-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Edinburgh Research Explorer

Edinburgh Research Explorer

Supported membranes on chemically structured and rough
surfaces

Citation for published version:

Swain, PS & Andelman, D 2001, 'Supported membranes on chemically structured and rough surfaces'
Physical Review E - Statistical, Nonlinear and Soft Matter Physics, vol 63, no. 5 Pt 1, 051911.,
10.1103/PhysReVvE.63.051911

Digital Object Identifier (DOI):
10.1103/PhysRevE.63.051911

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher final version (usually the publisher pdf)

Published In:
Physical Review E - Statistical, Nonlinear and Soft Matter Physics

Publisher Rights Statement:
ROMEO green

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN ACCESS

Download date: 20. Feb. 2015


https://core.ac.uk/display/28967346?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevE.63.051911
http://www.research.ed.ac.uk/portal/en/publications/supported-membranes-on-chemically-structured-and-rough-surfaces(481125fd-865a-4571-b3be-d9cf99fba771).html

PHYSICAL REVIEW E, VOLUME 63, 051911
Supported membranes on chemically structured and rough surfaces
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We present a general linear response description of membrane adhesion at rough or chemically structured
surfaces. Our method accounts for nonlocal Van der Waals effects and contains the more appfexichate
local) Deryagin approach in a simple limit. Specializing to supported membranes we consider the effects of
substrate structure on the membrane adhesion energy and configuration. Adhesion is usually less favorable for
rough substrates and the membrane shape tends to follow that of the surface contours. Chemical patterning
(described by a spatially varying Van der Waals foy¢mwever, favors adhesion with the membrane configu-
ration being out of phase with the surface structure. Finally, considering a surface indentedAkishaped
trenches, we show that our approach is in good agreement with an exact numerical solution.

DOI: 10.1103/PhysReVvE.63.051911 PACS nun®er87.16.Dg, 68.15te, 67.70+n

[. INTRODUCTION effect of substrate roughness and chemical heterogeneities on
the adhesive properties of the supported membrane.
Supported membranes strongly adhere to substrates and
lie typically at separation distances of between 10 and 40 A
[1]. Such small values have lead to their adoption by the Il. THE FREE ENERGY
biotechnology industry2] and, in particular, given them an 4 begin we consider a membrane supported at a sub-
important role in the development of biosensors. Supported;,ate that can be either geometrically structureshplanar,
membranes enable one to biofunctionalize an inorganic SUIig. 1(a), or chemically structuredpatterned with different
face and can provide an _uItrathin, highly electrica!ly resistant-pemical compounds Figs. 1b) and 1c). For example, a
layer on top of a conducting substrate. They provide a meangiface can be chemically structured by depositing different
of immobilizing proteins with a well-defined orientation and pemical layers, see Fig(H), or adjoining different chemi-
in a nondenaturing environmei8]. If these proteins are 5| gyrfaces together to make a columnar structure, Fay. 1
receptors then one can use electrical or optical means to dggth of these can be described by a spatially variant Van der
tect or “sense” the binding of ligands to the receptpd$.  \yaals force and it is this particular chemical structure which
Supported membranes can be formed by the spreading gfe specialize to. For a membrane adhering to such a surface

a bilayer over a substrate, vesicle fusion taking place at gs patterning will greatly influence the membrane configu-

substrate or by lipid monolayer transfer using a Langmuir4tion and adhesion energy. Inspired by advances in the

Blodgett techniqug1]. Howeve_r, in nearly all applications theory of wetting[10], we adopt a general mean-field ap-
the substrates used are not simply planar and homogeneoyg,ach in which the configuration taken up by the membrane
but are patterned, either chemicallg,5] or geometrically g5 gne that minimizes the free energy. In order to find this
[6,7]. The theory of membrane adhesion has typically conqhtimum configuration we first discuss the form of the free
centrated on adhesion at ideal planar surf§8gdn a recent energy functional.
paper[9], we have provided a simple description of the ad- ¢ {he membrane has an elastic modulusnd tensior,
hesive properties of membranes at rough surfaces. In this
article, we would like to present a more general approach to
membrane adhesion which includes the possibilities of (@)
chemical patterning and surface roughness. Both cases ar
modeled making use of a position dependent Van der Waals™ =" ___
force.

We begin with a summary of the basic assumptions of our
model and of the intermolecular interactions involved. In
Sec. lll, a planar, homogeneous substrate is considered as thegg_ 1. supported membranes on structured surfaces),ithe

starting point for the linear response theory that follows. Wenemprane is adhering to a rough but otherwise homogeneous sur-
show in Secs. IV and V how the simpler approach of R&F.  face. The reference plane is shown as a dashed line. The height of
is included in the present work and then proceed to considehe lower membrane lipid leaflet and the surface, measured from
several illustrative examples in Sec. VI. Finally in Sec. VII, this plane, are denoted Infp) andz{p), respectively. Layered and
our analytical description is compared and contrasted with @olumnar chemical structure are sketched(bih and (c), respec-
complete numerical solution. Throughout, we emphasize thévely.

