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ABSTRACT: Super-selective multivalent ligand—receptor inter-
actions display a signature step-like onset in binding when meeting
a characteristic density of target receptors. Materials engineered for
super-selective binding generally display a high number of flexible
ligands to enhance the systems’ avidity. In many biological |

processes, however, ligands are present in moderate copy numbers !
and arranged in spatio-temporal patterns. In this low-valency

regime, the rigidity of the ligand-presenting architecture plays a

critical role in the selectivity of the multivalent complex through

decrease of the entropic penalty of binding. Exploiting the precision

in spatial design inherent to the DNA nanotechnology, we / Y Y ) YYYYYYY

engineered a library of rigid architectures to explore how valency,
affinity, and nano-spacing control the presence of super-selectivity
in multivalent binding. A micromolar monovalent affinity was required for super-selective binding to be observed within low-valency
systems, and the transition point for stable interactions was measured at hexavalent ligand presentation, setting the limits of the low-
valency regime. Super-selective binding was observed for all hexavalent architectures, and, more strikingly, the ligand pattern
determined the selectivity onset. Hereby, we demonstrate for the first time that nano-control of geometric patterns can be used to
discriminate between receptor densities in a super-selective manner. Materials that were indistinguishable in their molecular
composition and ligand valency bound with various efficacies on surfaces with constant receptor densities. We define this new
phenomenon in super-selective binding as multivalent pattern recognition.

B INTRODUCTION

Multivalency, strength in numbers, is an omnipresent
phenomenon enhancing a ligand—receptor (L—R) interaction
potential.”” Natural multivalent interactions allow for cellular
communication and regulation of signaling pathways,” whereas
in chemistry, multivalency controls selectivity of bond formation
and guides the supramolecular self-assembly and organization of
macromolecules. The classical lock-and-key analogy’ to
describe an L—R complex suggests that a single specific
interaction would suffice to ensure functional binding. However,
nature often chooses to employ weak monovalent couples
presented in a multivalent system to ensure reversibility of the
interaction as well as create an activation threshold to improve
the systems’ robustness.”® The success of an enhanced binding
strength through the presentation of multiple connected ligands
mainly relies on an increased avidity toward the receptor, a boost
in local concentration of ligands after a first binding event takes
place.” The overall interaction strength and longevity are then a
balance of entropic and enthalpic gains and penalties, which
depend on a multitude of parameters including the flexibility of
the system and the monovalent binding strength.*”

Natural and synthetic multivalent interactions have been
studied in great depth, and models of multivalent binding exist
for both solution and surface interactions.”'”'" Through
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presentation of ligands in a multivalent fashion and inclusion of
heterogeneous and repulsive interactions, materials with a
binding behavior that ranges from a statistical enhancement due
to multiple interactions to super-selective'*'* and most recently
range-selective'* have been engineered. These specialized
scenarios of multivalent L—R interactions exploit differences
in receptor density and engagement of multiple weak
interactions to engineer a selective onset in binding. While
critical in our fundamental understanding of multivalent
binding, materials that show super-selective binding'”'*~'* are
built on two design strategies: (1) either the ligands are
abundantly present in high valency or (2) the system is dynamic
and allows for the reorganization of ligands or receptors in space
to accommodate a functional interaction, which comes with an
entropic penalty upon binding."”
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Figure 1. How weak is weak enough? (a) Schematic outline of the effect of affinity on the balance of mono vs multivalent interactions. The effect of
multivalent binding is only significant in a limited affinity regime. (b) Negative stain transmission electron microscopy and cartoon design of the DNA-
origami multivalent scaffold; each dot represents a potential ligand-presentation site that can be functionalized using complementary ssDNA attached
to a ligand of choice. (c) SPR binding curves of monovalent and hexavalent binding for both L—R couples. Curves represent increasing particle

concentrations, and experiments were performed in duplicate.

