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Abstract. Red blood cells, milk fat droplets, or liposomes all have in-
terfaces consisting of lipid membranes. These particles show significant
shape deformations as a result of flow. Here we show that these shape
deformations can induce adsorption of proteins to the membrane. Red
blood cell deformability is an important factor in several diseases in-
volving obstructions of the microcirculatory system, and deformation
induced protein adsorption will alter the rigidity of their membranes.
Deformation induced protein transfer will also affect adsorption of cells
onto implant surfaces, and the performance of liposome based con-
trolled release systems. Quantitative models describing this phenom-
enon in biomaterials do not exist. Using a simple quantitative model,
we provide new insight in this phenomenon. We present data that show
convincingly that for cells or droplets with diameters upwards of a few
micrometers, shape deformations induce adsorption of proteins at their
interface even at moderate flow rates.

1 Introduction

Cells, liposomes designed for controlled drug release, food based emulsions, or certain
types of cosmetics and skin care products, are some typical examples of biomaterials
with high surface to volume ratios. A better understanding of the complex dynam-
ics of their phase interfaces, is highly relevant for a wide range of disciplines, which
include biology, medical and pharmaceutical science, biophysics, material science,
biotechnology, food science, coating technology, and chemical engineering [1]. One of
the factors that makes the behavior of biomaterials with multiple phases so complex is
the fact that mass and momentum transfer are coupled in these systems [1]. For exam-
ple, mass transfer of water molecules across the interfaces affects the deformation of
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phase-separated biopolymer droplets or vesicles in a flow field, leading to accelerated
relaxation to a spherical shape after the flow is stopped [2–4]. Conversely, the high
resistance against deformation of a gas-liquid interface, stabilized by crystallizing sur-
factants, can affect mass transfer of gas molecules across that interface, limiting the
dissolution of microbubbles [5]. This coupling between deformation and mass trans-
fer has been recognized as an important effect in geology [6], metallurgy [7–9], and
solid state physics [10]. It has also been observed in bulk solutions of synthetic poly-
mers [11], and suspensions of solid particles in a liquid phase [12]. In surfactant science
it has long been recognized that deformations of an interface drive mass transfer of
surfactants to and from the interface [1,13,14]. In contrast, in studies on the dynamic
behavior of highly elastic membranes, deformation induced mass transfer between
interface and bulk phase is in general not considered to be an important factor. The
response of membranes to external flow fields is commonly attributed solely to in-
plane interactions between the constituents of the membrane. Here we will show that
this assumption is often not justified: we will show that flow induced deformations of
elastic membranes can lead to irreversible adsorption of proteins to these membranes.
This adsorption may alter their mechanical properties, such as their Young’s modu-
lus or bending rigidity, which has for example been documented for red blood cells
[15–17]. For red blood cells their deformability is an important factor in platelet –
vessel wall interactions [18], and in several diseases [19–21]. Protein adsorption in-
duced by shape deformations is not accounted for in studies of protein adsorption on
red blood cells [15–17].
In this paper we will present a quantitative model for describing the phenomenon,

and present experimental data that show conclusively that this phenomenon is impor-
tant for a wide range of systems, particularly when cells or droplets are larger than a
few micrometers. We then discuss some particular examples of how this phenomenon
affects complex biomaterials.

2 Deformation induced protein adsorption at elastic membranes

Flow induced adsorption should not be confused with the well-known Marangoni ef-
fect (or Gibbs-Marangoni effect), describing surface diffusion of adsorbed molecules
as a result of in-plane gradients in surface concentration (in general also deforma-
tion induced). Deformation induced adsorption involves mass transport in directions
perpendicular to the interface.
The mechanism for protein adsorption induced by shape deformations is as fol-

lows (Fig. 1A) consider a red blood cell in an arterial flow, or a fat droplet in milk
being pumped through a pipe. The phospholipid membranes of these objects have an
equilibrium surface tension of about 2mN/m. Pure proteins, when adsorbed at an
interface tend to have equilibrium surface tensions in the range of 10–40mN/m, de-
pending on the type of interface (water-oil, water-air) and protein concentration [1].
This means that in quiescent conditions proteins cannot adsorb at the membrane of
a red blood cell or fat droplet, since this would lead to an increase of the surface ten-
sion, and therefore in an increase of the free energy of the system (Fig. 1B). Proteins
will adsorb only when the surface tension of the membrane exceeds a threshold value,
γth, equal to the equilibrium surface tension of the protein. When the threshold value
is exceeded, adsorption of the protein lowers the free energy of the interface. The
shape deformation of the cells or fat droplets induced by flow leads to an increase in
their surface area (ΔA), and in a decrease of the phospholipid concentration at their
interface (Fig. 1C). This decrease in phospholipid surface concentration leads to an
increase in the interfacial tension, given by [1,13,14]