1063-651X/2001/6(%)/05191112)/$20.00 63051911-1 ©2001 The American Physical Society
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then its bending energy can be described by the functionadnd e the (small) deviation around this average
[11]

A(r)—A
e(r)y= —( ) o

o+ %K(ZH)z}, (2.0 Ao

(2.7)

f dsyg
We emphasize that/(h;zg,€) is a functional of bottzy(p)
where the integral is over the membrane surfagés the  ande(r).
determinant of the metridii=(c;+c,)/2 the mean curva- If h(p) is set to a constant value, shy, and bothzg and
ture, andc, andc, the two principal curvatures. We have ¢ vanish, then Eq(2.3) becomes the familiar
ignored here the Gaussian curvature contribution as only a
membrane with a fixed topologflat on large length scales Ao
and of infinite sizeis considered12]. Throughout the paper W(ho;0,0=Wo(ho)=5—-— (2.8
: X . T h
we choose to work in the Monge representation. Letting 0
p=(x,y) be a two-dimensional planar vector, the heights of
the surface and membrane above some referprpiane are
z{p) andh(p), respectively(see Fig. 1
To account for the interaction of the membrane with the
substrate, we include a potential tek(h;zg,€) in the free
energy. As already mentionedy(p) accounts for the sub-
strate’s geometrical structure and describes its surface co
figuration, while e(r) denotes any chemical inhomogene- o\ e a(h—z
ites. The potential can have a number of different Viydhizg =be™ "7, 29

components{13,14. For our case, the most important of \yhare b has units of surface tension andis an inverse
these is the Van der Waals contribution, which is given by length of typical sizea~ 1=2-3 A. Due to the very short

(see Ref[14]), which is just the Van der Waals potential
between two planar semi-infinite bodies held a distalinge
apart.

Equation(2.3) provides an attractive interaction and, for
the case of a supported membrane, this is chiefly balanced by
nydration forces. The hydration potential obeys

range nature of the hydration interaction, we include the de-
pendence on the substrate structure with a simple local ap-

where 6 is the membrane thickness and is typically aroundProXimation and s/, is just a function of the local height
40 A . Due to the bilayer nature of the membrane, two termd!(P) ~2{(p). The origin of hydration forces is still under
involving the Van der Waals potenti#V(h:z,, ) are neces- debate[14] but they are generally believed to have some
sary; in particular for supported membranes whéreh. stenc contribution. Consequently, yvhihan gengral is posi-
For a thin fluid film of thicknes$i(p) resting on an inho- tion dependent we believe that this is a relatively minor ef-

mogeneous solid, one can sum over all possible pair interaé‘—ac_}ﬁnd SOI choose tlo' kehep the simple form of 9.
tions between the molecules in the upper half space, capped e total potential is then

from below by the membrane surfaze h(p), and those in . _ . .
the lower half space, capped from above byz(p), to V(h:zs, €)= Vian(h:Zs, €) +Viyo(h;z) (210
show thatwW(h;zy) satisfieq10]

Vyaw(D;Zs, €)= —[W(h;z5,€) =W(h+ 6;z5,€) ], (2.2)

though one could consider more complicated scenarios in-
volving, for example, electrostatic forces. Summing all these

W(h;zg, €)= fw dzf d?p’ fzs(p,)dz’wo(r—r’)[lJr e(r')] contributions we can write the total free energy as
h(p) —o
2.3

2
_ [ d2pl viT o ot S| F
with Ih] fdp[ 1+(Vh)? o+ 5| V WH
Wo(r)=A—2 iﬁ : (2.9 +V(h;231€)]v (2.11
TN

The latter models nonretarded Van der Waals interactiongvhere we have explicitly written out the curvature and ten-

Equation(2.3) contains a position dependent Hamaker con-sion terms in the Monge representation. _ _
stant One of the most relevant quantities in experiments is the

membrane adhesion energy. Within our general mean-field
A(r)=Ag[1+€(r)] (2.5 approach, the optimal height of the membrane is that which
minimizes Eq.(2.11) and the value of the free energy when
with A, the average value the membrane takes up this optimum configuratiBg;,
leads to a natural definition of the adhesion energy per unit

f d?r A(r) area

Ag="—— (2.6) Fo
der UE—( —0'). (2.12

051911-2
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TABLE I. The various parameters chosen and calculated for a supported membrane. For definitions, see

text.
k=35T o=1.7x10"5Jm?2 5=38 A T=4.1x10"2%]
Ap=2.6x10"21] b=0.93 Im?2 a 1=22A
a=49.3 A ho=0.61a=30 A U=0.298r v=22.8%"20c
£,=0.21a £,~1.97a £=18.62 V~1.30

Here,S, is the total area of the projected referencelane, tively [16]. We set the Boltzmann constant to unity and
So=Jd?p and we have subtracted off a membrane tensiorso at room temperaturd =4.1x10 %' J. ChoosingA,
term. Doing so conveniently defines the adhesion energy se 2.6x10 2% J=0.63T [16], implies that the length scale
that a completely flat membrane does not have a tensioa=49.3 A and, from Eq(3.3), hy=0.61a=30 A in agree-
dependent contribution; for a membrane infinitely far fromment with measured values using specular reflection of neu-
the surfaceJ will then vanish. Notice that Eq2.12 implies  trons[17]. The two parameters used here to specify the hy-
that an attractive surface will have a positive adhesion endration force, see Eq2.9), are

ergy.
¥ b=093Jm? a '=22A (3.5

lll. PLANAR AND HOMOGENEOUS SUBSTRATES which are in accordance with those measured in Rie].

