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Membrane curvature induced by polymer adsorption

Yong Woon Kim and Wokyung Sung
Department of Physics and Institute of Polymer Research, Pohang University of Science and Technology, Pohang 790-784, Korea
(Received 25 September 2000; revised manuscript received 29 November 2000; published 29 March 2001

The phenomena resulting from interaction between polymers and membranes pose important problems for
biological applications. Based on a scaling theory, we investigate the spontaneous curvature of a membrane
induced by either flexible or semiflexible chain adsorption. Irrespective of chain stiffness, a weakly adsorbed
polymer induces the membrane to bend aWtayhave a positive curvaturérom the polymer mostly due to
increase of the conformational entropy compared with that for a flat surface. On the other hand, a strongly
adsorbed polymer induces the membrane to bend toward the polymer mostly due to decrease in the interaction
energy, leading to a possibility of encapsulation of polymer by the membrane.
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I. INTRODUCTION bending induced by adsorption transition of a flexible poly-

Polvmers and membranes constitute two important in mers. They studied the polymer free energy for small bend-
y P gre|'ng through a scaling argument as well as a calculation of

d|¢nts of subcellular structures on Mesoscopic Ier‘gth_S_Caleﬁartition function using the de Gennes’ boundary condition.
It is remarkable that thermal fluctuation plays a significantaccording to their result, in the adsorbed state the membrane
role due to low d|menS|ona}I|ty and flex}bll|ty in their pPrimary pends toward the polymehas negative spontaneous curva-
structures. The conformational transitions are characterlstlc@re) in order to have more surface contacts with the poly-
of soft matter that result from often-subtle interplay betweenner. They considered that the polymer conformational en-
interaction energy and entropy. A prominent example is theropy is independent of the bending, so that the interaction
adsorption-desorption transition of a polymer near an attracdominates in determining the bending direction. On the other
tive surface[1-3]. When the polymer is brought close to a hand, we have studied the conformations of a flexible poly-
membrane, the conformational fluctuation of the polymer ismer outside a curved surface based upon the grand canonical
reduced due to the restriction of available space. The polyensemble approachl2]. Our result for large curvature
mer thus adsorbs on the membrane if the attractive interacshowed that for weak adsorption the conformational entropy
tion dominates the entropic reduction due to the confinemengf many loops increases for the positive curvature above that
while it desorbs from the surface if the entropy dominatesfor a flat surface, giving rise to the possibility of polymer-
over the interaction. induced membrane-budding transition. Compared with the
The surface adsorption is influenced significantly by theabove study of Heirgeistt al. [11], there are differences in
chain stiffness typical of many biological macromoleculesthe regimes of bending studied as well as in bending direc-
such as DNA, RNA, and actin filaments. The chain stiffnesgions that resulted. Still a coherent understanding of the role
is described by a single length scale, the persistence léngthof polymer adsorption on the determination of membrane
characteristic of segment orientational correlation. The chaifpending, not only in its direction also in the magnitude, is
persistence gives rise to the interesting features in polymdacking. Furthermore, the effects of polymer-adsorption
solutions, e.g., nematic liquid-crystalliteC) ordering[4]in  strength and chain stiffness remain to be studied.
the bulk. In interaction with a surface, the persistence also In this paper, we study the membrane spontaneous curva-
brings about additional features of ordering transitibf  ture induced by either flexible or semiflexible polymer ad-
the LC surface ordering in the adsorbed states, as studied 8orption. We base our arguments on a scaling theory, which
Ref.[6] using the Green’s function theory and more simpleretains the salient features of the physics involved. Consid-
scaling theory. ering first the persistence length smaller than any other
Like polymers, membranes themselves also exhibit varilength scales, we examine the case of a flexible chain and
ous shape transitions such as budding and fusion in thettompare with the previous resu(ts1,12 in order to clarify
fluid state[7]. The polymer association on membranes carthe competition between conformational entropy and interac-
have an influence on their stability and transiti)8$ The tion energy. Next, the case of a stiffer chain is studied, where
manner in which a polymer and a fluid membrane interacwe find the adsorption strength combined with the chain
and affect the conformations of one another, poses a fundstiffness plays a dominant role in membrane bending.
mental problem of biological relevance. While much atten- We characterize the polymer attraction per segment with
tion has been paid to the flexible polymers interacting withthe membrane surface by the ranigend the strengtiu
rigid planar membranes, there are only a few stufiesl?] (>0). We neglect the intersegment interactigsisch as ex-
on shape changes and phase transitions of fluid membranekided volume effegtother than incorporated by chain con-
associated with the conformational fluctuations of the adnectivity. There is another length scafecharacteristic of
sorbed polymers. segmental density change perpendicular to the surface, the
Recently, Hiergeiset al.[11] investigated the membrane so-called polymer thickness of adsorpti@ig. 1).
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FIG. 1. A schematic figure of membrane bending induced byWlth Te~ (b/1)°U. WhenT<Tc(e>0), the polymer s in an

