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A B S T R A C T   

The evaporation of a colloidal dispersion is characterized by solute accumulation at the air-liquid interface, 
leading to the gradual formation of a gelled skin. The development of this layer, from preliminary colloid deposit 
to complete solidification, affects overall drying process and final sample morphology. Despite, progress in the 
last decades, the mechanisms governing skin formation in drying colloidal suspensions have not yet been fully 
clarified, especially in complex polydisperse systems. In this work, we investigate this open question in droplets 
consisting of the two main milk proteins, i.e. whey proteins and casein micelles. Using complementary experi
mental approaches, we evaluate skin rheological behavior during the different stages of the evaporation process, 
highlighting the specific role of each colloid. Our results are interpreted in the light of drying-induced protein 
stratification, whose evidence is provided by the direct observation of dry skin section structure. This study 
contributes to the understanding of the competitive drying mechanisms occurring in binary colloidal systems. 
Moreover, our outcomes are potentially valuable for the optimization of milk powder production in dairy 
industry.   

1. Introduction 

The effects of evaporation in colloidal systems are frequently 

observable in everyday life, starting from dry deposits of biological 
fluids (e.g. tears [1], saliva [2], and sweat [3,4]) to traces left by com
mon beverages (e.g. coffee [5,6], tea [7,8]) on glass and other surfaces. 
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Controlling the drying process in colloid dispersions is nowadays a 
challenge of great interest for the development of diagnostic techniques 
[9–11], the production of computer microchips [12], and the improve
ment of ink [13] and paint coatings [14]. Therefore, due to the 
numerous potential applications, this topic has been extensively studied 
in the last decades. 

Most of the experimental works were performed on model colloids, 
well calibrated, to take advantage of the full characterization of their 
physico-chemical properties (e.g. latex and silica beads) [15]. This 
favored the investigation of the drying stages in different geometries, 
such as droplets [16–18], thin films [19], and confined setups (capil
laries [20], Hele-Shaw cells [21,22]). Irrespective of the experimental 
approach, these studies recurrently highlighted gradual colloid accu
mulation at the air-liquid interface throughout the evaporation. In 
droplets, the migration of colloidal macromolecules towards the surface 
leads to the formation of a so-called skin, whose characteristics evolve 
from a gelled external layer to a final solid porous structure [18,23]. The 
skin development is essentially due to the competition between evapo
ration and diffusive Brownian motion. When the surface receding 
induced by evaporation overcomes the molecule diffusion, the colloids 
tend to locate at the surface and trigger the sol-gel transition once a 
solute critical concentration is locally achieved [24,25]. At the end of 
the evaporation process, the surface of dry samples can display different 
morphologies depending on solute properties and overall concentration. 
Indeed, the observation of highly deformed skin (i.e. buckling) [23,26], 
or conversely of rigid compact external shell (often at the origin of 
border delamination) [27,28], as well as the formation of cracks 
[28–30], can be considered as a “signature” of the dynamics occurring at 
the molecular scale. Thus, shedding light on drying-induced interface 
mechanisms in colloidal suspensions is clearly valuable to predict 
macroscopic sample characteristics, such as shape, mechanical response, 
and, in the case of biological samples, functional properties. At the same 
time, understanding the physics of skin formation still represents a sci
entific challenge, especially when investigating complex systems (e.g. 
biological fluids and industrial systems) whose multicomponents can 
differ by size, structure, and charge. 

In the case of colloidal binary dispersions, the open question is to 
shed light on the impact of particle characteristics and interaction on 
deposit and re-arrangement in the vicinity of the air-liquid interface 
[31]. To this purpose, both experimental and theoretical works have 
been recently conducted on model particles differing merely by size [24, 
32–36]. As it concerns the drying of droplets, experiments performed on 
super hydrophobic substrates [37] or by acoustic levitation [38] sug
gested the enrichment of small particles on the external region of the 
shell by evaluating surface mechanical behavior. However, although 
quite innovative, these studies did not aim at exploring the possible 
mechanisms of segregation. In this regard, the work of Liu et al. [39] of 
2019 is a precious exception. Here, the authors investigated the mech
anisms governing the development of interface structure in drying 
droplets of bidisperse suspensions by experiments and simulations. 
Their outcomes revealed that surface self-organization, ranging from 
random packing to selective stratification of small colloids on the top 
layer, depends on experimental conditions (i.e. evaporation rate [40]) 
and solute properties (size, concentration). Similar scenarios have been 
observed in thin films, leading to the deduction of increasingly complex 
predictive models [24,34,35,41] of which more accurate analysis will be 
provided in the following sections. In general, stratification by size has 
been associated with colloid cross-interactions driven by osmotic pres
sure [24,41] and, more recently, to the motion in the direction opposite 
to the surface induced by local particle concentration gradients at the 
surface [42]. However, due to the multiple crucial parameters involved, 
these mechanisms have not been fully clarified and need further thor
ough experimental verification. 

