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Phase separation in aqueous biopolymer mixtures results in the formation of an interface, separating two
aqueous bulk phases. The properties of that interface are key parameters to understand and predict phenomena,
such as the phase-separation process and deformation of droplets in a flow field. In these processes, the
structures and sizes of the morphologies depend on the balance between viscous and interfacial forces. Normally,
one assumes that the interfacial tension is the only important parameter regarding the interfacial forces.
However, we will show that in these water-in-water emulsions, bending rigidity and interfacial permeability
also play an important role. Spinning drop experiments show that at long time scales the interface is permeable
to both dissolved biopolymers and water. From droplet relaxation experiments, we could conclude that, for
shorter time scales, water is the only ingredient that can diffuse through the interface. Due to this permeability,
these methods cannot be used to calculate the interfacial tension accurately, without taking into account the
permeability of the interface. Including the permeability, we give a full description for the relaxation time of
deformed droplets. From this description, the interfacial tension and the permeability of the interface can be
deduced simultaneously. We also incorporate the permeability and the bending rigidity into the description
of the kinetics of phase separation. From this theoretical description, we predict four different regimes to
occur in the phase-separation process depending on the size of the domains. For the scaling of the domain
size with time, we find an exponent of1/4 for bending- and permeability-dominated coarsening, an exponent
of 1/3 for bending-dominated coarsening, an exponent of1/2 for interfacial tension- and permeability-dominated
coarsening, and an exponent of 1 for interfacial tension-dominated coarsening. The crossover between the
different regimes depends on two different critical radii,Rc, equal to (2k/γ)1/2 andRλ, equal toηλeff. Taking
values for the interfacial properties, we find these critical radii to be larger than a micrometer, indicating that
both bending rigidity and permeability are of importance during phase separation.

1. Introduction

Biopolymer mixtures are very common in daily life, since
they are used by many industries, such as the food industry,
pharmaceutical industry, and cosmetics industry for the manu-
facture of a variety of products.1-4 The mixtures of these natural
ingredients phase separate already at low concentrations, and
this is used to create different morphologies and structures with
specific properties. Although the interfacial tension and mor-
phologies of these biopolymer systems are studied extensively,5-15

a complete understanding of biopolymer interfaces is still not
available. Little attention has been given to other interfacial
properties, such as interfacial thickness, bending rigidity, and
interfacial permeability and their role in the dynamics of
biopolymer mixtures. For oil-water interfaces, the interfacial
tension is of the order of 1 mN/m. Since the bending rigidity
of these interfaces is only of the order of 1kBT, the bending
contribution to the interfacial energy can be neglected. Water-
water interfaces, on the other hand, have an interfacial tension
of the order of 1µN/m, which is much smaller than that for
oil-water interfaces. Since the interfacial thickness is much
larger for water-water interfaces, the bending rigidity of these
interfaces is expected to be much larger. Because the interfacial
tension is very low, these bending contributions cannot be

neglected for the description of the interfacial energy. The ability
to transfer ingredients through the interface is also different
when comparing water-water interfaces with oil-water inter-
faces. For oil-water interfaces, the permeability is determined
by the solubility of the ingredients in the different solvents. In
the case of water-water interfaces, the only solvent is water
and therefore the permeability of the interface is determined
by the structure of the interfacial region (size, concentration of
biopolymers). Thus, water-water interfaces differ from oil-
water interfaces regarding interfacial properties, such as inter-
facial thickness, interfacial tension, bending rigidity, and
permeability. These interfacial properties play a role in the
formation of morphologies in food and pharmaceutical products.
The size of the domains and the structure of the morphology
(droplet or bicontinuous) determine the macroscopic properties
of the systems. When one of the components is able to gel, one
could “freeze” the system in a particular morphology with
domains with a particular length scale in order to control the
properties of a product. Knowledge of the kinetics of the phase
separation is thus desirable in order to control and predict the
properties of biopolymer mixtures and to gain more insight on
the relationship between these properties and phenomena such
as phase separation and deformation of droplets.