polymer adsorption. The thick-solid line indicates the membraneadsorbed state with the negative free-energy minimum at

surface and the shaded region indicates the interaction farmge f§|~_2t;3l/6- hThe GTIhS a melzsurg of deof[p?on strr]engti; f(_)r tdh?)
attractive potential. Th¢ is polymer thickness of adsorption. As a exible chain. The weakly adsorbed state Is characterized by

polymer adsorbs on ared~ R2, a membrane bends to minimize e<1 and¢>b. . .
total free energy, yielding a positive curvaturll € 1/R) in this Suppose that the membrane is flexible enough to undergo

case. bending with a curvaturé/ =1/R on the polymer adsorbed
area(Fig. 1). Assuming that the does not have it, the cur-
II. MEMBRANE BENDING INDUCED BY FLEXIBLE vature dependence in the free energy of the adsorbed poly-
CHAIN ADSORPTION mer comes from two factors. The first one[idl,13
Let us beg!n with a brief re\_/iew on the scgling theory for N, V, (R+b)3-R® b
weak adsorption of a long flexible polymer with a segmental NV, oiii o3 —=[1-(é—b)M], (7)
numberN(N>1) onto a planar surfadg,6,11. The persis- ¢ (RHO-R® ¢
tence lengtH is now the Kuhn’s segmental length. The free ) ] )
energyF of adsorption is Wr_nch departs from Eq2) by the linear order ifM consid-
ering small curvatureMé<1 and Mb<1. (It should be
F=E-T(S,+Sy). (1)  hoted that{ and b can nevertheless be large within these

constraints. The second curvature dependence ariseS;in

The first term is the attraction energy acquired by adsorptiondiven by Eq.(3). We first note that
E=—UNy. TheN, is the number of segments bound within

[ A
the attraction range, V§=ﬁ[(R+ £)3— R~ AE(1+ME). ®)
Ny~ &N% EN. 2) From the recent calculation of Mondescu and Muthuku-
Ve 3 mar [14], the mean-squared end-to-end distance on a sphere

) is affected with the curvature by the leading order of
HereV,=Ab andV,=A¢ are the volumes occupied by the (MRo)2. Accordingly, A~ R§[1+O(M Ro)2], and we find
polymer within the rangé and £ from the surface, respec- hat to the linear order iivi
tively, andA is the polymer-covered area on the surféeig. ' '

1). The entropy chang8; incurred by confining the polymer [\2
to the thicknesg is S~ — N(E) (1-2M¢). (9)
Sw_(b)2~_(&)2~_|\](l_)2 ©)) In sum
¢ Ve 3 &
F 2 2
in dimension ofkg (we putkg=1) as is well-known. Here m~—6(5) E[l—(f—b)MH z (1-2M9).
Vo~ Rg is the volume of polymers occupied in free space (10)

with the mean end-to-end distand®,=IN*2. Noting that
A~ Rg and S; should be proportional ti [3], Eq. (3) is  For the equilibrium polymer thickness
obtained. Extending the argument with replacement ahd

