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Multivalent binding and the resulting dynamical clustering of receptors and ligands
are known to be key features in biological interactions. For optimizing biomaterials
capable of similar dynamical features, it is essential to understand the first step of these
interactions, namely the multivalent molecular recognition between ligands and cell
receptors. Here, we present the reciprocal cooperation between dynamic ligands in
supramolecular polymers and dynamic receptors in model cell membranes, determining
molecular recognition and multivalent binding via receptor clustering. The nonlin-
ear dependences of the ligand concentration, receptors, and their binding affinity are
observed experimentally by fluorescence and superresolution fluorescence microscopies,
revealing a valency-dependent clustering mode of anchoring. The mechanism is sup-
ported by stochastic modeling demonstrating that such nonlinear dependence is unlikely
in the absence of any dynamics and superselectivity. Using a coarse-grained molecular
model, the subtle competition between local and global entropies that controls this
anchoring mechanism explains the clustering. Further investigation using single particle
tracking reveals the presence of two populations of bound and unbound receptors after
the clustering process. The result of this study highlights the importance of reciprocity
of dynamics in supramolecular polymer and lipid membrane for recruitment, multiva-
lent binding, and clustering; all of which are crucial elements in the design of materials
capable of actively interacting with biological targets.

multivalency | supramolecular polymer | clustering | biomaterials | dynamics

Developing biomaterials that interact in a controlled and effective way with cells and tissue
is essential for numerous applications (1). Supramolecular biomaterials, in particular, have
shown significant potential to influence cell fate within the realm of regenerative medicine
(2, 3). Supramolecular polymeric materials are composed of distinct monomeric units
held together by reversible noncovalent interactions, which make them dynamic, adaptive,
and responsive (4-6). Through multicomponent self-assembly, they can be designed to
present functional groups and exhibit modular physicochemical properties (7, 8). These
features enable them to mimic the native microenvironment of extracellular matrices,
making them promising candidates for biomedical applications (9—12). Understanding
the interactions between supramolecular materials and cells, crucial for defining the chem-
ical and physical features necessary for optimizing biomaterials, yet remains challenging
due to the dynamic nature of both entities (13-16). The first point of interaction, molec-
ular recognition of ligands by cell-surface receptors, is a fundamental biological process
that remains poorly understood, especially in the context of multivalent and dynamic
interactions between supramolecular materials and cells (17, 18). Most biomaterial studies
emphasize ligand selectivity for target receptors, with less attention given to how the
dynamics of both partners influence cooperativity and binding efficiency (19, 20).
Nature often employs multivalency to achieve strong molecular recognition by using
multiple ligand/receptor pairs with individually weak binding (21-24). In many multi-

Significance

Supramolecular materials with
dynamic and adaptive properties
are promising for biomedical use.
When synthetic materials contact
living cells, their interaction is key
for tissue development. Critical
factors include biological
recognition and mechanical
properties during contact. The
most crucial step is initial
molecular recognition between
biomaterial ligands and cell
membrane receptors.
Understanding this interaction is
vital for designing effective
biomaterials. Experiments with
supramolecular polymers and
supported bilayers show that
receptor-ligand clustering occurs
when both have similar
dynamics. This clustering,
confirmed by computational
studies, is primarily entropy
driven. These findings explain
how superselectivity can arise
during the early stages of
interaction between
supramolecular biomaterials and
cells, guiding the design of
next-generation bioactive
materials for medical
applications.

The authors declare no competing interest.

Copyright © 2025 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution License 4.0 (CC BY).

valent systems, high avidity primarily results from increased local concentration and a
higher probability of rebinding, rather than changes in the intrinsic affinity of individual
binding sites due to cooperativity. Superselectivity, characterized by a sharp transition
between bound and unbound states over a narrow concentration range, arises when mul-
tiple weak binding sites are linked together (22-24). This phenomenon is largely driven
by avidity, as multiple simultaneous interactions make complete dissociation less likely
once initial binding occurs. While cooperativity can enhance this sharp transition, avid-
ity—through local concentration effects and multivalent interactions—remains a key
factor. Cooperativity arises when multiple binding events are interdependent, reshaping
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the system’s entropy and energy landscape. Multivalent coopera-
tive binding occurs when both receptors and ligands possess mul-
tiple binding sites, where binding at one site influences the affinity
of others. While multivalency alone enhances binding by increas-
ing local effective concentration and rebinding probabilities, coop-
erativity adds complexity by altering intrinsic affinities upon initial
binding. This interdependence of binding events can result in a
significantly stronger overall binding than what would be expected
from independent interactions.

One key feature of biological multivalency is receptor clustering,
which plays a major role in cellular signaling, as seen in virus—cell
interaction (25, 26) and immunological synapses (19, 27, 28).
Receptor preclustering is a process driven by intracellular mecha-
nisms such as cytoskeletal remodeling and lipid raft organization.
This preclustering generates localized high-density receptor
domains that enhance superselective binding. This enables immune
cells to respond rapidly and selectively to ligands, even at low
concentrations.

