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The Effect of Chain Length on Protein Solubilization in
Polymer-Based Vesicles (Polymersomes)

Veena Pata and Nily Dan
Department of Chemical Engineering, Drexel University, Philadelphia, Pennsylvania

ABSTRACT Using a mean-field analysis we derive a consistent model for the perturbation of a symmetric polymeric bilayer
due to the incorporation of transmembrane proteins, as a function of the polymer molecular weight and the protein dimensions.
We find that the mechanism for the inhibition of protein incorporation in polymeric bilayers differs from that of their inclusion in
polymer-carrying lipid vesicles; in polymersomes, the equilibrium concentration of transmembrane proteins decreases as
a function of the thickness mismatch between the protein and the bilayer core, whereas in liposomes the presence of polymer
chains affects the protein adsorption kinetics. Despite the increased stiffness of polymer bilayers (when compared to lipid ones),
their perturbation decay length and range of protein-protein interaction is found to be relatively long. The energetic penalty due
to protein adsorption increases relatively slowly as a function of the polymer chain length due to the self-assembled nature of
the polymer bilayer. As a result, we predict that transmembrane proteins may be incorporated in significant numbers even in

bilayers where the thickness mismatch is large.

INTRODUCTION

To succeed, innovative drug therapies require both effective
drugs and a reliable delivery mechanism. One such vehicle is
lipid-based vesicles, or liposomes, where an internal aqueous
core solubilizing hydrophilic drugs is protected from the
environment by a relatively impermeable amphiphile bilayer.
Delivery characteristics such as drug release rate (and possi-
bly site) are related to the bilayer properties, and may there-
fore be controlled to some degree by the type of lipid used.

Proteins are the active component of biomembranes (see,
for example, Gennis, 1989). Their inclusion in synthetic
membranes such as those of vesicle-based drug carriers
imparts favorable, or unfavorable, functionalization. For
example, the adsorption of immunoproteins (e.g. immuno-
globulins) must be suppressed, since they enable recognition
by reticuloendothelial cells which mediate the clearance
process (Devine and Marjan, 1997; Semple et al., 1998). On
the other hand, the stable incorporation of polyethylene
glycol (PEG) carrying lipids is favored, since it has been
shown to greatly enhance their efficacy (Klibanov et al.,
1990; Allen et al., 1991; Mori et al., 1991; Maruyama et al.,
1991; Semple et al., 1998).

Several studies examined the incorporation of proteins or
large molecules into lipid bilayers (see, for example, Cladera
et al., 1997; Rigaud et al., 1988; Parmar et al., 1999; Zhelev
et al., 2001; Kahya et al., 2001). The equilibrium concentra-
tion of proteins in the bilayer, their arrangement (aggregation/
dispersion) and their functions was shown to depend on the
bilayer characteristics. For example, Keller et al. (1993) and
Chen et al. (2002) found that transport through alamethicin
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ion channels is significantly affected by the bilayer compo-
sition. The interactions between membrane proteins and their
aggregation behavior have been linked to the membrane
properties (see, for example, Mouritsen, 1998 and references
within). The equilibrium concentration and interactions
between inclusions also depend on the inclusion properties.
For example, the chain length of polyethylene glycol (PEG)
has been found to significantly affect the saturation
concentration of PEG-lipids in lipid bilayers (Shimada et al.,
2000; Bradley et al., 1998; Montesano et al., 2001).
Theoretical analysis of protein or large molecule in-
corporation in self-assembled lipid bilayers has shown that
the inclusions perturb the local bilayer structure, thereby
giving rise to an energetic penalty whose magnitude depends
on the induced deformation, as well as on the bilayer
stiffness and curvature moduli (see, for example, Dan et al.,
1993; Dan and Safran, 1995; Fattal and Ben-Shaul, 1995;
Aranda-Espinoza et al., 1996; Cantor, 1997, 2002; May,
2000; Bezrukov, 2000; Maddox and Longo, 2002).
Recently, interest has focused on polymeric vesicles,
composed of hydrophobic-hydrophilic diblock copolymers,
as drug delivery vehicles (Cho and Kim, 1998; Discher et al.,
1999, 2000; Brown et al., 2000; Dufes et al., 2000; Wang
et al., 2001; Bermudez et al., 2002). The advantages of these
polymersomes, as compared to liposomes, include enhanced
mechanical stability and greater flexibility to tailor bilayer
characteristics such as thickness and chemical composition
(Discher et al., 1999, 2002; Lee et al., 2001; Discher and
Eisenberg, 2002; Dimova et al., 2002). Moreover, it has been
speculated that protein (and ligand) interactions with the
polymeric bilayers will greatly differ from their interactions
with lipid ones, thereby affecting drug delivery character-
istics such as circulation time in vivo. This is based on
observations made for lipid bilayers carrying PEG chains
(stealth liposomes), where the polymer was shown to slow
the kinetics of protein adsorption (Needham et al., 1992;
Woodle et al., 1994; Storm et al., 1995; Szleifer, 1997a,b,c;
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Satulovsky et al., 2000, Efremova et al., 2000); thereby
increasing the liposome circulation time in vivo (Storm and
Crommelin, 1998; Allen et al., 1991; Blume and Cevc, 1990;
Klibanov et al.,1990). However, to date little is known
regarding protein adsorption into purely polymeric bilayers.

