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ABSTRACT: Improving the affinity of nucleic acids to their comple-
ments is an important goal for many fields spanning from genomics to
antisense therapy and diagnostics. One potential approach to achieving
this goal is to use multivalent binding, which often boosts the affinity
between ligands and receptors, as exemplified by virus−cell binding and
antibody−antigen interactions. Herein, we investigate the binding of
heteromultivalent DNA−nanoparticle conjugates, where multiple unique
oligonucleotides displayed on a nanoparticle form a multivalent complex
with a long DNA target containing the complementary sequences. By
developing a strategy to spatially pattern oligonucleotides on a
nanoparticle, we demonstrate that the molecular organization of
heteromultivalent nanostructures is critical for effective binding;
patterned particles have a ∼23 order-of-magnitude improvement in
affinity compared to chemically identical particles patterned incorrectly. We envision that nanostructures presenting spatially
patterned heteromultivalent DNA will offer important biomedical applications given the utility of DNA-functionalized
nanostructures in diagnostics and therapeutics.

■ INTRODUCTION
A multivalent interaction occurs when a multivalent ligand
binds a multivalent receptor through several individual ligand−
receptor pairs.1 Such interactions commonly offer an enhanced
collective affinity, or avidity, and thus, Nature has evolved to
utilize multivalent interactions to aid in many biological and
chemical processes. For example, uptake of influenza viral
particles into cells is aided by the avid multivalent interaction
between a trivalent hemagglutinin molecule and multiple sialic
acid molecules on the cell membrane.2 Inspired by such natural
multivalent interactions, many synthetic multivalent interac-
tions have been engineered to tightly bind a receptor, such as a
peptide or a viral particle, for improved sensing and
therapeutics.3,4 An especially noteworthy example of a
multivalent binding interaction utilized both naturally and
synthetically is nucleic acid hybridization. Polynucleotide
hybridization occurs through two distinct levels of multivalent
binding. The primary level of multivalent binding is the 2−3
hydrogen bonds formed between each nucleobase pair,
whereas the secondary level is the concurrent base stacking
and binding of a series of nucleobases to their complementary
bases on another polynucleotide. These multivalent inter-
actions result in high specificity and affinity binding that is
fundamental in genetics and gene expression across all
organisms, as well as antisense oligonucleotide therapeutics
and DNA nanotechnology.
Interestingly, within the field of DNA nanotechnology, a

tertiary level of multivalency in DNA hybridization has

emerged with the ability to further strengthen and tune binding
affinity. This tertiary level of multivalency in DNA hybrid-
ization occurs when multiple oligonucleotides that are
anchored on a scaffold bind a target simultaneously. Tertiary
multivalent nucleic acid interactions have been explored
between two one-dimensional scaffolds bound together by
identical pairs of oligonucleotides.5 The affinity of this
homomultivalent (homoMV) interaction was found to
increase linearly with the number of oligonucleotides
displayed. Moreover, many copies of an oligonucleotide have
been arranged on a particle or nanomaterial surface to
multivalently bind an oligocoated surface or another oligo-
coated particle.6−10 These homoMV tertiary multivalent
interactions, as well as those found in some DNA origami
structures, display a heightened affinity, allowing for useful
applications in sensing, DNA motors, and supramolecular
assembly.11 However, many desirable applications, including
gene regulation and mRNA sensing, require binding with high
affinity to single-stranded polynucleotides hundreds of bases
long and with a nonrepeating sequence, which homoMV
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structures are unable to bind multivalently. To multivalently
bind such targets, it is necessary to engineer heteromultivalent
(heteroMV) structures that present a series of unique
oligonucleotide sequences, each able to bind a distinct stretch
of the target. Currently, little is known about the multivalent
interaction between nanostructures presenting heteroMV
DNA and a nucleic acid target. Therefore, the goal of this
work is to investigate and quantify heteroMV nucleic acid
binding to provide insight into designing nanostructures that
bind single-stranded polynucleotides with improved affinity.
One prominent DNA-functionalized nanostructure that can

