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Casein micelles and their rennet modification into para-casein micelles play a central role in the
production of dairy products. They both hold great potential as functional materials in many applications
from coatings to biomaterials, presenting a completely biological and sustainable alternative to
petrochemicals. Regardless of their application, characterizing their dynamics, stability and ultimately
their assembly is essential for their processing. In this study, casein- and para-casein micelle dispersions
are characterized by differential dynamic microscopy (DDM). In contrast to conventional dynamic light

Received 1st November 2025, scattering, DDM allows the characterization of highly turbid media and the simultaneous acquisition of

Accepted 24th February 2026 the intermediate scattering function over a wide range of scattering vectors as illustrated by the
DOI: 10.1039/d5cp04216; investigation of concentrated casein micelle dispersions. We further demonstrate the application of this

technique to investigate the colloidal stability of para-casein micelle dispersions, opening up for a
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1 Introduction

Casein is the main protein in milk and makes up to about 80%
of the milk’s total protein content. Due to their high proline
content, caseins are generally described as a group of natively
unfolded or intrinsically disordered proteins." In bovine milk,
four different genetic variations of caseins are present, namely
agi-casein, og,-casein, B-casein and k-casein. Together with
calcium phosphate, they form complex association -colloids
referred to as casein micelles. The mean diameter of the micelles
is between 100 nm and 150 nm and the micelles have a log normal
size distribution between 50 nm and 500 nm.>* At the casein
micelle periphery, k-casein builds up a so-called “hairy” layer. The
hydrophilic C-terminal part expands into the surrounding
solution, while the hydrophobic N-terminal part of the molecule
is anchored inside the micelle. The so-formed x-casein surface
layer has a thickness of approximately 8 nm and stabilizes the
micellar assembly by shielding further hydrophobic contacts.
From a technological perspective, the aggregation of casein
micelles is of particular interest as it is often the base for gelled
food products like yogurt or cheese. Other applications involve
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potential use of this technique in the food industry and for diagnostic purposes.

microparticles to encapsulate bioactive substances>® or regen-
erated protein fibers.” In their native form, the casein micelles
are in a colloidal stable state. The k-casein brush prevents
aggregation via steric and electrostatic repulsion, ie., the
micelles are kept far enough apart so that the repulsion forces
dominate over the short-ranged van der Waals interactions.* In
the primary phase of rennet coagulation, the rennet enzyme
chymosin specifically cleaves the k-casein at the Phel05-
Met106 bond. This results in the release of the hydrophilic C-
terminal part of the k-casein while the hydrophobic N-terminal
part remains attached to the micelle. The hydrolysed micelles
are denoted as para-casein micelles (p-CMs) which, in the
secondary phase of rennet coagulation, start to aggregate after
about 80% of the x-casein is hydrolysed.*® The aggregation
however only occurs when additional calcium ions are present
and is strongly affected by temperature, pH and enzyme
concentration.® Furthermore, the primary enzymatic phase
and the secondary aggregation phase overlap and a precise
description of the initial states during aggregation is difficult."®
For example, while the radius of the micelles decreases due to
hydrolysis and thus, e.g., the turbidity of the sample decreases,
the aggregation may already have started which causes an
increase in turbidity.'® Recently, image-based techniques have
also been applied to investigate the early stages of milk gela-
tion. Sekiguchi et al. employed mesoscopic image analysis to
characterize the initial stages of glucono-d-lactone-induced
milk gelation, highlighting the potential of microscopy-based

This journal is © the Owner Societies 2026


https://orcid.org/0000-0003-1695-8961
https://orcid.org/0000-0002-3632-4221
https://orcid.org/0000-0003-1305-7076
https://orcid.org/0000-0003-3358-4834
https://orcid.org/0000-0002-7434-9024
https://orcid.org/0000-0002-9702-1996
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp04216j&domain=pdf&date_stamp=2026-03-16
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5CP04216J
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP028015

Open Access Article. Published on 02 March 2026. Downloaded on 6/21/2026 2:40:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

approaches to access early aggregation dynamics in complex
dairy systems.""