In this article we develop a model for transmembrane
protein adsorption into polymeric bilayers composed of
symmetric diblock copolymers, as a function of the polymer
chain length and the protein dimensions. In the dilute limit,
where direct protein-protein interactions are negligible, the
fraction of proteins in the membrane depends both on protein
hydrophobicity (equivalent to the bare surface adsorption
energy) and on membrane-protein coupling. The latter arises
from the protein-imposed perturbation of local membrane
structure, due to the thickness mismatch between the
hydrophobic protein regions and the unperturbed membrane
(see Fig. 1).

Why should the incorporation of transmembrane proteins
in polymeric bilayers differ from their incorporation in lipid,
or polymer-carrying lipid, bilayers? Nature has engineered
the dimensions of transmembrane proteins to match the core
thickness of the lipid bilayers, i.e., of order 4 nm. As a result,
the presence of transmembrane proteins does not signifi-
cantly perturb the hydrophobic lipid bilayer core, whether
hydrophilic polymer chains are attached or not. The observed
inhibition of protein adsorption onto stealth liposomes
(Needham et al., 1992; Woodle et al., 1994; Storm et al.,
1995; Szleifer, 1997a,b,c; Satulovsky et al., 2000, Efremova
et al., 2000) is due to a polymer-induced slowing of
adsorption kinetics.

On the other hand, the thickness of polymeric bilayers is
several times that of lipid ones (see, for example, Bermudez
et al., 2002), so that transmembrane proteins may deform the
bilayer significantly (see Fig. 1). The energetic penalty
arising from this deformation is expected to reduce the
equilibrium concentration of transmembrane proteins in the
bilayer (note that, because of the presence of the hydrophilic
block in these systems, polymeric bilayers are expected to
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display a slowdown of adsorption kinetics similar to that of
stealth liposomes).

Indeed, we find that there are qualitative differences
between transmembrane protein incorporation in lipid bi-
layers and polymeric ones. The most significant one is that,
as speculated, there is an increase in the perturbation energy
of the bilayer (for a given protein) as a function of the bilayer
molecular weight. However, this increase depends on the
chain length in a weaker fashion than expected, due to the
self-assembled nature of the polymeric bilayer. We also find
that the range of the perturbation profile away from the
protein increases with chain length, despite the fact that so
does the bending modulus, and that, despite our use of
a linear perturbation model the penalty for bilayer perturba-
tion is asymmetric with respect to the degree of perturbation.
The deformation energy for stretching is smaller than for
comparable compression. The concentration of any given
protein is predicted to be maximal in bilayers where there is
no thickness mismatch. However, due to the protein/solution
interactions, in any given bilayer the protein whose
concentration is highest is one whose thickness exceeds that
of the bilayer.

