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ABSTRACT: Broad-spectrum anti-SARS-CoV-2 strategies that can inhibit
the infection of wild-type and mutant strains would alleviate their threats to
global public health. Here, we propose an icosahedral DNA framework for ¢
the assembly of up to 30 spatially arranged neutralizing aptamers (IDNA- (
30) to inhibit viral infection. Each triangular plane of IDNA-30 is 28

composed of three precisely positioned aptamers topologically matching
the SARS-CoV-2 spike trimer, thus forming a multivalent spatially
patterned binding. Due to its multiple binding sites and moderate size,
multifaced IDNA-30 induces aggregation of viruses. The rigid icosahedron
framework afforded by four helixes not only forms a steric barrier to
prevent the virus from binding to the host but also limits the
conformational transformation of the SARS-CoV-2 spike trimer. Combin- - G
ing multivalent topologically patterned aptamers with structurally well-

defined nanoformulations, IDNA-30 exhibits excellent broad-spectrum neutralization against SARS-CoV-2, including almost
completely blocking the infection of Omicron pseudovirus. Overall, this multidimensional neutralizing strategy provides a new
direction for the assembly of neutralizing reagents to enhance their inhibitory effect against SARS-CoV-2 infection and combat other
disease-causing viruses.
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H INTRODUCTION cated customization modification of neutralizing antibodies,
neutralizing aptamers, which are essentially nucleic acids, can be
programed and assembled onto various nanodevices for scalable
applications.® Moreover, aptamers exhibit distinctive advantages
of low cost, low immunogenicity, and facile, controllable
production with little batch-to-batch variation.” Recently we
and other groups have identified several neutralizing agents
against SARS-CoV-2, in the form of monovalent® " and
bivalent aptamers'* and spherical aptamers'® based on gold
nanoparticles. The ability of topological control has rarely been
realized, exhibiting unsatisfactory therapeutic efficacy or leading
to the introduction of unnatural nanoscaffolds. Therefore, it is of
utmost importance to develop a spatially matched neutralizing
aptamer-based strategy against SARS-CoV-2 and its unknown
mutants.

The programmability of DNA nanostructures offers delicate
tools to precisely regulate other molecules in terms of number,
location, and relative distance over space.m_21 Furthermore,

To date, the SARS-CoV-2 virus has caused a global pandemic,
and the constantly emerging new variants have posed challenges
to prophylaxis and postexposure therapy. The SARS-CoV-2
virus hijacks the angiotensin-converting enzyme-2 (ACE2) of
host cells by the spike trimer (S trimer) on the viral surface.’
One promising approach to inhibit viral infection is the
development of neutralizing reagents that block the interaction
of S trimer-ACE2 with high efficacy, resulting in efficient
inhibition of the SARS-CoV-2 invasion pathway. Most viruses
engage with host cells by multivalent interactions, enabling
efficient cell attachment and realization of the infection process.
Furthermore, the spikes of most enveloped viruses are
distributed at distinctive distances with specific geometric
patterns, resulting in unique infection features.” The enormous
enhancement of the natural interaction between receptors and
ligands can be easily accomplished due to the more orderly and
topological arrangements of multivalent ligancls.4 Therefore,
topologically ordered multivalent neutralizing reagents have a
high potential to improve the neutralization efficiency and resist Received:  March 14, 2022
mutational escape, compared to monovalent neutralization

reagents.

However, the introduction of neutralizing antibodies in

certain multivalent nanodevices causes cumbersome and time-
consuming conjugate workflow.” Compared with the compli-

© XXXX American Chemical Society https://doi.org/10.1021/jacs.2c02764

v ACS Publications A J. Am. Chem. S0c. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jialu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunyun+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yihao+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miao+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siwen+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuang+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Honglin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoyong+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoyong+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanling+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c02764&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02764?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02764?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02764?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02764?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02764?fig=abs1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c02764?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Scheme 1. Spatially Matched Multisite Locking Strategy of IDNA-30 against SARS-CoV-2“
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“The distances between different monomers of the S trimer change with the open state of the RBD. Even though the spacing of aptamers on the
same plane is ca. 10 nm, the extended area of the aptamer fluctuates by ca. 10 nm. Additionally, there may be several possible binding modes when

adjacent subunits or adjacent proteins combine with aptamers.

