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by a DNA nano-assembly

Jialu Zhang,1 Yihao Huang,1 Miao Sun,1 Ting Song,1 Shuang Wan,1 Chaoyong Yang,1,2

and Yanling Song1,3,*
SUMMARY

The mechanical force between a virus and its host cell plays a critical
role in viral infection. However, characterization of the virus-cell me-
chanical force at the whole-virus level remains a challenge. Herein,
we develop a platform in which the virus is anchored with multiva-
lence-controlled aptamers to achieve transfer of the virus-cell me-
chanical force to a DNA tension gauge tether (Virus-TGT). When
the TGT is ruptured, the complex of binding module-virus-cell is de-
tached from the substrate, accompanied by decreased host cell-sub-
strate adhesion, thus revealing the mechanical force between
whole-virus and cell. Using Virus-TGT, direct evidence about the
biomechanical force between SARS-CoV-2 and the host cell is ob-
tained. The relative mechanical force gap (<10 pN) at the cellular
level between the wild-type virus to cell and a variant virus to cell
is measured, suggesting a possible positive correlation between
virus-cell mechanical force and infectivity. Overall, this strategy pro-
vides a new perspective to probe the SARS-CoV-2 mechanical force.
INTRODUCTION

SARS-CoV-2 and its emerging mutant strains are spreading worldwide. The SARS-

CoV-2 invasion into the host cell occurs in two vital processes: receptor (ACE2

[angiotensin-converting enzyme 2]) recognition by the spike protein (S protein) on

SARS-CoV-2 and subsequent conformational changes of the S protein to mediate

membrane fusion.1–5 Specifically, once a virion attaches to the host cell, the spike/

ACE2 binding induces a pulling force to accelerate the detachment of the S1 subunit

from the S2 subunit to rapidly form fusion machinery6 (Figure 1A). The accumulation

of this process causes the bending of the host cell membrane, exerting a tensile

force that inevitably impacts subsequent viral host recognition and invasion. There-

fore, the mechanism of SARS-CoV-2 infection is associated with complex mechanical

cues.
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Although the dissociation constant (Kd) of the spike-ACE2 interaction has been

widely studied,4,7,8 inconsistency between Kd value and infectivity has been found.6

To further understand the mechanism of SARS-CoV-2 infection, the interaction me-

chanical force of S protein and the ACE2/ACE2 expressed cell has been measured

by single-molecule force spectroscopy (SMFS), such as with magnetic tweezers

and atomic force microscopy.9–13 However, such specialized technical equipment-

based strategies are often limited by the necessity of skilled technical staff to pre-

pare functionalized probes.14–16 Moreover, holistic mechanical force characteriza-

tion of SARS-CoV-2 virus and host cells is still missing. Lack of knowledge of the over-

all mechanical force between SARS-CoV-2 and the host cell raises questions about
Cell Reports Physical Science 3, 101048, September 21, 2022 ª 2022 The Author(s).
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Figure 1. Measurement of the mechanical force of SARS-CoV-2 and host cell using Virus-TGT

(A) Schematic diagram of SARS-CoV-2 spike S1/S2 detachment and subsequent membrane fusion.

(B) The composition of Virus-TGT mainly includes the binding module and the tension gauge tether (TGT) module.

(C and D) Working principle of Virus-TGT under (C) low tension tolerance or (D) high tension tolerance.
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how tensile force affects viral infectivity, and whether the mechanical interactions of

SARS-CoV-2 and its variants are different.