MODEL

We focus here on systems where the concentration of transmembrane
proteins embedded in the polymeric membrane is low, so that direct
interactions between the proteins may be neglected. Consider a membrane
section containing a protein (Fig. 1). The coupling between the hydrophobic
protein core and the bilayer can be translated into a geometrical boundary
condition for the perturbation on the bilayer thickness at the protein/bilayer
boundary. For simplicity we assume that the protein width is relatively large,
thereby allowing us to apply a one-dimensional analysis. Although this
assumption is obviously unrealistic, previous analysis has shown that the
one-dimensional model yields qualitatively and quantitatively similar results
to that of the two-dimensional one in liposome-protein systems (Aranda-
Espinoza et al., 1996). By symmetry, the two monolayers constituting the
bilayer are equivalent, so that we may limit our analysis to one monolayer.
Also, we assume that the system contains only one type of polymer, and no
cosurfactants. The polymer is taken to be symmetric, so that the number and

FIGURE 1 Conformation of polymer chains near an
inclusion in a polymeric bilayer: 2L, in the thickness of
a flat bilayer, 2L, the inclusion thickness and z is the
distance from the inclusion boundary. The chains in the
unperturbed bilayer are highly stretched (LynaN*?, where N
is the number of segments and a the segment length). As
a result, the requirement to match the thickness of much
shorter proteins can be achieved without undergoing
significant compression when compared to the free chain
radius of gyration. For example, a polymer chain with N =
1000 will have an unperturbed radius of gyration that scales
as 30a, but can stretch to order 100q in the bilayer. Thus,
matching a protein whose thickness is half that of the
bilayer (50a) is easily obtained.
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length of the hydrophilic segments is identical to that of the hydrophobic
ones thereby allowing us to assume the spontaneous curvature is zero (see,
for example, Wang and Safran, 1991). Although this is a clearly idealized
case, it captures all the significant features of diblock copolymer assemblies
(see Halperin et al., 1992) and is not expected to affect, qualitatively,
transmembrane protein incorporation (Dan and Safran, 1995). The free
energy of a protein embedded in a membrane has two contributions. The first
one is associated with the transition of the protein from the aqueous to the
membrane environment, similar to the local, chemical adsorption energy of
amolecule on a solid surface. It is a function of the inclusion hydrophobicity
and possible changes in inclusion conformation in the membrane environ-
ment. The second contribution arises from the membrane-protein coupling.
When a molecule adsorbs on a solid surface, the surface structure remains, to
a large extent, unchanged. However, the membrane is a self-assembled
structure, so that the membrane deformation and subsequent energy gain or
loss due to the protein-induced deformation must be taken into account.

The equilibrium bilayer is locally flat and is composed of two identical
monolayers characterized by a thickness L, which is coupled to a surface
density of X (area per molecule) through an equation of state. In this
analysis we take this equation of state to be the condition of incompres-
sibility of the hydrophobic copolymer, so that L2 = Nvo, where vy is
a segment volume and N is the number of segments. The energy per protein
(per unit width) is then given by

Fd:_YLp+FM7 (D

where v is the surface tension of the protein hydrophobic region, describing
the energy difference (per unit area) between the protein in solution and
embedded in the bilayer. L, is the protein height, and Fy; is the protein-
induced membrane perturbation energy, given by (Dan et al., 1993)
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This energy is a function of the local deformation of the membrane,
which is characterized by a dimensionless change in its thickness, relative to
the equilibrium thickness. The deformation is defined by A(z) =
(L(z) = Lm)/Lm, where L(z) is the local thickness of the perturbed
monolayer and z the distance from the protein boundary. A, defines the
perturbation at the protein boundary, equal to the normalized difference
between the protein and bilayer thickness. v is the volume of the hydro-
phobic block, given by Nv,,. B is the monolayer compressibility, namely, the
energetic cost associated with perturbation of the area per chain from 3
(Each monolayer is assumed to bend with the same sign of the curvature, in
distinction to the usual bending modes of a bilayer where the two mono-
layers have nearly equal and opposite curvatures). The monolayer sponta-
neous curvature, k, determines the sign and magnitude of the free interface
curvature of the monolayer at a water-oil interface. The change in sponta-
neous curvature as a function of density is given by k' = Ok/0%., evaluated
at the equilibrium bilayer surface density 2. K is the bending modulus,
i.e., the energetic penalty for bending the monolayer. All energies are given
in units of kT, where & is the Boltzmann coefficient and T the temperature,
and all length scales are dimensionless, normalized by L,,.

