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Effective adhesion strength of specifically bound vesicles
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A theoretical approach has been undertaken in order to model the thermodynamic equilibrium of a 3D
vesicle adhering to a flat substrate. The vesicle is treated in a canonical description with a fixed number of sites.
A finite number of these sites are occupied by mobile ligands that are capable of interacting with a discrete
number of receptors immobilized on the substrate. Explicit consideration of the bending energy of the vesicle
shape has shown that the problem of the vesicle shape can be decoupled from the determination of the
optimum allocation of ligands over the vesicle. The allocation of bound and free ligands in the vesicle can be
determined as a function of the size of the contact zone, the ligand-receptor binding strength, and the concen-
tration of the system constituents. Several approximate solutions for different regions of system parameters are
determined and in particular, the distinction between receptor- and ligand-dominated equilibria is found to be
important. The crossover between these two types of solutions is found to occur at a critical size of the contact
zone. The presented approach enables the calculation of the effective adhesion strength of the vesicle and thus
permits meaningful comparisons with relevant experiments as well as connecting the presented model with the
proven success of the continuum approach for modeling the shapes of adhering vesicles. The behavior of the
effective adhesion strength is analyzed in detail and several approximate expressions for it are given.
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[. INTRODUCTION this layer is to control precisely the strength of the nonspe-
cific interactions. In the absence of compatible ligands, every
In the past two decades, considerable effort has been irembedded receptor contributes to the repelling glycocalix.
vested in understanding the behavior of vesicles consisting Different aspects of bioadhesion have been studied with
of phospholipid bilayers binding to flat substrates. One of thehe help of synthetic models that contain the absolute mini-
reasons for this development is the fact that vesicles aremum number of ingredients necessary to mimic cell adhe-
regularly used as well-defined and controllable model syssion[4]. In this respect, various cell models consisting of a
tems for the far more complex process of cell adhegidn  vesicle interacting with a substrate have been developed over
Indeed, as cell adhesion plays a central role in key dynamithe last few year$5-7]. In all of these models, ligands in-
biological processes such as embryo development, immurgorporated into the vesicle membrane are able to bind to
response, and cancer metastasis, the desire to understand it§§eptors immobilized on the substrate. Lipid-coupled poly-
hardly surprising. ethyleneglycol moleculeflipopolymers are used to mimic
As adhesion is an important trigger of cell activiig], t.he cell glycocalix. In all cases, prior to the formation of
nonspecific adhesion controlled by an effective potential peligand-receptor bonds, the vesicle settles above the substrate

tween the cell walls must be avoided. Instead. as demo t a distance that is governed by the effective potential acting
strated by cell sorting experiments, the highly selective etween the membrane matrix and the substrate. The part of

. : : : - t?t:e vesicle membrane that becomes parallel to the substrate
mechanism of cell interactions is based on complementarltleI this way is known as the initial contact zone. Due to the

between different types of adhesive moleculgs present on thf‘:?tct that, on most occasions, the substrate has been rendered
pell S“r.face[?']- The surfaceeceptorsare protellns embedded passive by an inert coating and repulsive lipopolymers have
in the lipid bilayer, which constitutes the basic matrix of the been embedded in the vesicle, the part of the membrane in
outer surface of the cell. These receptors must bind to Pakha contact zone is usually only weakly adhered to the sub-

tjcular mo!ecglar groups of the_ target_cell sgrface, known 3Strate and still high enough above the substrate to exhibit
ligands with interaction energies typically in the range of strong fluctuations

SkeT tq 2(kgT. Given that the presence OT only“'lspecmc The adhesion process associated with the specific biocom-
‘?)atible molecules that follows the initial settling of the

: ) L : vesicle is found to phase segregate the ligand-receptor pairs.
hesion mechanism is indeed stunning. The receptors a P greq g pror p

ligands are hidden within a glycocalix, a brushlike macromo-  types of adnesiop8] are observed within the contact

G zone. The vesicle membrane either is locally trapped in
lecular film rich in carbohydrates that covers the cell surface;strong adhesion complexésatches or remains in the initial
with a thickness of up to tens of nanometgg§ The role of stage of weak adhesion. In the first scenario, the undulations

of the membrane are almost totally suppressed whereas, in
the remainder of the membrane, fluctuations are still observ-
*Corresponding author. Electronic address: asmith@ph.tum.de able. The growth of the patches is believed to be determined

normal functioning of the cell, the efficiency of the cell ad-
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by the balance between the osmotic pressures of the ltances between the membrane and the substrate as well as the
popolymers that must be expelled from the growing patctchanges in the height profile, within the contact zone, from
and the ligands that contribute to its growth. Empirically, it is patchlike strong adhesion to weak adhesi®8]. Different

only when the formation of patches dominates the overalscenarios for the dynamics of the adhesion process were
effective potential that the patches grow beyond the initiallyidentified by de Gennes and co-workers and found to depend
established contact zone and induce a first order shape tragn the mobility of ligands and receptors as well as on the
sition [5,6]. The qualitative explanation of the results ob- reaction time associated with bindifig0,21. Both the stat-
served in these model systems is, however, far from trivialics and the dynamics of colloids adhering specifically to the

Indeed, in order to arrive at a satisfactory interpretation ot syrface have been studied by van Effenterre and Roux
the observed behavior, significant theoretical efforts must b%

. _though a simple thermodynamic mode&2]. Very recently,
made to understand several aspects of the physics of vesi oombset al. have extended previous theoretical approaches

adhesion. [14,19 to encompass the equilibrium thermodynamics of

An important prerequisite to any theory of vesicle adhe- . . . ; )
sion is naturally an acceptable description of free vesiclesceII adhesion mediated by wo ligand-receptor pairs of dif-