Inspired by these biological principles, chemists have leveraged
multivalency for targeted drug design (29-32) and the control of
supramolecular assembly (33-39). Recent studies by Bastings and
coworkers demonstrated that even in low-valency regimes, the
rigidity and spatial arrangement of ligands significantly influence
superselective binding by reducing the entropic penalty of inter-
action. Here, binding efficacy depends not only on receptor den-
sity but also on ligand nano-organization and is important for
preclustered receptors (40). In contrast, advancements in supra-
molecular chemistry have emphasized the important role of
dynamics in rearranging monomer organization and influencing
material function (41-45). The degree of internal dynamics in
peptide amphiphile-based supramolecular matrices significantly
impacts tissue regeneration and functional repair (46, 47).
Membrane dynamics and receptor mobility are also key players
in the molecular recognition process. Recently, Stupp and cow-
orkers demonstrated that supramolecular dynamics are also an
important factor in the receptor-ligand binding in synthetic mate-
rials (48). We also observed that ligand-appended supramolecular
polymers interacting with the receptors on the surface of human
erythrocytes (hRBCs) exhibit a clustering-based anchoring mech-
anism (49). These findings among others with biointerfaces high-
light the pivotal role of reciprocity in dynamics in multivalency
(50). However, despite these advances, we still lack a complete
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understanding of how ligand and receptor dynamics collectively
influence multivalent binding. This gap in knowledge arises due
to experimental limitations, as previous studies have primarily
focused on either ligand dynamics or receptor dynamics separately,
leaving the scenario where both partners are dynamic largely unex-
plored (51-55).

In this study, we investigated the scenario where both receptors
coassembled in a membrane and ligands coassembled in a supra-
molecular polymer exhibit dynamic rearrangement capability, with
exchange occurring within seconds. Through systematically var-
ying i) monomer exchange dynamics within the supramolecular
polymers, ii) lipid diffusion within the supportedlipid bilayers
(SLB), and iii) the association/dissociation kinetics of the recep-
tor-ligand pairs, we establish general guidelines for optimizing
biomaterial design. Our findings highlight the critical role of the
reciprocity of dynamics between supramolecular ligands and
membrane-bound receptors in driving cooperative multivalent
binding and receptor clustering. The dynamicity of ligands and
receptors allows for continuous rearrangement, optimizing the
spatial presentation of binding sites. This dynamic adaptation
fosters cooperative binding, where initial binding events increase
the likelihood of subsequent interactions, leading to strong mul-
tivalent attachment and receptor clustering. The reciprocal mul-
tivalent cooperative binding mechanism described in our study
offers a highly adaptable approach for interacting also with pre-
clustered receptors. Unlike static multivalent systems, dynamic
supramolecular polymers can adapt to receptor clusters, ensuring
optimal ligand—receptor engagement. Moreover, the supramolec-
ular polymer’s ability to promote additional receptor clustering
could further amplify cellular signaling, reinforcing immune cell
activation and enhancing responses.

Results and Discussion

Design and Selection of the Components. We explore the role
of dynamics in multivalent recognition at three levels: i) the
equilibrium between the binding of ligand and receptor, ii)
the one-dimensional supramolecular dynamics of the ligand-
carrying supramolecular polymers, and iii) the two-dimensional
dynamics of the receptor-carrying SLB, effectively mimicking cell-
membrane bilayer (Fig. 1 and S/ Appendix, Figs. S1-S6). We have

investigated the dynamics of receptor-ligand pairs using different
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Fig. 1. Chemical structures of monomers, ligands, lipids, and receptors used in this study. Schematics created with https://Biorender.com.
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pairs with their binding affinity, including streptavidin—biotin,
DNA hybridization, and sialic acid (GD3)-benzoxaborole (Ba),
which are discussed later (Fig. 1 and ST Appendix, Figs. S2-S5). We
realize that the dynamic behavior of components and interactions
are time dependent and not easy to quantify. For the dynamic
supramolecular polymers, we have exchange rates that range
from several minutes to less than 1 h, while for the less-dynamic
systems, we assume positional stability within roughly a day (56).
We selected the widely studied biotin—streptavidin due to their
well-explored high selectivity and aflinity, as first receptor-ligand
pair. The biotin ligand is covalently bound to one of the monomers
of the one-dimensional (1D) supramolecular polymers based on
the benzene-1,3,5-tricarboxamide (BTA) core with attached
amphiphilic tails (57-59) as a dynamic representative (Biotin-
functionalized BTA = BTA-Bio) (Fig. 1). These polymers can
also easily be labeled with dyes for microscopic analyses (BTA-
Cy3 and BTA-Cy5). The well-studied fast dynamics of these
polymers exhibit monomer exchange between fibers occurring
within minutes to an hour, while intrafiber monomer exchange
is hypothesized to be even faster than few seconds (43, 45).
It is important to note that BTA fibers usually exist as double
helices. However, to make the concept general and simplify the
models, the mathematical and computational models are based
on single helices instead. In contrast, for our comparatively less-
dynamic representative of 1D supramolecular polymers, we
opted for the ureidopyrimidinone-based polymer (UPy-Gly,
with biotin-functionalized one as UPy-Bio, S Appendix, Fig. S1).
This polymer exhibits relatively slow dynamics, with monomer
exchange between fibers occurring negligibly over a span of up to
20 h (56). In comparison lateral diffusion and reorganization of
receptors in biological cell membrane typically occur on the time
scale of milisecond to second (60, 61).

For dynamic and less-dynamic representatives within the SLB,
we selected  streptavidin-modified  1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE) lipids, respectively. Our selection
criteria were primarily grounded in their respective diffusion coef-
ficients, which are 1 to 10 pm?*/s for 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 0.006 to 0.1 pm’/s for
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (62, 63).
This suggests movement of receptors over significant distances
within seconds, supporting the notion of dynamics on a submi-
crometer scale. Functionalized lipids, with postfunctionalization
when needed, were used as receptors (Fig. 1 and S/ Appendix,
Figs. S6-S9). It is crucial to emphasize that the selection of these
components was based on their relevance to biomaterial studies.
Supramolecular polymers based on BTA and UPy units are exten-
sively studied as building blocks for biomaterials, while DOPC and
DPPC are natural lipids found in cell membranes.