In the case of symmetrical copolymers, the spontaneous curvature and its
derivative are zero. B and K are related to the copolymer chain length
through the relationship (Milner and Witten, 1988; Dan et al., 1993)
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where N is the number of segments in each block, a is the segment length, y
is the surface tension between the hydrophilic and hydrophobic regions
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(assumed to be similar in magnitude to the surface tension between the
protein hydrophobic region and the solution, given in Eq. 1), and 3 is the
equilibrium surface density. Here we adapt the original Milner and Witten
(1988) analysis (developed for polymer chains that are end grafted at a fixed
density to a solid substrate in the melt state, and assuming that the grafting
density is in the relatively high brush regime) to the polymersomes self
assembled system. Briefly, using scaling terminology, this is done by con-
sidering the free energy of a symmetrical, flat bilayer interface which can be
written as y>, + 2N/ 32, The first term accounts for the interfacial tension, the
second for the polymer stretching energy. Minimization of this energy with
respect to 3 will yield the optimal surface area per chain; 3 ~ (N/y)'”?, the
layer thickness scales as ay'>’N**, and the free energy as y3o ~ y*°N'~.

Does the Milner and Witten (1988) modified model work for polymeric
bilayers? To answer this, we can examine the recently published data of
Bermudez et al., (2002) who examined the moduli of polymeric bilayers.
They find that the force (or tension) per unit area, required to perturb a
polymeric bilayer from its equilibrium value is proportional to the surface
tension, and is independent of chain length. This is in agreement with our
discussion above, where the energy per unit area is predicted to scale as
Y& — 20)/ 2. Moreover, Bermudez et al., (2002) find that the hydrophobic
core thickness scales as the chain length to a power of order 1/2 (although
a fit of a 2/3 power works quite well too), in general agreement with the
model predictions.

To calculate the protein-induced bilayer perturbation energy and pertur-
bation profile, the free energy (Eq. 2) must be minimized consistently.
Boundary conditions for the system include a thickness match at the protein
boundary (namely, A = A at z = 0), and that the perturbation decays to zero
at large distances from the protein (dA/dz = 0 for z — ). The other
boundary conditions are the natural ones (see, for example, Fox 1950),
ensuring that the profile found indeed minimizes the system free energy. It
should be emphasized that we focus here on symmetric copolymers and
cylindrical inclusions, so that the contact angle, or curvature, at the interface
between the inclusion and the bilayer are free to adjust to minimize the free
energy (see, for example, Nielsen and Andersen 2000). Obviously,
incorporation of noncylindrical proteins will result in a boundary condition
fixed by the protein shape and lead to an increase in the system free energy.
However, as shown by Dan and Safran (1998), the qualitative behavior of
the system is unaffected by consideration of this added constraint.

RESULTS
Calculating the equilibrium perturbation profile yields

A(z) _ % (ei3/2A1/4z e—i'/2A1/4Z)7 @
where i = (— 1)1/ 2 and A = B/K. Since both roots are complex

numbers, the bilayer thickness does not decay as a simple ex-
ponential with distance from the protein, but has an oscillat-
ing component superimposed (Dan et al., 1993, 1994). The
value of A defines the characteristic bilayer perturbation
length. Thus, the perturbation length in this system is deter-
mined by the ratio between the bending modulus, K, and the
compressibility, B. In general, when A is large, perturbations
extend over large distances (compared to the bilayer thick-
ness). When the bending rigidity is high, perturbations decay
quickly with distance from the inclusion boundary. How-
ever, in the polymeric bilayer B and K are coupled to the
chain length (see Eq. 3), so that A"* varies as N~*3 (Milner
and Witten, 1988; Dan et al., 1993; Halperin et al., 1992).
In Fig. 2 we plot the bilayer thickness profile for three
membrane to protein thickness ratios. We see that, indeed,
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A(z)

