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Probing the dynamics and stability of micellar casein
and para-casein dispersions with differential dynamic mi-
croscopy †

Sebastian Thill,a Nabanita Hazra,b Meriem Saadli,b Frédéric Dux,a Jérôme J. Crassous∗b,c

and Ronald Gebhardt∗a

Casein micelles and their rennet modification into para-casein micelles play a central role for the
production of dairy products. They both hold a great potential as functional materials in many ap-
plications from coating to biomaterials, presenting a completely biological and sustainable alternative
to petrochemicals. Whatever their application is, characterizing their dynamics, stability and ulti-
mately their assembly is essential for their processing. In this study, casein- and para-casein micelle
dispersions are characterized by differential dynamic microscopy (DDM). Conversely to conventional
dynamic light scattering, DDM allows the characterization of highly turbid media and the simulta-
neous acquisition of the intermediate scattering function on a large range of scattering vectors as
illustrated by the 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 potential use of this technique in food industry and for diagnostic purposes.

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 con-
tent, the caseins are generally described as a group of natively un-
folded or intrinsically disordered proteins.1 In bovine milk, there
are four different genetic variations of casein: αS1-casein, αS1-
casein, β -casein and κ-casein. Together with calcium phosphate,
they form complex association colloids referred to as casein mi-
celles. 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.2,3 At the casein micelle periphery,
κ-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 κ-casein surface layer has a thickness
of approx. 8 nm and stabilizes the micellar assembly by shielding
further hydrophobic contacts.

From a technological perspective, the aggregation of casein mi-
celles is of particular interest as it is often the base for gelled
food products like yogurt or cheese.4 Other applications involve
microparticles to encapsulate bioactive substances,5,6 or regen-
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erated protein fibers.7 In their native form, the casein micelles
are in a colloidal stable state. The κ-casein brush prevents ag-
gregation via steric and electrostatic repulsion, i.e., the micelles
are kept far enough apart so that the repulsion forces dominate
over the short-ranged van der Waal’s interactions.4 In the pri-
mary phase of rennet coagulation, the rennet enzyme chymosin
specifically cleaves the κ-casein at the Phe105-Met106 bond. This
results in the release of the hydrophilic C-Terminal part of the κ-
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 co-
agulation, start to aggregate after about 80% of the κ-casein is
hydrolysed.8,9 The aggregation however only occurs when addi-
tional calcium ions are present and is strongly affected by tem-
perature, pH and enzyme concentration.4 Further, the primary,
enzymatic phase and the second, aggregation phase overlap and
a precise description of the initial states during aggregation is dif-
ficult.10 For example, while the radius of the micelles decreases
due to hydrolysis and thus, e.g. the turbidity of the sample de-
creases, the aggregation may already have started which causes
an increase in turbidity.10 Recently, image-based techniques have
also been applied to investigate the early stages of milk gelation.
Sekiguchi et al. employed mesoscopic image analysis to charac-
terize the initial stages of glucono-δ -lactone-induced milk gela-
tion, highlighting the potential of microscopy-based approaches
to access early aggregation dynamics in complex dairy systems.11

To study the enzymatic hydrolysis and coagulation indepen-
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dently, different approaches have been proposed. Carlson et al.
used excess enzyme concentrations to complete the first step be-
fore the second step starts.10,12 Dalgleish took advantage of the
fact that aggregation of the micelles is almost completely inhib-
ited at low temperatures.13–15 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. The exten-
sive past research endeavors led to an increased understanding
in the field of colloidal stability and several studies using differ-
ent experimental approaches lead to a thorough understanding
of the early stages of rennet induced coagulation. In 1983, Dal-
gleish studied the effect of temperature and calcium ion concen-
tration on the stability of fully renneted casein micelles with tur-
bidity measurements.15 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 temper-
ature and calcium content.16 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 sta-
bility 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 uti-
lized 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
at 10.6×10−7 L ·mol−1 · s−1 and was also observed to decrease at
lower temperatures. The resulting activation energy in this tem-
perature range was estimated at about 103 kJ/mol.17 In our re-
cent 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, coagula-
tion 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 ag-
gregates could be first observed, which is followed by the abrupt
formation a long-ranged gel network when the aggregates have
reached a certain size.18