Herein, we describe a platform for studying virus-cell infection strengths by

anchoring the virus with a multivalence-controlled aptamer. This allows mechanical

force transfer between the virus-cell complex to a DNA tension gauge tether (Virus-

TGT), enabling measurement of infection force between SARS-CoV-2 and its host

cell (Figure 1). Previous TGT-based mechanical force analytical platforms simulate

artificial biological membranes by conjugating the specific ligand to the tether-

modified surface.17–22 Thus, only the force between the specific ligand and receptor

cell can be measured, rather than the overall mechanical force of virus to cell. For the

first time, the Virus-TGT platform can measure the overall mechanical force between

SARS-CoV-2 and host cell, rather than remaining at protein-level analysis as previ-

ously reported (Table S3).6,9–13,23 The protein-level analysis only considers the

affinity between S protein and ACE2, but ignores the influence of viral membrane

deformation, spike number, and spike distribution on viral infectivity andmechanical

force. The overall mechanical force comprehensively involves the influence of many

factors, so this developed mechanical force measurement enables more accurate

comparison of the mutated strain/host cell interaction with that of the unmutated

virus and cell.
RESULTS AND DISCUSSION

Assembly and characterization of the binding module

The Virus-TGT is composed of two modules: the binding module and the TGT mod-

ule (Figure 1B). To transfer force from the virus-cell to the TGT, it is necessary to
2 Cell Reports Physical Science 3, 101048, September 21, 2022
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achieve a strong enough binding module to ensure that the virus and binding mod-

ule do not separate during the force transfer, i.e., the binding force between virus

and the binding module must be stronger than that of the virus and the cell. There-

fore, we applied a �5.8 nm tetrahedral DNA framework (TDF) as a multivalent linker

for an assembly of three SARS-CoV-2 aptamers.24 As a result of the TDF’s control-

lable multivalent topology,25 the synergetic effect of trivalent aptamers promotes

tight binding of SARS-CoV-2 to the cell, enabling stable formation of the binding

module-virus complex. Moreover, the valence-controlled binding module ensures

a homogeneous tensile force between the binding module and the virus, which is

essential for the final measurement.

The TGTmodule is formed by hybridizing the remaining pendant strand of TriApTDF

with the substrate-immobilized strand. To determine the virus-cell force, we used a

series of TGT modules with different defined pN-scale tensile forces26,27 (Figure S1).

Once the mechanical force between the virus and cell is higher than the tensile force

of the TGT module with low tension tolerance, the DNA tether will rupture, resulting

in the detachment of the virus-cell complex from the solid surface (Figure 1C). In

contrast, if the virus-cell mechanical force is smaller than that of the TGT module

with high tension tolerance, the DNA tether will remain, holding the virus-cell com-

plex on the surface (Figure 1D). Consequently, using a range of TGTs with tunable

tension tolerances, we can determine the overall mechanical force between the virus

and cell by counting the number of fluorescence-pre-stained cells retained on the

surface.

To construct a stable binding module that resists SARS-CoV-2 detachment during

force transfer, we designed a multivalent binding module by anchoring three

SARS-CoV-2 aptamers on the vertices of TDF (TriApTDF) with one-step self-assem-

bly based on the quantitative ratio. The stepwise assembly of the binding module

was characterized by agarose gel electrophoresis (AGE) analysis (Figures 2A and

S2), showing a relatively high yield of over 85%. To probe the precise stoichiometry

of aptamers on the binding module, we used a total internal reflection fluorescence

microscope (TIRFM) to analyze the co-localization and fluorescence intensity of the

aptamer labeled with different fluorophores. When the composition ratio of Alexa

488-labeled aptamer and Cy5-labeled aptamer was 2:1, the green dot was overlap-

ped with the red dot, showing twice green fluorescence intensity enhancement (Fig-

ure 2B). The fluorescence intensity was comparable at the same site when Alexa

488-labeled aptamer and Cy5-labeled aptamer were assembled in equal propor-

tions, indicating that aptamer assembly in TDF occurs with defined stoichiometry

(Figure 2B). Moreover, the morphology of the binding module showed tetrahedral

shape with four darker dots in cryoelectron microscopy images (Figure 2C), possibly

due to the cantilever design of trivalent aptamers and the extending strands. There-

fore, the successful formation of TriApTDF was consistent with controllable multiva-

lent topology, thus guaranteeing both multivalency and homogeneity of mechanical

forces between the binding module and the virus.

