Euler’s integra-
tion method with a step size of 0.25 s. The particle area, A, was then calculated using the
following spherical approximation and optimally adjusted by iteration:

At =
3·Vt

4·Rt
(3)
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and Flow 2. These depend on the current volume and a rate coefficient RC, which is activated at a
characteristic time.

3. Results and Discussion

We studied the influence of different drying conditions on the swelling of CMPs. For
this purpose, drying was carried out both on the laboratory bench, as in previous studies,
and in a newly developed drying apparatus (see Figure 2).

Figure 4 shows the change in relative humidity on a preparation day both on the labo-
ratory bench and in the drying box during the entire drying process. The relative humidity
of the outside air measured by the local weather station near the place of investigation is
also shown for comparison. The humidity remained almost constant at 96% during the
entire drying process. The humidity on the laboratory bench fluctuated greatly depend-
ing on the time of day and showed a maximum relative humidity difference of approx.
9% during the 16 h drying period. In contrast, the humidity in the box did not follow this
trend and stabilized at a value of 41% after approx. 5 h. The overshooting effect in the first
5 h can be explained by the comparatively large amount of moisture that escapes from the
suspension at the beginning. After 5 h, a film has formed and the fluctuations in relative
humidity are reduced. Within the film, the fragile casein aggregates are pressed together
and solidified by the shrinking film matrix. This leads to an increase in the concentration
of casein micelles within the aggregates and to deviations from the hard sphere behavior,
deformation and finally to a liquid–solid transition, which is accompanied by a structural
arrest [22,23]. The formation of spherical, stable CMPs takes a total of 16 h. CMPs formed
by hydrolysis of the film matrix after shorter drying times are highly deformed, fragile and
have a high tendency to aggregate (see Figure 4, right panel).
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Figure 4. Fluctuations in air humidity during the drying processes. Fluctuations in humidity in the
outside air, as well as in the box and on the laboratory bench, during the drying processes (left panel)
and structural ripening of the CMPs with increasing drying times.

A total of two CMPs preparations were carried out one month apart. One part of
the sample was dried in air under laboratory conditions and the other part in the drying
apparatus described above. Three CMPs were selected from each preparation and their
swelling was analyzed at pH 11. For this purpose, flow-through cells with a sieve cell
design were used, which allow the microscopic observation of the swelling of individual
CMPs after a medium exchange [21]. By exchanging the medium, a pH shift from pH 6.7 to
pH 11 was induced, which triggered the swelling process. Figure 5 shows the changes
in particle area relative to the initial area as a function of swelling time for all particles
investigated. The start time of the swelling kinetics was determined using the Thymol
blue indicator by means of a color change, which was detected by the camera system. A
typical two-step swelling process was observed for all CMPs. The individual swelling
steps are almost linear, as shown by the lines for the swelling kinetics of two differently
dried CMPs in Figure 5. The swelling process ended within 30 min with the complete
disintegration of the particles, which was previously reported for swelling at pH 11 [21].
The disintegration occurred after the particles had swollen to two to five times their initial
particle area and thus in a range described in a study with a large sample size under these
conditions [35]. However, the swelling kinetics for the CMPs produced in the drying
apparatus (red symbols) were much closer together than those traditionally dried on the
laboratory bench (black symbols). For both types of drying (laboratory bench and box), the
CMPs from May (open symbols) showed stronger swelling than the particles from April
(closed symbols).

