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In conventional emulsification devices, interface formation and stabilisation occur within milliseconds. Protein
network formation at liquid-liquid interfaces starts at time scales similar to those of droplet formation in con
ventional emulsification devices (i.e., in milliseconds). Classical methods, like drop tensiometry, do not allow
measurements at these time scales. Using a tailor-made microchip, we probed droplet deformation to study the
interfacial rheological properties of droplets, within time scales ranging from 0.16 to 1 s. We further investigated
the coalescence stability of droplets at the same time scales. Whey protein isolate (WPI), pea protein isolate (PPI),
or their blends were used as emulsifiers at 0.01–1 g/L. The rheological properties of the protein-interfaces
showed that early network formation takes place (<1 s). WPI-stabilised interfaces were mechanically stronger
compared to PPI-stabilised interfaces, and WPI-stabilised droplets were much less prone to coalescence than their
PPI counterparts. Although the blend-stabilised films showed high interconnectivity, this did not prevent droplet
coalescence, probably due to structural heterogeneity. The insights obtained with the tailor-made microfluidic
devices help to capture effects at short time scales and are relevant to unravel phenomena occurring in large scale
processing.

1. Introduction
The structure and properties of fluid interfaces have been charac
terised at many different time and length scales. For instance, second-tohour time scales can be studied in a Langmuir-trough or in a drop
tensiometer (Sagis & Scholten, 2014). Within these time scales, inter
facial tension and rheology have been investigated in great detail for
many low molecular weight emulsifiers. Proteins, the focus of the pre
sent study, show more complex interfacial behaviour due to
post-adsorption rearrangements and interactions taking place at the
interface that are generally observed at relatively long time scales
(Berton-Carabin, Sagis, & Schroën, 2018; Murray, 2011; Wilde, Mackie,
Husband, Gunning, & Morris, 2004). Although these measurements can
be insightful for long-term stability of interfaces and of
interface-dominated colloidal systems, such as emulsions (Bos & Van
Vliet, 2001; Murray, 2011), the conditions used are very different from
those occurring during droplet formation in large scale emulsification

processes. The latter involve short time scales and convective mass
transport of emulsifiers towards the interface, which hampers the
translation of results obtained with the previously mentioned methods
that are diffusion-based and at longer time scales. To understand the
phenomena occurring during emulsification, effects that take place at
very small scale and extremely short time scales need to be investigated,
and for that microfluidic techniques are particularly suited.
Microfluidic techniques may be applied for the preparation of some
emulsions as reviewed in Schroën, Bliznyuk, Muijlwijk, Sahin, &
Berton-Carabin, 2015. In such devices, convection is largely responsible
for the mass transport of surfactants and hence interfacial film formation
within the chips (Muijlwijk, Huang, Vuist, Berton-Carabin, & Schroën,
2016). Microfluidic tools can also be used as analytical tools, e.g., to
perform dynamic interfacial tension measurements at the sub-second
scale (Muijlwijk, Hinderink, Ershov, Berton-Carabin, & Schroën, 2016;
Steegmans, Schroën, & Boom, 2009; Wang, Lu, Xu, & Luo, 2009; Xu,
Dong, Zhao, Tostado, & Luo, 2012) or to investigate the physical
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stability of emulsion droplets to coalescence in time scales relevant to
processing, both for surfactant-stabilised systems (Baret, Kleinschmidt,
Harrak, & Griffiths, 2009; Krebs, Schroën, & Boom, 2012) and for
protein-based ones (Hinderink, Kaade, Sagis, Schroën, &
Berton-Carabin, 2020; Muijlwijk et al., 2017). In a few cases, micro
fluidic setups have been applied to probe the rheological properties of
interfacial films covering emulsion droplets (Pipe & McKinley, 2009;
Trégouët, Salez, Monteux, & Reyssat, 2019; Zhao, Rondeau,
Cooper-White, & Middelberg, 2012), within the milli second to second
range.
Subjecting emulsion droplets to deformation is a commonly used
principle to assess interfacial tension and/or rheology. In that respect,
the behaviour of liquid droplets in simple shear flow, without the
presence of emulsifiers, is well understood. For such systems, droplet
deformation (D) depends on the viscosities of the dispersed (ηd) and
continuous (ηc) phases, their ratio λ = ηd /ηc , the interfacial tension (γ),
the droplet radius (r), and the shear stress (σ ), and is given by D =

Radke, & Blanch, 1999; Sakuno, Matsumoto, Kawai, & Taihei, 2008;
Zhai, Day, Aguilar, & Wooster, 2013); and some, such as the whey
protein β-lactoglobulin, can form interconnected interfacial layers
(Dickinson & Matsumura, 1991; Hinderink, Sagis, Schroën, &
Berton-Carabin, 2020; Monahan, McClements, & Kinsella, 1993; Mur
ray, 2011) that protect droplets against coalescence during the emul
sion’s lifespan (Berton-Carabin et al., 2018; Dickinson, Murray, &
Stainsby, 1988). The question is whether such a network, or at least its
initial states, are already formed at very short time scales, which may
thus be instrumental in the subsequent droplet stabilisation. The
adsorption and subsequent structural rearrangements of β-lactoglobulin
in the millisecond range at the decane-water interface were approached
using atomistic molecular dynamics simulation in (Zare, McGrath, &
Allison, 2015).
In the current study, we considered, as protein emulsifiers, whey
protein isolate (WPI), which is known to form interconnected, strong
interfacial films within hours-days, and pea protein isolate (PPI) as a
typical plant protein alternative, which contains native and processinduced supramolecular structures (multimers, aggregates). We tested
both proteins individually, and also mixtures of the two, in tailor-made
microfluidic chips that allow for probing the rheological properties of
protein films covering emulsion droplets, at short time scales ranging
from 0.16 s to 1 s. The rheological properties were linked to the pro
pensity of freshly prepared droplets to coalescence, within the same time
scale, which was also investigated with microfluidic tools.