This was provided in the context of a minimal continuum ferent length{23]. :
model[9] where the predicted free vesicle shapes were later N Summary, by accounting for the many factors elabo-
confirmed by experimerfii.0]. It was shown in this work that ratéd in the previous section, a good phenomenological cov-
any deformation of a vesicle is constrained by a constangrage of the problem of vesicle adhesion has now been
total area and volume. Subsequent advances Concemiﬁé:hleved. l_Jn_fortunater, however, the rgsults of the theories
vesicles bound in a contact potent[dll] gave rise to the are_often difficult to apply to the actual interpretation of ex-
universal boundary condition which shows that, at the poinP€rimental data. The aim of the current paper is therefore to
of contact with the substrate, the vesicle membrane is closingartially rectify this situation. To this end, we attempt to
a zero contact angle but with a finite curvature. On the basiBrovide a set of self-consistent tools that can be directly ap-
of linear extrapolation of the vesicle shape in the vicinity of Plied to measured results. In doing so we hope to start to
the substrate, a model connecting the tension in a vesicl@ridge the gap between experimental and theoretical treat-
with the effective adhesion strength has also been developdBents of vesicle adhesion. _ o
[5] and used for the analysis of the contact zone in adhesion !N order to achieve our stated aim, we have simplified the
experiment§6]. The continuum approach was also later ex_probl_em of vesicle aqlhesmn to its bare; minimum. That is, we
tended to include the influence of gravity2] to account for ~ consider only the mixing entropy of ligands in the vesicle,
the fact that the inner solution of a vesicle is usually associfhe enthalpy of ligand-receptor binding, and the bending en-
ated with a higher mass density than the outer buffer. Finallyerdy of the entire vesicle shape. The vesicle is treated in a
in a self-consistent approach, the connection between th@nonlcal description with a flxe_d_ finite number of sites. It
thermal fluctuations, the effective tension, and the adhesiolill be demonstrated that the finiteness of the system has
strength was clarifie@13]. important repercussions on the behavior of the number of
It is widely accepted that the continuum models are veryPound ligands and results in two types of equilibria distin-
successful in explaining the stationary stable shapes djuished by the relative concentrations of thg ligands and re-
vesicles on the mesoscopic scale. However, by definitionGeptors. Furthermore, rathertharj being restricted to low con-
they are unable to account for the discrete nature of th&entrations of the system constituents, such an approach is
vesicle-substrate interaction, nor have they included the desuitable for any choice of ligand density in the vesicle and
tails of the vesicle composition which can be essential for théNy receptor density on the substrate. We will show that the
understanding of the adhesion processes. problem of deterr_nlnl_ng the shape can usually be de_coupled
Several theoretical models that take the discrete nature ¢fom the determination of the number of formed ligand-
specific binding into account have been developed over timg€ceptor bonds. We also provide simple approximate analyti-
The thermodynamic considerations of Bell and co-workers<c@l solutions, relating the binding energy of a ligand-receptor
[1,14,19 have had a major impact on the understanding ofar. an.d their densities in the vesicle and on_the substrate,
the origins of cell to cell adhesion. Their models were pri-respectively, to the number of formed bonds in the contact
marily concerned with the balance between the repulsive poZOne. Particular care has been given to calculations of the
tentials accorded to the glycocalix, the binding enthalpy ancffective adhesion energy which is often the most important
the mixing entropy. Somewhat later, Zuckerman and Bruinduantity resulting from equivalent experiments.
sma [16] included membrane-mediated attractions and
mapped the statistical model for ligand-receptor in_teractio_ns Il THE BASIC ADHESION MODEL
to a Coulomb plasma. As a result, they found the ideal mix-
ing state assumed by Bell and co-workers to be unstable The vesicle surface is initially separated into a region par-
against the migration of ligands to the rim of the adhesiorallel to the substratéhe contact zoneand a region consist-
plate. They also predicted the enhancement of the membrarieg of the remaining part of the vesicle. We allow the inter-
adhesion due to fluctuations. action between the ligands incorporated into the vesicle and
The interplay between lateral phase separation and adh#ie receptors immobilized on the substrate to take place only
sion of an infinite flat membrane was first considered bywithin the contact zone. Nevertheless, the ligands in the con-
Lipowsky and co-worker$17,18. In the case of vesicles, tact zone are able to exchange with those in the free part of
Komura and Andelman evaluated the mean separation dishe vesicle. The translational degrees of freedom of the
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A. Minimizing the free energy

For a given temperaturd), the free energy of the system
is given byF=U-TS whereU is the internal energy arlis
the entropy of the vesicle-substrate system. In the context of
the previously outlined model, the internal energy of the sys-
tem is the sum over all bonds formed in the contact zone:

U = - NyE,. (1)

Every formed bond contributes with the adhesion ené&igy
which is a measure of the binding strength. The binding
strength is a positive quantity and is expressed in units of
kT (kg is the Boltzmann constantThe negative sign thus
indicates that bond formation is favorable in terms of the
# ligand-receptor bond # free ligand total free energy.
The entropy is calculated by counting all possible confor-

FIG. 1. A cross section of a model system depicting the systenmations () of the positions of the ligands in the vesicle.
constituents. There are a total Nf gray sites in the vesicle. The Under the previously described assumptidfisis the num-
contact zones; is shown as the part of the vesicle at zero distanceper of combinations in which one can pladg—N,—N;
from the substrate. The black sites appear with the depsityhich ligands in the free part of the vesicle &+ S, positions,N;

results inp, & rt_ace_ptors in the contact zone. If, within the contact free ligands orS.(1-p,) sites not occupied by receptors, and
zone, a gray site is on top of a bIacI_< site, it cqntrlbutesﬁ\lgob)_/ dNb bound ligands om,S, receptor sites:
forming a bond. A gray site over a white site indicates a free ligan

in the contact zone that can be associated With ( S-S )(Sc(l -pr) )(prsc)
Q .
N

ligands are taken into account by counting the number of Ne = Np— N Np
microstateq conformations in which the ligands can be dis-
tributed over the surface of the vesicknd finding the most

probable macroscopic state. The calculation thus results i

the number of bound and free ligands in the two regions o o | .
the vesicle at equilibrium. standard mixing entropy terfi24], but due to its length will
not be presented here.