In this study, we introduce the use of differential dynamic mi-
croscopy (DDM) to study CM and p-CM dispersions. DDM is an
emerging technique that probes the structure and dynamics of
colloidal dispersions.19 It offers the possibility to study challeng-
ing samples in different sample environments.20 DDM is usually
used to study colloids with particle sizes ranging from few tens
of nanometres to micrometres.19,21 A recent example includes
the investigation of protein dispersions.22 In particular, Safari et
al. demonstrated that DDM can be applied to weakly scattering
and polydisperse protein-rich clusters, establishing the applicabil-
ity of the technique to soft and heterogeneous protein systems.23

It can also be applied to probe the diffusion and mobility of bi-
ological active systems such as bacteria24,25 or semen.26 More

recently, DDM has been extended to complex bio-nano systems,
enabling in situ characterization of protein adsorption and ag-
gregation processes both in vitro and in vivo.27 Worth noting is
that DDM is not restricted to bright field. As examples, dense
colloidal dispersions were investigated through DDM analysis in
fluorescent confocal microscopy experiments28 and the rotational
dynamics of bacteria and colloidal clusters were examined using
dark field imaging.29 Conversely to conventional DLS, DDM can
be applied to highly turbid colloidal dispersions28,30–32 and al-
lows simultaneous determination of the dynamic and static prop-
erties of the sample.28,33 DDM was also applied to flowing disper-
sions34 and anisotropic colloids subjected to an external field32,35

as the acquired 2D information allow one to distinguish the dy-
namics along different directions. Recently, two colour DDM en-
abled capturing dynamics faster than the camera framerate36 and
the application of spatial image windowing filters increased the
accessible number of wave vectors.37

The purpose of this study is twofold. First, we demonstrate that
DDM can be successfully applied to complex biological disper-
sions, using concentrated casein micelle dispersions as a bench-
mark 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 framework originally de-
veloped for combined dynamic and static light scattering.38–40

In contrast to previous DDM studies on aggregation, the present
work establishes a direct, experimentally validated correspon-
dence between DDM-measured amplitudes and diffusion coeffi-
cients 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(q,τ), where q refers
to the wave vector of the fluctuations being probed and τ is the
delay time between two frames recorded at a time t + τ and t,
respectively. Considering the difference between the FFT of two
frames

∆̂I(q,τ) = I(q, t + τ)− I(q, t), (1)

the average power spectrum over τ can then be derived as fol-
lows:

g(q,τ) =
〈∣∣∣∆̂I(q,τ)

∣∣∣2〉
t

(2)

By developing this expression, one obtains the fundamental equa-
tion of the DDM relating g(q,τ) to the intermediate scattering
function f (q,τ):

g(q,τ) = 2
〈
|I(q,τ)|2

〉
t

1−
⟨I(q, t)I(q, t + τ)⟩t〈

|I(q, t)|2
〉

t

 (3)

where f (q,τ) can be identified such that:

g(q,τ) = A(q) [1− f (q,τ)] (4)
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The term A(q) is here referred to as the amplitude and is pro-
portional 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 q-dependent but time-independent op-
tical transfer function C(q) determined by the imaging conditions,
as discussed in detail by Lu et al.28. As a consequence, while
the absolute value of A(q) cannot be directly identified with the
scattering intensity measured in static light scattering, its relative
temporal evolution faithfully reflects changes in the scattered in-
tensity. In addition, the τ-independent contribution of the dark
count and read-out noise B(q) must be added to Eq. (4), leading
to the final expression:

g(q,τ) = A(q) [1− f (q,τ)]+B(q). (5)

2.2 Coagulation kinetics

Focusing on the early stages of aggregation, the coagulation ki-
netics is based on the formation of particle dimers according to
the following equation:41

A+A → A2 (6)

The change in particle number concentration can be expressed
as:41,42

dN1(t)
dt

∣∣∣∣
t=0

=−k11N2
1 (t) (7)

dN2(t)
dt

∣∣∣∣
t=0

=
k11N2

1 (t)
2

(8)

N1(t) and N2(t) are the number densities of single particles and
particles present in doublets, respectively, t is the coagulation
time and k11 is the coagulation rate constant. In the literature,
different techniques to measure k11 are discussed.38–40

In a static light scattering (SLS) experiment, the light scattering
intensity I(q) is recorded at different scattering wave vectors q
corresponding to measurements performed at different scattering
angles.