Figure 1. Design and characterization of ID and IDNA-30. (a) three-dimensional cartoon model of ID. ID has a rigid frame configuration owing to the
bundle of 4 helixes bundle on each side. (b) 1.5% Agarose gel electrophoresis analysis of DNA nanostructures (lane 1: scaffold 7560, lane 2: unpurified
ID, lane 3: ID, and lane 4: IDNA-30). TEM images of (c) ID and (d) IDNA-30. IDNA-30 was obtained by the orderly arrangement of aptamers on ID.

Scale bar = 20 nm.

spatially arranged molecules may work collectively or
associatively to achieve better efficiency compared to a
disordered array.”> Moreover, due to the biocompatible nature
of DNA, aptamer-integrated DNA nanostructures minimize the
adverse effects of the introduction of other unnatural scaffolds.
Therefore, a DNA nanodevice equipped with neutralizing
aptamers in a precise pattern may be promising for the
realization of a SARS-CoV-2 blockade. Considering the features
of the SARS-CoV-2 S trimer and its infection mechanism,”* we
employed an icosahedral DNA origami framework to present
SARS-CoV-2 neutralizing aptamers with specifically assigned
numbers and spatial locations to block the interaction between
the S trimer and host ACE2 (Scheme 1a).

B RESULTS AND DISCUSSION

Design and Characterization of Neutralizing Icosahe-
dral DNA Nanocage. Considering the triangular pattern of the
S trimer, as a regular polyhedron with the most equilateral
triangular faces, an icosahedral DNA origami was prototyped to
carry n neutralizing aptamers (termed IDNA-n, n < 30). First,

IDNA-n can serve as an isotropic nanoparticle with 20
equilateral triangular faces holding 0—3 blocking agents on
each face (ca. 10 nm) against the S trimer (~13 nm in
diameter’*). In addition, by virtue of the relatively excellent
molecular flexibility of the toehold sequence (~7 nm), IDNA-n
provides an accessible molecular handle to trap receptor binding
domains (RBDs) (Scheme 1b), circumventing the size
fluctuations resulting from conformational transitions of RBDs
in the S trimer” (2.7—7.4 nm, Figure S1). For complete
decoration, through complementary strand hybridization, each
triangular plane of IDNA-30 equips three precisely located
aptamers topologically matched with the spike trimer of SARS-
CoV-2. As a result, by combining the topologically matched
aptamer trimers and flexible DNA connectors, IDNA-30 can
boost binding affinity and neutralization efficacy, avoiding the
potential dissociation of single-point inhibition. Second, multi-
faced IDNA-30 could potentially induce aggregation of viruses
due to multivalent binding and its moderate size, which can slow
the movement of viruses and, thus, further reduce SARS-CoV-2
infection (Scheme 1c). Third, the rigid framework afforded by
four helixes on each side not only provides a steric barrier for S
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trimer-ACE2 interaction but also limits S trimer conformational
transformation, thus further inhibiting viral membrane fusion.
More importantly, the neutralizing aptamers display a relatively
compact arrangement and prevent accessibility by nuclease,
reducing the degradation of DNA. Therefore, combining
multivalent topologically patterned aptamers with structurally
well-defined nanoformulations, IDNA-30 is capable of inhibit-
ing SARS-CoV-2 infection at multiple levels, enhancing the
therapeutic efficacy.

As shown in Figures la and S2, the icosahedral DNA
framework (possessing 12 vertices, 30 edges, and 20 faces) was
designed via the software Tiamat and constructed by a 7560nt
scaffold and 216 staples. Different from the reported icosahedral
DNA origami with double-helix edges, our edges were
intentionally designed as four-helix bundles (63nt, ~21 nm in
length; S nm in thlckness) to achieve enhanced structural
rigidity and stability*® (Supplementary Video). Considering this
DNA icosahedron as a bilayer of the double-helix framework,
staples at the vertices were tailored to generate unbalanced
tensions at the outer and inner layer and assure the unique
wrapping topology; therefore, aptamers were guaranteed to be
present at only the outer surface. Compared with disordered and
uncertain multivalent recognition, this distinctive structure
provided more unequivocal areas for receptor-ligand recog-
nition, achieving more efficient binding.

