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Fibre formation in calcium caseinate influenced
by solvent isotope effect and drying method - A

neutron spectroscopy study

August 6, 2019

Bei Tian1, Victoria Garcia Sakai2, Catherine Pappas1, Atze Jan van der Goot3 and
Wim G. Bouwman1,4

Abstract

We present an investigation of the dynamics of calcium caseinate as a function
of hydration, solvent isotope (H2O and D2O) and drying methods (roller drying
and spray drying), using quasi-elastic neutron scattering (QENS). These factors are
key to the formation of fibres in this material which makes it a potential candidate
as a next-generation meat analogue. Using a phenomenological model, we find
that the relaxation times of the dry spray dried powder decrease with increasing
temperatures, while they do not change for the roller dried powder. The spectra of
the hydrated samples reveal two independent picosecond processes, both reflecting
localized re-orientational motions. We hypothesize that the faster motion is due to
the external protein groups that are hydrophilic and the slower motion is due to the
internal groups that are hydrophobic. The solvent effect of D2O is not limited to
the external groups but prevails to the internal groups where less protons are mobile
compared to the H2O hydrated samples. Higher temperatures narrow the number
difference in mobile protons, possibly by altering the weak interactions inside the
protein aggregates. These findings suggest that a harsh and longer drying process
contributes to less active protein side-groups and highlight the hydrophobic effect
of D2O on the fibre formation in calcium caseinate.
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1 Introduction
The mechanism of fibre formation in calcium caseinate has been at the focus of research
interest during the last decade, as these fibrous structures are promising candidates for
the production of next-generation meat analogues [1, 2]. The fibrous calcium caseinate
gel has good mechanical properties, and its structure is much more anisotropic [3]
than plant-based meat analogue candidates [4]. In view of potential applications, it is
therefore important to investigate the structure and dynamics of the fibrous structure
in calcium caseinate, as these studies provide valuable insight into the design of plant-
based meat analogues with more pronounced anisotropic structures.

Recently, we came across an interesting observation: the calcium caseinate fibre
formation is strongly influenced by the solvent isotope effect [5]. 30%w/w spray dried
calcium caseinate (SCaCas) mixed with H2O gives more anisotropic fibres, while roller
dried calcium caseinate (RCaCas) processed under the same condition results in a ho-
mogeneous gel. When D2O is used to mix with the calcium caseinate powder, the fibres
in SCaCas do not form, while RCaCas does show some fibres. Given that the only vari-
able is the solvent, we assume that both the molecular motions of the protein and the
interactions between the solvent and protein (e.g. hydrogen bonds) change because of
the solvent isotope effect. To test the validity of this hypothesis, we used quasi-elastic
neutron scattering (QENS) to investigate the dynamics of both SCaCas and RCaCas on
a molecular level.

QENS has been successfully applied to study the dynamics at the atomic scale
of many biological systems: from globular protein such as lysozyme, myoglobin and
green fluorescent protein (GFP) [6, 7, 8, 9] to bio macro-molecules like tRNA, DNA
and membranes [10, 11, 12, 13]. The technique probes timescales and amplitudes of
the dynamics and gives insights into the interactions with hydration water. The applica-
tion of QENS on food materials is much less explored than on biological systems. The
few existing examples focus on the hydration water dynamics. For instance, the self-
diffusion constant of water in fresh bread was obtained by fitting the self-intermediate
scattering function with a stretched exponential function at room temperature [14]; A
similar approach has been applied to study dehydrated fresh strawberry and rehydrated
freeze-dried strawberry [15]. A study on a larger globular glycinin showed that its
dynamic transition is similar to that observed in smaller proteins[16]. These investiga-
tions hint to a relation between the food matrix and the hydration water.