FIGURE 2 Bilayer thickness profile,
(Eq. 6) as a function of the distance from
the inclusion boundary, z. All length
scales are in units of @, the segment size.
The flat monolayer thickness, L, = 2
and the protein thickness, L, = 8, 4 and
1.5 when L, > L, Ly = 2Ly, and Ly <
L,, respectively.

for all three cases the deformation profile does not simply
decay as a function of distance from the protein boundary.
The oscillations become more pronounced with increased
thickness mismatch. The range of the profile perturbation
scales roughly as four times the bilayer thickness. Thus,
in lipid bilayers where L,, is small (of order 2 nm), the
perturbation decays rapidly. However, in polymeric bi-
layers where the bilayer thickness may be much larger
(Discher et al., 2000; Won et al., 2002; Bermudez et al.,
2002), the perturbation may extend to distances of order
25-30 nm.

Substituting the perturbation profile, Eq. 4, into the expres-
sion for the deformation energy yields the energy penalty
incurred through protein incorporation into the bilayer

A’BL,,
Fu= (T/g)w, ®)

Recall that for a symmetrical copolymer B, K, and A are
given by Eq. 3, v scales as N, and the thickness of the self-
assembled layer L,, scales as a N3 (Halperin et al., 1992).

In Fig. 3 we plot the perturbation energy, F';, as a function
of the polymer molecular weight N for several protein
dimensions. As expected, the energy is minimal, for any
given protein, at a finite chain length (N*) which corresponds
to the case where Ay = 0, namely, when there is no thickness
mismatch. It is interesting to note that although we use
a linear perturbation model, the energy is asymmetrical,
increasing more sharply for stretched bilayers (namely, when
N < N*) than for compressed ones where N > N*.

DISCUSSION AND CONCLUSIONS

Using a mean-field model we derive here the perturbation
energy of a symmetric polymeric bilayer due to the incorpo-
ration of a transmembrane protein. The protein perturbs the
bilayer thickness, thereby inducing a deformation profile
which extends over a distance roughly of order 3—4 times the
bilayer thickness (Fig. 2). The perturbation range determines
the range over which embedded proteins interact (Dan et al.,
1994, 1993; Cantor, 1999). In lipid bilayers where L, is of

Increasing Lp

Fe: {arb units)

FIGURE 3 Protein-induced
brane perturbation energy, (Eq. 5) as
a function of chain molecular weight.

mem-
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order 2 nm the interaction range is relatively short. However,
in polymeric bilayers where L, may be an order of
magnitude larger (Won et al., 2002; Bermudez et al., 2002)
the protein-protein interactions range becomes significant.
As may be expected, we find that the perturbation energy
increases as a function of the thickness mismatch between
the embedded protein and the hydrophobic bilayer core. The
perturbation penalty for incorporation of a given protein into
a polymer bilayer decreases and then increases with chain
molecular weight, displaying a minimum at a finite molec-
ular weight which corresponds to a bilayer thickness that is
equal to the protein dimension (Fig. 3). Somewhat un-
expectedly, the penalty for bilayer stretching is larger than
for compression. For a given bilayer (namely, a fixed chain
length), the penalty for stretching due to the incorporation of
large proteins is much larger than the penalty for compres-
sion due to the incorporation of smaller proteins (Fig. 4).
Considering any given protein, yL;, is fixed by the protein
conformation and the energetic gain due to protein incorpo-
ration in the bilayer decreases with increasing membrane
perturbation energy (see Eq. 5 and Fig. 3). As a result, the
energetic penalty is minimal (and the gain maximal) in
bilayers where there is no thickness mismatch. Quite
surprisingly, although the moduli of the bilayer increase
significantly with the chain length (Eq. 3), the overall penalty
for protein incorporation does not. As shown in Fig. 3, the
perturbation energy increases relatively moderately with N.
Why is the energetic penalty for protein incorporation
relatively low, even for large thickness mismatch? In lipid
bilayers the configurations of the core tails are relatively
limited. As a result, the bilayers are relatively incompressible
and cannot support perturbations in the thickness/surface
density that are more than a few percent (see, for example,
Gennis, 1989). Even a small thickness mismatch between the
lipid bilayer and a transmembrane protein will therefore
result in a large energetic penalty prohibiting protein incorpo-
ration. In self-assembled diblock copolymer bilayers, the
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surface density is set by an energetic balance between the
surface tension at the hydrophobic/hydrophilic interface and
the chain configurations. Although the preferred, equilibrium
core dimensions of a given chain length N scales as N2, it
can easily vary from a collapsed N'* to a stretched N' (see,
for example, Halperin et al., 1992). Bilayer compression,
e.g., by matching to a small protein, results in an increase in
the local surface tension energy and a decrease in the stretch-
ing energy. Thus, the energetic penalty due to the protein
incorporation is mitigated by a gain in stretching energy.

