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ABSTRACT: Despite their importance for material and
life sciences, multivalent interactions between polymers
and surfaces remain poorly understood. Combining recent
achievements of synthetic chemistry and surface character-
ization, we have developed a well-defined and highly
specific model system based on host/guest interactions.
We use this model to study the binding of hyaluronic acid
functionalized with host molecules to tunable surfaces
displaying different densities of guest molecules. Remark-
ably, we find that the surface density of bound polymer
increases faster than linearly with the surface density of
binding sites. Based on predictions from a simple analytical
model, we propose that this superselective behavior arises
from a combination of enthalpic and entropic effects upon
binding of nanoobjects to surfaces, accentuated by the
ability of polymer chains to interpenetrate.

M ultivalent interactions take place when multiple ligands of
one entity bind to multiple receptors of another one." For
linear polymers, their multivalent self-assembly at functional
interfaces is an important type of interactions in material,
biomedical and life sciences."”” Examples relevant to biological
systems include multivalent binding of hyaluronic acid (HA) to
cell surfaces.> The supramolecular organization of the HA-rich
pericellular matrix has been associated with a number of
biological processes such as inflammation* and tumor develop-
ment.” It is therefore a subject of intensive studies.® Multivalent
polymers have also been exploited for the design of stimuli-
responsive films,” therapeutic agents,® and gene delivery
systems.Sb

Even though multivalent interactions between polymers and
surfaces attract growing interest in material and life sciences, they
are still poorly understood, and assaying them remains
challenging.> Only few experimental model systems relevant to
such interfaces have been reported so far.’*” It is generally
accepted that multivalency confers strong and irreversible
binding, provided that the polymer molecules are long enough.
However, further investigation of factors regulating multivalent
polymer binding is hindered by (i) insufficient specificity (e.g.,
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Figure 1. Host/guest model system. (A) Schematic representation of
HA-f-CD multivalent binding to SAM-Fc. (B) Chemical structure of
SAM-Fc. (C) Chemical structure of HA-$-CD.

polymer/polymer interactions’), (i) poor experimental control
(e.g., over binding strength between the individual ligands and
receptors, or over polymer valency®), and (jii) limited tunability
(e.g., of surface density of binding sites”).

One of the important aspects of multivalency concerns
superselectivity, which implies that the surface density of bound
nanoobjects increases faster than linearly with the density of
surface binding sites.'® Such strong dependence on surface
coverage allows specific targeting of surfaces displaying binding
sites above a threshold surface concentration, while leaving
surfaces with lower coverages unaffected. The design of such
highly selective nanotherapeutics is one of the key challenges in
biomedical sciences.®"! Superselectivity was first theoretically
described for multivalent ligand-coated nanoparticles at
receptor-functionalized surfaces.'® Here, we provide evidence
for superselectivity in the multivalent binding of polymers to
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surfaces. The ability of flexible polymer chains to deform and
interpenetrate implies a rather different binding mechanism
compared to nanoparticles. To study the multivalent interaction
between polymers and surfaces, we have developed a well-
defined and highly specific model system based on host/guest
interactions (Figure 1A). Using this experimental platform in
combination with a simple analytical model, we demonstrate that
multivalent polymers discriminate sharply between surfaces
displaying low and high densities of binding sites, thus allowing
for superselective targeting.

In this work, we investigated multivalent interactions between
self-assembled monolayers (SAMs) functionalized with the guest
ferrocene (SAM-Fc, Figure 1B) and HA modified with the host
p-cyclodextrin (HA-B-CD, Figure 1C). This particular system
was chosen because our preliminary tests with SAMs modified
with #-CD and HA functionalized with guest groups revealed
that HA-guest binds nonspecifically to SAM surfaces. In addition,
polymers modified with guest groups may undergo hydrophobic
guest/guest interactions within or between polymer chains.” To
circumvent these undesired polymer/surface and polymer/
polymer interactions, we designed a model system where
receptors (hosts) are grafted to HA, while ligands (guests) are
attached to the surface. We chose HA as a model polymer
because of its importance in biological systems and its numerous
biomedical applications."> 8-CD host/guest chemistry is well
suited for the experimental modeling of multivalent interactions.
First, f-CD complexes are water-soluble at physiological
conditions and have a wide affinity range (K; = 10 uM—10
mM)."®> Therefore, they can be used to mimic biological
interactions like the one between cell surface receptors and HA
(K, = 10—100 #M).%* In addition, efficient and tunable synthetic
strategies exist to graft #-CD and guest molecules to polymers
and surfaces.”"*