We analyzed all swelling curves from Figure 5 with the system dynamics model shown
in Figure 3 to investigate this finding in more detail. This model is based on the observation
that the spherical shape of the CMPs is maintained during the swelling process until shortly
before decomposition [35]. Furthermore, it is assumed for the balance (Equation (1)) that
the increase in volume is due to volume flows from the surrounding medium and that
there are no sources and sinks for the particle volume. Sinks and sources could occur, for
example, because of changes in the solvent density in combination with the solvation of
exposed surfaces or changes in the void volume in combination with the folding state
of the proteins [36]. However, bound water represents only a small fraction, as most of
it is trapped in the porous structure of the casein micelle [11]. Furthermore, due to the
lack of a tertiary structure and the rheomorphic, open structure of caseins [1], volume
changes due to swelling-induced conformational changes can probably be neglected. The
two-step swelling kinetics are described by two volume flows, each of which depends on
the current volume of the CMPs, as well as a rate coefficient RC1 or RC2 and the associated
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characteristic times. The particle area is then calculated using the spherical approximation
from the particle volume, which is obtained by numerical integration of Equation (1).
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Figure 6 shows the simulation results and measured data using the example of a single
swelling curve from Figure 5. Figure 6a shows how both volume flows change as a function
of time in order to illustrate the two-step, linear expansion of the particle area and the
characteristic kink in between. After approx. 300 s, the volume flow rate Flow 1 belonging
to the first swelling step starts abruptly at approx. 1.7 fL/s. The trigger for this is the
step function with the characteristic time, time1 for the corresponding rate coefficient RC1
(Figure 6b, bottom). Within the next 700 s, Flow 1 increases slightly over-proportionally up
to a level of 3.2 fL/s. This describes the increase in particle area during the first swelling
step until the second step begins after approx. 1100 s. Previous studies have shown that the
first swelling step is strongly calcium dependent and thus affects both the charge state of the
caseins and the electrostatic contacts, in particular the various forms of calcium phosphate
contacts [5], between the caseins. Even small amounts of added calcium (0.1 mM) slow
down the rate of the first swelling step or stabilize the CMPs from 1 mM in such a way that
a plateau forms before the second swelling step begins [28]. By adding 10 mM calcium, the
swelling process could be almost completely suppressed. In contrast, the calcium chelator
citrate accelerates the first swelling process and leads to increased SDS decomposition
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rates of the CMPs [37]. The stabilizing effect of calcium is based on the suppression of
electrostatic repulsion, which occurs because of the deprotonation of glutamic and aspartic
acid within the casein chains after a pH shift to alkaline [6]. Furthermore, a reduced
proportion of ions in the medium leads to dissociation and swelling, which is suppressed
by the added salt [38].
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In contrast, citrate chelates calcium in the soluble phase and thus indirectly dem-
ineralizes casein micelles [39,40]. As a result, the phoshoseryl clusters of the caseins in
particular become negatively charged, which promotes water binding and thus swelling.
Indirectly, hydrophobic interactions between the caseins are also weakened, which explains
the increased SDS decomposition rates after the addition of citrate.

The results indicate that the internal microstructure of the CMPs expands during the
first swelling step. These µm sized building blocks consist of several casein micelles covered
by a κ-casein surface layer. However, there is not enough κ-casein available to completely
cover micellar surfaces [41]. It is plausible that contact between the aggregates within
the CMPs occurs via hydrophobic contact surfaces, similar to what has been proposed
for individual casein micelles under natural conditions as a reason for the formation of
1-dimensional aggregates [42,43]. As the second swelling step shows no dependence on
citrate ions [37], it can be assumed that there are no calcium phosphate contacts between
the aggregates of the microstructure.

In the swelling curve shown in Figure 6b, the dissociation of the swollen aggregates
starts at the kink point after approx. 1000 s. The instantaneous change in the slope in
Figure 6b requires a jump in the total volume flow sum (Figure 6a). This is caused by the
second volume flow, Flow 2, which is triggered by the step function of the rate coefficient
RC2 at the characteristic time, time2, and increases overproportionally from 7 fL/s after
1050 s to 10.3 fL/s after 1200 s.

We analyzed all the swelling data shown in Figure 5 with the system dynamics model.
Figure 7 compares the simulation results for the CMPs dried on the laboratory bench
(black symbols) and in the drying apparatus (red symbols). For the six swelling curves
per drying method, the rate coefficients are plotted as a function of the characteristic time
of the respective swelling step. For the individual CMPs, the rates of the second swelling
step are always larger than those of the first step, which has been observed previously [35].
To illustrate the variability of the simulation results, we have connected extreme values of
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the population as a polygon. The data for both drying methods scatter similarly for the
second swelling step, while there are clear differences for swelling step 1. The data for the
first swelling step belonging to film drying in the apparatus form a very narrow cluster
with rate coefficients around 10−3 s−1 and 300 s as the characteristic time. In contrast, the
corresponding values for CMPs dried on the bench are much more broadly distributed. We
observe CMPs that swell at a rate of 2 × 10−3 s−1 after just a short time (100 s). However,
we only observe this fast and strong swelling for CMPs that were dried in May. In contrast,
CMPs that swell very slowly at rates in the range of 3−9 × 10−4 s−1 were prepared in
April. For CMPs dried in the box, we found a similar but less pronounced trend. The
reduced swelling properties of CMPs can be explained by a denser internal structure.
Casein micelles are in close contact and their κ-casein surface layers largely overlap [23].
Both the solvent transport through the channels of the inner network and the swelling
of the microstructure are then restricted, which explains the delayed start time and the
lower rate for the first swelling step. These structural changes can be caused, for example,
by hydrophobic collapse due to the temperature post-treatment [44]. In contrast, less
compaction of the CMPs leads to improved swelling properties. The casein micelles within
the µm sized building blocks are then more loosely packed, resulting in a more porous
network structure. If the micellar structure of temperature-treated CMPs is stabilized,
e.g., by disulfide bridges, and hydrophobic collapse is thus prevented, correspondingly
shorter start times and higher swelling rates are observed [29,44].
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Table 1 shows the average air humidity and fluctuations calculated from the values
recorded during the last seven hours of drying. In Aachen (Coordinates: 50◦46′32′′ N
06◦05′01′′ E), the humidity increases in spring.