The distinct dynamics of supramolecular polymers and SLBs
play a crucial role in multivalent interactions. Supramolecular
polymers exhibit dynamic monomer exchange, occurring over
minutes to hours in 1D structures, enabling structural rearrange-
ment and topology changes. Intrafiber monomer exchange is
hypothesized to be even faster, potentially within seconds. While
this facilitates ligand reorganization, strong receptor binding could
also extract ligand monomers, altering ligand density. In contrast,
SLBs rely on two-dimensional (2D) lateral diffusion, where lipids
and embedded receptors move within the membrane on a submi-
crometer scale within seconds. Lipid dissociation from the bilayer
is highly unfavorable, though receptors bound to lipid head groups
may still dissociate. This asymmetry between polymer exchange
and membrane diffusion has functional implications. Polymers
offer adaptability but risk monomer loss, whereas SLBs provide
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stability but may limit receptor rearrangement. These differences
influence multivalent binding efficiency—if polymer rearrange-
ment is too slow relative to receptor movement, kinetic trapping
may occur. Optimizing multivalent interactions requires not only
matching the timescales of polymer and membrane dynamics but
also ensuring compatibility between their distinct mechanisms:
monomer exchange versus 2D diffusion.

Clustering of Ligand and Receptor due to Dynamics. The difference
in dynamics for the clustering and mechanism of anchoring (Fig. 24)
was studied using three combinations: BTA + DOPC (dynamic fiber
+ dynamic bilayer), UPy + DOPC (less-dynamic fiber + dynamic
bilayer), and BTA + DPPC (dynamic fiber + less-dynamic bilayer).
In these experiments, 5% of monomer-functionalized with biotin
as the ligand (BTA-Bio and UPy-Bio) and 5% with fluorescent dye
cyanine-3 for the green channel (BTA-Cy3 and UPy-Cy3) were
incorporated in the supramolecular polymers. In addition, 0.1%
of SLB was functionalized with fluorescently labeled streptavidin
as the receptor for the red channel (Materials and Methods) to be
able to track ligand and receptor dynamics.

We employed two-channel imaging using total internal reflec-
tion fluorescence (TIRF) microscopy to visualize the interaction
between supramolecular polymer and bilayer. In the case when
both BTA fibers and DOPC are dynamic, we observed substantial
attachment of the BTA fibers to the DOPC (Fig. 2B and
SI Appendix, Fig. S10). Remarkably, streptavidin receptors that
initially displayed a uniform distribution in the absence of fibers
spontaneously rearranged themselves to align with the
fiber-appended ligands (S7 Appendix, Figs. S9 and S10). Notably,
even when we employed nonfluorescent fibers (without BTA-Cy3)
to eliminate potential crosstalk between the two channels, we still
observed receptor rearrangement within fiber-like structures
(SI Appendix, Fig. S11). These results suggest that dynamic supra-
molecular polymers have the capacity to anchor themselves to the
dynamic DOPC while concurrently recruiting receptors. In con-
trast, the less dynamic UPy fibers failed to bind to the dynamic
DOPC in the same experimental setup, and no receptor recruit-
ment was evident except a few attachment points as red spots
(Fig. 2C and SI Appendix, Figs. S12 and S13). Even after a pro-
longed 30-min period, we observed only limited anchoring of
fibers and minimal recruitment of receptors, as depicted by the
movement of fibers (S Appendix, Fig. S14). Similarly, the inter-
action of dynamic BTA fibers with nondynamic DPPC did not
show any significant attachment of fibers to the DPPC, nor did
we observe any receptor recruitment (Fig. 2D and SI Appendix,
Fig. S15). The data show that to arrive at a fast—within a few
minutes—attachment of fibers to the SLB, both BTA and DOPC
must be dynamic. This clearly indicates that the outcome of
attachment is influenced by the physicochemical characteristics
of the constituent fiber and membrane components. The dynamic
nature of both components is a prerequisite to arrive at the mobil-
ity of the functional units within the polymers in 1D as well as
the bilayers in 2D.

Given the high affinity between streptavidin and biotin, as well
as the inherent multivalency of the supramolecular polymers and
SLBs which is independent of dynamics, the question arises why
do such disparities exist among the three cases? To answer this, we
need to unravel the mode by which supramolecular polymers
anchor to SLB and how dynamic processes either facilitate or
modify this anchoring mechanism (Fig. 24). In the context of
monovalent single-point interactions (involving one ligand and
one receptor), the anticipation is that interactions should occur
identically across all cases. When these two partners encounter
each other randomly, they are likely to interact and remain bound
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Fig. 2. Role of dynamics on anchoring supramolecular polymers and recruitment process. (A) Schematic representation of two types of mode of anchoring in
the presence of dynamic ligands on supramolecular polymer and dynamic receptors on SLB. (B-D) Cartoons and two channel TIRF image for fibers and receptor.
(B) Dynamic BTA fibers and dynamic SLB; (C) Less dynamic UPy fibers and dynamic SLB, and (D). Dynamic BTA fibers and nondynamic immobile DPPC-based SLB.
Crgra = 2.5 uM, in Band D. [BTA-Cy3] = 5%, [BTA-Bio] = 1%, C. Cy,yp, = 10 uM, [UPy-Cy3] = 5%, [UPy-Bio] = 1%, A and B. 0.1% DOPE-Bio in DOPC, D. 0.1% DPPE-Bio

in DPPC. (Scale bar, 5 um.) Schematics created with https://Biorender.com.

