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Abstract: Natural ligand-receptor interactions that play pivotal roles
in biological events are ideal models for design and assembly of arti-
ficial recognition molecules. Herein, aiming at the structural charac-
teristics of the spike trimer and infection mechanism of SARS-CoV-2,
we have designed a DNA framework-guided spatial patterned neutral-
izing aptamer trimer for SARS-CoV-2 neutralization. The ~5.8 nm tet-
rahedral DNA framework affords precise spatial organization and
matched valence as four neutralizing aptamers (MATCH-4), which
matches with nanometer precision the topmost surface of SARS-CoV-
2 spike trimer, enhancing the interaction between MATCH-4 and spike
trimer. Moreover, the DNA framework provides a dimensionally com-
plementary nanoscale barrier to prevent the spike trimer-ACE2 inter-
action and the conformational transition, thereby inhibiting SARS-
CoV-2-host cell fusion and infection. As a result, the spatial and va-
lence-matched MATCH-4 ensures improved binding affinity and neu-
tralizing activity against SARS-CoV-2 and its varied mutant strains,
particularly current Omicron variant that are evasive of the majority of
existing neutralizing antibodies. In addition, because neutralizing ap-
tamers specific to other targets can be evolved and assembled, the
present design has the potential to inhibit other wide-range and
emerging pathogens.

Introduction

The outbreak of SARS-CoV-2 and its variants has underscored
the need to rapidly generate specific recognition and treatment
strategies against novel pathogens.! SARS-CoV-2 presents the
unique conformational pattern and transition of the spike trimer,
which allow SARS-CoV-2 to bind strongly to host receptor ACE2
via the receptor-binding domain (RBD) on spike protein. Specifi-
cally, in uninfected cells, the majority of the spike trimers are in a
tightly closed state, and only a minority is in the intrinsically tran-
sient open state with one up RBD representing a fusion-prone

state. Once the up RBD is trapped by host ACE2, the associated
ACE2-RBD complex swings continuously on the topmost surface
of the spike trimer to release the constraints imposed on the fu-
sion machinery, thereby promoting virus-cell membrane fusion
and viral infection.?! Therefore, a neutralization strategy that ef-
fectively binds to all three RBDs on the spike trimer will block the
ACE2-RBD interaction and subsequent conformational transition,
thus achieving an ideal therapeutic effect for COVID-19. F!

Precise and efficient natural recognition is often based on the
formation of a complementary pair with series non-covalent bonds
and the achievement of the proper interfacial contact. For exam-
ple, homo-trimeric tumor necrosis factor recruits three tumor ne-
crosis factor receptors to form a complex for immune responses
and inflammation.™ Inspired by the spatial distribution and va-
lence-matched multivalent ligand-receptor interaction, we engi-
neered a multivalent aptamer trough a tetrahedron-conforma-
tional DNA holder (MATCH), to achieve a neutralizing reagent tri-
mer for efficient blocking of SARS-CoV-2 infection via binding to
three RBDs of the spike trimer.

Neutralizing antibodies show great potential for direct-acting
and immediate therapy. ¥ However, exact matching of the three-
dimensional structure of spike-trimer is difficult to achieve without
major costs in yield and quality.®! In contrast, single-stranded nu-
cleic acids to neutralize SARS-CoV-2, also known as neutralizing
aptamers, offer a parallel strategy to rapidly produce potent anti-
viral reagents for passive immunization.[ Watson-Crick base
pairing results in straight-forward programmability of neutralizing
aptamers, thus allowing aptamer-target interaction in a quantita-
tive manner by specific shape and precise valence assembly.®lIn
addition, aptamers have favorable chemical and biological prop-
erties, including small size, high thermostability, low immunogen-
icity and deep tissue penetration.[®! Therefore, aptamers have
unigue advantages over neutralizing antibodies in several as-
pects and can be engineered as a topologically matched neutral-
izing reagent for SARS-CoV-2 via DNA nanotechnology. 1%
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Scheme 1. The mechanism of MATCH strategy for SARS-CoV-2 neutralization.
(A) Diagram of trimetric spike protein (PDB code 7KDJ). The three RBDs are
depicted in grey, pink, and green, respectively. The representative amino acid
residues involved ACE2 binding are indicated in red. (B) A tetrahedral DNA
framework based on four neutralizing aptamers (MATCH-4). (C) The mecha-
nism of SARS-CoV-2 neutralization by MATCH-4.