Our results are obtained by analytically expanding the The potential experienced by the membrane, Bd.0, is
free energy around its value taken for a planar, chemicallpketched in Fig. 2. From Eg3.4), one can see that
homogeneous substrate. Therefore, we briefly review the re-

~ — — 6 —2
sults for such an ideal surface. Ug=0.298=5.07x10"" Jm ™. (3.6
For this case¢=2z,=0, and the Van der Waals interaction ¢ this point, it is also worth discussing the other length
(2.3 simplifies to Eq.(2.8), and so scales which will appear in our treatment. Definimn@s the
Vyau(h;0,0) = — [Wi(h) — Wy(h+ 8)], (3.1) ae_cr?nd derivative of the potential calculated at the minimum
— 1o
where throughout we use the subscript zero to denote adhe- 5
sion at both chemically homogeneous and flat substrates. _ 9 _\ ) "
Here,a is a fundamental length scale in our problem v ﬁhZV(h‘o’o) - vinl 00,0+ Viyyf(ho)
~Mo
AO 1/2 (37)
a= ) (3.2 .
2mo several correlation lengths can be extracted,
and is provided by the ratio of the Hamaker constant, see Eq. E=cly, &=kl 3.9

(2.8), and the membrane tensiph5].

We find that the membrane adopts a flat configuration v/
h(p) = h,, which obeys Y
\
a—h=V\’,dW(h0)—abe“"h0=O (3.3 - |
+ hydration

from Eq. (2.9). The adhesion energy in this case is simply \ Interaction

given as the negative of the interaction potential. From Eq. °-2 AR
(2.19), Fin=Solo+V(hy;0,0)] and so Eq.2.12 implies N
that - h/a

Uo=—V(hg;0,00= —[Vygn(ho) +be "], (3.4

-0.2 total
By definition, U, is positive for all sufficiently attractive potential _
potentials,V. Equations(3.3) and (3.4) provide the funda-
mental quantities upon which our perturbation theory will be -°-4 _--""Van der Waals
built. /,r’ attraction

In order to allow(semiquantitative comparison with ex-
periment and to give some idea of the magnitude of the EG. 2. A plot of the various interactions described in Sec. I,
quantities involved, we would now like to specialize to a wjth parameter values given in Table I. Here all potentials are mea-
particular choice of our model parametévee opt again for  sured in units of the membrane tensien=1.7x10 %3 m 2, and
those chosen in Ref9]), see Table I. Typical experimental l|engths in terms 0&d=49.3 A. The total potential has a minimum at
values ofo and x are 1.7 10 ° Jm 2 and 39, respec- h,~0.6a.

051911-3
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together with
1 1 1 2 2 2 4 21 2 2
2=l 545_2 3.9 ;}‘~570+ —252 d“pj £5(Vh)+ £.(Vh)“+ (h—hg)
= KIO— «So . p

which describes the crossover between the tension and the —2(h—hy)
rigidity dominated regimes. Their values for the experimen- 0
tal scenario described above are given in TakllsHich also

lists all the other model parametgrs for chemical patterning, whereFy,=F[hy] is the
h-independent term in the expansion,

J dzp’G(p’)¢(p+p’)” (4.6

IV. LINEAR RESPONSE THEORY
So- (4.7)

To carry out a perturbation theory for rough and hetero- Fo=0
geneous substrates, we assume thandh—h, are small,
i.e., z~h—ho<ho, and that any of their products and de- | the case of chemical patterning, contains an additional
rivatives are also small. Afunctiona) Taylor expansion is term
then performed which is a fairly standard, if long, calcula-
tion. 0
To simplify our presentation and ease the algebra, we will f dZV\',dW(ho—Z)f d?pe(p,2) (4.8
assume that the chemical structure is such thatan be o
factorized, i.e.,

11U
;0

which vanishes if
e(r)=¢(p)9(2) (4.7

for some functionsp andg and the substrate surface is given
by z;=0. Such a factorization while including the layered
(constant¢) and columnaxconstanty) structures shown in (an assumption we adopt for algebraic simplicity in some
Fig. 1 does prevent us from considering surfaces which aref the later formulas but certainly not a necessitior
both rough and chemically inhomogeneous. Consequentlyough substrates thg plane can be chosen so thet)
from this point on, we will specialize to either rough or =[d?p z=0. Here,V is given by

chemically patterned substrates.

f d*pgp(p)=0 4.9

A few more definitions are in order; first of all, we notice Viyd(ho)
thatv, given by Eq.(3.7), can also be shown to obey V= v (4.10
v=V/4h )_f d2p’ {wo(p’,ho) —Wo(p’ ,ho+ ) To find the optimum profile, we need to minimize Eq.
e {Wolp" o) =wo(p" o &)} (4.5) or (4.6) with respect toh(p), i.e., s/ 5h=0. The re-

(4.2 sulting Euler-Lagrange equation is nonlocapitbut linear in

using Egs(2.2) and(2.3). The kernel functiongthis choice h,

of nomenclature will become clear later bt 202
L€V =&V +1](h(p)—ho)