due to high binding affinity of streptavidin—biotin. As a result,
over time, even when one partner is less dynamic, only a few
interaction sites are expected to form. This leads to a limited num-
ber of anchoring points, which corresponds to a type-I mode,
where no rearrangement happens for the interactions to occur
(Fig. 2A4). Moreover, a potential defect mechanism is possible that
the less dynamic partner detaches some of the streptavidin or
biotin from the dynamic partner due to very strong receptor—
ligand binding. However, it is important to note that in scenarios
where a receptor—ligand pair exhibits weaker interaction, as elab-
orated upon later in this study, the attachment with nondynamic
partner is not expected to be favored even with prolonged incu-
bation due to weak individual binding. Moreover, despite the
presence of multiple ligands or receptors in the polymer or SLB,
effective multivalency heavily depends on the arrangement and
spacing of both partners. Thus, the lack of rearrangement does
not lead to the required perfect fit in spacing of both partners.
Optimal spacing is critical for efficient multivalent interactions;
overly close packing can lead to steric hindrance and hinder simul-
taneous binding, while excessive spacing can weaken cooperative
effects (Fig. 24) (40, 64). For example, when only 1 in 20 mon-
omers are functionalized with a ligand in the supramolecular pol-
ymer and 1 in 1,000 lipids are functionalized with a receptor in
the SLB, the considerable distance between individual interactions
results in low to nonexistent cooperativity and lack of any muldi-
valency, as will be shown by detailed stochastic simulations below.
Therefore, in the case of static receptors and ligands, it is highly
unlikely for all receptors to interact with all ligands, primarily due
to the statistical distribution of each within their respective host
matrices. The mobility ensuing the dynamic nature and mobility
of both the fibers and the SLB facilitates the rapid rearrangement
of ligands or receptors in their respective hosts. Then, the coop-
erativity in multivalency is enhanced due to the reduced distance
between individual interactions, i.e., the clustering of receptors
which is illustrated in our proposed type-II mode of anchoring

https://doi.org/10.1073/pnas.2500686122

(Fig. 2A4). This phenomenon of reciprocity mirrors how viruses
interact with cells through multivalency and clustering with simul-
taneous cooperation (53).

Multivalent Binding in Clusters. A cluster formation of ligands and
receptors at the anchoring site, must result in alternating clustered
and floating segments, as shown in type-II mode of anchoring
(Fig. 24). To further investigate the role of valency in the system,
we systematically changed the concentration of both partners in
streptavidin—biotin pair. A nonlinear dependency on receptor and
ligand concentrations was observed (SI Appendix, Figs. S16 and
S§17), indicating multivalent interactions. At low concentrations of
both recepror and ligands (<0.05% of SAv and <0.1% BTA-Bio), we
observed no fiber attachment. In contrast, at high concentrations of
both receptor and ligands (>0.1% of SAv and >1% BTA-Bio), we
observed complete fiber attachment. Notably, within an intermediate
(0.05% of SAv and 1% BTA-Bio or 0.1% SAv and 0.1% BTA-Bio)
concentration range, fibers appeared to be only partially attached,
and receptors were clustered at the anchoring site, supporting type-II
mode of anchoring (Fig. 24). To visualize this at the single molecule
level, we conducted stochastic optical reconstruction microscopy
(STORM) superresolution imaging. STORM images of receptors
after the attachment of supramolecular polymers BTA to DOPC-
based SLB revealed a noncontinuous distribution of fluorescent
receptors along the polymer backbone, consistent with the anticipated
type-II mode of attachment by cluster formation (Fig. 34 and
SI Appendix, Fig. S18). Cluster analysis using MATLAB based on
the nearest-neighbor algorithm and density-based spatial clustering of
applications with noise (DBSCAN) further confirmed the presence of
clusters of different sizes along the polymer backbone (65). It is worth
noting that large clusters could be either composed of numerous small
clusters that could not be individually resolved due to the resolution
limit of ca. 50 nm or may result from the aggregation of small clusters
through the dynamic ligand enrichment process (discussed below,

SI Appendiix, Fig. S19).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2500686122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2500686122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2500686122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2500686122#supplementary-materials
https://Biorender.com

Downloaded from https://www.pnas.org by POLITECNICO DI TORINO on September 10, 2025 from | P address 130.192.232.211.

B static SLB
static fiber

anchored
monomers
Pa s B ¥

D

m

60

Nooa
S S

AG [keal/mol]
o

Energy [kcal/mol]

N
S

A
S

dynamic SLB
static fiber

dynamic SLB
dynamic fiber

Isolated ligands

g

Clustered ligands

3 4

2
Cn[]

Fig. 3. Clustering mechanism. (A) Cluster analysis of recruited receptors i) TIRF, ii) STORM and iii) Clusters. cy,gra = 2.5 uM, in [BTA-Cy3] = 5%, [BTA-bio] = 1%, 0.1%
DOPE-Bio in DOPC, 0.1% SAvCy5. (Scale bar, 1 um.) (B) This cartoon illustrates the clustering constraint for stochastic simulations. On the membrane (yellow),
some monomers contain receptors (orange), while on the fiber (dark blue), certain monomers contain ligands (light blue). For binding to occur, the area in the
red box, which has a width of dg,, should contain at least five ligands and the highlighted area of the membrane (bounded at a distance dj;, from the red box)
must contain at least n ., receptors. The following conditions are tested (left to right) when both nondiffusing lipids and ligands (D, = 0, Dy, = 0) demonstrated
low probability of binding, diffusing lipids and nondiffusing ligands (D, > 0, Dy = 0) showed medium binding and cluster formation, and both diffusing lipids and
ligands (Dy;, > 0, Dy, > 0) exhibit strong cluster formation tendencies. Ligand and receptor density versus the mean number of bound ligands at t = 500 based
on 1,000 simulations (C) Coarse-grained model of a BTA-fiber containing four ligand functionalized monomers bound to a surface (red colored, yellow dots
indicate the anchoring points. (D) Clustering free energy profile as a function of the ligands' coordination number (Cn) computed from the MetaD simulation.
High Cn indicates fiber's configurations where larger clusters are formed, while Cn=0 identifies a state where all ligands are separated in the bound fiber. (E)
Decomposition of the clustering free energy profile into enthalpic (purple) and entropic terms (green). (F) Rms displacement measurement showing increase in
degree of freedom, i.e., the conformational variability of BTA fiber configurations with increasing Cn (relative only to the conformational/vibrational entropy of

the fiber in the various bound configurations).

