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ARTICLE INFO ABSTRACT

Keywords: Exploring the interfacial mechanisms involved in the evaporation of colloidal solutions is currently an open
Biocolloids question with potential biomedical and industrial applications. In biological systems, unraveling evidence of self-
Evaporation

arrangement is even more challenging due to the different size, structure and charge of their multi-components.
In this work, we study the evaporation dynamics in mixes of dairy proteins, i.e., whey proteins and casein mi-
celles. Combining the observation of crack formation in drying droplets and the evaluation of the elastic response
in films during the evaporation, we highlight interfacial stratification resulting in the external accumulation of
whey proteins. We also relate such preferential segregation to the mechanical properties of the dry matrices,
showing that whey protein overrepresentation confers a brittle behavior to the mixes. These experimental results
enable the development of a first predictive model of the elastic modulus for biocolloid binary mixes, taking into
account their deformability and different ratio in the samples. Unraveling the link between colloid self-
arrangement and the evolution of skin properties during the evaporation is a first step towards controlling

Protein stratification
Skin formation

structure and use properties of the dry particles composing dairy powders.

1. Introduction

The dynamics of evaporation in colloidal systems have been inten-
sively investigated in the last decades. The motivation for these studies
often originated from the observation of everyday life events, from the
evaporation of biological fluids (e.g., sweat[1], teardrops[2]) to the
traces left by widespread drinks on surfaces (e.g., coffee[3], tea[4,5]).
Over the years, several studies on droplets[6], films[7] and confined
setups[8] revealed complex and often competitive drying-induced
mechanisms, leading to different morphological scenarios, such as
crack patterns[9,10], ordered deposits[11], strong interfacial de-
formations[12]. This rich variety of behaviors strongly depends on some
external parameters, such as the characteristics of the substrate (e.g.,
rugosity[13,14], charge[15], vibration[16]) and the environmental
conditions (e.g., temperature[17], relative humidity[18], pH[19,20]),
but also on the intrinsic physicochemical properties of the colloids. In
this regard, the impact of colloid size[21], shape[22] and deformability
[23] on the development of the drying stages and the resulting deposits
has been well characterized in the literature. Several works also aimed at
identifying the possible link between drying-induced colloid arrange-
ment and the mechanical properties of the samples[24-26]. These works
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highlighted a complex variety of behaviors that still need to be fully
unraveled at the micron-scale.

The improved knowledge on the evaporation mechanisms in
colloidal systems resulted in a gradual transition from fundamental
physics studies to applicative research in a wide range of domains[27].
Indeed, interpreting the patterns left by biocolloidal samples is a po-
tential tool for the conception of innovative biosensors or devices for fast
diagnosis[10,28]. Tuning colloid self-assembly on a surface during the
evaporation is nowadays a promising technique to design electronic
devices[29] and filters with controlled pore size[30]. Shedding light on
the dynamics of colloidal self-arrangement in free-falling droplets pro-
duced by spray drying[31] is key to optimize the process and conse-
quently the quality of dry products. In the dairy industry, for example,
controlling the functional and nutritional properties of milk powders is
crucial to move towards more biomimetic high added value products,
such as infant formulas[32] incorporating alive probiotic bacteria. To
date, this represents an unsolved challenge, since the drying chambers
used for dairy power production prevent the direct observation of
droplet sol-gel transition and thus of the evaporation process.

For this reason, a series of works have been carried out in the last
decade on the evaporation of single droplets of dairy solutions[33,34]
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and, in particular, on simplified systems consisting of dairy proteins|[35,
361, ie., whey proteins and casein micelles. The main goal of these
studies was to investigate the origin of the interfacial “skin” observed
throughout the drying process[37], by analogy to other model colloidal
systems reported in the literature[38,39]. The results highlighted the
signature of the physicochemical properties of each protein on the for-
mation/deformation of this skin and, consequently, on the morpholog-
ical characteristics of the final dry grains. In agreement with previous
theoretical and experimental studies on binary dispersions of model
colloids[40-42], the investigation of drying droplets of dairy protein
mixes led to the observation of a “small-on-top” behavior[43]. In short,
the smaller colloids, i.e., whey proteins in this specific case, gather on
the external part of the skin due to diffusiophoretic phenomena and the
osmotic pressure increasing during the evaporation process. It is plau-
sible that this preferential protein segregation, whose occurrence de-
pends inter alia on overall protein concentration and whey protein to
casein micelle ratio, affects skin mechanical response and final shape of
the grains. In Yu et al.[44], this hypothesis was indirectly explored
characterizing droplet shape evolution, interfacial rheology and drying
kinetics. However, a quantitative evaluation of the impact of protein
interfacial self-assembly on skin mechanical properties is still lacking.