The notation used for the presentation of the model is Minimizing the free energy=U—TSwith respect ta\,

presented in Table I. The total number of sites is obtained b nd N. should provide the ideal fraction of bound and free
dividing the total vesicle area by the area that a single Iigané f P T . -
Igand molecules. The first important relation resulting from

Within the model, the receptors are of the same size as thtge minimization can be cast in the form of the “density

2

The entropy is given bys=kgT In Q) and can be calculated
With the use of the Stirling formula for factorials of large
umbers. The resulting expression is then analogous to the

occupies on the surface of the vesi¢Eze of one sitg

ligands. The value for the surface coverage reflects the exteﬁguat'on

of surface coveragee.g., for the surface is fully covered, N, - N; = N, N

while for , there are no receptors on the surjadée total = : 3
number of receptors in the contact zone is equal to . S-% S =pr)

A schematic view of a model vesicle-substrate system isrhe |eft side of this equation is the density of ligands in the
presented in Fig. 1, where the color of a given site refleCt§ree part of the vesicle. Similarly, the right hand side is the
whether it contains a ligand or a receptor, or is an empty sitegensity of free ligands in the adhesion zone over sites not
In addition, the bond is formed if, within the contact zone, aoccupied by receptors. As the free energy of a ligand in the
site containing a ligand is positioned above a site occuplegjploer part of the vesicle is, within the current model, the
by a receptor. same as the free energy of an unbound ligand in the contact

TABLE I. The notation. zone, a violation of the density eq'uatlt()a) _vvogld lead to _
unequal lateral pressures of free ligands inside and outside
the contact zone, and hence to the loss of a stationary solu-

S total number of sites in the vesicle tion

% number of sites forming the contact zone of the o gecond important relation resulting from the minimi-
Ves'c_le zation shows the influence of the binding strength on the

Pr density of receptors on the substrate allocation of bound and free ligands within the contact zone:

N; total number of ligands in a vesicle

Ny number of ligands that are in the contact zone and 1-p& -1 —e*%(ﬁ _ 1) (4)
bound to receptors N¢ N, '

N¢ number of ligands that are in the contact zone and . . L .
free On this occasion, it is the densities of the free and bound

ligands within the contact zon@veighed by the Boltzmann

Niree=N;{—Np number of free ligands in the vesicle . . - .
freer 9 factor of each stajewhich are being equilibrated. Solving
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Egs.(3) and (4) simultaneously folN; and N, results in the induces a stable boundary minimum in the total free energy
optimum allocation of ligands in the vesicle, for a given sizeof the vesicle adhering to the substrate. Thus in the thermo-
of the contact zone. dynamic equilibrium, the vesicle shape is always that of the
Further inspection of the free energy reveals that the denspherical cap, with an optimum number of bound and free
sity equation(3) can be obtained directly by minimizing the |igands in the contact zone. Depending on the coverage den-
free energy with respect to the size of the contact zone. As gjty and the binding affinity of the ligand-receptor pair, the
result, although the free energy depends on three variablegensity of bonds can vary from very low to very high.
one of the equations emerging from the minimization of the If, for some reason, the adhesion process is very slow, the

ls’eh;(;’ivnéh?; g]eboflﬁ?jaer?/errr?i)r/]iﬁu?n dvsi(t:rr]e?es’;g%&u?;tlﬂfﬁggmeHence, a constrained equilibrium, where the vesicle shape is
variable. In order to reach the thermodynamic equilibrium hot that of a spherical cap, can be experimentally observed.

the vesicle will thus maximize its area of contact with theln that.case, .the shape of the yesmle can in principle be
substrate. However, the size of the contact zone is restricte&ftermmed with the use O.f continuous modgds], where'

by the volume and area constraints and the bending energy i€ fre€ energy must be minimized with respect to the given
the vesicle. Furthermore, the ratio between the bending er'Z€ Of the contact zone. The number of bound ligands cor-
ergy and the free energy calculated herein scales inversef§sPonding to this size of the contact zone can be determined
with the total number of sites in the vesid§), which is  as described in following sections.

usually a very large number. Hence, the magnitude of the
bending energy term is very small in comparison with the
internal energy and the entropy, and can generally be omitted
from the calculation. The only exception is when the shape In order to determine the allocation of ligands over the
of the vesicle approaches the shape of a spherical cap. Due Yesicle, the system consisting of Eq8) and (4) can be
the constraints on the total volume and area of the vesicle, golved analytically, which results in two sets of solutions for
is this shape that limits the size of the contact zptH. For N, andN;. However, there is only one physically relevant set
a spherical cap, a well-defined contact angle is formed witirom which we present the resulting allocation function for
the substrate. This causes the bending energy to diverge atfte number of bound ligands:

B. The number of ligands in the contact zone

_NetpS S VRN pS)* - 265N+ 8- N+ p SIS+ (N S - 9)°

N
b 2 2(efa-1) 2(eFa— 1)

(5

The number of free ligands within the contact zdhg) can  receptors and the number of empty sites, respectiifelst
be easily obtained by substitution of B§) into the density column in Table I). As the binding strength increases, all
equation(3). The total number of free ligands in the vesicle allocation functions exhibit considerable deviations from

is simply Nee=N;—Nj. their values atE,=0. However, the allocations reach their
saturation values, characteristic for the limitEBf— o (see
1. Limiting behaviors columns 2 and 3 in Table)lkurprisingly quickly, typically at

If there is no interaction between the ligand and the re-.blndlng strengths between lgT and 1%T. For large bind-

ceptor, i.e.E,=0, the ligands are uniformly allocated over ing strengths, the allocation functions are limited by the con-
e -ﬁentrations of the vesicle and substrate constituents. If there

the contact zone is scaled by the number of sites containingile more ligands available_ than receptors in the contact zone
> p,S), all receptors will be boundsee the second col-

umn in Table 1). If, on the other hand, the total number of
receptors in the contact zone is larger than the total number
of ligands in the vesicl€ép,S.>N,), all of the ligands will be
bound(see the last column in Table)llimportantly, which

« # of the two limits is applicable to a certain composition of the
Ea=0 2<% %% vesicle and the sub?t)rate will depend on thepchosen size of
Np oSN/ S S N, the contact zon&.. Actually, there is a critical size of the
N (1-p)SN/S  S1-p)(N—pS) /(S-pS) contact _zoneS’; for which the number of ligands in the
Nice (S—prSIN/S Ne-prSe vesicle is same as the number of receptors in the contact

zone:

TABLE Il. The limits of the allocation functions.