This paper is divided into two parts. In the first part, we will
show that permeability indeed plays a role in the case of water-
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water interfaces. Using experimental results obtained from
spinning drop and droplet relaxation experiments, we show that
water as well as both biopolymers are able to transfer through
the interface. Including this permeability, we give a description
for the relaxation time of the deformed droplets. In the second
part, we will address the combined effects of interfacial tension,
bending rigidity, and interfacial permeability on the coarsening
rate of bicontinuous structures during phase separation. Our
theoretical results show that we can expect four different regimes
in the coarsening of these systems, depending on which
interfacial property is most important at a specific domain size.
The results show that in immiscible biopolymer systems, both
bending rigidity and interfacial permeability may have a
significant effect on the dynamics of these systems.

2. Effect of Permeability on Interfacial Tension
Measurements

Interfacial tension is an important parameter in the dynamics
of multiphase systems. Therefore, this parameter has been
investigated extensively and has been measured using different
techniques.5-7,15-18 Since demixed biopolymer systems have a
very low interfacial tension, in the order of 1µN/m, not all
available methods to measure interfacial tension are applicable
to these systems. The techniques commonly used for these
systems often involve the deformation of droplets, either in a
flow field or in a rotational field. The interfacial tension can be
determined from the degree of deformation or the relaxation
time after the cessation of the flow field.19-24 Both the spinning
drop and the droplet relaxation methods are techniques widely
accepted as reliable methods for the measurement of interfacial
tension. However, these techniques are valid only in the case
where the interfaces are not permeable to any of the components
in the system and in the case where effects of the bending
rigidity are negligible. This is indeed the case for normal liquid-
air or oil-water interfaces. However, interfaces of phase-
separated biopolymer mixtures are different since both coex-
isting bulk phases are mainly composed of the same
component: 90% of each phase consists of water. Water does
not favor one phase or the other and could diffuse through the
interface to the other bulk phase. These interfaces can be
compared to membranes that are permeable to certain compo-
nents. Since in both techniques an external force field is applied
in order to achieve deformation of the dispersed droplets, the
system is no longer in equilibrium and permeability starts
playing a role.

To test the validity of both the spinning drop and the droplet
relaxation methods, we have measured the interfacial tension
of mixtures of fish gelatin and dextran, for which we varied
the dextran concentration, while the gelatin concentration was
fixed at the concentration in the critical point. Figure 1 shows
the phase diagram, where the open circles refer to the overall
compositions of the mixtures. The compositions of the coexist-
ing phases are denoted by the squares. The concentration of
gelatin and dextran in both phases is determined with the use
of polarimetry after the mixtures were phase separated. A more
detailed description can be found elsewhere.25

For samples 2-6, we inserted a droplet of the low-density
gelatin-rich phase in a capillary filled with the high-density
dextran-rich phase. The capillary was then placed in a spinning
drop apparatus, the SVT20 from Dataphysics, Germany, and
rotated around its horizontal axis at a speed of 1000 rpm. For
sample 1, we were not able to see the droplet because of the
very small optical contrast between the two phases. Using a
camera with a zoom function, we followed the droplet in time

and observed that the volume of the dispersed droplets decreased
in time. Over a period of a few days to weeks, the volume
decreased up to 90% for most samples, as can be seen in Figure
2.

From these results, we could conclude that the interfaces are
permeable to all components in the system. At the moment a
force is applied (shear or rotation) on the system, the phase
behavior is different than the phase behavior at rest and the
binodal shifts as depicted in Figure 3.15 The coexisting phases
are therefore not in equilibrium with each other since the new
equilibrium values will be on the new shear-induced binodal.
The system will try to reach this new equilibrium state by

Figure 1. Phase diagram of the fish gelatin/dextran mixture. The open
circles refer to the overall compositions, and the squares represent the
composition of the coexisting phases. The square represents the critical
point.

Figure 2. Changes in volume for different samples. The overall
concentration and the concentration of the coexisting phases can be
found in Figure 1, where they are represented as open circles.

