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Abstract

The interactions between a receptor-modified planar surface and a surface grafted with a bimodal
polymer layer, where one of the polymer species is ligand functionalized, are studied using a
molecular theory. The effects of changing the binding energy of the ligand-receptor pair, the
polymer surface coverage, the composition, and molecular weight of both the unfunctionalized
and ligand functionalized polymers on the interactions between the surfaces are investigated. Our
findings show that bridging exists between the surfaces including when the molecular weight of
the ligand-bearing polymer is smaller than that of the unfunctionalized polymer, even though the
ligand is initially buried within the polymer layer. The distance at which the surfaces bind depends
only on the molecular weight of the ligand-modified polymer, while the strength of the interaction
at a given surface separation can be tuned by changing the molecular weight of the polymers, the
total polymer surface coverage, and the fraction of ligated polymers. The composition of the
bimodal layer alters the structure of the polymer layer, thereby influencing the strength of the
steric repulsions between the surfaces. Our theoretical results show good agreement with
experimental data. The present theoretical study can be used as guidelines for the design of
surfaces with tailored abilities for tunning the binding strength and surface—ligand separation
distances for polymer-grafted surfaces bearing specific targeting ligands.

1. Introduction

Ligand-receptor binding is a mechanism used by biological systems to initiate, propagate, or
complete many different functional processes. One specific example is the family of
signaling mechanisms that are activated by the binding of extracellular matrix proteins to
specific receptors on the cell surface.12 The strength and specificity of the interaction
between biological ligand—receptor pairs are also used in the design of biomimetic systems
to force the binding of different species.3-> Consider, for example, the binding of magnetic
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particles to cells for imaging tracking purposes®-8 or the use of antigen-functionalized Si
nanowires to sense the presence of the corresponding antibody in a concentration-dependent
manner.? In particular, selective detection of small protein concentrations has enormous
potential for biomedical applications. For example, prostate specific antigen (PSA) is a
prostate cancer marker. Early diagnosis of the disease notably increases the survival
possibilities.19 A sensor which could precisely determinate the blood PSA concentration
would have an incommensurable importance for the early detection of the most frequent
cancer among men in the United States.

In the field of targeted drug delivery, polymer-coated liposomes!!-18 and vesicles formed for
diblock copolymers (polymersomes)19-21 yse the water-soluble tethered polymer layer to
increase the longevity in the blood stream.1122.23 Fyrthermore, functionalization of the
polymer’s end group can be used for specific targeting.11-18.24

The role of the tethered polymers in these devices serves a dual purpose: (1) improving the
bioavailability of the ligand toward receptor binding and (2) exploiting the polymers’ ability
to minimize nonspecific adsorption of proteins to the surfaces.?>26 A bimodal polymer layer
is a structure that contains two different molecular weight polymers. This structure presents
great design flexibility and can be engineered to achieve optimal binding and mechanical
properties.2’-31 For example, Uchida et al.2° designed a bidisperse poly(ethylene glycol)
(PEG)-maodified surface plasmon resonance (SPR) sensor where one of the polymers was
functionalized with biotin in order to detect the presence of streptavidin in solution. These
researchers found that the highest sensitivity (i.e., high specific binding and suppression of
nonspecific adsorption) is achieved when the ligand is attached to PEG-5k and the rest of the
surface is filled with unfunctionalized PEG-2k. The device sensitivity was substantially
lowered when the molecular weight of the ligand-bearing polymer was less than that of the
unmodified polymer or when the surface is modified with only the ligand-functionalized
polymer. In agreement with these experimental findings, a previous theoretical work of
ours32 shows that optimal binding properties and suppression of nonspecific adsorption are
realized when the surface is modified with a very small fraction of ligand-functionalized
polymer and a much higher concentration of a lower molecular weight unfunctionalized
polymer. These predictions were recently confirmed in experimental observations of mixed
tethered layers using comb copolymers.33

The understanding of ligand-receptor binding in confined environments and in the presence
of polymeric spacers requires the treatment of the different intrinsic scales of the problem.
We have previously studied the interactions and binding of receptor-functionalized small
proteins with PEG end-tethered to a surface and functionalized with a ligand in the free end.
32 The goal of the present work is to study in detail the interactions between a receptor
surface and a larger polymer-modified targeted particle than has previously been treated. For
this reason, the interactions between planar surfaces is considered here. These systems have
been previously studied using, for example, Monte Carlo techniques with particular interest
on the ligand architecture and structure for different types of receptor surfaces.3% A related
system in which both ligands and receptors are at the end of spacers has been analyzed in
detail by Zhang and Wang.34 For the case of polymers without functional groups, Dan and
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Tirrel135 have used a self-consistent field theory to look at the interactions between
compressed bimodal brushes in a good solvent environment.

Surface force apparatus (SFA) experiments have greatly improved the understanding of the
interactions between ligand-functionalized polymer-grafted and receptor surfaces.31:36:37
Wong et al.38 have shown that the range of interactions between these surfaces is basically
the length of the fully extended conformation of the polymer bearing the ligand. Recently,
Moore and Kuhl3! used SFA experiments to obtain force versus distance profiles for the
interaction between a streptavidin surface and a supported lipid bilayer anchoring different
architectures of PEG-2k and PEG-5k, where a known fraction of the shorter polymer was
functionalized with biotin. This study suggests that liposome targeting should be enhanced
by modifying the surface of the particle with a bidisperse polymer layer where the ligand-
bearing polymer has an elongated configuration which is longer than the Flory radius of the
filler polymer.

