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We have studied polymer chains anchoring to fluid vesicles by the combination of self-consistent-field
theory (SCFT) for polymer chains and Helfrich curvature energy theory for fluid membranes. Both
density distributions of chain segments and shapes of fluid vesicles have been obtained. Due to the
limited available space and reduced conformational entropy for the anchored polymer chains, the
polymer chains induce the inhomogeneous entropic pressure on fluid membranes, which lead to the
shape deformation of the vesicle. In the present study, the shapes of vesicle anchored by polymer chains
for a prescribed volume and surface area are investigated as functions of interactions between chain
segments and the membrane, the anchored polymer chain lengths, the solvent quality and the bending
rigidity of membrane. It will be straightforward to extend this method to more complicated systems,

such as vesicles with multiple anchored chains, block copolymers or semiflexible chains.

1. Introduction

Lipid bilayers are important components of living cells with
diameters ranging from a few nanometres to hundreds of
micrometres. In biological systems, a large number of macro-
molecules, such as polysaccharides, membrane proteins,
glycocalix and cytoskeletons,'? decorate the outer and inner
sides of lipid bilayers. These macromolecules play an important
role in the regulation of biological functions, such as signal
transduction, endocytosis and exocytosis, cell motility, cell
mitosis and protecting the cell against mechanical and chemical
attacks. To study these decorated lipid bilayers, fluid vesicles
anchored by polymer chains as a simplified model system have
attracted wide interest in recent in vitro experiments.>® Because
of the anchoring of polymer chains to vesicles, various changes
in vesicle shapes, such as budding, increnation, pearling and
coiling, have been observed.

Two methods are commonly adopted to anchor polymers onto
membranes: one is a chemical method via a lipid anchor, where
one polymer is covalently bound to a lipid molecule; the other
one is through physical interactions between the side groups of
the polymer and the lipids.*> When one polymer approaches the
membrane, its conformational entropy is reduced due to the
space restriction caused by the presence of the impenetrable
membrane. The overall conformational entropy loss for one
anchored polymer chain in an ideal state is estimated close to
a few kpT, which is far less than the anchoring energy
(~20kgT).'s Thus, when the polymer is anchored, the mean
lifetime of the anchoring state is long so that the number of
anchored polymers is approximately close to constant. However,
the diffusion of a lipid anchor on membranes is much slower than
shape fluctuations of vesicles, since a typical time for POPC to
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diffuse at a length scale is 6-fold larger than the time for shape
fluctuations of vesicles to occur at the same length scale.®!°
Likewise, the activation energy for the lateral diffusion of the
anchored polymer is about 16k3T.,° which is higher than the
overall conformational entropy loss of the polymer. Thus,
when the polymer is anchored, the anchored polymer laterally
diffuses slowly enough so as to be approximately quiescent on
membranes.

Numerous theoretical studies have been devoted to subtle and
complicated shape changes of membranes arising from the
polymer chains anchoring to membranes.'*™"” These studies have
revealed that the local inhomogeneous curvature and bending
rigidity of the membrane are induced by the polymer attached/
adsorbed to one side of the fluid membrane.'"""” Previous studies
have suggested that polymer grafting leads to a stiffening of the
membrane. However, in the case of reversible adsorption, mean
field theory presents the surprising result that the adsorbed
polymer decreases the bending rigidity modulus and increases the
Gaussian modulus.*®* This contradictory result has been found
for the induced curvature and rigidity of the membrane.'®'?
A different theory is proposed: because a spatial confinement of
the grafted chain originates from the impenetrable membrane,
the inhomogeneous pressure patch is exerted onto the membrane
and the membrane shape is therefore transformed.??' In addi-
tion, previous theories describe the effect of tension on the
membrane shape by one parameter, an effective bending rigidity
of membrane,*** and ignore the fact that polymer chains
could induce an inhomogeneous tension on the membrane
upon interactions between the anchored chain segments and
membrane.

So far, those theoretical studies focus on a polymer anchoring
to a planar membrane,''?* which hardly explain experimental
results on shape transformations of vesicles which have finite-
sized and closed membrane. Recently, we have developed an
approach combining Helfrich curvature elasticity theory for
fluid membranes with self-consistent field theory for polymers,
to explore rigid rod/polymer chains anchoring to vesicles,>*** and
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rigid rod/polymer chains anchoring to infinite membranes.?**’
The results for polymer chains anchoring to infinite
membranes®®?” are in good agreement with those suggested by
previous Monte Carlo simulations and theoretical analysis.'*?