16)
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(16λ+16) with Ca = γ the capillary number. At uniform flow velocity or

quiescent conditions, the subsequent droplet shape relaxation after
maximum deformation (Dmax) can be described by a single exponential
− t
decay D = Dmax ∗e τ , where t is the time and τ the characteristic relaxa
tion time (Cabral & Hudson, 2006).
The droplet deformation patterns become more complex when
emulsifiers are present in the system. Emulsifiers adsorb at the oil-water
interface, therewith reducing the interfacial tension of the system,
depending on the time allowed, concentrations used, and the applied
mass transfer conditions. When emulsifiers are present, the capillary
number fails to describe the deformation (Erni, Fischer, & Windhab,
2005; Zhao et al., 2012) and interfacial shear and dilatational viscosities
have to be considered (Phillips, Graves, & Flumerfelt, 1980). Upon
deformation of emulsifier-based interfaces, the dilated regions of the
interface have a lower interfacial surfactant concentration, resulting in
an interfacial tension gradient, which is not taken into account in the
capillary number. Furthermore, if complex viscoelastic interfaces are
formed, the degree of deformation is restricted (Fischer & Erni, 2007;
Jones & Middelberg, 2003), which, in case of high interfacial shear
stresses, may lead to oscillation upon relaxation (Erni et al., 2005). From
the droplet deformation patterns over time, rheological parameters can
be extracted. The maximum deformation is related to the stiffness of the
interface and the relaxation time provides information about the relative
importance of the viscous and elastic contributions to the response of the
interfacial layer. Highly elastic interfaces relax immediately back to
their original shape, whereas viscoelastic fluid-like interfaces tend to
have a (multi-) exponential decay. Viscoelastic solid-like interfaces can
display exponential decays with superimposed oscillations (Sagis,
2009). These can be particularly important in fast deformations, where
elastic effects couple to inertial effects.
Often, viscoelastic interfaces display more than one relaxation time,
and a simple exponential decay is not able to capture this complexity. In
recent work we showed that protein-based interfaces display dynamic
heterogeneity in response to sudden amplitude deformations, which is
the result of local variations in the relaxation kinetics (Sagis et al.,
2019). For these types of interfaces, a stretched exponential decay, D =

2. Materials and methods
2.1. Materials
WPI, (97.0–98.4% purity (N = 6.25) BiPro®, Davisco, Switzerland)
and PPI (70% purity (N = 5.6), NUTRALYS s85F, Roquette, France) were
used. The compositional analysis of the non-protein material present in
the commercial PPI is reported in Kornet et al., 2020. The soluble pro
tein content was determined using a bicinchoninic acid (BCA) kit with a
standard bovine serum albumin (BSA) solution (Thermo Fisher Scien
tific, Massachusetts, US). Hexadecane (>99% pure), sodium dodecyl
sulfate (SDS), sodium phosphate dibasic and sodium phosphate mono
basic were purchased from Sigma Aldrich and were at least of analytical
grade. Ultrapure water was obtained from a Milli-Q system (Millipore
Corporation, Billerica, Massachusetts, US) and used for all the
experiments.
2.2. Preparation of protein solutions
WPI (1 wt%) was dissolved in 10 mM phosphate buffer (pH 7.0) and
stirred overnight at 4 ◦ C. PPI was dispersed in the same buffer (6 wt%)
and stirred for at least 48 h at 4 ◦ C; the insoluble part was removed by
centrifugation (16,000×g, 30 min) and the supernatant was collected
and centrifuged again under the same conditions to ensure complete
removal of the insoluble fraction. The second supernatant was collected,
and its protein content was determined with the BCA-assay (Smith et al.,
1985) at 562 nm using a DU 720 UV–vis spectrophotometer (Beckman
Coulter, Woerden, the Netherlands); typically 25% of the total proteins
present in the starting suspension are present in this supernatant. At 10
g/L soluble pea proteins, 0.06 wt% residual fat was present (Hinderink,
Münch, Sagis, Schroën, & Berton-Carabin, 2019). This supernatant was
used for all the pea protein-based experiments, and for simplicity is
referred to as ‘pea protein solution’ from now on. A 1:1 wt ratio of the
individual proteins was used for the protein blends.

− tβ

Dmax ∗e τ with a parameter β typically between 0.4 and 0.6 (Sagis et al.,
2019), would be more appropriate to describe the deformation relaxa
tion pattern.
Since proteins are widely used emulsifiers in the food industry
(Dickinson, 1994), it is highly relevant to understand the formation of
related viscoelastic interfacial films at short time scales. It is the very
first time that such a protein viscoelastic film formation is scrutinised at
sub-second time scales using microfluidic techniques; in previous work
on protein-based droplets (Erni et al., 2005; Erni, Windhab, & Fischer,
2011), this was addressed at rather long time scales (~2 h). It is
well-known that many proteins are subject to conformational rear
rangements, such as partial unfolding, after adsorption (Beverung,

2.3. Microfluidic experiments
Custom-designed borosilicate glass microfluidic chips (Fig. 1A and B)
were produced by Micronit Microtechnologies B.V. (Enschede, The
Netherlands). The chips were placed in a chip holder (Fluidic Connect
2
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Fig. 1. Layout of the microfluidic rheology chip (A) and coalescence chip (B) (Hinderink, Kaade, et al., 2020),). The channel widths in the rheology chip are 130 μm
in the T-junction and subsequent meandering channel, 700 μm in the main channel and 225 μm in the three constrictions. The channels have a depth of 45 and 110
μm at the T-junction and in the main channel, respectively. The three constrictions have a 70◦ angle (C1, C2 and C3). The extra inlets into the main channel are used
to accelerate the droplets after formation. The coalescence chip has channel widths of 100 and 500 μm, and a uniform channel depth of 45 μm. The extra inlet of the
coalescence channel is not used and closed, as indicated by the cross.

