
u n i ve r s i t y  o f  co pe n h ag e n  

Casein micelles in milk as sticky spheres

Smith, Gregory N.; Brok, Erik; Christiansen, Morten Vormsborg; Ahrné, Lilia

Published in:
Soft Matter

DOI:
10.1039/D0SM01327G

Publication date:
2020

Document version
Peer reviewed version

Citation for published version (APA):
Smith, G. N., Brok, E., Christiansen, M. V., & Ahrné, L. (2020). Casein micelles in milk as sticky spheres. Soft
Matter, 16(43), 9955-9963. https://doi.org/10.1039/D0SM01327G

Download date: 23. maj. 2023

https://doi.org/10.1039/D0SM01327G
https://curis.ku.dk/portal/da/persons/lilia-ahrne(272f4926-97a9-4761-98ec-c4abbfc88fd3).html
https://curis.ku.dk/portal/da/publications/casein-micelles-in-milk-as-sticky-spheres(f2379b42-2b1d-4201-9e0f-0c3dce475f04).html
https://doi.org/10.1039/D0SM01327G


Casein micelles in milk as sticky spheres†

Gregory N. Smith,∗a§ Erik Brok,a Morten Vormsborg Christiansen,b and Lilia Ahrnéb

Milk is a ubiquitous foodstuff and food ingredient, and milk caseins are key to the structural prop-
erties of milk during processing and storage. Caseins self-assemble into nanometer-sized colloids,
referred to as “micelles”, and particles of this size are ideally suited to study by small-angle scattering
(SAS). Previous SAS measurements have almost exclusively focussed on the internal structure of
the micelles. While important for milk’s properties, this attention to the interior of the micelles pro-
vides limited information about the structure-forming properties of milk and milk ingredients. The
ultra-small-angle X-ray scattering (USAXS) measurements and analysis in this study extend to the
micrometer scale, which makes it possible to characterize the interaction between the micelles. Until
now, SAS studies have generally excluded a consideration of the interparticle interactions between
casein micelles. This is inconsistent with these new data, and it is not possible to model the data
without some interparticle attraction. If the micelles are treated as sticky spheres, excellent agree-
ment between experimental data and model fits can be obtained over the length scales studied, from
micrometers to ångströms. The stickiness of casein micelles will impact ultra-small-angle scattering
and small-angle scattering measurements of casein micelles, but it particularly limits the applica-
tion of simple approximations, which generally assume that particles are dilute and noninteracting.
In summary, this analysis provides an approach to modelling scattering data over many orders of
magnitude, which will provide better understanding of interactions between caseins and during food
processing.

1 Introduction
Milk is a unique food liquid and is used for the production of
various nutritious and delicious food products. Milk transforma-
tion into dairy products such as yogurt, cheese, and ice cream
highly depends on the interaction properties of the major struc-
ture forming components of milk, the “micelles” formed by casein
proteins. Besides casein micelles, other milk components such as
whey proteins, fat globules, lactose, and mineral content and dis-
tribution contribute to the structure formation. Casein, though, is
the major component.

Casein micelles are colloidal, self-assembling protein aggre-
gates and constitute the major part of milk proteins of bovine milk
(80%), whereas the remaining protein fraction mainly consists of
the water-soluble globular whey proteins.1,2 The microstructure
of milk, as result of casein micelle structure and its interactions
with other components, is highly influenced by processing and
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storage conditions, such as temperature, shear, pH, ionic strength,
and water content.3,4 This is important from an industrial per-
spective since milk microstructure closely relates to the process-
ability and physicochemical and sensory properties of the dairy
products, such as firmness, mouthfeel, and spreadability. In some
cases, structure build-up of milk proteins may be desirable (such
as in yoghurt or cheese), whereas in others it is rather undesirable
(such as gelation during ageing of UHT milk). Casein micelles are
not perceptibly heat-sensitive, whereas whey proteins readily de-
nature upon heat-treatment leading to binding to casein micelles.
In heat-treated milk, denatured, casein-linked whey protein may
therefore hinder casein micelle aggregation or alter their physical
behavior by water binding and incorporating in casein micelle ag-
gregates, whereas casein micelles may readily coagulate without
restriction into larger casein aggregates in unheated milk if the
sterically stabilizing κ-casein brush layer is disturbed.5,6 Small-
angle scattering (SAS) is ideally suited for investigations of casein
micelles and has, along with other techniques such as microscopy,
the potential to contribute to the understanding of the role of milk
components in structure formation in dairy products.