A molecular theory, previously used to study ligand—receptor interactions between a
polymer modified surface and small proteins,32 is generalized here to address the problem of
a planar surface coated with receptors that is interacting with a bimodal polymer-layer-
modified surface. One of the polymeric species in this bimodal layer is functionalized with
ligands; see Figure 1. The question that we aim to answer in this work is, what should be the
optimal bimodal polymer layer architecture in order to achieve optimal binding capabilities?
Design variables in this layer architecture include (1) polymer surface coverage, (2)
molecular weight of both polymers, and (3) fraction of ligand functionalized polymers. In
addition, we sought to understand the structure of the bidisperse layer as a function of the
distance between the surfaces and the influence of the polymer structure on the interaction
between the surfaces.

The next section presents the theoretical approach as well as the molecular model used in the
calculations. Following that section we introduce representative results for the interactions
between coated surfaces as well as the structure of the layer under different conditions. We
also present direct comparisons of the theoretical predictions with experimental SFA
measurements. The last section presents concluding remarks and directions for future work.

2. Molecular Theory

Consider the system shown in Figure 1, where two planar parallel surfaces, each with a total
surface area, A, are separated by a distance D. One of these surfaces has a total of //
polymers that are end-grafted to it such that the polymer layer is a binary mixture of
polymer types, where Ag of these polymers have chain length ns, while A polymers (where
N= Ns+ M), of chain length 77, have a ligand molecule chemically conjugated to their free
end. The polymers may differ in chain length, but the monomer chemical structure is
identical so that each monomer is characterized by a volume ;. The opposing surface,
located at a distance D from the grafting surface, has a high density of receptors (i.e., in an
excess number as compared to ligands) that can bind to the ligands attached to the
functionalized polymers. Thus, the polymer bearing the ligand molecule can be present in
two possible states, unbound and bound (denoted by U and B, respectively) to the opposing

Langmuir. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Longo et al. Page 4

surface. The binary polymer layer is in equilibrium within a solvent (water) that is good for
the polymers and characterized by a volume, K.

The free energy per unit area of the system at D is given by

FZ(Q) =o(l - XL)ZP((XS) In P(ag) + oxp (1 —

o

fp) D Pa) In Play) + ox fp| Y. Plag p)InPlog ) +

U 3,D
@

D
pel + A py@Mn py (2)vy, — 11dz + (1 — x; ) In(1 -
xp) +xp (1 = fp) In(x (1 = fp)) + xp fp In(xp fp)]

where = 1/kg T is the inverse absolute temperature, Aag) represents the probability
distribution function (pdf) of finding the polymer spacer of chain length 75 in conformation
as, While Alay) denotes the pdf of finding the unbound ligand-modified polymer in
conformation ay and Aag p), on the other hand, is the pdf of finding the bound polymer in
conformation ag p and e is the free-energy of a ligand-receptor bond. zmeasures the
distance from the surface and the origin, z= 0, is set at the grafting surface, while z= D
corresponds to the receptor surface. The total polymer surface coverage is given by o= N/A,
while x_is the fraction of polymers bearing a ligand, such that M = xp Vand Ng = (1 -

XL ). At surface separation D, fp defines the fraction of ligand functionalized polymers that
are in the bound state. Note that if D is greater than the maximum elongation length of the
functionalized polymer, then 75 must equal zero. Thus, the total number of bound polymers
is given by H M = o x N, while the total number of unbound-ligand-functionalized
polymers is (1 — ip)M_ = (1 — )X N. The zdependent solvent density is defined by py(2).

The first two terms in eq 1 correspond to the conformational entropy of the unfunctionalized
species and the unbound-ligand-functionalized polymer, respectively. The third term in the
free energy density is the conformational entropy of the bound species plus the total binding
energy. The fourth term corresponds to the z-dependent translational (mixing) entropy of the
solvent. The last three terms include the mixing entropy of the unfunctionalized polymer,
unbound-ligand-modified polymer, and bound polymer, respectively.

The repulsive interactions are considered at the excluded volume level and are included as
packing constraints. Namely, at each distance, z from the grafting surface, the available
volume is filled by solvent, unfunctionalized polymer, bound- or unbound-ligand-
functionalized polymer. This leads to

o(1- xL)<VS(Z)>S +ox; (1 - fD)<VU(Z)>U + UfoD<VB(Z)>B +

Py, =1 @
0<z<D
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where the first contribution is from the unfunctionalized polymer, the second and third are
from the unbound and bound ligand-modified polymers, respectively, and the last term
represents the solvent contribution. The brackets, ), represent ensemble averages over the
corresponding pdf’s, and {v{2)) is the average volume that molecules of type 7occupy at Z.

The pdf’s for the different polymeric species and the solvent density are obtained by
minimizing the free energy, Equation 1, subject to the packing constraint, eq 2. For this,
Lagrange multipliers, Brr(2), are introduced to yield for the pdf of unfunctionalized
polymers

D
Plag) = qisexp[— fo pr(2)vg(ag: 2 dz] @

where gs is the normalization constant or partition function, which ensures that Zq g Aas) =
1, and w5(ag; 2)dzis the volume occupied by the unfunctionalized polymer in conformation
ag in the region between zand z+ dz.

An analogous expression to eq 3 is obtained for the pdf’s of the unbound-ligand-
functionalized polymers. For the bound species

D
P(ag p) = %GXP[ — pe— fo pr(z)vg(ag p;2)dz] @)

where gg is the partition function that assures § 5 pAag, p) = 1.

The fraction of functionalized polymers that are bound is given by /5 = gg/(gu*+gg), a
relation that can also be obtained through minimization of the free energy with respect to 75
subject to the packing constraint.

Finally, the solvent volume fraction profile is given by

94,(2) = py (v, = expl — fr(2)v,,] (5)

The physical meaning of the Lagrange multipliers can be seen in the last expression. They
are the z-dependent osmotic pressures, associated with the inhomogeneous distribution of
solute and solvent. Thus, they are associated with the lateral repulsion necessary to pack all
molecular species in the inhomogeneous environment imposed by the presence of the
surfaces. More discussion of the physical meaning of Lagrange multipliers and the
thermodynamic consequences of the incompressibility assumption can be found in ref 38.