Figure 3. Schematic picture of the composition of the droplet in the
capillary during the spinning drop experiment. The solid line refers to
the binodal in rest. The dashed line refers to the shear-induced binodal
(as provided by Puyvelde et al.15). The new equilibrium compositions
of any overall composition (open circle) on the tie line (dotted line)
are denoted by the squares. The old equilibrium compositions in rest
are denoted by circles. The droplet phase is referred to as number 1
and the surrounding medium as number 2.
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diffusion of components from one phase to the other. The outer
phase will take up gelatin from the droplet in order to increase
its gelatin concentration. However, since the volume of the
surrounding medium is about 3 orders of magnitude larger than
the volume of the droplet, the concentration will effectively stay
the same, so the outer phase will never reach its new equilibrium
composition. Therefore, the outer phase will continue to take
gelatin from the droplet. To reach its new composition, the
droplet will also expel water and dextran as a result of which
the volume of the droplet decreases. The diffusion of all three
components will continue until the droplet eventually disappears.

The diffusion process is considered to be Fickian, and we
assume the total diffusion to be a linear addition of contributions
from the diffusion of both the biopolymers and the water. With
these assumptions, we can describe the total change in volume
as26

in which i refers to the different components. The rate constant
fi is related to a diffusion coefficient,Di, and the diameter of
the droplet,d, as26

From this relation, we find three diffusion coefficients (Table
1) for which a clear identification in terms of the three
components cannot be made, since the diffusion of the
components is coupled. (For sample 2, we did not get satisfac-
tory fits.)

The diffusion coefficients can be compared to the self-
diffusion coefficients of the components, which can be estimated
from the following relation

in which kB is the Boltzmann constant,T is the temperature,η
is the viscosity, andRh is the hydrodynamic radius of the gelatin.
For gelatin and dextran, we find self-diffusion coefficients of
approximately 1× 10-12 m2/s. Water has a self-diffusion
coefficient of 2.3× 10-9 m2/s, which is approximately 3 orders
of magnitude larger than those of the biopolymers. Comparing
the self-diffusion coefficients to the measured diffusion coef-
ficients, we can conclude that the diffusion of the biopolymers
determine the rate of the volume change.

Since all components are able to transfer through the interface,
the properties of the bulk phase (concentration, density) and
subsequently the properties of the interface (thickness, interfacial
tension) will change in time. This makes the spinning drop
method not suitable for the determination of the exact value
for the interfacial tension. This method can be used only to
obtain the right order of magnitude.

From the diffusion coefficients, we could conclude that the
biopolymers determine the overall rate of the volume change.

Since these biopolymers are relatively large, their self-diffusion
coefficient is rather low, as a result of which the total diffusion
process is rather slow; the decrease in volume of the dispersed
droplet in the spinning drop experiments takes up to three weeks
depending on their concentration. In the second technique
(relaxation behavior) for the measurement of the interfacial
tension, the time scale of the experiment is a few seconds only,
which is much shorter than that in the case of the spinning drop
experiments. One might expect that for these short time scales,
the interfacial permeability is not important and that the
relaxation behavior is dominated by the interfacial tension only.
However, we will show that, although the time scales differ as
much as 5 orders of magnitude, the interfacial permeability still
plays a role.

In 1953, Oldroyd27 already showed that for viscous liquids
the characteristic relaxation time for the relaxation from an
ellipsoidal shape to a spherical shape is given by

in which η is the viscosity of the continuous phase,R0 is the
size of the droplet after relaxation,γ is the interfacial tension,
and E is the viscosity ratio of the dispersed and continuous
phases. This indicates that when the relaxation time is plotted
vs the droplet size, a straight line should be obtained that goes
through the origin. From the slope of that line, the interfacial
tension can be determined. However, our experiments (droplet
relaxation after cessation of a flow field in a parallel plate shear
cell, type CCS 450 from Linkam Scientific Instruments) show
that when we fit our data with eq 4 these lines do not go through
the origin, indicating that the interfacial permeability apparently
does play a role in the process of relaxation. To give a full
description of the relaxation of the droplet in time, the diffusion
of the components has to be taken into account. Accounting
for the interfacial tension and an effective permeability,λeff, of
the interface, we find the following relation for the relaxation
time of the droplet

This description of the droplet relaxation indicates that, when
the permeability is not taken into account, the interfacial tension
is overestimated. Figure 4 shows the fits of eq 5 through the
experimental data points. Table 2 shows the result of the
determination of the interfacial tension with and without taking
into account the permeability as an extra contribution to the
relaxation time.