4515, Micronit Microfluidics) and connected with PEEK tubing (0.75
mm, BGB Analytik). The continuous phase (emulsifier solution) and
dispersed phase (hexadecane) were pressurised into the microfluidic
device using a pressure system (OB1, Elveflow, France), and controlled
with mini CORI-Flow sensors (Bronkhorst B.V., Netherlands). The pro
tein solutions and hexadecane were filtered (0.22-μm PES filters, Merck,
Germany) before the experiments. A high-speed camera (MotionPro Y4A2) was connected to a light microscope (Axiovert 200 MAT, Carl Zeiss
B.V.), and used to record the images.

coalescence channel was not used and hence closed during the experi
ment. Images were recorded at the outlet of the coalescence channel,
1000 frames at 30 fps and a pixel resolution of 1.321 μm/pixel. The twodimensional area of each droplet was determined using a custom-made
ImageJ macro (Muijlwijk et al., 2017). From the mean droplet area (Af)
at a certain position in the coalescence channel, and the mean initial
droplet area (Ai), the mean number of coalescence events (Ncoal) was
calculated.
2.3.3. Data treatment
The maximum deformation is reported as the average of 5–30 indi
vidual droplets. Fitting of the stretched exponential decay to the relax
ation patterns was done with MATLAB R2018b, utilizing the curve
fitting tool. Fitting was performed on data from at least 3 droplets. An
independent t-test (SPSS Statistics 20, IBM) was performed to determine
if differences in relaxation time for different protein concentrations and
constrictions (C1–C3) were significant (p < 0.05).

2.3.1. Rheology chips
In this microfluidic set-up (Fig. 1A), oil droplets were formed at the
T-junction connecting the continuous and dispersed phase channels
(width = 130 μm), and next flowed through a meandering channel of the
same width (length = 14.8 mm) and a uniform depth of 45 μm, that
allows for adsorption of proteins. The continuous phase (protein solu
tion) was pressurised into the chip at a flow rate of 20–30 μL/min, and
the dispersed phase (hexadecane) at a flow rate of 1.5 μL/min. To
accelerate the droplets in the main channel, two extra flows were added
in the beginning of the channel to reach a droplet velocity of 0.2 m/s.
The two extra flows were generated by the same syringe pump (NE-300,
Prosense, Oosterhout, The Netherlands), and monitored with a third
flow sensor (capacity 0.03–1 mL/min, Elveflow, Paris, France). A PEEK
Y-connector (P512, Idex health & Science) was used to split the flow.
The main channel had a width of 700 μm and a depth of 110 μm and
three constrictions (named C1, C2 and C3 in the downstream direction)
with a width of 225 μm, a length of 600 μm, and an opening angle into
the main channel of 70◦ . The length of the meandering channel was
14.8 mm and the channel length between C1 and C2 was 68.3 mm, and
between C2 and C3, 119.9 mm. Images were recorded at the outlet of
each constriction at 17,000 frames per second (fps) for 10,000 frames
and a pixel resolution of 0.655 μm/pixel. The images were analysed with
a custom-written script in Matlab R2018b. Deformation was expressed
as D=(a-b)/(a+b); with a and b the dimensions of the droplet perpen
dicular and parallel to the flow, respectively.

3. Results and discussion
3.1. Validation of the microfluidic rheology chips with SDS-based droplets
As a reference system, we first investigated SDS-based droplets.
Under the current convective mass transport conditions, the minimum
interfacial tension can be reached in about 10 ms at 10 g/L SDS
(Muijlwijk, Hinderink, et al., 2016). Since the first constriction is posi
tioned at 160 ms after droplet formation, it is expected that the equi
librium interfacial tension has been reached (Muijlwijk, Hinderink,
et al., 2016). However, during passage through the constriction (typi
cally <1 ms), the interface is dilated and dynamic interfacial phenomena
− tβ

may occur. Therefore, we used a stretched exponential fit; D = Dmax ∗e τ
(Sagis et al., 2019) to determine the relaxation time of droplets, and
thereby detect possible structural heterogeneity. The stretched expo
nential gives a good fit of the experimental data (Fig. 2).
The droplet deformation increased with SDS concentration (Table 1),
which is interesting since the same equilibrium interfacial tension (γeq)
was expected for the 1 g/L and 10 g/L SDS-based droplets after 160 ms,
albeit not necessarily during the dynamic deformation process. Droplet
deformation is directly related to the capillary number and to the dy
namic interfacial tension (Brosseau, Vrignon, & Baret, 2014). This
highlights that dynamic effects introduced by the interface dilatation
(<1 ms) in the constriction are playing a crucial role. At 10 g/L SDS, far
above the CMC of SDS (2.4 g/L), SDS molecules are expected to rapidly
adsorb at the dilated interface, decreasing the dynamic interfacial ten
sion: this could thus result in higher deformations. Conversely, 1 g/L
SDS is below the CMC and the adsorption at the dilated interface is
slower, resulting in a higher dynamic interfacial tension and smaller
deformations. For all concentrations, the stretch exponent β of ~0.5

2.3.2. Coalescence chips
In this microfluidic set-up (Fig. 1B), oil droplets were formed at the
T-junction connecting the continuous and dispersed phase channels
(width = 100 μm), and next flowed through a meandering channel of
14.8 mm, after which they entered the coalescence channel (width =
500 μm, length = 26.2 mm) where they may collide. All channels had a
uniform depth of 45 μm. The chips were placed in a chip holder and
connected to the continuous phase and dispersed phase using PEEK
tubing. The continuous phase (protein solution) was pressurised into the
chip to obtain a flow rate of 40 μL/min, and the dispersed phase (hex
adecane) at a flow rate of 2 μL/min. Using these flow rates, the total
residence time in the chips was 2 s. The extra channel connected to the
3
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Fig. 2. Droplet deformation over time with the corresponding stretched exponential fit (solid line) for A) 0.1, B) 1 and C) 10 g/L SDS in C1.
Table 1
Experimentally determined maximum droplet deformation Dmax, and fitted β
and τ parameters for interfacial films stabilised by SDS (0.1–10 g/L). The av
erages were obtained from at least five replicates. The standard deviations of the
fitted parameters are smaller than the variation between replicates. Significant
differences are indicated by different letters (p < 0.05).
Dmax (%)

τ (s)

β

SDS concentration
(g/L)

C1

C3

C1

C3

C1

C3

10

5.4 ±
0.14
2.4 ±
0.02
2.2 ±
0.01

4.7 ±
0.04
2.5 ±
0.02
2.2 ±
0.02

0.49A

0.50A

0.003a

0.003a

0.49A

0.48A

0.023b

0.023b

0.49A

0.51A

0.048c

0.036d

1
0.1

Fig. 3. Experimentally determined maximum deformation (%) of emulsion
droplets at the first constriction (i.e., 0.16 s after droplet formation at the Tjunction) of the microfluidic rheology chip, with WPI, PPI or blends of WPI-PPI
at various concentrations in the aqueous phase.