Within a functional interaction complex in nature, the
numbers of ligands and receptors are often low-to-moderate
and their position in space can be (temporally) controlled.”
Spatial organization of ligands is typically observed in pathogens
(viruses), and our immune system is highly developed to
recognize such patterns.21 In microbiology, a classical well-
defined system is seen in the multivalent interaction between the
bacterial phages and their target receptor used in phage
display.”” Based on spatially constrained, multivalent inter-
actions, the best binder amongst millions of competitors can be
selected, generally showcasing pM affinities. Other examples are
antibodies and antigens, regarded as a significant route to initiate
immunity. Recent insights in spatial tolerance of various classes
of antibodies show a distinct relation between flexibility and
function.”” The multivalent IgM engages dynamically with
antigen patterns on pathogens that display a wide range of spatial
organization; hence, the spatial tolerance and flexibility of IgM
are exceptional, ranging between 3 and 29 nm. On the contrary,
the more rigid and bivalent IgG displays a lower spatial tolerance
and forces a match between ligand and receptor spacing,
allowing for a more stepwise, super-selective, binding
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profile.”>~** On the receptor side, local density on the cell
surface can be controlled through various dynamic mecha-
nisms,”” hence providing an avenue to enable super-selective
multivalent binding. Taken together, low valency and spatially
constrained architectures seem to be nature’s choice when
super-selective binding is assumed.

Currently, no materials exist that explore super-selective
multivalent binding in the low valency regime, using a limited
spatial tolerance in both the ligand and receptor presentation, as
well as an exhaustible number of binding partners. We therefore
wondered if super-selective multivalent binding could be
engineered in low-valency materials when L—R interactions
are carefully controlled in space, much similar to the examples
seen in nature. Presentation of ligands in low spatial-tolerant
patterns is possible when the material backbone is rigid, and the
self-assembly of all components can be controlled on the
molecular level. To this end, DNA nanotechnology”® ™" poses
itself as the ideal engineering platform to orchestrate spatially
controlled multivalent ligand presentation. The global self-
assembly size, shape, and valency is directly linked to the DNA
sequence and its Watson—Crick base-pairing. The structure’s

https://doi.org/10.1021/jacs.2c08529
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Figure 2. Analysis of the low-valency regime. (a) Schematic of the valency library from mono- to dodecavalent. (b) SPR binding curves of the valency
library showing two regimes of binding: 1—4 ligands show weak interaction, while 5 and up demonstrate a strong multivalency effect. Curves represent
increasing particle concentrations, and all injections were performed in duplicate. (c) Overview of dissociation constants, obtained from fitting of the
SPR curves. (d) Overview of dissociation rate constants for all constructs. (*) Monovalent interaction falls outside the systems’ detection limit and
should be taken as an indication rather than as a quantitative value. Data presented in (c,d) as mean with error bars + stdev from duplicate experiments.

rigidity is related to sequence length (e.g., persistence length of
the DNA double helix)*" as well as single- or double-stranded
interactions.”” Finally, the complexity of DNA-based architec-
tures ranges from low (a single helix) to very high, in the case of
DNA-origami where hundreds of strands self-assemble into a
macromolecular architecture of virtually any desired
shape.”**”**** Indeed, DNA-based nanomaterials have been
used to explore the multivalent clustering of active cell surface
receptors, and the importance of spatial orgamzatlon was
recently demonstrated in the case of apoptosis,*>*® integrin
targeting,37 and focal adhesion formation.*® The selective effect
of patterns has been demonstrated in targeting of the dengue
viral surface with aptamers organized in DNA star motifs.””
Additionally, the intracellular spacing of the TLR9 immune
activation receptor was found to be critically sensitive to the
nano-spacing of its CpG ligand in dimeric form.** Both
extracellular and intracellular examples show how spatially
controlled low-valency interactions in nature are used to
interfere with signaling pathways; however, the mechanism
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behind spatially controlled binding remains largely underex-
plored. As natural systems are subject to a plethora of complex
networks, model systems can help decouple the relevant
parameters that govern selective interactions. Here, we set out
to study the importance of ligand affinity, controlled (low)
valency, and spatial organization as deterministic parameters for
super-selective binding and to further understand the
fundamental biophysics behind these spatially controlled
multivalent interactions.