Molecular Models and Numerical Methodology.

The numerical values of the Lagrange multipliers are obtained by replacing the expressions
for the pdf’s of the different polymer species (see eqs 3 and 4, for example) and the solvent
density profile, eq 5, into the packing constraint equation, eq 2. In practice, the zdirection is
discretized into layers of finite thickness, &, and, thus, all the integrals are replaced by

sumations over the set of layers. In other words, jf)) - Zﬁ"’: |» Where Mis the number of
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layers such that M6 = D. The resulting set of discrete equations requires the following
inputs: (i) the total surface coverage of grafted polymers, o, (ii) the fraction of polymers that
are functionalized, xi ; (iii) the z-dependent volume distribution, v5(z, ag), for each
conformation, ag, of the unfunctionalized polymer; similarly, (iv) the z-dependent volume
distribution, v (2, a), for each conformation, o, of the unbound functionalized polymer;
(V) the zdependent volume distribution, 1g(Z ag, p), for each conformation, ag p, of the
functionalized polymer that can bind to receptors in the opposing surface at a distance D
from the grafting surface; and (vi) the ligand—receptor binding free energy, e.

For items (iii-Vv), the molecular model used is described below. The unfunctionalized and
unbound-ligand-functionalized polymer molecules are modeled using a rotational isomeric
model3® in which each CH, CH, O (EG) polymer segment can assume three isoenergetic
configurations with the geometry of trans, gauche+, and gauche- as described in ref 40.
Thus, in principle, the number of possible conformations of a polymer molecule with »
segments is 371, From a practical point of view, however, this is an unrealistic number of
conformations, for the polymer type and values of 77 of interest since self-avoidance needs to
be checked for each conformation. Therefore, the polymer of interest for this study, PEG, is
modeled as described in our previous work where it has been shown that the generation of
around 108 independent self-avoiding chain conformations can describe the steric properties
of tethered polymer layers in all the experimental relevant regimes of surface coverage for
each of the chain lengths treated here. This previous work showed that the chain model used
here provides quantitatively agreement between the calculated behavior and the
experimental observations reported. Examples include the pressure—area isotherms of PEG-
tethered layers?0 and the adsorption isotherms of lysozyme and fibrinogen on surfaces with
grafted PEG for a large variety of polymer molecular weights and surface coverages.26:41
Each segment represents a EG group, and the bond length of /= 0.35 nm is the effective
distance between the centers of two unified groups, the volume of the polymer segments is
taken as v, = 0.06 nm3 while that of the water (solvent) is 15 = 0.03 nm3. For more details on
the chain model and its applicability, see, for example, refs 26, 38, 42, and 43.

The chain model is implemented by beginning with a random sequence of bonds. The bond
sequence is then translated into Cartesian coordinates by matrix multiplication using the RIS
chain model as described elsewhere.3943 The first segment is translated to the origin of the
coordinate system, and self-avoidance between all the segments is checked. If the chain is
confirmed to be self-avoiding, it is then checked to verify that all segments are contained
between both surfaces, i.e., 0< z{a ) < D, 7/=1,..., nj J=S, L. If the generated chain
fulfills both conditions, the conformation is accepted and the distribution of volume, v(;,
aJ), that is, the volume that conformation a ;contributes to layer / is determined. This
procedure is repeated until 5 x 108 independent chain conformations are obtained.

The bound conformations are generated by Molecular Dynamics simulations using Gromacs
3.3.1.%4 The reason for using this method to generate the bound conformations instead of the
random generation of chains used for the unbound and unfunctionalized polymers is because
elongated chains are rarely obtained using the random generation method. Although the
contribution of elongated chains to the steric repulsions between the walls can be ignored,
these chains are very important to describe the binding interactions appropriately. For
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example, the probability of randomly generating the completely elongated chain is
essentially zero. However, this conformation must be accounted for in order to properly
describe the interactions between the walls when they are separated by a distance, Dy, equal
to the length of the fully elongated conformation of the polymer bearing the ligand. Indeed,
if this conformation is not included, the interactions between the walls are almost negligible
at D= Dy, while the interaction versus separation profile contains a minimum energy if this
conformation is considered. This is also valid for all distances, D<[3,, where chain
conformations bridging both surfaces must be included.

A coarse-grained force field*® was used for the interactions between EG groups, while the
length of the segment was kept fixed at /= 0.35 nm using the LINCS algorithm.*6 The walls
were represented by close-packed spherical particles in a plane and a harmonic potential
with a strength of 107 kJ/(mol « nm2) was used to fix the two walls and the two end groups
of the polymer to each wall. In order to prevent the polymer chain from crossing the walls,
the interaction between a wall particle and a polymer monomer (excluding the ends) is
represented by a potential of the form v = 6.89 x 1075(1/A2, in kJ nm2/mol units, where r
is the distance between the wall particle and the monomer (in nanometer units) and the
cutoff distance is 1.4 nm. A cell list method*” was used in the calculation of the nonbonded
interactions, which was updated every five integration steps. A Berendsen thermostat*8 was
used to keep the system at a constant temperature of 300 K. The system consisted of a large
cubic box with periodic boundary conditions, and the integration time was 2 fs. Initially, the
system is equilibrated for 100 ps and then the chain coordinates are recorded every 0.2 ps
during a production time of 2 ns, which makes a total of 10* conformations for the bound
polymer. Once the bound conformations are generated, the discretized distribution of
volumes needed to solve the equations are calculated. This procedure is repeated for each
surface separation of interest.