In this work, we investigated the evaporation process in pendant 
droplets consisting of a glaring example of biocolloids, i.e. two of the 
most represented proteins in milk: the whey proteins (in the form of 

whey protein isolates, WPI) and the caseins (in the form of micellar 
native phosphocaseinates, NPC). WPI macromolecules exhibit a globular 
shape (average size, dWPI≈ 10–20 nm) [43], whereas NPC are typical 
sponge-like micelles (dNPC= 100–300 nm) [44]. We focused on 
observing the main drying-induced morphological changes occurring in 
WPI/NPC mixes in order to extract a possible link between surface 
colloid organization at the molecular scale and skin rheology evolution. 
In the last years, our group carried out several works on the drying of 
WPI and NPC single protein dispersions, providing a full characteriza
tion of the main stages of the process and underlining the influence of 
protein properties on skin formation and final shape [27,45,46]. Indeed, 
the drying of rigid WPI colloids resulted in round hollow dry shells. On 
the other hand, the deformable nature of NPC colloids was reflected in 
the significant buckling of the surface. However, only preliminary 
studies have been performed on mixes of dairy proteins, inter alia 
revealing WPI over-representation on the top shell layer and, thus, 
possible stratification [47]. 

To verify this last hypothesis and its impact on droplet morphology, 
here we propose a systematic investigation of skin mechanical behavior 
during the evaporation. We first present a global overview of the drying 
process by droplet profile observation and mass measurements. After
wards, we evaluate surface mechanical properties from shape charac
teristics and drying characteristic times as a function of the composition 
of the mixes. Mostly, we provide a direct observation of dry section 
structure highlighting the clues of possible protein segregation in the 
skin. We corroborate our findings in the light of previous works on 
bidisperse colloid dispersions, underlining the good agreement with 
theoretical models in the literature. Finally, we provide further evidence 
of preferential segregation in WPI/NPC mixes performing tests of 
interfacial rheology by the oscillatory drop method. Our outcomes 
contribute to improve the knowledge about the physics of the evapo
ration in binary colloidal dispersions. They also open the road to po
tential applications in the dairy industry, especially concerning the 
optimization and the control of the functional properties of infant milk 
formulas, of which WPI and NPC are main protein components. 

2. Materials and methods 

2.1. Sample preparation 

WPI and NPC suspensions with 8 wt% total protein concentration 
were prepared by dissolving WPI and NPC commercial powders in 
deionized water containing 0.02 wt% of sodium azide (NaN3) as a 
bacteriostatic agent. WPI and NPC powders exhibited 86% and 82% 
protein content, respectively. The dispersions were stirred at room 
temperature (T = 20 ◦C) for 48 h to ensure full dissolution. The WPI/ 
NPC mixtures were obtained successively by mixing the WPI and NPC 
pure suspensions and adjusting the final composition to obtain different 
WPI relative percentages WPI%R defined as: 

WPI%R =
mWPI

msolute  

Where msolute refers to the total mass of WPI and NPC powders in the 
dispersions. WPI%R was hence adjusted to 0, 20, 50, 80, or 100%. 

2.2. Single droplet drying 

The single droplet approach was adopted to investigate the 
morphology evolution by profile view observation and, at a later stage, 
to estimate the drying kinetics by mass measurement. 

The droplets of protein dispersions (V0 = 0.5 µl) were deposited in 
pendant configuration on a patterned substrate made of poly dimethyl 
siloxane (PDMS), as already described in previous works [27,45]. Af
terwards, they were transferred into a sealed glass box equipped with 
zeolites (HG2-DES-3, Rot) to keep a low relative humidity (RH ≈ 2%). 
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The evaporation temperature was kept constant at 20 ± 1 ◦C. A 
high-speed camera (Fastcam MC2 10,000 NB, Photron) was used to re
cord droplet profile history (fps = 0.2) during the evaporation process. 
A light source (Phlox 100/100 LLub) was placed in the opposite direc
tion of the camera to get a uniform background. A custom image analysis 
software (ImageJ) was used to analyze the acquired image sequences. 
Experiments were repeated from 8 to 10 times for each sample. 

The evaluation of the drying kinetics was carried out using a similar 
approach with respect to morphology observations. After being depos
ited on PDMS substrates, single droplets of WPI/NPC suspensions were 
gently deposited by tweezers in the weighing chamber of an ultra-micro 
balance (XP2U, Mettler Toledo), whose plate was previously surrounded 
by zeolites to control the relative humidity to ≈ 2%. The droplet mass 
loss (accuracy of 0.1 μg) was measured at the same environmental 
conditions (T, RH) of droplet profile tests until a constant mass value 
was kept for 15 s (overall drying time, tdry). Tests were repeated from 8 
to 10 times for each sample, showing significant repeatability (absolute 
deviation around ± 0.02). 

2.3. Scanning electron microscopy (SEM) 

Dry WPI/NPC droplets were observed by SEM (JEOL JSM 7100F) at 
5 kV to investigate the structure of the skin section as a function of WPI 
%R. 