Characterization of the stable formation of the binding module-virus complex

To evaluate the binding stability between the binding module and virus, we first

analyzed the Kd values of TriApTDF to SARS-CoV-2 wild-type and two dominant

mutant receptor binding domains (RBDs). The Kd value of TriApTDF against wild-

type RBD (4.27 G 0.59 nM, Figure 3A), is comparable with the Kd value against

L452R/T478K mutant RBD of the Delta variant (6.59 G 1.58 nM, Figure 3B). In addi-

tion, TriApTDF tightly binds to the K417N/E484K/N501Y mutant RBD (three critical

mutations of the Beta variant), with a Kd value of 4.64 G 0.75 nM (Figure S3).
Cell Reports Physical Science 3, 101048, September 21, 2022 3



Figure 2. Assembly and characterization of the binding module

(A) AGE analysis of the stepwise assembly of the binding module.

(B) TIRFM images and co-localization fluorescence curve of the binding module consisting of an Alexa 488-tagged aptamer and a Cy5-tagged aptamer.

The light spots in the image enlarged to visualize the size of the original fluorophore, while their original sizes were at the nanometer level. Scale bar,

1 mm.

(C) Cryoelectron microscopy images and illustration of the binding module. Scale bar, 10 nm.
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Benefitting from the multivalent synergy of aptamers, these nanomolar dissociation

constant values indicate the outstanding binding adaptability of the bindingmodule

against SARS-CoV-2 variants. The reported Kd values of ACE2 and RBD/mutant

RBDs ranged from 30 to 150 nM,7,9,28,29 suggesting that the firm binding of binding

module-virus can be fulfilled theoretically due to the 10-fold increased binding

affinity.

To further rule out the potential dissociation of the binding module and the virus, we

employed a Cy5-labeled remaining pendant strand of TriApTDF to construct the

TGT module. First, we separately constructed two Virus-TGT platforms with low

and high tensile force tolerances (Figures 3C and 3D). Next, we added a constant

particle concentration of SARS-CoV-2 pseudoviruses before mechanical force inves-

tigation with ACE2-expressing HEK293T cells (Figures S4–S6). After removing and

rinsing the unbound cells (Figure S7), we analyzed the fluorescence images of

Cy5-labeled binding module and pre-stained host cells. When the mechanical force

between virus and cell was higher than the tensile force of TGT, the TGT was

ruptured and there were almost invisible spotty fluorescence signals of both DNA

and cells (Figure 3C), suggesting the complex of binding module-virus-cell was de-

tached from the substrate. In contrast, when the mechanical force between virus and

cell was lower than the tensile force of TGT, we observed that most Cy5-labeled

binding modules remained on the surface accompanied by the virus-related marked

cell adhesion (Figure 3D). As expected, formation of the virus-binding module was

stable. A TGT other than the virus-binding module was ruptured when the mechan-

ical force between virus and host cell was larger than the rupture force of TGT.
4 Cell Reports Physical Science 3, 101048, September 21, 2022



Figure 3. Characterization of the stable formation of binding module-virus complex

(A and B) The binding curve and dissociation constant of TriApTDF against SARS-CoV-2 RBD-beads

of (A) wild-type and (B) L452R/T478K mutant in binding buffer.

(C) Cy5-labeled binding module from substrate rupture induced by the interaction of ACE2-

expressing HEK293T cells and SARS-CoV-2 at the low tensile force of TGT; almost invisible cell

adherence on the substrate.