Δγ = γd − γnd = EdΔA/A (1)



Characterization of Complex Fluid-Fluid Interfaces 63

Fig. 1. Schematic representation of shape deformation induced adsorption of proteins on
membranes. A) Liposome or cell is deformed in an arbitrary flow. B) In a non-deformed state
the protein cannot adsorb to the membrane. C) The flow decreases the surface concentration
of lipids, as a result the surface tension increases. D) As a result of increased surface tension
proteins adsorb at the interface. E) If the protein unfolds, exposing its hydrophobic parts to
the interior of the lipid bilayer, it will not desorb when the interface resumes a non-deformed
state.

where γnd is the surface tension of the non-deformed interface, γd is the surface
tension of the deformed interface, and Ed is the dilatational modulus of the interface.
When the mechanical forces are sufficiently strong, according to (1), the interfacial
tension will increase above the threshold value γth, and protein will start to adsorb
(Fig. 1D). Assuming that the actual adsorption to the interface is rate limiting (so we
assume this process is much slower than diffusion/convection from the bulk phase to
the immediate neighborhood of the interface), and assuming a linear relation between
the protein flux towards the interface, jd, and its driving force, we can express this
flux as

jd = k(T )(γd − γnd). (2)

Here k(T ) is a transfer coefficient, which in a first approximation can be assumed to
be a function of temperature, but not of concentration or degree of shape deformation.
Equation (2) predicts a positive flux when γd > γth, indicating adsorption of protein,
and a negative flux when γd < γth, indicating desorption of protein. When the droplet
or cell relaxes to a non-deformed state, the surface tension decreases, and may attain
values below γth. According to (2), the protein would then desorb again. However,
in many cases proteins can unfold after adsorption to an interface, exposing the
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hydrophobic parts of its structure towards the hydrophobic interior of the bilayer,
and the hydrophobic interactions with the bilayer (or even the sub-phase, when this
is a hydrophobic oil phase) will prevent the protein from desorbing (Fig. 1E). When
sufficient amounts of protein remain adsorbed to the membrane, its rigidity will be
altered significantly.
Here, for the sake of simplicity, we have used the concept of a dynamic (or tran-

sient) surface tension to describe the mechanism of deformation induced adsorption.
Elsewhere in this issue we will discuss alternatives for this concept, which for elastic
membranes may prove to be more suitable to describe the state of deformation of the
membrane [22].

3 Materials and methods

Oil-in-water emulsions were prepared by premixing 4% (w/w) purified butter
oil (VIVBuisman B.V.) with an aqueous solution of 0.5% (w/w) lecithin (L-α-
Phosphatidylcholine Type X-E, Sigma) in MilliQ water (Millipore Q-Gard 2). The
premix was subsequently homogenized at 70 bar, for 10 min, in a Delta Instruments
lab homogenizer. To these emulsions 10 U/mL FITC-labeled enzymes were added.
Lipoprotein lipase from bovine milk (0.62mg/ml protein dissolved in 3.8M am-

monium sulphate, 0.02M Tris-HCl buffer, pH 8, from Sigma) was labeled with FITC
isomer 1 (Sigma) using a protocol described in reference [23]. A 2mg/mL FITC solu-
tion in anhydrous dimethyl sulfoxide (DMSO) was prepared. Prior to addition of the
FITC to the lipase solution, this solution was dialyzed against a 0.1M sodium carbon-
ate buffer of pH 9.05, overnight, at room temperature. The FITC solution was added
as 5μl aliquots to the protein solution, while being gently and continuously stirred.
For each ml of protein solution, 35μl of FITC solution was added. The final solution
was stored in the dark, at room temperature for 5 hours. The excess FITC was re-
moved by dialyzing against 0.1M sodium carbonate buffer pH 8.5 for 2 days, during
which the buffer solution was refreshed several times. Fluorescent FITC-labeled lipase
has an extinction wavelength of 495 nm and emission wavelength of 525 nm (Sigma).
Emulsions were stirred for 6 hours by an overhead mechanical stirrer, at 20 ◦C,