Until now, most of the QENS measurements were conducted on samples obtained
through freeze-drying [17, 18, 19], as it is assumed that this process affects less the
denaturation and aggregation of the protein [20, 21, 22, 23]. Though lyophilisation
has its advantages, it is not used by the food industry due to its high operational costs
and low throughput [24]. Furthermore, lyophilisation is not representative of the effect
of other drying methods on the protein dynamics. As a result, investigations of the
influence of spray and roller drying on the protein structure and dynamics are of great
importance to the field of food science, given that these methods are commonly used
for the industrial production of food biopolymers [25].

Our QENS investigation probes for the first time, the protein dynamics of industri-
ally produced food powders, which can potentially mimic real meat. The experiments
were performed on dry SCaCas and RCaCas powders, as well as on powders hydrated
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with either D2O or H2O, to a hydration level of h=0.4, which is generally considered
to be a full hydration level [26]. The measurements were performed at 293 K, i.e. at
room temperature, at 320 K, the temperature at which the fibres are obtained, and at
340 K where protein aggregates form reversible agglomerates.

One of the strengths of neutron scattering is the possibility to highlight, by deuter-
ation, certain parts of the hydrogen containing samples. However, in our study, it was
not possible to deuterate the caseinate. One reason is that it is an industrial product
obtained from casein curd and there is a batch to batch variation. Another reason is
that caseinate is composed of four sub-caseins, its structure is not well-defined and still
under debate [27, 28]. Therefore, unlike other model systems, it would have been very
challenging to deuterate a specific part of the caseinate. Nevertheless, we were able
to investigate the solvent isotope effect and compare the effect of hydration by using
either H2O or D2O. Through the data analysis we can assign the dynamics to certain
protein groups and correlate them to the macroscopic observations of fibre formation.

2 Material and Methods

2.1 Sample preparation
Roller and spray dried calcium caseinate powders were provided by DMV Interna-
tional, Veghel, The Netherlands. The solvent used throughout the drying process was
H2O. As their names suggest, the powders were obtained through roller drying or
spray drying, which resulted in different powder morphologies. Scanning electron mi-
croscopy images were taken using JEOL JSM-IT100. The secondary electron detector
was used with 1.6 kV, a probe current of 20 nA, and the magnification was 200.

For the QENS measurements, the powders were first dehydrated in a vacuum oven
at 60◦C for 2 days. The dried samples were then hydrated in hydration chambers
with either D2O or H2O. All samples reached a hydration level of ∼0.4 (weight sol-
vent/weight dry protein powder). Approximately 400 mg of powder was loaded and
sealed in an annular aluminum sample holder with a thickness of 2 mm.

The scattering cross sections of the samples were calculated according to the speci-
fications provided by the manufacturer and are shown in Table 1. The incoherent cross
section of the dry powder accounts for up to 89.6% of the signal. After hydration with
H2O, the scattering contribution from the protein decreased to 63.1%. After hydration
with D2O, assuming 20% of the hydrogen has exchanged with deuterium, the contri-
bution of the protein to the scattering still accounts for up to 81.9%.

2.2 Quasi-elastic neutron scattering experiments
The QENS experiments were performed at the time-of-flight inverted geometry spec-
trometer IRIS [29] at the ISIS neutron facility, as a function of both energy (ω) and
momentum transfer (Q). We used the [002] reflection of the pyrolytic graphite anal-
yser, which gives an energy resolution of 17.5 µeV, and covers an energy range from
-0.5 to 0.5 meV. The scattered neutrons were measured by 51 detectors that cover a
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Table 1: Incoherent, coherent and absolute scattering cross sections (σ ) of the dry
and hydrated samples calculated based on the amino acid compositions of calcium
caseinate provided by the supplier.

Dry powder Hydrated with 0.4 g/H2O g Hydrated with 0.4 g/D2O g
Protein Solvent Protein∗ Solvent

σinc% 89.6 63.1 27.8 81.9 1.2
σcoh% 8.0 5.6 1.3 10.1 4.4
σabs% 2.4 1.7 0.4 2.4 0

∗

Assuming 20% of the H exchanged with D.

Q-range from 0.42 to 1.85
◦
A−1. During fitting of the elastic incoherent structure fac-

tor (EISF), the signals of the these 51 detectors were regrouped into 15 Q values to
improve statistics.