¢ by N, andb, respectively, the entropy chan@g arising b
from the segments bound within the rangés obtained as &~ et+(e+2)Mb’ (12)
12 the free energy is at its minimum,
sb~—Nb(5) . @ ¥
F(M) (I € EZMb 1
Taking all terms together, we rewrite the free energy as, TN b/ | 4 277 (12)
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Flexible chain —100 mV=—4T/e and the interaction strength thus de-
pends solely on the fractional charge per segmefdegree
of dissociation of the segmentg2]. For the flexible chain
(e.g.,I<1 nm), one can consider the weak-adsorption state
by choosingU~0.03T (corresponding tax~0.00&; very
weakly charged polyelectrolyte Equation (14) then gives
the induced radius of curved surface Rs1/M~6 um.
Note that the adsorbed layer thickn&ss given as 120 nm
and therefore original assumption bfé<1 andMb<1 is
easily satisfied.
weak adsorption ( M>0)  strong adsorption ( M <0 As mentioned earlier, an important feature to determine
(a) (b) conformations of soft matter is the competition between the
entropy associated with thermal fluctuation and the direct
FIG. 2. Schematic picture of membrane bending through thénteraction. On the membrane with the positive curvature,
interaction with a flexible polymer@) Weak adsorption of a flex-  the space accessible to polymer conformatientropy in-
ible polymer induces a positive spontaneous curvatép@. A  creases compared with that on flat surface while the number
strongly-adsorbed flexible polymer makes the membrane curved tqyf segments bound inside the attraction range decreases. For
ward the polymer, yielding a negative curvature. the weak-to-moderate adsorption of flexible polymer where
. . ) there are a lot of loop conformations, the conformational
Combining this with the membrane bending energy, the totabniropy gain dominates over the cost of bending energy for
free energy is free-energy minimization, leading to the positive curvature.
FIM)=F(M) + 2kAM?, (13) This result is consi_stent with our previoug stydy] on the
polymer conformation over the surface with large curvature.

wherex is the bending rigidity of magnitude,4100T. Fur- ~ On the other hand, Hiergeist al. showed that the nega-
ther minimizing the free energy leads to the thermodynamilive curvature is driven, on the basis of a scaling theory, and
cally stable spontaneous curvature of the membrane, a partition function calculation using the de-Gennes’ bound-
ary condition that specifies the decay of segmental density on
TNI?Z € Té? surface over the characteristic length called the extrapolation
Mo~ — A 5~ b0 (14 |ength [11]. They considered the curvature dependence in

N, /N only while neglecting the curvature effect in the con-

The induced curvature has the positive sign, meaning that thignement entropyEq. (9)]. In their calculation of partition
membrane bends away from the weakly adsorbed polymer dgnction, they did not correspondingly take into account the
depicted in Fig. 2a). curvature independence of the extrapolation lemgthvhich

To make quantitative contacts with real systems, we prois nothing other than the minus polymer thickndgg=
vide an order of magnitude estimate by inserting typical val-— &. Incorporating the curvature dependence as shown in Eq.
ues for the physical parameters. Throughout this paper, well),
consider the membrane to be flexible so tkat10T where
T is a physiological temperature. For the case of weak ad- b( €e+2