1
K(P) == ;[WO(PyhO)_WO(P,hO"' 5)] (43) j dzp’[K(p' _p)zs(p/)]+VZS(p), rOUgh,
e f d*p'[G(p' —p)d(p")], chemical,
1 (ho+s
G(p)=— th dz gho-2)Wo(p2) (4.4 (4.1
0

where the role thaK andG play as kernel functions becomes
clear. Equation(4.1)) is the starting point for our linear re-
sponse profiles. It is a fourth order nonhomogeneous linear
differential equation where the heterogeneity of the substrate
enters in the nonhomogeneous term. Due to its linear nature,
151:~ %]_—OJF %f dzp[ £2(Vh)2+ £4(V2h)2+ (h—hy)? the solution can be written down in Fourier space. Defining

will also prove useful.
Then, expanding©[h] in Eq. (2.11) to second order and
taking advantage of Eq3.3), we find

o for any functionf(p) its Fourier transform

—2(h—hy) +Z§(p)] f(a)= f d’pf(p)e”'® (4.12

(4.5
we find, via the convolution theorem, thath(p)
for rough surfaces and =h(p)—hgy obeys

Vzet+ f d’p’K(p')zyp+p’)

051911-4



SUPPORTED MEMBRANES ON CHEMICALLY ...

PHYSICAL REVIEW B3 051911

K(q)+V]z 1
M, rough, K(0)=-¢2a?| 5 ————|=1-V (410
_ 1+ &P+ &g hg (ho+6)*
oh(q)= - o~ (4.13
G(g)¢(q) i from Egs.(3.7) and(4.10.
1+ 207+ £ chemical. Similarly, G(q) satisfies
~ 2,22 _
The Fourier transforniK(q) of the kernel functiork(p) G(q)=G(q)=— £,8°47 [hoto ZMKZ(qZ)
can be calculated using the result 2 ho z
, (4.17
—iq-p m
J dzpe—zzw<i) M (4.14  Which then implies that
(p?+h?)mi 2h) T'(m+1)
~ 2.2 hO+‘S g(ho_z)
whereK,(x) is the modified Bessel function of the second G(0)=-¢a ) dz——"7(@p—. (4.18
kind of orderm. Nonretarded Van der Waals interactions are 0 z
obtained by settingn=2 in the above equatioffrom Ed.  For the case wheg(z)=1 (a columnar solid
(2.4)]. Then the kernel becomes
~ £
- - £29%a%| Ko(qhy) Ky(qhy+qd G(0)=— (—— <0 (4.19
K(q):K(q):_ q 2((12 O)_ 2(q o0 ) . 3 hg (h0+5)3
2.0 g (het+d)? . |
which will be needed in Sec. VI.
(4.15 We can also calculate the adhesion energy in Fourier
space by Fourier transforming E@.5). Using the solution
Notice that in the limit of q tending to zero, of the Euler-Lagrange equatigd.13 and the definition of

lim,_.0 4%K2(q) =2, which implies that

the adhesion energy, E(R.12), then gives,

UO 1 d2q - 5 |(R(q)+v)Es(q)|2
T 25 - h
U o 2%) (2x § (|ZS(Q)| 1+ @+ q'e |’ roug .
o G(a)(a)l? | :
h l.
ZSOJ 2775 ) 1+q2§[27+q4§i chemical

V. THE DERYAGIN APPROXIMATION

In a previous pap€@], we looked quite extensively at the adsorption of membranes on rough substrates and throughout
used a Deryagin-like local approximatigh9]. In this section we would like to show how this is included in our present, more
general, linear response approach.

The Van der Waals potentié?.2) due to its functionalnonloca) dependence on the inhomogeneities, provides most of the
difficulties in any analytical method. These complications are neatly circumvented by the Deryagin approximation. Equation
(2.3) can, by a simple change of variable, be rewritten as

oo + !
f dzJ dzp’JZS(p i )dz’wo(p’,z—z’),
h(p) —o

0
f de dzp’f dz'wo(p’,z—2')[1+ ¢(p+p')9(z')], chemical,
h(p) o

rough,

W(h;zs,€)= (5.1

where we have adopted E¢4.1). The Deryagin method which removes the functional character of E§.1) and so
amounts to replacing neglects almost all nonlocal effediwe still retain the inte-
gral overg(z')]. Once Eq.(5.2 has been performed, one
can(Taylor) expand the free energy in powerstof hy and

z{p+p')—z4{p), rough,
(ptp')—2zdp) g 5y 7 before.
' However, such an approach turns out to be equivalent to
d(p+p')— P(p), chemical, replacing the kernel functiong.3) and (4.4), in the linear

051911-5
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response theory by Dirac delta functions where we have used E@.16). In Fourier space the solution
_ is
K(p—p")—K(0)S(p—p"),
_ (5.3
G(p—p')—G(0)8(p—p') 749)
which transparently shows the local character of the Derya- - 1+ §§q2+ giq“'
gin technique. Equatiof6.3) implies that the Fourier trans- oh(q)= &0V (5.9
forms of the kernel functions are now simply constants. (0)p(a) chemical
Consequently, the Euler-Lagrange equati@nll) be- 1+ §§q2+ §iq4’ ’

comes

z(p), rough (5.4 with an adhesion energy given by Hg.20 with the substi-

dod_ 202 _
(EV1= £ V24 1) 6h(p) {é(O)d’(P), chemical, ' tution (5.3),

Up 1 d’q [ (PE+qeD zda)|?
— - , rough
U | @ 2SJ 2m¢,)?\ 1+2E2+qted 5.6
o | Ug 1f d’q |”é<0><7><q>|2> . '
—+ — , chemical.
o 25) (2mé,)?\ 1+ g2+ qted