For each polymer molecular weight, the conformations of the unbound and unfunctionalized
species are generated once and this set is used for all different conditions of surface
coverage, distances between the surfaces, and binding free energies, while discarding the
chains that have one or more segments outside of the region delimited by the planes z=0
and z= D. For the bound species, however, a new set of conformations needs to be generated
for each surface separation.

After discretization of the packing constraint, eq 2, the set of equations to be solved for the
unknown rz(2) is

o(1 = xp) Y. Paghvg(is ag) + ox; (1 = £13) D Plagy)vy (i, o) +

s *u
ox fiy Y, Plog pvplisag p) + @y () = 1 5
ot ®)
i=1,....M

The discrete forms of the pdf’s and solvent density profile are then used. For example, the
solvent volume fraction is
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p ) =e"? @)

where a dimensionless lateral pressure has been defined by z'(i) = fé‘?_ 1)éﬁfr(z)vw dz which

is more convenient for numerical purposes. The pdf of the unfunctionalized polymer spacer
is given by

M
Plag) = qisexp[ = Y w Vgl ag)] @
i=1

where the volume of the polymer chain is measured in units of solvent volume, and the
explicit form of the partition function is

M
qg = Zexp[ - Z ﬂ/(i)V,S(i’ (xs)] C)

og i=1

The pdf of the unbound species is written similarly. For the bound functionalized polymer
the discrete form of the pdf is given by

M

1 N

Plog ) = %GXP[ — fe— Z 7' ()v'g(i, ag p)l (10)
i=1

and the partition function is expressed as

M
gy =, expl — fe - E 7' (i) gli, og )] (11)

(XB,D i=1

With all the discrete expressions replaced in the constraint equation, eq 6, a set of M coupled
nonlinear equations for the lateral pressures, {z’(/); /= 1,..., M}, are obtained, each
equation containing a few million terms, depending on the total number of unfunctionalized,
unbound, and bound polymer conformations. These equations are then solved by standard
numerical methods.

It should be mentioned that while our results are presented for PEG in water, the conclusions
are valid for any flexible polymer system in a good solvent environment. The main reason
for referring to PEG as the polymer of interest throughout is 3-fold. First, it has a wide range
of applications in biomaterials. Second, the chain model used was developed in previous
work for this polymer (when water is a good solvent). Finally, there are experimental data
available3! to enable direct comparisons with our results.

3. Results

The free energy per unit area, {D) = AD)/2A, of the interactions between the surfaces as a
function of their separation, D, was calculated using the molecularly detailed theory. Using
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the Derjaguin approximation,*® 2 zAf D) (with A{D) = D) - o)) equals the force,
divided by the radius of the cylinder, between two cylindrical surfaces perpendicular to each
other. Figure 2 presents our 2zAR D) vs D calculations, referred to as force or interaction
profiles. The reason for calculating this quantity is that these results can be directly
compared to SFA experiments. The curves describe the interaction versus separation
between the surfaces when there are no ligand-functionalized polymers in the layer. Four
different architectures are presented in the figure, two monodisperse layers composed of 2k
(i.e., PEG-2000, which has my = 45 ethylene glycol (EG) segments) and 5k (i.e., PEG-5000,
which has 75 = 113 EG segments) polymers and two binary mixtures, 2k-5k having
different compositions (xok = 0.4 and xok = 0.6). As can be seen from Figure 2, the repulsive
interactions between the walls begin when the walls are closer than roughly 13 nm for the
pure 5k layer, 6 nm for the 2k layer, and intermediate surface separations for the binary
mixtures.

The behavior observed in Figure 2 can be easily explained by looking at Figure 3, which
shows the volume fraction of the polymers, for the one-component layers 2k (A) and 5k (B),
as a function of the distance from the grafting surface for different surface separations.
(#(2)) is the average volume fraction occupied by the polymer species between zand z+ dz.
Thus, {#2(2)) = oxa{ Vak(2)) and {gsk(2) = oxei Vsk(2)) (note that Xp + Xsi = 1), where
(vor(2)) dzand w5 (2)) dzare, respectively, the average volume occupied by the polymers
2k and 5k between zand z+ dz. The cases shown in Figure 3 correspond to xpx = 1 (A) and
X5=1 (B)

For the shorter polymer chain, when the surface separation is © =7 nm, the volume fraction
distribution is indistinguishable from the case where the surfaces are far away (D = 00). As
the surfaces are brought closer together (D < 7 nm), however, the layer starts to
progressively compress, leading to an observed increase in the repulsive interaction. The
same behavior is observed for the 5k polymer, the only difference being that the onset of
repulsions begin at D~14 nm.

Figure 4 illustrates the structure of PEG-5k for different polymer layer compositions and
two different surface separations, corresponding to the surfaces being far apart (A), where
the surface interactions are negligable, and separated by 7 nm (B), where the steric
repulsions between the surfaces are significant. Defining (®s(2)) as the ratio between the
volume fraction and the concentration of PEG-5k (i.e., {®s(2)) = {#5k(2)) Xs1), different
concentration cases can be directly compared in the same graph. In the pure case (xsk = 1),
the broad volume fraction distribution corresponding to D = oo and the compressed
distribution at O =7 nm both display a maximum at small values of z(z~ 2 nm). The
addition of PEG-2k to the layer causes the long polymer to stretch to accommodate the short
polymer at lower distance, such that the distribution maximum is moved to greater Z’s from
the grafting surface. This behavior is in accordance with the previous theoretical results of
Dan and Tirrell.3> The effect is observed in both the uncompressed and compressed layer
conditions. It is most notable, however, at higher concentrations of the short polymer (i.e.,
larger Xy ’s), where the PEG-5k needs to stretch to make room for larger amounts of the
shorter polymer chain at smaller distances from the grafting surface.
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Figure 5 shows the interaction profiles between the surfaces as a function of the surface
separation for different values of the ligand—receptor binding free energy, e. The binary
layer, referred to in the following as 5k—2KL, is a mixture of the 2k ligand-functionalized
polymer (2kL) and an unfunctionalized 5k. The fraction of the total number of polymers
bearing a ligand molecule is X, = 0.4, in all the profiles presented in the figure.