Given that the RBD-RBD distance is ~5 nm on the topmost sur-
face of the spike trimer resembling as an equilateral triangle
(Scheme 1A), we strategically designed the MATCH architecture
as multivalently arranged neutralizing aptamers in a 2D pattern
complementary to an equilateral triangle conformation of the
spike trimer (Scheme 1B). Specifically, a ~5.8 nm tetrahedral
DNA framework was used as the scaffold to orthogonally anchor
aptamers targeting RBDs of the spike trimer. The resultant de-
signs are called MATCH 1-4 with precise spatial organization and
quantitative aptamer number. Each side of MATCH-4 has three
pieces of neutralizing aptamer arranged in the shape of a ~5.8 nm
equilateral triangle (Scheme 1C). Compared to a monomeric ap-
tamer, MATCH-4 with well-matched structure enables spatially
patterned multivalent interaction capable of binding three RBDs
of spike trimer by three neutralizing aptamers. Moreover, the DNA
framework of MATCH-4 also provides a dimensionally comple-
mentary nanoscale barrier to prevent the interaction of spike tri-
mer-ACE2 receptor and the conformational transition of the spike
trimer, thus further inhibiting SARS-CoV-2-host cell fusion and in-
fection. With the dual blocking MATCH strategy of spatially pat-
terned multivalent aptamer binding and steric hindrance of DNA
nanostructure, MATCH-4 is expected to inhibit SARS-CoV-2 in-
fection with high efficiency and to serve as a model for the devel-
opment of new neutralization mechanisms for possible future pan-
demics.

Results and Discussion

Characterization of MATCH-n. To construct MATCH assemblies
with a series of valence states, we orthogonally anchored the neu-
tralizing aptamers on the tetrahedral DNA framework according to
the quantitative ratio to generate MATCH 1-4. The successful as-
sembly of MATCH 1-4 was confirmed by polyacrylamide gel elec-
trophoresis (PAGE) (> 75% yield, Figure 1A&S1). To further ana-
lyze the stoichiometry of MATCH 1-4, we characterized the va-
lence of MATCH 1-4 containing gold-nanoparticle modified ap-
tamers by transmission electron microscopy (TEM). As shown in
Figure 1B, the number of gold-nanopatrticles attached to aptamers
extending from the framework is controllable, indicating the suc-
cessful quantitative construction of MATCH 1-4. Additionally,
cryo-electron microscopy images showed the morphology and
size of MATCH-4 (Figure 1C), further confirming the formation of
the tetrahedral DNA structure.
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Figure 1. Characterization of MATCH-n. (A) PAGE characterization of tetrahe-
dral DNA framework (TDF) and MATCH 1-4. (B) TEM images of the MATCH-n
assembled with quantitative AUNPs (5 nm). Scale bar: 20 nm. (C) The topolog-
ical structure characterization of MATCH-4 by cryo-electron microscopy. Scale
bar: 20 nm.