be used as a model system to explore multivalent binding
interactions is the spherical nucleic acid (SNA).12,13 SNAs are
typically comprised of many copies of an oligonucleotide
arranged around a spherical core, such as a gold nanoparticle.
SNAs presenting a highly dense layer of oligonucleotides are
able to bind monovalently to their target sequence with
enhanced affinity that can be more than 2 orders of magnitude
greater than that of linear sequences (Figure 1a).14−16 This
high-affinity interaction has allowed SNAs’ utility in many
applications, most notably RNA sensing-based diagnostics and
gene regulation.17−20 Herein, we adapt the SNA platform to
display a heteroMV layer of short oligos attached to a gold
nanoparticle. We hypothesize that heteroMV SNAs can form
tertiary multivalent interactions with a single-stranded nucleic
acid target (Figure 1a). Recognizing the importance of ligand
positioning in multivalency,1,21 we tested a second hypothesis
that spatial patterning of the DNA oligos on the particle
surface can lead to further enhancement in target affinity. This
prediction was studied by developing a new facile strategy to
create spatially positioned oligonucleotides, where the target
nucleic acid templates the molecular deposition of oligos on
the nanoparticle surface (Figure 1a).

Specifically, we investigate heteroMV SNAs comprised of up
to six unique oligo sequences designed to bind a ∼90 nt DNA
target. Through modeling and experiments, we reveal that the
binding valency of heteroMV SNAs with randomly anchored
oligos increases with the inclusion of each additional unique
oligosequence (n) but eventually decreases due to the random
arrangement. Moreover, we determined the thermodynamic
parameters governing multivalent binding and found that
random heteromultivalency leads to an increase in affinity of
up to ∼50 orders of magnitude compared to the corresponding
homoMV SNA as a result of increasing the enthalpic benefits
from binding. Next, we show that spatial patterning of the
oligos on heteroMV SNAs results in a further ∼15 order-of-
magnitude enhancement in the affinity of binding relative to
heteroMV SNAs with random oligo positioning. Overall, the
incorporation of heteromultivalency and spatial patterning into
the SNA platform offers a general and simple approach for
exploring and fine-tuning the multivalent binding affinity of
DNA-functionalized nanostructures, thus improving their
diagnostic and therapeutic potential and utility in DNA
nanotechnology.

■ RESULTS

Modeling Binding of Random and Patterned heter-
oMV SNAs. A mathematical model was first developed in
order to predict the effective strength of an interaction
between a target and a heteroMV SNA that is randomly
arranged (Figure 1b) or spatially patterned (Figure 1c). Briefly,
assuming a random arrangement of oligos with n unique
sequences (sequence x, x + 1, ..., n − 1, n) on the AuNP
surface, the probability of sequence x being located next to
sequence x + 1, which is next to x + 2, etc., was calculated