Eg— o

o O
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e N A S.<S.° B s.>S.’
S = P N/10® N/10%
. L L 1.0 .
It is for this size of the contact zone that the two limits at t\ 1o
E,— « become equivalent. 0.8 \ 0.8
2. Overall behavior \\
. . : o6f \ W, 0.6
The existence of two limits for the number of ligands \ :
inside and outside the contact zone whHep—«~ strongly
affects the behavior of the allocation functions. In particular, 0.4 0.4
if there are more ligands in the system than recep(bks
>p,S), the balance of the system entropy and enthalpy will 0.2 0.2

be dominated by the lack of receptors for any given binding
strengthE,. This situation will be referred to asraceptor-
dominated equilibriumOn the other hand, the presence of

more receptors than ligands leads to a stable solution that is £=02
limited by the total number of ligands on the vesicle surface
and will result in a so-calletigand-dominated equilibrium 5=107, N,=0.1S, S.=028S,

The transition from one class of equilibria to the other can o _

be obviously achieved by changing the osmotic conditions or FIG. 2. The allocations in the contact zone of bouful line)

the protein contributions in the system, or by inducing aand free ligandgshort dashed lineare presented together with the
detachment process. However,Nf and p, are choser{re- total number of free ligands in the vesidlleng dashed lineas a
sulting in a particulas;), andS; is fixed, the only remaining ~function of the binding strengtk,. In both panels, the case of a
parameter is the ligand-receptor binding strerfthSpecifi- vesicle that has 85% of the volume of a sphere with the same
cally, if < S, and one plots the allocation functions againstSurface aredreduced volume =0.85 is considered. In thermody-

E,, each curve will correspond to a set of receptor-dominate amic eqw!lbrlum, this leads to a sph_encal cap with a contact zone
ea,uilibria (left panel in Fig. 2. In the case 015c>52 the at comprises 28% of the total vesicle surface d®&0.285).

. . P Furthermore, if the diameter of the vesicle is 2t and the ligand
;S)giteemnalgicg)pt; one of the ligand-dominated equilifright incorporated has the gyration radius of 3.5 f@ms does the com-

monly used sialyl-Lew#s-glycosphingolipid then the total number

It should also be expected that the equilibrium of the SYSof sites S in the vesicle is about £OIf the vesicles are prepared

tem will be influenced considerably by the strength of theyis the number concentration of about 3(of the ligand with
ligand-receptor binding. Inspection of Fig. 2 shows that ategpect to the lipid, 10% of the vesicle surface will be covered by
small binding strengths, the number of bound ligands in th@gands (N,=0.1S). The coverage of the substrate by receptors is
vesicle is smaller than the number of free o< Nfee). chosen to béa) 20% (p,=0.2) so a set of receptor-dominated equi-
As the strength increases, the majority of ligands will be-libria is obtained andb) 80% (p,=0.8 which results in a set of
come bound to the receptors. This is a direct consequence tfand-dominated equilibria. The coverage is indicated directly be-
the fact that the total number of ligands in the vesicle islow the graphs whereas the other parameters can be found in the
finite. The characteristic binding strength at which the num-bottom line of the figure.

ber of bound ligands begins to exceed that of free ligands in

the vesicle can be found by solvifgee=N,=Ni/2 which  expression for the number of bound ligands saturates below
results in that for the number of free ligands in the contact zone and
the crossing does not occur for any valuesgf In this case,

2S-N;-2 ; : . ;
E,=In M_ (6) the concentration of free ligands in the contact zone is much
20— N larger than the concentration of bound ones.
The crossing will occur as long asS.>N/2. At p,S. Some transitionary behavior of the allocation functions

<N,/2 the expression for the number of bound ligands satu(@nd of other quantities derived by the use of allocation func-
rates at a value below the limit for the total number of freetions) should be expected f& =S.. Due to the geometrical
ligands in the vesicle. constraint on the maximal size of the contact zone for a
For coverages of the substrate less tpan0.5, the allo- ~ 9iven total area of the vesicle, such transitions should disap-
cation function for bound moleculdd\,) intersects that for Pear whenS.>0.55 as the system always relaxes into a

free receptors in the contact zofis,). By solving N;=N, receptor-dominated equilibrium. The analysis of such a tran-
the following crossover binding strength is obtained: sition, the behavioral regimes of the allocation functions, and

the development of several useful approximate relations is
—In SA-p)[S-N+(1-20)S] R given in the Appendix.
© SIS+ (L-2008] - NS(L-p)
This crossover vanishes at=0.5 when, due to the equipar-

tition of ligands imposed by the density equatit), Ns Vesicle adhesion is often regarded as a wetting phenom-
=N, at E,=0. Furthermore, if the coverage is very low, the enon where the spreading pressure of a vesicle is determined

Ill. THE EFFECTIVE ADHESION STRENGTH
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as the work of the system to induce changes in the contact S, =108 $.=015S, N,=0028,
area with the substrate. Several experimental studies have

reported measurements of the adhesion strength of specifi- 0.5 0.25; S.<S.°

cally adhered vesicles based on the usage of the Young’s law ¢ > 9.95
[5,6]. Moreover, previous theoretical investigations have 0.65
shown that the shape of the vesicle can be understood by g3 0.1%

adhesion in a continuou&ontac} potential[11]. In these 0.25
models, the average adhesion strength is constant, indepen-

dent of S, or given externally. To make a link between the ol 0.05

present model and the previously used approaches, it is nec-

essary to calculate the effective adhesive poteriiél re-
sulting from numerous local bindings. Within the canonical
approach undertaken herein, the average adhesion strength
becomes a function of the size of the contact zone, with a FIG. 3. Effective adhesion strength as a function of the ligand-

functional dependence that can be determined by calculating@ceptor binding strength for different coverage densitiesnbers
indicated next to curvesLeft: Diverging of the effective adhesion

strength characteristic for the receptor-dominated equilibria. The
full solution (lines) and the asymptote from E¢L0) (dashed lines

are shown. Right: The saturation of the average adhesion strength is
characteristic for ligand-dominated equilibria. The effective adhe-
sion strength for this type of equilibrium converges to values given
Herea is the area of the unit cell determined by the size of apy Eq. (11).