The intensity of the scattered light during the early stages of
coagulation has only contributions from single particles and dou-
blets. Defining the scattering of a single particle as I1(q) and the
scattering of a particle in a doublet as I2(q), the total intensity is
described by:38

I(q, t) = I1(q)N1(t)+ I2(q)N2(t) (9)

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

dI(q, t)
dt

= I1(q)
dN1(t)

dt
+ I2(q)

dN2(t)
dt

(10)

k11 can then be derived by combining Eqs. (7), (8) and (10) using
the initial derivative of intensity versus time normalized by the
intensity at the onset of the coagulation I(q,0):

1
I(q,0)

dI(q, t)
dt

∣∣∣∣
t→0

= k11N0

(
I2(q)

2I1(q)
−1

)
(11)

Since the DDM amplitude is proportional to the scattered inten-
sity through a q-dependent but time-independent transfer func-
tion, the normalized early-time variation of A(q, t) is, in princi-
ple, expected to reflect the normalized variation of the scatter-
ing 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 spe-
cific numerical prefactors. This proportionality constant has not
been introduced or discussed in previous studies and is included
here to make explicit the correspondence between DDM-based
and light-scattering-based analyses. We therefore write

1
A(q,0)

dA(q, t)
dt

∣∣∣∣
t→0

= α k11N0

(
I2(q)

2I1(q)
−1

)
, (12)

where α is a dimensionless proportionality constant. Deviations
from α = 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, α was de-
termined experimentally by comparing the coagulation rates ob-
tained 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 cor-
relation function. Under dilute conditions for purely diffusive sys-
tems, the decay rate Γ(q, t) is related to the diffusion coefficient
D(q, t) as:

Γ(q, t) =−D(q, t)q2 (13)

The hydrodynamic radius rh(q, t) of the single particles and the
aggregates can then be directly derived from D(q, t) via the
Stokes–Einstein equation:

rh(q, t) =
kBT

6πηD(q, t)
(14)

where kB is the Boltzmann constant, T is the temperature and η

is the viscosity of the solution. It is important to note that during
the coagulation process, the measured diffusion coefficient D(q, t)
is the intensity-weighted diffusion of the sum of the single parti-
cles characterized by their diffusion coefficient and hydrodynamic
radius, D1 and rh,1, and the doublets diffusion coefficient D2 and
rh,2:

D(q, t) =
N1(t)I1(q)D1 +N2(t)I2(q)D2

N1(t)I1(q)+N2(t)I2(q)
(15)

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

1
rh(q, t)

=
1

rh,1rh,2

rh,2N1(t)I1(q)+ rh,1N2(t)I2(q)
N1(t)I1(q)+N2(t)I2(q)

(16)

The initial relative variation of the hydrodynamic radius is then
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obtained by deriving Eq. (16) as a function of t:

1
rh(q,0)

drh(q, t)
dt

∣∣∣∣
t→0

=
I2(q)

2I1(q)

(
1−

rh,1

rh,2

)
k11N0 (17)

To calculate the coagulation rate constant (CRC) from Eqs. (11)
and (17), respectively, the so-called optical factor I2(q)/(2I1(q))
needs to be calculated. According to the Rayleigh–Gans–Debye
(RGD) theory, the optical factor can be expressed as

I2(q)
2I1(q)

= 1+
sin

(
2qrh,1

)
2qrh,1

(18)

The RGD approximation is only valid for small particles. With in-
creasing particle size and higher refractive index, the approxima-
tion is no longer valid. In order to determine k11 independently
of the optical factor, Holthoff et al. suggested combining Eqs. (11)
and (17). This approach is referred to as simultaneous static and
dynamic light scattering (SSDLS):38

k11N0 =
1

rh(q,0)

(
1−

rh,1

rh,2

)−1 drh(q, t)
dt

∣∣∣∣
t→0

− 1
I(q,0)

dI(q, t)
dt

∣∣∣∣
t→0
(19)

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

k11N0 =
1

rh(q,0)

(
1−

rh,1

rh,2

)−1 drh(q, t)
dt

∣∣∣∣
t→0

− 1
αA(q,0)

dA(q, t)
dt

∣∣∣∣
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 kfast

and k11:

W =
kfast

k11
(21)

where kfast is expressed with the Smoluchowski diffusion-limited
rate:

kfast =
8kBT
3η

(22)

Ultimately, W reflects the interparticle interaction potential and
the balance between attractive and repulsive interactions.38 Un-
der the current investigation, the increased attractive interactions
between p-CMs with the temperature can be captured by an ac-
tivation energy Vmax determined from the Arrhenius-like depen-
dence of W as a function of T :16,43