The bilayer perturbation energy defines the membrane
resistance to protein incorporation; however, transmembrane
proteins are driven into the bilayer by the unfavorable
interactions between their hydrophobic regions and the
aqueous solution. Thus, the net energy gain due to protein
incorporation in the bilayer (per unit width) is given by Eq. 1,
namely, Fy; — yLp. It is interesting to examine the distribu-
tion of protein incorporation into a given bilayer, as a func-
tion of the protein size. In this case, both the perturbation
energy and the energetic gain vary as a function of protein-
dimension. In Fig. 4 we plot, the different contributions and
the difference between them as a function of the protein
thickness (note that since L, is fixed, A, is proportional
to L,). We see that accounting for the protein-solution
interactions shifts the minimum in the energy from Ay =
0 to a finite value, which depends on the magnitude of the
surface tension y. Thus, we expect that the distribution of
proteins embedded in a given membrane will not favor
proteins whose thickness is identical to the bilayer thickness,
but somewhat larger proteins. The degree of shift (from Ay =
0 to a finite value) increases with increasing . The analysis
presented here pertains to the incorporation of transmem-
brane proteins across the bilayer, a category that includes
a variety of proteins (e.g., ion channel forming ones like
gramicidin alamethicin).

It is interesting to note that the overall system free energy
is reduced by protein incorporation over a significantly large

—
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/7 FIGURE 4 Perturbation energy of
R a given membrane, as a function of
protein size, (Eq. 7). The membrane
thickness is L, = 2 and ('yaz) is taken to
be 0.1 kT. Note that higher values of y
will lead to an even more significant
shift in the minimum toward larger

proteins.
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range of thickness mismatches (for the example plotted ion
Fig. 4, it encompasses mismatches ranging from Ay ~ —0.8
to Ag & 5, or from a protein to bilayer thickness ratio of order
0.2 to 6). Obviously, above a certain thickness mismatch the
membrane perturbation energy would become prohibitive
for this type of incorporation. Proteins may then either
continue to circulate in solution, or be partially embedded in
the bilayer (see Fig. 5). Both scenarios would result in some
hydrophilic/hydrophobic interfacial penalty, so that deter-
mining under which conditions transmembrane proteins
would be partially incorporated is sensitive to the specific
protein characteristics.

Many types of proteins do not adopt the transmembrane
configuration, but adsorb at the hydrophobic/hydrophilic
bilayer interface (Gennis, 1989). Although the thickness
mismatch scenario does not fit these cases, protein in-
corporation at the interface between the hydrophilic/hydro-
phobic polymer blocks perturbs the bilayer structure in
a manner quite similar to that of transmembrane ones (see,
for example, Dan and Safran 1998). However, in these cases
the perturbation energy is much more sensitive to the specific
protein characteristics (e.g., shape, contact angle). Thus, we
expect that the analysis presented here applies for all types
of membrane proteins, once the degree of perturbation is
accurately accounted for.