To fill this gap, in this paper we studied the macroscopic behavior of
dispersions of whey protein and casein micelle mixes during the drying
in two different configurations. We first provided a quantitative analysis
of the formation of crack patterns in sessile droplets with the aim of
revealing the response of the system to drying-induced internal stresses.
Then, the mechanical response of dry films applying a localized external
force was measured by indentations tests. Combining these two ap-
proaches, we corroborated the hypothesis of whey protein external
accumulation in both configurations, and linked the dynamics of protein
self-arrangement to the mechanical properties of the drying system. This
enabled the formulation of a predictive model of the elastic modulus in a
drying binary system consisting of colloids with different physico-
chemical characteristics.

2. Materials and methods
2.1. Sample preparation

Whey protein isolate (WPI) and native phosphocaseinate (NPC)
commercial powders, exhibiting 86 wt% and 82 wt% protein contents,
respectively, were used to prepare suspensions with 10 wt% overall
concentration. To this purpose, the powders were added to deionized
water containing 0.02 wt% of sodium azide (NaNs) as a bacteriostatic
agent and stirred at room temperature (T = 20 °C) for 48 h to ensure full
dissolution. Successively, WPI/NPC mixtures were obtained by mixing
the WPI and NPC single protein suspensions at varying WPI relative
percentages (WPI%g), defined as:

Mypy

WPI%g = (€D)]

mprotein
Where myp and Myroein refer to the mass of WPI protein and total
mass of proteins in the dispersions. In this study, WP1%g was adjusted to
0, 20, 40, 50, 60, 80, 90, and 100 % to investigate the behavior of single
proteins and the impact of protein ratio in the mixtures.

2.2. Microscopy

WPI/NPC droplets (Vo = 0.5 pl) were deposited on glass coverslips
previously cleaned by rinsing in ethanol and then water, and their
evaporation was observed by an optical microscope (Olympus BX51) in
bright field and phase contrast modalities. Image sequences were ac-
quired by a QIClick camera and successively analyzed using a custom
image analysis software (ImageJ). The experiments were performed
under controlled environmental conditions, ie., temperature (T = 20
+ 1 °C) and relative humidity (RH = 40 %). Tests were repeated from 10
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to 20 times for each WPI%g value.

The morphology of dry WPI/NPC droplets, and in particular the
transversal section corresponding to the crack opening was observed by
scanning electron microscopy (JEOL JSM 7100 F) at an accelerating
voltage of 10 KV, under high vacuum and working distance of 10 mm.

2.3. Micro-indentation tests

The mechanical properties of dried layers of WPI/NPC mixes were
investigated by measuring their mechanical response to a load. A liquid
layer was deposited in a container consisting of a circular silicon seal
(diameter ~10 mm and height ~1 mm) adhering to a clean glass sub-
strate. Water removal concentrated the solution until the formation of a
solid layer of approximately constant thickness in the center of the
container. Indentation tests were performed using a Micro-Hardness
Tester - Anton Paar. A spherical indenter (Rockwell indenter of radius
Rind = 200 mm assumed to be perfectly rigid) was initially placed in
contact with the surface of the film and, afterwards, directed into the
dried layer with a controlled force, F (see the sketch in Fig. 7). To this
purpose, the tip loading speed was kept at 100 mN.min~! until a
maximum load was reached; the unloading process followed. Note that
the maximum penetration depth reached by the indenter tip was always
smaller than a tenth of the layer thickness. Measurements were carried
out after the same drying time for each system, corresponding to the
formation of a permanent crack network in the case of brittle systems.

3. Results
3.1. Colloid deposit and final morphology of droplets of WPI/NPC mixes

In this section, we aim at highlighting the link between the
morphology of dry WPI/NPC droplets and the mechanisms of colloid
deposit and arrangement occurring during drying. The outcomes for
single protein solutions are first presented. Afterwards, a comparison
with binary mixes is proposed to underline the different impact of WPI
and NPC physico-chemical properties on the macroscopic characteristics
of the dry droplets.