Stochastic Simulations. To support the observed superselective
binding in our system, where the concentration and dynamics
of both partners are important as well as the interaction energy
between them, we performed stochastic simulations. We propose
a stochastic model that approximates binding phenomena via
constraints on adjacent receptors and ligands (Fig. 3B and
SI Appendix, Figs. $20-827). For simplicity, this model considers
a single fiber with ng, = 3,001 monomers of ca. 1,000 nm, and
each monomer of 3 nm diameter and x1/3 nm height (Fig. 3B).
The number of ligand-functionalized monomers, Ny, follows a
Poisson distribution, with ligands randomly placed and diffusing
along the fiber according to a discretized Brownian motion
governed by the diffusion coeflicient (D). The fiber interacts
with receptors on a I pm x 1 pm lipid membrane comprising
Npembrane = 2,000 x 2,000 monomers of 1 nm diameter. The
receptor quantity Ny, also follows a Poisson distribution, with
receptors  undergoing two-dimensional Brownian motion

characterized by the lipid diffusion coefficient (Dy;)). Binding

PNAS 2025 Vol.122 No.37 2500686122

occurs under a clustering restriction, where detailed molecular
interactions are replaced by a stochastic process. Bound ligands
and receptors form static clusters over time. We define cluster
formation when ng, ., = 5 ligands and receptors are present
in the region of fiber length dg., = 20 monomers, and lipid
membrane area d;;, = 40 lipids, as illustrated in Fig. 3B and
SI Appendix, Fig. S26. If the cluster restriction applies, ligand—
receptor pairs are then optimally matched by minimizing
distances. We examined three dynamic scenarios for ligands and
lipids: i) both nondiffusing (D, = 0, Dy, = 0), ii) diffusing lipids
and nondiffusing ligands (Dy;, > 0, Dy, = 0) with irreversible
binding, and iii) both diffusing (Dy, > 0, Dy;, > 0). In the third
scenario, we tracked ligand-functionalized monomers that met
the clustering criteria without fixing ligands or lipids.

The average number of ligands that met the clustering criteria
in this scenario was equivalent to that in a fixed state, no diffusion
(Dy;, = 0, Dy, = 0). In these simulations, we considered three coop-
erative receptor—ligand binding events that occurred simultaneously
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within a confined region as a cluster (Fig. 3B8). Under conditions
similar to our experimental settings where no dynamics were
allowed, the probability of binding was low (Fig. 3 B, 7). However,
when receptors were introduced as dynamic entities, cluster forma-
tion increased (Fig. 3 B, 7i). Finally, when both receptors and ligands
were dynamic, even at low concentrations of both, our stochastic
simulations demonstrated a higher cluster formation tendency
(Fig. 3 B, 7ii). Moreover, a nonlinear dependence between the con-
centration of ligands, receptors, and their binding affinity was
observed (81 Appendix, Fig. $22). Dynamics thus plays a major role
in supporting the type-II mode of the anchoring mechanism.

Although the stochastic model can represent a wide range of
receptor—ligand pairs with different orders of K, (S/ Appendix,
Figs. $23-S27), we used an irreversible binding model to isolate
the effects of diffusion and clustering on initial binding events
while minimizing computational expense. Introducing reversible
binding, which is more relevant for lower-aflinity ligand—receptor
systems, would establish a dynamic equilibrium at the interface
between the supramolecular polymer and the SLB. This would
facilitate greater exploration of binding configurations and
enhance multivalent interactions over time, as observed in the
“zipping effect” (see below).

Coarse-Grained (CG) Molecular Modeling of Ligand Clustering.
To gain further insights into the underlying mechanisms of the
type-1I mode of anchoring, we developed a minimalistic CG
molecular model allowing to explore the most energetically
favored ligands’ clustering configuration in the bound fibers
(Fig. 3 C-F and SI Appendix, Fig. S29) (66, 67). For simplicity,
this model features a single BTA fiber containing a fixed number
(N) of ligand-functionalized monomers, which are irreversibly
bound to N receptors (R) on a SLB surface (Fig. 3C: N = 4
bound ligands and fiber length () = 40 free BTA monomers,
respectively, in Nl ratio of 1:10). This model builds on the fact
that the ligand—receptor interactions are very strong compared to
the interaction of each monomer with its neighbors in the stacks,
so that the dynamics of ligand-receptor unbinding can be assumed
as negligible as compared to the monomers’ reshuffling and the
overall internal supramolecular dynamics of the fibers and of the
SLB surface (43). Biased Metadynamics (MetaD) simulations (43,
67, 68) were then performed during which the monomers thatare
(irreversibly) bound to the surface can slide and move along the
fiber (46), exploring various possible clustering arrangements to
optimize the interaction and the internal energy (see computational
details in the ST Appendix). This allowed us to investigate the most
thermodynamically favorable ligand configurations within this
model during the fiber multivalent binding (Fig. 3C: anchored
monomers). Given the relatively small size of such models
(compared to the real experimental system), they do not aim at
providing a comprehensive ensemble picture of clustering or of
the clusters size distribution in the experimental scenarios, but
rather to assess in general the propensity of the system to establish
L-R local interactions that are individual/separated or clustered
in space, and to assess the molecular mechanisms driving the
clustering on a local basis, and the associated energetic, enthalpic,
and entropic penalties/gains.