at 40 rpm or 150 rpm. It was not possible to use a non-stirred emulsion as a control,
because as a result of the rather large droplet size, these emulsions show significant
creaming in a time span of 6 hours. Coalescence events in the creamed layer could in
principle lead to adsorption of lipase at the oil-water interface.
Droplet size distributions were determined using laser light diffraction with a Mas-

tersizer 2000 (Malvern Instrument Ltd.). MilliQ water was used as a dispersant (re-
fractive index 1.33). Settings chosen for the light scattering instrument are described
elsewhere [24,25].
The distribution of FITC labeled lipase on oil droplets was analyzed using a LSM

510 META confocal microscope (Carl Zeiss). Samples were prepared by adding 10%
(w/w) dextran (molecular weight equal to 2 · 106Da, Sigma), to increase viscosity of
the sample and thus reduce mobility of the oil droplets. Propyl-gallate (Sigma) was
used as anti-fading agent. FITC-lipase was excited with 5% of the 488 nm line of a
30mW Ar laser at 6.0Amp and emission collected using a band pass filter with a
range of 505–530 nm. Images were acquired with a 60× Plan Apo 1.4 NA objective
and 1.1Airy Unit pinhole, thus collecting from 800 nm optical z-slices. Scan speed
was 4 with detector gain at 1021 for all samples analyzed. Images were similarly
processed in Adobe Photoshop by adapting the RBG settings to output 61- input 85
and output 199 and input 172. Since background intensity of the emulsion stirred at
40 rpm (Fig. 2 was lower (intensity 25) than in the other picture (intensity 40), this
was corrected by adjusting the RBG default to output 118 and input 101, for correct
comparison.
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Fig. 2. A) CSLM images of samples stirred for 6 hours at 40 rpm (left) and 150 rpm (right)
(scale bars equal 5μm). At the highest stirring rate we clearly see adsorption of FITC labeled
lipoprotein lipase at the interface of the droplets. B) Close-up of representative droplets at
both stirring rates.

Interfacial tension and dilatational elastic modulus were measured with an oscil-
lating drop tensiometer (Tracker, Teclis-IT Concept, Longessaigne, France). A drop
of purified butter oil (VIVBuisman B.V., the Netherlands) was created at the tip of a
u-shaped syringe, in an aqueous solution of 0.001% (w/w) phospholipids and 100mM
NaCl. The interfacial tension was determined from the drop profile by solving the
Laplace equation. The equilibrium interfacial tension of the butter oil – phospho-
lipid solution interface was found to equal 12± 1mN/m. Injection of lipase into the
aqueous phase under quiescent conditions did not affect this value. To determine if
lipase can bind to the interface of a deformed oil droplet, the droplets were deformed
using oscillatory deformations. The amplitude of oscillation was chosen in such a way
that the maximum interfacial tension measured in each cycle was between 15 and
25mN/m. The amplitude and period of deformation were 4mm2 and 30 s. Deforma-
tion was performed for five cycles (150 s) with interfacial tension measurement every
0.2 s, after which there was a period of 150 s in which the droplet area was not de-
formed, with measurements every 2 s. Each run lasted 14400 s. The first 3600 s the
oil droplet - solution interface was allowed to reach its equilibrium interfacial tension.
Next, oscillation of the drop was started, and after 7100 s lipase (200 units/280μL of
3.8M ammonium sulphate, 0.02M Tris-HCl buffer at pH 8) or control (280μl of the
same buffer, without enzyme), was added to the aqueous phase. The elastic modulus
was determined using expression (1), and its evolution after injection was monitored
as a function of time.