Colloids Interfaces 2024, 8, 45 10 of 12

Table 1. Mean values and standard deviations of the relative humidity (calculated from the sensor
values of the last 7 h of drying—see the gray marked area in Figure 4).

Time of Drying Drying Method Mean Value (%) Standard Deviation (%)

April 2024 Box 40.77 0.96
Lab bench 31.35 1.18

May 2024 Box 59.15 3.74
Lab bench 49.54 3.85

During the measurement in April, the average humidity on the laboratory bench
was 31.35% and in the drying box was 40.77%. In May, the values were correspondingly
higher at 49.54% and 59.15%. The lower humidity in April leads to better drying and more
solidified CMPs. The building blocks are then less porous, because the casein micelles are
more tightly packed. This slows down the swelling of the caseins and leads to small values
for RC1 for the drying box and laboratory bench (open symbols, Figure 7). However, the
values of RC1 for all dryings in the box are more evenly distributed than those obtained
after drying on the laboratory bench. This is shown by a comparison of the red and black
polygon areas in Figure 7, which connect the extreme values. The trend can also be observed
in the values for drying only in April (open symbols) or only in May (closed symbols).

The distribution of the first swelling rate can be correlated with the variation in hu-
midity. If the measured humidity values are analyzed after the film has formed (i.e., 5 h
after the start of drying), the standard deviations for drying in the box are always smaller
than on the laboratory bench (compare the values in Table 1). The greater fluctuations in
humidity on the laboratory bench can be explained by the movement of people through the
laboratory door to the non-air-conditioned floor corridor. Outside the laboratory, the hu-
midity levels were significantly different, as shown by the comparison of the measurements
in the laboratory with the humidity data from the local weather station (Figure 4).

Previous studies have shown that casein absorbs moisture quickly in the film state
and that the mechanical properties are extremely sensitive to fluctuations in humidity [31].
Although many of the properties were reversible, it sometimes took several hours for them
to return to the initial value after humidity correction [32]. Fluctuations in humidity can
have a significant influence on the internal structuring of the CMPs. The irregular water
absorption and release of the caseins changes the conditions in the film when compaction
takes place. While a lack of water leads to denser structures with reduced swelling prop-
erties, wetter regions could lead to CMPs with more porous building blocks and better
swelling properties. It can therefore be assumed that a more uniform drying process with
less fluctuation in humidity results in a more homogeneous compaction of the CMPs with
more uniform swelling properties.

4. Conclusions

The swelling process of the CMPs is influenced by the drying conditions, in particular
by the average humidity and its fluctuations during the film drying phase. The fluctua-
tions in humidity could be significantly reduced by the drying apparatus described here,
consisting of a humidifier and fan system. However, the absolute value of the air humidity
is still dependent on the air humidity in the laboratory, which varies greatly depending on
the time of day and the season. Drying at lower humidity levels leads to CMPs swelling at
a reduced rate. This can be explained by a more compact internal microstructure, which is
the result of denser packing of the casein micelles. The more stable humidity in the drying
apparatus resulted in CMPs that showed more uniform swelling compared to those drying
on the laboratory bench. The system dynamics analysis of the swelling process showed that
the variation in the rate of the first swelling step decreased, while there were no changes in
the second rate. According to our current knowledge, the first swelling step is caused by
the expansion of the inner, granular microstructure of the CMPs, which is interspersed with
water channels. The fact that drying under less fluctuating humidity conditions leads to
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CMPs with a uniform internal microstructure would be a plausible explanation for similar
rates of the first swelling step. In the future, high-resolution imaging techniques should
be used to verify this hypothesis. Furthermore, the drying apparatus could be improved
to allow drying at different temperatures and humidities under controlled conditions.
Moisture sorption isotherms could help to optimize the drying process of the films in the
future and to better understand the solidification process of the CMPs. We currently see no
alternatives to film drying that guarantee the stabilization of the fragile casein aggregates.
Shear forces during spray drying and strong heat flows during freeze and vacuum drying
would further restrict the formation conditions of the depletion reaction and impair the
stabilization of the fragile casein aggregates.
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