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Abstract. Contrast-variation small-angle neutron scattering (CV-SANS) is an excellent way to determine
the structure of complex, hierarchical colloids, including self-assembled biological systems. In these experi-
ments, the scattering length density of solvents is changed (by varying the ratio of water or H2O and heavy
water or D2O) to highlight or mask scattering from different components in the system. This approach has
been used with synthetic colloids, but it is also increasingly being used in the biological and food sciences.
Perhaps the most studied food colloid is the “casein micelle”, a self-assembled nanometer-scale colloid
of the structure-forming casein protein in milk. CV-SANS data available in the literature are typically
analyzed using approximations, which may be invalid for casein micelles, as they have been shown to be
sticky spheres. To assess the applicability of this approximate approach, a comprehensive set of CV-SANS
data from casein micelles in diluted milk was reanalyzed using a model-based approach, where the casein
micelles were formally treated as interacting spheres. In general, the conclusions of the previous study are
reproduced, but this new approach makes it more straightforward to distinguish the different components
in milk and can be applied to any dairy sample with known form of interparticle interactions, which offers
the possibility of studying semi-deuterated milk at its native concentration.

PACS. XX.XX.XX No PACS code given

1 Introduction

Neutron methods are increasingly finding application as
powerful ways of studying biological systems [1–3]. This
includes various examples, such as determining structures
of biological molecules in solution, the structures of pro-
tein crystals, the dynamics of protein molecules in the
field of structural biology, the structure of biological mem-
branes, or imaging of entire organisms [2,3]. The specific
sensitivity of neutrons for the stable isotopes of hydrogen
that are encountered in biological materials (1H protium
and 2H deuterium [4–8]) is what makes these many ex-
periments possible [9–12], particularly those where neu-
trons provide information that cannot be obtained using
other techniques. The example applications of neutron
techniques to biophysics and biochemistry experiments
given above [2,3] are typically on pure biological mate-
rials, but neutron techniques are also increasingly finding
use in more applied areas of the biosciences, including in
the area of food science [13–15].

The increase in isotopic labeling of biomolecules in re-
cent decades [5–8] is what enables these experiments in
food science. Neutron techniques are applied to biologi-
cal systems for many purposes [2,3], but there are two
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primary opportunities for neutron experiments that arise
from the difference between protium and deuterium nu-
clei. One arises from the fact that the incoherent scattering
cross section of 1H is much higher than 2H [16], and this
makes it possible to differentiate between the dynamics of
hydrogen nuclei that are differently labeled in an inelas-
tic neutron scattering experiment. Such experiments have
been performed on food-relevant systems like proteins [17],
saccharides [18–20], vitamins [21], and even on food prod-
ucts such as fruits and vegetables [22] or bread [23]. The
other arises from the fact that the coherent cross section
of 1H and 2H are very different [16], and this means that
selectively deuterating either the solvent or the dispersed
phase makes it possible to determine the distribution of
species. Such experiments have been performed on food-
relevant systems like bile salt micelles [24,25], oleosomes
[26], starch [27], and even on deuterated alcoholic bev-
erages [28,29]. The latter is the particular approach to
neutron scattering that is employed in this study, which
is particularly powerful for molecular biology and food sci-
ence. This approach is called “contrast variation” where
many measurements are performed on isotopically distin-
guishable but chemically identical species, where the light
(protium, 1H) is exchanged for the heavy (deuterium, 2H)
isotopes of hydrogen [30,31].