(D) Significant cell adhesion occurs as the TGT failed to rupture at high tensile force. Scale bar,

100 mm.
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Mechanical force measurement between SARS-CoV-2 and host cell

SARS-CoV-2 is a biosafety level 3 pathogen. To facilitate studies under routine lab-

oratory conditions, we utilized a SARS-CoV-2 pseudovirus that had previously been

shown to faithfully recapitulate features of virus infection.30 Using Virus-TGT, we

investigated the mechanical forces between SARS-CoV-2 pseudoviruses and host

cells. We obtained a set of force rulers consisting of a series of TGTs with defined

tensile forces (4.7, 9.6, 12, 23, 33, 43, and 56 pN) by DNA hybridization (Figure S1;

Tables S1 and S2). After pseudoviruses were incubated with binding module-func-

tionalized TGT and subsequent wash, we added host cells for another incubation.

Themechanical force-related cell binding events were evaluated after washing again

(Figure S7). Since it is difficult to accurately control the ratio of virus to binding mod-

ules, and the number of binding modules bound to each virus is similar, tensile force

of one TGT was used to represent the mechanical force in our work and in relevant

literature.17,21,26,27 As shown in Figure 4A, rare cell adhesion was observed at a ten-

sile force of 4.7 pN, while cells were obviously adhered with a force R9.6 pN,

demonstrating that the mechanical force between wild-type SARS-CoV-2 pseudovi-

rus and host cells ranged from 4.7 to 9.6 pN.

Since constantly emerging new SARS-CoV-2 variants circulate worldwide, study of

the mechanical force difference between varieties of variants and host cells is criti-

cally important to combat new variants. Compared with the mechanical force be-

tween wild-type and host cells, both the K417N/E484K/N501Y variant (three critical
Cell Reports Physical Science 3, 101048, September 21, 2022 5



Figure 4. Mechanical force and infectivity comparison between SARS-CoV-2 and host cells

(A–C) Images of ACE2-expressing HEK293T cells captured on a circular area modified with (A) wild-type, (B) K417N/E484K/N501Y variant, and (C) L452R/

E484Q/P681R variant SARS-CoV-2 and corresponding normalized fluorescence intensity (NFI) values versus a series of tensile forces. As the intensity of

the tensile force of 56 pN for each virus was regarded as 1, normalized fluorescence intensity values were obtained. Scale bar, 1 mm.

(D) Illustration of evaluation of the mechanical forces between SARS-CoV-2 and host cells by Virus-TGT.

(E–G) Comparison of infection efficiency of (E) wild-type, (F) K417N/E484K/N501Y variant, and (G) L452R/E484Q/P681R variant under the same particle

concentration. Scale bar, 50 mm. The error bars in each graph represent a standard deviation of three replicated experiments.
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mutations of Beta variant, Figure 4B) and the L452R/E484Q/P681R variant (three crit-

ical mutations of Kappa variant, Figure 4C) displayed higher mechanical forces with

the range of 9.6–12 pN. Compared with the wild-type, the relatively higher mechan-

ical force between the K417N/E484K/N501Y variant and the cell measured by Virus-

TGT was similar to that between RBD and cell using SMFS-based strategy (<10 pN),

revealing the promising application potential of Virus-TGT.11 The mechanical force

gap between wild-type and variants may be mainly attributed to the alterations of

amino acids and the number of S proteins per viral particle, indicating the potential

differences of new variants in infectivity and transmissibility compared with the wild-

type. Overall, we initially established a mechanical force analytical reference plat-

form to study the overall viral infection mechanical forces (Figure 4D).

Infectivity comparison of SARS-CoV-2 and its variants

To explore the relationship between mechanical forces and viral infection, we

determined the infectivity of wild-type, K417N/E484K/N501Y variant, and L452R/

E484Q/P681R variant pseudovirus against ACE2-expressing HEK293T cells under a

consistent particle concentration. Wild-type was determined as lower infectivity with

an efficiency of 45.0% (Figure 4E), while the K417N/E484K/N501Y and L452R/

E484Q/P681R variants displayed increased infection efficiency at 1.57-fold (70.8%, Fig-

ure 4F) and 1.51-fold (67.9%, Figure 4G), respectively. With Virus-TGT, we discovered

that these two variants with significantly enhanced infectivity both displayed higherme-

chanical forces when interacted host cells, suggesting the possible positive correlation

between mechanical force and infection efficiency. However, previous studies have

found that some mutant strains with the increased infectivity have similar binding

affinities to ACE2 as the wild-type.4,8,31 Taken together, the mechanical force of

SARS-CoV-2 and host cell better correlates with viral infectivity, in contrast to the S

protein-ACE2binding affinity, suggesting the essential role ofmechanical force in regu-

lating SARS-CoV-2 infection and may be a better predictor for viral infectivity.