From the protein-ligand database (PLD)C the binding energies for the pair biotin—
streptavidin®1->4 and histidine-histidine binding protein®°6 are —71 kJ/mol and —42 kJ/mol,
which roughly corresponds to — 30kg 7and —17 kg 7, respectively, at room temperature. Most
of the biologically relevant ligand—receptor binding energies fall within this range; therefore,
varying e from —35kg 7to —15kg 7 will cover most of the binding energies of biological
interest. (For example, e = —25kg 7 corresponds to the interaction of the complex formed by
human thrombin,®’ a protein that plays a key role in many disease processes, such as
thrombosis and hemostasis and its ligand, whose binding energy is —52 kJ/mol.2%)

The features of the interaction profiles observed in Figure 5 are common to all binding cases
calculated. The separation at which the surfaces bind is O, ~ 15 nm, which is independent of
the ligand-receptor complex binding energy. For D> [, the interactions between the walls
are negligible for two reasons. First, the ligand—receptor binding is specific, and occur over
short distances, i.e., it is short ranged. This condition is modeled in this study by allowing
the binding of the end group of the functionalized polymer only when this segment touches
the receptor surface. In this case, the functionalized polymer is PEG-2k with 45 EG
segments and a maximum elongation length of roughly 15 nm, which is equal to Dy. This
means that for surface separations greater than [, the ligands cannot reach the receptor
surface, resulting in no attractions between the surfaces. In addition, the surfaces are not
close enough to compress the structures of either of the polymers (see Figure 2). In
particular, the longer unfunctionalized polymer in the mixture, PEG-5k, is only compressed
when D < 13-14 nm, resulting in no steric repulsions between the surfaces at distances
greater than this.

Another calculated result is the fraction of bound functionalized polymers, 7. This quantity
is a discontinuous function of the surface separation, being 5 =0, if D> Dyand i, =1, if D
< Dy, In other words, not only does bridging between the surfaces begin at a separation 5
equal to the functionalized polymer maximum elongation length (in agreement with
experimental observations36:37) but also all of the functionalized polymers bind to the
receptors surface at this point. This behavior is also manifested in the discontinuity of the
interaction profile at D= [,. Note that all the ligands bind to receptors because we are only
considering cases in which the surfaces have excess of receptors and we are treating the
systems at thermodynamic equilibrium.

An additional finding from our calculations is that changes in the ligand—receptor binding
free energy (i.e., the value of Afat D= D, when xi_ = 1) results in a parallel shifting of the
profile upward or downward depending on whether e is decreased or increased in absolute
value. These shifts are proportional to the change in binding energy, which shows that
changing the binding energy within the range —35, —154g 7 does not affect the fraction of
bound polymers in our calculations.
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Figure 6 illustrates the dependence of the interactions between the walls on the total polymer
surface density for a binary polymer layer 5k—2KkL., with a fraction of functionalized
polymers, X, = 0.4, and binding energy, £ = —25kg 7. The range of surface coverage studied
corresponds to that relevant for the design of sterically stabilized liposomes.>8:59

Figure 6A shows binding profiles for different polymer surface densities. At a surface
separation equal to [, the stronger attraction for the higher surface coverage is simply
associated with a greater number of ligand—receptor bonds possible since there is a greater
number of functionalized polymers in the system. As the surfaces approach one another, a
larger o possesses stronger steric repulsions between the surfaces, leading to interaction
profiles that intersect each other.

Figure 6B displays the dependence of the surface interactions as a function of the polymer
surface density for different fixed surface separations. When D = oo, the surfaces do not
interact with each other, regardless of the polymer surface coverage. At the binding distance
(D, ~ 15 nm), the strength of the attractive interaction between the surfaces increases
linearly with surface coverage because the number of ligand—receptors bonds depends
linearly on the number of functionalized polymers (there is no steric repulsion at this
distance). For smaller surface separations, the interaction profiles display a minimum as a
function of the total surface coverage. In other words, at a given surface separation distance,
there is a surface coverage for which attractions between the walls are maximized. This
result is relevant for devices where the separation between the surfaces is a constraint. For
those systems, the interactions between the surfaces can be tuned through the polymer
surface coverage, molecular weight, and ratio of binary polymer layer. Moreover, if it is
possible to develop a method where the grafting of the polymer surface occurs after the
surface separation has been fixed, then the surface coverage can be controlled. The surface
coverage in that case will be that which minimizes the free energy at the given separation
between the surfaces.

Figure 7 presents surface interaction profiles for different fractions of functionalized
polymers in a binary 5k—2kL layer with o= 0.12 nm=2 and e = —25kg 7. Because the total
surface coverage of polymer is constant in all the cases shown in the figure, increasing Xoi_
not only increases the negative binding contribution to the total interaction for a given
surface separation but also decreases the steric repulsion due to a reduced density of the
longer 5k polymer. At D, the steric repulsions do not significantly contribute to the net
interaction, such that the only contribution to the interaction results from ligand—receptor
binding. This produces a linear dependence between the maximum attraction between the
surfaces, 2Afy,, which occurs at binding surface separation (Afy, = AfDy)), and the fraction
of functionalized polymers in the mixed layer (see inset of Figure 7).

