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ABSTRACT: Anti-spike neutralizing antibodies (S NAbs) have been
developed for prevention and treatment against COVID-19. The
nanoscopic characterization of the dynamic interaction between spike
proteins and S NAbs remains difficult. By using high-speed atomic force
microscopy (HS-AFM), we elucidate the molecular property of an S NAb
and its interaction with spike proteins. The S NAb appeared as monomers
with a Y conformation at low density and formed hexameric oligomers at
high density. The dynamic S NAb−spike protein interaction at RBD
induces neither RBD opening nor S1 subunit shedding. Furthermore, the
interaction was stable at endosomal pH. These findings indicated that the
S NAb could have a negligible risk of antibody-dependent enhancement.
Dynamic movement of spike proteins on small extracellular vesicles (S sEV) resembled that on SARS-CoV-2. The sensitivity of
variant S sEVs to S NAb could be evaluated using HS-AFM. Altogether, we demonstrate a nanoscopic assessment platform for
evaluating the binding property of S NAbs.
KEYWORDS: SARS-CoV-2 spike protein, SARS-CoV-2 spike nanoparticle, receptor-binding domain, antispike neutralizing antibody,
antibody-dependent enhancement, high-speed atomic force microscopy, nanoimaging

More than 500 million cases of coronavirus disease 2019
(COVID-19) have been registered worldwide.1 Severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
suppresses the host immune response to make infected people
asymptomatic (reviewed in ref 2), and this promotes mass
infection that drives the virus to evolve rapidly. The spike (S)
protein of SARS-CoV-2 not only mediates viral entry but also
triggers the host immune response to produce anti-spike
neutralizing antibodies (S NAbs). Therefore, because of
selection pressure, alterations within S proteins of SARS-
CoV-2 variants frequently occur, predominantly in the
receptor-binding domain (RBD) and the N-terminal domain
(NTD). For example, alterations in the RBD (K417N, L452R,
and T478 K) and NTD (T19R, G142D, Del 156−157,
R158G) of the Delta variant (B.1.617.2) enhance viral
transmissibility and promote immune escape (reviewed in ref
3). The Delta variant has greater resistance than the Alpha
variant (B.1.1.7) to the Pfizer/BioNTech BNT162b2 mRNA
vaccine (88% vs 93.7%).4 COVID-19 mRNA vaccines
(BNT162b2 and Moderna mRNA-1273) take 2−4 weeks to
confer peak immunity;5 however, the durability of protection
only lasts 1−8 months after the second dose.5,6 As a result,
multiple booster doses of COVID-19 mRNA vaccine are
required to protect effectively against COVID-19.
Now, S NAbs specific to RBD or NTD can be identified via

high-throughput screening of antigen-specific B cells isolated

from convalescent COVID-19 patients (review in ref 7). In
addition to COVID-19 mRNA vaccines, these S NAbs could
rapidly provide passive immunity for prevention and treatment
against COVID-19 (review in ref 7). Conceptually, S NAbs
prevent SARS-CoV-2 entry by blocking S protein interaction
with its receptor, the angiotensin-converting enzyme 2
(ACE2). Nonetheless, some S NAbs exhibit antibody-depend-
ent enhancement (ADE) by promoting S1 subunit shedding
after the antibodies bind to all three RBDs.8 S1 subunit
shedding exposes the S2 subunit for proteolytic cleavage of the
S2′ site to initiate membrane fusion.9 These findings imply that
real-time observations of dynamic S NAb−S protein
interactions at a nanoscopic level could be essential to evaluate
the ADE risk. Unfortunately, the temporal resolution of cryo-
EM is insufficient to achieve this goal. Furthermore,
interactions between Fab fragments and S proteins in cryo-
EM imaging often ignore the importance of antibody bivalency
and the Fc region. The whole antibody (IgG1) and Fab
fragment demonstrate different outcomes in both S protein
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neutralizing and enhancing antibodies. For example, Asarnow
et al. reported that the whole 5A6 antibody but not its Fab
fragment prevented cell syncytium formation.8 In contrast, Liu
et al. found that the bivalent binding of NTD-specific antibody
promotes RBD opening and hence it enhances SARS-CoV-2
infection.10 Besides the antibody−antigen interaction, nano-
scopic observation of dynamic interactions between S NAb
and SARS-CoV-2 virus could reflect the accessibility to S
protein on viral surface by S NAb.
High-speed atomic force microscopy (HS-AFM) is a