To study the enzymatic hydrolysis and coagulation indepen-
dently, different approaches have been proposed. Carlson et al.
used excess enzyme concentrations to complete the first step
before the second step starts.'®'* Dalgleish took advantage of the
fact that aggregation of the micelles is almost completely inhib-
ited at low temperatures.”*™ Although the enzymatic hydrolysis
is slow at low temperatures, it is not completely inhibited so that
fully hydrolysed p-CMs can be prepared in a colloidal stable state
when renneted in the cold. The aggregation can then be triggered
by exposing the dispersion to a higher temperature. Extensive past
research endeavors led to an increased understanding in the field
of colloidal stability and several studies using different experi-
mental approaches lead to a thorough understanding of the early
stages of rennet induced coagulation. In 1983, Dalgleish studied
the effect of temperature and calcium ion concentration on the
stability of fully renneted casein micelles with turbidity
measurements.’® In 2014, Horne and Lucey revisited the data
from Dalgleish and could determine an activation energy for the
coagulation process and its intricate dependence on temperature
and calcium content.'® They postulated that the reduction of
hydrophobic interactions, despite being substantial, is not the
main reason for the inhibition of the coagulation process at low
temperatures. Instead, an increase in electrostatic repulsion due to
a weaker calcium binding to the micelle at lower temperatures was
suggested to be the major contribution to the promoted stability of
the dispersion. The diffusion-limited coagulation regime was
identified at temperatures exceeding 50 °C, independent of the
calcium content of the medium. Brinkhuis and Payens utilized
static light scattering to investigate the coagulation of fully
renneted casein micelles in the temperature range between
20 °C and 35 °C. The coagulation rate constant at 35 °C was
measured to be 10.6 x 10~ L mol™" s~ and was also observed to
decrease at lower temperatures. The resulting activation energy in
this temperature range was estimated at about 103 kJ mol *."” In
our recent study, the coagulation of p-CMs was investigated with
single particle tracking using fluorescence confocal microscopy.
For this purpose, the CMs were first labeled with a fluorescent dye.
After enzymatic treatment under non-aggregating conditions, coa-
gulation was then triggered by a temperature jump. Evaluation of
the tracking data showed that the coagulation process proceeds in
two distinct steps. The formation and steady growth of aggregates
could be first observed, which is followed by the abrupt formation
a long-ranged gel network when the aggregates have reached a
certain size."®

In this study, we introduce the use of differential dynamic
microscopy (DDM) to study CM and p-CM dispersions. DDM is
an emerging technique that probes the structure and dynamics of
colloidal dispersions.'® It offers the possibility to study challen-
ging samples in different sample environments.>° DDM is usually
used to study colloids with particle sizes ranging from few tens of
nanometres to micrometres.'>*! A recent example includes the
investigation of protein dispersions.” In particular, Safari et al.
demonstrated that DDM can be applied to weakly scattering and
polydisperse protein-rich clusters, establishing the applicability
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of the technique to soft and heterogeneous protein systems.> It
can also be applied to probe the diffusion and mobility of
biological active systems such as bacteria®*** or semen.® More
recently, DDM has been extended to complex bio-nano systems,
enabling in situ characterization of protein adsorption and aggre-
gation processes both in vitro and in vivo.*” It is worth noting that
DDM is not restricted to bright field. For example, dense colloidal
dispersions were investigated through DDM analysis in fluores-
cence confocal microscopy experiments®® and the rotational
dynamics of bacteria and colloidal clusters were examined using
dark field imaging.” In contrast to conventional DLS, DDM can be
applied to highly turbid colloidal dispersions**>* and allows the
simultaneous determination of the dynamic and static properties
of the sample.*®** DDM was also applied to flowing dispersions®*
and anisotropic colloids subjected to an external field***" as the
acquired 2D information allows one to distinguish the dynamics
along different directions. Recently, two colour DDM enabled
capturing dynamics faster than the camera framerate®® and the
application of spatial image windowing filters increased the
accessible number of wave vectors.*”

The purpose of this study is two-fold. First, we demonstrate
that DDM can be successfully applied to complex biological
dispersions, using concentrated casein micelle dispersions as a
benchmark system. Second, we show that this technique can be
used to quantitatively investigate the temperature-dependent
stability and early-stage coagulation kinetics of dilute para-
casein micelle dispersions by adapting the theoretical frame-
work originally developed for combined dynamic and static
light scattering.*®*° In contrast to previous DDM studies on
aggregation, the present work establishes a direct, experimen-
tally validated correspondence between DDM-measured ampli-
tudes and diffusion coefficients and absolute coagulation rate
constants in an industrially relevant, functional protein system.