Most dairy-related structural studies focus on gel-like dairy
products, such as cheese, yogurt, and butter.7 Regarding liquid
milk, most research concerns different variants of heat-treated
milk or even reconstituted milk powders.8–11 In unpasteurized
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skim milk, however, casein micelles may be able to aggregate dif-
ferently because of the lower level of denatured whey proteins
present. Ultra-small-angle and small-angle scattering (USAS and
SAS) methods are powerful methods for non-destructively study-
ing proteins in dispersions. Previously, structure analysis of milk
by USAS and SAS has modeled casein micelles as noninteracting
spheres or fractal structures.6,12–14 Much of the previous scat-
tering research on milk and casein have focused on the internal
structure of the casein micelles, and various models have been
proposed for the arrangement of protein and calcium in the inte-
rior. These include a unified power law approach,12,15–18 multi-
level summation of spheres,19–21 or full model fitting using mul-
tiple components.9,22 Regardless of the approach selected, the
casein micelles must be modeled using several contributions, re-
flecting their hierarchical structure. As this research has been well
reviewed elsewhere, it will not be discussed in detail here.6,23

The salient point from all envisioned structures of casein micelles
is that they are spherical colloids that consist of dense and less
dense regions in the interior, some of which contain calcium phos-
phate and some of which contain protein.20,24,25 Regarding the
whole casein micelle colloid, the size of the objects can be de-
termined from scattering data in different ways depending on
the specific approach used, either by directly fitting it as sphere
for data at sufficiently low Q,9,13,19,21,22,26 by extrapolation us-
ing the Guinier approach (especially when the Stuhrmann ap-
proach is used with contrast-variation small-angle neutron scat-
tering experiments)27, or from the change in power law in a uni-
fied fit.12,15,18

While less frequently performed than small-angle scattering
measurements, ultra-small-angle scattering measurements (using
either X-rays, USAXS, or neutrons, USANS) can provide informa-
tion about the larger length scale structure of dispersions of milk,
whether skim milk or fat-containing milk, native milk or recon-
stituted from powder.13,17,18,26,28 None of these studies, how-
ever, have undertaken detailed model fitting of the entire hier-
archy of structures in casein micelle dispersions or adequately fit
data over the entire range of length scales. Individual casein mi-
celles or the internal changes that occur during processing can be
well described by focussing on the interior of the micelles. How-
ever, the structure-forming properties of milk and milk products
also arise from the interactions between casein micelles, and be-
tween casein and whey proteins, rather than solely from the inner
structure of the micelle. Increasing milk viscosity and processing
capabilities caused by renneting and gel-formation, for example,
depend on protein-protein interactions,11 on intermicellar rather
than intramicellar levels.29

In this study, we performed USAXS on unpasteurized skim milk,
covering the length scales required to reveal any interactions be-
tween casein micelles. This will add to the existing literature
about the internal structure of casein micelles6 by studying the
interparticle organization as well. The objective was to find a
mathematical model to describe the extent of casein micelle in-
teractions, as these will be influenced by processing and will have
consequences for the textural appearance and stability of milk.
Rather than just discussing the data qualitatively, we endeavored
to find a quantitative model. By using such a mathematical model

to quantitatively compare casein micelles, it will be possible to
devise metrics to achieve this comparison. As milk is an impor-
tant ingredient, greater knowledge of casein micelles will be of
interest to food scientists. However, these casein structures are
colloids that are formed from proteins (biopolymers), and knowl-
edge of protein assembly over long length scales will be of interest
to those interested more generally in soft matter.