The results obtained from the MetaD simulations indicate how
the fiber internally reorganizes to optimize the multivalent inter-
action (87 Appendix). From the MetaD simulations, we were able
to estimate the ligands’ clustering free energy profile of Fig. 3D.
This profile indicates that generating N separate (monovalent)
binding sites (i.e., no clustering and ligands’ coordination number:
Cn = 0) is thermodynamically unfavorable. The same is true for
having all ligands gathered in one individual large cluster (Cn >

https://doi.org/10.1073/pnas.2500686122

4), which is found highly unfavorable. The minimum of the free
energy is observed for configurations where the fiber reorganizes
to form an intermediate number of clusters of bound monomers
(0 < Cn < 4: intermediate clustering). We decomposed the free
energy profile of Fig. 3D into its enthalpic and entropic contri-
butions (Fig. 3£ and SI Appendix for more technical details) (43,
69-71). The shape of the green curve indicates that the global
entropy penalty of the system in extreme clustering state (Cn-max)
is related to the very “ordered” and entropically unfavored nature
of this state (Fig. 3E). Interestingly, the Cn > 4 configuration state
is characterized by a total low entropy even though the fiber as a
whole has higher freedom of movement when all bound mono-
mers are gathered together into a single binding cluster: the Rms
displacement plot in Fig. 3F—indicative of the conformational
degrees of freedom of the fiber in the various clustering states—
show how the fiber is globally more free to move when all ligands
are clustered together into a single multivalent binding spot and
the fiber tips are free to oscillate. Altogether, this indicates how
the conformational entropy of the fibers alone is not sufficient to
estimate the behavior of such reconfigurable systems upon mul-
tivalent binding, while the entropic penalty (unlikelihood) of
observing specific ordered clustering states (e.g., where all ligands
are clustered together, or are all separated or equidistant along the
fibers) becomes a dominant factor. Consistent results proving that
intermediate clustering levels are the most favored ones (i.e., with
multiple clusters’ containing multiple L-R interactions) have been
obtained even from a larger model with increased fiber length and
a higher number of anchored ligands (S Appendix, Fig. $28).
While it is important to note that the number of ligands and
receptors involved in one single cluster in the real system may
depend on the system (e.g., on the concentration, the L:R ratio,
the distribution and variability of the real fibers lengths, etc.) and
the specific conditions, even considering the simplified nature of
these models, these findings align with and complement the exper-
imental evidence, and the results obtained from stochastic simu-
lations in proving that the formation of clusters is highly likely
during multivalent interactions between dynamical entities such
as the ones studied herein.

The superselective binding and receptor clustering observed in
our system distinguish it from purely avidity-driven interactions.
While avidity leads to gradual binding increases, the sharp tran-
sition seen in our experiments—supported by STORM imaging
and stochastic simulations—suggests a cooperative mechanism in
which each binding event amplifies the next, leading to nonlinear
affinity responses. Moreover, stochastic and molecular dynamics
simulations confirm that clustering and strong binding occur only
when both ligands and receptors are dynamic. Furthermore, our
simulations reveal that intermediate cluster formation is entrop-
ically favored, reinforcing the hypothesis that cooperativity
emerges from dynamics-driven enrichment rather than just site
proximity effects.

Mechanistic Insights on Clustering—DNA Association Constant.
In general, investigations assume that the effect of multivalent
clustering depends on the association constant of the receptor—
ligand pair (72). To investigate the generality and dependence
of the clustering mechanism on the association constant of the
receptor-ligand pair, we used DNA base pairing as the receptor—
ligand pair. The association constant of the DNA double helix is
proportional to the length of the DNA binding motif. For this
study, the receptor used was DNAn-Bio (n = 3, 5, 8, and 10),
which interacts via SAv-Bio interaction on a DOPE-Bio based
SLB (Fig. 1 and S/ Appendix, Fig. S29). We examined the binding
of BTA-DNA with the complementary sequence to the SLB and
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observed that decreasing the length of DNAn-Bio reduced both
the extent and rate of fiber binding to the SLB (87 Appendix,
Fig. $30). This observation directly correlates with the association
constant of double-stranded DNA formation (SI Appendix,
Fig. S31). For further insights, we recorded the time-dependent
adhesion of the fiber to the SLB. A highly coordinated process
using DNA;Bio was observed with successive binding of multiple
ligand—receptor pairs (Fig. 4, SI Appendix, Figs. $32 and $33, and
Movie S1). The process starts with an initial binding occurrence
between a receptor and a ligand as the fiber approaches the SLB.
Subsequently, other regions of the fiber approach the SLB, where
the dynamic nature leads to ligand rearrangement to obtain a high
local concentration of ligands and the concomitant increase in the
probability of receptor recruitment. Thus, the binding process
creates a zipping effect as the fibers pull themselves along the
SLB, causing more ligand-receptor pairs to bind that eventually
lead to the attachment of the fibers to the SLB. This follows
type-1I mode of anchoring (Fig. 24). These findings highlight
the importance of synchronized dynamics between partners to
act cooperatively. The rate-limiting step depends on the specific
system: For weaker receptor-ligand pairs, binding affinity and
association rates may slow down zipping, whereas for stronger
receptor-ligand interactions, the diffusion of receptors and ligands
may become the bottleneck.