2.4. Interfacial adsorption and rheometry 

A pendant drop tensiometer (Tracker, Teclis-Scientific, France) was 
used to study the time evolution of the surface tension (γ), and of the 
elastic and viscous moduli in WPI/NPC mixes with different WPI%R. The 
preliminary measure of γ allowed us to monitor the dynamics of 
adsorption, since the decrease of the surface tension with time reflected 
how fast and how much proteins got adsorbed at the interface. As the 
early stages of the adsorption occur within a timescale (≈1 s) too short 
for the apparatus, only the final portion of the phenomenon was 
explored. By analogy to typical results obtained for other concentrated 
protein dispersions, all the samples showed a similar behavior irre
spective of WPI%R. Indeed, the surface tensions reached their equilib
rium values, which ranged between 48 and 49.8 mN/m (see Table 1), 
about 100 s after drop formation. By following the surface tension only, 
no more evolution was detected over time after this fast relaxation. 

Once γ equilibrium was reached, oscillatory experiments were per
formed to monitor interfacial viscoelasticity. WPI/NPC drops (V0 = 8 µl) 
were extruded from the tip of a syringe and subjected to controlled 
dilation/contraction oscillations (typical amplitude and period are given 
in the Results and Discussion section). From the observation of surface 
tension changes induced by drop area oscillation, we derived the time 
evolution of the complex viscoelastic modulus (E), which consists of an 
elastic (EI) and a viscous part (EII), and it is defined as: 

E =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
EI
)2

+
(
EII

)2
√

Tests were performed at T = 20 ◦C and repeated at least 5 times for 
each sample, showing a good repeatability (average deviation lower 
than 10%). 

2.5. Dimensionless numbers 

The Bond number, defined as 

Bo =
ρ.g.R2

0

γ  

Where ρ is droplet density, g is gravity acceleration, R0 is the initial 
droplet radius and γ stands for droplet surface tension, provides an 
estimation of the relative impact of gravity and surface tension on 
droplet morphology. In the present study, Bo was calculated for all the 
samples at the beginning of the drying process, making it possible to 
estimate ρ as the ratio of the initial mass of the droplet once deposited on 
the weighing plate of the ultra-micro balance and its initial volume, well 
controlled by a Hamilton micro-syringe. 

The Péclet number (Pe) is a precious tool to characterize the relative 
contribution of advection and diffusion to colloid motion during the 
evaporation. The estimation of Pe for WPI (PeWPI) and NPC (PeNPC) was 
here carried out using the work of Liu et al. [41] on the drying of binary 
colloidal droplets as main reference. For spherical droplets, Pe is defined 
as the ratio between the characteristic times related to diffusion (τd) and 
evaporation (τev). The characteristic diffusion time is equal to: 

τd =
R2

0

Dp  

Where Dp is the colloid diffusion coefficient. This parameter was 
calculated through the Stokes-Einstein relation, approximating WPI and 
NPC proteins to spherical particles at the early drying stage: 

Dp =
kB.T
3πηd 

Here, kBT is the system thermal energy, η is the suspension viscosity, 
and d is the average particle diameter, i.e. WPI (dWPI) and NPC (dNPC) 
average size in this case. The viscosity of WPI (ηWPI≈ 1.17*10-3 Pa*s) 
and NPC (ηNPC≈ 2.1*10-3 Pa*s) dispersions was estimated by rheometry 
using Couette geometry. On the other hand, the evaporation charac
teristic time can be expressed as 

τev =
R0

vev  

Where vev is the evaporation rate intended as droplet volume variation 
with time. This evaporation rate can be obtained by the expression: 

vev = 1/2(3/4π)2/3
(a/R0),

Where a (µm2/s) refers to the rate of surface reduction. The parameter a 
has been determined by image analysis, evaluating the droplet volume 
variation with time, and also calculated using the equation proposed by 
Picknett and Bexon [48] for sessile droplets with spherical cap shape 
(not reported here for the sake of simplicity). In the latter case, we 
considered that the differences with our setup are geometrically negli
gible from the drying point of view. At the beginning of the drying 
process (50 s < t < 100 s), typical values for the surface reduction and 
the evaporation rate in WPI and NPC droplets were a ≈ 600 µm2/s and 
vev ≈ 0.13 µm/s, respectively. To summarize, the equation used here for 
Pe calculation at the early evaporation stage was: 

Pe = τd/τev = 1/2(3/4π)2/3( a
/

Dp
)

3. Results and discussion 

3.1. Morphological evolution of WPI/NPC droplets 

A summary of the drying process in WPI/NPC mixes is presented in  
Fig. 1, where the image sequences illustrate the morphological changes 
occurring in droplets with different WPI%R throughout the evaporation. 

Table 1 
Overall protein volume fraction (φp), WPI volume fraction (φWPI), and average 
surface tension (γ) at the equilibrium in WPI/NPC droplets as a function of WPI% 
R.  

WPI%R 0% 20% 50% 80% 100% 

φp 0.27 0.24 0.18 0.11 0.06 
φWPI – 0.01 0.03 0.05 0.06 
γ (mN/m) 48.4 ± 0.1 48 ± 0.5 49 ± 0.5 48.6 ± 0.4 49.8 ± 1  
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This qualitative overview allowed detecting the three main stages of the 
process, in agreement with previous works in the literature [27,45,47].  