2 Materials and Methods

2.1 Milk dispersions

Fresh, raw whole milk was collected (Mannerup Møllegård, Lejre,
Denmark) and transported to the dairy pilot plant of Univer-
sity of Copenhagen (KU-FOOD, Denmark) for further immedi-
ate processing. The milk was continuously heated to the skim-
ming temperature of 55 ◦C by indirect heating (UHT/HTST Direct
& Indirect Processing System, Microthermics, Raleigh, USA) fol-
lowed by skimming on a pilot scale centrifugal separator (Cream
Separator FJ 130 ERR, Milky, Vermont, USA). Despite heating
to the desired skimming temperature, the milk was not further
heat-treated and is therefore considered “raw” skim milk. The
skimmed milk sample for USAXS analysis was loaded directly into
a sterilized 7” NMR tube (5 mm diameter, Bruker, MA, USA) and
stored at 5 ◦C until further use (five days). Total solids content
of the produced skim milk were determined in triplicate by the
ISO 6731:2010 reference method. Total solids content of the
skim milk was (9.57± 0.06) wt. %, which is consistent with lit-
erature.30–32

2.2 Ultra-small-angle X-ray scattering (USAXS)

Ultra-small angle X-ray scattering (USAXS) and small angle X-ray
scattering (SAXS) experiments were performed using the USAXS
Facility at the Advanced Photon Source (APS), Argonne National
Laboratory (Lemont, Ill., USA). The instrument is currently lo-
cated at the beamline APS 9ID. The X-ray energy was 21 keV
(wavelength, λ = 0.5895 Å), and the photon flux was ∼ 5× 1012

mm−2 s−1. Samples were measured in 5 mm diameter NMR
tubes, and the scattering of water subtracted as background. Full
details of the instrument are provided elsewhere.33–35 Data were
reduced, corrected for instrument smearing effects, and placed on
an absolute scale using the standard USAXS data processing pro-
cedures for the beamline and the Nika software, both packages for
Igor Pro.33,36 Uncertainties in the reduced scattering intensity are
not shown in figures as they would be, in general, smaller than
the size of the data points. The data at Q ∼ 3×10−2 Å are noisy
because they are in the overlap region between the USAXS and
SAXS measurements, and the intensity statistics here are poorest.

The data are presented as the magnitude of the momentum
transfer or scattering vector ~Q, which is a function of the wave-
length (λ) and half the scattering angle (θ).

Q =
4π sinθ

λ
(1)

The instrument configuration resulted in a usable Q range (com-
bined USAXS and SAXS) of 3.8×10−4 < Q < 2.0×10−1 Å−1.

The data are modeled using a multilevel model as described in
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the text using the SASfit (version 0.94.11) fitting software.37 Un-
certainties from fitting are given. Data are shown as experimental
I(Q) versus Q as well as the error-weighted difference function38

(∆I/σ = (Iexp−Ifit)/σ) where Iexp and Ifit are the experimental and
fit scattering intensities, respectively, and σ is the uncertainty of
the experimental scattering intensity. The general quality of fits
are assessed by considering ∆I/σ over the whole Q range mea-
sured as well as by comparing the reduced χ2 (χ2

R) of the fit. This
parameter is defined as the weighted sum of squares of deviations
(χ2) divided by the degree of freedom (the number of data points
and the number of parameters).39

3 Results and Discussion
As small-angle scattering has proved so informative to studying,
primarily, the internal structure of casein micelles,6,23 we employ
the technique to study the colloidal structure of dispersions of
milk as well. Specifically, we use the variant ultra-small-angle
scattering, which makes it possible to investigate scattering at
lower magnitudes of the momentum transfer or scattering vec-
tor ~Q and, consequently, larger length scales. (The magnitude
of ~Q is inversely proportional to the length scale d investigated,
which can be quantified by Bragg’s law as Q = (2π)/d).40

In Figure 1, a literature exemplar of SAXS data on milk dis-
persions9 (top, dark blue) are compared to the USAXS and SAXS
data presented in this study (bottom, light blue). The two sets of
data compare very well, and this shows that the new data that we
have obtained here are characteristic of the scattering of milk.23

There may be differences between milk samples obtained from
different origins, but these differences do not reveal themselves
in dramatic differences in the scattering data.

The data that we report here, however, does have one impor-
tant difference. As we have used Bonse–Hart USAXS to study the
X-ray scattering of milk dispersions in addition to conventional
SAXS, we are able to obtain information about the samples at
much longer length scales than in this previous measurement.
This provides nearly another order of magnitude to the length
scale that we are able to investigate. The modifications that need
to be made to describe this data adequately are the subject of the
remainder of this paper. These are different ways of including or
excluding interactions between the casein micelles, and the sec-
tions below are named after the model used for these interactions.