For the case of roughness, these are exactly the results oBhifting our interest momentarily away from supported
tained in our previous papd®]. We note that there is a membranes, if we alloay> 6, then Eq.(5.7) and(5.8) sim-
difference in sign between the two cases; whild=U — plify considerably and becomé,<h, and hy<a, respec-
Uo<0 for the rough caseU>0 for chemically patterned tively.
surfaces. This is one of our main observations and will be
discussed in Sec. VI C. VI. PREDICTIONS OF THE LINEAR RESPONSE

It is also possible to indicate the regime where the Derya- METHOD
gin approximation can be expected to be valid. Using the ) i i
observation that this approximation is recovered in the zerg 1he nonlocal perturbation method is embodied by Egs.
wave number limifsee(5.3)] and assuming that the struc- (4-11 and(4.20. In this section we compare and contrast
ture, be it chemical or geometrical, is dominated by one londhis approach with the simpler local Deryagin approxima-
wavelength mode such thga<1, then comparing the ze- UON- As both methods are based on perturbation theory, we
roth and second order terms in an expansion of(Bq.3 to ~ have the caveat that
order (ga)? implies that

oU <1 (6.1
q’é2a? | 1 L\, 57 Uo '
4 hS (ho+ 6)2 ' for the method to be valid, i.e., that the perturbation correc-
tion is much smaller than the term it improves on. The fun-
for rough surfaces and damental difference between the approaches is in the treat-
) ment of the Van der Waals potential, in the Deryagin
q° (hot2 g(h—2) dz< ho+4 Q(h—Z)d 5.9 approximation there is only a purely local attraction while
4 Jn, 72 z ho A z ' the linear response includes non-local collective effects. The
Euler-Lagrange equatiortd.11) and(5.4) most clearly illus-
for chemical inhomogeneities, which becomes trate this.
g’ 1 1 1 1 5.9 A. Chemically structured surfaces
— | < |z .
41hy hoté] | hd (hy+6)° For the types of structure considered, E45) gives the

general linear response free energy. One can define a bend-
when g(z)=1. If these conditions are violategbroviding  ing (BE) and potential energyPE) contribution to this by
ga<1) then a Deryagin approach will fail though we stresssimply letting the bending energy be that part which vanishes
that Egs.(5.7) and (5.8) while necessary for the validity of when o and « are set to zero and the potential energy that
the Deryagin approximation are certainly not sufficient.part that remains. Then, using the soluti@nl3, we find

051911-6
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U/Uo (a) 1U1/ Ug (b)

1.25

TN a FIG. 3. Membrane adhesion
o020 04 06 0 12 aPs energy for a substrate whidh) is

flat and has a sinusoidally varying
Hamaker constantA.=10.0) and
(b) has a sinusoidal surface con-
figuration (Ag=2.08) plotted
against wave number. The Derya-
gin solution is also shown with a
dashed line.

0.9 \

0.8 \

0.7 \

0.6

\
07 0E os ve 112 1¢ aPe 0.5 \

=0 6.7

U_Ug 1 AZG(py?
T O AL 14pZEs+ Pty

d’g 1+2Q . .
=— —_ 2
PEchem J'(2’7T)2 (1+Q)2|G(Q)¢(q)| (6 )

and In Fig. 3(@), this adhesion energy is plotted against wave
numberp.. One can see that there is good agreement be-
d?q o tween the Deryagin and linear response approaches. As the
Echen f 5 SIG(@é(@)]* (6.3 period of the sinusoidal variation increases the membrane is
(2m)°(1+Q) less and less able to respond to the structural variations and

for high p. the adhesion energy takes its planar value once
more. Any chemical structure has been effectively washed
away.

with Q=¢2g%+ ¢%q* [a constant contributiony(hg;0,0),
has been ignored in the potential energy teridere and
throughout the rest of the paper, we fixz)=1 for clarity
and so consider only columnar solids. The reader interested

in layered solids should consult R¢f.0] whose results can B. Rough surfaces

be simply extended to membranes. In this case, the two contributions to the adhesion energy
Using the fact that are
~ ~ 2
0>G(q)=G(0) (6.4 P :f L Y BT P e
Erough (2 )2| s(q)| | (Q) | (1+Q)2
for all g, and remembering that the Deryagin approximation (6.8

is recovered when the kernel functi@{q) is set to its value

atq=0, one can see almost by inspection that the membran@d

potential energy will be higher than in the Deryagin case 5

while the bending energy will be lower. In fact, the incre- _J’ d°q Q = RN+ V13 2

ment in the potential energy will be greater than the bending o | o2 (14Q)2 [K(a)+V] z{a)|".