By virtue of the high programmability of DNA nanostructures,
neutralizing aptamers with elongated anti-toehold sequences
could be immobilized at the assigned toehold sites on the edges
to achieve a controllable pattern. In the case of a fully decorated
frame IDNA-30, the flexibility provided by the 21bp (~7 nm)
toehold pairs allowed the neutralizing aptamers to wander and
offer relatively dynamic locking patterns against the S trimers.
Because the theoretical distance between adjacent S1 subunits of
the S trimer changes by 2.7—7.4 nm with the conformational
transition of RBD, three coplanar aptamers were able to provide
more compact binding sites to attack one S trimer. Meanwhile,
the peripheral neutralizing aptamers were still available to grab
surrounding S trimers to enhance the binding, while the remote
neutralizing aptamers were also free to bind and lock onto
another virus particle (Scheme 1).

First, ID was acquired by thermal annealing of numerous
single-stranded DNA (Tables S1—S3) and purified by rate-zonal
centrifugation. Compared with ID, the decreased mobility of
IDNA-30 in agarose gel electrophoresis (AGE) indicated
successful assembly of neutralizing aptamers (Figure 1b).
Transmission electron microscopy (TEM) imaging further
demonstrated the topology and size of the well-composed ID,
which were in accordance with the theoretical design (Figures 1c
and S3). IDNA-30 maintained the same formation and
dispersion (Figure 1d). Moreover, IDNA-30 showed out-
standing structural integrity after even 35 days of storage at 4
°C (Figure S4). To evaluate the stability of IDNA-30 against
nuclease degradation in a biological matrix, IDNA-30 was
incubated with DMEM cell media with 10% fetal bovine serum
at 37 °C for several hours. The bands from the AGE image
showed that the IDNA-30 remained sufficiently stable even after
48 h incubation (Figure SS). Additionally, IDNA-30 displayed
binding capability against SARS-CoV-2 RBD after being
pretreated with fetal bovine serum for 3 h (Figure S6) or stored
at 4 °C for 7 days (Figures S7 and S8). IDNA-30 also showed
superior binding ability against RBD in saliva with about a five-
fold signal-background ratio (Figure S9). This stability is likely
due to the dense spatial arrangement of aptamers in IDNA-30, as

well as the inherent electronegativity and nick-hidden strands of
ID. Such excellent stability of IDNA-30 indicates its promise as a
foundation for subsequent applications in complex biological
systems.

Study of the Binding Mode of SARS-CoV-2 Pseudovi-
rus with IDNA-30. Next, we investigated the interaction
between virions and IDNA-30 by imaging experiments. Cryo-
EM images showed S trimers with a nail-like shape embedded in
the envelope of SARS-CoV-2 pseudovn'us, consistent with a
previous study of authentic SARS-CoV-2*>" (Figures 2a and
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Figure 2. Characterization of the binding mode of SARS-CoV-2
pseudovirus with IDNA-30. (a) Cryo-electron microscopy (cryo-EM)
of SARS-CoV-2 pseudovirus bound with IDNA-30. Scale bar = 20 nm.
(b) Different time points of selected confocal frames from top row:
virus particles (red) incubated with IDNA-30 (green) and bottom row:
virus particles (red) at room temperature. Scale bar = 1 um. (c)
Confocal imaging. Top row: viral accumulation over time for the no-
inhibitor treated condition. Bottom row: viral entry inhibition over time
during IDNA-30 treatment. An eye symbol of cross-sections at each
time point represents the observation direction (along the dotted lines
in the abovementioned images). The cross-sections were reconstructed
from Z stacks with twenty images taken at different focal planes
(spacing: 1 um). Cell nuclei (blue), cell membrane (yellow), and virus
(red) were stained with Hoechst, Dil, and DiD, respectively. The white
arrows point to representative viral particles. (d) Representative images
of 293T-SARS-CoV-2-Spike-Del18-HA-OE(GFP) cells pretreated
without or with 15 nM IDNA-30 before co-culturing with ACE2-
transfected HEK293T cells for 48 h are displayed. The white arrows
point to representative syncytium formation. 293T-SARS-CoV-2-
Spike-Del18-HA-OE(GFP) and ACE2-transfected HEK293T cells
were defined as effector cells and target cells, respectively.