3.1 General casein micelle scattering model

Of the models used for casein micelles posited in the literature,
we used the model of Ingham et al.9 (with slight modifications) to
fit our data. We favor this model because it balances fitting data
over the entire Q range (multiple contributions) with simplicity
(cross-terms ignored). This was shown in the original publication
to fit the data in the SAXS region well, with support from reso-
nant soft X-ray scattering measurements that were able to iden-
tify with certainty the contribution arising from colloidal calcium
phosphate.42 There are four contributions to this model, given
below from the largest size to the smallest size.

1. Casein micelles. The casein micelles are modeled as homo-
geneous spheres with a distribution of sizes. The spherical
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Fig. 1 Example SAXS data from the literature (dark blue, top)9 and new
SAXS/USAXS data (light blue, bottom) for dispersions of milk. The X-
ray scattering from milk primarily arises from casein micelles. The data
qualitatively appear to be the same, showing that the newly obtained
data is consistent with previous measurements. The minimum Q from
this previous set of SAXS data9 is shown as a purple vertical line, and
the new USAXS data extend the length scale studied by almost an order
of magnitude. (The data from Ingham et al. were obtained from the
publication using the macOS application GraphClick, which has been
shown to be a reliable and viable method to extract data from images.41

The data were adapted to the plot here. Data adapted from Ingham et
al.9 with permission from The Royal Society of Chemistry

)

form factor (Ps(Q)) depends only on the radius (r) of the
spheres.43

Ps(Q) =

[
3(sin(Qr)−Qr cos(Qr))

(Qr)3

]2

(2)

The distribution of sizes is given by the log-normal func-
tion, where the logarithm of a variable (in this case the ra-
dius) has a normal distribution. The function is given else-
where.39

2. Incompressible regions. The sponge-like incompressible
protein regions are fit to a sphere form factor (Equation 2)
with a log-normal distribution of radii.39 We fit both the ra-
dius and width of the distribution, unlike in Ingham et al.,9

where they fit only the radius. The ratio of incompressible
regions to casein micelles was fixed to 21.96, in accordance
with literature.9

3. Colloidal calcium phosphate particles. The peak at this
Q range was shown to be from colloidal calcium phosphate
(CCP) by resonant soft X-ray scattering measurements.42

The CCPs were modeled with a spherical form factor (Equa-
tion 2) and a hard sphere structure factor. This structure
factor uses the Percus–Yevick closure and the following in-
terparticle interaction potential (U(h), Equation 3), where h
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is the center-center separation.44,45

U(h) =

{
∞ for h < 2r

0 for h≥ 2r
(3)

The size distribution is accounted for using the local
monodisperse approximation, where particles are assumed
to always be surrounded by particles of the same size and
the scattering scaled according to the size distribution.46

The CCP radius and the structure factor radius are not equal,
and this is due to a layer of protein around the core of the
CCPs that prevents them from coming to touch.6,9,47 This
was implemented using a concentric sphere (core with shell)
model, with the contrast between the shell and the medium
set to 0. The scattering intensity of this contribution is low,
and so most of the parameters describing it were fixed. The
ratio of CCPs to casein micelles was fixed to 285, in accor-
dance with literature.6,9,20

4. Protein inhomogeneities. The scattering from polymer
chains was modelled differently than Ingham et al.,9 who
used a modified Debye–Büche function multiplied by a hard
sphere structure factor. In our data, the scattering at high
Q varies as a power law proportional to Q−2, which is the
signature of a Gaussian polymer chain.48 The form factor of
a Gaussian chain (Pc(Q)) depends on the radius of gyration
(Rg) of the polymer.

Pc(Q) = 2
exp(−Q2R2

g)+Q2R2
g−1

Q4R4
g

(4)

This is then multiplied by a hard sphere structure factor
(Equation 3) with a hard sphere radius that is fit and not
necessarily equal to Rg. This model gives good agreement
with the data we have obtained, despite being found inade-
quate previously.9

Each set of data was fit iteratively to ensure that the number
concentration from fitting corresponded to the volume fraction
of casein micelles known from the sample preparation. The data
were fit initially using the SLD differences calculated by Ingham
et al.9 The radii of the casein micelles and their size distribution
were used to calculate the volume fraction, which depends on the
third moment of the size distribution.39 This was used to calcu-
late the number concentration, which was then scaled appropri-
ately and fixed, and the SLD differences varied. This process was
iterated until the radii and size distributions converged within the
certainty of the fit.