ligand. For a chosen value &, it is found that:

1 F
w= -=

aos, a ®

Pr

N
_ _ _ w=pEs+tp In ——— for E;, — . (10
w= r(l (1-p)S—N; ~In s Nb>. r—a’ Fr 2(S- Ny a

L-p)S. bS © :
' ' In the ligand-dominated equilibrieg,> S.) inspection of the

) ) ) right panel in Fig. 3 reveals a rapid increaseudbllowed by
To obtainw for a given size of the contact Zoridb and Nf convergence to a finite value:

must be calculated from Eq§3)—(5). The first term on the 5
right hand side of Eq(9) is the natural logarithm of the _ Pr
dgnsity of Iigand-freeqsites in the part of '?he contact zone @=pcn S — N for Bq = 2=. (1)
unoccupied by receptors, whereas the second term is the L ) )
logarithm of the density of ligand-free sites in the part of the/ATter @ certain binding strength, all of the ligands in the
contact zone occupied by receptors. As the chemical poter_y_eS|cIe b.ecome bound. Hgnqe, in this regime, furthe_r increas-
tial is the logarithm of a densityy is the result of an imbal- "9 the ligand-receptor binding strength does not influence
ance between two chemical potentials efnpty sites, 1€ @verage adhesion strength.
weighed by the density of receptors.

The dependence of the effective adhesion strefigbhon
the ligand siz€a) results inw expressed in units d§,T. For
a ligand with a gyration radius of 3.5 nie=1 leads to\ of

B. Dependence on the size of the adhesion plate

Detaching the vesicle by means of local force application,
the order of 10° N/m. Moreover, the conversion to adhe- flow, or the insertjon of antibodies is usually associated with
sion strengthsw, as employed in continuous models changeg in the size of the contact zone. Hence, the work on
[11-13,26,27, can be achieved by the relation wk, T/ . the vesicle performed by any of thes_e means can be evalu-
For a standard bending rigidity of the membraie ated from the change in the effective adhesion strength.

- —107  thi : Thus, it is particularly important to understand the depen-
100kgT) and $=10', this conversion would lead tov dence of the adhesion strength on the size of the contact zone

~10" . presented in Fig. 4.
It is easy to show thai is a monotonically decreasing
A. Limiting behavior and the dependence on the binding function of § independently of the choice of the other pa-

strength of the ligand-receptor pair rameters. This is a consequence of the fact that the density of
bound ligands never increases in response to an increase in
Several important properties @ are inherent from the the size of the contact zon@t a given coverage, binding

allocation functions and are a result of the existence of thgtrength, and total number of ligands in the vesidestead,
two sorts of equilibrigdominated by either ligands or recep- the large changes im are a consequence of the changes of
tors) and their limits wherE, — . However, for both types the derivative of the density with respect 8. When the
of equilibria, w is vanishing a,p,N{/S asE,;— 0. In the  allocation function of bound ligands reaches its limiting val-
receptor-dominated equilibri&, < S.), a diverging linear re-  ues, imposed by the composition of the vesicle and the sub-
gime (presented in the left panel of Fig) B found to domi-  strate, the density of bonds is independent of the size of the
nate the behavior ob: contact zone. The maximum value in the effective adhesion
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5,=10%,  N,=0.1255,, p=05 (middle panel of Fig. # the region around the inflection
point is badly reproduced by the approximate solutions. The
width of this region depends entirely on the binding strength
E.. However, the position of the inflection point can be regu-
lated by changing the density of ligands in the vesicle and
the receptors on the surface. Both an increasél,adnd a
decrease op, are capable of translatir@ to larger values.
Therefore, for such intermediate valuesi&yf Eq. (13) pro-
vides a good approximation for small sizes of the contact
zone. Conversely, a decreaselNpfor an increase op, shifts

S; to smaller values. This permits the use of EL) at large
sizes of the contact zone.

FIG. 4. Effective adhesion strength as a function of the size of For weak ligand-receptor pairs, the density of ligands in
the contact zone. Due to geometrical constraints, the size of thghe contact zone is almost constant for any size of the contact
contact zone is restricted to half of the total vesicle area. The regiogone andw experiences only very small changes. Though
shaded in gray is depicting the region characteristic for receptorneijther Eq(10) nor Eq.(13) is applicable in this range @&,

dominated equilibria, whereas the region of parameters resulting ifhe effective adhesion strength can be approximated wgth
ligand-dominated equilibria is shown with a white background. 55 shown in the right panel of Fig. 4.

Left: Nonlinear behavior with a crossover gt described with ap-
proximate solutions from Eq10) (dotted lineg and Eq.(13) (short
dashed lingscharacterize thes for E; Middle: For intermediate IV. DISCUSSION AND SUMMARY

binding strengths of the ligand-receptor pair, agreement with the ) . .
approximate solutions is obtained only in some parts of the curves. 1h€ aim of this work was to produce a tool simple enough

These parts are imposed by the coverage density of the substraf®. b€ manageable and applicable to experiments while at the
Right: For low binding strengths, the approximate solutions are nofame time retaining sufficient sophistication to account for
valid. The effective adhesion strength is a slowly varying functionthe most important contributions to the free energy in the
and its magnitude is given by E¢L2), along the whole range of adhesion process of vesicles. Hence, we have calculated the
sizes of the contact zone. thermodynamic equilibrium for a vesicle containing ligands
capable of specific binding to receptors on the substrate. Al-
though this work is, in spirit, based on the same physical
ideas as those employed in the well known studies of Bell
and co-workerd14,15, we have succeeded in identifying
and characterizing, in an unencumbered manner, some im-
portant regimes in vesicle adhesion driven by specific bind-

strength(wy) is reached ag.=0 and is calculated to be
N
wo = pr In{(eEa—1)§t+1} (12)