4 Results and discussion

To illustrate deformation induced adsorption with experimental data we prepared
a model emulsion from purified butter oil, stabilized by lecithin. FITC-labeled milk
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Fig. 3. Dilatational modulus Ed as a function of time for a butter oil - phospholipid interface.
Dashed red line marks the point where enzyme (�) or enzyme-free buffer (�) was injected
into the aqueous phase (7100 s).

lipoprotein lipase was added to two samples of the emulsions and they were stirred at
high speed (150 rpm), or low speed (40 rpm) respectively, using an overhead stirrer.
Analysis of the particle size distribution showed that the stirring did not cause droplet
break-up. Lipase interfacial binding was shown with CSLM (Fig. 2). In this figure we
clearly see a more abundant fluorescent signal at the oil-water interface of the droplets
in the sample stirred at 150 rpm. The fluorescent signal appears as irregularly spaced
dots of variable size, that are more dense after high speed stirring (Fig. 2). At the
lower stirring rate, significantly less adsorption of lipase can be detected. This clearly
shows that lipase binding is controlled by the mechanical deformations of the droplets.
The CSLM images were taken after stopping the flow, and the images show that the
lipase adsorption was irreversible. Even droplets as small as about 5μm in diameter
show adsorption of the labeled lipase, indicating that this phenomenon is important
for objects upwards of a few micrometers. This limit is of course affected by the
rigidity of the original interface. Membranes with a higher rigidity require higher flow
rates, or at equal flow rate, will show adsorption only for larger (and hence more
deformable) objects.
Figure 3 shows the dilatational modulus of a butter oil - water interface stabilized

by lecithin, determined by subjecting the interface to sinusoidal deformations in a
drop tensiometer. The oscillation amplitude was equal to about 28.5%, a deformation
sufficiently high to increase the surface tension of the interface from its equilibrium
value (12 ± 1mN/m, see Materials and Methods) to a value above the threshold for
protein adsorption. Note that this large amplitude induces a gradual increase in the
dilatational modulus over time. At 7100 s either a lipase solution or an equal amount
of lipase-free buffer was injected into the aqueous phase. When lipase is injected,
adsorption of this protein leads to a significant decrease in the dilatational modulus,
whereas the modulus of the other sample continues to increase in time. We see that
this mode of adsorption can affect interfacial properties in a dramatic way.
Now that we have established the mechanism of shape deformation induced protein

transfer, and have shown experimentally that for objects of a few microns in size it
occurs already at moderate flow rates, we will discuss some of the effects of this
type of adsorption for a number of systems. For cells the irreversible adsorption of
sufficient amounts of proteins will affect the rigidity of the cell membrane [15–17]. For
red blood cells their deformability is an important factor in the interaction between
platelets and vessel walls [18], and in several diseases involving obstructions of the
microcirculatory system [19–21]. Protein adsorption induced by shape deformations
is not accounted for in studies of protein adsorption on red blood cells, in spite of
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the fact that the cells are exposed to flow fields during these studies (either turbulent
flows when stirring the samples, or shearing and extensional flows in microfluidics
devices) [15–17]. Neglecting this effect may lead to errors in experimental data for
protein adsorption coefficients and adsorption energies. To quantify the effect, studies
should be performed not only at various protein and salt concentrations, but also at
various flow rates.
Flow induced deformations can also affect the adsorption of cells onto surfaces of

implants or artificial organs. Cell adsorption on implant materials plays a significant
role in the development of infections that may occur after implantation, and these
infections obstruct the long-term use of the materials [26,27]. If deformations are suf-
ficient to induce adsorption of charged proteins on the cell wall, the resulting change
in surface charge of the cell wall can induce changes in the electrostatic interactions
between surface and cell. Depending on the sign of the charges this may either re-
duce or increase cell adhesion. Shape deformation induced protein adsorption is not
accounted for in studies of cell adhesion to solid walls, in spite of the fact that the
phenomenon manifests itself already at relatively mild flow conditions.
Deformation induced adsorption will also be important in many pharmaceutical

applications. The dynamic behavior of microcapsules used for controlled delivery is
very sensitive to the mechanical properties of the capsule membrane [28]. Important
parameters here are the membrane elasticity and its bending rigidity. These surface
properties are a function of the composition of the interface, and will change when
additional materials adsorb at the interface. The fact that these properties can change
by deformation induced adsorption is in general not accounted for.
To illustrate how widespread this phenomenon is we discuss one final example:

the effects of deformation induced protein adsorption in milk production. Automated
robotic systems significantly reduce the workload for dairy farmers, and increase
production per individual animal. They may however cause undesirable higher levels
of free fatty acids (FFAs) in the milk [29]. FFAs cause an off odor and rancid taste,
thereby reducing consumer appreciation of the milk. Plausible explanations for this
effect have not yet been presented. The FFAs are produced by enzymatic hydrolysis of
triglycerides present in the interior of the milk fat droplets, by the enzyme lipoprotein
lipase. To react with the triglycerides, this water-soluble enzyme first has to adsorb
to the oil-water interface of the fat droplets. This interface is a bilayer formed by
phospholipids and proteins, and has an interfacial tension <2mN/m [29]. In view
of this low tension, lipase cannot adsorb at the oil-water interface under quiescent
conditions. Lipase could adsorb to the oil-water interface if this interface is disrupted
by droplet break-up. However, although in an AMS forces exerted on the droplets
are stronger than in regular milking systems, they are insufficiently strong to cause
droplet break-up [30]. Wiking [30] showed that there was a significant increase in the
free fatty acids content during pumping of 3.7% and 4% fat milk at 20 ◦C and 31 ◦C
when the shear rate was increased from 172 s−1 to 565 s−1, even though no significant
break-up of the oil droplets occurred. Our experiments suggest that the rancidity is
caused by deformation induced transfer of lipase to the membrane of the milk fat
droplets. While pumping the milk through the lines of the milk robot, fat droplets
are deformed, and this allows the lipase to adsorb at the droplet membrane (similar
to what we see in Fig. 2). After adsorption it starts to hydrolyze the triglycerides in
the interior of the droplet, and the FFAs produced in this process are transferred in
part to the aqueous phase of the milk, producing a rancid taste. To establish whether
deformation induced protein adsorption is indeed responsible for the FFA production,
we need to determine if the flow conditions in AMS systems are sufficient to induce
this phenomenon. Lipase can adsorb at oil-water interfaces when the surface tension
exceeds a certain threshold value. This value may vary significantly between different
variants of this protein. Flipsen [31] showed that variants of cutinase, which is a lipase,
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could have an equilibrium surface tension at the oil-water interface with a difference
of about 22 mN/m. The highest equilibrium surface tension found was 23.8 mN/m
for an inactive variant, and the lowest was 1.7 mN/m. For the sake of convenience
we will assume a value of 12 mN/m for our threshold for lipase adsorption (roughly
in the middle of this range). With a value of 2 mN/m for the lipid bilayer surface
tension this gives us a value for Δγ equal to 10 mN/m, for adsorption of lipase to
occur as a result of deformation. A typical value for Ed of phospholipid bilayers is
about 100 mN/m [32], and with equation (1) this value allows us to calculate the
relative change in surface area needed to reach the threshold value for adsorption. If
we assume the droplets are deformed to a prolate ellipsoidal shape, their degree of
deformation can be characterized by the parameter d = (l− b)/(l+ b), where l and b
are the lengths of the long and short axis of the ellipsoid. For a given value of d, the
increase of the surface area of the droplet equals [33]

ΔA

A
=
1

2
q2/3
(
1 +

w

q2 tanw

)
− 1 (3)

where q = (1−d)/(1+d), and w = arccos(q). From Eqs. (1) and (3) we find that for a
lipid bilayer with equilibrium interfacial tension equal to 2 mN/m, and a dilatational
modulus of 100mN/m, a deformation d = 0.38 is sufficient for γd to reach a threshold
value of 12mN/m. We now need to link this deformation to the typical flow conditions
in an AMS. The degree of deformation of the droplets depends on the capillary number
Ca, the viscosity ratio λ (oil phase viscosity divided by aqueous phase viscosity), and
the type of flow (shear, elongation, turbulent flow). Here we will assume that the flow
in the system is an isotropic turbulent flow, with energy dissipation per unit mass
equal to ε. Closed form relations expressing d in terms of Ca and λ for this type of
flow do not exist, and d has to be determined numerically [34]. Closed form relations
do however exist for shear and elongation flow. For shear flow d is related to Ca and
λ by the familiar Taylor expression [35,36]

d = Ca
19λ+ 16

16λ+ 16
· (4)

Since shear is less efficient to deform droplets than elongation or turbulent flow, using
Eq. (4) overestimates the value for Ca, needed to reach the threshold value for γd.
This is particularly true for systems with large viscosity ratios, such as in our system.
Moreover, (4) is valid only in the limit of small deformations. So, here we use this
simple expression only as a rough estimate of the upper bound, above which we may
definitely expect lipase adsorption to occur. More accurate relations linking droplet
deformation to the capillary number can be found in the literature [34]. The viscosity
ratio of our system is equal to 75, and using (4) we find that to reach a value for d
equal to 0.38, we need a capillary number of 0.32.
We must now relate the capillary number to the characteristics of the flow in