3.2 Casein micelles as dilute spheres

In Ingham’s model,9 the casein micelles are treated as dilute
spheres, and so the calculated scattering comes from the spheri-
cal form factor alone. This equivalently means that the structure
factor for the casein micelle contribution is equal to 1. This model
was used to fit the newly measured data presented here. The fit
was performed over the same Q range as used by Ingham et al.9

(SAXS only). Over this Q range, a similarly good fit can be ob-

tained to that previously reported.
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Fig. 2 The USAXS/SAXS data obtained in this study fit to the same
minimum Q (vertical purple line) as the data of Ingham et al.9 using the
four contribution model explained in the text. The experimental data
and model fits (I(Q)) and the error-weighted difference function (∆I/σ)
are shown in (a). The partial contribution of each component is shown
in (b). The different contributions are different colors, which are each
numbered and labeled in the legend. The sum of these are represented by
a solid black line. Over the SAXS Q range, the fit is very good. The fit
data has extended to the USAXS Q range as well, and this is shown by the
dashed line. There is poor agreement between the data and the model
at the lowest Q that was measured, and this shows that interparticle
interactions cannot be ignored when fitting the entire USAXS/SAXS Q
range.

Extending this model to lower Q would give a good match to
the data if the casein micelles were indeed dilute spheres. At
sufficiently low Q, in the Guinier region, the scattering intensity
should reach a plateau when Qr < 1 and in the absence of in-
teractions.40 Figure 2 shows this not to be the case. Therefore,
additional complexity needs to be added to the model in order to
fit scattering data at all length scales. We sought to find a way
to describe the spatial distribution of the casein micelles by ac-
counting for a interparticle interactions between the micelles (a
structure factor).

3.3 Casein micelles as hard spheres

Because the USAXS data could not be modeled with the casein
micelles treated as a dispersion of dilute particles, the complexity
of the model was increased by introducing a hard sphere structure
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factor to account for excluded volume in a concentrated disper-
sion. This would enable the data to be fit if the casein micelles
experienced only excluded volume effects, without any specific
repulsive or attractive interactions.

To reduce the number of fit parameters and to ensure that the
structure factor represented reality, the volume fraction of casein
micelles was fixed to that known for milk. The concentration of
solid material in the milk (9.57 wt. %) was measured experimen-
tally. This was converted to a volume fraction using literature
values of the mass proportion of the major components of milk
(casein, whey, α-lactose, and β -lactose) for Swedish dairy milk
measured in 1995–1996.49 These are the major components of
milk, making up ∼ 90% of the solid material, so the exclusion
of the other components is reasonable. The ratio of α to β lac-
tose in milk is known50,51 and merits considering as the two have
different densities. The mass densities of most components (ca-
sein, α-lactose, and β -lactose, and water) are known,52–54 and
the density of whey is set to the infinite molar mass asymptotic
mass density of a protein.55 This results in a concentration of
98.6 g L−1, which given the voluminosity of milk (4.4 mL g−1),56

can be converted to a volume fraction (φ) of 0.1400±0.0009. The
volume fraction of the casein micelles used for fitting was fixed to
this value.

The model then used for fitting was the same as that used when
the casein micelles were treated as dilute spheres (with four con-
tributions covering the whole Q range) except for modifying the
first (lowest Q) contribution from casein micelles so that they are
fit with a hard sphere structure factor (S(Q)) rather than with no
structure factor. As when a structure factor was used for the CCP,
the local monodisperse approximation46 was used to scale the
structure factor to account for the distribution of radii.

A comparison between the casein micelles as hard spheres and
the casein micelles as dilute spheres is shown in Figure 3. At
high Q, the two are essentially the same, whereas there are small
differences between the two at low Q. These differences, how-
ever, do not result in a significant improvement in the fit to the
data. This shows that the casein micelles cannot be modeled just
as noninteracting particles and suggests that there must be some
sort of interaction between the micelles, which gives a different
spatial distribution of the particles relative to each other and con-
sequently different S(Q). This is only apparent due to the data at
low Q that can be obtained by USAXS.