1) At the beginning, all droplets showed similar contact angle (θ0 
≈ 105◦) due to the hydrophobic properties of the PDMS support. The 
Bond number (Bo) was estimated ≈ 0.08 for all mixes, thus excluding 
possible gravity-induced deformations. During the first drying stage 
(referred to as 1 in Fig. 1), the droplets were characterized by the loss 
of the nearly spherical geometry and the gradual shrinkage induced 
by solvent evaporation. As it concerns the bulk, the initial protein 
volume fraction (φp) was strongly depending on WPI%R. Taking into 
account WPI and NPC voluminosity, which is equal to 0.74 ml/mg 
[49] and 4.4 ml/mg [50] respectively, we estimated that φp ranged 
from a minimum of φWPI= 0.06 for WPI%R= 100% to a maximum of 
φNPC= 0.27 for WPI%R= 0% (Table 1). Therefore, in this first part of 
the evaporation process, the suspensions were diluted enough to 
consider protein macromolecules as “hard spheres” with no signifi
cant interactions, except in the vicinity of the air-liquid interface 
[51]. Indeed, the progressive volume reduction possibly favored 
colloid accumulation at the air-liquid interface as a result of the 
competition between the receding of the evaporation front and 
diffusive motions. To verify such hypothesis, we calculated the Péclet 
number (Pe) at the initial conditions for both WPI and NPC and we 
obtained PeWPI= 6 and PeNPC= 100. This means that, under these 
experimental conditions, the evaporation prevails on diffusion and 
the formation of an interfacial colloidal layer is predictable.  

2) The second stage of the drying process was marked by the evidence 
of sol-gel transition at droplet surface. First, the decrease of the 
contact angle (θ) induced by volume shrinkage led to the onset of 
capillary flows with increasing intensity once θ < 90◦. This kind of 
internal motion has been largely observed in colloidal dispersions (e. 
g. coffee ring effect) and results in the continuous transport of the 
solute towards droplet triple line, where the evaporation rate is 
maximal [16,52]. In the present work, the external segregation of 
WPI and NPC macromolecules resulted in the formation of a gelled 
“foot” conferring a sort of Mexican cap shape to the droplets (see first 
two columns of the stage 2 in Fig. 1 for the different WPI%R). It is 
worth emphasizing that up to this point in the process all WPI/NPC 
droplets displayed qualitatively the same behavior irrespective of 
WPI%R and, mostly, no evidence of skin formation nor of its impact 
on the evaporation process was observed. It is only at the end of the 

Stage 2, i.e. when the sol-gel transition was advanced, that the signs 
of surface gelation became glaring, resulting in two main 
morphology categories depending on WPI%R. For WPI%R≤ 20%, the 
droplets underwent a typical buckling process with slight diameter 
reduction, whereas, for WPI%R≥ 50%, they exhibited a round 
smooth surface and evident border detachment from the substrate (i. 
e. delamination).  

3) During the last stage of the evaporation process (referred to as 3 in 
Fig. 1), no shape modifications were observed. The evaporation of 
the remaining water did not affect the diversification into two shape 
categories mainly distinguished by buckling (blue frame) and convex 
smooth surface (red frame) respectively, and it was accompanied by 
the formation or the definitive development of a vacuole in the 
nearly solid droplets. The different appearance of the two 
morphology types is not an unusual outcome. In fact, wrinkled (e.g. 
NPC) and Mexican cap shapes (e.g. WPI) have been often observed in 
previous works on model colloidal systems and in biological samples, 
depending on solute concentration, solvent composition, and 
experimental conditions (T, RH) [23]. Buckling phenomena are 
secondary level instabilities occurring when droplet skin does not 
withstand the increasing inward pressure developing during the 
drying. Therefore, our observations suggest that WPI 
physico-chemical properties can confer a higher rigidity to the 
interface even in the simultaneous presence of NPC. Such enhanced 
robustness could depend not exclusively on colloid properties, but 
also on skin structural characteristics. In a previous work, for 
example, Head suggests that dry shells with homogeneous thickness 
do not undergo buckling instabilities [53]. In this light, the outcomes 
of Sadek et al. [27] on the drying of WPI droplets experimentally 
corroborate this theory, since samples exhibited an almost constant 
thickness from the base to the apex height for different protein 
concentrations. 

The qualitative picture presented in Fig. 1 provides two points of 
reflection:  

• The drying dynamics in WPI/NPC mixes are strongly affected by 
sample composition (WPI%R), resulting in a shape transition occur
ring at a critical WPI relative concentration (WPI%Rc) found between 
for 20% and 50%. The marked differences between the two observed 

Fig. 1. Morphological evolution of WPI/NPC droplets during the evaporation process as a function of WPI%R. The image sequences are intended only to summarize 
the main drying-induced shape changes, without providing a quantitative comparison between the duration of the different stages. The scale bar is equal to 500 µm. 
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morphologies possibly suggest a competitive separate role played by 
the two components on the drying process.  

• WPI colloids have a significant impact on evaporation process and 
interface rheological properties. Indeed, despite being always the 
minor component in the mixes in terms of volume fraction (e.g., in 
mixes with WPI%R=50%, φWPI=0.03 compared to overall φp 
= 0.18), whey proteins govern droplet final shape if sufficiently 
represented in the system (WPI%R ≥ 50%). 