powerful nanoimaging tool with high spatiotemporal reso-
lution. We have demonstrated that HS-AFM is suitable for
real-time visualization of the conformational dynamics of viral
fusion proteins,11−13 histone H2A−DNA interactions,14 and
organelles such as nuclear pore complexes,15,16 and small
extracellular vesicles (sEVs)12,13 at a nanoscale level. In this
study, we used HS-AFM to develop a nanoscopic assessment
platform to determine the binding property of an S NAb
(MM43) and ADE risk by observing the interaction between

MM43 and S protein. Additionally, we conducted the real-time
visualization of the MM43 interaction with S protein-
expressing sEV (S sEV) to mimic the scenario of SARS-
CoV-2 neutralization.
Most of the Food and Drug Administration (FDA) and

European Medicine Agency (EMA) approved therapeutic S
NAbs for COVID-19 treatment are subclass IgG1 (reviewed in
ref 17). Hence, we first performed nanoimaging of an S NAb
(mouse IgG1, catalogue number 40591-MM43) using HS-
AFM to study the native conformation and conformational
dynamics of IgG1. Before HS-AFM scanning, we simulated a
mouse IgG1 crystal structure (PDB: 1IGY) to its HS-AFM
images (Figure 1a) by using the bioAFMviewer software.18 To
determine a suitable substrate for MM43 adsorption, the net
surface charge of IgG1 at pH 7.4 was computed using the
Protein Tool on the Prot Pi Web site (Figure 1b).
Additionally, a surface electrostatic map of IgG1 at neutral
pH was generated by performing PDB 2PQR19 and APBS20

analysis (Figure 1c). The results suggested that bare mica

Figure 1. Molecular properties and nanotopology of anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike neutralizing
antibody MM43. (a) Simulated high-speed atomic force microscopy (HS-AFM) images, using the X-ray crystallographic structure of IgG1 (PDB:
1IGY) as a template. (b) Net charge (Z) of IgG1 as a function of pH (pI, isoelectric point; ZpH7.4, ζ potential at pH 7.4). (c) Surface charge map of
IgG1 at pH 7.4, generated using PDB 2PQR and APBS analysis. (d, e) Two representative HS-AFM image sequences of MM43 in a group (d) and
single (e). These images are taken from Movie S1 (ngroup, nsingle = 10; scale bars: (d-i) 40 nm- , (d-ii) 15 nm, (e-i,ii) 10 nm). (f) 3D surface plots of
MM43 in different orientations. (g) Histogram and a Gaussian fit of the MM43 height distribution.
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could be suitable for MM43 adsorption with optimal mobility.
However, during HS-AFM scanning, we found that Ni2+-
coated mica was better than bare mica for visualization of the Y
conformation of MM43 (Figure 1d−f, Figure S1a, and Movie

S1). MM43 was loosely attached on bare mica in both flat/Y-
shaped and lateral/T-shaped orientations (Figure S1b), and
the lateral and flat orientations interchanged rapidly. In
contrast, MM43 was strongly adsorbed on the poly-L-lysine