2 Gregory N Smith: Contrast-variation neutron scattering data of casein micelles

Milk is a ubiquitous and important biological food ma-
terial that is interesting to study from a biophysical or
biochemical approach. This is due to its complex structure
and the changes that it can undergo during processing to
produce a variety of food products [32]. Structural changes
are key to enabling the production of these dairy products,
and in this context, it is the structure-forming protein that
is the important one to study. Casein protein forms so-
called “casein micelles” in solution, which are protein col-
loids with a complex and hierarchical structure. The im-
portance of these colloids has resulted in a long-standing
effort to understand their internal structure, and this has
been well reviewed in recent years and so will not be ex-
haustively discussed here [33–35]. A specific approach that
has been very insightful is the application of contrast-
variation small-angle neutron scattering (CV-SANS), in-
troduced above. This is because casein micelles have a hi-
erarchical, complex, and multi-component structure and
because they are highly hydrated. There are already sev-
eral reports in the literature of milk prepared in either
wholly or partially deuterated water [36–44,34,45,46]. Dif-
ferent approaches to modeling the contrast variation data
have been used, but several employ [36,45] an approach
using the Guinier approximation [47] that relates the ra-
dius of gyration (Rg) to the reciprocal difference in scatter-
ing contrast (1/ρ̄), popularized by Stuhrmann [48]. This
approach can be used to reveal the homogeneity or hetero-
geneity and the distribution of scattering contrast from a
consideration of the scattering at very low Q. It has proved
insightful in the study of biomolecules in solution [49–51]
and in colloid science generally [52–55].

The Stuhrmann analysis is an elegant way to use SANS
to study how homogenous a biomolecule or colloid is, but
it must be used with care, due its basis on the Guinier
approximation [47]. The Guinier approximation must be
valid, for the Stuhrmann approach to be valid. The Guinier
approximation has several requirements. It is only appro-
priate when the product of Q and the particle gyration
radius r is much less than 1 [47,52], when particles are
noninteracting [10,56], and when there is only one popu-
lation of scattering object present. To achieve this, partic-
ularly near the average contrast-match point, background
subtraction and absolute intensity calibration must be
excellent. These points are the most important for the
Stuhrmann analysis, but they are also the points where
this is most challenging in practice. For casein micelles
at a concentration in normal milk [57], the Guinier ap-
proximation would be inappropriate. Recent ultra-small-
angle X-ray scattering data showed that casein micelles
in skim milk cannot be treated as dilute or noninteract-
ing spheres. To successfully model the data, they must
be treated as sticky spheres [58]. The applicability of this
model was then tested with neutron scattering data as
well (both ultra-small-angle neutron scattering and spin-
echo small-angle neutron scattering) and was found to pro-
vide improved agreement between experimental data and
model calculation [59]. The scattering at low Q, where the
Guinier approximation is applied, depends on the specific
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Fig. 1. Simulated X-ray scattering intensity to show the pre-
dicted scattering from casein micelles for different degrees of
interaction (dilute sphere, hard sphere, or sticky sphere) be-
tween the casein micelle colloids. Other than the interactions
between spheres, the casein micelles have the same dimensions.
(Values come from Smith et al. [58].) At native milk concen-
trations, the scattering differs significantly for these three in-
teractions. For the diluted dispersions used in the study by
Bouchoux et al. [45], the scattering is much more similar for
these three interactions. However, as can be seen by the low
Q magnification shown in the inset, the predicted scattering
is not equal. This shows that the Stuhrmann analysis is more
valid than at normal milk concentrations, yet not completely.

interparticle interactions and may differ from that of di-
lute particles.

Fig. 1 shows calculated, simulated scattering X-ray
scattering intensity using the parameters from the litera-
ture [58], and it is immediately apparent that the real dis-
persions of casein micelles (sticky sphere casein micelles)
are different than the dispersions that would be necessary
to apply the Guinier approximation (dilute sphere casein
micelles). For diluted dispersions of casein micelles (10×
more dilute as in Bouchoux et al. [45]), the calculated,
simulated scattering (also shown in fig. 1) shows little dif-
ference between different structure factors, at first glance.
However, even in these diluted dispersions, the scattering
from casein micelles as dilute spheres, hard spheres, and
sticky spheres differ. (The data are shown on logarithmic
axes, so what appear to be small differences are in fact
significant.) This shows that these dilute dispersions are
more suitable for the requirements of the Guinier approxi-
mation (regarding the degree of particle interactions) than
at native milk concentration, but the application of this
approximation is still not ideal.

In recent years, several publications have reported con-
trast-variation SANS data of casein micelles at relatively
low Q [45,46]. Here, a reanalysis was performed on one
of these sets of data, that of Bouchoux et al. [45]. The
original publication presents a comprehensive set of data
of the scattering of casein micelles in a large number of
solvent contrasts. However, unlike in the original publi-
cation, the Stuhrmann and Guinier approach [47,48] was
used, and a full model fitting approach was used instead.
This is partly motivated by several observations from the
original publication (non-zero scattering when the solvent
is matched to the average contrast of the casein micelles
and the presence of a second population of objects with
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a different contrast) and by a desire to ensure that this
approximate approach can match the results of a more
complicated approach.