Furthermore, when either ligand dynamics (UPy fibers) or recep-
tor dynamics (DPPC membranes) are restricted, strong binding
and clustering do not occur, even in a high-aflinity streptavidin—
biotin system (Fig. 2). This further supports the idea that synchro-
nized dynamics between the fiber and SLB are critical for cooperative
multivalent interactions. If the internal dynamics of the polymer,
such as monomer exchange, are significantly slower than the move-
ment and potential clustering of receptors in the SLB, the system
might not be able to achieve or maintain optimal ligand—receptor

arrangements. This could lead to suboptimal binding or a form of
“kinetic trapping” where energetically favorable configurations are
not reached within the relevant timeframe of interaction.
Furthermore, we consider the role of dynamics in promoting the
enrichment of ligands within the polymer backbone of anchored
fibers during and after zipping. This enrichment must occur for
additional receptor-ligand interactions to achieve an optimal spatial
arrangement for individual interactions and between the multivalent
clusters. Therefore, the system must evolve toward thermodynamic
equilibrium. This enrichment hypothesis can be substantiated by
the observed retention of dynamic behavior of anchored BTA-based
supramolecular polymer as evidenced by the rapid exchange of
monomers (labeled with fluorescent markers) between anchored
and free BTA fibers (57 Appendix, Fig. S34). Unlike conventional
multivalent systems, where avidity-driven interactions dominate,
our results demonstrate that cooperative binding in dynamic supra-
molecular polymers and SLBs follows a zipping mechanism, rein-
forced by ligand-receptor rearrangement. This process is not solely
due to increased local effective concentration but emerges from the
coordinated mobility of both binding partners, which we define as
“reciprocity.” Reciprocity in our system refers to the dynamic inter-
play between ligand-functionalized supramolecular polymers and
receptor-functionalized SLBs, enabling binding partners to rear-
range and optimize multivalent interactions. Without reciprocity,
interactions remain isolated, lacking the reinforcement needed for
cluster formation. While reciprocity facilitates cooperativity in our
system, cooperativity can also occur in other contexts such as the
allosteric effect, without requiring reciprocal dynamics.

The Sialic Acid-Benzoxaborole System. To test the generality of our
theory on the role of concurrent dynamics in facilitating the type-I1
mode of anchoring, we used another ligand—receptor pair used in
our group before in studying the interaction of the supramolecular

Fig. 4. Proposed mechanism of adhesion of fiber to SLB via highly coordinated sequential binding of multiple ligand-receptor pairs. (zipping effect) (A) Schematic,
(B) Time-lapse TIRFM imaging showing zipping effect, arrows represent attachment points. [Receptor] = 0.1 mol%, [BTA-DNA] = 1%, [BTA-Cy3] = 5%, DNA;Biotin
=1 eq., Crgra = 2.5 puM, (Scale bar, 2 pm.) Red channel = receptor, Green = BTA-Cy3. Schematic created with https://Biorender.com. The arrows represent the

new binding site between supramolecular polymers and SLB.
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polymer with hRBCs (49). Specifically, we used benzoxaborole
as a ligand in the BTA supramolecular polymer (referred to as
BTA-Ba) and sialic acid (GD3) as the receptor on a DOPC-
based SLB (S/ Appendix, Figs. S35 and S36). This pair features
a relatively low equilibrium constant for this chemical reaction
(40 M™") with a high reversibility. The TIRF microscopy images
revealed a dependence between fiber attachment and receptor/
ligand concentration, indicative of the presence of a multivalent
effect (Fig. 5 A-D and SI Appendix, Figs. S37 and S38). Notably,
intermediate concentration ranges showed partial fiber attachment
to the SLB, indicating the existence of clusters and a type-II mode
of anchoring (Fig. 24). Interestingly, a 1% BTA-Ba fiber with 10%
GD3 in DOPC in the SLB mimicked the partial attachment and
partial displacement of fibers (Fig. 5Cand S/ Appendix, Fig. S38),
similar to what was observed with BTA fibers and hRBCs (49).
Interestingly, we observed that at high concentrations of both ligand
and receptor, fiber—surface interactions decreased, suggesting an
“oversaturation” effect. This trend, also seen in our earlier studies,
points to reduced fiber—surface interaction with increased BTA-Ba
incorporation (49). We hypothesize that excessive functionalization
reduces fiber stability—possibly due to the presence of unbound
BTA-Ba monomers after clustering—which may further destabilize
portions of the fiber structure.