Interestingly, if Eq.(12) is plotted as a function oE,, then

rs.
excellent overlap is obtained with the curves presented in The resylts of the calculations show that the choice of the
Fig. 3 for smallE, for both types of equilibrialdata not  gatistical ensemble is an important issue. In particular, the
presentefl Furthermore, for largeE, and in the receptor- oy nerimental reality is such that the contact zone of the
dominated equilibrigleft panel in Fig. 3, wo increases lin- yegjcle with the substrate is usually relatively large, so that
early with the same slope as predicted by the asymptote Ege final number of receptors in the contact zone is at least
(10), but with a somewhat underestimated offsebgfHow-  ;omparaple to the total number of ligands in the vesicle
ever, at low coverage, f(_)r chmces of_ parameters resulting If6 25]. The large adhesion patchésf the order of um?)
receptor-dominated equilibriay, provides a very good ap- ghtained in these experiments indicate the formation of nu-
proximation to the full solution of» over the entire range of | ar0us ligand-receptor bonds. However, the ligands partici-
B o ) ) pating in these bonds have had to diffuse from the free part
_ Itis important to notice that, when the adhesion strengthyt the vesicle(hence the observation of diffusion-limited ad-
is presented as a function of the size of the contact £6ite  esjop. As the experiments are performed with a constant
4), an inflection point occurs &,=N/p;. In the region re- 413 humber of ligands in the vesicle, the concentration of
sulting in ligand-dominated equilibria, EQL1) (shown with  jigands in the upper part of the vesicle has therefore had to
a dotted line in Fig. #can be used to approximate the real ,nqergo considerable reduction upon adhesion. Under these
solution for . An analogous approximate relation is deter- circumstances, treating the adhesion in a grand canonical
mined in the region producing receptor-dominated equilibrigy,gde| where the ligands are coupled to a bath of constant

where§<S: chemical potential is not correct. Rather, a canonical statisti-
N, cal ensemble should be imposed on the vesicles. Regardless

w=wo~ pIn N-o0S" (13)  of the parametrization of the canonical ensemble, the condi-

s tion of thermal equilibrium dictates that the chemical poten-

The comparison of Eq13) (short dotted lineswith the real  tial of the ligands in the contact zone and in the free part of
solution is given in Fig. 4. For largé,, both Eq.(13) and the vesicle are equilibrated. The entropic cost for depletion in
Eqg. (11) are found to be very useful, as shown on the leftone region is balanced by the gain in the internal energy in
panel in Fig. 4. In the intermediate range of binding strengthghe other region. Even if a given molecule is in the region of
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increased density, this molecule has on average, no incentive - 108
no penetrate the depleted region. Hence, differences in den- =10 £=0:15

sities between the two regions cannot be directly interpreted N,=0.5S, N,=028,
as a lateral osmotic pressure. Such pressure would arise frorr
unbalanced chemical potentials and would be contrary to the ¢35

equilibrium condition. 0.35

A direct consequence of the canonical treatment of vesicle Ny/S 4 Ny/S J
adhesion is the identification of two types of equilibria domi- " 2/** {"‘/ b=t {" /
nated by the contribution of ligands and receptors, respec- 0.25 R
tively. When the number of receptors in the applicable con- 0.25 Y
tact zone is the same as the total number of ligands in the
vesicle, the system undergoes a crossover between the twe |
types of equilibria. The existence of these two types of equi- 0.1 ols

libria is a result of the finite reservoirs of ligands and recep-
tors in the system and has implications not only for the allo-
cation of bound and free ligands in the vesicle but also for
the behavior of the effective adhesion strength.
Our calculations suggest that the use of ligand-receptor 903 f 0.05 f
pairs associated with a strong binding constastin the case
of the biotin-streptavidin pair would lead the vesicle- o1 03 0.5 o1 03 0.5
substrate system into an equilibrium described by the one of S./S, S./S,
two limits of the allocation function of bound ligands for
E,—«. Hence, there should basically be either no free ) ) )
ligands in the vesicle or no free receptors on the substrate, F'C- 5. The number of bound ligands as a function of the size of
The equilibrium of the system can be found either byt adnesion plate for a set of binding strengthi,
finding the optimum number allocatiofas is the case in the -hO.E,_Z.S,_S.O,](?.f], 1_0)Of°r Conftﬁn%.ag.dpf‘ The a;:‘”%‘ﬁ 'nd'c?te
presented modgbr by equilibration of chemical potentials. the direction of the increase of the binding strength. The total num-
The result is independent of the procedure. However, in ?@I:er of ligands is indicated above the left and right panels, respec-
. . vely. The regions in the graph whekg, has solutions are depicted
possuble_ experiment where one of the §ystem parameters C&fith white background, whereas the remaining part of the param-
be Contlnuously_tuned, t_he pathway will depend on Whetheéter space is shown in gray. The approximeﬁ solution (short
each new state is associated with a constant chemical potefisite lineg is presented together with the real solutiéull lines).
tial or a constant number of particles. Changing the size of
the contact zone by means of adjusting the osmotic condiadhered vesicles. As the strength of adhesmrthe density
tions of the buffer solution or influencing the binding of bonds increases and the spherical cap is approached, the
strength by changing the content of the buffer are two postension in the vesicle becomes large and unusual deforma-
sible ways that could be used for exploring the equilibriumtions become energetically expensive and unobservable. In-
adhesion of a single vesicle. As such processes are associatekd, in the experiments where the shape of a vesicle is a
with a constant number of ligands in the vesicle, the numbespherical cap, the contact zone is observed to be discoid with
allocation functions should be employed to interpret theno pronounced deformations whatsoej@l:
measured changes. Manipulating parameters of the system Due to the divergence of the bending energy, we were
such asS; or E; would, according to the presented calcula- able to identify a boundary minimum with respect to the size
tions, be equivalent to moving along one of the lines pre-of the contact zone. It leads to a thermodynamic equilibrium
sented in Fig. 5 and Fig. 6, respectivélydetailed explana- in which the contact zone is maximized and the vesicle al-
tion for construction of these figures and the derivation ofways assumes the shape of a spherical cap, as seen in some
approximate solutions are provided in the Appendix experiment§6]. Depending on the coverage of the substrate
An important fact emerging from the model is that the and the density of ligands, the number of bound molecules
bending energy can be virtually omitted from the calcula-can be determined by E¢5) or one of its approximate so-
tions. The bending energy is a function of the membrandutions N3 or Ni" (see the Appendjx
elastic modulusc and seldomly exceeds T®gT per site on Despite the predicted existence of the boundary mini-
the vesicle. On the other hand, the contribution of eachmum, there are some experimental situations where the
ligand in a vesicle is of the order okdT. As the number of vesicle appears to be in its equilibrium state without assum-
ligands is very large, it is clear that the bending is not ofing the shape of the spherical cgfl. The adhesion process
comparable magnitude. Hence, as long as the shape of tlassociated with such a state is usually slow and stepwise, and
vesicle is not that of the spherical cap, deformations of theshould be expected when the probability for bond formation
membrane are energetically inexpensive, provided that this reduced, due to a low coverage or a low fraction of ligands
ratio between the surface area of the contact zone and the the vesicle. Technically, the slow equilibration leads to a
free part of the vesicle remains unchanged. This explains theslaxation of the free energy with respect to the number of
stability of strongly deformed membranes balanced by arigands in the contact zone but not with respect to the size of
agglomeration of ligand-receptor bonds at the edge of théhe contact zone. In this constrained equilibrium, the alloca-
contact zone, as often observed in experiments on weakion functions resulting from the minimization are still valid,
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S, =108, p£=08, 5.=0258, tial and those based on discrete specific binding. As shown in
[26], pulling on vesicles in constrained equilibria will result
in continuous shape deformations, whereas pulling on
vesicles in thermodynamic equilibrium results in tether for-
mation[27]. Thus, the knowledge of the effective potential
enables the determination of the vesicle shdmen continu-
ous models and the number of bonds in the contact zone
(from the current discrete mod¢R8]. In addition, the model
outlined herein can be used for the identification of the main
mechanisms in which a competitive binden antibody,
injected into the surrounding buffer, acts on specifically ad-
hered vesicleg29]. In conclusion, although the presented
model is relatively simple, it produces practical results that
are widely applicable to the interpretation of experimental
data.