This is the same motivation given in a classical study of
colloidal science from Ottewill, where a curve-fitting and
a Guinier approach were both performed as the “more
complete analysis, however, validates the [Guinier] ap-
proach as a relatively quick method of obtaining infor-
mation ... and demonstrates the interesting scattering be-
haviour shown by these particles in the vicinity of the
contrast match point” [60]. The comparison between the
Guinier approach and a model-fitting approach for a archety-
pal food colloid reveals when an approximation can be ap-
plied, when model-fitting must be used, and also when a
small-angle scattering Q range is valid and when an ultra-
small-angle Q range is necessary. Further, model-fitting
analysis will be more versatile, as it could be used for
contrast-variation studies of any deuterated milk samples,
not just highly diluted ones.

2 Data and Analysis

2.1 Scattering data

The FM s1 data set from Bouchoux et al. is used for analy-
sis here. The neutron scattering data were obtained from
the low momentum transfer and low background SANS
instrument D11 at the Institut Laue–Langevin (ILL) in
Grenoble, France [61–63]. D11 has a very long maximum
sample-to-detector distance of 39 m, and depending on the
neutron wavelength (λ) selected, this makes it possible to
reach very low values of the momentum transfer vector,
Q. The magnitude of Q is determined by the scattering
angle (θ, which is half the scattering angle) and λ [10].

Q =
4π sin θ

λ
(1)

The specific configuration used for the experiments is pro-
vided in the original publication [45]. The authors ob-
tained data over the range 9 × 10−4 < Q < 3 × 10−2

Å−1. Uncertainties for the data are not shown, but they
are available in the original publication. For high-contrast
samples, the uncertainties are, in general, smaller than the
size of the data point in the original publication (∆I/I .
15%). For low-contrast samples, the errors, particularly
at extremes in Q, can be large (∆I/I . 80%), but this
can be appreciated in the data presented here without the
inclusion of error bars, as the data are consequently noisy.

The data were obtained from publications using the
macOS application GraphClick [64], which has been shown
to be a reliable and viable method to extract data from
images.

2.2 Model fitting

The data are modeled using a multilevel model as de-
scribed in the text using the SASfit (version 0.94.11) fit-
ting software [65]. The data were fit as a sum of two con-
tributions. The choice of these are discussed more in the

text. Due to the lack of clarity on the uncertainties, which
would all be equal at . 15% when smaller than the size of
the data point, the data were fit without using error bars.
The weighting of the fit sought to achieve local smooth-
ness.

The major contribution to the scattering intensity in
the measured Q range is the scattering of the casein mi-
celles. These are modeled as homogeneous spheres with a
log-normal distribution in their radius. The spherical form
factor depends only on the radius (r) of the spheres [66].

P (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
radius) has a normal distribution. The function is given
elsewhere [67].

The spheres are assumed to have a nonrandom dis-
tribution in the dispersion, and their interparticle inter-
actions are accounted for using a sticky sphere structure
factor (S(Q)). As far as I am aware, no X-ray or neutron
scattering data in the literature have required account-
ing for specific interparticle interactions to fit the data
[58], although de Kruif and May did attempt fitting neu-
tron scattering data of κ-casein micelles using different
structure factors, but the results were inconclusive [68].
In my previous analysis of USAXS data from skim milk
[58], Baxter’s model of adhesive spheres was used [69].
This model was favored because the magnitude of the at-
traction is quantified in a single parameter as discussed
below, and this will enable computational simplicity and
reduce the number of fitting parameters. There is a range
of interparticle separations (∆) where the interaction po-
tential is negative. In the Baxter model [69] of adhesive
spheres, the pair interaction potential U(h) is given by eq.
3 (in units of the thermal energy, kBT ).