3.4 Casein micelles as sticky spheres

If a hard sphere structure factor applied to the casein micelles
cannot fit the data, then the next level of complexity is to intro-
duce interparticle interactions. A decrease in scattering intensity
at low Q is a sign of repulsive interactions, whereas an increase
in scattering intensity is a sign of attractive interactions.40 As can
be seen in Figures 2 and 3, the scattering intensity at the low-
est Q is greater than that predicted by the assuming that the ca-
sein micelles are dilute spheres or hard spheres. This shows that
the casein micelles are likely to experience attractive interactions.
Furthermore, stickiness or attraction between casein micelles has
previously been invoked to explain some properties of milk aggre-

Dilute casein micelles
Hard sphere casein micelles
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Fig. 3 The USAXS data obtained in this study fit using either the model
of Ingham et al. where the casein micelles are treated as dilute spheres9

(extrapolated to the USAXS minimum Q) or a modified version where the
casein micelles are treated as hard spheres (using a hard sphere structure
factor with the casein micelle contribution). The top panel shows the
scattering intensity (I(Q)) as a function of Q, and the bottom panel
shows the error-weighted difference function38 (∆I/σ) also as a function
of Q. Treating the casein micelles as hard spheres results in a slight
improvement over treating them as dilute spheres, but the fit at low Q
is still poor. This means that the hard sphere structure factor is not a
satisfactory model for the interparticle interactions between the casein
micelles and suggests that there are specific interactions between the
particles.

gation.56,57 We use a sticky sphere structure factor to model these
intermicelle attractions. Specifically, we use Baxter’s model of ad-
hesive spheres.58 Unlike in the hard sphere case (where the inter-
action potential is either 0 or infinite, Equation 3), for adhesive
spheres, there is a range of interparticle separations (∆) where
the interaction potential is negative. In the Baxter model58 of
adhesive spheres, the pair interaction potential U(h) is now given
by Equation 5 (in units of the thermal energy, kBT ).

U(h)/kBT =


∞ for h < 2r

ln
(

12τ∆

σ+∆

)
for 2r < h < 2r+∆

0 for h > 2r+∆

(5)

The attraction is then calculated in the limit ∆→ 0.39 This results
in a well that is infinitely deep but infinitesimally narrow.56 The
adhesive strength is quantified by the parameter τ, the stickiness
parameter. This model is simple to apply because the attraction
between particles is encapsulated in a single parameter, τ. The
stickiness parameter can be thought of as a dimensionless mea-
sure of the temperature.58 For comparison with other calcula-
tions, τ can be used to calculate the second virial coefficient, B2.
For a given τ, B2 is equal to (4−1/τ)V , where V is the volume of
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the sphere.57 The model used for fitting was then otherwise the
same as when the casein micelles were treated either as dilute
spheres or hard spheres. The same four contribution model was
used to cover the entire Q range, and the lowest Q contribution
(the casein micelles) included the sticky sphere S(Q) described
above. A comparison between casein micelles as sticky spheres
and casein micelles as dilute spheres is shown in Figure 4. This
model gives very good agreement with the data.

The use of Baxter’s sticky sphere structure factor is what en-
ables our model to fit the data. The best fit value of τ is
0.165± 0.002, which represents fairly sticky spheres. The degree
of attraction between spheres increases as τ decreases. For in-
stance, in the limit as τ → ∞, the sticky sphere interaction poten-
tial (Equation 5) reduces to the hard sphere interaction potential
(Equation 3).59 The casein micelles appear to be sticky spheres,
but this does not mean that the dispersions are aggregated. From
phase diagrams of sticky spheres,59,60 colloidal dispersions with
the particle volume fractions and stickiness parameters of these
milk samples are in the nonpercolating fluid phase.61

Dilute casein micelles
Sticky sphere casein micelles
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Fig. 4 The USAXS data obtained in this study fit using either the model
of Ingham et al. where the casein micelles are treated as dilute spheres9

(extrapolated to the USAXS minimum Q) or a modified version where
the casein micelles are treated as sticky (adhesive) spheres (using a sticky
sphere S(Q) with the casein micelle contribution). The top panel shows
the scattering intensity (I(Q)) as a function of Q, and the bottom panel
shows the error-weighted difference function38 (∆I/σ) also as a function
of Q. When casein micelles are treated as sticky spheres, there is very
good agreement between the fit and the data, which can be seen by
the low value of ∆I/σ over the entire Q range. This suggests that a
description of the casein micelles as sticky spheres is most consistent
with the scattering data.