Preliminary results for shapes of vesicle anchored by polymer
chains have been reported briefly in a recent letter,>* and more
detail will be presented in this study. This article comprises
of four parts: section II provides a detailed description of the
theoretical model and numerical calculation method; section
III contains vesicle shapes as a function of various factors, such
as the interactions between the membrane and chain segments,
the chain length, the solvent quality and the bending rigidity
of the membrane, respectively. Corresponding discussions are
also given based on the calculated results; finally, summaries
and conclusions are drawn in section IV. Part of the algorithm
to obtain the shape equation is given in the Appendix.

2. Model

The model is schematically drawn in Fig. 1. Gaussian polymer
chains (n,) with N, segments are end-anchored to one spatial
position on the membrane, and a vesicle anchored by polymer
chains are placed in n, solvent molecules. It is supposed that the
vesicle membrane is impenetrable for chain segments. Note that
the Kuhn statistic length of the polymer chain is assumed to be
b. A single solvent molecule is approximately assumed to have
the same size as the Kuhn statistic segment length b, so a single
solvent molecule occupies a volume of »°. Vesicles usually consist
of amphiphilic short chains forming the lipid bilayer with
a thickness about 4 nm which is comparable to the Kuhn length,
and thus the lateral unit length is reasonably assumed as b. Then,
the monomeric volumes 1/p, for the polymer, vesicle and solvent
are identical, the compound system is therefore homogeneous
and incompressible with the reference density py o« 1/b°.

W4

Fig. 1 A schematic illustration of polymer chains anchored to a fluid
closed vesicle at ¥ = 0 and s = 0, the solid dot indicates solvent molecules.
The axis of symmetry is denoted by /. S denotes the arc-length along the
contour measured from the south pole of the shape. ¥(s) is the angle
between the tangent to the contour and the r axis: r = 0, s = 0 in the south
pole, where r = 0, s = 7 in the north pole.

The solvent density operator is defined as p,(r) = Z é[r—R]],

p

N
and polymer density operator as p,(r) = ZJ " v r—R;(7)],
i=1 70

where R} and Rj(t) represent spatial positions of solvent / and the
segment 7 of the ith anchored polymer chain, respectively. Solvent
molecules are assumed to penetrate the membrane freely and the
interaction between the membrane and solvent is then neglected.
The interaction Hamiltonian 8H,, includes the polymer-solvent
molecules (8 Viny, ps) and polymer—-membrane (8 Vin¢, pm) interac-
tions, i.e. BHini = BVint, ps + 6Vint, pm- They are given by and

B Vim.ps =X J dr /ﬁp (r)//}s (l‘) (1

and
5 I//\Yiul.pm = le¢ dAﬁp{r = Rm(uv V)}

where 8 = kT, x and n are Flory-Huggins interaction param-
eters of polymer-solvent and polymer-membrane pairs, respec-
tively. The spatial position of a vesicle R,,(u, v) is abbreviated as
R,,,, where u, v are curvilinear coordinates for the vesicle surface.

The Hamiltonian of the polymer Gaussian chain® takes the
form of

2

3 (M |dR,(7)
0 _ P
BHR,] =5 JO dr| et @)
and the Hamiltonian of the membrane is formulated as*
1
BHC[R,] = §'<45A:R,,, dA2H + co}ZHgSAZRm dA + APJA . dv
(3)

where k and H are the bending rigidity modulus and curvature of
the fluid membrane respectively, and ¢, is the spontaneous
curvature of the fluid membrane. The tensile stress A acting on
the membrane and the pressure difference AP = p,,,,, — p;, across
the membrane are Lagrange multipliers of vesicle surface area 4
and volume V, respectively.
The partition function of such a system can be written as
1 [i=n o [i=m oo
= N—ng DR [Ei DR;(r)exp{— BH, [Rl',(r)}}

nln,!