B RESULTS AND DISCUSSION

Setting the Affinity Limit: How Weak Is Strong
Enough? For multivalent binding to be sensitive to valency
and spatial patterns, the monovalent interaction between ligand
and receptor cannot be too strong as this would forgo the need
for a multivalent presentation (Figure la). Additionally, the
difference between the monovalent and multivalent interactions
should be 51gn1ﬁcant1y large to benefit from a multivalent ligand
presentation.'® This can be achieved with L—R couples that
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Figure 3. Calculation and preparation of surfaces with varying receptor densities. (a) Random receptor models generated by placing decreasing
densities (7, 23, and 56%) of receptor particles with a random sequential adsorption distribution on a surface. (b) Probability density function p(d) of
the three model surfaces, showing the most abundant inter-receptor spacing per density. (c) Master curve of receptor spacing as a function of receptor
density, assuming a random surface distribution. (d) Experimental characterization of test surfaces with increasing receptor spacing using both a solid
phase binding assay and qPCR. Data presented as mean with error bars + stdev from triplicate experiments.

show a moderately fast dissociation rate constant (k) as a fast
dissociation favors multivalent presentation since monovalent
interactions will not be stable. To prevent variations in binding
behavior based on non-specific interactions or repulsion caused
by the chemical or physical identity of the L—R complex, it is
important to select a family of L—R couples that can span a range
of affinities without significant changes in either the ligand or the
receptor structure. The tetrameric protein streptavidin (SA) is
well known for its extremely strong non-covalent interaction
with biotin;*' moreover, many peptide ligands have been
engineered that interact with the biotin binding pocket, albeit
with a lower affinity. We selected SA—SLLAHPQ (HPQ)
peptide*” and streptactin (ST)—streptagIl (STII)* as our L—R
candidates. These two systems are very similar in terms of their
molecular interaction, yet theoretically show 2 orders of
magnitude difference in the monovalent dissociation constant,
Kp: ~100 uM for SA-HPQ* and ~1 uM for ST—STIL* The
additional advantage of using a multimeric protein (SA or ST)
for surface binding studies is that regardless of the orientation of
surface immobilization, at least one binding pocket will always
be available. Both HPQ and STII peptides were synthesized on
the solid phase and site-specifically coupled using thiol-
maleimide chemistry to a single strand (ss) DNA on their C-
terminus (Figure S1).

Spacing of ligands as the controlling parameter of super-
selective binding is only relevant if the scaffold is rigid on the
nanoscale, uniform, and precisely defined in space. We
previously reported on the synthesis of a DNA-origami disk,
presenting 36 periodically spaced functionalization “pixels” on
each face.” This particle allows for a modular display of ligands
in a large range of valencies, spacings, and patterns. Additionally,
relying on the robustness of DNA sequence-specific hybrid-
ization, all particles can be assumed to be identical with very high
confidence. Hexavalent architectures were generated by
annealing of the ssDNA-peptide ligands with a DNA-disk
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scaffold (Figure 1b), which presented the complementary
ssDNA handles in predetermined positions, and purity was
confirmed by gel electrophoresis (Figure S2). Surface plasmon
resonance (SPR) analysis was then performed to obtain the
affinity and kinetic binding parameters (Figure 1c). Nonspecific
interactions were excluded as non-functionalized (bare)
scaffolds and scrambled peptides did not show any binding to
the test surface (Figure S3). The monovalent affinity constants
were found to be ~60 and ~3 uM for HPQ and STII,
respectively, matching literature values. Interestingly, while the
overall affinity was improved, the hexavalent presentation of the
HPQ peptide did not yield a stable interaction due to fast off-
rates, making the system too weak to be operational in the low
valency regime. On the contrary, when STII was presented in a
hexavalent pattern, a strong multivalency effect was observed,
gaining 3 orders in affinity and off-rates slowed down by S orders
of magnitude. These results demonstrate that not only the
overall Kj is of importance in the design of super-selective
materials, but it is equallz important to consider the kinetic
parameters of binding.***” For all next experiments, the ST—
STII couple was employed.

Exploring the Low-Valency Regime: How Few Is
Enough? As multivalency is “strength in numbers”, it might
be tempting to take an “as many as possible” approach when it
comes to ligand functionalization on the nanomaterial surface.
Indeed, the presence of more ligands increases the statistical
probability of binding and thereby affects the systems’ avidity.”
Present literature examples where strong super-selective
interactions have been measured used high ligand valencies.
However, when interactions on a surface are concerned, many
ligands in these high-valency systems will not actively participate
in binding, yielding a redundancy in design. While not always
problematic, these non-bound ligands could cause significant
issues when involved in cellular signaling processes or trigger an
uncontrolled immune response. Based on the theory of super-
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Figure 4. Super-selective binding with hexagonal rigid and flexible patterns. (a) Ligand spacing and spatial tolerance of hexagonal patterns. (b) SPR
binding curves of LH, SH, and FH confirming identical affinities. Curves represent increasing particle concentrations and all injections were performed
in duplicate. (c) Solid-phase binding assay of LH, SH, and FH at 100% receptor density. Data presented as mean with error bars + stdev fromn = S in
duplicate experiments. (d) Density-dependent onset of multivalent binding at a fixed ligand concentration. Data presented as mean with error bars +
stdev from n = 20 in duplicate experiments. (e) Super-selectivity parameter « for hexagonal arrays.