2 Theory

2.1 Differential dynamic microscopy (DDM)

DDM relies on the Fourier transform (FFT) of a time sequence of
micrographs to obtain the power spectrum g{g, t), where g refers to
the wave vector of the fluctuations being probed and r is the delay
time between two frames recorded at a time ¢ + 7 and ¢, respec-
tively. Considering the difference between the FFT of two frames

—

A[(Q7T):I(Q7t+r)7[(%t)v (1)

the average power spectrum over t can then be derived as follows:
. 2
sta.0) = (|ata.0]) @
13

By developing this expression, one obtains the fundamental
equation of the DDM relating g{g, t) to the intermediate scatter-
ing function f(g, 1):

(I(g,0)1(q,t+ 1)),

gla.m) =2(lt(@.01") [1- Tes) ()
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where f(g, 1) can be identified such that:
89, ) = Alg)[1 - f(g, )] (4)

The term A(g) is here referred to as the amplitude and is
proportional to the scattered intensity of the dispersion being
probed. More precisely, A(q) reflects the product of the sample-
dependent scattering contribution, which includes the particle
form factor and structure factor, and a g-dependent but time-
independent optical transfer function C(g) determined by the
imaging conditions, as discussed in detail by Lu et al?® As a
consequence, while the absolute value of A(g) cannot be directly
identified with the scattering intensity measured in static light
scattering, its relative temporal evolution faithfully reflects changes
in the scattered intensity. In addition, the t-independent contribu-
tion of the dark count and read-out noise B(q) must be added to
eqn (4), leading to the final expression:

(g, 9 =A@ - f(g, )] + B(g)- (5)

2.2 Coagulation kinetics

Focusing on the early stages of aggregation, the coagulation
kinetics is based on the formation of particle dimers according
to the following equation:*!

A+A > A, (6)

The change in particle number concentration can be expressed
as follows:*"*?

sz(l) _k11N12(l)
dr |, 2 (8)

where N;(f) and N,(¢) are the number densities of single particles
and particles present in doublets, respectively, ¢ is the coagulation
time and k;; is the coagulation rate constant. In the literature,
different techniques to measure k,, are discussed.**™*°

In a static light scattering (SLS) experiment, the light scatter-
ing intensity I(g) is recorded at different scattering wave vectors
g corresponding to measurements performed at different scat-
tering angles.

The intensity of the scattered light during the early stages of
coagulation has only contributions from single particles and
doublets. Defining the scattering of a single particle as I;(g) and
the scattering of a particle in a doublet as I,(g), the total
intensity is described by:*®

I(g, t) = Ii(g)N4(t) + L(q)NA(?) 9)

The rate of change of the scattered light is obtained from the
derivation of eqn (9):

di(q,1)
dr

Ni(1)
dr

dN,(7)
I )
+ L(q) ds

~ n(g)? (10)
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k11 can then be derived by combining eqn (7), (8) and (10) using
the initial derivative of intensity versus time normalized by the
intensity at the onset of the coagulation (g, 0):

1 dI(q,1) L(q)
1g,0) dr |, < (22 @ 1)

Since the DDM amplitude is proportional to the scattered
intensity through a g-dependent but time-independent transfer
function, the normalized early-time variation of A(g, ¢) is, in
principle, expected to reflect the normalized variation of the
scattering intensity. Accordingly, the coagulation rate constant
extracted from the DDM amplitude should coincide with that
obtained from static light scattering.

In the present work, we explicitly introduce a proportionality
constant to account for the fact that DDM probes image
intensity fluctuations rather than the scattered electric field
directly, and that the definition of the DDM structure function
involves specific numerical prefactors. This proportionality
constant has not been introduced or discussed in previous
studies and is included here to make explicit the correspon-
dence between DDM-based and light-scattering-based analyses.

We therefore write
_ h(q)
=k 1)

1 dA(q,1)
A(q,0) dr

Here, the proportionality constant a« explicitly defines the
scaling relation between the DDM amplitude A(g) and the
single-particle scattering intensity I(g). In particular, the DDM
amplitude is not assumed to scale linearly with intensity, but
instead follows a power-law relationship A(q) = I(¢q)*, where o is a
dimensionless exponent that reflects the image-based nature of
the DDM signal and the specific definition of the DDM struc-
ture function. Deviations from o = 1 are expected due to the
image-based definition of the DDM structure function, which
relies on squared differences of Fourier-transformed image
intensities rather than on direct measurements of scattering
intensities. In practice, « was determined experimentally by
comparing the coagulation rates obtained from amplitude-
based and diffusion-based analyses under identical conditions.