Binding of MATCH-n against SARS-CoV-2 Spike Trimer.
Changes in valence affect the interaction of MATCH-n assembly
and SARS-CoV-2 spike trimer (Figure 2A), which will lead to dif-
ferent inhibition effects on virus infection. The Ky (dissociation
constant) values of MATCH 1-4 against SARS-CoV-2 spike trimer
vary inversely with the number of aptamers at vertices. MATCH-
4 shows the smallest K4 value of ~2.4 nM (Figure 2B), which is
~8.2-fold lower than that of MATCH-1, indicating significantly im-
proved binding affinity. With the inability to form multivalent bind-
ing, MATCH-1 (or free RBD aptamer) will easily dissociate from
the RBD, so it is difficult to bind to three RBDs within one spike
trimer at the same time. In contrast, with their well-matched va-
lence and topological structures, MATCH-3 and MATCH-4 exhibit
significantly improved binding affinities probably due to the active
prompted-aptamer-RBD binding events in the presence of an ap-
tamer bound to an RBD monomer, making it more likely that all
three RBDs are bound by three aptamers assembled on MATCH-
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Figure 2. (A) Flow cytometry analysis of the binding of MATCH-n with spike-
trimer of SARS-CoV-2. (B) Binding curves and dissociation constants of
MATCH-n against spike-trimer of SARS-CoV-2.

Molecular Docking and Molecular Dynamics Simulations. To
further understand the mechanism of the valence and topological
matching interaction, we performed molecular docking and mo-
lecular dynamics simulations (MDS) to study the detailed interac-
tions of MATCH-n and spike-trimer (Figure S2). Considering the
computational complexity, the 3D-structures of MATCH 1-4 were
simplified as a 5.8 nm equilateral triangle with 1-3 aptamers at the
vertices: 1-aptamer for MATCH-1, 2-aptamer for MATCH-2, 3-ap-
tamer for MATCH-3 and MATCH-4. Consistent with the K4 values,
the absolute values of the simulated binding free energy change
for the n-aptamer and spike trimer increased with the increase of



the number of assembled aptamers. Interestingly, the 3-aptamer
and spike trimer complex displayed an approximately 4-fold (not
3-fold) negative binding free energy change (-271 Kcal/mol), com-
pared to that of the 1-aptamer and spike trimer complex (-67
Kcal/mol). The enhancement of binding energy above the multiple
of valence states indicates that the clustered aptamer-spike bind-
ing is not a simple sum of the several individual aptamer-spike
bindings, but that there is a synergistic effect for each individual
aptamer-spike binding. As shown in Figure 3, compared to 1-ap-
tamer-binding, 3-aptamer showed not only three binding events,
but also that the number of bases involved and the absolute value
of the overall binding energy increased (Figure 3). Based on the
experimental and simulation results, MATCH-4 has the best bind-
ing affinity against spike trimer; so MATCH-4 was chosen for anti-
virus infection.
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Figure 3. The results of molecular dynamics simulations of (a) 1-aptamer (b) 2-
aptamer (c) 3-aptamer. Histogram plot showing the interaction energy between
1-,2-,3-aptamer nucleotide (NT) and spike-trimer. The blue nucleotides were
predicted to inhibit RBD-ACE2 interaction.

MATCH-4 Prevention of SARS-CoV-2 Pseudovirus from En-
tering HEK-293T-ACE2 Cells. To validate the interaction be-
tween MATCH-4 and SARS-CoV-2, a pseudotyped lentiviral
packaged with the spike trimer gene of SARS-CoV-2 was chosen
as SARS-CoV-2 pseudovirus. Cryo-electron microscopy (Cryo-
EM) imaging was carried out to directly show the interaction be-
tween MATCH-4 and the SARS-CoV-2 pseudovirus. As shown in
Figure 4A, MATCH-4 looks like a nanoscale “hat” which wraps
over the spike trimer of the pseudovirus. Thus MATCH-4 both en-
ables topologically programmed multivalent aptamer binding, and
also provides appropriate steric hindrance of DNA framework to
further block the spike-trimer and ACE2 interaction.