(Table 1) reveals dynamic heterogeneity (β < 1) during relaxation,
which suggests that the interface is not homogeneously covered by the
SDS-molecules as a result of deformation, and concentration gradients
have developed on the surface. At 10 g/L SDS concentration, the
relaxation time is significantly lower. It could be that the initially lower
surface tension leads to more deformation of the droplet, which results
in a higher dynamic surface tension (when diffusion is too slow to
compensate for the dilation) (Jones & Middelberg, 2003). A higher
surface tension implies a higher driving force for the droplet to relax
back to its spherical shape.
For the droplets formed with 0.1 g/L SDS, the relaxation time was
significantly lower at C3 compared to C1. Although the difference in
relaxation time is still relatively small, and no difference in the
maximum deformation was found, this could indicate that this droplet
was not yet at a steady state when passing through the first constriction.
To conclude, for SDS-based droplets, rapid adsorption from the bulk
phase increases the maximum droplet deformation. However, within the
short deformation time involved, adsorption of SDS molecules cannot
fully compensate the interfacial surfactant concentration gradient which
develops, resulting in dynamic heterogeneity upon relaxation.

to deformation due to in-plane interactions. The resistance against
deformation thus increases for WPI at concentrations higher than 0.1 g/
L, and for PPI higher than 0.5 g/L.
For all concentrations tested, the maximum deformation is lower for
WPI- compared to PPI-based droplets. Either the interfacial tension was
lower for the PPI-based interfaces, or a less stiff interface was formed.
For the droplets formed with a WPI-PPI blend, the maximum deforma
tion decreased upon increasing protein concentration.
Based on the flow rate and the length of the channels, the droplets
pass the first constriction after 0.16 s, the second one after 0.5 s and the
third one after 1 s. For the WPI-based droplets, the maximum defor
mation remained constant (Fig. 4A) throughout these successive con
strictions. A metastable interface was formed within 0.16 s, and that
extra protein adsorption, or further interactions/rearrangements at the
interface during this time frame did not occur, or at least did not increase
its stiffness. In all constrictions, the maximum deformation was slightly
higher at 0.1 g/L compared to 0.5 and 1 g/L (Fig. 4A). However, at C3,
the maximum deformation was similar for 0.1 and 0.01 g/L WPI (Ap
pendix B, Fig. B.1), which could mean that the protein layer was formed
in a different way depending on whether low (0.01, 0.1 g/L) or high
(0.5, 1 g/L) whey protein concentrations were used. For conventional
emulsification, at higher protein concentrations, a closer packing of
proteins may occur (Hunt & Dalgleish, 1994; Tcholakova, Denkov,
Sidzhakova, Ivanov, & Campbell, 2003), and different interfacial com
positions are present (Ye, 2008). If this also holds for our microfluidic
experiments, this could imply that at low concentrations, multiple pro
tein species were present at the interface (e.g., α-lactalbumin, β-lacto
globulin and bovine serum albumin), whereas at higher concentrations,
one protein tends to dominate the interfacial composition.
For PPI and PPI-WPI (Fig. 4B and C), at the lowest concentration
tested (0.1 g/L), the maximum droplet deformation increased at C2,

3.2. Maximum deformation of protein-based droplets
For protein-based droplets, we first discuss their maximum defor
mation patterns in this section; droplet relaxation is then discussed in
the next section. In the first constriction, the maximum deformation of
protein-based droplets was between 2 and 3% (Fig. 3). For the WPIbased droplets, the maximum deformation increased slightly when
increasing the protein concentration from 0.01 to 0.1 g/L, after which it
decreased to a constant value (~2%) at 0.5 and 1 g/L WPI. The same
trend is found for PPI-based systems, although with a shift to higher
concentrations. This can be interpreted as follows: a lower interfacial
tension enables a higher deformation; then, at higher concentrations,
the interfacial protein concentration is higher, giving a higher resistance
4
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Fig. 4. Experimentally determined maximum deformation (%) of emulsion droplets at constrictions C1, C2 and C3 of the microfluidic rheology chip, with (A) WPI,
(B) PPI or (C) blends of WPI-PPI at various concentrations (0.1–1 g/L) in the aqueous phase.