In dynamic light scattering (DLS), intensity fluctuations of
the scattered light are measured and quantified by the intensity
correlation function. Under dilute conditions for purely diffu-
sive systems, the decay rate I'(q, t) is related to the diffusion
coefficient D(q, t) as:

(11)

(12)

t—0

I(g, ) = —D(g, 1)g° (13)

The hydrodynamic radius ry(g, ¢) of the single particles and the
aggregates can then be directly derived from D(q, ¢) via the
Stokes-Einstein equation:

kg T

~ 6mnD(q,1) )

'n (qv t)
where kg is the Boltzmann constant, 7 is the temperature and
is the viscosity of the solution. It is important to note that
during the coagulation process, the measured diffusion coeffi-
cient D(g, ¢) is the intensity-weighted diffusion of the sum of the
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single particles characterized by their diffusion coefficient and
hydrodynamic radius, D; and ry, 4, and the doublets diffusion
coefficient D, and ry, :

~ Ni()i(g)D1 + N2 (0)Ir(q) D2
Pla-0) == 1@ + Mahia)

(15)

eqn (15) can be expressed as a function of the hydrodynamic
radii as:

1 1

(g, 1) ruirn2

2N (011 (q) + raaN2(0)12(q)
Ni(t)11(q) + Na(t)12(q)

(16)

The initial relative variation of the hydrodynamic radius is then
obtained by deriving eqn (16) as a function of &

1 dru(q,1) h(q) ( rh‘l)
= 1 —— ki1 N
m(g,0) dt |, 2h(q) ) o

(17)

To calculate the coagulation rate constant (CRC) from eqn (11)
and (17), respectively, the so-called optical factor I,(q)/(21:(g))
needs to be calculated. According to the Rayleigh-Gans-Debye
(RGD) theory, the optical factor can be expressed as follows:

h(q)
21 (q)

sin (Zqi‘hﬁl)

=1+
2qrh‘1

(18)

The RGD approximation is only valid for small particles. With
increasing particle size and higher refractive index, the approxi-
mation is no longer valid. In order to determine k;; indepen-
dently of the optical factor, Holthoff et al. suggested combining
eqn (11) and (17). This approach is referred to as simultaneous
static and dynamic light scattering (SSDLS):*®

Vh_l) _ldrh(qa [)

B ) dr

1 di(q,1)

o = o T@0) i

ol

t—0

(19)

Which in the case of the DDM measurement leads to the
following equation:

1 ddA(q,1)
o A(g,0) dt

_ rh_l _ldrh([I7 t)
Th2 dr

1
=

t—0

(20)

The stability of the dispersion is described by the stability ratio
W, i.e., the ratio of the fast, diffusion-limited coagulation rate
kease and kqq:

o kfasl

W =
kll

(21)

where ke, is expressed with the Smoluchowski diffusion-
limited rate:

(22)

Ultimately, W reflects the interparticle interaction potential and
the balance between attractive and repulsive interactions.>®
Under the current investigation, the increased attractive inter-
actions between p-CMs with the temperature can be captured
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by an activation energy Vi,.x determined from the Arrhenius-
like dependence of W as a function of T:'®*3

W~ (2krm,) " exp (Z:;’f) (23)
where the inverse Debye length i characterizes the electric
double layer and V.« is the height of the repulsive energy
barrier. When rewriting eqn (23), the activation energy in units
of kg can be extracted from the slope of the Arrhenius plot of
In W over the reciprocal temperature 1/T.

3 Materials

The casein micelles used in this study were isolated from fresh
whole milk, obtained from a local dairy farm (Soerser Milch-
kidnnchen, Aachen, Germany). In a first centrifugation step at
3000 x RCF for 20 min, the milk was skimmed before the
casein micelles are isolated in a second ultracentrifugation step
at 70000 x RCF for 60 min using an Optima XP-80 ultracen-
trifuge (Beckman Coulter GmbH, Krefeld, Germany). The
supernatant was removed, and the remaining casein pellet
was redispersed in the simulated milk ultrafiltrate (SMUF) by
stirring for 2 h at 37 °C. The SMUF buffer was prepared
according to the procedure described in ref. 44. To prevent
microbial growth, 0.05% (w/w) sodium azide (99%, Carl Roth,
Karlsruhe, Germany) was added. The CM concentration was
measured gravimetrically and adjusted to the desired concen-
tration by dilution with SMUF. For cold renneting, the solution
was incubated with the 50 IMCU L' rennet enzyme (CHY-MAX
M, Chr. Hansen A/S, Hoersholm, Denmark) at 5 °C for 24 h,
resulting in a stable p-CM dispersion.

4 Methods

4.1 DDM measurements

DDM was performed in brightfield mode using an inverted
Nikon TE300 microscope equipped with a 40x Plan Apo
objective (Nikon CFI P-Apo Lambda NA = 0.95). Image stacks
were recorded using a monochrome USB3 FLIR Blackfly@
camera (720 x 520 resolution). In a typical procedure, 10.000
256 x 256 pixel® frames (pixel size = 1.75 x 1077 m) were
captured with a framerate of 997 fps. The temperature was
ensured using a thermostated enclosure from Okolab. For
measurements, 7.5 pL of the CM or p-CM dispersion were
placed in the center of a spacer (Secure-SealTM imaging spacer,
diameter x thickness: 13 mm x 0.12 mm, Thermo-Fischer) on a
cover slide with a thickness of 170 um (Corning®™ borosilicate
glass, W x L 24 mm x 60 mm, Sigma-Aldrich) and then sealed
with another cover slide. The focus was adjusted so that the
focal plane was in the center of the sample at a z-depth of 60 pm.
DDMSoft (github.com/duxfrederic/ddmsoft), a Python based
GUI, was used to convert the microscopy videos into the DDM
matrix and perform multi wavenumber data analysis.