Figure 1. Binding of target to random and patterned heteroMV SNAs. (a) Schematic illustration depicting homoMV SNAs, random heteroMV
SNAs, and patterned heteroMV SNAs binding a target. (b) Top-down perspective of the target binding an n = 4 heteroMV SNA with random
segment arrangement (numbered circles = binding segments, gray line = target). (c) Top-down perspective of the target binding an idealized n = 6
heteroMV SNA with patterned segment arrangement. (d) Modeling results showing the impact of individual segment binding affinity on
the predicted binding valency for random heteroMV SNAs. (e) Modeling results showing the impact of target concentration on the predicted
binding valency for random heteroMV SNAs assuming Kd = 1 (arbitrary units). (f) Modeling results showing the impact of segment spatial
patterning on the predicted binding valency assuming Kd = 1 and [Target] = 0.01*Kd.
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mathematically (Figure 1b). Then using Langmuir adsorption-
type kinetics, the predicted mean binding valency, or average
number of segments bound to a single target, was used as a
proxy to estimate the strength of binding (see Methods for a
detailed description). This was obtained after varying n and the
Kd of the interaction between a single segment and its
complementary region on the target. Significantly, the results
of the model predict that as n increases, the mean binding
valency will increase, plateau around n = 4, and then decrease
as the probability of sequence x being neighbored by x − 1 or
x + 1 decreases with increasing n (Figure 1d). Therefore, the
model suggests that the probability of a random heteroMV
SNA forming a maximum binding valency interaction drops as
n increases. However, the model also predicts that the binding
valency, as well as the value of n that leads to maximum
binding valency, can be enhanced by decreasing the affinity of
each segment (Figure 1d). This is because weak or labile
segments allow for extensive sampling of conformational space
to avoid trapping at kinetic intermediates that do not maximize
binding. Alternatively, the model further reveals that
decreasing the concentration of the target sequence in solution
will yield higher valency binding as the probability of a target
binding to a sequential series of segments (x, x + 1, etc.)
increases (Figure 1e and Figure S1). The impact of spatial
patterning on heteroMV SNA multivalent binding was also
predicted by assuming each sequence x is located next to x − 1
and x + 1 (Figure 1c). The modeling results show that spatial
patterning offers minimal advantage over random SNAs when
n is low. However, as n increases, spatial patterning leads to
higher mean binding valency compared to random heteroMV
SNAs (Figure 1f). Overall, the results of the mathematical
model show that a random orientation of segments will form
the most efficient multivalent interaction with shorter, less
stable segments or when hybridization is performed in
stringent conditions (low salt, low target concentration,
presence of surfactant), whereas the effects of spatial patterning
will be most impactful when there are more unique segments
(higher values of n).
Design and Melting Curve Analysis for Random

heteroMV SNAs. To test the predictions of the modeling, six

oligonucleotides (segments 1−6) between 12 and 15
nucleotides (nt) in length with similar melting temperatures
were designed to bind sequentially along a 91 nucleotide DNA
target based on a region of an mRNA transcript (Figure S2).
To offer additional flexibility, a 2 nt spacer region was included
between each segment’s binding location on the target
sequence, resulting in the formation of single-stranded gaps
in the binding complex (see Figure S2 for further detail).
Additionally, segments 1−6 each contain a T10 polynucleotide
linker terminated with a thiol group at the 5′ end to allow
conjugation to a ∼13 nm AuNP core. A series of SNAs were
then synthesized with increasing number of distinct sequences
(n) using the salt-aging method, beginning with a traditional
homoMV SNA containing only segment 1 (n = 1 SNA) and
ending with a heteroMV SNA incubated with equimolar
concentrations of segments 1−6 (n = 6 SNA). The total
number of oligos per AuNP for n = 1 and 6 SNAs was
measured to be 162 ± 11 and 168 ± 6, respectively (Figure
S3).
In order to determine if heteroMV SNAs form efficient

multivalent interactions with the target sequence, melting
curves were measured for the SNA−target complex. First, n =
1−6 SNAs were incubated for 1 h with a 25-fold excess of the
target sequence labeled with FAM in 1 × PBS (Figure 2a).
Following hybridization, unbound targets were removed
through washing, and the samples were heated to 80 °C. As
the SNA:target complex was heated, the fluorescence increased
due to dehybridization and subsequent dequenching of the
FAM-tagged target as the efficiency of the nanosurface energy
transfer (NSET) decreased.22 From the melting curves we
determined the melting temperature (Tm), the full width
at half-maximum (fwhm) of the transition, and maximum
fluorescence intensity following melting. As n increased, the Tm
increased by up to ∼12 °C, suggesting that multiple segments
were able to bind the target simultaneously (Figure 2b).
However, when n > 4 a drop in Tm was observed, supporting
the predicted limitations of random heteroMV SNAs (Figure
1f). Note that one would not normally see a decrease in Tm as
the duplex lengthens for conventional linear oligonucleotides.
Furthermore, the fwhm of the first derivative plots of each