[x

DR, exp{— 6H,(,),, [Rm] }eXp{— 6 Vim,ps - 6 I//\im.pm}

1:[ 0 [p() - ﬁp(r) - :BA' (l‘)} 0 drﬁp (4)

re Vin[Ry]

where N is a constant, reV;,[R,,] or reV,,[R,,] represents r either
inside or outside the vesicle, respectively. [DR denotes the path
integral over all possible conformations of chain segments,
membrane or solvent molecules. Furthermore, the first Dirac
function realizes the incompressible constraint with the reference
density po, and the second Dirac function ensures polymer chains
to stay outside (reV;[R,.]). If reV,,[R,,], the second Dirac
function is valid for polymer chains inside the vesicle.
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Performing Hubbard-Stratonovich transformation,
Lagrange multipliers, ¢ is introduced to enforce the incom-
pressible constraint, and { guarantees that the membrane is
impenetrable by polymer chains. The external auxiliary fields
w,(r) and w,(r), are self-consistent molecular fields conjugated to
local densities p,(r) and p,(r), respectively. The partition function
can be rewritten as

& = N[DR,,[Dp,[Dp,[Dw,[Dw,[DE[D{
exp{_ﬁﬂppa Pss Wp,y Wy, E, CaRm]} (5)

where the free energy functional is

BF [pp, P> Wp, Wy, E, Z,R,,,] =X Jdrp,,ps - [drwppp — Jdrwxpx —n,InQ,
—nInQ, + CJ;E - drp, +nb$, o dAp,(r)
_ Jdrf(po —p,—p,) + %K(]SA:R,,,dA [2H + 00]2

+ 3¢, g, d4+ APJ dav

7€ Vin[Ryn]

(6

In eqn (6), the partition function of a single polymer chain Q,
under the potential field w,, and the partition function of solvent
molecules Q, under the potential field w, are separately expressed
as

O, = Jdr exp {—wy)}

and

Qp = Jerp(r’ r)q/p(r, T)

where the tth segment distribution function g,(r, 7) satisfies the
modified diffusion equation

0 p_,
2 4qp(r,7) = gvrqp(rv ) — wy(r)g,(r, 1) @)

0t

which is subjected to the initial condition ¢,[r = R,,(0,0),0] = 1
and g,[r # R,,(0,0),0] = 0 for the polymer with one end anchored
to the vesicle surface R,,(0,0). Due to the presence of the other
free end of the anchored polymer and its lack of inversion
symmetry, a conjugated segment distribution function ¢',(r, 7) is
subsequently introduced. The conjugated segment distribution
function ¢',(r, 7) satisfies a similar equation (7) with the right
hand side multiplied by —1, and it obeys the initial condition
¢ p(r, N,) = 1. In addition, this method is also valid for the
polymer and vesicle compound system without any anchoring
position if the initial condition is g,(r,0) = 1.

To obtain the stable or metastable state of the system, by
minimizing the free energy in eqn (6) with respect to p,, py, Wy, Ws,
¢ and ¢, respectively, we have reached the self-consistent equa-
tions for polymers and solvents,

n+xp,(r) +£(r)  r=R,

W), (l‘) = C + Xps(r) + E(r) re Vin [Rm] (8)
Xp.r(r) + E(r) re Vuut [Rm}
wy(r) = xp,(r) + &(r) )

p,(r) = ;—‘;L dtq,(r, f)q;(r, 7) (10)
p(r) = “exp{ — w,(r)} (11
ps(r) + p,(r) = po (12)

0= Jrer,mr,1drpy(r) (13)

According to variational algorithm given in ref. 29 and
Appendix, the further minimization of the free energy GF with
respect to the membrane has been performed. The shape
equation of one vesicle in the presence of polymers is

{AP + Cpp(l' = Rm) + nb[n’VPp(l' = Rm)]} - 2H[77bpp(l' = Rm)
+ 2]+ 2V2H + kQH + c)QH: — ¢ — 2K) =0 (14)

where K is the Gaussian curvature of the membrane, n-Vp,(r =
R,,) denotes the density gradient along the normal direction to
the vesicle.

Compared with the general shape equation (15) derived by
Ou-Yang et al.,*

AP — 2HA + 26VPH + k(QH + co)QH?> — ¢y — 2K) =0 (15)

three additional terms that are closely related to the spatial
distribution of chain segments, are included in the shape
equation (14). Firstly, the extra pressure called inhomogeneous
entropic pressure {p,(r = R,,) is added, which originates from
a decrease of the chain conformational entropy due to the
spatial confinement by the impenetrable membrane. Secondly,
the interactions between chain segments and the membrane
induce extra inhomogeneous tensile stress acting on the
membrane that depends on the attractive or repulsive strength
between chain segments and the membrane, as well as the
polymer density on the membrane, i.e. np,(r = R,,). When chain
segments are adsorbed to the membrane surface, they reduce the
tensile stress on the membrane contacted by chain segments.
Additionally, the interactions lead to additive inhomogeneous
pressure n[n-Vp,(r = R,,)], and this implies that more chain
segments tend to cover the surface on the vesicle at the
adsorptive state, n < 0, whereas less chain segments on
the vesicle surface for the repulsion state, n > 0. Turning to the
shape equation (14), an effective bending rigidity constant k.
that is position-dependent, can be extracted by combining the
bare value x with the induced pressure and tensile stress on
the membrane. The changes in the induced pressure and tension
consider the redistribution of the anchored polymer density due
to the deformed membrane as well.