For the measurements on CM dispersions, each experiment
was repeated five times under identical conditions. The reported

Phys. Chem. Chem. Phys., 2026, 28, 9172-9182 | 9175
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Fig. 1

(a) Micrograph stack of a 0.1% (w/w) CM dispersion at T = 20 °C. (b) Intermediate scattering function f (g, 7) extracted from the image stack using

DMMSoft at various g over t and (c) at various g, rescaled as a function of tq. (d) Amplitude A(g) and noise B(q) over q. (e) Diffusion coefficient obtained
via second order cumulant analysis and (f) hydrodynamic radius as function of g.

values on a dilute CM dispersion reported in Fig. 1 correspond to
the mean of these independent measurements, and the asso-
ciated error bars represent the corresponding standard devia-
tions. For the concentration-dependent measurements shown in
Fig. 2, the DDM analysis was performed on averaged correlation
functions, and the diffusion coefficients were obtained by aver-
aging over the relevant g-range. In this case, the error bars
represent the standard deviation of the g-averaged quantities.
For the time-dependent coagulation experiments on para-casein
micelles, DDM measurements were performed continuously after
triggering aggregation by a temperature jump. Image stacks were
recorded sequentially on the same sample, allowing the evolution
of both the DDM amplitude and the intermediate scattering
function to be monitored as a function of time. Due to experi-
mental constraints related to sample preparation and the limited
time window during which comparable coagulation conditions
could be maintained, these temperature-dependent coagulation
experiments were performed once for each temperature.

4.2 Viscosimetry

Viscosity measurements were performed using a Lovis 2000
viscosimeter (Anton Paar, Austria). The zero-shear rate viscosity
was determined by extrapolating the measured values at 5
different angles and relating them to the viscosity of the solvent
(SMUF-Bulffer) to obtain the relative viscosity.

5 Results and discussion
5.1 Characterization of the casein micelle dispersions

DDM measurements were performed on a 0.1% (w/w) CM
dispersion at a T of 20 °C. Fig. 1a displays a stack of the
acquired brightfield micrographs. Due to their scattering,
CMs appear as randomly diffusing particles, although their

9176 | Phys. Chem. Chem. Phys., 2026, 28, 9172-9182

actual size is below the diffraction limit. We use DDMSoft to
compute the DDM based on 300 couples of frames and
20 considered lag times 7 per decade of measured time. The
f(g, ©)s plotted in Fig. 1b are derived from a second cumulant
analysis of the g(g, t)s performed between g= 1.40 um ™' and
8.26 um ™~ '. As shown in Fig. 1c, the f(q, 7)s can be rescaled into
a master curve when plotted against tq® attesting for the
diffusive character of the CM dispersion. The amplitude A(q)
is, up to ¢ = 6 um ™', larger than the noise B(g) which indicates a
sufficient signal to noise ratio of the 0.1% (w/w) dispersion in
this g-range. A(g) shows a maximum at low g and decreases for
larger g. As pointed out earlier, A(g) is related to the scattering
intensity of the sample and contains contributions from the
particle form factor and structure factor coupled by a transfer
function. Further details on the transfer are discussed in ref. 45
and are beyond the scope of this study. B(q) is almost constant
over g as the camera adds mainly white noise.*® The diffusion
coefficients plotted in Fig. 1e slightly increase by about 10%
from circa 2.1 to 2.3 um” s~ ' with increasing g. We ascribe this
effect to the polydispersity of the sample as larger CMs con-
tribute more to the signal at low g as reported from light
scattering studies.”” The g-dependence of the hydrodynamic
radius can be estimated from the diffusion coefficients via
the Stokes-Einstein relationship (eqn (14)). r, averaged over
g = 2-6 uym™~ " was determined to be 126 + 5 nm in good
agreement with literature values.>® Comparable results were
obtained from a first cumulant analysis (Fig. S1) or by fitting
with a stretched exponential (Fig. S2), as discussed in the SI.