The permeability of samples close to the critical point (sample
1) is very high and decreases going further form the critical
point. Therefore, the contribution of the permeability for samples
close to the critical point is essential and has to be taken into
account in order to determine the correct value for the interfacial
tension. When this permeability is not taken into account, the
interfacial tension can be overestimated by as much as 90%.

Figure 5 shows the permeability vs the interfacial tension.
The data were fitted to the relationλeff ∼ γa, for which the
exponenta ) -0.9 gave the best fit. Thus, the permeability
seems to be inversely related to the interfacial tensionλeff ∼
1/γ.

From scaling relations, we find that the permeability of these
interfaces is related to an effective diffusion coefficient asλeff

∼ Dw/γ. The diffusion coefficient was determined from the plot

TABLE 1: Diffusion Coefficients for the Three Components

sample D1 (m2/s) D2 (m2/s) D3 (m2/s)

2
3 3.2× 10-12 3.2× 10-12 2.2× 10-13

4 3.9× 10-12 3.9× 10-12 2.2× 10-13

5 2.6× 10-12 3.9× 10-13 7.2× 10-14

6 1.3× 10-12 1.6× 10-14 1.6× 10-14

Vtotal,t ) Vtotal,∞ + ∑
i

Ai exp(- fit) (1)

fi )
4π2 Di

d2
(2)

Dself )
kBT

6πηRh
(3)

τ )
ηR0

γ [(19E + 16)(2E + 3)

40(E + 1) ] (4)

1
τ

)
40(E + 1)

(19E + 16)(2E + 3)
γ

ηR0
+

λeffγ

R0
2

(5)
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of λeff vs 1/γ, and the slope of the fit through the data points
was equal to 0.9× 10-9 m2/s. This is comparable to the self-
diffusion coefficient of water,Dw

0, which is equal to 2.3× 10-9

m2/s. This indicates that water is the only component that
diffuses through the interface. So, although the time scale in
these experiments is rather short, the diffusion of the water
molecules is still important in the relaxation behavior of the
deformed droplets. The time sale is too short for the biopolymers
to diffuse through the interface, since their self-diffusion
coefficient is about 3 orders of magnitude smaller than that of
water.

Both the spinning drop and droplet relaxation method show
that it is necessary to take the permeability of the interface into
account for a full description of the behavior of an interface.
As the time scale of the two methods differs by as much as 5

Figure 4. Characteristic relaxation time,τ, plotted vs the deformed droplet,R0: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample
5, and (f) sample 6. The line is the best fit to eq 5, from which the interfacial tension and the permeability are calculated.

TABLE 2: Interfacial Tension ( λ1) Calculated with Eq 5, the
Interfacial Tension (λ2) Calculated with Eq 4, and the
Permeability, λeff, of Samples 1-6

sample γ1 (µN/m) γ2 (µN/m) λeff (m3/N‚s)

1 e0.01 0.15 g5 × 10-2

2 0.2 0.3 3.4× 10-3

3 1.0 1.2 1.3× 10-3

4 1.9 2.4 1.4× 10-3

5 4.6 5.1 5.3× 10-4

6 9.2 9.2 9× 10-5

Figure 5. Permeability,λeff, plotted vs the interfacial tension,γ. The
squares refer to the experimental data points. The solid line is the scaling
relationλeff ∼ γ-0.9. The inset shows a double logarithmic plot.

Dynamical Behavior of Water-in-Water Emulsions J. Phys. Chem. B, Vol. 110, No. 7, 20063253
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orders of magnitude, we see that different diffusion mechanisms
play a role. During the relaxation of droplets, water is the only
component that diffuses through the interface, while in the
spinning drop method all components are exchanged from one
phase to the other. Although the spinning drop method is too
inaccurate to be able to measure the exact value for the
interfacial tension, the droplet relaxation method can be used
to measure the interfacial tension as long as the contribution of
the permeability is taken into account. For samples far from
the critical point only, the permeability of the interfaces is
sufficiently small in order to ignore the contribution of the
permeability term. Equation 4 would then be sufficient to
determine the interfacial tension. For biopolymer systems, an
alternative method for the determination of the interfacial tension
would be a method that does not rely on the balance between
the interfacial forces and another force field, which induces a
pressure gradient. An example of such a method is described
by Wijting et al.,28 who determined the interfacial tension of a
colloidal liquid-gas system using the meniscus of the interface
at a fiber that is suspended in the system. The problem with
this method is, however, that due to the low optical contrast
and the very small sizes of the menisci, the contact is difficult
to observe. They solved this problem by measuring dynamic
contact angles by moving the fiber up and down. However, we
do not know what the effect of this movement will be on the
interface and to what extent the permeability of the interfaces
would affect the results of such an experiment.