In numerical calculations, all parameters are dimensionless,
but can be mapped to physical values. Length and energy are
scaled in units of » and the bending rigidity constant «, respec-
tively. Then, length, surface and volume of the vesicle and the
whole free energy are scaled as ¥ = r/b, A = A/b*, V = V/b* and
BF = BFlk, respectively. The bending rigidity, surface tension
and pressure of the vesicle are rescaled as & = 1kgT, A = Ab%x,
and AP = APb/k. The dimensionless shape equation (14) has the
form of
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_ 1 _ 1 =
{APJ,»CMP],(I‘ZR,,,)+17bm|:ﬂ'Vpp(r:Rm):|}

1 _ =
—2H {nbmpp(r =R,)+ A}

+2RV2H +R(2H + ¢)) (2H? — ¢y — 2K) =0
(16)

The anchored polymers will be randomly distributed around
the grafting position as shown in Fig. 1. After ensemble aver-
aging, the vesicle shapes in the presence of the anchored polymer
can be assumed to be axis symmetric and this greatly simplifies
the calculation. In this present study, a vesicle anchored by
polymer chains is described in the axis-symmetric coordinate
system, where / is the height of the membrane and r is the
coordinate along the horizontal direction. The self-consistent
equations (6)—(13) and shape equation (14) are solved in the axis-
symmetric coordinate system as shown in Fig. 1. In order to solve
eqn (6)—(13), weset N =200,b=1,At =1, Ar=Ah = 0.05b,
with the box size L, = 5 and L, = 20. The initial fields &(r, /),
wp(r, h) and w,(r, h) are randomly generated, and the field L(r, h)
is subsequently obtained based on the initial vesicle shape.
Following the iterative procedure of Drolet and Fredrickson,*
the self-consistent equations (6)—(13) are solved to obtain the
polymer density p,(r, 1) and solvent density p,(r, &) with these
fields. According to the original vesicle shape, the resulting
polymer density p,(r = R,,) and density gradient n-Vp,(r = R,,)
are inserted into shape equation (14) to yield the new vesicle
shape. These self-consistent equations, eqn (6)—(14), are solved
iteratively to obtain the new vesicle shape as well as updated
polymer density distributions. The steps are finished until the
following convergence conditions have been reached between
two successive iterations.

Using the Crank—Nicholson scheme and alternating-direction
implicit (ADI) method, the modified diffusive equations are
integrated to obtain ¢, and ¢, without slope boundary condi-
tion.3! Under the old vesicle shape, the iterative procedure of
self-consistent equations will be finished until the density distri-
butions satisfy the convergence condition of |py — p, — p,| <1 x
10~*. The shape equation (14) is solved to obtain the new vesicle
shape with the stable polymer density p,(r, /).

The shooting-and-trial algorithm® is used to solve the shape
equation (14) for an axis-symmetric vesicle. We set the step of arc
length ds = 8.0 x 107*, and seek for the value of dy/(s)/ds|,—o until
the shape closes, where y/(s) is the tilt angle between the tangent to
the contour and the r direction, as shown in Fig. 1. For a given
tension A and pressure difference AP, the unalterable vesicle shape
and polymer distribution have been both reached, as this iterative
procedure will end when the difference for both dy/(s)/ds|;—¢ and
pp(r, h) between two successive iterations are less than 10~ In
order to maintain the surface area A, and volume ¥, of the vesicle
constant, A and AP are searched using successive over relation
method, and the iterative procedure ends with the additive
constraints of |4 — Agl/Ag <1 x 10™*and |V — V|/[Vo <1 x 10

3. Result and discussion

A simple case, polymers anchoring outside or inside vesicle, is
investigated at 7 = 0, ¢ = 0 and ¥ = 0. The solutions of shape

equation (14) contain local minima and saddle points in the space
of all stationary shapes. To verify our numerical procedure, these
stationary shapes of ‘bare’ vesicle obtained are in excellent
agreement with previous results.?* Here, shapes of fluid vesicles
anchored by polymer chains are characterized by the dimen-
sionless reduced volume v = V/[(4n/3)R}], where Ry = (A/4m)'"?
is the radius of a sphere with the same surface area. With
decreasing reduced volume v, the biconcave character of a isolate
cell becomes more pronounced, giving that v = 1 is for spherical
object, v in the range 0.9-1 has an approximately prolate
ellipsoidal shape and v = 0.6 corresponds to the normal human
erythrocyte.