To investigate ligand clustering at the binding site, we designed
asymmetric BTAs with both the ligand benzoxaborole and Cy3
(a fHuorescent marker) on the same monomer, denoted as
BTA-BaCy3 (SI Appendix, Fig. S4). STORM images indicated
that fibers in the absence of SLB had a relatively uniform distri-
bution of Cy3 fluorescence emission, indicating the dispersed
nature of the ligands (Fig. 5E). However, when fibers were
anchored on the SLB functionalized with GD3, ligands clustered
at a few random sites based on the concentrated emission of the
BTA-BaCy3, supporting the concept of a type-II mode of anchor-
ing and dynamic receptor recruitment (Figs. 5F and 24). To fur-
ther substantiate these findings, a cluster analysis with DBSCAN
was performed. Variations in initial parameters, such as the num-
ber of neighbors (n) in a particular radius of neighbors (r), revealed
that the relative number of clusters for the fibers on SLB remained
higher than on glass (Fig. 5 G and H and SI Appendix, Figs. S39
and S40). This observation shows that fibers with alternating
bound and floating segments on the SLB engage in multivalent
clustering, akin to what is observed in biological systems. The
formation of these clusters thus involves the simultaneous partic-
ipation of receptors and ligands in a dynamic manner. Our exper-
imental and theoretical models are thus good representatives of
the interaction of supramolecular materials with cells and
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Fig. 5. Anchoring of BTA-Ba supramolecular polymers to GD3-based SLB. (4) Effect of change in % ligand (BTA-Ba) and % receptor (Sialic acid) on anchoring of
supramolecular polymers to SLB. Schematic representation and TIRF image of B. Unbound state [Sialic acid] = 2.5%, (C) Partially bound state [Sialic acid] = 10 mol
% and (D) Completely bound state [Sialic acid] = 20 mol %. [BTA-Ba] = 1%, [BTACy5] = 5%, Cr,gra = 2.5 uM, (Scale bar, 10 um.) () STORM image and corresponding
cluster analysis of BTABaCy3 fibers on E. Glass and F. GD3-based SLB. No. of cluster dependence on change in G. nearest neighbor (n) and (H). radius (r) in
clustering algorithm on glass and on SLB. Schematics created with https://Biorender.com.
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highlight the role of dynamics to drive the molecular recognition
process through multivalent clustering at varying binding affinity
between receptor-ligand pair.

To check whether receptors within clusters are static or dynamic,
we used single particle tracking with photoactivated localization
microscopy (73). In the dynamic receptor system, receptors exhib-
ited high lateral mobility, yielding a diffusion coefficient of 0.8 x
107 pmz/s (SI Appendix, Figs. S41 and S42). In contrast, the pres-
ence of dynamic BTA-based supramolecular polymers in the
dynamic receptor system resulted in two receptor populations: one
mobile and another nearly stationary with a diffusion coefficient
0f 2.8 x 107> um*/s. This stationary population closely matched the
diffusion coefficient observed in immobile DPPC-based bilayers
(2.7 x 107 um?/s). Thus, the receptors in clusters appear to be static
based on these observations.

Summary. This study systematically investigated the role: i) monomer
exchange dynamics within the supramolecular polymers, ii) lipid
diffusion within the SLB, and iii) the association/dissociation kinetics
of the receptor-ligand pairs. It demonstrates how dynamic reciprocity
between ligands on supramolecular polymers and receptors on model
cell membranes governs molecular recognition and multivalent
binding through receptor clustering. Efficient multivalent binding
occurs through type-II mode of anchoring only when ligand
mobility (monomer exchange in supramolecular polymers) and
receptor mobility (lipid diffusion in SLB) are synchronized with
receptor-ligand  association/dissociation kinetics. Systems with
mismatched dynamics, such as less-dynamic UPy fibers or DPPE
membranes, fail to achieve significant attachment and clustering,
even with high-affinity interactions like streptavidin—biotin, due
to kinetic barriers that prevent optimal binding. Computational
modeling suggests that the clustering process is entropy-driven, with
receptor—ligand pairs minimizing distances dynamically to enhance
cooperative binding. This process follows a zipping effect, where
binding occurs sequentially through coordinated ligand—receptor
interactions, reinforced by partner mobility rather than just increased
local concentration and avidity.

These insights establish key design principles for biomaterials:
incorporating dynamic components that match biological receptor
motion, leveraging the zipping mechanism for enhanced adhesion,
and optimizing ligand density for thermodynamically favorable
clustering. By aligning dynamic properties with biological times-
cales, this work advances the development of supramolecular bio-
materials for biomedical applications, including cell-membrane
interactions, biological multivalency, superselectivity, and receptor
clustering in cell signaling (74, 75).

Materials and Methods

Synthesis and Experiments. All reagents and chemicals were obtained from
commercial sources at the highest purity available and used without further
purification unless stated otherwise. All solvents were of AR quality. DOPC,
DOPE-N-(cap biotinyl), sodium salt (DOPEBio), DPPC, were obtained from
Avanti Polar Lipids. Texas Red™ 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoe
thanolamine, Triethylammonium Salt (TRDHPE), and Streptavidin conjugated
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with Alexa Fluor 488 were obtained from ThermoFisher. Streptavidin from
Streptomyces avidinii was obtained from Merck. Streptavidin conjugated with
Abberior CAGE 635 was purchased from Abberior. DNA oligomers were pur-
chased from IDTDNA. M-Slide 8 Well plate for TIRF microscopy was obtained
from Ibidi. Water was purified on an EMD Millipore Milli-Q Integral Water
Purification System. Si0,-coated QCM sensors (QSX 303) were purchased
from Biolin Scientific. Reactions were followed by thin-layer chromatography
(precoated 0.25 mm, 60-F254 silica gel plates from Merck). Dry solvents were
obtained with an MBRAUN Solvent Purification System (MB-SPS). Automated
column chromatography was performed on a Biotage Isolera using Biotage®
SNAP-KP SIL cartridges.

The following methods are explained in the S/ Appendix: NMR, Liquid chro-
matography-mass spectrometry (LC-MS), Matrix-assisted laser absorption/
ionization mass time of flight (MALDI-TOF), High-performance liquid chroma-
tography (HPLC), Reversed Phase-Medium pressure liquid chromatography (RP-
MPLC), Total internal reflection fluorescence (TIRF) microscopy, Stochastic Optical
Reconstruction Microscopy (STORM) imaging, Quartz Crystal Microbalance with
Dissipation monitoring (QCM-D) measurements, Dynamic Light Scattering (DLS)
measurements, MATLAB cluster analysis, and SPT-PALM.
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