Interaction between SARS-CoV-2 and host cell in CG simulations

To further demonstrate the above-mentionedmechanical force difference, we conduct-

ed dissipative particle dynamics (DPD) simulations based on the coarse-grained (CG)

model to probe the interaction energy between SARS-CoV-2 and an ACE2-expressed

cell (Figure S8). Due to the specific interaction between S protein and ACE2, the wild-

type (Figure 5A, Eb =�28.6 kJ/mol) and the L452R/E484Q/P681R variant (three critical

mutations in S protein of Kappa variant, Figure 5B, Eb =�41.0 kJ/mol) could bind to the

cell membrane in the final simulation. However, the enhancement of the interaction en-

ergy of wild-type and ACE2-embedded cell membrane occurred more slowly than that

of the L452R/E484Q/P681R variant SARS-CoV-2 as time evolved (Figure 5C).

Compared with the wild-type (�186 kBT), the interaction energy of the L452R/

E484Q/P681R variant and the ACE2-embedded cell membrane showed 1.66-fold

enhancement (�308 kBT) at the end of the simulation (Figure 5D). Aside from the

conformational transition of S protein caused by mutated amino acids, this difference

in interaction energy can likely be attributed to other factors, including membrane

bending.32 These interaction energy gaps further verified the relative differences ofme-

chanical forces of different typed SARS-CoV-2 and ACE2-expressed host cells.

In conclusion, leveraging a multivalence-controlled aptamer and a range of tethers

with tunable tension tolerances, we have developed a platform named Virus-TGT to

study the mechanical force between SARS-CoV-2 and its host cell. With multivalent

synergy and controllable assembly of superior aptamers, the virus can be firmly

grasped by the binding module, thus realizing the force transfer from cell-virus to

the TGTmodule, enabling study of viral infection mechanical force at the whole-virus
Cell Reports Physical Science 3, 101048, September 21, 2022 7



Figure 5. Interaction between SARS-CoV-2 and host cell in coarse-grained (CG) simulations

(A and B) Representative final snapshots of (A) wild-type and (B) L452R/E484Q/P681R variant SARS-

CoV-2 interacting with an ACE2-embedded cell membrane. Illustration of the interaction between

different S proteins and ACE2 on the right side of each figure. Eb, binding energy.

(C) Energy of wild-type or L452R/E484Q/P681R variant SARS-CoV-2 interacting with ACE2-

embedded cell membrane as function of time.

(D) Final energy of receptor-ligand interaction of wild-type (green bar) or L452R/E484Q/P681R

variant (blue bar) SARS-CoV-2 and ACE2-embedded cell membrane (n = 10). ***p < 0.001

(Student’s t test).
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level. Using Virus-TGT, we measured the holistic mechanical force between SARS-

CoV-2 and host cell, rather than remaining at protein-level analysis as reported

previously6,9–13,23 (Table S3). This overall mechanical force measurement avoids

the limitation of only considering the S protein-ACE2 affinity, and takes into account

the influence of other factors comprehensively. Accordingly, the developed strategy

provides direct evidence that the mutated strain has a stronger biomechanical

strength on the host cell rather than that of wild-type SARS-CoV-2. Using the

Virus-TGT and infectivity characterization, the positive correlation between viral me-

chanical force and infection efficiency was shown for the first time. Therefore, the

developed strategy holds great potential for deeper understanding of biomechan-

ical force during viral infection, which is conducive to in-depth exploration of the

infection mechanism and the impact of viral mutants. In addition, the developed

strategy can be used to evaluate the efficacy of neutralizing antibodies and other

neutralizing agents. Moreover, leveraging delicate DNA nanostructures and

superior aptamers,33–42 multifaceted efforts are expected to unravel the infection

mechanisms of more disease-causing pathogens.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Yanling Song (ylsong@xmu.edu.cn).
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Materials availability

All materials generated in this study are available from the lead contact without

restriction.