AMS. From the energy dissipation we can calculate the Kolmogorov length scale,
given by [37]

lK = (μ/ρ)
3/4ε−1/4 (5)

where ρ is the density of the continuous phase, and μ is the shear viscosity of
the continuous phase. For typical values for the viscosity (10−3 Pa s) and density
(103 kg/m

3
), an energy dissipation of 100 J/(kg s) results in a Kolmogorov length

scale of about 10μm. The oil droplets in milk have a volume-surface averaged diam-
eter of about 4μm [38]. The larger droplets of the size distribution have a diameter
above 10μm [38], and are larger than the Kolmogorov length scale. These droplets
are most easily deformed and therefore most likely to show lipase adsorption. We will
therefore use these larger droplets to estimate the energy dissipation for which the
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Fig. 4. Energy dissipation ε [J/(kg s)] needed to induce deformation induced protein ad-
sorption, as a function of the radius of the droplet R. The solid line was calculated using an
expression for the deformation of the droplet, valid for a simple shear flow. For extensional
or turbulent flows we would expect this curve to shift to the left, as indicated by the red
arrow.

threshold value will be reached. Since the droplet size is of the same order or larger
than the Kolmogorov scale, these droplets are in the inertial deformation regime, and
the capillary number is given by [39]

Ca =
R3ρ2ε

μγd
· (6)

With this expression we can estimate the energy dissipation per unit mass needed to
reach a threshold value for the surface tension of 12mN/m. Equation (6) shows us
that the energy dissipation needed to reach the threshold scales with droplet radius
as R−3 (see also Fig. 4). This shows that the smaller droplets in the size distribu-
tion need energy inputs to reach the threshold surface tension far in excess of those
encountered in an AMS, and we may indeed expect only the larger droplets to show
lipase adsorption. In Fig. 4 we have plotted the upper bound for the energy input
needed to induce lipase adsorption as a function of droplet size. If we assume that
in an AMS milk is being pumped through a pipe with diameter D, at a flow rate Q,
than the rate of energy dissipation scales as ε ∼ Q3D−7 [40]. At a flow rate of the
order of 0.1m3/s, and a pipe diameter of the order of 0.01m, we would expect a rate
of energy dissipation in the system of the order of 100 J/(kg s). In Fig. 4 we see that
droplets with a radius of about 30μm would be deformed sufficiently to allow lipase
adsorption. Although the majority of droplets in milk is smaller than this value [38],
such droplets can be found in milk. As pointed out before, our model calculates only
a rough estimate of the droplet size above which lipase adsorption could be observed,
using an expression for the deformation d valid only for simple shear flow [see equa-
tion (4)]. In an actual AMS the flow would be turbulent, and for this type of flow we
would expect the curve in Fig. 4 to shift to the left, as indicated by the red arrow. So
in turbulent flow fields the size of the affected droplets would be significantly smaller
than 30μm, which is also confirmed by our results depicted in Fig. 2, where droplets
as small as 5μm show lipase adsorption. Our analysis shows that it is highly plausible
that deformation induced protein adsorption is responsible for the FFA production
in automated milking systems. The mechanism we have proposed here suggests
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a simple solution for the problem: reducing the flow rate should decrease the
degree of deformation of the fat droplets, thereby decreasing the amount of adsorbed
lipase.

5 Conclusions

The examples of protein adsorption to membranes induced by shape deformations
we discussed in this article clearly illustrate the importance of this phenomenon in
the dynamics of a wide range of biomaterials, such as cells, liposomes, or food based
emulsions. We have discussed its role in systems such as red blood cells in arterial
flows, and in milk produced with milking robots. When modeling the dynamics of
such systems it may often not be sufficient to model the in-plane rheology of the
interfaces by a constitutive model with constant material properties. We will need to
account for the fact that the momentum and mass balances describing the state of
the interface may be coupled: deformation of the interface may induce mass transfer
of components between the bulk phase and the interface, and the resulting change in
material properties will in turn affect the deformation of the interface. The model
we presented here is a relative simple phenomenological model, but yet provides
remarkable insight in the mechanism. A more rigorous approach to incorporating this
effect in the description of the dynamics of multiphase biomaterials can be constructed
within the framework of nonequilibrium thermodynamics [1,41,42].

LS would like to thank Howard Stone (Princeton University) for helpful discussions of the
manuscript.
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