The samples were measured at 293 K, 320 K and 340 K for around 5 hours, respec-
tively. So-called elastic scans were conducted from 20 K to 340 K with an increment
step of 10 K. The detector efficiency was corrected by measuring a vanadium standard.
The resolution function was obtained by measuring the corresponding sample at 20
K. The data reduction was performed with the Mantid software [30], and the reduced
spectra were analyzed using the software DAVE [31].

3 Results

3.1 Quasi-elastic widths and amplitudes
After initial fitting, we found that two uncoupled Lorentzian functions are needed to de-
scribe the quasi-elastic contribution. For a detailed documentation of the fits, the reader
is referred to the supplementary information. Our initial results also show that the full
width half maximum (FWHM) Γ of the two Lorentzian functions are Q-independent
(supplementary information), suggesting that we observe either re-orientational or lo-
calised motions. In order to obtain accurate values of Γ, we summed the intensity of
all detectors and fitted the data with the scattering function:

S(ω) = [A0 ·δ (ω)+Aslow ·Lslow(ω)+Afast ·Lfast(ω)

+aω +b]⊗R(ω).
(1)

where A0 ·δ (ω) is the elastic scattering contribution with A0 the elastic amplitude and
δ (ω) the Dirac delta function. Aslow and Afast are the quasi-elastic amplitudes, Lslow(ω)
and Lfast(ω) are the Lorentzian functions, and R(ω) is the resolution function. Any in-
elastic contributions that are outside the energy window of the instrument are accounted
for by the linear background aω +b.

Figure 1 shows the spectra measured for the SCaCas sample hydrated with H2O at
three temperatures. The fits for the other samples can be found in the supplementary
information, and the fitted parameters are summarised in Table 2.

The FWHM of the Lorentzian function is inversely proportional to the relaxation
times. The FWHMs of the dry SCaCas powder, shown Table 2, are systematically
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Figure 1: From left to right: QENS spectra of SCaCas powder hydrated with H2O
measured at 293 K, 320 K and 340 K. The residuals are plotted underneath, they are
calculated as the difference between the measured and fitted S(Q, ω). The delta func-
tion is represented by the black dots, the two Lorentzians are dashed lines in blue and
magenta, the background is dash-dot line in green, and the total fitted curve is repre-
sented by the red line.

smaller than those of the RCaCas at room temperature. While both Γslow and Γfast of
SCaCas increase with temperature, they remain constant in RCaCas, implying that the
dynamics of the protein groups in RCaCas are insensitive to temperature. The drying
history that the powder has experienced is probably responsible for these differences.

Hydration increases significantly the quasi-elastic amplitudes. This is not surpris-
ing since the solvent increases the protein to be more flexible and mobile. Similar re-
sults were also obtained by for example Orecchini et al, who studied the (non)exchangeable
hydrogen classes in β -lactoglobulin [17], and found that the quasi-elastic intensity of
both the protein surface and the core groups increased with increasing hydration level.

On the other hand, hydration has little impact on the width of the Lorentzians.
Unlike the dry powders, the FHWMs of all hydrated samples display a similar trend.
Both Γslow and Γfast increase with temperature, and the corresponding relaxation times
decrease from approximately 52 ps to 40 ps for the slow motion , and from 7 ps to 5.4 ps
for the fast motion. The Γslow and Γfast reported here are in line with the values reported
for other protein systems, such as the internal motion of E.coli [32] and lysozyme [7]
for Γslow; Neocarzinostatin, a small all β protein [33], Ribonuclease A [34] and the
hydrophobic side-chains of native α-lactalbumin [35] for Γfast.