energy decrement and we can therefore expect the surface to (6.9

appear less attractive, due to nonlocal effects, with a corre-

spondingly lowerU. As

A sinusoidally patterned surface, translationally invariant

in they direction, is the simplest choice with which to illus- R(q)+V> R(O) +y=1 (6.10

trate this behavior. Setting
for all g, the complete opposite behavior results with the

d(p)=Acsin(pcX) (6.5  bending energy increased by the nonlocal contributions and

the potential energy decreased below the decrement to the

with A being the amplitude of the Hamaker coefficient os-bending energy. The surface becomes more attractive and the

cillations and 27/p. their period, Eq(4.13 then implies adhesion energy increases above the Deryagin result.
Looking at a chemically homogeneous but geometrically
A é(p )sin(pex) corrugated surface we choose
h(p)= ﬁ, (6.6) _
EPC+E 24p)= A5Sin(pex) (6.1

whereG(p,) <0 from Eq.(6.4). The adhesion energy is also so that the surface corrugations have an amplitudé and
easily calculated a period of 27/ps. Equation(4.13 gives
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AdR(p9 +Visin(pex) (a)
h(p)=h .
O T gt 0P
with K(pg >0 from Eq.(6.10), while U obeys
A2 W 21~ L
E_ﬁ__s _M_ (6.13 0 ] i 2c

o0 A8 14piE+pity

d d

This latter result is plotted in Fig.(B) and deviates sub-
stantially from the Deryagin prediction g@s increases. Non-
local effects are important and can strongly decrease the (b)
membrane potential energy. In particular, notice that for
small pg the adhesion energy iscreasedabove the value
taken for the planar situation. This can never occur in the
Deryagin approximatiorisee Eq.(5.6) and Ref.[9]]. The
additional Van der Waals contribution accounted for sub-

stantially raises the membrane potential energy. For lpgge d d
positive nonlocal effects “saturate,” i.eK(pJ plateaus,
andU starts to decrease for greafervalues, see Eq6.13. FIG. 4. A membrane adhering 1@ a substrate with a square

In general, the membrane finds it more difficult to adhere tovave surface configuration ard) to a flat substrate periodically
the rough surface and the adhesion energy will asymptotistriped with two different chemical compounds.

cally (large ps) tend to a constant value less than unity . )
(though for the high value of\¢ chosen our perturbation ©OF Out. Note that the membrane would be in phase with the
theory is not sufficiently accurate to capture thighe mem-  Substrate for a repulsive Van der Waals poterj@d.

brane potential energy eventually becomes positive while its BY using the Deryagin approximation, simple arguments

bending energy vanishes ps— . describing an effective potential energy highlight the differ-
Again, it is important to reiterate that our approach is€nt adhesive properties of the two surfaces. In Fig. 4, a sur-
strictly only valid when Eq(6.1) holds. face (translationally invariant in they direction patterned

with a square wave profile and a similar on/off chemical
patchwork is schematically shown. For the former case, a

C. Comparison between chemically structured definition for an effective potential energy is given by

and rough surfaces

Consider once more E@4.13, with Q= ¢2g%+ £2q*, J dxV(h—2)
[K(a)+Vizdq) Ve =" (6.19
—= 7 rough de
~ 1+Q
sh(g)={ . _ (6.19
G(a)¢(q) chemical. which just equald/(h,) for the planar scenarin=0. When
1+Q the substrate is square corrugated this approximately be-
comes

Two points are worth making(i) From Egs.(6.4) and 1
(6.10 it can be seen that the membrane amplitude is in- = 4 Sh—c)+ —Sh+
creased and decreased by nonlocal effects for roughness and Vet Z{V(ho oh=c)+V(hy=sh+c)}
chemical structure, respectively. This is reflected in a corre-

sponding change in the bending ener@pmpared to the =V(ho)+E(a‘h—c)ZV”(ho)+O[(5h—c)4]
Deryagin results (i) Due to the different signs d€ +) and 2
G, see Eqs(6.4) and (6.10 again, the membrane profile is >V(ho) (6.16

always in phase with the surface contour of a rough substrate

but is exactly out of phase with surface structure arising duesV”(hg) is positive fy being a minimum o¥). Thus even

to chemical variation. A membrane adhering to a rough surin this crude argument, one can see that surface roughness
face will, in order to maximize its potential energy, try and acts(at least if the roughness does not get too large when our
follow that surface as best it cdlimited only by the result- perturbation expansion breaks dowo increase the mem-

ing bending energy costSimilarly, the membrane will fol- brane potential energy—a result verified by the Deryagin
low the hills and valleys of a substrate potential generated byersion of Eq.(6.8). Equation (6.16 shows that surface
chemical patterning. In this case, however, a local increase apughness is reminiscent of Gaussian thermal fluctuations
decrease in the Hamaker constarmnakes that region of the and similarly to these acts to drive the membrane out of its
surface more or less attractive and so shifts the membrane potential minimum.
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When the wall is patterned with a periodic array of alter- = h(x)/a

nating chemical patches as in Fig. 4, one can use similar ~  ~_ | — 277"

arguments to those given above to estimate the effective po-

tential energy. Let the Hamaker consta@nbbey 0.6
Ag(1+ ¢), dark patch 0.4
= . (6.17
Ag(1—¢), light patch, 0.2
‘ Y
for constant and positivA, and ¢, then the potential energy e = > - X/a

is, see Egs(2.5) and(2.10, d

FIG. 5. A typical membrane configuration predicted by the
Deryagin approximation for adsorption above a homogeneous sub-
strate sculptured with “V”-shaped trenches. The parameters for a

single trench arel=10a and A =0.05, which implies a width of
f dxV(h) around 500 A and depth of approximately 25 A. The adhesion en-
ergy isU~0.4,.