Data and code availability

This study did not generate any datasets. Any requests for data will be fulfilled by the

lead contact upon reasonable request.

Materials and reagents

His-tagged RBD-conjugated Ni beads were obtained from GE Healthcare (cat. 17-

5268-01). SARS-CoV-2 spike RBD-His recombinant protein (cat. 40592-V08B),

SARS-CoV-2 spike RBD (K417N/E484K/N501Y)-His recombinant protein (cat.

40592-V08H85), SARS-CoV-2 spike Delta RBD (L452R/T478K)-His recombinant

protein (cat. 40592-V08H90), and biotinylated ACE2 (cat. 10108-H08H-B) were ob-

tained from Sino Biological (China). ACE2-expressing HEK293T cells, pseudovirus-

SARS-CoV-2 (cat. FNV215), pseudovirus-SARS-CoV-2 (K417N/E484K/N501Y) (cat.

FNV3327), and pseudovirus-SARS-CoV-2 (L452R/E484Q/P681R) (cat. FNV3609)

were obtained from Fubio Biological Technology, Shanghai, China. Streptavidin

(SA) and (3-mercaptopropyl) methyldimethoxysilane (MPTS) were obtained from

Sigma-Aldrich. N-g-Maleimidobutyryl-oxysuccinimide ester (GMBS) was purchased

from Thermo Fisher Scientific (USA). DNA marker (20–500 bp, cat. 3420A) was pur-

chased from Takara. DNA marker (100–2,000 bp) and other common chemical re-

agents were purchased from Sangon Biotechnology, Shanghai, China. Binding

buffer was 0.55 mM MgCl2 in PBS (136.8 mM NaCl, 10.1 mM Na2HPO4, 2.7 mM

KCl, 1.8 mM KH2PO4 [pH 7.4]).

Preparation and characterization of the binding module

All DNA sequences shown in Table S1were synthesized andpurified byHPLC fromSan-

gon Biotechnology. Each DNA complex was obtained bymixing all component strands

with corresponding ratios in TMbuffer (20mMTris, 50mMMgCl2 [pH8.0]) (Table S2). In

a thermal cycler, the mixture solution was annealed by incubating at 95�C for 10 min,

then quickly cooled to 4�C for 20 min. Formation of all DNA nanostructures was char-

acterized by 2% AGE in 13 TBE (10 mMmagnesium acetate) at 100 V for 1 h. The yield

of DNA nanostructures was analyzed by Image J software. To obtain a series of the

complexes of binding module-TGT module, the binding module was separately incu-

bated with the substrate-immobilized strands (named 4.7, 9.6, 12, 23, 33, 43, 53, and

56 pN; Tables S1 and S2) at a final concentration of 1 mM at 37�C for 1 h.

Cryoelectron microscopy characterization

Four microliters of the binding module (400 nM) was placed on the glow-discharged

copper grid (cat. 01895-F, Lacey carbon, 300 mesh, copper, Ted Pella, USA) and

blotted for 3 s (blot force: �2; wait time: 1 s; blot total: 1; drain time: 0 s; tempera-

ture: 22�C; humidity: 100%). Subsequently, sample-loaded grids were rapidly frozen

in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). All grids were

observed on a cryoelectron microscope (Talos F200C G2, Thermo Fisher Scientific)

equipped with 4k 3 4k Ceta CCD (charge-coupled device) camera. The samples

were imaged at 200 kV with an absolute magnification of 57,0003.