selectivity, the theoretical gain in selectivity of binding after
pentavalent ligand presentation is minimal. We therefore
decided to experimentally test the effect of valency and analyze
how “low” is “high enough” to benefit from the multivalency
effect and define the “low-valency regime” within the context of
potential super-selective interactions.

In earlier work, the high spatial confidence of functional
nanopatterns on DNA-origami disks was demonstrated.”* Using
this DNA disk, we generated a particle library of increasing
ligand valency, 1-2-3-4-5-6-12 (Figures 2a, S4) and measured
their binding profiles with SPR (Figure 2b). The non-liganded
disk was used to exclude non-specific interactions and indeed
shows no binding to the target receptor. Up to tetravalent ligand
presentation, a relatively fast dissociation was observed, which
started to slow down at pentavalent ligand valency. The
monovalent interaction is so weak that no reliable SPR data
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could be obtained using the 60 nM concentration limit given by
DNA-origami nanomaterials. Interestingly, a strong and stable
multivalent binding was seen when five or more ligands were
presented, as reflected in the Ky shifting to low pM
concentrations and kgunder ~107° sec™" (Figure 2c,d). Affinity
and kinetics slightly improved for hexavalent arrays, but, in line
with the theoretical models,"* additional increase to dodeca-
valent did not further enhance the interaction significantly. We
conclude that a hexavalent interaction presents the limit of the
low-valency regime.

Engineering of Receptor Density-Controlled Model
Surfaces. Control over the receptor density on assay surfaces is
critical to characterize super-selectivity. The density of receptors
on a surface is inversely related to the distance between them:
the higher the density, the smaller the inter-receptor distance. In
an ideal case, the “perfect” density-controlled surface would be

https://doi.org/10.1021/jacs.2c08529
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one where all receptors are placed on a lattice with integer
spacing. More realistically, resembling proteins on a cell
membrane, receptors are randomly distributed, and their
distribution fluctuates around an average spacing value.””**~>°
Within rigid materials, the spacing (y) between ligands is fixed;
hence, it is important to quantify the average receptor spacing
(x) of first neighbors on a test surface, as when x > y, strong
multivalent binding is compromised. Naturally, starting at x = y,
a density-dependent onset of binding—characteristic for super-
selective interactions—can be anticipated.

To model the average distribution of receptors on a surface,
we randomly positioned decreasing numbers of receptors
following a random sequential adsorption model (Figure 3a)
and calculated the inter-receptor probability distributions
(Figures 3b, SS). For sufficiently dense surfaces, a characteristic
receptor spacing can be seen. Of note is that on sparce surfaces,
the p(d) increasingly widens, for example, a distinctive distance
is not present. Via simulation of the receptor distribution on a
surface at a given density (methods in the Supporting
Information), we obtained a master curve of the inter-receptor
spacing (Figure 3c). Solid phase and quantitative (q-)PCR
analysis were used to empirically obtain the conditions needed
to reach the plateau of protein density, corresponding to a 100%
surface density (Figure S6). A density series of ST surfaces
ranging from 2 to 100% (e.g., receptor spacings of 38 and 7 nm,
respectively) was obtained using decreasing concentrations of
ST in the immobilization protocol*” and confirmed with gPCR
and solid phase binding (Figure 3d). Any remaining surface area
was blocked with BSA in order to prevent nonspecific binding.
Matching the spacing (x) of receptors to the end-to-end distance
(y) of any hexavalent ligand array, we can now derive the
experimental preparation guidelines and suggested regimes by
which to expect onset of potential super-selective binding.