0.2}
N/ S,

0.15¢}

0.1}

0.05¢
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respectively. Points used for the expansion can be associated with APPENDIX
the intersection oN, curves with the long dashed lines. The curves ) ) ) )
denoted byA belong to the cas& < S, and are a representative of [N this appendix we present different aspects of GBin
a set of receptor-dominated equilibria. Curves denoteB bglong ~ terms of their dependence on the size of the contact zone and
to the case wheB,> S, and are a construction of ligand-dominated the binding strength of the ligand receptor pair. The results of
equilibria. this discussion will be summarized in a table at the end of

) ) . the Appendix.
but the size of the contact zone is not determined by the

bending divergence but by factors such as the nonspecific
interaction potential, shape fluctuations, and the probability 1. Dependence of the allocation functions on the size of the
for bond formation. The shape of the vesicle in this con- adhesion plate

strained equilibrium can be determined by the use of a con-

tinuum model[11] where the bending energy must be mini- ; : .
mized for a chosen size of the adhesion zone. However, it i pherical vesiclgsto a maximum one half of the total area

important to emphasize that the proposed allocations can H&OMPletely deflated vesioleDue to this geometrical con-

applied to both the thermodynamic and the constrained equit@int 0N and the two classes of equilibria for vesicle
libria. adhesion, two distinct types of behavior of the allocation

The densities of bound and free ligands in the contacfunction for the number of bound ligands can be identified in

zone are found to be responsible for the strength of the eftid- 5 (Ieft and right panels, respectivelySeveral combina-
fective adhesive potential. This potential, in thermodynamidions of system parameters result in linear regimelsiofhat
equilibrium, is equivalent to the spreading pressure obtaine§&" P& approximated by the following expression:
from the Young-Dupré law for liquid droplets. However, in _ (efa+ )N
the constrained equilibrium, the contact angle of the vesicle 'l')” = E—tpr
with the substrate is not well defined and so the Young- (€= - DN+ 25
Dupré law is not valid. Under these circumstances, the effecEquation(A1) is obtained by connecting the zero poiit,
tive adhesion strength and the shape of the vesicle can bﬁSc=O) with the point at whiciN,=0.5N, and is presented in
calculated by minimizing the bending energy of a vesicle forgig. 5 with dotted lines.
a given size of the contact zone by the methods employed in | inearizingN, can also be performed by using the slopes
continuous models. The effective adhesion strength of congt 5 =0:;
strained equilibria is dominated by nonspecific interactions.
Hence, thew originating from the current model should be JINp _ e, (A2)
interpreted as the bond contribution to the total effective ad- 0% | s 2o B S - (efa- 1)thf5°'
hesion strength. ¢

The calculation of the effective adhesion strength pro-Although N? is a valid approximation of EG5), the approxi-
vides a bridge between models based on a continuous potemation given by Eq(A1) is found to be the simplest expres-

The size of the contact zone can vary from zéfor

S.. (A1)

0 _
Nb:
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sion that accurately describes the real solution from (8. NY and EY. The ordinateN}' is determined as the value

for the widest choice of system parameters. intermediate between the limits of the allocation function at
- and 4o, with N,— 0, whenE,— —». The abscissEg" is
a. S.<0.5S, regime the binding strength at which thé, function intersects the

This regime is presented in the left panel of Fig. 5 Where'\Ib value (see Fig. 6 However, for both types of equilibria,

the boundaries of the region where solutions Kgrcan be Itfoli ?l?:;'gr? [t)0 approximate the linear regime of the alloca-
found are the horizonta; line and thep, S line (limits of N, y

when E,— ). As the binding strength increases, tNg al- N = Ngigz NYLK(E,— EM) + 1]. (A3)
location function approaches both limits. However, a smooth

transition from the ligand-dominated to the receptor-Due to different limits at #, the values olNy', EY', andk
dominated type of equilibrium takes place. Hence, for strongVill depend on whether the system is in the ligand- or in the
binding (e.g.,E,>5 in the case of the parameters chosen inféceptor-dominated equilibrium.