5.2 Concentrated casein micelle dispersions

As mentioned earlier, conventional DLS is usually limited to
non-turbid media. The following experiments demonstrate that
DDM can be applied to the investigation of concentrated CM

This journal is © the Owner Societies 2026
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(a)-(c) Averaged intermediate scattering functions for the CM dispersions at different concentrations. (d) g-Dependent DDM amplitude A(qg) for

different concentrations. (e) Diffusion coefficient as a function of g for different concentrations. (f) Normalized diffusion coefficient D/Dq averaged over
g = 2-6 pm~*. The dots represent the measured values with error bars indicating the standard deviation of the g-average. The dashed line corresponds to
the theoretical value obtained by the Beenakker—Manzur formalism for hard spheres calculated with egn (24). The inset displays the highly turbid sample

atc =8% (¢ ~ 0.33).

dispersions. For this purpose, a concentration series of CM
dispersions ranging from 0.05 to 8% (w/w) was prepared and
measured at 30 °C. The volume fraction of the CM suspensions
was estimated via viscosimetry using the Batchelor-Einstein
equation 7, = 1 + 2.5kc + 6.2(kc)*, where 7, is the relative viscosity,
k is the voluminosity in mL g™, and c is the concentration in
g mL ", The voluminosity was found to be 4.19 mL g~ *, which is in
good agreement with the value reported in the literature.*®

The f(g, t) functions shown in Fig. 2a-c exhibit a single
relaxation process that shifts to longer times with increasing
concentration. The f(g, t) were fitted with a stretched exponen-
tial to estimate diffusion coefficients averaged over g, with
stretched exponents varying between approximately 0.9 and
0.8. The measured diffusion corresponds to the slow collective
diffusion of the CMs, which dominates the signal.

It is well known that colloidal systems undergo a dynamic
slowing down with increasing concentration, ultimately approach-
ing an arrested state near the colloidal glass transition.*>™
Although the measurements shown here at a volume fraction of
¢ = 0.33 are still far from the critical packing density ¢. = 0.69
reported by Dahbi et al,”" interparticle interactions are no longer
negligible and the diffusion of individual micelles is increasingly
hindered due to crowding.

Fig. 2d shows the amplitude A(g) extracted from the DDM
fits for different CM concentrations. At low concentrations, up
to approximately 0.1 wt%, A(g) scales proportionally with
concentration, consistent with the dilute regime where inter-
particle interactions are negligible. At higher concentrations,
this proportionality no longer holds, reflecting the increasing

This journal is © the Owner Societies 2026

role of interparticle interactions and static correlations, which
affect the image-based DDM amplitude. Consequently, A(g)
cannot be interpreted as a direct measure of concentration in
this regime, while the dynamic information extracted from the
decay of f(q, t) remains unaffected.

At these higher concentrations, the measured diffusion
coefficients can no longer be employed to determine ry, since
the Stokes-Einstein equation applies to the diffusion coefficient
D, in the high-dilution limit, which in our case corresponds to
measurements performed at 0.1% (w/w). However, the CM diffu-
sion coefficient D(¢) has been reported to follow hard-sphere
behavior up to a volume fraction ¢ = 0.2.*”* Accordingly, D(¢)
can be described by the Beenakker-Mazur formalism:**~>°

D(¢)/Dy =1 — 1.83¢ + 0.88¢> (24)

To test this relationship, Fig. 2f compares the measured diffu-
sion coefficients, normalized to D,, with eqn (24). Our measure-
ments show that the CMs follow hard-sphere behavior over the
entire investigated range of up to ¢ = 0.33. Therefore, we
conclude that DDM can be applied to the investigation of
concentrated and highly turbid CM dispersions.

5.3 Coagulation kinetics of p-CMs

The coagulation of dilute, 0.1% (w/w), dispersions of fully
renneted p-CMs at different temperatures between 30 °C and
45 °C was followed via DDM. Measurements were taken every
20 s allowing the temporal evolution of the hydrodynamic
radius and the DDM amplitude at different g-values to be
followed as shown in Fig. 3. The radius of the CMs before the
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onset of the coagulation process was found around 150-170 nm
with a tendency to increase at higher temperatures. At 45 °C,
the r, increases rapidly from 170 nm to 600 nm in about 400 s.
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Table 1 Early-stage hydrodynamic radius and characteristic times

extracted from DDM

std(ru(to))

The drop in ry, after 400 s is ascribed to the sedimentation of the T (°C) to (s) rn (to) (nm) (nm) tie (S)
large aggregates. With decreasing temperature, the coagulation 5, 1166 173.2 7.9 7445
process slows down and at 30 °C, no significant coagulation 35 437 141.3 6.1 2155
takes place within the considered time interval of 2 h. A slight 3 329 161.0 134 794
. .. . . 37 144 154.0 9.8 528

g-dependence is visible for ry,, which is more pronounced at ;g 119 170.5 15.5 276
higher temperatures. The aggregation is also accompanied by 39 72 159.8 12.0 250
an increase in the scattering intensity, captured by the increase 40 63 165.0 9.0 211
45 22 171.5 9.0 126

of A(g, t). The amplitude has pronounced g-dependence as
illustrated by the evolution of the normalized amplitude shown
in Fig. S5. Similar to r,, measurements, at low temperatures,
A(g, t) is almost constant which indicates that no significant
coagulation takes place.