Though the FWHMs of the Lorentzians follow quite similar trends for the different
samples and solvents, this is not the case for their area fractions, which vary depending
on the drying method and the solvent. When hydrated with D2O, the Lfast and Lslow are
slightly smaller for SCaCas than for RCaCas, which suggests that there are less mobile
protons in SCaCas. On the other hand, when hydrated with H2O, Lfast and Lslow are
larger for SCaCas than for RCaCas. As far as the solvent isotope effect is concerned,
H2O hydrated samples have in general higher quasi-elastic amplitudes than the D2O
hydrated ones. This is most likely due to the H2O molecules that are bound to the
protein surface and have dynamics that are similar to the protein. In particular, the
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Table 2: Fitted parameters of SCaCas and RCaCas powders dry, hydrated with either
D2O or H2O at 293 K, 320 K and 340 K. Columns 3-6 give the area fraction of the
delta function, the background (bkdg) and the two Lorentzian functions (Lfast & Lslow).
The area fraction is calculated as the amplitude of one component divided by the sum
of all the amplitudes (A0+Aslow+Afast+background), the estimated error bar of the area
fraction is within 1% in all cases; columns 7-8 are the corresponding FWHMs of the
Lorentzian functions.

Area (%) FWHM (µeV)
delta bkgd Lslow Lfast Γslow Γfast

SCaCas/dry
293 K 89.8 0.8 6.6 2.9 25±4 163±17
320 K 89.2 0.8 7.2 2.8 39±3 239±26
340 K 86.9 1.2 7.9 4.0 53±7 293±79

RCaCas/dry
293 K 89.2 1.2 7.5 2.1 32±2 247±24
320 K 87.7 1.5 7.5 3.0 34±2 227±18
340 K 86.4 1.7 7.9 4.0 36±2 226±15

SCaCas/D2O
293 K 74.9 1.9 16.8 6.4 26±1 188±8
320 K 68.1 2.9 19.2 9.8 33±1 214±8
340 K 63.0 3.3 21.1 12.6 36±2 244±14

RCaCas/D2O
293 K 73.5 1.9 17.8 6.7 25±1 201±77
320 K 66.1 3.0 19.9 11.0 28±1 202±56
340 K 60.0 3.9 21.4 14.7 30±1 221±67

SCaCas/H2O
293 K 61.0 2.6 25.6 10.9 26±1 196±5
320 K 52.1 4.0 26.2 17.7 31±1 219±4
340 K 46.5 5.4 26.3 21.9 33±1 240±4

RCaCas/H2O
293 K 65.5 2.4 22.4 9.6 25±1 182±6
320 K 57.6 3.7 23.9 14.8 32±1 216±5
340 K 52.8 4.4 24.3 18.5 33±2 235±9

increase of area fractions is larger for SCaCas than for RCaCas when switching from
D2O to H2O. These results indicate that the response of the protein dynamics to the
solvent isotope effect is influenced by the drying history. A possible explanation is that
the protein side-group activities are different due to either chemical reactions during
processing, or to a different structural arrangement of the caseinate.

3.2 Elastic incoherent structure factor (EISF)
The elastic incoherent structure factor (EISF), which in essence is the area fraction of
the delta function EISF = A0/(A0+Aslow+Afast), provides complementary information
to the area fraction of the Lorentzians. We can extract quantitative information on
the geometry of the atomic motion by fitting the Q-dependence of the EISF. For this
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(a) (b) 

(d) (c) 

Figure 2: EISF fitted with the free diffusion in a sphere model, plotted as a function
of Q at different temperatures. SCaCas and RCaCas powders are hydrated with D2O
(a-b) or H2O (c-d).

purpose, we introduce the simple modified ‘free diffusion in a sphere’ model [36].