Fig. 5), the N, allocation function is virtually cornered be-

tween the two limits, with a crossover & a. Receptor-dominated equilibria

While S§,<0.55, the N, functions are linear for small The coordinates of the expansion point are found to be
binding strengthgE,<1). Here,N'g” matches the real solu-
tion very well. For intermediate binding strengtm{',“ is a NM = P EM=n 2S5 - 2N - & (Ada)
good approximation only at small sizes of the contact zone. b 2 @ 2N - S
For large binding strengtm'gnﬂprsc, so it again becomes
representative of the rehll, (until theN, line is intercepted at (2N = p S (2N + p, & - 29)
S.), as can be seen in the left panel of Fig. 5. k= N2 8BNS + 20,55 (AdDb)

r

b. S.>0.55; regime For curves representing receptor-dominated equilif@miave

A in Fig. 6), increasing the number of ligands in the vesicle
(N, while keeping the coverage densily;) and the size of
the contact zondS.) constant, results in a shift dig" to
smaller energies. All, must converge to a constantly main-
fained value op,S,, and the slope ofip'9 is not significantly
altered, N, also converges to its limiting value at smaller

In this regime the system is always in the receptor
dominated equilibrium(right panel in Fig. 5 Thus the re-
gion where solutions foN, can be found is limited only by
the p,S; line. FurthermorelN,, is almost linear for any choice
of parameters. Increasing the binding strength causes t
saturation ofN,, to the p,S: line in the whole range of avail-

able sizes of the contact zofeg., curves withe,>5 cannot val_ues_, OfE,. .On 'ghe other hand, maintainiry; constant
be distinguished from the,S, boundary while increasing eithep, or S leads to a convergence b
X i

Regardless of the binding strength th:ﬂ>0 5S, the at increased values, which considerably increases the klope
maximum deviation oN'ti,” from Ny is found to be less than Nevertheless, the saturation Mf is reached more slowly in

50 and arises for binding strengtis=1 at small sizes of both cases. Interestingly, an increasg,ofat constani; and

the contact zone. It is in this limit that the approximation .SC) results in a shift ofE; to smaller values, whereas an

given byNg can be used as a substitute. increase ofS. (at constani\; andp,) has the opposite effect.

b. Ligand-dominated equilibria
2. Dependence of the allocation functions on the binding

. . The coordinates of the expansion point are found to be
strength of the ligand-receptor pair

In this presentation, the concentrations of the ligands and NY = M EM=In Mﬁ (A5a)
the receptors are preset, a§ls Furthermore, the size of the 2 2 N - 2p &
contact zone must be chosen. The relation between these
system parameters, as shown in previous sections, deter- (N; — 20,S)(N; + 2p,S. — 2S)
mines whether the system will be in a ligand-dominated or a = 22 _ : (A5b)
8p,°S”— 80, SS + 2NS

receptor-dominated equilibrium. Thus whilg is plotted as

a function of the ligand-receptor binding strength, the entireFor this type of equilibrium(curve B in Fig. 6) adding re-
resulting curve is a set of only one type of equilibfifag. 6).  ceptors to the surface or increasing the size of the contact
In this case, for small to intermediate values of the bindingzone, while maintainind\; constant, results in convergence
strength, the allocation function for bound ligands experi-of N, to N, at smaller values dE,. Although the slope of*
ences rapid almost linear growth that continuously deviatesemains almost unaltered, raising eitheror S results in a
into a saturation regime defined by one of the two limits atshift of EY to smaller values. Preparing vesicles with higher
E,— . In principle, the linear regime can be characterizedigand concentration while keeping the size of the contact
by expanding around the inflection point of the allocationzone(e.g., the reduced volume of the vesjabe the substrate
functions that are almost symmetrical sigmoids. Due to theomposition constant, will increase the saturation levepf
complexity of such expressions, a simple but successful prdn this case, the convergence is achieved at higher values of
cedure has been undertaken for determining the alternatiieoth E, andEY. Nevertheless, the slopds increased with a
expansion point, the coordinates of which will be denoted asigher content of ligands.
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TABLE lIl. Regions of parameters for the applicability of dif-

ferent approximate relations of the allocation function of the bound

ligands. The critical size of the contact zone is a ratio between th
total number of ligands in the vesicle and the density of receptor
on the substratéS.=N,/p,). S<$. is indicative of a receptor-
dominated type of equilibrium whereﬁ>§>sz results in a ligand-
dominated equilibriumN}" is defined in text by EiAL). N§'9, . and

Nﬁiﬁg are defined by EqA3). The subscripts lig and rec signify the
use of parameters given in Eq#4) and(A5), respectively.

S.>0.5% S.<0.5%
Ea s<$ <8 | 8>§
Very low NI o SN/ S
- i i i
Low-medium Ny' N Pec Np g
Strong NI = oS N,

PHYSICAL REVIEW E 71, 061902(2009

3. Relevance to applications

o Together with the convergence limits, which are usually
feached at ligand-receptor binding strengths of the order of
S_LO&BT, the developed approximations cover most of the pa-
rameter space in whicN, should be determined. As can be
seen from Table Ill, expansions of the typg“ are good
approximations td\, and can be used when the somewhat
simpler N't',n is inappropriate. This is particularly important
for the intermediate range of the ligand-receptor binding
strengths. In addition, for low coverage or small contact
zones, the slope coefficiefit in N;'9 can be considerably
simplified.

The allocation function for free ligands in the contact
zone(Ns) and the allocation function for the total number of
free ligands in the vesicléN;o) share the samEY. Hence,
their expansions can be calculated by the use of the density
equation(3), in which N, should be replaced by the appro-
priate Np%.
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