U(h)/kBT =


∞ for h < 2r

ln
(

12τ∆
σ+∆

)
for 2r < h < 2r +∆

0 for h > 2r +∆

(3)

The attraction is then calculated in the limit ∆→ 0 [67].
This results in a well that is infinitely deep but infinites-
imally narrow [70]. The adhesive strength is, therefore,
encapsulated in a single parameter called τ , the stickiness
parameter. This can be thought of a dimensionless mea-
surement of the temperature [69] and can be used to cal-
culate the second virial coefficient, enabling a comparison
with theory and other experiments [71]. The sticky sphere
model has shown to be valuable in studying a variety of
interacting systems and has, therefore, been much consid-
ered in the literature [72]. This sticky sphere model has
been used to determine the equation of state experimen-
tally [73] and theoretically [74]. For the volume fraction
and stickiness parameter found for casein micelle disper-
sions in skim milk [58], the dispersions are in the nonperco-
lating fluid part of the phase diagram [75,74,76]. However,
that may not always the case for other casein micelle dis-
persions or in treated milk, and the use of this structure
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factor provides a way of relating colloidal interparticle in-
teractions to the phase behavior.

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 [77].
The local mononodisperse approximation was favored over
other ways of accounting for the size distribution (specif-
ically, the monodisperse approach or the decoupling ap-
proach) as it is known to work better for systems with
broad size distributions and higher concentrations [67].
The effect of concentration, size distribution, and sticki-
ness on the structure factor is known to result in complex
behavior [78], and the selection of different structure fac-
tors or approaches to incorporating the size distribution
would impact the best fit values to this model. After care-
ful consideration, the model selected previously was found
to give the best agreement between the data and the cal-
culated scattering [58].

The data presented here are fit to a spherical model,
but ultra-small-angle scattering data in the literature [79–
83] have alternatively been fit using Beaucage’s unified
approach [84,85]. This model calculates scattering as a
summation of multiple levels, each consisting of a Guinier
function (with a radius of gyration) and a Porod func-
tion (with a power law exponent). There is no straight-
forward way of accounting for interparticle interactions
using a structure factor in the Beaucage approach. The
radii of gyration of casein micelles found using this ap-
proach in the literature have sphere equivalent radii that
are greater than fit using the spherical modeling approach
[86,58]. The two approaches give fits to the data of similar
quality; for example, the data of Pignon et al. are fit to
the Beaucage model originally [79] but can also be fit us-
ing the sphere model proposed recently [58] (Supporting
Information). Due to the ability to directly extract quanti-
tative parameters regarding interparticle interactions, the
spherical model is preferred for the analysis discussed here.

The minor contribution to the scattering intensity in
this Q range is the interface of large droplets. If it is as-
sumed that they have a sharp interface, then in the so-
called Porod limit [47,87], scattering decreases as a power
law in Q with a power law index of −4. In the limit as
Q goes to infinity, the scattering intensity depends on the
specific area (Σ) of the sample and contrast between par-
ticle and medium (∆ρ), although to calculate this accu-
rately necessitates very good background subtraction and
intensity normalization [10].

lim I(Q)Q→∞ =
2π
(
∆ρ2

)
Σ

Q4
(4)

3 Results and Discussion

The Stuhrmann approach [48] can be used with great suc-
cess as a simple way to analyze contrast-variation SANS
data, and this has been done with diluted dispersions of
casein micelles [36,45]. One of these sets of data (that of
Bouchoux et al. [45]) is the one that has been reanalyzed

Table 1. Best fit parameters for casein micelles as sticky
spheres from Smith et al. [58].

Form factor, P (Q)

Number density, N‡ / (1020 m−3) 0.198 ± 0.005
Median sphere radius, r / Å 478 ± 7

Log-normal distribution width, σ 0.311 ± 0.006
Volume fraction, φ‡ 0.0140 ± 0.0005

Structure factor, S(Q)
Stickiness parameter, τ 0.165 ± 0.002
Volume fraction, φ∗‡ 0.01400 ± 0.00009

‡ Reduced by 10× to correct for concentration.

in this study. Rather than using the Stuhrmann approach
as done in the original report [45], however, I have used a
model-based approach based on recent data that showed
that casein micelles in milk are sticky spheres [58]. This
approach can be applied to contrast-variation SANS data
at any concentration, as it does not require the Guinier
approximation to be valid. The data chosen for reanalysis
[45] has a large number of solvent contrasts, which makes
it suited to reconsideration but is not the only report of
contrast variation SANS experiments of semi-deuterated
milk in the literature [36–44,34,45,46].