Figure 2. Effect of random heteromultivalency on binding valency and binding uniformity. (a) Schematic illustration describing the melting
experiment where excess FAM-labeled target was hybridized to random n = 1−6 SNAs and fluorescence was measured as the complex was
thermally melted. Inset illustrates how the melting temperature (Tm) and the full width at half-maximum (fwhm) were calculated. (b and c) Impact
of increasing n on Tm (b) and fwhm (c) after hybridizing target to SNA in nonstringent buffer (1 × PBS). (d and e) Impact of increasing n on Tm
(d) and fwhm (e) after hybridizing target to SNA in stringent buffer (0.1 × SSC, 0.2% Tween20). Both sets of melting curves were measured in 4 ×
SSC, 0.2% Tween20 buffer. Error bars represent standard error of the mean. Values from sequential groups were compared using unpaired student t
tests (*P < 0.05; **P < 0.01; ***P < 0.001). No statistical differences were observed between unmarked sequential groups.
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melting curve was determined. It was found that as n increased,
the fwhm increased as well, indicating that the melting
transition was less uniform (Figure 2c). This suggests that as n
increased there was a wider range of binding valencies present.
By incubating with a 25 molar excess of targets, we were able
to also determine the number of targets bound per particle
(Figure S4). Generally, as n increased, fewer targets bound
each SNA, likely due to each target occupying more segments
on the particle surface and the inherent reduction in maximum
binding capacity as the total number of each unique oligo
decreases when n increases. Next, we tested the modeling
prediction that increased stringency, resulting in a lower
affinity for each segment, would lead to higher valency binding.
The same series of melting experiments was repeated, with the
exception of performing the hybridization in a more stringent
buffer, 0.1 × SSC (saline sodium citrate), 0.2% Tween20 (∼15
mM Na+). Note, the washing buffer and buffer in which the
melting curves were measured are identical in the two sets of
experiments. Indeed, it was observed that the Tm’s for n = 1−6
SNAs increased by up to ∼4 °C when hybridization stringency
increased (Figure 2d). The value of n giving the highest Tm
also increased to n = 6, a similar result to that predicted with
modeling (Figure 1d). The noticeable ∼2 °C lower Tm for the
n = 1 SNA after hybridizing in less stringent conditions is
consistent with previous observations of a negative coopera-
tivity in SNA binding as an increasing number of targets are
bound to the surface.15 Furthermore, in more stringent
hybridization conditions we see reversing of the trends for
binding uniformity and capacity, with n = 4 resulting in the
most uniform binding and the most targets bound (Figure 2e
and Figure S4).
Thermodynamics and Affinity of Random heteroMV

SNA Binding. We next measured the thermodynamic binding
parameters of randomly organized n = 1−6 heteroMV SNAs
binding to the target. In these studies, the particles were
incubated at a 1:1 ratio of SNA to target for 1 h (Figure 3a).
The concentration of SNA was varied from 1.75 to 15 nM, and
the Tm for the complex was measured as the Cy5-labeled target
was thermally dehybridized (Figure S5 and Table S1). For
each SNA, ∼20 thermal melting curves were used to populate
the van’t Hoff plot showing ln(CT) versus 1/Tm (Figure 3b).
Note that CT is the sum of the SNA and target

concentrations. The following equation was then applied, using
1.986 × 10‑3 kcal K‑1 mol‑1 for the gas constant R, to calculate
the ΔH and ΔS of binding (Table S2)