Whey proteins are globular macromolecules with an average size of
10-20 nm[45]. They mainly consist of f-lactoglobulins, often organized
in dimers (molecular mass ~ 36.6 kDa), and a-lactalbumins (molecular
mass ~ 14.2 kDa). A qualitative summary of the evaporation in WPI
sessile droplets is presented in Fig. 1. Due to the border self-pinning, all
the droplets exhibited a constant diameter with time for almost all the
duration of the experiments. This favored the occurrence of outward
capillary flows leading to the accumulation of proteins and the forma-
tion of an external “corona” (Fig. 1A). The gradual decrease of the
droplet contact angle coupled with the simultaneous increase of cen-
tripetal internal stresses resulted in the phenomenon of stick-slip mo-
tion, consisting in the sudden reduction of the wet diameter and a
successive new border pinning after a characteristic distance (Fig. 1B).
At the end of the drying, when the water content in the WPI matrix is
minimal, the considerable inward stresses were released by the forma-
tion of radial crack patterns (Fig. 1C). The typical opening phenomenon
was initiated by the occurrence of so-called nucleation points in prox-
imity of the triple line, where the colloid system is concentrated, and
successively by the crack propagation towards the center of the droplets,
as highlighted in Fig. 1C. Previous studies on the drying of globular
proteins highlighted how the morphology and the complexity of these
cracks are influenced by various and factors[10,46,47], such as protein
molecular weight, concentration and pH.

Samples with NPC colloids, characterized by a sponge-like structure
of 100-300 nm[48] and a molecular mass of ~ 2.8 * 105 kDa, showed
different deposits (Fig. 2). The early stage of the evaporation was
characterized by the rapid formation of an external ring due to the fast
evaporation at the so-called triple line (Fig. 2A). Most of all, very weak
outward internal flows were noticed compared to whey proteins. This
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Fig. 1. Main stages of the drying process in WPI droplets summarized by images acquired in phase contrast mode coupled to schematic drawings: A) corona for-
mation at droplet borders (t ~ 4 min); B) stick-slip motion of the evaporation front (t ~ 9 min); and C) radial cracks formation (t ~ 16 min). Interference fringes

reveal a delamination process.
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Fig. 2. Main stages of the drying process in WPI droplets summarized by images acquired in phase contrast mode coupled to schematic drawings: A) corona for-
mation at droplet borders (t &~ 3 min); B) protein homogeneous sedimentation on the substrate (t ~ 7 min); and C) colloid inward migration (t ~ 11 min).

can be probably attributed to the higher NPC volume fraction at the
same mass concentration, as already underlined in previous works on
the drying of milk proteins[44]. The absence of a significant colloid
migration resulted in a homogeneous sedimentation on the substrate
rather than in the real development of a corona (Fig. 2B). The uniform
distribution of casein micelles was destabilized only when the drying
process was advanced, and the retracting evaporation front transported
the colloids inward (Fig. 2C).

As it concerns the morphology of droplets of WPI/NPC mixes at the

end of the evaporation process, the images displayed in Fig. 3 highlight a
gradual transition from NPC- to WPI-like shape with the increasing
content of WPI in the mixture (WPI%g). Anyway, despite evident
qualitative differences, in all the WPI/NPC droplets it was possible to
recognize the specific signature of each protein, i.e., radial cracks and
concentric circles (especially for WPI%g > 50 %) in proximity of the
borders for WPI and a deformed, wrinkled surface in the middle of the
droplets for NPC. This suggests a colloidal segregation in the radial di-
rection, with the whey proteins accumulating at droplet edges.

100 pm

WPI%;

Fig. 3. Characteristic images of the shape of dry droplets of WPI/NPC mixes with WPI%g ranging from 20 % to 80 %. The images were acquired by optical mi-

croscope in phase contrast mode.
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3.2. Investigation of protein radial stratification in WPI/NPC droplets

The SEM observations mainly aimed at investigating the structure of
the dry matter inside the open cracks and at highlighting possible evi-
dence of colloid preferential arrangement and stratification. For
example, the characteristic micrometric “canyons” corresponding to the
radial cracks forming at the end of the evaporation in WPI solutions
(Fig. 4, yellow square) were explored at the periphery (inset A) and in
the center (inset B) of the droplets. In this case, no significant differences
were detected between the two regions of interest and the section of the
samples exhibited a smooth regular structure with the absence of rele-
vant defects. This can be plausibly explained by the quite monodisperse
size of whey protein molecules and their globular structure favoring the
formation of a compact matrix.