As far as we are aware, treating casein micelles as sticky
spheres has never been necessary to fit scattering data of milk
or dispersions of casein micelles previously. For SAXS, this is due
to an insufficiently low minimum Q to see the interparticle inter-

actions (Figure 1). For other USAXS data, the increase at low Q
was accounted for differently by the groups that measured those
data.12,16–18 We have reanalyzed these literature data using the
model presented here, and we find that the model is entirely con-
sistent with the data. (With the proviso that the drastic increase
at low Q proportional to power law Q−3.9 in the data of of Pey-
ronel et al.18 is considered to be from an object such as residual
fat globules or large aggregates rather than from the casein mi-
celles.) These refit literature data are shown in Figures S1 and S2
in the Electronic Supplementary Information.†

3.5 Comparing models

In all fits to USAXS data (Figures 2, 3, and 4), the quality of the fit
is shown over the entire measured Q range by the error-weighted
difference function (∆I/σ). A comparison of this function reveals
how good the fit is over all the length scales (equivalently Q)
studied. The fits at high Q are similarly good between all the
models, but only the model where casein micelles are treated as
sticky spheres fits the data well at low Q. Another way to assess
the quality of the fit is to consider the magnitude of χ2

R. Least
squares optimization of model fits is built around the hypothesis
that the best description of a set of data is the one where the
weighted sum of squares of deviations between the data and the
fitting functions are minimal.39

In Table 1, we show the optimized values of fitting parameters
for all three models used in this study. Alongside these values, the
goodness of fit (χ2

R) is shown for all three. As expected from the
fits shown in Figures 2, 3, and 4, it is minimal for the model with
casein micelles fit as a sticky sphere structure factor.

The merits of the four contribution model that we use to
model this data were well discussed when proposed by Ing-
ham et al.9 Our extension of this model to the USAXS regime
means that we are able to provide increased certainty over the
radius of the casein micelles from model fitting over the en-
tire Q range. The total casein micelle size that we obtain from
model fitting using the sticky sphere S(Q) (Table 1), approxi-
mately 100 nm in diameter, compares well to values from the
literature.25 This distribution of sizes of casein micelles in milk
is broad (also presumably dependent on the source of the milk)
and the weighting of the size distribution is also technique de-
pendent. Still, the casein micelle size that we obtain is in gen-
eral agreement with example sizes obtained from, for instance,
small-angle scattering,12,13,16,18,19,21,22,27 sedimentation,57 elec-
tron microscopy,15,24 and light scattering.13,15

4 Conclusion
As stated previously, bovine casein is important in dairy foods and
ingredients due to its unique properties, but it is also a naturally-
occurring, self-assembled protein colloid. Physics methodology
can be highly relevant and insightful for studying biological,
food-relevant materials, and milk is an archetypal material for
study.62,63 Casein is far from the only protein to self-assemble64,
and so knowledge of how to better use tools, such as ultra-small-
angle X-ray scattering, to study self-assembly of proteins will be
highly valuable to develop novel food processes and products.
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Table 1 Best fit parameters for three models presented

Dilute sphere (no S(Q)) Hard sphere S(Q) Sticky sphere S(Q)
Population 1 (Casein micelles) P(Q)

Number density, N1 / (1020 m−3) 2.56±0.07 6.4±0.1 1.98±0.05
Median sphere radius, r1

‡ / Å 425±7 222±3 478±7
Log-normal distribution width parameter, σ1

‡ 0.342±0.006 0.52±0.01 0.311±0.006
Volume fraction, φ1 0.139±0.006 0.140±0.005 0.140±0.005

SLD difference, ∆ρ1
‡ / (10−6 Å−2) 0.72±0.01 0.82±0.01 0.79±0.01

Population 1 (Casein micelles) S(Q)