sorption in whiche~7=T,/T—1 can be taken as order of lex—— 2
0.1, Egs.(11) and (14) give the estimates~10b and
R=1/M~10b. It implies that for an attraction range of into their free energy of adsorption, we find that the free
b~1 nm, R can have the order of magnitude of Am. As  energy is in agreement with ours in the curvature depen-
the range of interaction increases to a large value with dence. This is a convincing evidence for the essential valid-
fixed (e.g., poorly screened electrostatic interaction, wherdty of our scaling argument.
b= Debye length approaching about Am), the induced ra- As the adsorption strength increases, th& decreases
dius R can be imperceptibly large. and the adsorbed layer tends to have a pancakelike confor-
As a specific example, let us consider a polyelectrolytemation. In the strong adsorption, where most of the segments
and an oppositely charged membrane mutually interactingje within the attraction range with little amount of chain
electrostatically. In the presence of background ionic soluloops beyond it, the polymer thickness assumes a fixed mag-
tions, the electrostatic interaction is exponentially screeneditude ¢=b(1+ ) with § being a small positive parameter,
with the b represented by Debye screening length dependingather than variationally determined by free-energy minimi-
upon monovalent ion concentration. For a fixed physiologi-zation. In this case the polymer free energy is given by
cal temperature, we choode~6 nm corresponding to 5
mM of 1:1 electrolytes, such as Na€l5]. On the other b 1-bMs 16
hand, the interaction strengthdepends on not only the line E( - )- (18
charge densityy of polyelectrolyte but also the membrane
surface potentialyy, which is determined by surface charge The minimization of the total free energy incorporated with
density and salt concentration. For most practical situationthe membrane bending energy o &M? leads to the equi-
[16], one can assume the constant surface potentigl,as  librium spontaneous curvature given by the negative value

€

Mb), (15

2

b

|
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Semiflexible chain 6~<b)zu(1 1 )”(?)2(-& )_(b

2
T, 7" r) v (19

with a transition temperaturé.~U. For strong adsorption
of stiff chains with& approaching, there exists a possibility
of liquid-crystalline surface ordering for most of the seg-
ments with little chance to form loops into the bulk phase
[Fig. 3(b)]. The scaling function for the free-energy change
is then obtained as the E(L6) with € defined as Eq(19)
. ) above. As mentioned before, in the case of strong adsorption,
weak adsorption ( M >0 )  strong adsorption ( M <0 ) & is not a variable determined through free-energy minimi-
(a) (b) zation but bounded as(1+ 9).
Considering the membrane bending energy together with
FIG. 3. Schematic picture of the membrane bending through thehe polymer free energy, the equilibrium spontaneous curva-
interaction with a semiflexible polymefa) Positive spontaneous tyre is given by Eq(14) and(17) for the weak and strong
curvature due to the weak adsorption of stiff chaiin. Negative  adsorption, respectively, but with a difference in the expres-

curvature due to the strongly adsorbed stiff chain. sion of the adsorption strengthas mentioned above. Equa-
tions (14) and(17) then predict that, with both the attraction

TN[I\? Te strength and range fixed, a stiffer semiflexible chain tends to
Msp~— K_A(E ebé~— E5<0- 17 induce less membrane bendifgith a positive and a nega-

tive curvature, respectivelyfor weak and strong adsorption.

. ... For weak adsorption of a semiflexible chain witk 0.1
As the most segments have surface-bound conformation, it is S

. 9 '~ andl/b~1 [6] (indicating e~0.1), Egs.(11) and (14) pre-
energetically favorable for the membrane to bend toward the, X
o dict £~10b andR~ 10°b. Taking the same value dofb for
polymer by maximizing the surface contacts contrary to thea strong adsorption with=10 (e~ 10) andd=0.1, Eq.(17)

foregoing casé¢Fig 2(b)]. The adsorption energy dominates ong P €2 — 94 EQ.LLY
over the entropy predictsR=—1/M ~10b. The bending radius just obtained

For an order of magnitude estimation, consider a stron re comparable to those for the flexible chain, due to the

. o _ . . ixed values ofe, in either case of weak or strong adsorption.
;‘fg@:\a[\/{&?re—rhz bleonzinndgﬁ ra%it.slziguzgwc;rltlé?tﬁzi:]dsthat It should be born in mind, however, that the interaction

estimated for the weak adsorption. For an attraction ranggtrfngthu rr;]ust b?‘ S|g.n|f_||cantly Iayger for the semlflexul';)le
with b~1 nm, R~10 nm. The increase df with e fixed polymer to have the similar bending. As can be seen from

. : > : - Egs.(6) and(19), U should be larger by two-orders of mag-
can enhance the bending radius to a micron size. Again, for & ; 4