Another design variable in the development of targeted sterically stabilized liposomes or
biosensors with optimal detection capabilities is the molecular weight of the functionalized
and unfunctionalized polymers. Four different layer architectures are presented in Figure 8,
where the fraction of functionalized polymers is always x; = 0.4 and the surface coverage
and binding energy are the same as for Figure 7. Figure 8A shows the surface interaction
profiles of two binary layers where the ligand-conjugated polymer is 2kL and the
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nonfunctionalized spacers are 2k and 5k, respectively. In the binary layers presented in
Figure 8B, the functionalized polymer is longer, 5kL, and the unfunctionalized polymers are
again 2k and 5k, respectively.

Our findings clearly show that the surface separation at which binding occurs, D, is
independent of the molecular weight of the unfunctionalized spacer and equal to the
maximum extension length of the functionalized polymer (i.e., 15 nm for PEG-2k and 40 nm
for PEG-5k). At small separations (DO< ~7 nm, for Figure 8A and D< ~10 nm, for Figure
8B), the repulsions are stronger for the layers containing the longer unfunctionalized spacer
(5k), as expected.

A very interesting feature observed in Figure 8A is the fact that at the binding separation the
strength of the interactions is not equal for the curves being compared. This is even more
notable for the curves in Figure 8B (note the different scales of the graphs). In both cases,
the molecular weight, fraction, and density of the functionalized polymer are identical,
meaning that the attractive contribution to the total interaction must be equal. In addition, the
steric repulsions in both cases become significant at much smaller distances; therefore, it
would be expected that the interactions at O, would be equal since the functionalized
polymer composition is the same. Another intriguing feature of this observation is that, for
Figure 8B, the strongest attraction between the surfaces occurs for the longer spacing
polymer, 5k.

These results can be understood by examining the structure of the unfunctionalized polymer
in the binary layers. We concentrate our attention on the cases where the functionalized
polymer is PEG-5k, shown in Figure 8B, and look at the structure of the layer. Figure 9A
shows the average volume distribution of the unconjugated polymer (5k) in the 5k-5kL layer
for the cases where the surfaces are far apart from each other, D = oo, and at binding
separation D= 0,. When the receptors surface is at D= D, the functionalized polymers
stretch out to bridge both surfaces, leaving room for the unfunctionalized polymer to fill,
which results in the different volume distributions shown in Figure 9A. Because the
functionalized polymers are bound and elongated at xgi = 0.4, the situation for the
unfunctionalized polymer is similar to a 40% reduction in the total polymer surface density.
Supporting this interpretation are the data shown in Figure 9B, where the volume
distributions of pure 5k layers at D= oo, having surface coverage values of o= 0.12 nm=2
and o= 0.072 nm~2 (i.e., 40% smaller) are compared.

The structures shown in Figure 9A are indistinguishable from those shown in Figure 9B,
indicating that the gain in conformational freedom of the unbound polymers upon stretching
of the functionalized polymer is the origin of the increased attraction between the surfaces in
the 5k—5kL case compared to the 2k-5kL system (Figure 8B). In addition, the smaller size
of the 2k spacer implies that the effect of the relaxation of lateral pressures upon stretching
of the longer functionalized polymer will be less extensive in this case (2k-5kL layer),
resulting in a lower reduction of the free energy than in the 5k-5kL layer. The situation is
different when the functionalized polymer is shorter because the longer 5k polymer
contributes more significantly to the steric repulsions between the surfaces at . This also
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explains the stronger attraction between the surfaces at Dy, for the 2k—2kL case compared to
the mixed 5k—2KL layer.

Figure 10A displays the experimental force versus surface separation profiles, determined
via SFA by Moore and Kuhl,3! for the compression of a mixed 5k—2k layer with Xy, = 0.4
and o= 1.19 x 105 zm~2 ~ 0.12 nm~2, together with the calculated profile of the same
binary layer. Figure 10B shows the force versus distance profile comparison between
experiments and theory for a mixed 5k—2kL layer where xo, = 0.4, c=0.12nm™2and a
binding energy of e = —=35kg T (which roughly corresponds to the experimentally determined
biotin—streptavidin binding strength®9). In the theoretical case, however, 80% of the ligand-
functionalized polymers are allowed to bind the receptor surface. This is to account for the
possibility of lipid pull-out and will be discussed later on. Moreover, electrostatic repulsions
to account for the buffer electrolyte in the experimental solution and the charges on the mica
surfaces3! of the form F/R = (o2l e1e9x)e L have been included for 0> 10 nm in all the
theoretical curves, where F/R is the force over the radius of the cantilever, o is the surface
electric charge, e and g; are the electrical permittivity of the medium and the vacuum,
respectively, and «x is the inverse of the Debye length. We use the values of £, = 78 and x 4.3
nm~1 as taken from the experimental system.31

In the case of the nonligated mixture of Figure 10A, the theoretical profile shows the same
trend and shape as the experimental data. At small surface separations (D < 10 nm) there is a
shift of the predicted repulsions to larger distances as compared to the experimental
observations. There are several possibilities for the differences between the predictions and
the observations. For example, the experimental surface coverage may not be the same as the
one that we use in the calculations. We have added in the figure the predictions for a smaller
surface coverage, i.e., o= 0.05 nm~2, which shows excellent quantitative agreement with the
experimental observations. There may also be systematic errors in the experimental
determinations of surface separations (Dr. N. W. Moore in private communication). It is also
conceivable that there is additional physics in the problem which is not accounted for in our
free energy functional. One possibility is that polymer segments interact with the
streptavidin surface. Calculations were performed where polymer segments within a 0.7 nm
distance of the receptor surface are allowed to interact with it over a range of different
adsorption energies, £, between — 1kg 7and —0.054g 7.51 These profiles, however, display a
local minimum that it is not observed in the experimental data. The curves including the
adsorption energy are continuous unlike the binding profiles presented thoughout this work.
The local minimum becomes deeper as | | increases and for | £ | greater than roughly

0.1kg 7, the net force at the local minimum is attractive, which means that segment
adsorption is the dominant contribution to the free energy as opposed to the steric
repulsions. The inclusion of this adsorption energy shifts the profile in the appropriately
direction and using & = — 0.2k,T, the theoretical profile fits the data very well at low

separations, but the local minimum will be observed.