When a minor amount of casein micelles was added to the mixture, e.
g, in the case of mixes with WPI%g = 80 % (Fig. 4, red square), the dry
droplets exhibited an increased brittle character. In particular, the
occurrence of orthoradial cracks was observed and the crack geometry
became less regular moving from the periphery (inset C) to the center of
the droplet (inset D). Mostly, this crack pattern modification also cor-
responded to a significant difference in terms of internal structure.
Indeed, the transversal section of WPI%g = 80 % droplets in the vicinity
of the borders consisted mainly of a smooth compact background sur-
face, similar to what observed for WPI samples, net of scattered debris
and alveoli. This could be seen as the clue of the presence of a second
component in the dry matrix. On the other hand, the investigation of the
central cracks revealed a highly rough and irregular surface, typical of
NPC dry droplets (Figure S1). Similar results have been obtained in
mixes with lower WPI amount (50 % < WPI%g < 80 %), thus corrobo-
rating the hypothesis of a preferential protein self-organization on the
substrate, with the casein micelles accumulating at the center of the
droplet.

In our experiments, the WPI/NPC droplets exhibited a low initial
contact angle with the substrate at the triple line (« ~ 30°) and border
self-pinning. Under these experimental conditions, outward capillary
flows predominate on Marangoni-like solute recirculation[28,49].
Consequently, we observed the gradual accumulation of the proteins on
the substrate and especially at droplet borders, in analogy with the
well-known coffee ring effect, rather than the formation of an interfacial
skin. For this reason, the thoroughly investigated theory of the interfa-
cial colloid stratification by size (e.g., small-on-top)[38] does not apply
in this case. The question of colloid separation in evaporating sessile
droplets has been investigated in previous works[21,29,50] for possible
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applications in the development of diagnostic devices and the fabrica-
tion of biosensors. In these studies, which focused mainly on dilute bi-
nary suspensions, two main parameters have been identified as
governing the phenomenon of particle sorting by size, i.e., the colloid
size ratio and the droplet surface tension[51,52]. Due to their higher
diffusivity, the smaller colloids move faster towards the borders. Here,
the droplet curvature acts as a steric limiting factor allowing only the
particles with average smaller size to approach the triple line (except for
a thin depletion zone). This leads to different colloid arrangement
depending on the local colloid concentration near the periphery. In
dilute regime, when the solvent is almost completely evaporated, liquid
menisci envelop the particles already segregated by size. The surface
tension overcomes the other forces acting on the colloids (e.g., drag
force, electrostatic and/or van der Waals interaction) and favors contact
line depinning and further segregation of the two populations in sepa-
rate rings[50]. In more crowded conditions, with the exception of a thin
external corona of smaller colloids, an intermediate region is observable
in which both types of particles are present[52]. The latter is the most
probable scenario in the present study, especially in the light of the
picture illustrated in the inset C of Fig. 4. In fact, due to the significantly
different voluminosity of the two proteins, NPC volume fraction is al-
ways predominant compared to WPI one even at high WPI%g, when
whey proteins represent the major component in terms of mass con-
centration. This possibly leads to the insertion of NPC macromolecules
in the highly ordered WPI matrix despite the favorable conditions for
WPI segregation at droplet borders.

3.3. Impact of protein stratification on the drying stages

The following part of this study focuses on evaluating the impact of
protein stratification on the mechanical behavior of WPI/NPC matrices
in the droplets, from the onset of the cracks during the sol-gel transition
to the achievement of the final morphology at the end of the process.