$10). Each IDNA-30 binds to more than one spike trimer in a
single virus (Figure 2a, up), and also can serve as a connector to
form a poly-viral complex (Figure 2a, bottom), suggesting the
role of multivalent receptor-ligand interaction. In detail, the
aptamers of IDNA-30 are bound with the S trimers and provide
steric hindrance against receptor binding (Figure SI1).
Therefore, this face-to-face blocking strategy not only achieves
spatial multisite synergy but also has the potential to deal with
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Figure 3. Assessment of pseudotyped SARS-CoV-2 neutralization assay. (a) Fluorescence images and (b) bar graph of infection efficiency for SARS-
CoV-2 pseudovirus treated with 1 nM ID, Apt, Antibody, IDNA-30, IDNA-RS, and IDNA-3. IDNA-3 and IDNA-30 were engineered with a
deterministic arrangement, while IDNA-RS was functionalized with aptamers randomly. The IDNA-N concentration was the corresponding

concentration of IDNA. (c) Pseudovirus neutralization curve of IDNA-30.

antigenic drift through spatial multisite locking to interrupt
subsequent viral invasion.

Two primary binding modes can be speculated based on
different ratios of particle concentration of virions incubated
with IDNA-30 (Figure S12). On one hand, even though S
trimers are distributed randomly and sparsely on the surface of
SARS-CoV-2,” in the case of (locally) low IDNA-30 to virion
ratio, IDNA-30 can serve as a connector, resulting in aggregation
of virions, which can slow the mobility rate of SARS-CoV-2. On
the other hand, at (locally) high IDNA-30 to virion ratio, some
virions are covered with IDNA-30, termed “dreamcatcher”,
which reduces the accessibility to host receptors. Confocal
images of unbound or IDNA-30-bound virions with the same
order of magnitude particle concentration were consistent with
the results of cryo-EM and TEM (Figures 2b and S12). The
aggregation phenomenon emerged gradually after virions were
incubated with a particle concentration of 2.5 times IDNA-30 at
room temperature for 30 min (Figures 2b and S13).
Remarkably, IDNA-30-bound virions exhibit marked size
expansion compared to free virions. Due to the increase of
mass, the larger nanoparticles display a lower range of movement
with slow mobility based on the Brownian motion principle.

To further explore the SARS-CoV-2 infection, we tracked the
entry of DiD-labeled SARS-CoV-2 pseudovirus into the host
cells by time-lapsed confocal imaging. Compared to unbound
virions, IDNA-30-bound virions flowed on the cell membrane,
reducing the binding of virions and cells, and even decreasing the
opportunity of entering cells over time (Figures 2c and S14).
Two main reasons are speculated to explain this phenomenon.
On one hand, larger complexes block the mobility of IDNA-30-
bound virions when they were introduced to cells. On the other
hand, considering negative charges from both DNA backbone
and virion surface proteins, viral entry inhibition may be
ascribed to the enhanced electrostatic repulsion between the
host cell and IDNA-30-bound virions. Additionally, there was no
obvious cell internalization even after incubation of IDNA-30
with cells at 37 °C for 4 h (Figure S15). Quantitative assay by
flow cytometry corroborated these results (Figure S16).

Moreover, we speculated another underlying mechanism that
IDNA-30 could interrupt the membrane fusion of SARS-CoV-2
spike-expressing cells and ACE2-expressing host cells. As the

energy-driven postfusion conformation is irreversible, the
infection process would be blocked for premature activation of
S trimer’s conformational changes for fusion.”® Therefore, we
constructed HEK293T cells expressing the SARS-CoV-2 Spike-
Dell8 protein and ZsGreen on the cell membrane (effector
cells) to obtain a macroscopic perspective of the receptor-
ligand-mediated cell—cell fusion. After mixing the effector cells
and ACE2-expressing HEK293T cells (target cells) at an
equivalent ratio, SARS-CoV-2 S trimers could trigger ACE2-
related membrane fusion without the inhibition of IDNA-30,
consistent with the plasma membrane fusion pathway of SARS-
CoV-2 reported previously’® (Figures 2d and S17). The
syncytium formation and weaker fluorescence intensity of
fused cells indicated the successful establishment of infection.
However, in the presence of IDNA-30, the decreased syncytium
revealed that cell—cell fusion tendency was significantly
weakened. In light of the abovementioned underlying
mechanism, IDNA-30 holds promise as an alternate SARS-
CoV-2 neutralizing reagent, rather than neutralization by the
aptamer itself.