EISF = p+(1− p)A

With A =
∫

∞

0
Asph · f (R,σ)dR

f (R,σ) =
2√

2πσ2
· e−

R2

2σ2 ,

(2)

where p is the population of immobile protons and Asph = [ 3 j1(QR)
QR ]2, with j1 the first-

order Bessel function of the first kind. The Gaussian distribution f (R,σ) accounts for
the heterogeneity of the samples [33] with σ the variance. The average diffusion radius

of the sphere is R0 = σ

√
2
π

.
Figure 2 shows the experimental results and the excellent fits to the data. The de-

duced parameters are given in Table 3. The population of the immobile protons p of all
samples decreases as temperature increases. This trend is also consistent with the area
fractions of the quasi-elastic amplitudes, which increase with increasing temperature.
Interestingly, at 293 K, SCaCas hydrated with H2O has significantly less immobile pro-
tons than the other samples. However, the difference between this sample and the rest
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reduces as temperature increases. This indicates that SCaCas hydrated with H2O is the
sample with the most mobile protons whereas high temperatures mitigate the solvent
effect.

Table 3: Fitted values of p and R0 of SCaCas and RCaCas hydrated with either D2O or
H2O at 293 K, 320 K and 340 K.

SCaCas/D2O RCaCas/D2O SCaCas/H2O RCaCas/H2O
293 K 0.49±0.04 0.46±0.04 0.36±0.02 0.43±0.03

p 320 K 0.40±0.05 0.41±0.04 0.31±0.01 0.37±0.02
340 K 0.32±0.05 0.30±0.04 0.26±0.02 0.32±0.02

R0 (
◦
A)

293 K 1.8±0.2 1.7±0.2 2.7±0.1 2.3±0.2
320 K 2.0±0.2 2.1±0.2 3.2±0.1 3.0±0.2
340 K 2.1±0.2 2.1±0.2 3.6±0.3 3.1±0.2

The diffusion radius R0 is about 1.9
◦
A for the D2O hydrated samples, and 3.0

◦
A for

the H2O hydrated ones. Both radii are much larger than the reported value of 1
◦
A for

the methyl-group rotation [37]. Thus, these radii probably implicate the hydrophilic
side chains or the flexible regions of the protein that are participating in the motions.
The radii of the D2O hydrated samples are close to those of folded globular proteins
such as lysozyme, myoglobin or GFP [38, 7, 9]. For the H2O hydrated samples, the
radii are similar to those of β -casein, tRNA and E.coli [39, 40, 11, 32].

The difference in the diffusion radii of H2O and D2O hydrated samples may be
due to either the different incoherent cross sections of hydrogen and deuterium, or to
the solvent effect. On the basis of our observations, we are inclined to attribute this
effect to the latter. The reason is that the diffusion radius reflects the dynamics of the
side chains rather than the dynamics of the H atoms. Given that the molecular mass of
side chains is not affected substantially by deuteration, the difference in the diffusion
radius must be attributed to the solvent effect. Furthermore, since proteins with open
structures such as caseinate tend to have larger diffusion radii than proteins with well-
defined folded structures, the fact that the radii of the D2O hydrated samples are smaller
than those of the H2O hydrated ones indicates that a more hydrophobic environment
constrains the diffusive motions of calcium caseinate.

The temperature dependence of mobile protons has been seen in many systems
and has been attributed to protein denaturation or thermal unfolding [33, 41, 39]. Our
preliminary differential scanning calorimetry data (supplementary information) show
small bumps in the heat capacity of all the samples between 320 and 340K, which
indicate structural changes. We attribute this phenomenon to the relaxation of hy-
drogen bond networks [42] and the swelling of protein aggregates [41], instead of to
irreversible denaturation or thermal unfolding. The reasons are two-fold. One is that
the diffusion radii increase with increasing temperature. This leads to larger diffusion
volumes, which are likely to result from the swelling of caseinate aggregates and the
breakage of hydrogen bonds at mild heating temperatures, such as below 340 K. On
the other hand, when a protein with a well-defined structure undergoes an irreversible
denaturation, its flexibility is constrained and its diffusion radius usually decreases
[33, 39]. Consequently, the diffusion volume for the side-chains is reduced as well.
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The other reason is related to the water content of the samples. Compared to dry
powders, thermal unfolding is observed more often in solutions, since more solvents
decrease the protein stability. On the one hand, the protein’s freedom of movement
is limited by the low water content [43]; on the other hand, more energy is needed to
mobilize the first or second hydration layer, as these water molecules are tightly bound
to the protein surface [44]. Given the low water content of our samples (0.4 g solvent/g
dry powder), the temperature that would trigger irreversible denaturation is most likely
higher than 340 K.