3.3.1. Sol-gel transition: crack occurrence

The development of the sol-gel transition, and in particular its final
stage, was characterized in WPI/NPC droplets with different WPI%g by
measuring the crack time, defined as the interval between the appear-
ance of the first crack and the detection of the permanent final pattern.
Concerning the onset of the cracks, the outcomes in Fig. 5 clearly show
that they occurred gradually earlier with the increase of whey protein
concentration in the samples. This is an indicator of the growing brit-
tleness of the drying structure, as shown in a recent work on the

Fig. 4. Shape of droplets of WPI (yellow square) and WPI/NPC (red square) with WPI%g = 80 % observed by SEM microscope. In the insets, where the boxes depict
high-magnification details of the black circles in the main pictures, the structure of the dry matter inside the cracks is shown for the border (A, C) and the middle (B,

D) of both WPI and WPI/NPC samples, respectively.
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Fig. 5. Crack time, defined as the interval between the occurrence of the first
crack and the achievement of the permanent crack pattern (see the inset), re-
ported as a function of WPI/NPC mix composition (WPI%g. The light blue and
light yellow areas highlight where the mechanisms of droplet sol-gel transition
are influenced by NPC and WPI characteristics, respectively.

occurrence of crack patterns in drying nano-clay suspensions[53]. A
possible interpretation lies in the higher compactness of NPC matrices
compared to WPI ones. The deformability and the polydispersity of
casein micelles would favor the gradual release of the increasing
drying-induced stresses[48]. Interestingly, the only exception to this
behavior was represented by the droplets with WPI%g = 100 %, which
displayed a delayed crack time compared to other WPI-rich mixes. This
unexpected trend reversal can be interpreted by the fact that a minimal
presence of casein micelles (here corresponding to samples with WPI%g
= 80 % and 90 %) is necessary to break the packed organization of the
whey protein matrix (see Fig. 4, inset C), thus facilitating the fissure of
the structure under mechanical solicitation.

As regards the crack time, our outcomes revealed the existence of
two classes of mixes, characterized by similar duration, which are easily
distinguishable in Fig. 5 by the sharp crack time reduction above a
threshold value of WPI%g ~ 50 % (light yellow area). This specific ON-
OFF behavior is possibly connected to the preferential segregation of
WPI at droplet borders throughout the evaporation. Indeed, crack onset
and propagation mainly occur in the vicinity of droplet edges, where
whey proteins tend to accumulate. Therefore, drying-induced stress
storage and release significantly depend on WPI self-arrangement close
to the periphery when these colloids are sufficiently represented in the
external corona, i.e., at higher WPI%g values than 50 %.

A similar behavior was also observed in pendant WPI/NPC droplets
in a recent article. In this work[44], the influence of WPI on the sol-gel
dynamics was explained in the light of their outer stratification in the
interfacial skin, which regulates the evaporation of the remaining water.
In the present study, however, the evaporation front retracts radially
inward without the formation of any skin and the region where WPI
deposits are predominant is relatively thin, as highlighted in the inset C
of Fig. 4. Consequently, further investigation is needed to fully elucidate
how the overrepresentation of whey proteins at the borders can affect
the mechanisms of crack formation.

3.3.2. Deduction of WPI/NPC matrix mechanical properties from crack
pattern evaluation

The qualitative analysis of the morphology of dry WPI/NPC droplets
illustrated in Fig. 1-3 pointed out that crack frequency and pattern
characteristics are potentially a tool to estimate the material mechanical
response to the internal stresses induced by water removal and colloid
rearrangement. This approach has been borrowed from previous works
on the directional drying of colloidal suspensions in confined
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geometries, e.g., Hele-Shaw cells. From this point of view, Allain and
Limat[9] have been the first to hypothesize that the wavelength, i.e., the
characteristic distance between cracks, depends on the competition
between stress relaxation consequent to crack opening and stress in-
crease due to solvent evaporation. Starting from these seminal findings,
other works[8] aimed at characterizing the structure of dry colloidal
matrices and their mechanical properties by the investigation of the
regular crack patterns. In the specific case of our experiments far from
being in confined conditions, the cracks were mostly radial rather than
parallel. However, if considering the microscopic scale, the droplet
curvature could be neglected in the proximity of the borders and,
consequently, the approximation of parallelism would be still standing.
For this reason, we measured here not only the number of cracks, but
also the distance between consecutive cracks near the edges (A)
normalized by the height of the corona (8) as a function of WPI%g (see
the inset of Fig. 6). The outcomes summarized in Fig. 6 show a quali-
tative agreement with what already illustrated for the occurrence of the
cracks during the sol-gel transition (Fig. 5). Dry droplets exhibited an
increasing number of cracks with higher whey protein concentration,
with a trend reversal observed only for WPI%g > 80 %. This corrobo-
rates the hypothesis of brittle character conferred by WPI, further
accentuated by irregularities due to NPC insertion in the packed struc-
ture for high values of WPI%g.