=
Δ

+ Δ −
ΔT

R
H

C
R
H

1
ln

S ln 4

m
T

From these values, the ΔG of binding was then derived.15 First,
consistent with the melting studies shown in Figure 2, Tm
plateaued for SNAs with n > 4. The flattening slopes as n
increases (Figure 3b) correspond to a more favorable enthalpy
of binding (Figure 3c), suggesting that each target is binding
more segments. On the other hand, the entropic cost of
binding increased with increasing n as less of the target
remained unbound and flexible (Figure 3d). Nonetheless, the
enthalpic benefits outweighed the entropic costs, resulting in a
dramatic enhancement in ΔG (∼50 kcal/mol) as n increases
from 1 to 6 (Figure 3e). The decrease in ΔG corresponds to a
∼40 order-of-magnitude enhancement in binding affinity (Keq)
(Figure 3e) and a multivalent enhancement value, β (β =
Keq

multi/Keq
mono), of 7 × 1038 as n increased from 1 to 6 (Table

S3). Similar results were obtained when random heteroMV
SNAs bound an identical target with no spacers between
segment binding regions, with a total ∼50 order-of-magnitude
enhancement in avidity (Table S3). Consistent with the
modeling predictions (Figure 1e), the decreased target:SNA
ratio (1:1 instead of 25:1 in Figure 2) resulted in a more linear
relationship between n and binding affinity, with the n = 6
heteroMV SNAs exhibiting the highest affinity. However, when
the target:SNA ratio was increased to 5:1 or 10:1, the affinity
of each heteroMV SNA decreased and affinity appears to
saturate after n = 5 (Figure S6, Tables S4 and S5). The fwhm
values also increased, suggesting that binding becomes less
uniform as the target:SNA ratio increases (Figure S6).

Development and Characterization of Patterned
heteroMV SNAs. Here, we hypothesized that spatial
patterning of SNAs could boost target affinity compared to
that of heteroMV SNAs with random oligo positioning. To test
this hypothesis, we first developed a molecular printing
method to create patterned heteroMV SNAs (Figure 4a).
Briefly, segments 1−6 were first hybridized to a ssDNA
template, identical to the no-spacer containing target sequence,
forming an 81mer duplex with a “nick” located between each

Figure 3. Effect of random heteromultivalency on thermodynamics and affinity. (a) Schematic illustration describing the experiment to obtain
thermodynamic parameters and affinity values. Random n = 1−6 SNAs were bound to Cy5-labeled target in 1 × SSC, 0.2% Tween20 and the Tm
was measured across a range of [SNA + target] (CT) values. (b) Linear van’t Hoff plots from which thermodynamic values were extracted. (c−e)
ΔH (c), −TΔS (d), and −ΔG and log(Keq) (e) values of random n = 1−6 SNAs binding to target. Error bars represent standard error of the mean.
Values were compared using one-way ANOVA (****P < 0.0001).
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segment binding region. A native PAGE gel was performed to
confirm the successful binding of the six segments to the
template (Figure S7). The segment/template complex was
then incubated with the AuNP, forming up to six thiol linkages
in a sequential array on the NP surface (as shown in Figure 4a
and Figure S8). The single-strand nicks help accommodate the
local curvature of the spherical nanoparticle surface.23 Next,
salt aging was performed to increase the packing density of the
complex on the particle. The template was then removed by
dehybridization with a series of washes in DI water at RT.
After template dehybridization, segments 1−6 remain on the
particle surface because of the strong thiol−gold association,
with controlled position and spacing, yielding a spatially
patterned heteroMV SNA with n = 6. Note that while we could
create patterned SNAs with fewer unique segments, these
structures were less desirable as the modeling suggested a
maximum affinity enhancement for the n = 6 particles (Figure
1f).
Because patterned heteroMV SNAs have not been reported

in past literature, we began by characterizing the DNA−AuNP
conjugate. First, the number of complexes loaded to each
particle was quantified by detecting release of a FAM-labeled
template following heating (Figure S9). This melting assay
revealed that ∼25 templates were bound to each SNA (Figure
4b). Next, we validated template dehybridization and found
that ∼90% of templates were removed (Figure 4b). Moreover,
the total number of binding ligands (segments 1−6) per
particle was quantified to be ∼135 (Figure S10). This indicates
that each template was bound to ∼5.5 segments, offering
further evidence of successful hybridization and loading onto
the particle.
Impact of Spatial Patterning on heteroMV SNA