Time-lapsed, live confocal imaging was further applied to
demonstrate that MATCH-4 prevents SARS-CoV-2 pseudovirus
from entering the host cells.*Y] The pseudovirus was labeled with
DiD (red), and MATCH-4 was labeled with Alex 488 fluorophore
(green). When the red pseudovirus and green MATCH-4 co-local-
ized, the merged signals appeared yellow. The finer details be-
tween labeled MATCH-4 can be resolved when viewing the sep-
arate fluorescence channels (Figure S3). Pseudovirus either pre-
treated with MATCH-4 or untreated was introduced to pre-stained
ACE2-expressing HEK-293T cells. In the untreated situation, the
accumulated pseudovirus bonded and entered the host cells over
time. In the cells pretreated with MATCH-4, pseudovirus accumu-
lation was drastically reduced, and, even if some pseudoviruses
reached the host cell, no obvious virus signal was observed from
the cells over more 1.5 hours. Overall, these results established
that MATCH-4 can bind to SARS-CoV-2 pseudovirus and prevent
SARS-CoV-2 pseudovirus from infecting host cells.
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Figure 4. (A) Cryo-EM imaging of MACTH-4 binding with pseudovirus. Scale
bar: 20 ym. (B) Time-laped, live confocal imaging. Top row: pseudovirus accu-
mulated to enter the host cells without treatment with unblocking agent. Bottom
row: MATCH-4 pre-block pseudovirus entering cells. Scale bar: 20 ym. (C)
MATCH-4 block ACE2-293T and Spike-293T cell fusion. ACE2-293T were dyed
with Hoechst and Spike-293T were transfected with GFP. Scale bar: 200 ym.

MATCH-4 Inhibition of 293T-ACE2 and 293T-Spike Cell-Cell
Fusion. In addition to the interaction of spike trimer and ACE2,
the conformational transition of trimeric-spike from a closed state
to an open state is another crucial step associated with infec-
tion.*2 Since MATCH-4 provides three spatially matched ap-
tamers that can occupy three RBDs on spike trimer, and the DNA
framework will further restrict the swing motions of spike trimer,
MATCH-4 may inhibit SARS-CoV-2 fusion with the target cells. To
investigate this, we used a SARS-CoV-2 spike-mediated cell-cell
fusion assay, which is widely used to study virus and targeted cell
fusion.[?l 293T cells that can stably express SARS-CoV-2 spike
protein (293T-S) and GFP was used as the effector cells while
293T cells that express ACE2 (293T-ACE2) was chosen as the
target cells. After 293T-S and 293T-ACE2 cells were co-cultured
for 24 h with or without MATCH-4 treatment, the number of 293T-
S cells fused with 293T-ACE2 cells was counted. Compared to
the group without MATCH-4 treatment, the fusion between 293T-
S and 293T-ACE2 cells was significantly blocked by MATCH-4
(Figure 4C). In detail, the groups of untreated and PBS treated
293T-S cells could fuse with 293T-ACE?2 cells to form large syn-
cytia which could be easily observed by merging fluorescent im-
ages, while a smaller and less syncytium was shown when 293T-
S were co-cultured with 293T-ACE2 cells in the presence of
MATCH-4. This result indicates that MATCH-4 inhibits 293T-
ACE2 and 293T-S cell-cell fusion, leading to reducing of spike tri-
mer-ACE2 complex formation and the subsequent conformational
transition of spike trimer.

Pseudotyped SARS-CoV-2 Neutralization. We then evaluated
the inhibition ability of MATCH-4 by the pseudovirus neutralization



assay. The SARS-CoV-2 pseudovirus RNA genome contains lu-
ciferase and GFP gene. Thus, virus-mediated infection can be de-
termined via intracellular GFP or bioluminescence intensity.
Briefly, the SARS-CoV-2 pseudovirus was incubated with differ-
ent inhibitors and the percentage of remaining infected cells was
evaluated by GFP imaging.