Starting from these preliminary conclusions, it would be important 
to understand if the dynamics leading to skin formation in drying WPI/ 
NPC droplets, and consequently the evolution of surface mechanical 
properties, merely depend on colloid concentration in the sample or if 
there is any further impact due to a specific organization of WPI and NPC 
at the air-liquid interface. 

3.2. Drying kinetics 

The evaporation rate was monitored in all WPI/NPC mixes to 
investigate the link between droplet morphology evolution and drying 
kinetics. In Fig. 2, the mass loss with time (-dm/dt) is displayed for single 
protein suspensions, i.e. WPI (WPI%R= 100%) and NPC (WPI%R= 0%), 
and for a mix with WPI%R= 50%. Compared to profile visualization in 
Fig. 1, which is limited by the difficulty of detecting early evidence of 
skin gelation, the evaluation of the kinetics allowed a better character
ization of the duration of the different steps of the drying process. After 
an initial instability following droplet deposition on the substrate 
(t ≤ 1 min, light yellow rectangle), the Stage 1, characterized by droplet 
shrinkage, here corresponded to a slightly decreasing evaporation rate 
with time. Afterwards, compatibly with the progress of the sol-gel 
transition at droplet surface, a typical falling drying rate was observed 
(Stage 2). At the end of this phase, when no significant shape changes 
were observed, the evaporation rate went rapidly to zero (Stage 3). Upon 
a first examination, the curves in Fig. 2 point out, on the one hand, the 
evident difference between NPC and WPI behaviors and, on the other, a 
relative similarity between WPI suspensions and mixes with WPI 
%R= 50%. In fact, NPC droplets exhibited an earlier falling drying stage 
and a retarded achievement of the plateau at the end of the evaporation 
compared to the other samples. This behavior is further highlighted in 
the inset of Fig. 2, where the overall drying time (tdry, black triangles, see 
the Materials and Methods section for the definition) and the half-life 
drying time (t1/2, blue stars) are displayed as a function of WPI%R. 

NPC dispersions were characterized by lower t1/2 (i.e. earlier sol-gel 
transition) and longer tdry than WPI-rich samples (WPI%R≥50%). The 
earlier occurrence of surface gelation in NPC dispersions has been 
already experimentally documented in the literature, using both single 
droplet [45] and confined geometry approaches [46]. Such behavior 
resulted in a lower critical mass concentration required to trigger 
interfacial sol-gel transition in NPC (16 wt%) than in WPI samples 
(41 wt%) [27]. The origin of such evident difference can be plausibly 
attributed to three main factors: i) the higher φp in NPC dispersions, 
despite the same fixed mass concentration, ii) the NPC micellar open 
structure, which is a glaring example of biological microgel retaining 
water, and iii) PeNPC>>PeWPI. In a few words, the abundant presence of 
casein micelles in the bulk suspension and their physico-chemical and 
structural properties favor the accumulation at droplet air-liquid inter
face and the formation of a concentrated layer with high water affinity. 
If on the one hand, the significant propensity of NPC colloids to foster 
the formation of a gelled interface finds a solid explanation even in the 
light of previous works, on the other, the detection of a longer drying 
time in NPC droplets than in WPI ones may appear striking. Indeed, one 
could predict that, due to their rigid globular structure, WPI colloids 
contribute to the development of a compact skin, whereas irregular and 
deformable NPC micelles would self-organize in a sparse porous struc
ture. Consequently, a highly packed WPI-rich skin, similar to the case of 
monodisperse colloidal spheres, should represent a higher “resistance” 
to water evaporation than a sparse NPC surface layer. However, this 
simplistic, but plausible, point of view neglects some fundamental 
mechanisms characterizing the interface evolution in NPC suspensions. 
In a series of works on the rheology of casein micelle dispersions under 
osmotic stress, Bouchoux et al. [44,50,51] showed that NPC phase 
characteristics significantly evolve with increasing concentrations. They 
pointed out that above a specific concentration, comparable to 
mentioned values related to sol-gel transition in droplets, NPCs organize 
in a highly packed structure (packing factor ≈0.78 higher than in 
monodisperse hard-sphere fluids). Such a dense arrangement is mainly 
affected by the polydispersity of average NPC size. The further increase 
of sample concentration induced by higher osmotic pressures implicates 
also micelle squeezing and inter-micellar bonds leading to the devel
opment of a compact gel. The scenario explored by Bouchoux et al. is 
consistent with the physical events occurring at droplet surface during 
the evaporation process, thus providing a credible interpretation to the 
longer tdry measured for NPC samples in Fig. 2. 