which could be due to a moderate decrease of the interfacial tension, as
compared to the situation in C1. The maximum deformation then
decreased again at C3, probably due to further protein adsorption in the
C2–C3 interval, and to in-plane interactions between adsorbed proteins
resulting in a stiffer interface. At higher concentrations (0.5 and 1 g/L),
the maximum deformation decreased monotonously going from
C1–C2–C3 (Fig. 4B and C). At 1 g/L and long adsorption time (1 s, C3),
the PPI-based interfacial layer resists deformation to the same extent as
whey protein-based layers; in both cases this is probably due to lateral
inter-protein interactions that result in a rigid interfacial network
(Williams, Janssen, & Prins, 1997).
When both proteins were used together at 0.1 g/L, the maximum
deformation of the droplets remained constant (2.5–2.6%) over the first
two constrictions, after which it decreased in the third constriction
(2.3%). Thus, at 0.1 g/L, the maximum droplet deformation at C1 and
C2 resembles the deformation of the PPI-based droplets, suggesting few
interactions between the adsorbed proteins and/or low interfacial
coverage (see also Appendix B, Fig. B.2). At higher concentrations (0.5
and 1 g/L), the maximum deformation decreased from C1–C2–C3. This
may be due to enhanced protein adsorption when using blends (Hin
derink, Sagis, Schroën, & Berton-Carabin, 2021), leading to higher
surface loads and thicker interfacial layers compared to the individual
proteins. The maximum droplet deformation was overall higher for pea
protein-based interfaces compared to whey protein-based ones. Based
on the aforementioned findings and explanations, a higher droplet
deformation may be explained by two factors: a lower dynamic inter
facial tension, or a less stiff and interconnected interfacial film. The
former factor is difficult to assess in the time scale and hydrodynamic
conditions encountered here; however, using an automated drop tensi
ometer, we previously found relatively similar - and high - interfacial
tensions at the oil-water interface for WPI and PPI solutions, at the first
measurable time point, i.e., slightly below 1 s (Hinderink, Sagis, et al.,
2020; Ho, Schroën, Martín-González, & Berton-Carabin, 2017). The
second factor, related to the structural organisation of the interface, is
likely to have played a role either through weaker protein-protein in
teractions or due to a lower adsorbed amount. For emulsions prepared
by conventional homogenisation techniques, it was found that pea
proteins have a higher surface coverage (i.e., mg protein per m2 inter
face), compared to whey proteins (Gumus, Decker, & McClements,
2017; Hinderink et al., 2019). Therefore, to form such an interfacial
film, more protein material would need to accumulate in the interface,
and thus a longer time would be required, which matches the outcomes
of the present work. Whether inter-protein interactions may have played
a role is discussed further in section 3.3; in the following lines, we first
discuss the role of protein adsorption and surface load of the droplets.
Emulsifier adsorption can be divided into three steps: 1) transport of
the molecules to the interfacial sub-layer by diffusion or convection, 2)
diffusion through the sub-interface and 3) kinetic adsorption at the

interface (Brösel & Schubert, 1999). To verify if convection or diffusion
was dominating mass transport, the Péclet number was calculated
(Appendix A). A Péclet number below 1 indicates that diffusion is
dominating, whereas a value above 1 indicates that convective mass
transport is dominating (Baroud, Wang, & Masson, 2008). The Péclet
number (~103–104) confirms convective mass transport throughout the
whole chip. Nonetheless, proteins must next diffuse through the
sub-interface. The diffusion coefficient is inversely proportional to the
particle radius (r) and, for macromolecules this is related to their mo
lecular weight (Friedman & Mills, 1986). The major whey proteins have
a relatively low molecular weight: bovine serum albumin (66.5 kDa),
β-lactoglobulin (18 kDa) and α-lactalbumin (14 kDa), whereas the main
pea proteins are legumin, a hexamer with a molecular weight of 360 kDa
and vicilin, a trimer with a molecular weight of 170 kDa (Gatehouse,
Croy, Boulter, & Shewry, 1984). The diffusion coefficients were esti
mated from their molecular weight according to the Stokes-Einstein
equation, and are typically more than two times lower for the compo
nents in pea protein (Appendix A). Besides the native molecules and
supramolecular assemblies, it is good to point out that as a result of the
harsh extraction processes (heat, solvents and pH-shifts) applied to
produce commercial plant protein isolates, structural changes may occur
including extensive aggregation (Amagliani & Schmitt, 2017; Chen,
Zhao, & Sun, 2013; van der Goot et al., 2016). The diffusion coefficient
of such aggregates will be extremely low. Overall, the diffusion of pea
proteins components through the sub-interface is expected to be lower
compared to whey proteins, which could explain the slower network
formation. Based on our findings, we have illustrated the effect protein
adsorption on the interfacial tension and subsequent interfacial stiffness
(Fig. 5).
The fact that the maximum droplet deformation decreased over time
and with increasing protein concentration clearly indicates different
behaviour compared to SDS-based interfaces. For protein-based in
terfaces, the adsorption and in-plane protein interactions are responsible
for the maximum deformation whereas for surfactants the transfer be
tween the bulk and interface plays a major role. The fact that this
already occurs at the very short time scales used here is remarkable;
until now, protein adsorption and rearrangements in these time scales
have only been described using atomistic molecular dynamic simula
tions (Zare et al., 2015).
Overall, the WPI-based droplets were able to resist the bulk shear
stress to a higher degree compared to the PPI- or blend-based droplets,
leading to a lower deformation. For whey proteins, and especially its
main component β-lactoglobulin, it is known that interfacial polymeri
sation due to intermolecular disulfide bonds (Dickinson & Matsumura,
1991; Monahan et al., 1993) results in viscoelastic layers with a high
resistance against deformation when given sufficient time to develop
(Hinderink, Sagis, et al., 2020; Schröder, Berton-Carabin, Venema, &
Cornacchia, 2017; Yang et al., 2021), i.e., within at least hours. In the
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droplets (see Appendix C, Fig. C.1 for the other concentrations). The
relaxation times for the WPI-, PPI- and WPI-PPI-based droplets are re
ported in Fig. 6D, and the stretch exponent β in Appendix C, table C1.
The protein-based interfaces exhibited β values in the range of 0.4–0.7,
which is similar to values obtained for protein-stabilised interfaces after
3 h ageing (Sagis et al., 2019; Yang et al., 2021; Yang, Thielen,
Berton-Carabin, van der Linden, & Sagis, 2020); it is thus worth noticing
that a similar degree of interfacial heterogeneity -as described by this
parameter-is already found within 1 s of droplet lifespan.
In general, when increasing protein concentration and adsorption
time, the relaxation time increased (Fig. 6D). Interestingly, at the first
constriction, the relaxation times for 0.1 g/L WPI- and 0.5 g/L PPI-based
droplets were shorter compared to 0.01 g/L WPI- and 0.1 g/L PPI-based
ones, respectively. These systems also had a higher maximum defor
mation (Fig. 4), probably due to a higher surface coverage (i.e., lower
dynamic interfacial tension without restricting deformation). At higher
concentrations and/or longer adsorption times, the relaxation times
increase (Fig. 6) indicating that in-plane protein interactions start
playing a role in the relaxation pattern of the interfacial film, resulting in
an increase in the viscous contribution to the response. We did not
observe any superimposed oscillations in the decay, which implies that
the response at these time scales is dominated by the viscous contribu
tions. The WPI-based droplets had longer relaxation times compared to
the PPI-based ones, at the same concentration and adsorption time
(Fig. 6D) due to a relatively higher viscous contribution in the WPI
protein-based interfaces compared to PPI. It is clear that in-plane protein
interactions already play a role in the probed time scales (0.16 s–1 s),
and increase over time. The increase in the viscous contribution is in line
with previous work on model interfaces, where the elastic and loss
(viscous contribution) moduli were measured upon adsorption of β-lg at
various oil-water interfaces. It was highlighted that upon adsorption, the
viscous contribution increased after which the elastic part developed.
Eventually, the elastic moduli became higher than the viscous contri
bution (e.g., the cross over point) (Bergfreund, Bertsch, Kuster, &
Fischer, 2018). The microfluidic device presently used allows for char
acterisation of subtle changes of the interface’s viscous contribution,
whereas the surface shear measurements are dominated by noise in the
regime of early interface formation.