In this section, we have shown that permeability plays an
important role in the case of water-water interfaces. As soon
as a force field is applied on these systems, the transfer of
biopolymers and water through the interface is possible. This
indicates that when pressure gradients are present in the system,
the permeability of the interface is of importance. One of the
processes where pressure gradients are present is the phase-
separation process. Since the shape and the size of the droplets
change in time, pressure gradients across the interface are present
and transfer through the interface is induced. In the next section,
we will show the effect of this permeability and bending rigidity
on the coarsening behavior of these systems.

3. Effect of Interfacial Permeability and Bending Rigidity
on the Kinetics of Phase Separation

The kinetics of phase separation has received a lot of attention
over the years, both experimentally and theoretically.29-37

Although the mechanisms that have been proposed contribute
to a better view of the phase-separation process,38-47 a full
understanding is still incomplete. In this section, we will show
that for the coarsening of domains in bicontinuous structures
due to hydrodynamic flow, the interfacial properties such as
bending rigidity and interfacial permeability may also be of
importance.

For bicontinuous structures, the coarsening rate is determined
by the capillary instabilities of the domains. The interfacial
energy induces a flow field in the domains, described by the
Navier-Stokes equation

in which Vb is the flow velocity,F is the density of the fluid,P
the thermodynamic pressure,g the gravitational constant, and
η the viscosity of the fluid. For biopolymer mixtures in steady
flow (i.e., ∂Vb/∂t ) 0), the (Vb‚∇Vb) term and the gravitational term
(Fg) can be neglected, and eq 6 reduces to

Approximating the pressure gradient as∆P/Λ and the Laplacian
of the velocity byν/Λ2, one arrives at

The difference in pressure (∆P) is determined by the
interfacial tension,γ, and Λ (∆P ∝ γ/Λ). In general, the
interfacial energy of the system is calculated using the interfacial
tension of a flat interface, neglecting any curvature dependence
of the interfacial energy. We take the curvature-dependent
interfacial tension as described by Helfrich48

whereγ0 is the interfacial tension of the flat interface andk is
the bending rigidity. The first term signifies the stretching
contribution to the interfacial energy, while the second term is
related to the bending contribution. Combining eqs 8 and 9,
we obtain

From the previous section, we have seen that the change in
volume (∼dΛ3/dt) is determined not just by the interfacial
tension but also by the permeability of the interface. From the
differential mass balance, the volume change in time is related
to the permeability and the pressure on the interface as dΛ/dt
≈ λ∆P. Using the Laplace equation and eq 9, we find that as
a result of mass transfer across the interface

We assume that both mechanisms work in parallel. The
coarsening of domains will be dominated either by interfacial
tension driven flow in the bulk phases or by mass transfer across
the interface depending on whether the interfacial tension or
permeability is more relevant.

As all four terms have a different scaling with respect to
domain size, the relative importance of these terms will change
for different curvatures of the domains in the bicontinuous
structures. As a result, we will observe different scaling
behaviors as a function of domain size.

We can estimate the length scales for which the different
interfacial properties become important and may become
dominant in the phase-separation process. By equating both
terms in eq 10 or 11, we find a critical,Rc ) (2k/γ)1/2, the critical
radius below which the bending contribution dominates the
stretching contribution to the interfacial energy. Equating the
first terms of eqs 10 and 11, we find a critical radius,Rλ ≈
λeffη, the radius below which the phase-separation process will
be more dominated by the permeability of the interfaces, rather
than the interfacial tension. So, depending on the values for
the different critical length scales,Rc andRλ, the scaling of the
domain size with time for bicontinuous structures should show
different regimes (in the limit of small and large length scales).