As regards the analogy of behavior in WPI/NPC mixes with WPI 
%R≥ 50% (the WPI%R=80% curve is not illustrated here for the sake of 
clarity), in agreement with the outcomes of Fig. 1, it is evident that the 
presence of WPI colloids represents a limiting factor in the drying pro
cess. The main open question to address lies in understanding how whey 
protein physico-chemical properties affect skin structure and mechani
cal response: is it sort of mechanical reinforcement effect due to WPI 
macromolecules randomly dispersed in the interfacial layer? Or is it 
related to some spatial colloid stratification? This latter phenomenon 
has been frequently observed in polydisperse colloidal systems and it 
consists of the selective segregation of the components into separate 
layers having specific rheological and mechanical roles. Numerous 
experimental studies, as effectively summarized by Schulz and Keddie in 
a review of 2018 [31], highlighted that the surface region is responsible 
for defining fundamental properties, such as wetting, hardness, and 
electrical conductivity. For example, Nunes et al. [54] detected greater 
mechanical resistance in auto-stratified colloidal coatings by enriching 
the surface in hard particles. In our binary system, WPI colloids can be 
approximated to hard spherical colloids. Moreover, above the threshold 
value WPI%Rc ranging between 20% and 50%, they clearly governed 
shape transition and skin mechanical properties. Therefore, in the next 
sections of this work we aimed at exploring possible clues of WPI outer 
accumulation during the evaporation process. 

Fig. 2. Evolution of the mass loss (-dm/dt) with time in WPI/NPC droplets with 
WPI%R= 0%, 50%, and 100%. In the inset, the black triangles refer to the 
overall drying time (tdry) and the blue stars to the half-life drying time (t1/2) for 
all the mixes. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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3.3. Sol-gel transition 

To investigate the shape changes in WPI/NPC droplets, we evaluated 
two main parameters during the evaporation: i) the base diameter, D (i.e. 
the average diameter of the surface adhering to the PDMS substrate), 
and ii) the apex height, H (i.e. the distance from droplet top to substrate). 
This approach was helpful to characterize sol-gel transition major 
morphological consequences [27,45,47]: skin buckling and border 
delamination. Such shape modifications occurred in the final part of the 
Stage 2 (Fig. 1) and led to the attenuation of H curve slope and, at the 
same time, to the sudden D reduction (see the curves in the inset of Fig. 3 
concerning WPI droplets), with an importance depending on WPI%R. 
Indeed, both buckling and delamination represent, in a different way, a 
reaction to the increasing drying-induced inward pressures and the se
lective occurrence of either events is related to skin mechanical prop
erties. For WPI%R≤ 20%, the abundant NPC amount provided surface 
deformability, resulting in skin folding. On the other hand, the mixes 
with WPI%R≥ 50% exhibited such a skin hardness that they resisted to 
interfacial pressure until stress release by delamination. Here, we 
defined as Δtgel the temporal range corresponding to such significant 
morphological changes, as illustrated in the inset of Fig. 3, and we 
measured its onset and duration as a function of WPI%R (purple rect
angles in Fig. 3, values reported in Table 2). The dispersions with hard 
skin and evident delamination (WPI%R≥ 50%) exhibited almost iden
tical Δtgel, thus suggesting a similar surface mechanical response to 
stress even when WPI colloids are minor components in terms of volume 
fraction. This would corroborate the hypothesis of whey protein accu
mulation on the external part of droplet surface. On the contrary, the 
droplets undergoing buckling (WPI%R≤ 20%) displayed a longer Δtgel, 
denoting slower gelation and different rheological behavior. Surpris
ingly, Δtgel related to mixes with WPI%R= 20% was even longer than in 
single protein NPC droplets probably due to the impact of the presence 
of both proteins at the air-liquid interface. 

The upper limit of Δtgel corresponded to the achievement of droplet 
shape invariancy for all samples. However, when comparing this value 
to the overall drying time (tdry) showed in Fig. 2, it seems evident that 
the end of gelation events did not reflect the end of the evaporation 
process. It is likely to predict that, despite skin solidification, some water 
could be still retained in droplet surface structure. The duration of this 
further water evaporation (final drying, Δtfdry), which provides a 

quantitative characterization of the Stage 3 in Fig. 1, was significantly 
increasing with the amount of casein micelles in the dispersion (see 
values in Table 2). In the case of WPI%R≥ 50%, on the one hand droplet 
shape and skin mechanical behavior suggested WPI segregation on the 
outer surface region. On the other, the gradual increase of Δtfdry with 
NPC concentration pointed out that casein micelles were, in a certain 
way, still wet at the end of the process and thus, possibly accumulated in 
the inner skin layer. 

3.4. Structure of dry droplet section 

The hypothesis of drying-induced WPI colloid external segregation 
was further investigated observing the section structure of WPI/NPC dry 
droplets by SEM. On average, all mixes exhibited similar skin thickness 
(≈ 60 µm). Our window of visualization was reduced to the region in the 
vicinity of the air-liquid interface (white frame in Fig. 4A). Starting from 
the qualitative observation of WPI (WPI%R= 100%) and NPC (WPI 
%R= 0%) peculiarities (e.g. smoothness, porosity), the goal was to 
address an eventual protein stratification in mixes with WPI%R= 50%. 
Typical WPI droplet dry sections (Fig. 4B) displayed a dense, smooth 
structure, whereas NPC shells (Fig. 4C) were characterized by compact 
regions and sparse empty cells especially in proximity to droplet surface. 
In fact, the almost monodisperse size and the globular rigid structure of 
WPI colloids led to the formation of a homogenous, dense skin, as nor
mally observed in hard spheres colloidal dispersions. On the contrary, 
due to their high polydispersity, deformation and bond development, 
NPC micelles enhanced significant compaction, but also the formation of 
pores irregularly dispersed in the shell layer. In mixes with WPI 
%R= 50%, both WPI and NPC skin properties were distinguished 
depending on the distance from the surface (Fig. 4D). Indeed, the top 
layer showed homogeneous compactness and porosity, similar to WPI, 
but the internal part of the shell exhibited NPC-like irregularities and 
cavities. 