Several typical shapes of the vesicle anchored by polymer, and
the ‘bare’ vesicles with the same reduced volume v are illustrated
in Fig. 2 with the anchored polymer outside ({ > 0) and in Fig. 3
with the anchored polymer inside ({ < 0). As mentioned above,
b = 5 nm. The coil size of the polymer chains is close to
VNb=70 nm with N = 200 (note that in all figures the length is
rescaled by b and the density of the polymer chains is drawn in
a gray scale on a logarithmic scale). In Fig. 2 and 3, the combined
Helfrich—SCFT approach leads to a variety of interesting shapes,
such as prolates, oblates, discocytes and stomatocytes. Due
to local disturbances of these anchored polymer chains, the
symmetry of the ‘bare’ shapes is destroyed, for example the
spherical shape is unstable and thus are not observed any more.
Complete phase diagram will be presented in a later work, giving
the shape of the lowest bending energy for a given v, spontaneous
curvature ¢y and other parameters.

Next, we study shape transformations of a vesicle anchored by
polymer chains with invariable surface area and volume. The
surface area and volume of vesicles presented in this study
correspond to the physical magnitude of 0.026 pm? and 0.34 x
1073 pm?, respectively. Shapes of vesicles anchored by polymer
chains are presented in Fig. 4 upon interaction parameter 7
varying from 7 = 10 (repulsion) to 7 = —25 (adsorption). As
shown in Fig. 4(a), the ‘bare’ sphere vesicle becomes prolate at 7
= 0, whereas the vesicle transforms from prolate to oblate with
further decreasing interaction parameter 7. A notable feature in
Fig. 4(a) is that at 7 = —25, two small protrusions are observed in
the south and north poles of the vesicle. It is also seen in Fig. 4
that these vesicles are drawn out along the perpendicular direc-
tion (4 axis) when 7 > 0, but are pressed along / direction and
become broader along r direction when 7 < 0. To gain more
insights into these transformations, the bending elastic energy of
vesicles is studied. With a decrease of the interaction parameters
7, the bending elastic energy of these vesicles is slightly changed.
The scope of the bending energy is |Fz, »y — Fiaa, 53/ Fae, py <
0.05, where Fy4, », represents the bending elastic energy of the
vesicle at 7 = 10 and Fy,, 5, at § = —25. Thus, the transitions
among these shapes are easily realized, which have been observed
in recent experiments.*® In addition, the bending elastic energy of
the ‘bare’ vesicles shown in Fig. 4(b) is the same as that in
Fig. 4(c), but the bending elastic energy of the vesicles anchored
by polymers in Fig. 4(b) increases slightly faster than those in
Fig. 4(c) with the same interaction parameter 7. Compared to
Fig. 4(c), the membranes in Fig. 4(b) provide less active space for
the anchored polymers, the conformational entropy of polymers
is more reduced and the bending energy of the vesicles increases
as well.

This journal is © The Royal Society of Chemistry 2009
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Fig.2 Typical stationary solutions, including shapes of the vesicle and segment distributions of the polymer chain, to the self-consistent equations. The
shape of the vesicle with polymer anchored outside is represented by black solid curves and the density of the polymer chain is drawn in gray scale map by
logarithm scale. The shape of the ‘bared’ vesicle is represented by red curves. The horizontal (r) and vertical (/) axes are scaled by b. In all cases, we use

b=1,N=200,k=1.67,¢=0,%=0,7=0and { = 300.