Binding. To characterize target binding by patterned
heteroMV SNAs, we obtained thermal melting curves and
also applied the van’t Hoff relation to determine the
thermodynamic binding constants. For these assays, we created
mispatterned heteroMV SNAs using a template with shuffled
binding regions to serve as an additional control. The
mispatterned n = 6 SNAs are chemically identical to patterned

SNAs (same total number of segments 1−6, Figure S10)
except for the relative positioning of the oligos on the NP
surface, allowing the role of spatial patterning to be properly
elucidated. First, the two particle types were incubated with an
excess amount of the no-spacer target labeled with FAM,
which is identical to the template used for patterning, and
washed with high-stringency buffer (0.1 × SSC, 0.2%
Tween20). Thermal melting curves were then obtained by
measuring the fluorescence increase while heating. While the
patterned and mispatterned SNAs demonstrated a similar
melting temperature (<1 °C difference), patterned SNAs were
able to bind a few more targets than their mispatterned
counterparts (Figure 4c and Figure S11). To more sensitively
examine the effects of spatial patterning, the thermodynamics
and affinity of the patterned binding interaction were
quantified using the van’t Hoff relation as described above
and compared to the random SNAs (Figure S12, Tables S6
and S7). These experiments revealed a strong impact of oligo
positioning on the binding enthalpy, as the dependence of Tm

on concentration became less dramatic when going from
intentionally mispatterned to random to patterned oligo
positioning (Figure 4d). This enthalpic enhancement with
spatial patterning is likely the result of more segments binding
each target and reduced strain on the binding entities. As
before, the enthalpic benefits exceeded the entropic costs,
leading to a significantly more favorable binding free energy
and a ∼23 order-of-magnitude enhancement in Keq for
patterned SNAs over mispatterned (Figure 4e). Notably, the
predicted ΔG for the same duplex containing no nicks is ca.
−123 kcal/mol (dashed line in Figure 4e), which is only ∼10%
greater than the ΔG of the patterned SNA (−108 ± 3.2 kcal/
mol) to the same target. The patterned SNAs were also able to
bind the spacer-containing target with a ∼15 order-of-
magnitude higher avidity relative to the mispatterned SNAs
(Table S7). These results demonstrate that proper positioning
of the binding ligands on the NP surface is critical for forming
a highly effective multivalent interaction.

Figure 4. Characterization and binding analysis of patterned heteroMV SNAs. (a) Schematic illustration depicting the synthesis of patterned SNAs.
After preannealing segments 1−6 to the template, the complex was incubated with the AuNP. Next, salt aging was performed, and then the
template was dehybridized. (b) Quantifying templates bound per SNA before and after dehybridizing. (c) Targets bound per AuNP for patterned
and mispatterned SNAs after high-stringency washes. (d and e) van’t Hoff plots (d) and −ΔG and log(Keq) (e) for patterned, random, and
mispatterned n = 6 SNAs binding the no-spacer target. Dashed line in e represents the predicted −ΔG value (123 kcal/mol) for the non-nicked 81
bp duplex binding in solution. Error bars represent standard error of the mean. Templates/targets bound values were compared using an unpaired
student t test, and −ΔG and log(Keq) values were compared using one-way ANOVA (*P < 0.05; **P < 0.01; ****P < 0.0001).
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■ DISCUSSION