Stickiness parameter, τ‡ — — 0.165±0.002
Volume fraction, φ∗1 — 0.1400±0.0009 0.1400±0.0009

Population 2 (Incompressible regions)
Number density, N2 / (1021 m−3) 5.6±0.2 14.1±0.3 4.4±0.1

Median sphere radius, r2
‡ / Å 127±5 135±3 124±6

Log-normal distribution width parameter, σ2
‡ 0.31±0.02 0.09±0.03 0.33±0.03

Number per micelle (N2/N1) 22.0±0.9 22.0±0.7 22.0±0.8
Proportion of micelle (φ2/φ1) 0.54±0.05 1.07±0.06 0.40±0.04

SLD difference, ∆ρ2
‡ / (10−6 Å−2) 0.57±0.03 0.29±0.01 0.64±0.03

Population 3 (Colloidal calcium phosphate) P(Q)

Number density, N3 / (1022 m−3) 7.3±0.2 18.3±0.4 5.6±0.1
Median sphere radius, r3 / Å 25 25 25

Log-normal distribution width parameter, σ3 0.15 0.15 0.15
Number per micelle (N3/N1) 290±10 285±9 280±10
Proportion of micelle (φ3/φ1) 0.039±0.002 0.097±0.004 0.030±0.001

SLD difference, ∆ρ3
‡ / (10−6 Å−2) 1.9±0.4 1.3±0.3 2.1±0.5

Population 3 (Calcium phosphate) S(Q)
Volume fraction, φ∗3 0.19 0.19 0.19

Population 4 (Protein chains) P(Q)

Intensity scale, I(Q = 0)4
‡ / cm−1 0.7±0.2 0.7±0.2 0.7±0.1

Radius of gyration, Rg(4)
‡ / Å 22±3 21±3 22±2

Population 4 (Protein chains) S(Q)

Hard sphere radius, r∗4
‡ / Å 39.4±0.6 39.0±0.7 39.5±0.6

Volume fraction, φ∗4
‡ 0.16±0.01 0.15±0.02 0.16±0.01

Goodness of fit
Reduced χ-square, χ2

R 15.39 5.66 1.29
‡ Fit parameters.

Journal Name, [year], [vol.],1–9 | 7



The primary discovery, and the one with the most impact on
studying casein micelles generally, is that casein micelles in un-
pasteurized skim milk must be treated as an interacting, sticky
colloid to successfully model scattering data over all length scales
(equivalently over the entire Q range). This has important ramifi-
cations on attempting to fit the data, and in particular, the impact
of neglecting the structure factor on fitting data. For example,
the simple and widely-used Guinier approximation65 is not valid
when there is a structure factor, and if it is used to analyze data,
incorrect results are obtained.66 It will result in an incorrect Rg

and extrapolation to Q = 0 will not give the correct intensity. Ad-
ditionally, calculated scale factors will be incorrect if the reduction
or increase in scattering intensity arising from structure factor ef-
fects is not accounted for. We can see this in Table 1; the SLD
differences of the populations are different for the different mod-
els. If the model used to describe the data is incomplete, then
it is possible that important assumptions or caveats will be over-
looked.

To best use scattering data to describe the structure of materi-
als, whether between particles or within particles, measurements
need to be performed over all length scales where the sample
might have structure. For much of the previous work on ca-
sein micelles, this was restricted to the small-angle region6,9,23

to address the important debate on the internal structure of these
species. To fully understand the casein micelle, this region must
be extended to the ultra-small-angles (very low Q or equivalently
very large length scales). This has been much less frequently done
in the literature. In this study, we showed that neglecting to mea-
sure and model data from casein micelles in the USAXS region
means that there is uncertainty in the model fitting at higher Q as
well. This will result in shortcomings in the determined structural
parameters of casein micelles. As casein is the structure-forming
protein in milk and as stickiness between casein micelles has been
postulated be the origin of some of the properties of aggregates
of milk, addressing this situation is an important achievement. In
this study, we have advanced the understanding of the colloidal
structure of casein micelles in milk both by obtaining new data
on unpasteurized skim milk in the USAXS region and by showing
that it is possible to develop a model that can quantitatively and
successfully describe these data over a many orders of magnitude.
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