Besides the shapes of the vesicles, polymer density distribu-
tions are also significantly changed upon interactions between
chain segments and the membrane. When 7 = 0, as anticipated,
the polymers are repelled from the vesicle surface, and thus have
the form of a mushroom with a size comparable to the dissolved
polymers, as given in the left insets of Fig. 4(a)—(c). 7 < 0 means
adsorption interactions between chain segments and the
membrane. Weak adsorption leads the polymers to form
squashed mushroom shapes. The strong adsorption interactions
play dominating roles over the conformational entropy loss of
the polymers, and the vesicle is so ‘starved’ that the chain
segments form ‘pancakes’ which are tightly bound onto the
membrane surface, as shown in the right insets of Fig. 4. As
expected, the chain segments on the vesicle surface go up
3.5 times when 7 decreases from 10 to —25, and the lateral size of
the polymers, as one of important factors of the membrane’s
curvature,'®'? decreases close to 0.2 R, (the end-to-end distance)
at n = —25. Thus, both the chain segments distribution and
lateral size of the polymers are significantly changed upon
interactions (7) between chain segments and the membrane.

Without the anchoring position between the planar membrane
and chain segments, analytical results show that at weak
adsorption between the membrane and chain segments, the
membrane will bend away from chain segments so as to provide
more active spaces and reduce the entropic loss of the poly-
mer,''* whereas at strong adsorption, the membrane will bend
towards chain segments to increase the contact area. However,
for the planar membrane anchored by the polymer with the
anchoring position, different results have been obtained in that
the membrane always bends away from the polymer even in
the strong adsorption.'>'® In this study, at strong adsorption
(7 = —25), the vesicles mildly bend away from the chain segments
as shown in Fig. 4(b). Whereas, Fig. 4(a) and (c) show that the
vesicle curvature near the anchoring position is kept almost
unchanged even with vesicle shape deformed remarkably at
1 = —25. Therefore, the membrane neither increases the contact
area nor provides more active spaces for the anchored polymers.
These results are counterintuitive but reasonable, because the
membrane at first has to ensure its closure and finite size, and
then chooses to adjust its shape to attain the balance of the global
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Fig.3 Typical stationary solutions, including shapes of the vesicle and segment distributions of the polymer chain, to the self-consistent equations. The
shape of the vesicle with polymer anchored inside is represented by black solid curves and the density of the polymer chain is drawn in gray scale map by
logarithm scale. The shape of the ‘bared’ vesicle is represented by red curves. The horizontal (r) and vertical (/) axes are scaled by b. In all cases, we use

b=1,N=200,k=1.67,¢c,=0,% =0,7=0and Z = —300.

free energy, such as interactions between chain segments and the
membrane, the conformational entropy loss for the polymers and
the bending elastic energy for the vesicle. Turning to the shape,
equation (14), when 7 < 0, the polymer density on the membrane
surface increases with decreasing 7, thus causing the increased
inhomogeneous entropic pressure {p,(r = R,,). However, the
additive pressure n[n-Vp,(r = R,,)], which arises from adsorption
interactions between the membrane and chain segments, can
counteract the induced inhomogeneous entropic pressure {p,(r =
R,,). These results deeply reveal that shape changes are subtle
and intricate for the finite-sized and closed vesicle. It depends not
only on local interactions between chain segments and the
membrane, but also on the global shape of the vesicle.

The Flory-Huggins interaction parameter x between chain
segments and solvents is ideally expected to influence the
conformational distribution of chain segments, despite it is
absence in the shape equation (14). Fig. 5 presents shapes of
vesicles anchored by polymer chains when 7, = 200, ¥ = 0 or

x = 160. It is seen from Fig. 5 that these two vesicle shapes
are indistinguishable. However, the locally magnified shapes (the
north pole of the vesicle) in the top-left inset of Fig. 5 show that
when ¥ increases from ¥ = 0 to ¥ = 160, the height of the vesicle
increases slightly. Therefore, the quality of solvents contributes
slightly to the shape deformation of a vesicle. As far as the
polymer density distribution is concerned, these two mushrooms
at the x values are very similar. Likewise, the polymer densities
along the / direction at r = 0 are presented in the top-right inset
of Fig. 5. When interaction parameter ¥ increases from 0 to 160,
the polymer density clearly goes up beyond the end-to-end
distance (R,). However, the polymer density on the vesicle
surface increases only 20%, because the highest density is close
to the membrane surface (4 = 0). Accordingly, the differences
in both polymer densities and deformed shapes are too small to
discern. Further increasing x will cause chain segments to
collapse, which is difficult for self-consistent field theory.
Previous scaling theory has suggested that the induced curvature