To functionalize HA with $-CD, we first performed the
esterification of HA hydroxyl groups using pentenoic anhydride
followed by the reaction with a f-CD thiol derivative (see
Supporting Information for the details of HA-f-CD synthesis).
This thiol/ene coupling method was recently introduced for the
efficient, mild, and tunable functionalization of polysacchar-
ides.'* The weight-averaged molecular weight of HA (M, ) used
in this study was 357 kg/mol. The degree of substitution, DS =
3% (i.e., the fraction of f-CD-functionalized disaccharides), was
determined by integrating the NMR signals arising from the HA
and f#-CD protons (Figure S1). From the My, and the DS, the
average molecular weight of the modified polymer (Myy 4.cp),
the average distance between $-CDs along the contour of the
polymer chain (Izcp), and the average number of -CDs per
polymer chain were calculated to be 405 kg/mol, 33 nm, and 27,
respectively.

To produce SAM-Fc, we first formed mixed SAMs on gold
surfaces using HS-(CH,),;-EG4-N;3 and HS-(CH,),,-EG,-OH
(EG = ethylene glycol). The EG-terminated thiols are known to
effectively suppress undesired nonspecific interactions.”'> The
SAMs were subsequently functionalized with ferrocene using an
azide/alkyne click reaction (see Supporting Information for the
details of SAM-Fc formation). Recently introduced, this two-step
procedure gives stable and homogeneous monolayers with a
tunable surface density of functional groups.” Ferrocene was
chosen as a guest because its well-defined redox properties can be
used to quantify its surface coverage (I'.). More specifically, ',
was determined from the anodic charge associated with the
conversion of Fc to Fc* (Figure S2). By systematically varying the
fraction of HS-(CH,),;-EG4N; during SAM formation, we
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Figure 2. Interactions between HA-$-CD and SAM-Fc. (A) QCM-D
response: Af and AD obtained for the multivalent binding of HA-3-CD
to SAM-Fc (purple circles, green triangles), to SAM-Fc (red
squares), and HA-f-CD to SAM (blue lozenges). (B) QCM-D
response: Af (blue circles) and AD (red triangles) obtained for the
monovalent binding of f-CD to SAM-Fc (I'x. = 86.0 pmol/cm?).
Conditions: T = 23 °C; cya/mapcp = SO pg/mL; ¢pcp = S mM. (C)
Hlustration (not to scale) of average distances between guests on the
SAM-Fc surface (I’ = 96.8 pmol/cm?) and hosts along the HA-3-CD
chain.

tuned I'y, and hence the average lateral distance between
ferrocene molecules (Ig; assuming ferrocene molecules to be
packed in a square lattice) from 1.6 to 328.5 pmol/cm” and from
10 to 0.7 nm, respectively.

To confirm that nonspecific interactions do not interfere with
host/guest binding, several test measurements were performed
using quartz crystal microbalance with dissipation monitoring
(QCM-D). Figure 2A shows the QCM-D response, i.e., shifts in
frequency (Af) and dissipation (AD), recorded upon exposure of
(i) HA--CD to SAM-Fg, (ii) HA, to SAM-Fc, and (iii) HA--
CD to SAM (HA, = HA modified with pentenoate, the precursor
for the synthesis of HA--CD). As desired, no shifts were
observed for scenarios (ii) and (iii), whereas a pronounced
negative frequency shift was detected in case (i), indicating
binding. The concomitant strong increase in dissipation indicates
that HA-f-CD forms a soft film, with the locally attached HA
chains presumably having many tails and loops that dangle into
the solution. The high stability of the HA-f-CD film upon buffer
rinsing is in agreement with previous studies®”® and is indicative
of the multivalent nature of host/guest interactions. For
comparison, monovalently bound f-CD molecules undergo
fast and complete desorption during rinsing (Figure 2B). The
absence of nonspecific interactions together with the stable
polymer attachment provide evidence that HA-f-CD binding to
SAM-Fc occurs entirely through multivalent host/guest
interactions.

Figure 2A also shows that multivalent attachment of HA-$-CD
to SAM-Fc strongly depends on the ferrocene surface density: a
6-fold decrease in fand D shifts occurs when I is reduced from
96.8 to 26.9 pmol/cm®. Interestingly, such a strong effect occurs
even though the average distances between guest molecules on
both surfaces (lp. = 1.3 and 2.5 nm, respectively) remain far
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Figure 3. Characterization of HA-$-CD selectivity to I'g.. (A) Ty pcp
determined by SE as a function of I'z.. Conditions: T = 23 °C, cyap.cp =
50 pg/mL. The solid black line is a guide for the eyes. (B) Experimental
data from (A) replotted in the form of error bars (black) in log-log scale.
For the lowest 'y, 4.cp, only an upper limit is given, corresponding to
the sensitivity of our SE setup (0.5 ng/cm?). The solid and dashed blue
lines are a fit and a prediction, respectively, with the analytical model, as
described in the main text. The red lines show the respective
dependencies of @ on I'g..