Another possibility is the quality of the solvent. In this work, a good solvent has been
considered by taking the polymer segment—-segment and the polymer segment-solvent
interactions to be equal. In the situation of a slightly poorer solvent, the structure of the
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polymer layer will shrink, as compared to the profiles shown in for example Figure 3,
resulting in a shifted force profile.

For the case of the ligated polymer shown in Figure 10B, the experimental curve compares
with the same theoretical case, but when 80% of the ligand-functionalized polymers are
bound to the surface. Leckband et al.52 have shown that the ligand—receptor binding is
insufficient to describe the interactions between these surfaces and lipid membrane failure
due to lipid pull-out must be also considered. The energy required to pull a lipid out of the
lipid bilayer is 30kg 7 which is less, in absolute value, than the biotin—streptavidin bond
energy. Therefore, at detachment surface separation (binding distance) membrane failure
will be preferential to ligand—receptor bond breakage. Thus, the situation modeled here is
that where at equilibrium 20% of the lipids have already detached from the surface. A
similar agreement with experiments is achieved by considering all the polymers to have a
ligand but with a smaller (in absolute value) effective binding energy (per bond) of —-174g 7,
which is less than half of the complex biotin—streptavidin (see Figure 5). This particular
value was estimated before the calculations were carried out from the linear dependence of
the free energy of binding on the bond strength, see Figure 5, and on composition, see
Figure 7. The results presented in Figure 10B confirm that the linear relationships are valid
under all conditions.

In both cases, the ligated (5k—2kL) and nonligated (5k—2k) polymer structures, the
qualitative agreement of the molecular theory and the experiments is very good. The
quantitative agreement between theory and experiments is also good, particularly
considering how challenging is the precise determination of some experimental parameters.
The most relevant among those parameters are perhaps the surface coverage, the separation
between the surfaces, and the detachment pathway between the surfaces. However, the
comparison of the experimental observations with and without the ligand strongly suggest
that both experiments are not at the same surface coverage. The repulsive part of the
measured forces arises from the steric repulsions between the polymers. We have added in
Figure 10B the curve that compares quantitatively to the purely repulsive case, which
according to our calculations corresponds to a lower surface coverage than the one reported
by the experiments. The curve corresponds to repulsions that are significantly lower than the
repulsions in the presence of the ligand. The only physical explanation of this effect, we
believe, is that the surface coverage in both experiments is different.

4. Concluding Remarks

A molecular theory which enables the calculation of the free energy of the interaction of a
polydisperse polymer-grafted surface bearing ligand-functionalized polymers and a receptor
surface is presented. Different polymer layer compositions are considered, including
nonligated structures, 5k—2k polymer mixtures with concentrations of PEG-2k from xyi = 0
to 1, as well as structures including a ligand-functionalized polymer, 2k—-2kL, 2k-5kL, 5k—
2KkL, 5k-5kL, having different fractions of ligand modified polymers, x{ from 0 to 1.

When the polymers are not ligand functionalized, the strength of the repulsions as well as
the range of this interaction between the surfaces depends on the composition of the binary
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layer and the molecular weight of the conformers which determines the structure of the
polymer grafted surface. This is in agreement with earlier theoretical and recent
experimental observations.31:3

For the ligated layers, the surface interaction versus distance profiles exhibit a discontinuous
drop at a surface separation, [, equivalent to the maximal elongation length of the ligand-
bearing polymer in agreement with experimental results,31:38 indicating that at this binding
distance the two surfaces are bridged. Binding between the surfaces is observed even if the
molecular weight of the ligand-bearing polymer is much smaller than that of the unmodified
polymer. The distance at which the surfaces bind is independent of the architecture of the
polymer layer and is dependent only on the molecular weight of the ligand-functionalized
polymer as observed experimentally.3! The structure and architecture of the polymer layer
(composition, fraction of ligand conjugated polymers, molecular weight of both polymers),
however, affects the strength of the attraction between the surfaces at the binding distance,
due to the binding contributions to the free energy and the relaxation of lateral steric
repulsions when the chain stretches to bridge both surfaces.

At each surface separation less than or equal to the binding distance, the strength of the
interactions between the surfaces can be tuned by selecting the binding energy (ligand-
receptor pair), the total polymer surface coverage, or the fraction of ligand-functionalized
polymers. In particular, for separations D < D, the free energy of the system possesses a
local minimum as a function of polymer surface coverage. Therefore, the proper choice of
the polymer molecular weight and surface coverage can be used to set the position at which
the surfaces bind or to control the strength of the interaction if the surface separation is a key
design constraint.