Fig. 5. Schematic representation of protein adsorption and subsequent inter
facial film formation after 0.16–1 s after droplet formation. The increase (↑),
decrease (↓) or if no change occurred (− ) in the interfacial stiffness (S) and
interfacial tension (γ) between the constrictions is indicated.

microfluidic devices, the involved time scales are orders of magnitude
lower, and thus the high resistance against deformation is most likely an
effect of surface coverage and of non-covalent, in-plane protein in
teractions such as hydrogen bonds and van der Waals interactions,
causing significant viscoelastic surface stresses, that are expectedly the
basis for further network formation.
3.3. Relaxation behaviour of protein-based droplets
While the maximum deformation gives insight into the stiffness of
the interfacial layer, the relaxation time gives information about the
relative importance of the viscous and elastic contributions. We plotted
the stretched exponential fit in Fig. 6A–C for the 1 g/L protein-based

Fig. 6. Experimental relaxation pattern and the
stretched exponential fit for (A) WPI-, (B) PPIand (C) WPI-PPI-based droplets at a concentra
tion 1 g/L in the aqueous phase. Square symbols
represent the experimental relaxation pattern in
C1, and sphere symbols in C3. Solid lines repre
sent the relaxation patterns in C1, and dashed
lines in C3. The relaxation patterns of droplets
stabilised by 0.01, 0.1 and 0.5 g/L proteins are
reported in Appendix B (D) Relaxation time (τ)
for droplets stabilised by WPI, PPI or WPI-PPI
blends with various continuous phase concentra
tions. The averages were obtained from at least
three droplets. Significant difference between the
parameters is indicated by different letters (p <
0.05). The standard deviations of the fitted pa
rameters are smaller than the variation between
replicates.
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In the first constriction, there is no significant difference in relaxa
tion time between the WPI-PPI-based droplets and the droplets stabi
lised by the individual components. From C1 to C3, the relaxation times
become significantly longer for the blend-based droplets at 0.5 and 1 g/
L; more proteins adsorb at the interface, leading to a relatively higher
viscous contribution (Fig. 6D), and reduced maximum deformation
(Fig. 4).
The 1 g/L WPI-PPI blend solution contains 0.5 g/L WPI, and 0.5 g/L
PPI. When comparing with the same concentrations of the individual
proteins, the maximum deformation obtained with 1 g/L WPI-PPI (Dmax
= 2.2%) was similar to that found for 0.5 g/L WPI (Dmax = 2.0%), but
considerably lower than that found for 0.5 g/L PPI (Dmax = 2.7%), which
may be interpreted as dominant effects from WPI. Furthermore, the
relaxation times obtained for the 1 g/L WPI-PPI- and 0.5 g/L WPI-based
droplets were similar in the first constriction, whereas the 0.5 g/L PPIbased droplets had a significantly lower relaxation time. After 1 s, the
maximum droplet deformation with 1 g/L WPI-PPI was the same as with
0.5 or 1 g/L WPI, with, however, a significantly longer relaxation time.
This shows that there is also a synergistic contribution of the pea pro
teins, leading to a relatively more viscous network over time.

two droplets, drainage of the continuous phase film, and film rupture
(McClements, 2005). Here the term ‘film’ refers to the continuous phase
between the droplets, and in absence of emulsifiers, this process can be
described adequately using the previously mentioned stages. However,
in the presence of emulsifiers, interfacial viscoelasticity comes into play
(Dickinson et al., 1988). Many proteins are extremely effective in pre
venting coalescence under quiescent conditions (Dickinson, 1992; Van
Aken & Zoet, 2000). Proteins may stabilise oil droplets against coales
cence by inducing electrostatic and steric interactions (Kulmyrzaev &
Schubert, 2004; Tcholakova, Denkov, Sidzhakova, Ivanov, & Campbell,
2005) and the van der Waals forces (Tcholakova, Denkov, & Lips, 2008).
Furthermore, even when droplet-droplet contact establishes, some pro
teins form interfacial layers with a high resistance against film rupture
(Dickinson et al., 1988; Maldonado-Valderrama et al., 2008; Murray,
2011). At pH values > 6 and low electrolyte concentrations (<50 mM)
protein molecules are negatively charged, which leads to electrostatic
repulsion between the droplets and the adsorbed proteins. If the com
pressing pressure is higher than the electrostatic repulsion, the interfa
cial films come into contact and may start to overlap or interact which
may lead to bridging and spontenous film rupture (Tcholakova, Denkov,
Ivanov, & Campbell, 2006).
The local rupture of the interfacial film (i.e., moment when the liquid
interior of both involved droplets gets in contact) can be seen as a
dilatational deformation (Bos & Van Vliet, 2001; Murray, 2011), which
is why the dilatational rheological properties of interfaces are consid
ered a relevant parameter to understand emulsions stability (Maldona
do-Valderrama et al., 2008). This property is usually measured using
drop tensiometry, thus at comparatively long time scale (as would occur
during storage). During emulsion formation, relevant processes would
occur at much shorter time scale; therefore, we believe that the insights
that are obtained with our microfluidic tools are relevant for
re-coalescence processes as they would occur in large scale processing
equipment.
Whey protein-stabilised droplets had a higher resistance against
deformation compared to pea protein-stabilised-droplets (Fig. 3). The
stiffer whey protein interfacial layer is expected to be more resistant to
rupture compared to the pea protein-stabilised interface. Furthermore,
we did not observe changes in the maximum deformation of WPIstabilised droplets over time (Fig. 4) due to the fast formation (<0.16
s) of a stiff interfacial film, leading to lower coalescence occurrence. For
pea proteins, higher concentrations (1 g/L) and long residence times in
the microchip (1 s) were needed to reach the same interfacial stiffness.
Furthermore, for all concentrations tested in the rheology chip, the