Super-Selective Binding and the Effect of Spatial
Tolerance in Hexavalent Systems. As the initial hexavalent
array, we decided to focus on a hexagonal ligand pattern as this is
a symmetric geometry often found in nature.”’ Since we were
curious about the effect of nano-rigidity on the onset of super-
selective binding, we generated variations of the hexagonal
ligand arrays, capitalizing on the variations in mechanical
properties of double- versus single-stranded DNA.>” The spacing
of the ligands in the hexagonal array was controlled through
selection of different functional sites on the DNA-origami disk,
resulting in a large hexagon (LH) and small hexagon (SH)
patterns (Figure 4a). The rigidity of the SH was modified via the
inclusion of S nt single-stranded sections in the functional
handles on the disk (flexible hexagon, FH). Of note is that the
adjective “flexible” signifies the enlarged spatial tolerance of the
peptide ligand as the full DNA-origami structure is still highly
rigid and all ligands are pre-oriented to the plane of interaction in
order to reduce conformational entropic penalties of binding.
Distances of functionalization points of LH and SH patterned
DNA-origami disks were measured previously by DNA-PAINT
and found to be ~20 nm for LH and ~8 for SH;* the flexible
extensions introduce an estimated spatial flexibility of ~4 nm
(Figure S7). Applying the master curve of receptor spacing
(Figure 3c), we can extract the ideal receptor density for each
hexagonal array: the LH corresponds to 7% (= 20 nm), and SH
matches with 56% (= 8 nm). The FH pattern is expected to
interact with a range of densities, starting at 23% (= 11 nm).

In the absence of any repulsive force, the strongest affinity of a
multivalent particle is measured at the highest receptor density
as the Langmuir isotherm of the occupied surface is at its

maximum."” Since the analytical method used can influence or
bias the affinity parameters,”” SPR as well as a solid-phase
surface assay were combined to obtain both static (Figure 4b)
and kinetic affinity data (Figure 4c). The slight underestimation
of affinity using solid-phase analysis results from the detection
limit in the low pM particle concentrations. Within both
techniques, no differences between the three hexagonal ligand
arrays were detected. This was expected since the rigid DNA
backbone pre-orients ligands to the same plane to favor binding;
hence, the conformational entropic penalty is minimal. The
added flexibility in FH is therefore only significant for the ligand
spacing, for example, overall spatial tolerance of the system. Any
potential difference in super-selective behavior between the
hexagonal constructs is thus a result of ligand pattern or spatial
tolerance and not caused by a favorable overall affinity.

Next, we aimed to explore if super-selective binding behavior
was present in these low-valency particles, and to what extent
spatial tolerance is critical. The affinity data of the lower valency
arrays provided the concentration range for the super-selectivity
experiments as these should be performed above the Kj, but
below the concentration where an onset of lower valency can
blur the pattern recognition effect. The working concentration
for all hexavalent particles was set as 3 nM, which is an order of
magnitude lower than the bi- and trivalent constructs, thereby
preventing any interference of lower valency interactions. While
matching the Kp of tetra- and pentavalent constructs, the
differences in dissociation rate constant favor the hexavalent
interaction as the dominant readout. We prepared test surfaces
matching the pattern spacing of the three hexavalent disks (7, 23,
and 56% for LH, FH, and SH respectively) as well as higher and
lower values to evaluate a wide range of receptor densities. Solid-
phase binding assays convincingly showed the super-selective
multivalent binding in the low-valency regime (Figure 4d) as a
steep switch-like response was observed for all particles.
Furthermore, all particles showed an onset of binding in their
expected respective surface densities: the rigid LH starts binding
after 7% receptor density, followed by FH at 23%. Only SH is
interacting earlier than the expected 56%; however, as can be
seen in the master curve of spacing, after 30%, the inter-receptor
spacing is approaching the jamming-limit asymptote. These data
show the direct effect of linker-flexibility (e.g., spatial tolerance)
on binding onset as FH is based on the SH pattern, but with a
larger distribution of the inter-ligand distance resulting from the
flexible linkers. Indeed, this structure shows a higher spatial
tolerance than the rigid small hexagon and as a result starts to
bind at lower density surfaces. To quantify the level of super-
selectivity, Frenkel et al. introduced the selectivity parameter a
as a measure of the sensitivity of the binding of multivalent
particles to the surface concentration of receptors.'> a is the
slope of the adsorption profile in a log—log plot and is lower than
1 for monovalent binding, while for super-selective multivalent
interactions, the selectivity can reach values much greater than 1.
All hexagonal binding patterns were fit and showed a super-
selective interaction as the selectivity parameter a lays above 1
for all arrays (Figure 4e). The peak in selectivity strongly
correlates to the regime where spacing of ligands matches
spacing of receptors. For the more spatially tolerant FH, a lower
selectivity was observed in line with the hypothesis that more
flexibility leads to a less-defined spacing and thus lower
selectivity.