(i) A regime with a domain size larger thanRc andRλ (Λ .
Rc, Λ . Rλ). The coarsening process will then be dominated
by the interfacial tension and eq 10 reduces to give

F ∂Vb
∂t

+ F(Vb‚∇Vb) ) -∇PB + Fg + η∇2νb (6)

0 ) -∇PB + η∇2Vb (7)

η ν
Λ2

≈ ∆P
Λ

(8)

γ(Λ) ) γ0 + 2k

Λ2
(9)

dΛ
dt

≈ γ0

η
+ 2k

ηΛ2
(10)

dΛ
dt

≈ γ0λeff

Λ
+

2kλeff

Λ3
(11)
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We see that in this regime, the domain size scales with time as
Λ ∝ t.

(ii) A regime with a domain size larger thanRc but smaller
thanRλ (Λ . Rc, Λ , Rλ). The coarsening process will then
be dominated by the interfacial tension and the permeability of
the interface. The first term on the right side of eq 11 will be
dominant and leads to the following relation with time

For this regime, the domain size scales with time asΛ ∝ t1/2.
(iii) A regime with a domain size smaller thanRc but larger

than Rλ (Λ , Rc, Λ . Rλ). For this regime, the coarsening
process is dominated by the bending rigidity and eq 10 reduces
to

which gives a scaling relationΛ ∝ t1/3.
(iv) A regime with a domain size smaller thanRc andRλ (Λ

, Rc, Λ , Rλ), where the second term of the right side in eq
11 will be most dominant and one arrives at

For this regime, we find that the domain size scales with time
asΛ ∝ t1/4.

So, depending on the values of the critical sizesRc ((2k/γ)1/2)
andRλ (ηλeff), we find scaling exponents ranging from1/4 to 1.
We find an exponent of1/4 for bending- and permeability-
dominated coarsening, an exponent of1/3 for bending-dominated
coarsening, an exponent of1/2 for interfacial tension- and
permeability-dominated coarsening, and an exponent of 1 for
interfacial tension-dominated coarsening in bicontinuous struc-
tures. Scaling exponents ranging between1/3 and 1 have already
been observed by Loren et al. for mixtures of gelatin and
maltodextrin.35

We can estimate the length scalesRc andRλ by taking into
account the values for the separate interfacial properties. As
we have seen in the previous section, the interfacial permeability
of these interfaces is of the order of 1× 10-3 m3/N‚s. Taking
a value for the viscosity of a viscous fluid as 10× 10-3 Pa‚s,
we find a critical radiusRλ of approximately 10µm. So, below
length scales of 10µm, the permeability of the interfaces will
dominate the coarsening behavior. We can estimate the other
critical radiusRc from the values of the interfacial tension and
the bending rigidity. From the previous section, we see that the
interfacial tension is of the order of 1× 10-6 N/m. The bending
rigidity of these interfaces is difficult to determine experimen-
tally, since due to their low interfacial tension, they are very
sensitive to small fluctuations in temperature, pressure, vibra-
tions, etc.49 Therefore, we have used a new model that calculates
the bending rigidity with the use of the interaction potential
between the biopolymers and the measured interfacial tension,
as described elsewhere.50 Table 3 shows the results of these
calculations.

The results from these calculations show that the bending
rigidity of these biopolymer interfaces are of the order of 500
kbT, which is approximately an order of magnitude larger than

values found for microemulsions and vesicles, which range from
1 kbT51 to 100kbT.52 Since the interfacial tension is very low,
the bending rigidity becomes relatively more important. Taking
these values for the bending rigidity and realistic values for the
interfacial tension, we find a critical radius of about 1µm. Thus,
for droplets smaller than a micrometer, bending contributions
will dominate the stretching contribution to the interfacial
energy.

So, depending on the interfacial properties, the coarsening
of the domains in bicontinuous structures will exhibit different
scaling depending on the length scales in the system. As both
critical length scales,Rc and Rλ, have values that are of
importance in the phase-separation process, the permeability and
the bending rigidity of the interfaces have to be taken into
account for a full description of the hydrodynamic flow.
Depending on the critical length scales and the size of the
domains, the different regimes for the coarsening rate can be
expected.