Figure 2. HS-AFM visualization of dynamic MM43−S protein interactions. (a) A representative set of HS-AFM image sequence illustrating the
real-time binding of MM43 to the receptor-binding domain (RBD) of recombinant S protein. The molecular structure (PDB format) of IgG1 and S
protein together with their respective simulated HS-AFM images are used to demonstrate the interaction orientations. These images are selected
from Movie S4 (nobservation = 4; scale bar: 25 nm). (b) Real-time angular changes (θ1 and θ2) during the MM43−S protein interaction. (c) Two
representative HS-AFM image sequences demonstrating the nanotopology of the MM43−S protein immune complex. (c-i) shows bivalent binding
of a single MM43 to two S proteins. (c-ii) shows an S protein trimer bound to three MM43. These images are extracted from Movie S5 (nobservation
= 10; scale bar: (c-i) 20 nm, (c-ii) 24 nm). (d) A representative set of HS-AFM image sequence indicating that acidification (pH 5) does not
promote antibody shedding. These images are chosen from Movie S8a (nobservation = 8; scale bar: 36 nm). (e) Significant reduction in the height of
large immune complex after exposure to an acidic environment for 15 min. Data are presented as mean ± SEM (nneutral = 95, nacid = 77; two-sided
Mann−Whitney U test, ****p < 0.0001).
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Figure 3. Nanotopology and structural dynamics of small extracellular vesicles (sEVs) expressing no S protein (mock; M), wild-type S protein
(Wuhan-Hu-1; WT-S), or Delta variant S protein (Delta-S). (a) Schematic diagram showing the production of sEVs expressing S protein (S sEVs).
An S−lactadherin fused protein is created by fusing an S ectodomain (ECD, yellow) and lactadherin (MFGE8, blue) with a leucine zipper (Leu,
red). S−lactadherin fused protein and sEVs are synthesized by HEK293T cells, and then the fused proteins bind to phosphatidylserine (PS) in the
sEV lipid bilayer to form S sEVs, which are purified using ultracentrifugation. S sEVs are then visualized using HS-AFM. (b) HS-AFM images
illustrating a representative HS-AFM image sequence of M, WT-S, and Delta-S sEVs, respectively. S proteins (in white squares) are visible in WT-S
and Delta-S sEVs. These images are selected from Movie S9 (nM, nWT‑S, nDelta‑S = 10; scale bars, M: 33 nm, WT-S: 12 nm, Delta-S: 10 nm).
Representative structural dynamics of WT-S (c) or Delta-S (d) on S sEVs captured at high spatiotemporal resolution using HS-AFM (image size:
20 x 20 nm). These images are extracted from Movie S10. Real-time changes in tilting angle (Δθ), length (Δl), and height (Δh) of S proteins were
measured and are shown in bar graphs. (e) Comparison of real-time absolute values of Δθ, Δl, and Δh indicating that both WT-S and Delta-S have
comparable dynamic properties on sEV (nWT‑S, nDelta‑S = 4).
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(PLL)-coated mica (Figure S1c and Movie S2). The strong
adsorption force stretched MM43 until the hinges connecting
Fab and Fc regions were clearly visible (Figure S1c-1,2 and
Movie S2a,b). Formalin-fixed MM43 consistently adopted the
Y shape on the PLL-coated mica (Figure S1d). At high
concentration, MM43 rapidly self-assembled (Figure S2a−d
and Movie S3). This phenomenon usually occurs in the
presence of antigens, at a high antibody concentration, or at a
pH close to the antibody isoelectric point.21,22 Self-assembly of
IgG1 is mainly mediated by noncovalent Fab−Fab, Fc−Fc, and
Fab−Fc bonds.22 The hexameric ring topology of MM43
(Figure S2 and Movie S3) was consistent with that observed
previously.21,23 Therefore, we diluted MM43 to ensure it was
predominantly monomeric. The cross-sectional height distri-
bution of the MM43 was measured (Figure 1g) and yielded an
average height of 3.47 nm (n = 205).
RBD-specific S NAbs are divided into four classes according

to epitope location and epitope accessibility.24 In contrast, the
epitopes of NTD-specific S NAbs are rather confined in a
particular site called the NTD supersite.25 Several studies have
reported that MM43 binds RBD to block SARS-CoV-2
infection.26,27 Here, we intended to directly observe the
binding pattern of MM43 to recombinant S protein (Wuhan-
Hu-1 or wild type (WT)) under a physiological buffer. The
results indicated that MM43 bound dynamically with the S
protein (Figure 2a, Figure S3a,b, and Movies S4 and S5a,b).
One Fab region (Fab1) was firmly attached to the S protein,
whereas another free Fab (Fab2) and Fc regions were actively
moving during HS-AFM imaging. The dynamic property of
MM43 was depicted by measuring the angular changes in S
protein−Fab1−Fc (θ1) and Fab1−Fc−Fab2 (θ2) orientations as
a function of time (Figure 2b). The flexibility of the antibody
facilitates two Fab regions to actively search for epitopes.
Preiner et al. depicted that IgGs could randomly walk with two
“Fab feet” on surfaces of repeatedly spaced epitopes.28 In the
context of S protein, MM43 could bind either two RBDs of an
S protein or two RBDs of two different S proteins. We found
that a MM43 monomer interacted with two S proteins (Figure
2c-i and Movie S5c). Moreover, a single trimeric S protein
often bound with three MM43 (Figure 2c-ii, Figure S3c, and
Movie S5d,e). These findings imply that stable MM43 bivalent
binding to two RBDs of a single S protein could be unfavorable
even though a transient contact occurred during HS-AFM
scanning (Figure 2a). Shaw and co-workers reported that the
distance between two antigens could affect the bivalent binding
affinity of all IgG subclasses.29 According to their results, the
bivalent binding affinity of IgGs is weak if two antigens are
either too close (3−7 nm) or too far (17 nm and above).29