This journal is © The Royal Society of Chemistry 2009
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Fig. 4 Effect of the polymer-membrane interaction parameter, 7. The
parameters used are co = 0, ¥ = 0, k = 25 and ¢ = 300. The shape of the
vesicle is represented by different type curves and the anchoring points
are indicated by arrows.
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Fig. 5 The effect of the polymer-solvent interaction parameter, ¥. The
parameters used are ¢y = 0, § = 0, k = 2 and { = 300. For clarity, the
anchoring points are indicated by arrows. Membrane shapes are
magnified in the north pole in the left inset, polymer densities of r = 0 are
listed in the right inset and the horizontal axis is scaled by R,

M, is proportional to the coverage I' of polymer.'®!” Likewise,
the alterations of R, and I shown in Fig. 5 are less as a function
of the solvent quality, thus both the bending elastic energy and
shapes of the vesicle are kept almost unchangeable within certain
range of x. We can conclude that the effect of ¥ on vesicle shapes
can be disregarded compared with other parameters. In addition,
the anchored polymer has a self-avoiding random walk config-
uration at ¥ = 0.

The chain length of the anchoring polymers is relevant to
polymer densities adjacent to the membrane, and is therefore
expected to influence the shape transformation of a vesicle. Fig. 6
gives the shapes of vesicles anchored by polymers influenced by
chain lengths at 7 = 0 and 7 = —15. At 5 = 0, the vesicle shapes
are almost unchanged, and only a slight effect of the chain length
on the vesicle is observed. At = —15, vesicle shapes are all
pressed along the perpendicular direction (k2 axis). However,
vesicle shapes change gradually as the chain length of the
anchored polymers increases. To provide insights into shape
transformation of vesicles, the polymer density distribution has
to be studied since the induced entropic pressure and tensile
stress depend on the polymer density on the membrane surface.
At = —15, the polymer density near the membrane surface at
first increases rapidly and then much slower as a function of the
chain length. With the increasing chain length, the membrane
will already be full of chain segments and is not able to ‘eat’ any
more chain segments at this specific adsorptive state. At 7 = 0,
the polymer density near the membrane surface is almost inde-
pendent of the anchored polymer length. It is also found that for
the grafted polymer with the same grafted density, the polymer
density adjacent the grafted surface remains almost unchanged
with repulsive interactions between the grafted surface and
polymer, disregarding to the chain length of the grafted poly-
mer.** Then, we can conclude that when 7 = 0, the polymer
density near the membrane surface is unalterable with a increase
of the anchored chain length, and then the induced pressures
{¢p,(r = R,,)) and n[n-Vp,(r = R,,)]} and tensile stress [np,(r =
R,,)] are kept unchanged in this system. Thus, shape deformation
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Fig. 6 The effect of the polymer-chain length parameter, n,. The parameters used are co = 0, x = 0, k = 25, and ¢ = 300.

of the vesicle is always independent of the chain length when 7 =
0, whereas the vesicle shape is at first influenced strongly and then
weakly as the chain length increases when 7 < 0.

The bending rigidity is one of the basic parameters of fluid
membranes and can be measured by means of the micropipette
method.?** For biological membranes primarily composed of
a phospholipids bilayer, the bending rigidity constant « ranges
typically from 10kzT to 40kpT, and is much smaller than that
of the vesicle consisting of amphiphilic polymers.3**¢ The
bending rigidity modulus describes a kind of capability for
a vesicle that can resist perturbations and deformations. In
Fig. 7, shapes of vesicles anchored by polymers are presented as
a function of the bending rigidity constant x at = 0 and 5 =
—15. As shown in Fig. 7, significant changes in vesicle shapes
are observed, and the vesicles approach a ‘bare’ vesicle when the
bending rigidity increases from k = 5 to k = 100. This implies
that vesicles with less bending rigidity are prone to fluids,
susceptible to extra-pressure and tensile stress, and will be
seriously deformed. In addition, Fig. 7(b) shows that when the
bending rigidity constant « shifts from 100 to 5, serious changes
in the vesicle shapes are observed at 7 = —15 whereas the
vesicle shapes at 7 = 0 are kept almost unchanged. Thus, the
vesicle will respond differently to the increase of the bending
rigidity constant and adjust its shape according to its globe
factors, including interactions between membrane and chain
segments, the bending elastic energy for the closed and finite-
sized vesicles, etc.