W ≈ (2κa)−1 exp
(

Vmax

kBT

)
(23)

with κa characterizing the electric double layer and Vmax the
height of the repulsive energy barrier. When rewriting Eq. (23),
the activation energy in units of kB can be extracted from the slope
of the Arrhenius plot of lnW 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 Milchkän-
nchen, Aachen, Germany). In a first centrifugation step at 3 000
xRCF for 20 min the milk is skimmed before the casein micelles
are isolated in a second ultracentrifugation step 70 000 × RCF

for 60 min in an Optima XP-80 ultracentrifuge (Beckman Coul-
ter GmbH, Krefeld, Germany). The supernatant is removed, and
the remaining casein pellet is redispersed in simulated milk ultra-
filtrate (SMUF) by stirring for 2 h at 37 °C. The SMUF buffer is
prepared according to 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 concentration by dilution with SMUF. For
cold renneting, the solution is incubated with 50 IMCU L−1 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 on an inverted Nikon
TE300 equipped with a 40X Plan Apo objective (Nikon CFI P-
Apo Lambda NA = 0.95). Image stacks were recorded on a
monochrome USB3 FLIR Blackfly@ camera (720X520 resolu-
tion). In a typical procedure 10.000 256 × 256 pixel2 frames
(pixel size = 1.75.10−7 m) were captured with a framerate of 997
fps. The temperature was ensured by a thermostated enclosure
from Okolab. For the measurements, 7.5 µL of the CM or p-CM
dispersion were placed in the center of a spacer (Secure-SealTM
imaging spacer, diam. × thickness 13 mm × 0.12 mm, Thermo-
Fischer) on a cover slide with a thickness of 170 µm (Corning®
borosilicate glass, W × L 24 mm × 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 µm. 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 val-
ues on a dilute CM dispersion reported in Figure 1 correspond
to the mean of these independent measurements, and the as-
sociated error bars represent the corresponding standard devia-
tions. For the concentration-dependent measurements shown in
Figure 2 the DDM analysis was performed on averaged correla-
tion functions, and the diffusion coefficients were obtained by
averaging over the relevant q-range. In this case, the error bars
represent the standard deviation of the q-averaged quantities. For
the time-dependent coagulation experiments on para-casein mi-
celles, 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 func-
tion to be monitored as a function of time. Due to experimental
constraints related to sample preparation and the limited time
window during which comparable coagulation conditions could
be maintained, these temperature-dependent coagulation experi-
ments were performed once for each temperature.

4.2 Viscosimetry

Viscosity measurements were performed on a Lovis 2000 vis-
cosimeter, (Anton Paar, Austria). The zero-shear rate viscosity
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0.1%

a)

a)

t
b) c)

q

Fig. 1 (a) Micrograph stack of a 0.1 % (w/w) CM dispersion at T = 20 °C. (b) Intermediate scattering function f (q,τ) extracted from the image
stack using DMMSoft at various q over τ and (c) at various q, rescaled as a function of τq2. (d) Amplitude A(q) and noise B(q) over q. (e) Diffusion
coefficient obtained via second order cumulant analysis and (f) hydrodynamic radius as function of q.

was determined by extrapolating the measured values at 5 dif-
ferent angles and relating them to the viscosity of the solvent
(SMUF-Buffer) 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 dis-
persion at T = 20 °C. Figure 1a displays a stack of the acquired
brightfield micrographs. Due to their scattering, CMs appear as
randomly diffusing particles, although their 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 τ

per decade of measured time. The f (q,τ)s plotted in Figure 1b
are derived from a second cumulant analysis of the g(q,τ)s per-
formed between q = 1.40 µm−1 and 8.26 µm−1. As shown in
Figure 1c, the f (q,τ)s can be rescaled into a mastercurve when
plotted against τq2 attesting for the diffusive character of the CM
dispersion. The amplitude A(q) is, up to q = 6 µm−1, larger than
the noise B(q) which indicates a sufficient signal to noise ratio of
the 0.1 % (w/w) dispersion in this q-range. A(q) shows a max-
imum at low q and decreases for larger q. As pointed out ear-
lier, A(q) 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 trans-
fer are discussed in ref.45 and are beyond the scope of this study.
B(q) is almost constant over q as the camera adds mainly white
noise.46 The diffusion coefficients plotted in Figure 1e slightly in-
crease by about 10 % from circa 2.1 to 2.3 µm2s−1 with increas-
ing q. We ascribe this effect to the polydispersity of the sample
as larger CMs contribute more to the signal at low q as reported
from light scattering studies.47 The q-dependence of the hydrody-