The model presented here is based on several simplifying
assumptions. The first one regards the (a)symmetry of the
copolymer. Most diblock copolymers are not symmetric, so
that the membrane perturbation energy (Eq. 2) includes
a spontaneous curvature term. Previous studies (Dan et al.,
1993, 1994; Dan and Safran, 1995) have shown that
accounting for the bilayer spontaneous curvature plays
a significant role when examining transmembrane proteins
whose thickness matches that of the bilayer, but is over-
whelmed by the thickness mismatch in cases where that
applies. Therefore, accounting for the copolymer asymmetry
(in either molecular weight or segment size) and bilayer
spontaneous curvature would not affect the qualitative

hydrophobic

hydrophilic

hydrophilic

hydrophobic

FIGURE 5 A schematic of bilayer perturbation by nonincorporated
transmembrane proteins. As is shown, partial embedding of the protein,
although reducing the membrane perturbation, involves an energetic penalty
due to the surface tension between hydrophobic and hydrophilic regions.
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findings presented here. Our second simplifying assumption
regards polymer polydispersity; although the large majority
of models analyzing polymeric self assembly neglect the
effect of polydispersity (see, for example, Milner and Witten,
1988; Halperin et al., 1992; Wang and Safran, 1991), the
only synthetic polymers that are truly monodisperse are
those synthesized using biological methods (see, for
example, Dougherty et al., 1992). In diblock copolymers
polydispersity may be manifested through a molecular
weight distribution and/or a composition distribution. How
would polydispersity affect our results? In general, entropy
should drive different chains to mix uniformly. However, the
perturbation induced by embedded protein is likely to lead to
local segregation, where shorter chains that match the protein
dimensions more closely would concentrate in the region
adjacent to the protein boundary. This segregation should not
affect the basis of our analysis, but the difference between
the real thickness mismatch in polydisperse systems and the
nominal one is expected to lead to even easier protein
incorporation than what we predict here.

What do our results indicate regarding the use of
polymersomes as drug carriers? One of the most significant
issues regarding the use of any type of nanoparticle for drug
delivery is their relatively rapid clearance by the immune
system, triggered by immunoprotein adsorption. In lipo-
somes, the incorporation of hydrophilic polymer chains has
been shown to slow the kinetics of protein adsorption,
thereby increasing the circulation time in vivo (Needham
etal., 1992; Woodle et al., 1994; Storm et al., 1995; Szleifer,
1997a,b,c; Satulovsky et al., 2000; Efremova et al., 2000;
Storm and Crommelin, 1998; Allen et al., 1991; Blume and
Cevc, 1990; Klibanov et al., 1990). While such Kkinetic
effects are expected to occur in polymer-based bilayers, we
find that the equilibrium concentration of proteins in-
corporated into a bilayer depends on the bilayer thickness.
Assuming that most natural proteins are designed to match
lipid bilayers, this indicates that increasing the bilayer
thickness (or the molecular weight of the diblock copolymer
chains) will suppress, to some degree, protein incorporation.
This indicates that the polymersome tagging for clearance
by immunoprotein incorporation will be moderately sup-
pressed, but not extinguished, for high molecular weight
copolymers. Recently, Photos et al. (2003) have shown that
the circulation time, in vivo of polymersomes increases
nearly linearly with the chain molecular weight, implying
thereby that immunoprotein adsorption/incorporation de-
creases with increasing N. It is hard to determine whether this
suppression is due to a slowdown in the adsorption kinetics
(a process dominated by the hydrophilic block), or to the
membrane perturbation mechanism proposed here (which is
dominated by the hydrophobic block). More revealing is
the observation of Photos et al. (2003), that for a given
hydrophilic chain length, the circulation half-time in vivo
increases from order 15 h in stealth liposomes carrying a
moderate density of polymer chains to order 20 h in
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polymersomes. This difference, which is relatively small, is
likely to be dominated by the hydrophobic core, thereby
supporting our conclusion that equilibrium protein incorpo-
ration is diminished, but not overly suppressed, as the chain
length increases.
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helpful discussions.
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