Our theoretical results show good agreement with SFA experiments. Our model is able to
adequately describe the steric repulsions between the nonligated polymer surface and the
opposing surface without the use of fitting parameters. In the case of the ligated polymer
layer, the agreement is also good showing that ligand—receptor binding energy is insufficient
to describe these types of experiments such that lipid membrane failure must be considered
as previously suggested.52 Our results suggest than lipid pull-out is the preferential
detachment mechanism between the surfaces in the experiments. A limitation of our theory
is the absence of a molecularly detailed model of the lipid pull-out instead of simply
considering a reduction of the bound polymers or the use of a smaller effective binding
energy. In the bound conformation, the ligand molecules are locked inside the receptors so
that and they contribute no volume to the system delimited by the surfaces. For this reason,
we do not include a molecular description of the ligand molecule and consider it volumeless.
However, if a considerable fraction of ligands in the layer is unbound, the contribution to the
steric repulsions of the volume occupied by ligand molecules should, in principle, be
considered. In addition, the lipid pull-out implies the presence of a complete new species in
the system. This species is not grafted to the surface, which reduces the total surface
coverage, and it includes the lipid molecule, which will also contribute to the packing
interactions. This effect will be considered in future studies.
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This work can be used as an important tool in the design of materials for applications in
biosensing and drug delivery. Ligand-receptor interactions depend, however, on the type of
confinement within which the interactions take place. Therefore, the considerations to be
made when, for example, designing a small nanometer-sized stabilized liposome to target a
cancer cell are different from those considerations needed when designing a giant targeted
polymersome whose dimensions compare to that of the targeted cell. We have previously
studied the ligand—receptor binding between small targeted proteins and a surface.32 Here,
we present guidelines for designing targeted systems having dimensions of the order of the
cell size. Finally, it should be mentioned that understanding the kinetics of ligand—receptor
binding in confined environments and in the presence of polymeric spacers is the next
natural step for the complete understanding of these complex systems. These effects have
been shown to be very important in liposome binding3’ and cell adhesion®3 as well as to
understand surface force experiments.64
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Unbound
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Figure 1.
Schematic representation of the system of interest. The ligands are attached to the free ends

of surface-tethered polymer chains (L). The surface is also covered with an unfunctionalized
filler spacer (S). A surface covered by receptors molecules (R) is separated by a distance D
from the grafting surface. zis the distance from the grafting surface to an arbitrary point.
When Dis small enough, a fraction of the ligand-functionalized polymers can bind to the
receptor surface (B). Unbound functionalized polymers are denoted by (U).
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Figure 2.

The steric repulsions between the surfaces. The interactions (the force, using the Derjaguin
approximation) between the surfaces, 2zAR D), as a function of the surface separation, D,
for four different nonligated polymer layers, 2k (xok = 1), 2k-5k with X, = 0.6 and xpy =
0.4, and 5k (xox = 0). The total polymer surface coverage is o= 0.12 nm=2.
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The average volume fraction, {¢#(2)), as a function of the distance from the grafting surface,

z, for the 2k (A) and 5k (B) polymer layers shown in Figure 2 and for different surface

separations, D.
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Structure of the polymer layers shown in Figure 2 that contain PEG-5k for the cases where
the surfaces are far apart (A) and separated by a distance of D=7 nm. {®s(2)) is defined as
the ratio between the volume fraction and the concentration of PEG-5k, { g5, (2) )/ Xsk.
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Figure5.
Interaction profiles; 2 zAA D) as a function of the surface separation for different binding

free energies, for a bimodal structure 5k—2kL, with xi = 0.4 and total polymer surface
coverage o =0.12 nm~2,
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Figure6.
Influence of the total polymer surface coverage, o, on a 5k—=2kL polymer layer with x; = 0.4

and e = -25kg 7. (A) Interaction profiles for different values of the polymer surface
coverage. (B) The strength of the interaction between the surfaces, 2 zAf{ o), as a function of
the polymer surface coverage for different fixed surface separations.
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Figure 7.
2R D) vs D profiles for 5k—2KL layers with o= 0.12 nm=2, having different

concentrations of the ligand bearing polymer, xo (X). The upper right side inset shows the
strength of the maximum attraction (at binding surface separation, b)), 27Af, as a function
of Xox .
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Figure 8.

Interaction profiles for different bimodal architectures with xi = 0.4, e=-25kg Tand o=
0.12 nm~2. The cases where the ligand bearing polymer is 2kL (A) and 5kL (B) are
presented, in binary mixtures with the filling spacers 2k and 5k. Note that the number of EG
segments in PEG-2K is 1y = 45, and that of PEG-5K is 755 = 113, which makes their
extended conformations reach roughly 15 and 40 nm, respectively.
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Figure9.
The average volume distribution of PEG-5k, { 1), as a function of the distance from the

grafting surface for different conditions. (A) The structure of PEG-5k within the binary layer
5k-5kL shown in Figure 8B, when the surfaces are far apart (solid line) and at binding
distance (dashed line); the surface coverage is o= 0.12 nm=2 and x5 = 0.6 (x5 = 0.4). (B)
The structure of PEG-5k in pure layers (xsy = 1), for the cases o= 0.12 nm~2 (solid line) and
o=0.60.12 nm=2 = 0.072 nm~2 (dashed line).
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Figure 10.

Comparison of the theoretical results with experimental data (filled squares) published in ref
31 (A) Experimental and calculated force profiles for a 5k—2k nonligated layer with xy =
0.4 and total polymer surface coverage, o= 0.12 nm~2. The theoretical profile for the same
layer but having a lower surface coverage, o= 0.05 nm~2, is also shown. (B) The SFA
experiments correspond to the interaction of a streptavidin surface and a surface grafted with
a 5k—2kL polymer layer where the ligand is biotin. The theoretical curve (open circles joined
by a solid line) corresponds to a 5k—2KL layer with the same surface coverage, o= 0.12 nm
=2, and fraction of ligand functionalized polymers xyi = 0.4, as in the experiments; the
binding energy is e = =35kg 7, which corresponds to the biotin—streptavidin binding
strength. In the theoretical case, only 80% of the ligand modified polymers are allowed to
bind the receptor surface to account for the inuence of lipid detachment (see discussion
below). Two more calculations for the same layer are shown. In one case the binding energy
is lower, = —17kg T, and in the other the surface coverage is o= 0.05 nm=2 (as in one of
the calculations shown in Figure 10A). In both of these cases all ligated polymers can bind
the opposed surface.
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