The Q range of SANS data is insufficient to fit the four
parameter model proposed to cover the entire structural
hierarchy of the casein micelle [58,86] with certainty, as
the smallest three contributions do not dominate the scat-
tering over this Q range. (The four parameters are, from
largest size to smallest size, the casein micelle colloids,
sponge-like incompressible regions of protein, colloidal cal-
cium phosphate, and protein inhomogeneities.) Therefore,
dimensions for the casein micelles determined from the fits
to literature data are used instead [58]. The best fit pa-
rameters are shown in table 1 and are set to equal to
literature values, except for the concentration of casein
micelles, which are 10× less for the current data. These
values were fit from data taken over a broad Q range, but
they come from fitting a single casein micelle dispersion at
a single set of conditions. Performing this same analysis
on a series of dispersions with different number concentra-
tions of casein micelles and tuned interactions would add
further certainty to the parameters. Furthermore, while
every attempt was made to reduce the number of fitting
parameters [58] to reduce uncertainties in fitting, some pa-
rameters are still correlated (as can be determined from
the covariance matrix). Specifically, the stickiness param-
eter τ is correlated most with the other fitting parameters
from the casein micelle scattering and is most correlated
with the width of the log-normal size distribution. To ac-
count for residual scattering from larger species present
in the dispersions, which may dominate as the scattering
length density (SLD, ρ) of the medium approaches that of
casein protein, a power law (∝ Q−4) is also added to fit
the data.

As the concentration and structural dimensions of the
casein micelles are fixed (table 1), the model is highly con-
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strained. There are only two parameters that are allowed
to vary: the difference in SLD between the medium and
the casein micelles (∆ρ) and the scale of the Q4 power
law (c4). This is a highly constrained model, but as the
Q range of the data is less than an order of magnitude,
to allow too many parameters to vary would risk over-
fitting the data. Fig. 2 shows the experimental data of
Bouchoux et al. [45] (with the solvent SLD shown in the
legends along with the proportion of D2O in the medium)
along with the new fits using the model described. There
is extremely good agreement between the data and the
model, which suggests that this highly constrained model
is a good description of the data.

The two contributions to the scattering data arise from
different components in the milk, and so the degree that
each contributes will differ depending on the solvent SLD.
At the most extreme solvent SLDs, when either the pro-
portion of H2O or D2O is high, the casein micelles con-
tribute significantly as they are the species with the most
feature-rich scattering in the measured Q range. When the
SLD of the solvent is ∼ 45% D2O, the SLD of the solvent
is nearly the same as the SLD of the casein protein, and
the significance of the scattering from the Q−4 power law
is greatest. This can be seen in fig. 2 when the total fits
to the data (solid lines) are most different to the fit to the
casein micelles alone (dashed lines). From the fits, it will
be possible to determine at what point both contributions
are contrast matched to the solvent.

To quantify the contrast between two contributions
and the medium, different approaches are used. For the ca-
sein micelles, where the structural parameters are known
from the literature [58], fitting the scattering intensity
gives ∆ρ2 directly, as the concentration of particles and
their volumes are specified during the fitting. For the large
objects, their radius cannot be fit with certainty as it be-
yond the minimum Q of the measurements. The scatter-
ing in the measured Q range, therefore, represents the
smooth interface of the large objects. The large objects
could, potentially, be characterized in the same manner
as the casein micelles if measurements at lower Q were
performed, such as by using ultra-small-angle scattering
techniques. Fig. 3 shows an extrapolation of the scatter-
ing of the large objects (dashed lines) to the approximate
minimum Q attainable by typical ultra-small-angle scat-
tering instruments (10−5 Å−1). The degree that the power
law scattering contributes to the total scattering intensity
depends on the solvent SLD, as expected. The inset in
the middle panel of fig. 3 shows the calculated scattering
from the large objects determined from ultra-small-angle
scattering data by Adams et al. [46] compared to the fit
Q−4 power law. Over the Q range of these SANS mea-
surements (boundaries in green), the two are equal, and
this shows that these data cannot be used to determine
the size with any certainty. Therefore, the fit scale of the
power law (c4) is used as a proxy for ∆ρ2. This makes the
assumption that the particles are the same size and at the
same concentration, and then the only difference between
the different solvent media is the SLD difference.