V(h)=Vyqu(h) €(X) + Vhyd(h) (6.18

with e(x)=1=* ¢ on the dark and light patches. Therefore,

Veff

fdx For simplicity, the trenches are assumed to be symmetric
about their lowest point and have a maximum widthd@ind
1 a depth of\d. See Fig. 5 for an example.
= 5{Vaaulho= M) (1+ #) + Vil h— 5h) P ’ P
A. The Deryagin solution

TVuan(ho+ OM) (1= ¢) + Viyd ot o)} To find the Deryagin solution it is most easy to consider

1, 5 Eq. (5.4) directly, which reduces to a one-dimensional dif-
=V(ho)+ 5 6h*V"(ho) — $hVyg,(hg) +O(sh®). ferential equation. This is
(6.19 d* d?
Ee—Er 1] sh()=2(x) (7.
Notice here that the membrane’s position is exactly out of dx dx

phase with the surface structure. This leads to a negativ\(lavith
contribution in Eq{(6.19 and one can see that the new mem-
brane configuration, as the negative term is of orélerand *
positive is of ordersh?, is likely to result in a net attractive Z(X)=2\ Z {r,[ 0(x+nd)— 0(x+nd—d/2)]
contribution to the potential energy. Indeed, this can be veri- n=-
fied by summing Eqg(6.2) and(6.3) which, as already men- +(d—r [ 6(x+nd—d/2)— O(x+nd—d)]},
tioned, is always negative.

In summary, a membrane generally adheres less favorably (7.2

(relative to the planar and homogeneous suifao@ rough  \yhere g(x) is the Heaviside function and,.=x modd, i.e.,

substrate and adopts a configuration that is in phase with the o remainder of on division byd. Assuming that the mem-

sgrface contqurs. A chemically structured substrate has grane has the same symmetry as the substrate, the boundary
higher adhesion energymore favorablg and leads t0 a .gnditions are

membrane configuration exactly out of phase with the sur-
face structure. h'(nd)=h"(nd)=0,

! — " j—
VIl. COMPARISON BETWEEN EXACT h'(nd+d/2)=h"(nd+0d/2)=0
AND APPROXIMATE SOLUTIONS for all integersn.

Due to the periodicity ofz(x), we need only solve Eq.

From these examples and those given in R8f, it is h
clear that the Deryagin approximation is certainly the most(7'1) for 0<X<d/21 Where ZS(X)_Z)‘X.’ and then reflect
and/or translate this solution to obtain the full membrane

versatile if one wishes to obtain analytical results. However;™ ™ ; U ,
it is also apparent that in some situations nonlocal effects cafiPnfiguration. We find in this region that far=(x,y),
become important and in this section we compare the Derya- 2 2

(7.3

. . ) i 2
gin result with an exact numerical solution. h(p)=ho+2\x— M[d/+(x)—w_(x)] (7.4)
The scenario we choose to specialize to involves solely ni— 7>

geometric inhomogeneities. We consider a chemically pure .
substrate made up of a regular arfay the x direction of ~ With

“V” shaped trenches. These could be formed, for example, sin (2d—x) 7. ]
by etching silicon waferg21]. In the other spatial dimension, L(X)= 4 7=

(7.9

i.e., they direction, the system is translationally invariant. 7°.coshn=d) '
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U/Ug

1

U/UO FIG. 6. A comparison of the

(b) Deryagin predictions (dashed
lines) and an exact numerical so-
lution (heavy line$ for the adhe-
sion energyU above a substrate
patterned with “V” shaped
trenches. In@ U/U, is plotted as
a function of d/a with A=0.1,
while for (b), it is shown as a
function of A and d=2a. For
small d/a or N the Deryagin
\ \ method provides a good approxi-
2 4 6 8 d/a 01 02 \“ WY 7\. mation to the numerical result.

@

1

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2

The 7. come from the factorization of the operator in Eqg. tional with respect to all of the discrete variables. This has

(7.1), see Ref[9], and are the advantage that the boundary conditién$) can be eas-
ily incorporated.
1= V1—4(&lé)? vz For one-dimensional structures, such as the trench geom-
N+ = > : (7.6 etry, (2.11) becomes

n2
where¢ is given by Eq(3.9). The height profile of the mem- _ f A+n2 ,2+f h n i
brane,h(x) is plotted in Fig. 5 using Eq(7.4). FIh] dxj ovith 2 (1+h'?)52 V(hiz,0) .

The adhesion energy is obtained from the definition
(2.12. Equation(4.5) with Eq. (5.3) implies (7.10

U Ug 1 fdz 12\ soenD s 2 ) Due to the symmetry of E(7.2), we only need consider a
o o dJo dx{h’+ £+ £, 5(h—ho=28x)7. solution for 0<x<<d/2 and adopt a standard discretization
(7.7 process by dividing the interval, i.e.,

Using Eq.(7.4), the above integral can be calculated analyti-

k+1~ Nk Nkt 2— 2N 1+ hy
cally yielding o

h
h’(xk)H A ’ h”(xk)(_) AZ

(7.11

wherex,=kA, k=1,... N and A=d/2N. Here,N is the

7.9 number of points making up the one-dimensional lattice and
' typically was chosen somewhere between 100 and 400. For

with the simple surfac€7.2), Eq.(2.3) can be broken into &on-

vergenj infinite sum of integrals each of which can then be

B:ﬁ_m\z £+|(d7]+,d77_)+|(d7]_,d7]+)
77 2 d*(75 —7%)?