To calculate k;; in the dilute regime, the focus is set on the
initial stages of the coagulation. The initial slopes of the radius
and amplitude are derived from a linear fit to the data at the start
of the coagulation. Therefore, to match the onset of coagulation,
the coagulation time is shifted by a lag time ¢,, which decreases at
higher temperatures. The fit interval ¢ is set individually for
each temperature. The parameters and the initial averaged (%)
are listed in Table 1. The initial number density of micelles N,
was calculated according to the following equation:

3kc

No=——
4rr(10)°

(25)

where c¢ is the initial concentration in % (w/w) and the volumin-
osity k is from the casein micelles corrected for the different
temperatures.

Fig. 4a displays the normalized initial slopes of the hydro-
dynamic radius and Fig. 4b displays the DDM amplitude over g
obtained by the linear fit to the onset of the aggregation curves
for each temperature. For all temperatures, the slopes decrease
with increasing ¢. This behavior is consistent with eqn (11) and
(18), as the normalized scattering intensity (and correspondingly
the DDM amplitude) is expected to scale with sin(2gry,1)/(2g74.1).
For a characteristic hydrodynamic radius r,; &~ 150 nm, this
term decreases by approximately 40% between ¢ = 2 um~ ' and
g =6 um . In addition, the intrinsic polydispersity of the casein
micelle suspension is expected to contribute to this trend, as
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Fig. 3 Temporal evolution of the hydrodynamic radius (top) and the DDM amplitude A(q) (bottom) during the aggregation of the para-casein micelles

for selected temperatures (37 °C, 39 °C, and 45 °C). The full data set is provided in the SI.
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Fig. 4 Normalized initial slopes of (a) the hydrodynamic radius and (b) the DDM
amplitude calculated from a linear fit to the onset of the aggregation curves.

particles of different sizes contribute differently to the DDM
signal at different wave vectors (see Fig. S5).

Furthermore, as expected, the slopes increase with increas-
ing temperature and the rate of change for both the hydro-
dynamic radius and the DDM amplitude are over one order of
magnitude lower at 30 °C when compared to 35 °C. As described
earlier, the coagulation rate constant k;; can be calculated via
different approaches, i.e., via static light scattering, dynamic light
scattering or a combined approach which is referred to as simul-
taneous static and dynamic light scattering (SSDLS). Assuming
that the para-CMs do not deform, in the static and dynamic
calculations, the required information about the optical properties
of the particle monomers and dimers can be calculated using the
RGD approximation. In the SSDLS approach, the coagulation rate
becomes independent on the doublet form factor. However, ry,, is
still required. At low concentrations, casein micelles are consid-
ered as hard spheres*”*” for which the hydrodynamic radius of the
particle doublets is about 1.38 times the monomer radius.*® We
use the initial slopes taken from the onset of the aggregation
curves and eqn (12), (17) and (20) to determine k;;Nj.

The correspondence between DDM-based and scattering-
based determinations of the coagulation rate constant involves
a proportionality factor o. This factor was determined by
minimizing the difference between the values of k,,N, obtained
from three independent approaches, namely static light

This journal is © the Owner Societies 2026
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Table 2 Determination of the «-parameter from the analysis of the

coagulation rate constant determined by static light scattering, dynamic
light scattering and the combination of the two techniques (SSDLS)

7(°0) (=)
30 2.89
35 1.91
36 1.65
37 1.9
38 1.97
39 2.22
40 2.05
45 2.24

scattering, dynamic light scattering, and their combined SSDLS
analysis. The resulting values of o are summarized in Table 2.
Within experimental uncertainty, o clusters around a mean
value of @ = 2.10 £ 0.4 and shows no systematic dependence on
temperature. Given this consistency, and since the mean value
is close to a = 2, we use o = 2 as a representative value in the
following analysis. The results obtained with this choice are
presented in Fig. 5. Using o = 2.10 instead of o = 2 changes the
absolute values of k;; only within the experimental uncertainty
and does not affect the observed temperature dependence or
the extracted stability ratios.