The average inhibition efficiencies of MATCH-3 and MATCH-4
at 5 nM were ~82% and ~88%, respectively, both similar to a com-
mercial neuralization antibody (87%, Research Resource Identifi-
ers Number: AB_2857935) at the same dose (Figure 5A-B). In
correlation with the Kq results, the MATCH-1 and MATCH-2 pro-
vided a relatively lower inhibitory effect, with inhibition efficiency
of ~74.3% and ~79.1%, respectively. It's noteworthy that the mon-
omer aptamer exhibits much poorer inhibition (~22.2%) than
MATCH-1. Simialry, the inhibition efficiency of MATCH-2 is obvi-
ously better than that of the previous circularly bivalent aptamer
[7a] at the same concentration (Figure 5A & Figure S4), even
though they have the same valence state. This respectively sub-
stantial boosts suggest that the nanostructured steric hindrance
of DNA framework, as well as spatial and valence matched inter-
action of the aptamer-spike, both of which can significantly help
with antiviral infection. Moreover, MATCH-4 exhibited a high in-
hibitory activity with a half-maximal inhibitory concentration (ICsg)
of 0.15 nM (Figure 5C), which is about several times smaller than
that of several reported neutralization antibodies and the circularly
bivalent aptamer.[7] In addition, the selectivity of MATCH-4 was
investigated. Similar to the reported monomer aptamer, MATCH-
4 recognizes the spike protein of SARS-CoV-2, but does not bind
to RBD/Spike or the key proteins of Mers, HKU and HIV pseudo-

typed viruses (Figure 5D).
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Figure 5. Pseudovirus inhibition by MATCH-n. (A) Fluorescence images and (B)
statistical results of cell medium, monomer aptamer, TDN, MATCH-n and neu-
tralization antibody inhibitions of SARS-CoV-2 pseudovirus infection ACE2-ex-

pressing HEK-293T. The concentration of these neutralizing reagents was 5 nM.

Scale bar: 50 pm. (C) ICso curve assessed by MATCH-4 blocking pseudovirus
SARS-CoV-2. (D) Selectivity of MATCH-4 against RBD/Spike or key protein of
viruses (SARS-CoV-2, SARS-CoV, Mers, HKU, HIV).

Mutated Pseudotyped SARS-CoV-2 Neutralization. Recently,
several new SARS-CoV-2 mutated variants have been rapidly
spreading around the world, showing higher transmissibility and
are less susceptibility to some existing treatments or vaccines. 3l
In particular, the SARS-CoV-2 B.1.1.529 variant (Omicron) con-
tained 15 mutation on the RBD, is reported can escape the ma-
jority of existing neutralizing antibodies against SARS-CoV-2.124
Therefore, there is an urgent need to develop versatile strategies
that can respond to different mutant strains.

With improved binding affinity and dual blocking mechanism,
MATCH-4 is predicted to have a higher mutation-resistant escape
ability compared to monovalent aptamer. As hypothesized,
MATCH-4 retains both binding capability (Figure S5-7) and > 85%
neutralization efficiency against several current prevalent mutant
strains, including D614G, K417N: E484K: N501Y, L452R: E484Q:
P681R and Omicron mutant pseudovirus (Figure 6). For example,
91% of the multi-site mutant pseudovirus (L452R: E484Q: P681R)
that mimics the dominant circulating Delta strain, was blocked by
MATCH-4 from infecting host cells, displaying much higher po-
tency than the monomer aptamer and the neutralizing antibody
(Figure 6G). For another current epidemic strain, Omicron variant
with 15 mutations on the RBD, MATCH-4 achieved nearly 100%
neutralization (Figure 6H). Overall, MATCH-4 showed generally
good neutralization effect against a variety of mutant strains, with
higher inhibition rates than that of the corresponding monomer
aptamer and the neutralization antibody.
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Figure 6. Images of monomer aptamer, MATCH-4 and neutralization antibody
block (A) D614G, (B) K417N & E484K & N501Y, (C) L452R & E484Q & P681R
and (D) Omicron mutation variant pseudovirus SARS-CoV-2. Average inhibition
efficiency against (E) D614G, (F) K417N & E484K & N501Y, (G) L452R &
E484Q & P681R and (H) Omicron mutation variant pseudovirus SARS-CoV-2.
Scale bar: 50 um. The concentration of MATCH-4 and the antibody is a quarter
of the monomer aptamer.