In vitro SARS-CoV-2 Pseudovirus Inhibition. Next, to
demonstrate the inhibition of pseudovirus infection by IDNA-
30, we carried out a neutralization assay as displayed in Figure
S18. Owing to the multivalent collaboration and steric barrier
caused by IDNA-30, the neutralizing efficiency of IDNA-30
(82.8%) was ~7 times higher than the monomer aptamer’s
efficiency (12.1%) (Figure 3b, Apt). To demonstrate the
advantages of multivalent topologically patterned IDNA-30, we
designed two IDNA-N control groups, IDNA-3 (three aptamers
with coplanar precise distribution pattern, Figure S2, Table S1,
S2, S4) and IDNA-RS (five aptamers with random distribution
pattern, Figure S2). Neutralization by IDNA-30 exhibited much
higher potency than those of IDNA-3 (24.5%) and IDNA-RS
(49.7%) (Figure 3b) at the same structure concentration,
suggesting that the arrangement with higher density and more
number aptamers of IDNA-30 provides effective inhibition of
viral infection. Additionally, even with the same numbers of
aptamers, the neutralizing ability of single-stranded DNA with
three aptamers (TriApLinear, 27.0%) against pseudovirus was
inferior to those of IDNA-30 (82.8%) and tetrahedron DNA
nanostructure engineered with precisely positioned three
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Figure 4. Assessment of mutant pseudotyped and authentic SARS-CoV-2 neutralization assay. (a) Fluorescence bar graphs and neutralization potency
of pseudovirus SARS-CoV-2 (Omicron) treated with 15 nM Apt, Antibody, and IDNA-30. (b) Fluorescence bar graphs and neutralization potency of
pseudovirus SARS-CoV-2 with K417N/E484K/NS01Y mutations treated with 10 nM Apt, Antibody, and IDNA-30. (c) Fluorescence images and
neutralization potency of S nM Apt, Antibody, and IDNA-30 that target the pseudovirus SARS-CoV-2 with D614G mutation. (d) Images of IDNA-30
neutralization of authentic SARS-CoV-2 with D614G variant infection of Vero E6 cells. Up: Untreated; Bottom: 10 pM IDNA-30. The fixed cells were
stained with Hoechst dye (blue) for the cell nucleus and an anti-SARS-CoV-2 nucleocapsid antibody (red) for the virus.

aptamers (TriApTDN, 81.1%) (Figures S19 and S21a, Table
SS). Such superior neutralization of IDNA-30 and TriApTDN
might be ascribed to spatially patterned blocking and the steric
hindrance caused by the rigid stereoscopic framework.

Moreover, at the same concentration, a commercial
neutralizing antibody (Research Resource Identifiers number:
AB_2857935) showed inferior neutralization (68.0%) (Figure
3b). Instead of the infectious cell count in the images shown in
Figure 3a, measurement based on the overall fluorescence
intensity, neutralized pseudovirus SARS-CoV-2 exhibited a half-
maximal inhibitory concentration (ICy,) of 0.82aM, corre-
sponding to an inhibitory ability of 91.9% (Figure 3c), indicating
superior neutralization compared to previous antibody-based
neutralization (Table S6), bivalent aptamer,'* and the aptamer-
modified gold nanoparticles."> Collectively, by exploiting the
spatial multisite locking and rigid framework blocking, IDNA-30
is an alternative neutralizing nanoreagent for SARS-CoV-2.

In vitro Mutant Pseudotyped and Authentic SARS-
CoV-2 Inhibition. The evolution of SARS-CoV-2 is raising
broad concern, not only due to enhanced infectiousness but also
because the unlimited mutations could weaken the effectiveness
of certain neutralization antibodies or vaccines.”” New variants
tend to display the accumulation of multiple mutations to cope
with a changeable environment. Although the aptamer can still
bind to Omicron RBD (Figure S20), neither TriApTDN
(55.5%) nor TriApLinear (38.0%) displayed an effective
neutralization against Omicron pseudovirus (Figure S21b).
Remarkably, IDNA-30 displayed delightful neutralization
against Omicron pseudovirus with over 98.0% neutralization

efficiency (Figure 4a), having the potential to overcome the
dilemma that Omicron escapes the majority of existing SARS-
CoV-2 neutralizing antibodies.”” This might be attributed to
more spatially patterned aptamers introduced by IDNA-30 to
block collaboratively, which better compensates for the decrease
of monomer aptamer’s affinity caused by clustered mutations on
Omicron.*