For dispersions of homogeneous and isotropic scatter-
ers, the scattering intensity (I(Q)) is given by several scal-
ing factors and Q-dependent functions [10], where φ is the
volume fraction, Vp is the volume of the particle, ∆ρ is
the SLD difference between the dispersed phase and the
solvent, P (Q) is the form factor, and S(Q) is the structure
factor.

I(Q) = φVp∆ρ
2P (Q)S(Q) (5)

For both contributions to the scattering (casein micelles
and large objects), the particles are assumed to be iden-
tical at all solvent compositions. This means that every
parameter in eq. 5 is equivalent, except for the difference
in SLD, ∆ρ. Therefore, either a plot of the fit SLD dif-
ference (∆ρ) against the solvent SLD (in the case of the
casein micelles where the scattering curve is fit) or a plot
of the square root of the c4 scale (

√
c4) against the sol-

vent SLD (in the case of the large objects where the ra-
dius is unknown) will meet the abscissa at the SLD of the
dispersed phase. (At this point, ∆ρ = 0). Fig. 4 shows
these plots. Similar plots are obtained for both contribu-
tions. The contrast terms (∆ρ or

√
c4) are an absolute

value function of the solvent SLD (ρ). The function is fit
weighted by the reciprocal square of the uncertainty from
fitting.

The point where ∆ρ is equal to 0 for the casein mi-
celles is at an SLD of 2.49 × 10−6 Å−1, and the point
where ∆ρ is equal to 0 for the large is at an SLD of
0.28 × 10−6 Å−1. This compares to values determined
by Bouchoux et al. [45] of 2.43 × 10−6 Å−1 for the ca-
sein micelles and 0.13 × 10−6 Å−1 for the large objects.
These values compare favorably, which shows that the two
analyses are consistent ways of interpreting the same set
of data, for determining the SLD components, at least.
The value of the SLD of the casein micelles agrees well
with literature values for casein [37,88]. The value of the
SLD of the large particles is very similar to the value that
would be expected for fatty acids in dairy milk. The SLD
of dairy fat can be estimated by calculating that of sim-
ilar triglycerides formed of the most common saturated
and unsaturated fatty acids in bovine milk [89] using the
high temperature mass densities from the literature [90,
91]. The calculated SLD of tripalmitin is 0.05× 10−6 and
of triolein is 0.15× 10−6, which are similar in magnitude,
albeit lower, than the value found from the SANS data
here. Therefore, the proposal from previous neutron scat-
tering data that these large particles are either fat globules
[46] or fat droplets or phospholipids [45] seems reason-
able. The quality of the determination of these values has
been checked by recalculating the scattering curves in fig.
2 using the ideal values determined in fig. 4. The agree-
ment between experimental data and model calculation
is still very good, which supports the accuracy of these
experimentally-determined SLDs.

4 Conclusions

The Stuhrmann analysis is an elegant way of analyzing
contrast-variation SANS data, but the fact that it requires
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Fig. 2. The experimental data of Bouchoux et al. [45] and fits to the two contribution model described in the text (casein
micelles as sticky spheres and large objects with a smooth interface). The legends for each set of data gives the SLD of the
solvent medium (in units of 10−6 Å−2) and the proportion of D2O in the mixture. The solid lines show the sum of the scattering
from both contributions, and the dashed line shows the scattering from the casein micelles alone, after subtracting the Q−4

power law. The scattering from the casein micelles is least significant, and consequently the Q−4 power law most significant,
for solvents where the proportion of D2O is ∼ 45%, which have SLDs nearly the same as the casein protein.

1

105

1010

10−5 10−4 10−3

–0.56×10–6 Å–2 (0% D2O)
0.48×10–6 Å–2 (15% D2O)

2.49×10–6 Å–2 (44% D2O) 4.01×10–6 Å–2 (66% D2O)
5.05×10–6 Å–2 (81% D2O)

I( Q
) 