below the average distance between f-CDs along the polymer
chains (Iscp = 33 nm, Figure 2C). Considering that the binding
strenigth of individual f-CD/ferrocene interactions (Ky = 250
uM)*S should be independent of the Fc surface density, this
illustrates that the strong nonlinear dependence of polymer
binding on surface valency cannot be understood as a purely
enthalpic effect (i.e, determined by the number of host/guest
inclusion complexes per polymer). Instead, we propose that
entropic effects, in the form of costs associated with the reduced
conformational freedom of the polymer upon surface binding
and with gains in combinatorial entropy with increasing surface
density of binding sites,'” play an important role in setting the
HA-$-CD selectivity to surfaces displaying different I'g..

To understand how sharply multivalent polymers discriminate
between surfaces with low and high valency, we studied HA-S-
CD binding to several SAM-Fc samples, where I'g, was changed
from 1.6 to 328.5 pmol/cm? (i.e., Iy, from 10 to 0.7 nm). This
corresponds to between 0.4 and 73% of the maximal attainable
Fc coverage (450 pmol/cm” considering a close-packed
monolayer of ferrocene, with Fc molecules idealized as spheres
of 0.66 nm diameter'®). For each sample, we first performed
electrochemical measurements to determine Iy, (Figure S2).
Then, upon exposure to HA-S-CD, we used spectroscopic
ellipsometry (SE) to determine the surface density of the bound
polymer 'y 5cp (Figure S3). The results are shown in Figure
3A.

To evaluate the specificity of binding toward ligand coverage,
the selectivity parameter o has been introduced, ' reflecting how
fast the relative increment of bound nanoobjects (here
dlys pcp/Thagpep = d In Ty 5cp) changes with the relative
increment of ligand surface density (here dl'g./Tg. = d In T'g),
ie, a=dIn Iy, pcp/dIn g For nonselective binding, a never
exceeds 1, whereas for systems exhibiting superselectivity, o can
reach locally values >1. This implies that a slight variation in the
receptor surface density causes a rapid (nonlinear) change in the
surface density of nanoobjects of 'y, gcp = I'r” As shown in
Figure 3B, 'y 4.cp increases nonlinearly with the surface density
of ferrocene until I'y. = 100 pmol/cm?, corresponding to ~30%
of the maximal coverage. Taking into account experimental
uncertainties, we determined that & can reach values of at least
2.6. This is direct experimental evidence that our multivalent
polymers exhibit a degree of superselectivity, which is at least as
strong as was predicted theoretically for nanoparticles.' We note
that our current system is not yet optimized in terms of polymer
valency, polymer concentration, and binding strength of
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individual host/guest interactions. These parameters were
predicted to influence selectivity in multivalent systems.'® One
can therefore expect that multivalent polymers can exhibit even
higher a values once binding conditions are optimized.

To rationalize the superselective behavior in the multivalent
binding of polymers to surfaces, we developed a simple analytical
model, inspired by the approach previously developed for
multivalent particles.'® In contrast to particles, polymer chains
can interpenetrate. We therefore developed a generalized version
of the model where, in principle, multiple nanoobjects can adsorb
to the same location on a surface. Details are described in the
Supporting Information (including Figures $4 and S5), and only
the main features are presented here.

We consider a simple coarse-grained model, where the surface
is divided into cells of size a® where a is about the size of the
nanoobject (in our case a’ = (4/ 3)7ng3, where R, ~ 45 nm is the
polymer’s radius of gyration; see Supporting Information for
details). On average, each cell contains n; ligands (here, n; =
['pNaa®, where N, is Avogadro’s number), and each polymer
chain carries ny receptors (here, ng = 27) that can bind to the
ligands. We assume that each polymer chain has access to only a
single cell at a time, but within a cell, all of the receptors are
within reach of all the ligands. The volume available to a polymer,
while bound to a cell, is ~a’. For this model we can analytically
calculate the average number of bound polymers per cell as

e(nL) = Z iziqt_/(l + Z Ziql_) W
i i 1

where the sum goes over all possible numbers i of polymers in a
cell. In dilute solutions, the activity z of polymers is given by z ~
cN,a’/M,, where c is the polymer concentration (here 50 pg/
mL). g;is the bound state partition function which, in a given cell,
counts all possible bonding arrangements between i polymers
and ny, surface ligands. For the range of parameters studied here,
the number of ligands per cell is always much larger than the
number of receptors, and in this case we can use a simplified form
for g,