MPR through Spatial Control of Ligand Geometry.
Thus far, our data show that when the monovalent and
multivalent affinity between a ligand—receptor couple is
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surfaces (LH and SH are included for comparison in gray dotted lines). D

ata presented as mean with error bars + stdev from n = 20 in duplicate

experiments. (c) Super-selectivity parameter a for all hexavalent pattern arrays (LH and SH are included for comparison in gray dotted lines). (d) EDs,
vs GM for pattern library showing the correlation of pattern to selectivity (the dotted line is the linear regression fit through patterns). (e) Highlighting
the decisive role of the pattern between super-selective binding of LH and RAN. (f) Heatmap of MPR based on super-selectivity curves; color scale
highlights S0% interaction. (g) Functional demonstration of MPR through imaging of various densities of receptor surfaces targeted by the hexavalent

particle library.

sufficiently distinct, spatially constrained presentation of ligands
can lead to super-selective binding behavior in the low-valency
regime. Furthermore, the specific spatial organization and
tolerance of ligands with the same valency was shown to control
the selectivity. Hereby, a nuance in super-selective binding is

observed that is linked to the ligand pattern and its spatial
tolerance. To further explore this super-selective multivalent
pattern recognition (MPR), we decided to test the binding
behavior of additional variations of hexavalent ligand patterns.
To this end, a linear (L), small triangle (ST), and large triangle
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(LT) pattern as well as a random (RAN) setting were designed,
benefitting from the modular functionalization of the pixels on
the DNA disk (Figures Sa, S8). First, the affinity on 100%
receptor density and kinetic binding parameters were measured
and confirmed to be identical to the previous hexagonal patterns
as well as within the new pattern library (Figures S9 and S10).
Multivalent binding analysis on various receptor densities again
showed the characteristic super-selective behavior for all
patterns (Figure Sb), and the super-selectivity parameter «
was found to be above 1 in all arrays (Figure Sc). Comparing all
patterns, LH showed the earliest onset in binding, coherent to its
largest spacing between ligands. LIN, ST, and SH show the
smallest spacings between ligands and behave indeed alike in
terms of onset of binding and selectivity. A similar onset of
binding and selectivity for LT and RAN was observed, while
their average spatial distribution between ligands is quite
different. This points toward the critical effect of geometric
pattern.

Looking more closely into the mathematical differences
between each geometry, we decided to calculate the geometric
mean (GM, %) between ligands as the metric to describe each
pattern. While not taking into account the angular relation
between ligands, this simple approach provides a guide where
binding is expected to commence. The importance of pattern
over valency and average spacing becomes apparent when the
50% effective density (EDsy) based on the super-selectivity
experiments is presented against the GM per particle (Figure
5d). For symmetric patterns, the GM can be used as a simple
guide to design a tailored ligand pattern to a desired target
surface. While ligand spacing provides an indicative measure for
onset of binding for symmetric geometries, the contribution of
the specific pattern is evident in the case of RAN versus LH.
These particles have the same valency and a very similar
geometric mean, yet the distinction in pattern contributes to the
significant change in super-selective onset of binding (Figure
Se). Matching the experimental values and mathematical
characterization confirms MPR is defined by geometry;
additionally, we show that a pattern and its super-selective
behavior can be rationally designed to any desired target
receptor density.

The super-selective multivalent targeting of surfaces with low-
valency materials, as demonstrated in this study, provides a new
opportunity in the engineering of nanomaterials for molecular
biology and diagnostics. In these fields, the nuanced and tailored
control over the material—cell interface is critical, and the design
of particles with predictable interactions allows us to unravel the
details of signaling pathways as well as cell-specific binding.
Understanding the pattern design rules to predict the “best
pattern for the job” is critical to translate the concept of MPR
toward a broad range of applications. We showed that the
boundaries for onset of binding and level of selectivity are
defined by the ligand pattern spacing, geometry, and spatial
tolerance. Based on the super-selectivity curves, a heatmap of
binding was generated per pattern and surface density (Figure
Sf). To visually demonstrate the power of MPR, we performed a
microscopy study where the library of geometric hexavalent
particles was presented to various receptor surface densities.
Solely through recognition of the pattern, selective multivalent
binding controls the onset of interaction with the matching
surface densities (Figure Sg). The obtained image of fluorescent
surfaces matches excellently with the super-selectivity heatmap
extracted from super-selectivity analysis (Figure 5f), showcasing
the practical applicability of MPR.