L . ; ; .~ nitude for the increase dfby ten times to keep the adsorp-
specific numerical estimate in the case of electrostatic inter-

action, we consider the same surface potentialas well as tion strengthe fixed. For example, when a semiflexible poly-

ionic concentratioriimplying b~6 nm) as before. Selecting mer like a spectrin I(=10 nm [17] is adsorbed on a
U~0.3T (a~0.08, implying the increased-fractional membrane wittb~6 nm andu~1.3T for a weak adsorp-

charge per segmentor representative values of strong ad- tion (e~0.1), andU~20T for a strong adsorption ¢
sorption, one also obtains the induced radRs — 1/M ~10), respectively. These interaction strengths are signifi-

cantly larger than those for a flexible chain wite1 nm,

~60 nm. i.e.,U~0.03T(e~0.1) andU~0.3T(e~10) in the previous
section.
Ill. MEMBRANE BENDING INDUCED BY STIFF It is noted that the negative curvature obtained for the
POLYMER ADSORPTION strongly adsorbed case is not limited to a small value so the

interaction may lead to encapsulation of the polymer by the
membrane(Fig. 4), which, for semiflexible polymer, may

have relevance to the biological phenomena such as endocy-

b. The segments within the attraction range will teno_l 1o a"gntosis. For the complete vesiculation, the induced curvature
along the surfaceFig. 3@)]. Therefore, the persistence should be of order of the inverse of polymer macroscopic

Irzr;]%t:[sh]as no influence on the entropy reduction within thedimension,MSp~ R61, because the polymer covered area

does not change very much from the initial valde- Rg.

Supposing é~b, this condition reduces to |
Sp~—Np, (18— (T/x)rNY2s, which means that complete encapsulation

takes place when very stiff chailarge 1) is strongly ad-
while it affects the lateral dimension of adsorbed polymersorbed (large 7) on the flexible membrangsmall ). It
(A~ R§~NI2) as in the case of flexible chain. Hence the should be also noted that the strong adsorption of semiflex-
free-energy change in weakly adsorbed states with liquidible polymer needs molecular binding energie.g.,
crystalline type surface ordering is the same as #@) in U~20T) mentioned above. Our analysis thus implies that
form where the vesicle encapsulation, leading to a possibility of endocy-

Now let us consider the case with stiff chain of the per-
sistence lengthlarger than the range of attractive interaction
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with finite stiffness bend along the surface. Through the in-
terplay between interaction energy and conformational en-
tropy, spontaneous membrane curvature is induced, with a
different sign depending upon the adsorption strength. A
simple scaling theory facilitates understanding the basic
physics of the interplay. Estimates based on the scaling
theory prediction are biologically relevant, inviting further
exploration.

For complete adsorption of a semiflexible polymer, where
S is negligibly small, the membrane would exhibit little
bending in our model because only the segments outside the
FIG. 4. A stage preceding complete vesiculation due to thd ange are SL_JsceptibIe t_o the_ ent_ropic effects the curvature

ields. We did not consider, in this paper, the phase transi-

strong adsorption of a stiff polymer. Since the polymer covered ared o ;
(A~R?2) does not change appreciably during the bending, the intions of lipid molecules and the consequent increase of mem-

duced radius should be of order of the polymer radius of gyrationPrane elasticity{19] due to the complete adsorption. Re-
R~R. cently, there have been several interesting reports on the
structural reorganization of membrane polymer mixtures: for

tosis, can be generated by rather strong and specific chemicgf@mple, DNA-cationic lipid complexes exhibit various
bonds such as lock and key molecul@s]. phaseq20]. Depending upon constituent properties of com-
plexes, adsorbed polymer may induce significant structural

changes of membranes, which is beyond the scope of present
IV. SUMMARY AND DISCUSSION theory.

In summary, we have studied the spontaneous membrane
curvature induced by polymer adsorption. It is found that the
polymer and membrane, soft matter as they are, affect the We acknowledge support from the Korea Research Foun-
conformations of one another through their interactions. Thelation(BSRI) made in the program year 61999-2000 via
presence of an attractive interaction makes the polymer chaithe POSTECH Institute of Polymer Research.