3.3 Elastic window scan
In order to follow the temperature dependence of the dynamics at the molecular scale,
we performed elastic window scans up to temperatures above physiological conditions.
From the measurements, we deduced both the elastic incoherent intensity ∆Iel and
the mean-square atomic displacement (MSD) 〈u2〉. ∆Iel is calculated as the differ-
ence between the normalized elastic intensity of the hydrated and the dry samples:

∆Iel =
Ihydrated(T)

Ihydrated(20K)
−

Idry(T)
Idry(20K)

. The MSD is obtained by fitting the elastic incoher-

ent intensity using the Gaussian approximation: 〈u2〉 = − 3
Q2 ln[

Iel(Q,T)
Iel(Q,20K)

]. ∆Iel is

summed over all the Q’s while the MSD is obtained from the Q-dependent Iel . Both pa-
rameters provide qualitative, complementary information of the dynamics of the sam-
ples.

The temperature dependence of ∆Iel is shown in Figure 3(a). All samples display
a sharp decrease of ∆Iel at around 250 K, which corresponds to the onset of protein
anharmonic motions enabled by the presence of solvent [26, 42]. Below 250 K, the de-
crease of ∆Iel for the H2O hydrated SCaCas is slightly more gradual than the others and
starts at lower temperatures. Only RCaCas hydrated with H2O shows an elastic inten-
sity higher than the dry sample, which is consistent with the assumption that hydration
increases the stiffness of the protein structure at low temperatures [9, 34]. Above 250
K, the slope of 〈u2〉 vs. temperature shown in Figure 3(b) provides an empirical indi-
cation of the protein flexibility and resilience, as suggested by Zaccai. et al [45, 46].
According to this work, the steeper the slope, the more flexible the protein structure,
which implies that more conformational changes are possible. SCaCas hydrated with
H2O has a slightly steeper slope than the other samples, suggesting that it should be
more prone to alignment under shear.

4 Discussion
This study has been initiated by the experimental observation that the isotope effect
of solvent alters the fibre formation in calcium caseinate. The QENS investigation
presented above reveals systematic differences at the microscopic scale. To connect
the macroscopic findings with the microscopic results, we will discuss below some
important aspects.

1) Hydration scenario of the calcium caseinate powder.
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SCaCas/H2O 

SCaCas/D2O 

RCaCas/H2O 

RCaCas/D2O  

(a) (b) 

Figure 3: (a): Change of the elastic incoherent intensity ∆Iel as a function of temper-
ature. (b): MSDs of the hydrated samples as a function of temperature. For clarity,
the plots of RCaCas hydrated with H2O (filled triangle), SCaCas hydrated with D2O
(hollow circle) and H2O (filled circle) are shifted by 0.1, 0.2 and 0.3, respectively. The
dashed lines are guides to the eye.

It is generally agreed that the four sub-caseins in caseinate [Figure 4(a)] [48] self-
assemble into an open, micelle-like structure in solution [Figure 4(b)] [49]. Different
drying methods used to obtain the protein powder cause the micelle-like structure to
collapse into compact aggregates [Figure 4(c)]. This suggests that little space is avail-
able for diffusive motions, which is in line with the FWHMs of the Lorentzians that
point to only re-orientational, localized motions. Moreover, though the micelle-like
structure is regarded as ‘open’, it is unlikely that water molecules diffuse freely into
the hydrophobic core during hydration of the powder [Figure 4(d)]. Based on these
structural considerations, we discuss two possible explanations for the quasi-elastic
amplitudes. One is that the fast and slow Lorentzians correspond to the small and
large protein side-groups respectively. However, if this would have been the case, one
would expect the trend in the area fraction with temperature to be the same for dif-
ferent solvents. This is not in line with the experimental results, as the Lslow of H2O
hydrated samples remains unchanged with increasing temperature while it increases
for D2O. The other possible explanation is that the fast Lorentzian represents the mo-
tions of protein groups that are exposed to the solvent (i.e. hydrophilic groups) and
that the slow Lorentzian represents the groups that are not accessible to the solvent
(i.e. hydrophobic groups). This explanation is in line with the experimental observa-
tions, as the area fraction of Lslow is much higher than that of Lfast, reflecting the fact
that there are more hydrophobic sub-caseins (αs1,s2- & β -casein) than hydrophilic sub-
caseins (κ-casein). In the following, we will adopt this assumption and consider that
the fast and slow Lorentzians represent the hydrophilic and hydrophobic side-groups
of caseinate respectively.