B CONCLUSIONS

Super-selective multivalent binding is characterized by a strong
density-dependent onset of ligand—receptor complexation.
Previous studies on this mechanism have explored the
engineering parameters that promote the strongest super-
selective behavior, being dominated by high valency and flexible
ligand presentation. In the high valency regime, any influence of
spatial tolerance or pattern is irrelevant as the overall avidity is
dominated by the enthalpy of the many interactions formed. In
this study, we focused on the low-valency regime as many
signaling pathways in nature present a limited number of
binding sites and use a well-defined geometry. When the ligand
geometry is rigid, individual bonds either fit or they do not,
which is directly correlated to the spacing of receptors. Indeed,
we measured a strong receptor density effect on the onset of
binding when ligand presentation was spatially constrained.
Furthermore, within the low-valency regime, we showed that off
rates are critical in setting a working affinity/valency balance. A
monovalent affinity in the low micromolar range allowed us to
visualize the power of multivalent ligand presentation, and a
valency threshold of S was found to be the tipping point of
strength in numbers in the low-valency regime. Interestingly, the
pentavalent presentation of ligands often occurs in nature, for
example, in toxins, phages, and capsid proteins on viruses.
Addition of one more ligand into a hexavalent array slightly
improved the affinity and kinetics of binding, yet the increase of
ligands beyond hexavalency was shown to be irrelevant.

Besides the demonstration of super-selectivity in the low-
valency regime, our data present a further nuance of super-
selectivity, where the spatial organization (e.g, pattern) of
ligands is the main determinant of onset of binding. Benefitting
from the programmable nature of DNA nanotechnology, all six
hexavalent particles have exactly the same mass, charge, size, and
molecular composition. Their unique difference is the nano-
spacing of the ligands. Through the use of a rigid, planar particle,
all six ligands are pre-oriented toward the assay surface, thereby
strongly reducing the rotational and translational entropy
penalties. Hereby, the differences in interaction can be assigned
directly to the spatial patterns of the ligands and their correlation
to the receptor distribution. Hence, we define this nuanced form
of super-selective binding as MPR. When a system’s threshold
pattern density is reached, a characteristic super-selective
switch-like onset of binding is apparent. We observed that for
the same pattern, a higher rigidity results in a stronger super-
selective response (higher a value) due to a more significant
reduction in the entropic penalty of conformational change. On
the contrary, a higher spatial tolerance resulted in an earlier
onset of binding and a lower selectivity parameter. In short,
more flexible means less selective. Of note is that while the ligand
patterns are fully controlled, the receptors are randomly
distributed. This critical detail confirms that MPR can happen
on natural surfaces where membrane receptors display a random
organization, both outside and inside separate domains of higher
local densities.

The significance of spatial tolerance in MPR is visible in the
low-valency regime when the difference in K, between mono-
and multivalent ligand presentation is sufficiently large. When
too few or too many ligands are present, binding is either too
weak or the overall avidity too strong to observe the MPR effect.
Nature seems to be able to intelligently play with this concept, as
seen, for example, in antibody arrays that can switch between 1,
2, and 5 (or 6) for IgG, IgA, and IgM, respectively.’”"*
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Significant changes in local densities of receptors are known to
occur as part of disease processes,”” apoptosis,””*® and signaling
in, for instance, the immune synapse.”®"’ Local high
concentrations can temporarily be locked in place through
changes in surrounding lipid dynamics.””**** From the receptor
side, the boundary conditions for MPR and more general super-
selective multivalent interactions can be easily reached. As many
natural ligands are present on precisely organized scaffolds, as in
the case of viruses and geometric toxin complexes,””” MPR is
likely to be omnipresent in molecular biology. When entering
the MPR regime, materials with unique physical behavior can be
designed, and we provided the mathematical guidelines to match
and predict a pattern to a desired target surface. Our insights,
therefore, will open novel strategies for precision medicine and
super-selective diagnostics, following materials engineering
advances and analysis of the rigid, low-valency nanomaterial-
biointerface.
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