A plot of k11N, derived from the three different approaches,
is shown in Fig. 5a-c for selected aggregation temperatures. As
expected, the aggregation rate increases with increasing tem-
perature. At 37 °C and 39 °C, the coagulation rate constants
show almost no g-dependence and similar values for each of
the calculation methods. At 45 °C, the g-dependence of the
coagulation rate constant is much more pronounced than at
lower temperatures and the average value is 3-4 times higher
compared to the aggregation at 39 °C. We assume that the g-
dependence of the coagulation rate is mainly caused by the
large g-dependence in the initial slope of the DDM amplitude
shown in Fig. 4b. Fig. 5d shows the g-averaged initial hydro-
dynamic radius r(t,) of the single p-CMs, as a function of the
aggregation temperature. The error bars represent the standard
deviation from averaging over gq. At low temperatures, the (%)
value is between 140 nm and 150 nm and increases with
increasing aggregation temperature. At 45 °C the initial micel-
lar radius is found to be about 170 nm. Previous SLS high-
pressure experiments have shown that the structural stability of
the micelles increases in the range between 30 and 50 °C.>° The
increase in stability can be explained by the stronger binding of
B-casein chains within the micelle composite and is associated
with an increase in the hydrodynamic radius, as shown by
in situ DLS high-pressure experiments.”” While the internal
stability of p-CMs increases with increasing temperature simi-
lar to native casein micelles, the aggregation ability in contrast
also increases for the renneted micelles. In Fig. 5e, the stability
ratio W is plotted against T.

The static, dynamic and SSDLS calculation method led to
comparable results. At 30 °C, the p-CM dispersion was almost
stable as no significant aggregation took place over a time of 2 h,
leading to the high value of W. With increasing 7, the aggregation
becomes faster, leading to a marked decrease of W. No plateau
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Fig. 5 (a)-(c) Coagulation rate constant k1;Ng for selected aggregation temperatures (37 °C, 39 °C and 45 °C), calculated using the static, dynamic and

the SSDLS approach. (d) g-Averaged hydrodynamic radius of the particle monomers at different aggregation temperatures. (e) g-Averaged stability ratio
as a function of aggregation temperature. (f) W plotted in an Arrhenius representation as a function of 1/T. The linear fit to the data (dashed line) allows for

the determination of V4.

value could be observed in the investigated temperature range
indicating that the fast diffusion regime has not yet been
reached. In other studies, the fast aggregation regime, ie., the
temperature regime where the stability ratio is independent of
the aggregation temperature was found to start at about 50 °C,
depending on the ionic strength of the sample.">'® In Fig. 5f, Wis
plotted as a function of T following an Arrhenius representation.
According to eqn (24), the height of the repulsive energy barrier,
Vimax = 332 k] mol™', is obtained from the slope of the data. We
found this value to be significantly higher than previously
reported values, measured using SLS at higher dilutions.’” In
the experiments in ref. 17, the influence of the renneting process
on the aggregation rate possibly could not be excluded. This
might explain the comparatively low activation energy and the
original conclusion that the micelles adhere via hydrophobic
bonding. The authors in ref. 17 also concluded that the aggrega-
tion rates are independent of the size of the micelles, a finding
that appears to be confirmed by our results.

6. Conclusions

Beyond the specific case of casein micelles, the present results
illustrate how differential dynamic microscopy can be used to
quantitatively access aggregation kinetics and stability ratios in
complex colloidal protein systems using a single experimental
framework. In particular, the ability to extract absolute coagulation
rate constants from both amplitude-based and diffusion-based
analyses, and to explicitly assess their correspondence, highlights

9180 | Phys. Chem. Chem. Phys., 2026, 28, 9172-9182

the potential of DDM to complement or replace conventional
scattering techniques in situations where the sample volume is
limited or the turbidity is high.

The systematic proportionality factor identified between the
DDM amplitude and the scattering intensity further points to
an important methodological aspect that deserves attention in
future studies and should be tested across a broader range of
synthetic and biological colloidal systems. In this sense, DDM
offers not only a practical experimental tool, but also a platform
for critically examining how image-based measurements relate
to traditional scattering techniques.

These features make DDM particularly attractive for study-
ing aggregation and stability phenomena in industrial, food,
and biomedical contexts, where early-stage clustering and
subtle changes in colloidal interactions often play a decisive
role. In particular, the low sample volume requirement and
experimental accessibility of DDM suggest its use as a comple-
mentary technique in the formulation and characterization of
industrial dispersions, including food and cosmetic systems.
Similar considerations apply in biomedical contexts, where
image-based approaches may contribute to the study of
aggregation-related processes relevant to thrombosis, antigen
detection, and neurodegenerative diseases.>®* ®°
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