/ 
cm

–1

10−2

1

102

104

106

108

1010

1012

Q / Å–1
10−5 10−4 10−3

Q / Å–1
10−5 10−4 10−3

Q / Å–1
10−5 10−4 10−3

1000

0.001 0.002

1

10

100
0.001 0.002

100

1000

0.001 0.002

Fig. 3. Selected SANS fits (solvents given in the legends) from fig. 2 with the Q−4 power law extrapolated to an ultra-small-
angle scattering minimum Q of 10−5 Å−1. The significance of the power law scattering is least at extreme proportions of either
H2O or D2O (left and right), although they are more significant when the proportion of D2O is high, which suggests that the
SLD of the large objects is closer to the SLD of H2O. The significance of the power law scattering to the total scattering is
greatest when the fit ∆ρ for the casein micelles is lowest (middle). The inset in the middle panel shows the Q−4 power law
compared to the calculated scattering from large droplets with radii determined by Adams et al. [46], which shows that in the
Q range of these measurements, the radius of the objects cannot be determined with certainty.
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Fig. 4. The contrast terms from fitting SANS data at all solvent compositions (fig. 2) used to determine the SLD of both the
casein micelles (left) and the large particles (right). For the casein micelles, the difference in SLD (∆ρ) from model fitting is
used. For the large particles, the scale of the Q−4 power law is used, as they are assumed to have the same size regardless of
the solvent composition. The point where the fit meets the abscissa is when the forward scattering intensity is 0, and the SLD
of the particles is equal to that of the solvent.

using the Guinier approximation means that there are lim-
itations to its application. Dispersions need to be dilute,
particles need to be noninteracting, and only one scat-
tering species can be present. The casein micelles in milk
were recently shown to be sticky spheres rather than dilute
spheres [58], and even in skim milk, there may be residual
fat droplets or other lipids as well as the casein micelles
[45,46]. Even when diluted, these issues may still remain.
This motivated a careful reanalysis of an extensive set of
contrast-variation SANS data from milk diluted with sol-
vents with different proportions of H2O and D2O [45], to
vary the contrast between the different species and the
medium. Previously, these had been analyzed using the
Stuhrmann approach. In this paper, a more general model
fitting approach has been used. The scattering data were
fit as a sum of two species (casein micelle colloids and large
fat droplet interfaces) rather than extrapolated using the
Guinier approach.

Some of the outcomes using both of these analyses
are the same. The contrasts between casein micelles and
the medium and the fat droplets and the medium evolve
differently, showing that they are chemically distinct, and
the experimentally determined SLDs of the two (when ∆ρ
is 0) are essentially the same. This validates the values
determined.

The model fitting approach has several advantages that
make it more general and, therefore, preferable in some cir-
cumstances. By fitting the SANS data directly, the scat-
tering of the two species (casein micelles and fat droplets)
can be separated directly in the data, rather than having
to separate them through sample preparation and then
measuring the two independently. The Guinier approach
assumes that the scattering arises from a single species
and so cannot achieve this by data analysis. It also enables
any milk sample to be studied; there is no requirement to
dilute the dispersion so the colloids are dilute and nonin-
teracting. Given that casein micelles appear to be sticky

spheres, the degree of dilution necessary to make a sam-
ple suitably “noninteracting” may be hard to achieve in
practice.The interactions between casein micelles are un-
desirable as they prevent the application of simple approx-
imations. However, they provide the opportunity to con-
trollably tune the interactions between casein micelles to
both further validate the recently proposed sticky sphere
model [58]. The ability to access thermodynamic param-
eters that can be related to phase behavior might enable
a better understanding of milk and processed dairy prod-
ucts. Given that previous analyses of dispersions of self-
assembled, casein-containing species found that data were
sometimes fit better with repulsion and sometimes with
attraction [68], there are likely circumstances where the
interparticle interactions will differ, and quantifying these
interactions through scattering data will aid understand-
ing the structure and properties of dairy products. Using
this model fitting approach to study a wider range of milk
samples, either at native concentration or following pro-
cessing, in the future using CV-SANS will reveal more
about the fine details of casein micelles and milk. This
may also necessitate performing measurements to lower
Q, using a technique such as ultra-small-angle neutron
scattering (USANS), to better isolate the scattering of
different species, and such measurements with desmeared
CV-USANS/CV-SANS data of a large number of solvent
compositions would be welcome to improve data certainty.
This will provide useful information about milk disper-
sions and casein micelles, specifically, but it will also serve
as a guide to design experiments that can characterize the
structure of complex food dispersions more generally.

Data Availability

The SANS data used for this analysis can be obtained from
the Zenodo repository (DOI: 10.5281/zenodo.4071784).
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