Authentic SARS-CoV-2 Neutralization. Having demonstrated
the enhanced neutralization capacity and suppressed mutational
escape of MATCH-4, we tested its inhibitory activity against au-
thentic SARS-CoV-2 with D614G mutation (GenBank:
MT835143.1). The infected cells were identified using a compre-
hensive image analysis, consisting of staining with Alexa
Fluor594-conjugated anti-nucleocapsid protein antibody for
SARS-CoV-2 virus and Hoechst for DNA content of Vero EG6 cell.
As shown in Figure 7, more than 85% Vero E6 cells without
MATCH-4 treatment were infected, while only about 26% of the
cells were infected in the samples treated with MATCH-4. It is
noteworthy that most of the viral fluorescent signals with MATCH-
4 treatment were on the infected cell membrane, and the intensity
and area of viral signal in the cytoplasm were far less than those
in the infected cells without MATCH-4 treatment, indicating that,
although MATCH-4 could not completely prevent the authentic



SARS-CoV-2 infection, it could still reduce the infection degree of
the viruses.
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Figure 7. Images of MATCH-4 neutralization of authentic SARS-CoV-2 infection
of vero E6 cells and average inhibition efficiency by 1.2 nM MATCH-4. Scale
bar: 50 ym.

To further demonstrate the potential of MATCH-4 for the treat-
ment of SARS-CoV-2, the stability and biocompatibility of
MATCH-4 were investigated. MATCH-4 is stabe after storage at
4°C for 15 days and demonstrated a decreased rate of degrada-
tion (Figure S8). When testing the safety of MATCH-4, the viability
of cells was found unaffected by MATCH-4. More importantly,
MATCH-4 did not elicit obvious cell cytotoxicity (Figure S9) nor
immune response in vivo (Figure S10-11). Furthermore, MATCH-
4 did not bind to white blood cells (Figure S12), suggesting no
antibody dependent enhancement mediated by Fc fragment.[t8l
Taken together, the potent inhibition efficiency of MATCH-4
against SARS-CoV-2 through synergetic spatially matched topo-
logical multivalent binding and steric hindrance, exhibits excellent
stability, biosafety and immunogenicity suggesting that MATCH-4
offers great potential for therapeutics of COVID-19 and other cur-
rent or emerging coronaviruses.

Conclusion

In conclusion, considering the structural characteristics of spike
trimer and the infection mechanism of SARS-CoV-2, we have de-
signed a DNA framework-guided spatially patterned multivalent
neutralizing aptamer targeting SARS-CoV-2 neutralization. First,
the well-matched topological structure and precise control of the
neutralization aptamer organization contribute to significant im-
provement in binding affinity and neutralization activity. The neu-
tralization effect of MATCH-2 aginat SARS-CoV-2 pseudovirus is
better than that of the circularly bivalent aptamer at the same DNA
concertation [7a], even each of them contain two aptamers. More-
over, the spatial and valence matched neutralizing aptamer as-
sembly of MATCH-4 avoids the large amounts of wasted disorder
aptamers of spherical neutralizing aptamer [10c]. Second, attach-
ment of DNA framework to the RBD-ACE2 binding interface fur-
ther inhibits SARS-CoV-2 infection because of the steric hin-
drance from the ~5 nm DNA structure. As a result, compared to
the monomer aptamer, the double blocking mechanism of spa-
tially patterned multivalent binding ensures effective neutralizing
activity of MATCH-4 against wild type SARS-CoV-2 and its mutant
strains, particularly Omicron variant that is evasive of neutralizing
antibodies in the current pandemic. In addition, as binders specific
to other targets can be evolved and assembled, the present de-
sign has the potential to inhibit wide-range and emerging patho-
gens.
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Aiming at the structural characteristics of the spike trimer, we design a DNA framework-guided spatial patterned neutralizing aptamer
trimer for SARS-CoV-2 neutralization. With advantages of the spatial and valence matched interaction of aptamer-spike, and dimen-
sionally complementary nanoscale barrier of DNA framework, this strategy can inhibit the infection of SARS-CoV-2 and its varied mutant
strains, particularly current Omicron variant.