ACKNOWLEDGMENTS

[1] E. Eisenriegler,Polymers Near SurfaceéWorld Scientific, R. Lipowsky, J. Phys. 16, 1465(1996; R. Lipowsky, H. G.
Singapore, 1993F. W. Wiegel, J. Phys. A0, 299(1977); M. Dobereiner, C. Hiergeist, and V. Indrani, Physica2A9, 536
Muthukumar, J. Chem. Phy86, 7230(1987). (1998.

[2] G. Fleer, M. Cohen-Stuart, J. Scheutjens, T. Cosgrove, and B11] C. Hiergeist, V. A. Indrani, and R. Lipowsky, Europhys. Lett.
Vincent, Polymers at interface§Chapman and Hall, London, 36, 491 (1996.

1993. [12] Y. W. Kim and W. Sung, Europhys. Let7, 292 (1999.

[3] P-G. de Gennescaling Concepts in Polymer Physicornell ~ [13] P. A. Pincus, C. J. Sandroff, and T. A. Witten, J. Phys.
University Press, New York, 1979 (France 45, 725(1984).

[4] A. Yu. Grosberg and A. R. KhokhlovStatistical Physics of [14] R. P. Mondescu and M. Muthukumar, Phys. Re\6'F 4411
MacromoleculegAIP, New York, 1994; P-G. de Genneg§,he (1998.

Physics of Liquid Crystal$Clarendon, Oxford, 1975A. V. [15] J. Nardi, R. Bruinsma, and E. Sackmann, Phys. Re&8E
Tkachenko, Phys. Rev. Leff7, 4218(1996. 6340(1998.

[5] D. C. Morse and G. H. Fredrickson, Phys. Rev. L&8&. 3235 [16] J. Israelachvilijntermolecular and Surface Forcé8cademic,
(1994); R. Podgornik, Phys. Rev. B2, 5170(1995. San Diego, 199

[6] D. V. Kuznetsov and W. Sung, J. Phys.711287(1997%); D. [17] K. Svoboda, C. Schmidt, D. Branton, and S. Block, Biophys. J.
V. Kuznetsov and W. Sung, Macromolecul&k 2679(1998; 63, 784(1992.

D. V. Kuznetsov and W. Sung, J. Chem. Phy€7 4729 [18] D. Zuckerman and R. Bruinsma, Phys. Rev. L&, 3900
(1997. (1999; Phys. Rev. B57, 964 (1998.

[7] U. Seifert, Adv. Phys46, 13 (1997; R. Lipowsky and E. [19] R. Podgornik, Phys. Rev. B4, 5268(1996.
SackmanngStructure and Dynamics of Membranes, Handbook[20] J. O. Raller, |. Koltover, T. Salditt, and C. R. Safinya, Science

of Biological PhysicgElsevier, Amsterdam, 1995Vol. 1. 275 810(1997; I. Koltover, T. Salditt, J. O. Rdler, and C. R.
[8] J. Simon, M. Kinner, H. Ringsdorf, and E. Sackmann, Chem. Safinya, ibid. 281, 78 (1998; T. Salditt, I. Koltover, J. O.
Phys. Lipids76, 241(1995; E. Sackmann, Macromol. Chem. Radler, and C. R. Safinya, Phys. Rev. L&, 2582(1997); L.
Phys.195, 7 (1994). Golubovic and M. Golubovic ibid. 80, 4341 (1999; C. S.
[9] R. Podgornik, Europhys. Let21, 245(1993; E. Eisenriegler, O’Hern and T. C. Lubenskybid. 80, 4345(1998; L. Golubo-
A. Hanke, and S. Dietrich, Phys. Rev.38, 1134(1996. vic, T. C. Lubensky, and C. S. O’'Hern, Phys. Rev6E 1069
[10] R. Lipowsky, Europhys. Let0, 197 (1995; C. Hiergeist and (2000.

041910-5