e—F/kBT)nR _ l]t e—U,/kBT

1
q, = ;[(1 +

@)

where T is the absolute temperature and kg the Boltzmann
constant. F is the ligand/receptor binding free energy, which
determines the probability that a particular ligand is bound when
a polymer is in the cell. We can estimate F from the dissociation
constant Ky of individual ligand/receptor interactions through F
= In(K4a’Np)ksT + Uy, where U, represents added entropic
effects associated with ligand/receptor bond formation, once the
nanoobject is present at the surface. U,,,, is expected to be on the
order of a few kyT,'” and is treated here as a fitting parameter. U,
specifies the free energy penalty for the interpenetration of i
polymer coils. In a simple scaling approximation, U; = Agi”*,
where Ay is a prefactor that we expect to be of order kT, and the
number of polymers per cell i is proportional to the packing
fraction. At high ligand coverages, where i becomes large, the
scaling approximation is likely to be an underestimate, because in
the presence of many ligand/receptor bonds per polymer, the
film of adsorbed polymers is expected to exhibit a steep density
profile," and the effective packing fraction close to the surface
therefore becomes larger than i.

The blue solid line in Figure 3B, representing I'yspcp =
OMyis p.cp/N a7 is the result of a fit to our experimental data
with the analytical model using two adjustable parameters: Ayg

and U,,,y,- As outlined above, the model is not expected to capture
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all the details of our experimental system. In particular, the model
neglects correlations between the spatial positions of polymer-
bound receptors. It also assumes the polymers to adsorb into
discrete cells of fixed size, whereas adsorption can occur on a
continuous surface in reality, and the surface area occupied by a
polymer chain may depend somewhat on the state of adsorption.
Given the simplicity of the model and the small number of fitting
parameters, the agreement between the experiments and
analytical results is remarkable. In particular, the model
quantitatively reproduces the experimentally observed polymer
densities in the range of ligand surface densities that exhibit the
largest . Moreover, the resulting values of Ayg = 0.35ksT and
Upoly = 4.55kgT are of the expected order of magnitude. As
outlined earlier, the overestimation of surface coverages by the
theory at the largest ligand surface densities is not unexpected.

The agreement between the experimental and analytical
results implies that polymer superselectivity is indeed a
consequence of multivalency. The multivalent effects (i.e.
combinatorial entropic gain and polymer valency'®) are hidden
in the expression for the bound state partition function g;, which
depends nonlinearly on the number of ligands 1, (eq 2). If we
were to use monovalent polymers (nz = 1) and allow for at most a
single polymer per cell (i, = 1), then our model (eq 1) would
recover the well-known Langmuir adsorption isotherm. The
developed theoretical model also suggests that superselective
behavior of linear polymers is influenced by their ability to
interpenetrate (i > 1). For comparison, results are also shown for
a system in which the maximal number of nanoobjects per cell
was limited to one (i, = 1), with all other parameters kept
identical (dashed curves in Figure 3B). This scenario
corresponds to the binding of multivalent particles as previously
presented.'® In this case, binding saturates at lower ligand
densities than for polymers. Interestingly, the range of ligand
densities in which binding is superselective (& > 1) broadens and
the quality of the selectivity, i.e., the peak in @, is larger for
polymers. This indicates that, owing to their flexible nature and
the associated propensity to interpenetrate, polymers can in
principle offer superior selectivity compared to other multivalent
scaffolds such as particles.

In addition, the developed analytical model predicts that the
obtained findings can be extended to biologically relevant
conditions. In particular, when the HA valency matches the
footprint of HA binding proteins, the position of the peak in a
shifts to lower surface coverages (Figure SSB), comparable to the
densities of HA cell surface receptors (e.g, CD44%).
Importantly, the quality of superselectivity is essentially
unaltered under these conditions (Figure SSB).

In summary, we have developed a well-defined and highly
specific model system to study multivalent interactions between
polymers and surfaces. Using this experimental platform in
combination with analytical modeling, we demonstrated that
multivalent polymers can exhibit a pronounced superselective
binding behavior. The potential tunability of the developed
model (e.g., in terms of binding strength of individual host/guest
interactions, polymer valency, polymer linker) shall be explored
in future work and should provide additional mechanistic
insights into the regulation of superselective binding. It should
help to understand the regulation of multivalent interactions in
biological systems and provide means for the rational design of
polymers for tunable, superselective targeting. This paradigm can
be of value for the design of effective polymer-based therapeutic
agents and drug delivery systems.
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