3.4. Coalescence stability of protein-based droplets, and relation with
interface rheological properties
The coalescence stability of droplets was tested in another so-called
coalescence chip. In this device, after allowing protein adsorption onto
individual droplets for 100 ms (i.e., time spent in the meandering
channel), droplets are allowed to interact over a time span of 2 s. The
number of coalescence events is depicted as a function of protein con
centration in Fig. 7A. As expected, the coalescence occurrence decreased
with increasing protein concentration for all proteins tested. When using
PPI, a higher protein concentration was needed to fully stabilise the
droplets against coalescence compared to WPI (0.5 g/L vs 0.1 g/L,
respectively). The difference between the coalescence stability of whey
and pea protein-stabilised emulsions has been extensively described in
previous work, and it was concluded that droplet-droplet bridging by
pea protein aggregates induced coalescence (Hinderink, Kaade, Sagis,
Schroën, & Berton-Carabin, 2020). In the present work, we attempt to
combine these insights with the observed short-term rheological prop
erties of the droplet interfaces.
To understand the effect of the interfacial layer on droplet coales
cence, it is useful to shortly recall the coalescence mechanism. Droplet
coalescence can be divided into three different stages: approach of the

Fig. 7. (A) Mean coalescence occurrence at the end of the coalescence channel with different total protein concentrations (0.01–0.6 g/L) of WPI ( ), PPI ( ), or
blends of WPI-PPI in different mass ratios 3:1 ( ), 2:1 ( ), 1:1 ( ), 1:2 ( ), 1:3 ( ); (B) Fit of the coalescence occurrence at the end of the coalescence channel for
WPI ( ), PPI ( ), or blends of WPI-PPI in different mass ratios 3:1 ( ), 2:1 ( ), 1:1 ( ), 1:2 ( ), 1:3 ( ); The dashed line represents the coalescence
occurrence of 0.4. (C) Protein concentration needed to have a coalescence occurrence of 0.4 as a function of the % of WPI in the sample. In panel B, the dashed line
represents the values that would be obtained for emulsions stabilised with the blends, if the coalescence propensity was strictly proportional to the protein ratio used.
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relaxation times of the pea protein-stabilised droplets were shorter
compared to those of the whey protein-stabilised droplets, and the pea
protein layer needed more time to develop. We think that this very early
interfacial stiffness provided by WPI is instrumental in preventing coa
lescence, together with the absence of protein aggregates in WPI.
Conversely, the aggregates present in PPI (even in its ‘soluble’ fraction,
as presently used) probably promote droplet coalescence (Hinderink,
Kaade, et al., 2020).
Compared to WPI, higher concentrations of PPI were needed to keep
the droplets completely stable to coalescence (Fig. 7A). To visualise the
respective contribution of each protein to the propensity of droplets to
coalesce when blends were used, we determined the protein concen
tration needed to reach a coalescence occurrence of 0.4 (Fig. 7B), and
plotted it as a function of the WPI mass ratio in the blend (Fig. 7C). For
droplets stabilised by only PPI or WPI, concentrations of ~0.25 and 0.03
g/L were required, respectively. For the blends, higher protein concen
trations were needed compared to the values calculated by expecting an
equal contribution of both proteins (represented by the dashed line on
Fig. 7C). For example, in a blend with 75 wt% WPI (3:1 WPI-PPI) the
protein concentration needed to reach coalescence occurrence of 0.4
was 0.16 g/L, compared to 0.1 g/L for the calculated concentration. For
the blends with lower fractions of WPI (25 or 33 wt%), the total protein
concentration needed to stabilise the droplets was as high as with PPI
alone. These results show that pea proteins hamper the droplet stabili
sation effect of whey proteins, and play an active destabilising role in
that respect.
The deformation experiments show that the WPI-PPI blends led to
substantial adsorption and network formation, forming an interface
with good resistance against deformation and long relaxation time (e.g.,
at C3 and 1 g/L). However, this film did not form fast enough (e.g., at
C1) to lead to a positive effect in the coalescence chip. It is expected that
at the time scales that were investigated bridging of droplets by adsor
bed small pea protein aggregates may have occurred, which would be
favoured by an incompletely covered interfaces, leading to enhanced
coalescence (Hinderink, Kaade, et al., 2020; Nagarkar & Velankar, 2012;
Schröder, Sprakel, Schroën, Spaen, & Berton-Carabin, 2018).