In this report, heteroMV SNAs were created to bind a nucleic
acid target multivalently. By including multiple unique
oligosequences, each complementary to a specific region of a
ssDNA target, multiple oligo segments bind the target
simultaneously. Aided by this multivalent binding, we observed
a dramatic enhancement in the melting temperature and
binding affinity relative to homoMV SNAs. Thus, the
enhanced binding avidity to an oligotarget presented herein
has the potential to heighten the efficacy of SNAs and other
similar nanostructures in many important applications. We also
identify a trade-off between maximizing the binding capacity of
a nanoparticle and its binding affinity (quantity versus quality
of binding). For example, we found that under stringent
hybridization conditions, fewer targets bind a particle, but
these few targets display a greater binding valency. In other
words, under stringent conditions, the target can sample a
wider range of binding geometries to overcome kinetic barriers
and maximize the number of segments bound, thus reaching a
thermodynamic minimum. On the basis of this conclusion, we
expect that by shortening the length of each segment we can
further increase the binding valency for random heteroMV
SNAs.
Importantly, we demonstrate a 15 order-of-magnitude

enhancement in binding affinity when six complementary
oligonucleotides are spatially organized on the particle surface
instead of randomly positioned. This massive enhancement is
the result of a templating-based strategy to control the relative
position of each oligo on the surface of the nanoparticle. To
spatially pattern DNA one can use top-down or bottom-up
strategies.24−27 Bottom-up self-assembly of DNA nanostruc-
tures, such as the DNA origami technique, is clearly
advantageous when the desired pattern is at the sub-100 nm
length scale. Indeed, through careful template design, a variety
of 2D and 3D multivalent receptors have been created to target
virus capsids, proteins, and other biologically relevant
molecules.4,28,29 Our spatial patterning simply utilizes a
conventional DNA oligonucleotide template and several
shorter thiolated oligos. This has important advantages in
terms of maximizing the yield of synthesis since DNA origami
is often limited by low yields and low synthesis scale.30 We
note several reports showing the feasibility of generating a
variety of DNA patterns on gold nanoparticle scaffolds.31−33

These methods have created interesting geometries that are
focused on generating nanoparticles with a discrete number of
oligonucleotides with specific position and spacing. The
materials have been investigated in the context of controlling
material synthesis. However, the impact of spatially patterning
oligonucleotides on binding affinity to a DNA target has not
been characterized previously. Moreover, only by maximizing
DNA density on the particle surface is it possible to achieve
maximum enhancement in binding affinity.16 We anticipate
that this simple yet efficacious spatial patterning technique
developed in this work can be broadly utilized in supra-
molecular chemistry and nanotechnology.
In conclusion, we demonstrated a simple approach to boost

the affinity of DNA−nanoparticle conjugates by many orders
of magnitude without making any chemical changes to its
composition. Further optimization of patterned heteroMV
SNAs is likely possible by considering the three-dimensional
topology of the DNA duplex and positioning each segment’s
linker at every turn of the DNA double helix. For example,

positioning the thiol group on the multivalent complex with
10−11 nucleotide intervals will likely relieve potential
enthalpic strain as all of the T10 linkers should extend from
the complex in the same approximate direction. However, 10−
11mer segments could lower the total affinity of the heteroMV
SNA for its target when compared to the longer 12−15mer
segments described herein. Additionally, in this work, the
binding segments are all anchored to the NP through a T10
linker. Given the importance of linker rigidity in tuning avidity,
trimming the 10-nucleotide spacer may offer further enhance-
ments in binding affinity by lowering the entropic costs of
binding.1 One limitation of the present study is that the
thermodynamic parameters quantified were determined for
one model target, and when this approach is applied toward
designing potent binders in different biomedical or diagnostic
applications, it is likely that noncanonical secondary structures
may modulate the predicted avidity. To further demonstrate
the general applicability of the techniques presented here,
additional target sequences and the impact of the target spacer
length should be investigated. A potential limitation of
patterned SNAs is the labile nature of the thiol−gold bond
which is highly sensitive to time, temperature, and pH.34,35

This may be addressed by using the more stable chelating
thiols anchors such as lipoic acid.36 SNAs and other DNA-
presenting nanostructures have already made their way into
FDA-approved diagnostics and potential human therapies, and
thus, heteromultivalent binding, both patterned and non-
patterned, holds important promise for biomedical sensing and
antagonism of transcripts.
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