2) Representativeness of the measured hydration level.
A hydration level of h=0.4 is generally regarded as sufficient to have the protein

surface completely covered by at least 1 layer of water molecules [26]. This first hy-
dration layer is considered to be bound or non-freezable [50]. In the actual production
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(f2)—RD 

(f3)—SH (f4)—SD 

(c) (a) 

𝜶𝑺𝟏 

𝜶𝑺𝟐 

𝜷 
𝜿 

(b) (d) 

(e2)—SCaCas 

(e1)—RCaCas 

Roller dried 

Spray dried 

(f1)—RH 

Hydration Drying Self 

assembly 

Figure 4: Schematic illustration of the status of the calcium caseiante aggregates from
solution (a-b) to dried powders (c&e) and to re-hydration with different solvents (d&f).
(a): the four sub-caseins are depicted according to the Horne. et al [47], where the
straight lines represent the hydrophobic region and the twisting lines represent the hy-
drophilic region. (b): a simplified depiction of one micelle-like aggregate in solution
before drying, based on the model from the de Kruif [27]. Note, Ca2+ ions distribute
homogeneously inside the aggregates, but are not shown in the drawing since they are
not the interest of this discussion. (c): after drying, the micelle-like aggregates collapse
into bigger aggregates that form the powder particle. (d): after hydration, each individ-
ual aggregate is surrounded by a thin layer of solvent (blue dashed lines), with some
free solvent dispersed in between (blue triangle). (e): Scanning electron microscopy
images of dried RCaCas (e1) and SCaCas (e2) powders. (f1-2): pictures of RCaCas
gels made with H2O and D2O; (f3-4): pictures of SCaCas gels made with H2O and
D2O.
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of the fibrous material, a higher hydration level of h=2.3 is used. Thus, it might be
questionable whether the protein dynamics at h=0.4 is representative of the dynamics
at higher hydration levels. In this respect we note that one caseinate aggregate is larger
than a globular protein and thus has a lower surface to volume ratio. Therefore, in that
case, h=0.4 would lead to more than 1 layer of hydration water. This is also confirmed
experimentally, as we observe Bragg peaks from crystalline D2O at 20 K, using the ad-
ditional diffraction detector from IRIS (supplementary information). Furthermore, the
water activity of milk protein powder follows a sigmoidal increase with hydration con-
tent [51, 52]. Based on the moisture sorption isotherm, the water activity of the powder
exceeds 0.9 when h=0.4, a state where water is freezable. We thus concluded that the
observed dynamics at h=0.4 are representative for the behaviour at higher hydration
level.

3) Effect of the drying history on the activity of the protein.
Figure 4 (e1-2) shows a clear difference in the powder morphology of roller and

spray dried calcium caseinate on the micrometer length scales. It is therefore likely
that the arrangements of the sub-micelles and micelle-like aggregates are also different.
This is indirectly reflected in the QENS results where the dynamics between the dry
powders are different. At room temperature, SCaCas has longer relaxation times than
RCaCas. The relaxation times of SCaCas shorten with increasing temperature, while
they remain unchanged for RCaCas. We assume that the drying history explains these
discrepancies. RCaCas went through a longer heating time and at higher temperatures
during drying than SCaCas. Longer times give the protein more possibilities to re-order
into a thermodynamically more favourable state. In addition, a more intensive heating
process may modify the micelle arrangement and even damage certain side-groups.
As a result, RCaCas has probably a different structure or less active side-groups than
SCaCas, which explains why its FWHMs are less affected by temperature.