connectivity were formed, that resisted deformation well, had a rela
tively high viscous contribution compared to films stabilised with their
individual counterparts, and were stable against coalescence when used
at sufficiently high concentration.
We showed that both SDS- and protein-based droplets were charac
terised by dynamic interfacial heterogeneity during the dilatationrelaxation process. Dynamic heterogeneity in protein-stabilised in
terfaces was reported after 2 h (Sagis et al., 2019; Yang et al, 2020,
2021), but never at sub-second scale. For protein-based interfaces,
in-plane intermolecular interactions are particularly relevant, whereas
for surfactants the transfer between the bulk and interface plays a major
role. Until now, such effects had only been described after several hours
in microfluidic devices (Erni et al., 2005), but we showed herein that
they are already present at very short times after droplet formation
(0.16 s), which is an important step toward unravelling the early stages
of interfacial protein arrangements and structure formation. We spe
cifically note that sub-second network formation at the interface results
in an increase of the viscous contribution, which will be the start of the
interconnected film, typical for protein-stabilised interfaces. In a pre
vious study, we produced emulsions using the same proteins, via con
ventional high pressure homogenisation, and found larger droplets and
higher surface loads for PPI- and WPI-PPI blend-stabilised emulsions
compared to WPI-stabilised emulsions, in the protein-poor regime
(Hinderink et al., 2019), which is in line with the results obtained with
the microfluidic techniques. Tailor-designed microfluidic devices allow
us to understand interfacial phenomena at short time scales, which can
be instrumental for the rational design of protein-stabilised emulsions,
and even more generally, of emulsions with complex interfacial
structures.
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4. Conclusion
In this work, we used tailor-made microfluidic chips to understand
the phenomena involved in the early interfacial film formation in
protein-stabilised emulsions. In the so-called rheology chip, we inves
tigated rheological properties upon droplet deformation upon passage
through successive constrictions (i.e., 0.16–1 s after their formation) for
different protein concentrations in the aqueous phase (0.01–1 g/L). In
the so-called coalescence chip, we characterised the propensity of
similarly prepared droplets to coalescence. Whey proteins adsorbed
immediately and formed interfacial layers resistant to deformation over
the whole concentration range tested (0.1–1 g/L), and thereby, droplets
that were immediately stable against coalescence. With pea proteins,
higher concentrations (1 g/L) and longer adsorption times (1 s) were
needed to reach the same resistance to deformation, and stability against
coalescence. The slower adsorption of pea proteins is a result of their
higher molecular weight and the presence of native and/or processedinduced supramolecular structures (Amagliani, O’Regan, Kelly, &
O’Mahony, 2017; Chen et al., 2013), and higher concentrations were
needed for full surface coverage. When both proteins were used as a
blend, pea proteins hindered the stabilisation properties of whey pro
teins. Yet, over time, blend-based interfacial films with high interfacial
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Appendix,A
The Péclet number was calculated using: Pé = vDc L
Where vc is the continuous phase velocity, L the characteristic length scale (the channel depth), and D the diffusion coefficient of the protein. The
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diffusion coefficient was calculated using Stokes-Einstein D =
1/3

kT
6πηr,

with k = 1.38 × 10−

23

− 9

J K−

1

,

T = 293 K, η = 9.08 × 10−

5

kg m−

1 − 1

s

and its

minimum droplet radius r (m) calculated using r = 0.066M × 10 , with M de molecular weight in Daltons (Erickson, 2009). The velocity in the
meandering channel is 0.09 m/s, during maximum deformation just after the constriction 0.25 m/s and in the main channel 0.06 m/s. The char
acteristic length is 4.5 × 10− 6 m for the meandering channel and 1.1 × 10− 7 for the constriction and the main channel. See Table A1 for the
calculations.

Table A.1
Molecular weight, estimated protein radius, diffusion coefficient (D) and Péclet number (Pé) in the meandering channel, at maximum deformation just after the
constrictions and in the main channel.
MW (kDa)

α-lac

BSA
β-lg
Legumin
Vicilin

r (nm)

14.2
66.5
18
360
170

1.6
2.7
1.7
4.7
3.7

D (m2/s)
1.48
8.84
1.37
5.03
6.46

Pé meandering
− 9

× 10
× 10−
× 10−
× 10−
× 10−

2.77 ×
4.64 ×
3.00 ×
8.15 ×
6.35 ×

10
9
10
10

Pé constriction

3

Pé main

4

10
103
103
103
103

1.86 × 10
3.11 × 104
2.01 × 104
5.46 × 104
4.25 × 104

4.46
7.47
4.83
1.31
1.02

Appendix B
Table C1
Heterogeneity parameter (β) for droplets stabilised by whey protein isolate (WPI), pea protein isolate (PPI) or WPI-PPI blends
with various continuous phase concentrations. The averages were obtained from at least three droplets. Significant difference
between the parameters is indicated by different letters (p < 0.05). The standard deviations of the fitted parameters are smaller
than the variation between replicates.
Protein concentration (g/L)

WPI

PPI
WPI-PPI

В

1
0.5
0.1
0.01
1
0.5
0.1
1
0.5
0.1

C1

C2

0.532B–I

0.555E−

B I

0.535 –
0.482A− E
0.506A− G
0.595I–K
0.522A− I
0.480A− D
0.588H− J
0.514A− H
0.5178A− H

C3
J

G− J

0.577
0.539C–I
0.500A− F
0.582H− J
0.662K− M
0.615J− L
0.671LM
0.592I–K
0.458A

Fig. B.1. Maximum deformation at the three constrictions for 0.01 g/L WPI.
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0.551D−

J

D− J

0.551
0.463A− B
0.483A− E
0.709M− N
0.561G− J
0.754N
0.590I–K
0.580H− J
0.480A− C

× 103
× 103
× 103
× 104
× 104
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Fig. B.2. Maximum deformation (%) at C1, C2 and C3 for a protein concentration of; A) 0.1 g/L, B) 0.5 g/L and C) 1 g/L.

Fig. C.1. Relaxation patterns of the stretched exponential fit for (A)0.01 g/L WPI-, (B) 0.1 g/L WPI-, (C) 0.5 g/L WPI-, (D) 0.1 g/L PPI-, (E) 0.5 g/L PPI, (F) 0.1 g/L
WPI-PPI- and (G) 0.5 g/L WPI-PPI-stabilised droplets at a concentration 1 g/L in the aqueous phase. Solid lines represent the relaxation patterns in C1, and dashed
lines in C3.
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Synergistic stabilisation of emulsions by blends of dairy and soluble pea proteins :
Contribution of the interfacial composition. Food Hydrocolloids, 97. https://doi.org/
10.1016/j.foodhyd.2019.105206
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