Evaluating the normalized crack distance mostly allowed to predict
some mechanical properties of the dry structure and in particular its
pore size (a). In the wake of previous works on the modeling of the crack
opening in colloidal systems [54]Griffith, A. A. The Phenomena of
Rupture and Flow in Solids, Philos. Trans. R. Soc. Lond. 221 163-198.
Griffith, A. A. The Phenomena of Rupture and Flow in Solids. Philo-
sophical Transactions of the Royal Society of London 221, 163-198.[54]
we considered the energy balance referring to a representative volume
(V) of thickness & included between two consecutive cracks with char-
acteristic distance A. In this case, the elastic energy of the matrix must be
equal to the energy necessary to create a new surface:
2IA8 = 21}3(0)2 2

where I' is the surface energy of the newly created interfaces of
typical area A8 and here approximated to the water surface tension (=
107! N.m ™), E is the elastic modulus, and < 6> is the average stress in
the layer. This latter is defined as [55]:

<6> = %Pcap (3)

Here, Py, is the capillary pressure, and it is calculated as [56]:
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Fig. 6. Evolution of the number of cracks and the normalized distance between
cracks (A/8) for different mix compositions (WPI%g). Examples of droplet
typical shapes refer here to the corresponding WPI%g. The black and blue lines
represent a guide for the eyes. The images in the inset illustrate how the
parameter A and & have been measured.
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10
Pcap = Ty (4)

with y being the surface tension of solvent, i.e., water. Knowing that
the volume V can be approximated to 225, equation (2) can be restruc-
tured to obtain the matrix pore size:

oo né
@~ V1ore ™\ 10Es? ©

In equation (5), the only unknown parameter to estimate a is the
value of the elastic modulus corresponding to the dry matrix. Due to the
intrinsic difficulty to measure the mechanical response of WPI/NPC dry
structures in the sessile droplet configuration adopted in this work, an
alternative and simplified approach was necessary to estimate E. For this
reason, micro-indentation tests were performed on films of WPI/NPC
suspensions with same WPI%pg than single droplet experiments and
drying under the same environmental conditions. In this setup, the
drying-induced overrepresentation of the smaller colloids (i.e., WPI) at
the surface is highly predictable, in agreement with the “small-on-top”
theory. Despite the different driving forces characterizing the colloid
self-arrangement in sessile droplets and films, the same preferential
segregation has been observed in both systems, thus making the matrix
mechanical properties possibly comparable. On these bases, the
loading/unloading curves resulting from layer’s compressive axial
stiffness are reported in Fig. 7A for different layers of WPI/NPC mixes.
These curves revealed different elastic behaviors depending on the
composition of the colloidal system. Assuming the material purely
elastic within the limits of small deformations, the elastic response is
well fitted using the Hertz contact [57]:

_ 4\/ Rind 3/2
F=30-2F ©

Where p is the penetration depth of the indenter tip and v is the
Poisson’s ratio of the layer, assumed to be 0.3 as classically adopted for
colloids[58]. The resulting elastic modulus, E, is plotted as a function of
the WPI%g in Fig. 7B. Within the same range of loading, the penetration
depth was almost 5 times lower in layers of casein micelles compared to
samples with WPI%g > 50 %. Moreover, the latter exhibited a signifi-
cant hysteresis. This suggests that, once the packed WPI matrix is
broken, it does not show any elastic response. On the contrary, NPC films
tended to return to the initial configuration once the force F was no
longer acting on the surface.

The quantification of the mechanical response of WPI/NPC dry

A
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matrices resulted in the deduction of their average pore size for different
sample compositions using equation (5), as reported in Table 1. Similar
to what observed on crack pattern formation, the trend regarding a is
characterized by a minimum for WPI%g = 80 %. This strongly corrob-
orates the hypothesis of a particular interfacial protein self-arrangement
at this specific WPI relative percentage, leading to enhanced brittle
characteristics.