4. Conclusion

Shapes of fluid vesicles anchored by polymer chains are studied
via a combination of Helfrich curvature elastic theory for fluid
membranes with self-consistent field theory for polymers. The
approach not only leads to stable and metastable shapes of the
vesicle but also produces the density distribution of chain
segments. Due to the vesicle’s impenetrability to polymer chains,
the available space for the polymer is reduced. Thus, the
anchored polymer chains induce the inhomogeneous entropic
pressure on the membrane and cause the deformation of the
vesicle shape. When adsorptive or repulsive interactions are
found between the vesicle membrane and chain segments, the
anchored polymers not only lead to the inhomogeneous pressure
on the membrane but also change the local tension of the
membrane so as to deform the vesicle remarkably. Likewise,
conformations of the anchored polymer chains undergo a tran-
sition from ‘mushroom’ to ‘pancake’ with the increase of the
adsorption strength. Furthermore, the effects of the chain length
of anchored polymers and the bending rigidity on the vesicle
deformation are explicitly investigated. The chain length of
anchored polymers hardly changes the vesicle shape when 7 = 0,
whereas the effect of the chain length is at first enhanced rapidly
and then slowly when 7 < 0. High bending rigidity of the
membrane can resist extra inhomogeneous pressure and tension,
and then the vesicle exhibits much less transformation. In addi-
tion, the solvent quality scarcely affects the density distribution
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Fig. 7 The effect of the bending rigidity parameter, x. The parameters used are ¢y = 0, ¥ = 0, and £ = 300.

of chain segments and its effect of solvent quality on the shape of
the vesicle is approximately neglected compared with other
parameters. The results presented here provide valuable insights
to various biological processes, including cell motility, cell shape,
cell functions, etc.

Appendix

Since the vesicle we studied is assumed to be one component, the
normal direction has to be considered and the tangential direc-
tion can be reasonably neglected when the free energy functional
in eqn (6) is minimized with respect to the membrane. The
variation algorithm can be referred to in the book by Ou-Yang
et al.* and the terms relevant to the polymer density will be given
as follows.

The vesicle shape after a small fluctuation can be described as,
R ,.(u, v) = R,,(u, v) + ¢(u, v)n, where n is normal direction and
¢(u, v) is continuous function of u, v. The expansion of the term,
Jrenr,1drp,, is given by

0, J drp, ¢ = J dr(pp + 5pp) — J drp,
re V[Ry, (u,)] reV [R,’“(u,v):l reV [R,,, (u‘v)}

dr(p, +6p,) +J

reV [Rm(u.v)]

drop,

- Jre Vv [(p(u,v)n}

(17

The last term in the right-hand of the equation (17) is close to
zero and can be therefore neglected. The equation (17) takes the
form

J dr(p, + op,)
re Vip(u,v)n]
= J drpp
re Vip(u,v)n]
o (u,)
= J J P, [Ron(u,v) + tng"*[R,, (1, v) + tn]drdudy
uy JO
(1)
= J J [p, @, v) + Vp,(u,v) ] [g"*(u,v) — 2Hg'(u, v)t] drdudy
uy JO
(1)
= J J [pp(u, v)g'? + (V,op(u7 v)eng'/? — 2Hp,(u, v)g]/z)r} drdudy
uy JO
(1)
- J ‘[ 2Hgl/2Vpp(u, v) -nt’drdudy
1
- [ppw, )80+ (T, ) mg!” — 2H g, (u,)g"%) g |

2
- J gHgl/szp(u, v) *ne*dudv

= J p,(u,v)g"* pdudy

(18)
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In eqn (18), p,[R,(u, v)] is simplified to symbol as p,(u, v), where
¢(u, v) is an arbitrary, sufficiently and well smooth function of u
and v, whereas 7 is a smaller continuous, smooth function than
o(u, v).

Accordingly, a similar variation of the term ¢ ,_ &, dAp, can be
achieved and is given by

0, J p,,gl/zdudv

= J Pp[ R (ut,v) + on] (gl/2 + 6g1/2)dudv - j p,(u, v)g'2dudy

uy

- J {[pp[Rou(1,v) + on] — p, [Rys (u, v)]]g]/2 + 0, [Ro (1, v) + (pn]ég]/z}dudv
= J {Vp, ong'* + [p,(u,v)0g"* + Vp,* nog'’*] }dudv

= J {Vp,*np —2Hp,(u,v)p — 2HVp, *ng* }g'*dudy

= J {Vp/,-n —2Hp,(u, v)}gl/z(pdudv

(19)
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