TIRFM characterization

For fluorescence co-localization characterization of DNA nanostructures, 10 mL of

40 nM samples were applied onto the pre-cleaned cover glass slide and imaged

by TIRFM at 647 and 488 nm excitation. Molecular fluorescence co-localization

and fluorescence intensity were analyzed by Image J software.
Cell Reports Physical Science 3, 101048, September 21, 2022 9
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Cell lines and culture

ACE2-expressing HEK293T cells were cultured in high glucose DMEM (Gibco) sup-

plemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin so-

lution (Gibco). All cell lines used in this study were cultured at 37�C, 5% CO2.

Flow cytometry analysis

RBD-beads were obtained by the co-incubation of His-tagged RBD andNi-beads in 13

PBS (0.1 mol/L K2HPO4, 0.1 mol/L KH2PO4 [pH 8.0]) for 2 h. To obtain the binding

affinities of SARS-CoV-2 spike RBD (wild-type, K417N/E484K/N501Y, and L452R/

T478K) toward ligand (TriApTDF), RBD-beads were incubated with different concentra-

tions of Alexa 488-labeled ligands in 200 mL binding buffer at room temperature for

30 min. After washing twice and suspension in 200 mL binding buffer, the mean fluores-

cence intensity of beads was analyzed using flow cytometry (FACSVerse, BD). To eval-

uate the Kd values, themean fluorescence intensity (Y) and the concentration of ligands

(X) were fittedwith the following equation Y=Bmax3/(Kd +X) using SigmaPlot software.

SA slide chip modification

As shown in Figure S4, glass slides were ultrasonically cleaned by 10% glass deter-

gent. Subsequently, glass slides were ultrasonically cleaned with ultrapure water

before drying. As previously reported,43 glass slides were incubated with MPTS

(5% in ethanol) for 2 h after plasma treatment. Then, glass slides were rinsed with

ethanol before drying at 90�C for 0.5 h. Subsequently, fresh GMBS (0.5 mg/mL in

ethanol) was applied for 30 min. To prepare the SA slide chip, all glass slides were

incubated with SA (25 mg/mL in PBS) immediately for 2 h or overnight at 4�C after

washing once with ultrapure water and PBS. All modification processes were carried

out at room temperature except as noted in additional instructions.

Virus-TGT measurement

As shown in FigureS7, first, theSA slide chipwas incubatedwith3%BSA for 30min. Sec-

ond, the SA-Chip was washed with ultrapure water before blowing dry with N2. Next,

1.5 mL/spot of 1 mMsolutions of a series of the complexes of bindingmodule-TGTmod-

ulewas added to the surfaceof the chip for 45min, respectively. Afterwashingoncewith

PBS, approximately 106 particles/mL SARS-CoV-2 pseudovirus was plated for 1 h. Cal-

cein-dyed ACE2-transfected 293T cells were added to the pre-prepared functional

interface for 3 h after washing again with PBS. Next, the images of spots were acquired

with a fluorescencemicroscope (Nikon Ts2R-FL, Japan) after washing again. Finally, the

fluorescence intensities of all spots were evaluated by Image J software.

For the optimization of SARS-CoV-2 pseudovirus particle concentration (Figure S5),

1.5 mL/spot 100 ng/mL biotinylated ACE2 was added to the surface of the chip for

1 h. Next, dilutedgroups (105, 106, 107, and 108 particles/mL) were spotted for 1 h. Sub-

sequent procedures were carried out as mentioned above with one wash using PBS

between each step. All fabrication processes were conducted at room temperature.

For inducing DNA capture or rupture by the interaction of pseudovirus and ACE2-

expressing HEK293T cells, Cy5-labeled bindingmodule was chosen to verify the sta-

ble formation of binding module and virus. Next, fluorescence intensities of spots

were evaluated using a fluorescence microscope (Nikon Ts2R-FL, Japan).