namic radius can be estimated from the diffusion coefficients via
the Stokes-Einstein relation (eq. 13). rh averaged over q = 2-6
µm−1 was determined at 126 ± 5 nm in good agreement with lit-
erature values.2,3 Comparable results were obtained from a first
cumulant analysis (Figure S1) or by fitting with a stretched expo-
nential (Figure S2), as discussed in the supporting information.

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 disper-
sions. 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 es-
timated via viscosimetry using the Batchelor–Einstein equation
ηr = 1+2.5kc+6.2(kc)2, where ηr is the relative viscosity, k is the
voluminosity in mL/g, and c the concentration in g/mL. The volu-
minosity was found to be 4.19 mL/g, which is in good agreement
with the value reported in the literature.48

The f (q,τ) functions shown in Figure 2a–c exhibit a single re-
laxation process that shifts to longer times with increasing con-
centration. The f (q,τ) were fitted with a stretched exponential
to estimate diffusion coefficients averaged over q, with stretched
exponents varying between approximately 0.9 and 0.8. The mea-
sured diffusion corresponds to the slow collective diffusion of the
CMs, which dominates the signal.

It is well known that colloidal systems undergo a dynamic slow-
ing down with increasing concentration, ultimately approaching
an arrested state near the colloidal glass transition.49,50 Although
the measurements shown here at a volume fraction of φ = 0.33
are still far from the critical packing density φc = 0.69 reported by
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a) b) c)

d) e) f)

c=2%(w/w) c=5%(w/w) c=8%(w/w)

Fig. 2 (a–c) Averaged intermediate scattering functions for the CM dispersions at different concentrations. (d) q-dependent DDM amplitude A(q) for
different concentrations. (e) Diffusion coefficient as function of q for different concentrations. (f) Normalized diffusion coefficient D/D0 averaged over
q = 2-6 µm−1. The dots represent the measured values with error bars indicating the standard deviation of the q-average. The dashed line corresponds
to the theoretical value obtained by the Beenakker–Manzur formalism for hard spheres calculated with eq. (24). The inset displays the highly turbid
sample at c = 8% (φ ≈ 0.33).

Dahbi et al.,51 interparticle interactions are no longer negligible
and the diffusion of individual micelles is increasingly hindered
due to crowding.

Figure 2d shows the amplitude A(q) extracted from the DDM
fits for different CM concentrations. At low concentrations, up
to approximately 0.1 wt%, A(q) scales proportionally with con-
centration, consistent with the dilute regime where interparticle
interactions are negligible. At higher concentrations, this propor-
tionality no longer holds, reflecting the increasing role of interpar-
ticle interactions and static correlations, which affect the image-
based DDM amplitude. Consequently, A(q) cannot be interpreted
as a direct measure of concentration in this regime, while the
dynamic information extracted from the decay of f (q,τ) remains
unaffected.

At these higher concentrations, the measured diffusion coef-
ficients can no longer be employed to determine rh, since the
Stokes–Einstein equation applies to the diffusion coefficient D0

in the high-dilution limit, which in our case corresponds to mea-
surements performed at 0.1 % (w/w). However, the CM diffusion
coefficient D(φ) has been reported to follow hard-sphere behav-
ior up to a volume fraction φ = 0.2.47,52 Accordingly, D(φ) can be
described by the Beenakker–Mazur formalism:52–55

D(φ)/D0 = 1−1.83φ +0.88φ
2 (24)

To test this relation, Figure 2f compares the measured diffusion
coefficients, normalized to D0, with Eq. 24. Our measurements
show that the CMs follow hard-sphere behavior over the entire
investigated range up to φ = 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 to follow the temporal evolution of the hydrodynamic
radius and the DDM amplitude at different q- values as shown in
Figure 3. The radius of the CMs before the onset of the coagula-
tion process was found around 150-170 nm with a tendency to
increase at higher temperatures. At 45 °C, the rh increases rapidly
from 170 nm to 600 nm in about 400 s. The drop in rh after 400
s is ascribed to the sedimentation of the large aggregates. With
decreasing temperature, the coagulation process slows down
and at 30 °C, no significant coagulation takes place within the
considered time interval of 2 h. A slight q- dependence is visible
for rh, which is more pronounced at higher temperatures. The
aggregation is also accompanied by an increase in the scattering
intensity, captured by the increase of A(q, t). The amplitude has
a pronounced q-dependence as illustrated by the evolution of
the normalized amplitude shown in Figure S5. Similarly to rh

measurements, at low temperature, A(q, t) is almost constant
which indicates that no significant coagulation takes place.