As a last step, a predictive model of the elastic modulus of WPI/NPC
layers as a function of WPI%g and protein mechanical properties is also
proposed in Fig. 7B. In this regard, some approximations have been
made. First, we considered the dried layers of proteins as an assembly of
spheres with radius equal to 100 nm for NPC (rnpc) and 4 nm for WPI
samples (rwpr), thus comparable to the average size of the native pro-
teins. The same Poisson ratio was taken into account for both proteins (v
= 0.3). We also assumed that the surface energy (/") bonding the
idealized spheres together is the same whatever the type and number of
spheres in contact and its value is equal to 10! N.m™! (water surface
tension). On the bases of previous works in the literature, the elastic
modulus of the packing of one type of spheres (WPI or NPC) was taken
proportional to [59]:

Ex(re?/r;)"° ™

Where the prefactor depends on the packing and the number of
contacts between the spheres (close to 10)[60]. Expc and Eypy are the
values of the elastic moduli of dried NPC (WPI%g = 0 %) and WPI (WPI
%g = 100 %).

For a binary mixture of particles exhibiting different stiffnesses and
sizes, the elastic response was represented by a harmonic average[61],
where the elastic modulus and the size corresponding to single proteins
were indicated by e; and rj, respectively. This results in the elastic
modulus, epiy, and the effective size, ryx, of the combination of spheres,
equal to

Table 1

Estimation of the pore size (a) of WPI/NPC dry
matrices with different composition (WPI%g) ob-
tained by the evaporation of films of protein mixes.

WPI%g Pore size, a (nm)
20 10.30
50 8.34
80 4.29
100 8.55

Fl = = mean field theory
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Fig. 7. Evaluation of the mechanical behavior of WPI/NPC dry films with different WPI%g using micro-indentation. The side view sketch on the left illustrates the
penetration of a spherical indenter into the dry material. (a) The load, F, applied to materials is plotted as a function of the penetration depth, p, of the indenter tip.
The red lines are the theoretical predictions within the limits of small axial compression in accordance with the Hertz contact law. (b) Elastic modulus, E, deduced
from the Hertz theory as a function of WPI%g in the dried layers. The dashed grey line is the macroscopic response of a dense packing of spherical particles in

accordance with equation (6).
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_ -1 1
emix 1 = (enpc  +ewpr )" ®
and
1 -1 1
Tmix = = (Inec + Twer ) (C))

respectively[62]. The elastic modulus, Ep;y, of the binary mixture is
obtained by incorporating emi, and rpix into the equation (7).

The macroscopic response of a dense packing of spherical particles
was investigated by Russel et al.[63]. In this mean-field approach, the
affine deformation of each pair of contacting particles and the average
over all orientations of contact surface is assumed:

Ex(1 — WPI1%g)?Expc + 4WPI%g (1 — WPI%g ) Epiy + WPI%g Eyp;  (10)

where Enpc and Eypy are the elastic moduli of a dried layer of single
NPC (WPI%g = 0 %) and WPI (WPI%g = 100 %) proteins, respectively.
Equation (10) was used to obtain a predictive curve of E as a function of
WPI relative percentage (dashed line in Fig. 7B), showing a good
agreement with the trend of the experimental data. The elastic moduli of
the spheres modelling the NPC and WPI are adjustable parameters. Here,
the best fit is obtained for Eyp; = 10° Pa, rypr = 8 nm and Eypc = 3.10°
Pa, rypc = 100 nm. Although improvable and based on strong approxi-
mations, this simple model represents a first step towards the prediction
and the control of dairy powder functional properties.

4. Conclusions

In this work, we provide a direct observation of protein self-sorting
during the evaporation of sessile droplets of mixes of whey proteins
and casein micelles. The impact of WPI external segregation on the
mechanical properties of the dry matrices was first evaluated by the
investigation of the sol-gel transition and, in particular, of crack pattern
formation in WPI/NPC droplets. In parallel, we measured the mechan-
ical response of dry WPI/NPC layers resulting from the evaporation of
films with same composition (WPI%g) by indentation tests, obtaining
consistent agreement with the case of sessile droplets. The results ob-
tained are in agreement with previous studies on model colloids,
showing the preferential accumulation of WPI at the borders due to their
smaller size and droplet curvature (i.e., surface tension). The integration
of the experimental results also favored the elaboration of a first pre-
dictive model of the elastic modulus (E) of the dry WPI/NPC structures
as a function of WPI%g. Interestingly, both crack pattern evaluation and
indentation measures highlighted a singular macroscopic behavior for
WPI%g =~ 80 %, possibly related to a specific protein self-arrangement at
the interface that will require further and deepened investigation. A
logical development of this study will be taking into account the effect of
the evaporation rate on the mechanical properties of WPI/NPC matrices
and, thus, further validating our predictive approach.
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