4 5 evaluated analytically.
I(u,v)= 2u(¢l) 4 2A1+2(é60°] Carrying out this procedure we find Figs. 6 and 7. From
(&ld)? [ 1+e"?  (&ld)(u?—v?) the adhesion energies plotted in Fig. 6, there is a region of

good agreement between the Deryagin and exact solution.

(&ld)%v2(2u®~v?) . This agreement occurs for low and A where Eq.(6.1)
+ (&1€.)*u? tant(zu) . (7.9 holds. As the Deryagin approximation underestimates the at-
" tractive potential in this case, the adhesion energy is always

Figure 6(dashed linesillustrates Eq.(7.8) and compares it less than the exact r_esult an_d it is also _reassu_rin.g that the
with the exact numerical solution detailed below. exactU does not vanish for higd or A. This prediction of
the Deryagin approach is clearly an artifact of going beyond
the limits of perturbation theory. Generally, we see that the
adhesion energy decreases with greater values of the rough-
In this subsection we present a numerical solution whichness, i.e., larg& or d (for smalld any structure is effectively
accounts for the full Van der Waals interacti¢h?) and the  “washed out” and not seen by the membrane
bending energy term in Eq2.11). One can functionally The degree of penetration of the membrane into the “V”-
minimize Eq.(2.11) but the resulting Euler-Lagrange equa- shaped trenches is shown in Fig. 7 where the membrane
tion is nonlinear and very complicated. Given that EQ2) height above the middle of the trench(0)=h(0)—hg, is
implies the boundary conditiond.3), the resulting problem plotted. One can see that the membrane always lies further
is extremely awkward to tackle even numerically if one triesaway from the substrate than if the latter were entirely planar
to solve the equation directly. Instead, we choose first tand so there is no penetration into the surface indentations.
discretize Eq(2.12) and then minimize the free energy func- However, this could be encouraged by having flat regions

B. The exact numerical solution
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oh(0)/a
0.8

8h(0)/a FIG. 7. The membrane height
(a) 1 (b) in the center of a “V” shaped
trench measured with respect to
0.8 its  planar height 5h(0)
0.6 =h(0)—hg. In (8 6h(0) is plot-
ted as a function of the trench
-7 width d/a while in (b) it is plotted
0.4 . as a function of the trench ampli-
03 /,—” 0.4 L7 tude with d=2a. The numerical
) e g solution (heavy ling soon departs
0.2 -7 7 from the Deryagin resultdashed
o1 /// 0.2 /,/ line) with good agreement again
' i A only occurring for values of the
d/a 7\‘ adhesion energy close td,.

0.7

0.5 0.6

separating each trendbee Ref[9] for a similar example  larly appropriate for rough surfaces where the additional
As the surface becomes rougher, it also becomes more repuionlocal effects lead to an increase in the amplitude of an
sive (U decreasesand so the membrane moves outwards. Itadhering membrane. For smoothly varying surfaces these ef-
is perhaps surprising to see that the exact solution lies furfects can even lead to the surface becoming attractive—a
thest away from the substrate despite having a higher adheesult that is not predicted by the local Deryagin approxima-
sion energy. This is likely to be a consequence of highetion. Unfortunately, it is difficult to identify the particular
order bending energy terms in E(/.10 reducing the am- geometries for which nonlocal Van der Waals contributions
plitude of the membrane configuration and so increasing itare important but for those surfaces of biotechnological in-

height at the center of a trench. terest, i.e., with trenches or indentations etched into them,
they do not seem to lead to radically different behavior. To
VIIl. CONCLUSIONS conclude, if one wishes an analytical guide to how a certain

L . S substrate structure will influence membrane adhesion and if

A significant experimental question is whether or not,that structure can be conveniently described in Fourier space
compared to a planar, homogeneous surface, substrate strygen the linear response description is the method of choice.
ture encourages membrane adhesion. An important conclizajling this the Deryagin approximation is quick and easy to
sion of our study is that columnar chemical struct{see  apply if only normally adequate for small amplitude effects.
Fig. 1(c)], which obeys Eq(4.9), always increases a sub-  Throughout this paper we have looked only at generic
strate’s attractiveness; the membrane potential en@@yis  chemical patterning described by a position dependent Ha-
clearly negative and also greater than the bending energyaker constant. In the future, it will be of interest to extend
(6.3. Consequently, the adhesion energy increases. Roughis work to include particular chemical patterns and specific
surfaces are unfortunately more ambiguous as (B@) is interactions between the membrane and the surface, such as a
not of a definite sign. However, if the Deryagin approxima-receptor ligand or an antigen antibof32—24.
tion is invoked[K(q)+V~1], then the potential energy
contribution is always positive. Therefore, we would expect ACKNOWLEDGMENTS
roughness to usually decrease a substrate’s attractiveness and
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