To calculate k11 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

6 | 1–11Journal Name, [year], [vol.],

Page 6 of 12Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/3

/2
02

6 
8:

14
:4

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP04216J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04216j


t - t0 [s]t - t0 [s]

A
(q

,t
) 

[a
.u

.]
R

h
(q

,t
) 

[n
m

]

t - t0 [s]

t - t0 [s]

t - t0 [s] t - t0 [s]

Fig. 3 Temporal evolution of the hydrodynamic radius (top) and DDM amplitude A(q) (bottom) during the aggregation of the para-casein micelles
for selected temperatures (37 °C, 39 °C, 45 °C). The full data set is provided in the ESI.

of the coagulation. Therefore, to match the onset of coagulation,
the coagulation time is shifted by a lag time t0, which decreases
at higher temperatures. The fit interval t f it is set individually for
each temperature. The parameters and the initial averaged rh(t0)
are listed in Table 1. The initial number density of micelles N0

was calculated according to:

N0 =
3kc

4πRh(t0)3 (25)

with c being the initial concentration in % (w/w) and the vo-
luminosity k from the casein micelles corrected for the different
temperatures.

Figure 4a displays the normalized initial slopes of the hydro-

Table 1 Early-stage hydrodynamic radius and characteristic times ex-
tracted from DDM.

T (◦C) t0 (s) Rh(t0) (nm) std(Rh(t0)) (nm) tfit (s)
30 1166 173.20 7.90 7445
35 437 141.34 6.14 2155
36 329 161.02 13.44 794
37 144 153.98 9.76 528
38 119 170.47 15.53 276
39 72 159.78 12.00 250
40 63 165.01 9.01 211
45 22 171.46 9.01 126

Table 2 Determination of the α-parameter from the analysis of the coag-
ulation rate constant determined by static light scattering, dynamic light
scattering and the combination of the two techniques (SSDLS).

T (◦C) α (–)
30 2.89
35 1.91
36 1.65
37 1.99
38 1.97
39 2.22
40 2.05
45 2.24

dynamic radius and Figure 4b the DDM amplitude over q ob-
tained by the linear fit to the onset of the aggregation curves for
each temperature. For all temperatures, the slopes decrease with
increasing q. This behavior is consistent with Eqs. 11 and 18,
as the normalized scattering intensity (and correspondingly the
DDM amplitude) is expected to scale with sin(2qrh,1)/(2qrh,1).
For a characteristic hydrodynamic radius rh,1 ≈ 150 nm, this
term decreases by approximately 40% between q = 2 µm−1 and
q = 6 µm−1. In addition, the intrinsic polydispersity of the casein
micelle suspension is expected to contribute to this trend, as par-
ticles of different sizes contribute differently to the DDM signal at
different wave vectors (see Figure S5).
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a)

b)

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.

Further on, as expected, the slopes increase with increasing
temperature and the rate of change for both, hydrodynamic ra-
dius and DDM amplitude are over one order of magnitude lower
at 30 °C when compared to 35 °C. As described earlier, the co-
agulation rate constant k11 can be calculated via different ap-
proaches, i.e., via static light scattering, dynamic light scatter-
ing or a combined approach which is referred to as simultaneous
static and dynamic light scattering (SSDLS). Assuming that the
para-CMs do not deform, in the static and dynamic calculation,
the required information about the optical properties of the parti-
cle monomers and dimers can be calculated by the RGD approx-
imation. In the SSDLS approach, the coagulation rate becomes
independent on the doublet form factor. However, rh,2 is still re-
quired. At low concentrations, casein micelles are considered as
hard spheres,47,52 for which the hydrodynamic radius of the par-
ticle doublets is about 1.38 times the monomer radius.38 We use
the initial slopes taken from the onset of the aggregation curves
and eqs. 12, 17 and 20 to determine k11N0.