Considering that PeNPC>>PeWPI>1, we could predict a faster accu
mulation of NPC micelles at the air-liquid interface during the drying 
process. Consequently, preferential segregation of the larger colloid on 
surface top layer should be expected in the binary system investigated in 
this work. However, the analysis of droplet shape changes with time 
(Fig. 1), of drying kinetics (Fig. 2), of skin mechanical behavior (Fig. 3) 
coupled to the direct observation of dry droplet skin structure (Fig. 4) 
rather underlines the external segregation of WPI colloids. To shed light 
on the mechanisms of skin formation in drying WPI/NPC droplets, it is 
necessary to refer to the rich literature concerning the evaporation in 
films and droplets of binary colloidal systems. In this respect, numerous 
experimental and theoretical works have been carried out in the last 
decade, focusing mainly on the behavior of model colloids differing 
merely by size [31]. According to more recent outcomes, the stratifi
cation of the smaller particles on the external part of the skin layer (i.e. 
small-on-top) can take place when the evaporation rate is predominant 
on diffusive phenomena (Pe>1) for both colloids [24,35,41,42], which 
corresponds to our experimental scenario. In fact, the concentration 
gradients developing in the direction of the surface during the evapo
ration result in increasing osmotic pressures, which in turn can induce 
downward motion especially in larger particles. Starting from this hy
pothesis and modeling the diffusive cross-interactions between colloids, 
Zhou, Jiang and Doi (ZJD) [41] identified three crucial parameters to 
predict a possible stratification by size: the size ratio (α), the Péclet 
number (Pes), and the volume fraction (φs) associated to the smaller 

Fig. 3. Onset and duration of the buckling stage (Δtgel, purple rectangles), and 
of the final drying of remaining water (Δtfdry, yellow rectangles) as a function of 
WPI%R. In the inset, typical curves referring to base diameter (D) and apex 
height (H) time evolution is presented for WPI suspensions. From these curves, 
the value of Δtgel has been deduced for all WPI/NPC mixes. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Duration of Δtgel and of the final drying of remaining water (Δtfdry) as a function 
of WPI%R.  

WPI%R 0 20 50 80 100 

Δtgel (s) 156 ± 27 204 ± 47 114 ± 47 113 ± 27 107 ± 8 
Δtfdry (s) 130 ± 20 100 ± 39 126 ± 42 76 ± 15 42 ± 11  
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colloid. They also deduced that the necessary condition for the 
small-on-top stratification to occur is that 

α2(1+ Pes)φs > C,

Where C is a constant ≈ 1. In our binary dairy protein system, α = dNPC/ 
dWPI= 10–30, Pes = PeWPI = 6, and φs = φWPI = 0.01–0.06. Therefore, 
the ZJD criterion is satisfied for all the WPI/NPC mixes investigated in 
this work but for WPI%R= 20%, where the outcome is on the same order 
of C. This could mean that in this kind of mixes with largely predominant 
NPC micelles, under these specific environmental conditions, droplet 
skin does not exhibit evident self-organization, i.e. protein stratification 
could not take place or at least not in the expected way. Despite the ZJD 
model represents a powerful tool to predict skin structure in binary 
colloid systems, it neglects hydrodynamic interactions and fluid back
flow during the drying process. Sear and Warren [42], for example, 
proposed a revised model taking into account diffusiophoretic particle 
motion driven by concentration gradients, which attenuate the impact of 
the already mentioned osmotic pressure and, thus, downward flows. All 
in all, considering diffusiophoresis does not exclude the occurrence of 
surface stratification, but it implies higher colloid concentrations and 
faster evaporation rates. However, full modeling colloidal selective 
segregation remains a current open question requiring further thorough 
experimental and theoretical testing. For this reason, the good agree
ment between our experimental results and the ZJD model corroborates 
already the hypothesis of WPI colloids on top of NPC micelles in droplet 
dry skin, at least for higher WPI concentrations (higher than WPI%Rc, i.e. 
0.01 ≤ φWPI ≤ 0.03, as suggested in previous sections of this work). 

3.5. Colloid adsorption at droplet interface and gelation over time 

In principle, phenomena of self-organization at the air-liquid 

interface in colloidal systems are not limited to the study of the evapo
ration. For example, surface gelation can be frequently observed during 
the investigation of protein adsorption due to gradual ageing. As in the 
case of drying-induced skin formation, the continuous protein accu
mulation at the interface leads to the development of concentration 
gradients and, consequently, of osmotic pressures and, possibly, dif
fusiophoretic motion. Therefore, the experimental conditions could be 
favorable for colloid stratification. In the case of WPI/NPC mixes 
examined in our study, it is interesting to check whether selective pro
tein segregation induced by surface ageing results in interfacial rheo
logical properties consistent with those obtained by drying depending 
on WPI%R. Therefore, we explored the time dependence of the interfa
cial rheological properties of WPI/NPC dispersions by an oscillatory 
drop tensiometer. 