4) Solvent isotope effect on caseinate fibre formation.
The most distinct macroscopic difference lies in the appearance of the fibrous gels.

The use of H2O results in intact and homogeneous gels in both RCaCas (RH) and SCa-
Cas (SH) [Figure 4 (f1,3)]; On the other hand, D2O leads to a paste with inconsistent
texture and expelled water [Figure 4 (f2,4)]. Poor gelation behaviour can be due to a
reduced water binding capacity and/or to a strong hydrophobic interaction. This is not
surprising as it is indeed assumed that D2O contributes to weaker hydrogen bonds and
promotes hydrophobic interaction [53]. Our QENS results also support this assumption
as Lslow is smaller in D2O hydrated samples, suggesting that less protons are mobile in
the hydrophobic cores because of the solvent. Furthermore, with increasing tempera-
ture, Lslow increases in the D2O hydrated samples, whereas it remains constant in the
H2O hydrated ones. This difference may be due to the subtle changes of weak inter-
actions (e.g. hydrophobic interaction, hydrogen bonding, Van der Waals interactions)
[27] inside the hydrophobic cores. Higher temperatures indeed increase the hydropho-
bic interaction but also facilitate the breakage of hydrogen bonds which gives rise to
more mobile protons. Therefore, the counterbalance in these weak interactions may be
responsible for the different behaviour of Lslow.

As a final remark, the H2O hydrated SCaCas behaves differently from the rest of the
samples: it has the highest quasi-elastic amplitudes (section 3.1), the largest popula-
tion of mobile protons, the largest diffusion radius (section 3.2), and the steepest slope
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of MSD above 250 K (section 3.3). These results imply that this sample combines a
higher proton mobility with a higher diffusion amplitude, which are both beneficial to
protein aggregates interactions. As a more flexible structure is important for the align-
ment of the aggregates upon deformation, our study provides a strong link between the
dynamics probed by QENS and the macroscopic fibre formation in calcium caseinate.

5 Conclusion
Our QENS investigation sheds light on the solvent isotope effect of H2O and D2O
on two industrially obtained protein powders: roller dried (RCaCas) and spray dried
(SCaCas) calcium caseinate at physiological temperatures.

We analysed the data using a phenomenological model assuming two independent
dynamical processes. A first result concerns the dry powder, the behaviour of which
depends very much on the drying method. The relaxation times of the dry SCaCas are
longer than of the dry RCaCas at room temperature, and they shorten with increasing
temperature. The higher susceptibility of SCaCas to temperature may be due to the
milder drying conditions.

The results of the hydrated powders show two re-orientational, picosecond motions:
a fast one Γfast attributed to the external, hydrophilic protein groups and a slow one
Γslow representing the internal, hydrophobic and solvent non-accessible regions.

The solvent isotope effect is found mostly in the quasi-elastic amplitudes and less
in the relaxation times. The D2O hydrated samples have less mobile protons at the
hydrophobic cores, as D2O promotes hydrophobic interaction. The EISF results are in
agreement with these findings, because samples hydrated with D2O have less mobile
protons and smaller diffusion radii. Temperature mitigates the solvent isotope effect by
altering the weak interactions inside the micelles. In addition, the analysis of the elastic
window scan suggests that SCaCas hydrated with H2O has a lower onset temperature
of the dynamic transition and a more flexible conformation that the other samples. This
sample also has the most anisotropic fibres.

To summarise, with QENS we were able to distinguish the dynamics between pow-
ders dried using different methods, and we could detect the solvent isotope effect of
hydrated powders. We have thus established a correlation between the differences of
the protein dynamics on the microscopic level and the resulting different bulk fibre
structures.
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