SARS-CoV-2 pseudovirus infection assay

About 104 ACE2-expressing HEK293T cells were seeded into a 384-well plate for

culturing for at least 12 h. Then, different types of pseudoviruses with the same par-

ticle concentration were separately added to infect ACE2-expressing HEK293T cells.
10 Cell Reports Physical Science 3, 101048, September 21, 2022
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After 8 h co-incubation with pseudovirus, the culture medium was replaced with

fresh medium, and cells were cultured for an additional 48 h. Finally, after imaging

with a fluorescence microscope (Nikon Ts2R-FL), the infection efficiencies were eval-

uated by counting the infectious cells.
Construction of CG models in the simulations

To probe the interaction between SARS-CoV-2 and the host cell, we first constructed

several CGmodels based on different components. All components of 12 spike pro-

teins and 20 ACE2s are built base on CGMartini force field (v.2.1). For modeling the

cell membrane, two different lipids, DLPG and DOPC, were used in our simulation,

the CG lipid models were described in other articles.44–46 The head group of DPPC

was coarse grained to Qo, Qa, and Na beads, while the DPPG head group was CG to

P4, Qa, and Na beads, with one negatively charged. Considering the specific inter-

action between membrane protein ACE2 and SARS-CoV-2 spike protein, we used

structure-based elastic network models for subsequent analysis. Then, we intro-

duced a patterned cylinder representing ACE2 based on the protein crystal structure

(PDB: 1R4L). The cylinder consisted of a hydrophobic middle part and two specific

hydrophilic beads at the ends. In the simulation, the surface density of ACE2 on

the cell membrane was approximately 0.01 nm�2.

For modeling different typed SARS-CoV-2 viruses, we constructed a sphere of lipid

molecules with particle diameter of 90 nm and randomly assigned 12 spike proteins

on the sphere.47 For comparison of the differences of wild-type and variant SARS-

CoV-2 virus interaction with host cells, we further constructed the CG model of

the spike protein based on the protein crystal structure of the wild-type (PDB:

7DDN) and the L452R/E484Q/P681R variant (PDB: 7VXE).
Dissipative particle dynamics simulations

In this study, we carried out a CG simulation technique, named dissipative particle

dynamics (DPD). Utilizing hydrodynamic interaction, the elementary units depended

on Newton’s equations of motion in the DPD simulations. To distinguish the

hydrophilic and hydrophobic property of each bead, the repulsive parameter aii in

conservative force as 25 kBT/rc was assigned for any two beads of the same type,

while aij = 100 kBT/rc was assigned for any two beads of different types.

As previous work reported,48 we introduced coulomb force into our DPD simulations

to include electrostatic interaction between charged beads. To simulate the recep-

tor-ligand-specific interaction, the Lennard-Jones potential was applied with a

strength of 15.0 kBT. Furthermore, to ensure the integration of proteins on each

membrane, the harmonic spring interaction F
!

s = �ks(1 � ri, i+1/l0) e!i, i+1 (ks is the

spring constant and l0 is the equilibrium length and the parameters ks = 128 kBT,

l0 = 0.5rc) was used between neighboring beads in a single molecule. In addition,

a three-body bond angle potential Ua = ka (1-cos (4�40)) was applied to depict

the rigidity of lipid tails (ka = 10.0 kBT and 40 = 180�) and spike trimer protein

(ka = 2.0 kBT, 40 = 180�), where 4 is the angle formed by three adjacent beads in

the same molecule and 40 is the equilibrium value of the angle.

The simulations employed the velocity-Verlet integration algorithm and the integra-

tion time step Dt = 0.02t. Moreover, the cutoff radius rc, bead mass m, and energy

kBT were chosen as the simulation units. All simulations were conducted in the NVT

ensembles. We also adopted the periodic boundary conditions in three directions.

All simulations in this study were performed by the Martini model in gromacs.
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