These results show that, in the case of aqueous phase-
separated biopolymer mixtures, the interfacial permeability and
the bending rigidity cannot be ignored when discussing interfacial-
related phenomena, such as phase separation, droplet morphol-
ogies, shear-induced phase separation, and droplet deformation.
Normally, these interfacial properties are not taken into account,
but as we have seen, they can have a large effect on these
biopolymer mixtures. As the interfaces are permeable to all
ingredients, pressure gradients that are exerted across the
interface will induce the diffusion of both water and biopoly-
mers. So, to be able to describe the interfacial phenomena under
force fields, such as shear, this permeability has to be taken
into account. The bending rigidity of the interfaces might be of
importance as well. Since these bending rigidities are very high
and interfacial tension is very low in these systems, this
interfacial parameter has to be taken into account when dealing
with large curvatures, for example, small droplet size. Especially
for phenomena such as phase separation, the kinetics of the
process will be influenced by all interfacial properties.

Conclusion

In this paper, we have discussed the effect of interfacial
properties, such as interfacial tension, interfacial permeability,
and bending rigidity, on the dynamics of aqueous phase-
separated biopolymer mixtures. From spinning drop experiments
and the relaxation behavior of droplets after the cessation of a
flow field, we have shown that the interfaces of these mixtures
are permeable. Different ingredients will diffuse through the
interface depending on the time frame of the experiment. In
the spinning drop experiment, we see that the interface is
permeable to all ingredients of the system and that the rate of
the diffusion process is dominated by the diffusion of the
biopolymers in the system. Since this permeability is not taken
into account in the analysis of the spinning drop method, this
method is not valid for the measurement of the exact value for
the interfacial tension. In the relaxation experiments, we have

Λη

γ
∝ t (12a)

Λ2

γλeff
∝ t (12b)

Λ3η
2k

∝ t (12c)

Λ4

2kλeff
∝ t (12d)

TABLE 3: Interfacial Tension, γ, and Bending Rigidity, k,
for the Gelatin/Dextran System

interfacial tension
(µN/m)

bending rigidity
(kbT)

0.6( 0.1 763( 394
1.9( 0.3 985( 175
3.4( 0.3 665( 73
5.3( 0.4 714( 49
7.1( 0.4 566( 49
9.1( 0.6 615( 49
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found the water to be the only ingredient to diffuse through the
interface, since the time scale was much shorter. Taking into
account this permeability, we give a new description for the
relaxation process from which the interfacial tension and the
permeability can be deduced simultaneously. Without taking
into account this extra parameter, this method is not valid for
the determination of the interfacial tension. We show that this
permeability as well as the bending rigidity has an effect on
the phase-separation process. We incorporate the permeability
and the bending rigidity into the description of the hydrodynamic
flow for bicontinuous structures. We find two critical length
scales,Rc, equal to (2k/γ)1/2, andRλ, equal toηλeff. Depending
on the value for these critical length scales, we find different
regimes for the scaling of the domain size with time. For domain
sizes larger thanRc andRλ (Λ . Rc, Λ , Rλ), the coarsening
is dominated by the interfacial tension only and the domain size
scales with time asΛ ∝ t. For domain sizes larger thanRc but
smaller thanRλ (Λ . Rc, Λ , Rλ), we find an interfacial
tension- and permeability-dominated coarsening for which the
domain size scales with time asΛ ∝ t1/2. When the domain
size is smaller thanRc (Λ , Rc), the coarsening is dominated
by the bending rigidity, rather than the interfacial tension. When
the domain size is larger thanRλ (Λ . Rλ), we find a scaling
of Λ ∝ t1/3, and when the domain size is smaller thanRλ (Λ ,
Rλ), the coarsening is also dominated by the permeability and
we find the scaling relationΛ ∝ t1/4. Using a model, we calculate
the bending rigidity in order to estimate the critical length scales.
From these calculations, we see that the bending rigidities are
very high for these systems, which gives a critical radius ofRc

of approximately 1µm. Using values for the viscosity of these
viscous fluids and the permeability of these systems, we find a
critical radiusRλ of approximately 10µm. Both critical radii
are of such extent that the interfacial permeability and the
bending rigidity have to be taken into account in the description
for the interfacial forces for interfacial-related phenomena.
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