Subsequently, we further probed the cases of the single
mutant (D614G) and triple mutant (K417N/E484K/NS01Y),
which have played pivotal roles in the viral invasion of SARS-
CoV-2 variants.”’ As expected, the inhibition ability of a
monomer aptamer was negligible in both cases, verifying the
limitations of single-point blocking encountered off-target. Even
with three aptamers, TriApLinear and TriApTDN displayed
inferior neutralizing effects against triple mutant pseudovirus
(Figures S21c). Moreover, the antibody exhibited relatively
reduced efficiency of neutralization against a single mutant
(Figures 4c), and almost complete loss of neutralizing effect
against multiple mutants (Omicron) (Figure 4a) and a triple
mutant (Figure 4b). This may be attributed to the antigen drift.
In contrast, IDNA-30 still demonstrated high potency against a
single mutant with 83.2% and a triple mutant with 90.4%
neutralization efficiency (Figure 4b,c).

With collaborative recognition by multivalent aptamers, larger
IDNA-30-bound virus complexes showed hindered invasion
speed. Simultaneously, the steric barriers caused by IDNA-30
blocked subsequent membrane fusion. It is also striking that 10
pM IDNA-30 displayed potent neutralization potency (85.5%)
against the authentic virions with D614G mutation (GenBank:
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MT835143.1) (Figure 4d). As previously reported, different
expression levels of spike protein and infection mechanisms may
lead to different neutralization effects of pseudovirus and
authentic viruses.”” " Additionally, compared with the un-
treated group, the fluorescence intensity of infectious cells of
IDNA-30 was relatively dim, suggesting that fusion of virus and
host membrane was prevented by IDNA-30. Cumulative
evidence shows that IDNA-30 exhibits excellent and robust
neutralization and has outstanding potential in developing novel
prophylaxis and therapeutic strategies to confront the COVID-
19 pandemic.

Finally, the safety of IDNA-30 was tested. Although any
foreign molecule may cause potential immunogenicity, DNA
nanostructures, in general, exhibit minimal toxicity, superior
biocompatibility, and low immunogenicity.”> >’ As expected,
the cytotoxicity of IDNA-30 was undetectable, even at a
concentration of 10 nM (Figure $22). Moreover, there was no
white blood cell response to IDNA-30 (Figure $23), negligible
change in the cytokine level of mouse plasma (Figure $24), and
normal histological results (Figure S25), demonstrating that
IDNA-30 is immunologically inert, which is conducive to the
development of subsequent practical applications.

B CONCLUSIONS

In summary, we designed an icosahedral DNA framework as a
rigid scaffold that is functionalized by neutralizing aptamers in a
controllable fashion to achieve spatially multisite binding for
inhibition of SARS-CoV-2 infection. Although many kinds of
icosahedra have been developed previously,'>** an icosahedron
with four helixes per side showed much higher structural
homogeneity, which provides ligands with more unequivocal
spatial pattern recognition domains. First, benefiting from the
rigid framework and high programmability, IDNA-30 displayed
excellent inhibitory ability by disrupting the process, which the
virus hijacks the host cellular receptor. Compared with a
disorderly group collaboration of aptamers, multiple aptamers of
the IDNA-30 are expected to achieve more efficient
neutralization in a controlled arrangement. Second, the spatial
multisite locking and steric hindrance by IDNA-30 facilitated
the inhibition of aptamers against the virus. The confined
conformational shift of S trimers shown by cell—cell fusion
indicates the broader neutralization by IDNA-30. Third, the
clusters formed by IDNA-30-bound viruses displayed slow
mobility during the infection process, possibly providing a
responsive window period for immune cells. Furthermore,
considering the excellent biocompatibility and biostability of
DNA nanostructures’***” and no obvious cytotoxicity of
IDNA-30, the clinical advance of this spatially patterned
neutralizing strategy could be accelerated after subsequently
evaluating the antiviral efficiency of IDNA-30 against Omicron
in vivo via intranasal/pulmonary delivery or injection similar to
neutralizing antibody (subcutaneous injection/intravenous
injection/intraperitoneal injection/multiple combined
ways). 90—

Overall, this programmable aptamer-integrated DNA nano-
structure provides an excellent choice for the prophylaxis and
postexposure therapy of SARS-CoV-2 or other viruses and
pathogens with defined antigen structures. Given the distinctive
structures and infectious mechanisms of various viruses, we
expect that more matched aptamers and customized DNA
nanostructures will be integrated to combat other viruses in the
future.
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