The correspondence between DDM-based and scattering-based
determinations of the coagulation rate constant involves a pro-
portionality factor α. This factor was determined by minimizing
the difference between the values of k11N0 obtained from three

independent approaches, namely static light scattering, dynamic
light scattering, and their combined SSDLS analysis. The result-
ing values of α are summarized in Table 2. Within experimental
uncertainty, α clusters around a mean value of α = 2.10±0.4 and
shows no systematic dependence on temperature. Given this con-
sistency, and since the mean value is close to α = 2, we use α = 2
as a representative value in the following analysis. The results ob-
tained with this choice are presented in Figure 5. Using α = 2.10
instead of α = 2 changes the absolute values of k11 only within
the experimental uncertainty and does not affect the observed
temperature dependence or the extracted stability ratios.

A plot of k11N0, derived from the three different approaches is
shown in Figure 5a-c for selected aggregation temperatures. As
expected, the aggregation rate increases with increasing temper-
ature. At 37 °C and 39 °C, the coagulation rate constants show
almost no q-dependence and similar values for each of the cal-
culation methods. At 45 °C the q-dependence of the coagulation
rate constant is much more pronounced than at lower tempera-
tures and the average value is 3-4 times higher compared to the
aggregation at 39 °C. We assume the q-dependence of the coag-
ulation rate to be mainly caused by the large q-dependence in
the initial slope of the DDM amplitude shown in Figure 4b. Fig.
5d shows the q-averaged initial hydrodynamic radius rh(t0) of the
single p-CMs, as function of the aggregation temperature. The er-
ror bars represent the standard deviation from averaging over q.
At low temperatures, rh(t0) is between 140 nm and 150 nm and
increases with increasing aggregation temperature. At 45 °C the
initial micellar radius is found to be about 170 nm. Previous SLS
high-pressure experiments have shown that the structural stabil-
ity of the micelles increases in the range between 30-50 °C.56 The
increase in stability can be explained by the stronger binding of
β -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.57 While the internal stability of
p-CMs increases with increasing temperature similar to native ca-
sein micelles, the aggregation ability in contrast also increases for
the renneted micelles. In Figure 5e, the stability ratio W is plotted
against T .

The static, dynamic and SSDLS calculation method led to com-
parable results. At 30 °C the p-CM dispersion was almost stable
as no significant aggregation took place over a time of 2 h, lead-
ing to the high value of W . With increasing T , the aggregation
becomes faster, leading to a marked decrease of W . No plateau
value could be observed in the investigated temperature range in-
dicating that the fast diffusion regime has not yet been reached.
In other studies, the fast aggregation regime, i.e., 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.15,16 In Fig. 5f, W is plotted as func-
tion of T following an Arrhenius representation. According to eq.
24, the height of the repulsive energy barrier, Vmax = 332 kJ/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.17 In the experiments in Ref.17, the
influence of the renneting process on the aggregation rate possi-
bly could not be excluded. This might explain the comparatively
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a) b) c)

d) e) f)

Fig. 5 (a-c) Coagulation rate constant k11N0 for selected aggregation temperatures (37 °C, 39 °C and 45 °C), calculated using the static, dynamic and
the SSDLS approach. (d) q-averaged hydrodynamic radius of the particle monomers at different aggregation temperatures. (e) q-averaged stability
ratio as function of aggregation temperature. (f) W plotted in an Arrhenius representation as function of 1/T . The linear fit to the data (dashed line)
allows for the determination of Vmax.

low activation energy and the original conclusion that the mi-
celles adhere via hydrophobic bonding. The authors in Ref.17

also concluded that the aggregation rates are independent of the
size of the micelles, a finding that appears to be confirmed by our
results.

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 coagu-
lation rate constants from both amplitude-based and diffusion-
based analyses, and to explicitly assess their correspondence,
highlights the potential of DDM to complement or replace conven-
tional scattering techniques in situations where sample volume is
limited or 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 criti-
cally examining how image-based measurements relate to tradi-
tional 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 sub-
tle changes in colloidal interactions often play a decisive role.
In particular, the low sample volume requirement and experi-
mental accessibility of DDM suggest its use as a complementary
technique in the formulation and characterization of industrial
dispersions, including food and cosmetic systems. Similar con-
siderations apply in biomedical contexts, where image-based ap-
proaches may contribute to the study of aggregation-related pro-
cesses relevant to thrombosis, antigen detection, and neurode-
generative diseases.58–60
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