As already mentioned in the Materials and Methods section, oscil
latory experiments were performed once the surface tension equilibrium 
was reached. Small sinusoidal variations of the mean drop volume are 
applied to scan the viscoelastic nature of the interfacial layer. Such 
measurements reveal surface protein self-arrangement as the interface 
ages, gradually forming complex gelled layers [55]. To reproduce the 
instantaneous compression rates found in the early stages of the pendant 
droplet experiments (i.e. Stage 1 in Fig. 1), for the oscillatory experi
ments we applied an amplitude of area deformation amplitude of 10% 
and a time period of 30 s. In Fig. 5, we report the evolution of the 
complex modulus E with time for WPI/NPC droplets with different WPI 
%R. At the beginning (t < 200 s), samples did not exhibit any visco
elasticity (EI=EII=1–5 mN/m), except for WPI%R≥ 80%. With time, 
proteins re-organized and entangled at drop surface and all samples 
underwent a sol-gel transition, as underlined by the significant increase 
of E (up to 5–6 times higher than the initial value when t = 1600 s) and 
the predominance of the elastic contribution on the viscous one. 

Fig. 4. Particle shell structure captured by SEM: A) Skin layer of a dry droplet. The white frame highlights the region of interest for the investigation of skin structure; 
Shell structure of droplets of WPI (B), NPC (C), and mixes with WPI%R= 50% (D). The scale bars correspond to 10 µm. 
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However, our outcomes also highlighted that both occurrence and 
importance of gelation significantly depend on WPI%R. Indeed, the NPC 
curve (WPI%R= 0%) showed to be shifted compared to all others. 
Samples with WPI%R≥ 50% exhibited a very similar behavior, thus 
suggesting that WPI colloids control the interfacial rheological proper
ties above a critical concentration in the initial dispersion. It is also 
worth stressing the surprising behavior observed for WPI%R= 20%, 
since E was initially comparable to pure NPC and then increased to 
higher values than WPI during the measurements. When t > 1600 s, the 
E values increased rapidly due to the onset of surface solidification. The 
occurrence of these events, which implicate microfracture formation 
and/or other solid-like irreversible deformations, marked the end of the 
oscillatory tests. Clearly, these outcomes show significant similarities 
with those obtained by single droplet drying approach. Thus, in inter
facial gelation induced by ageing, as for the gelation induced by drying, 
WPI colloids dominate skin mechanical properties once their concen
tration is above a same critical value (WPI%Rc). Also, dispersions with 
WPI%R= 20% confirmed to have unexpected properties, displaying 
enhanced mechanical response plausibly due to a non-well-defined 
surface self-arrangement. 

4. Conclusions 

In this work, we provided a characterization of the drying process in 
droplets of a binary colloidal system consisting of whey proteins (WPI) 
and casein micelles (NPC). Compared to most of the previous studies 
focusing on model colloids, here we dealt with two proteins exhibiting 
significant differences in terms not only of size, but also of structure and 
mechanical properties. 

The evaluation of droplet profile evolution and drying kinetics with 
time underlined the crucial role played by WPI in the evaporation dy
namics despite being the minor component of the suspension in terms of 
volume fraction. Indeed, when sufficiently represented in the initial 
dispersions (WPI%R≥ WPI%Rc), WPI colloids confer to droplets a rigid 
skin with high resistance to buckling. Such enhanced mechanical 
properties suggested possible drying-induced WPI external segregation, 
as already proposed in previous works on bidisperse non-dairy suspen
sions. The hypothesis of interfacial protein stratification was confirmed 
by the direct observation of WPI/NPC droplet skin section by SEM, 
highlighting WPI accumulation on top surface (small-on-top re- 
arrangement). The occurrence of WPI preferential segregation under 
certain conditions was interpreted in the light of the ZJD model for 

binary systems. According to this theory, the accumulation of colloids at 
droplet surface foster increasing osmotic pressures, which in turn favor 
the accumulation of smaller macromolecules at the air-liquid interface. 
Interestingly, although WPI and NPC exhibit different structure and 
physico-chemical properties that could influence the evaporation pro
cess, the size of the two proteins was the main factor governing the auto- 
stratification. We also showed by oscillatory drop tensiometer that the 
small-on-top re-arrangement can be also driven by ageing surface 
gelation. This suggests that the evaporation is not a prerequisite for 
colloid auto-stratification, but rather the development of local concen
tration gradients in proximity to droplet surface. 

This study represents a point of novelty in the literature about the 
evaporation in bidisperse colloidal dispersions, since the mechanisms of 
auto-stratification have been rarely investigated in biological systems so 
far. Our outcomes corroborate the most accredited theories about 
drying-induced segregation by size. Moreover, this work represents a 
forerunner for further investigations that could favor the prediction of 
dry droplet shape starting basically from colloidal properties (e.g. size, 
structure, mechanical properties, and surface charge) and composition 
in a polydisperse dispersion. This could be fundamental, for example, in 
dairy industry, mostly concerning the optimization of dairy powder 
production and the control of their functional properties (e.g. 
rehydration). 
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