The distance between two NTDs of a trimeric S protein is
close to 80 Å or 8 nm,30 and hence the distance between two
RBDs should be shorter than that. These results explain why
MM43 could not bind bivalently on a single S protein.
According to our previous findings on the AFM topology of S
protein in open and closed states,13 our current results
suggested that the MM43 and S protein interaction did not
induce RBD opening. Moreover, S1 subunit shedding, an
indicator of ADE,8 did not occur after a trimeric S protein
bound with three MM43. These findings suggested that MM43
could have a negligible risk of ADE.
Antibody-antigen interactions form large immune complexes

(Figure S3d) including hexameric rings (Figure S3e) for
phagocytosis (review in ref 31) and complement activation32

to eliminate SARS-CoV-2. Nonetheless, certain S NAbs rather

enhance SARS-CoV-2 infectivity in FcγR-positive phagocytes
after phagocytosis.33 Like an endosome, acidification of a
phagosome could promote antibody shedding,34 and sub-
sequently viral entry resumes. To elucidate the real-time
acidification effect on the MM43−S protein interaction, we
first scanned the immune complex under a neutral buffer (pH
7.4) then changed to an acidic buffer (pH 5). The result
showed that a large immune complex was dissociated upon
acidification (Figure S4a and Movie S6), as indicated by the
rapid decrease in both height and color intensity and the
increase in aggregate area (Figure S4b). Likewise, height
reduction was also observed in large immune complexes after
incubation in an acidic buffer for a period of time (Figure 2e).
Zhou and co-workers reported that the S protein appears
predominantly in the closed state at acidic pH to prevent
antibody binding.34 Nevertheless, the binding affinity of an
antibody to RBD at acidic pH remained strong.34 We noticed
that acidification disrupted MM43 self-interaction (Figure S4c
and Movie S7) but not the MM43−S protein interaction
(Figure 2d Figure S4d-i,ii, and Movie S8a). These findings
suggested that antibody shedding in an endosome or
phagosome may not happen if neutralization of SARS-CoV-2
has occurred before endocytosis or phagocytosis. IgG1 self-
assembly is dominantly mediated by electrostatic forces.22

Upon acidification, both Fab and Fc regions become positively
charged (Figure S4e) and repel each other, resulting in
dissociation of MM43 oligomers (Figure S4c and Movie S7).
Similarly, a recent study described that IgG1 antibodies are
monomeric at acidic pH.35 As was mentioned, IgG1 forms a
hexameric ring in the presence of antigen.21 Since the MM43
and S protein interaction was unperturbed by acidification, full
or partial MM43-S protein hexameric rings were maintained
(Figure S4d-iii,iv and Movie S8b−d).
Next, to mimic the dynamic interaction between S NAb and

SARS-CoV-2, we first generated S protein expressing small
extracellular vesicles (S sEV). We transfected HEK293T cells
(Figure 3a) to produce sEVs expressing no S protein (mock;
M), Wuhan-Hu-1 or wild-type S protein (WT-S), and Delta
variant S protein (Delta-S). S protein ectodomain and
lactadherin (MFGE8) were fused together with a leucine
zipper. The C2 domain of lactadherin binds with high affinity
to phosphatidylserine (PS), which allows the S−lactadherin
fused protein to attach on the sEV surface. Although SARS-
CoV-236,37 and S sEV have different surface protein
compositions, the topologies of both entities are either
spherical or ellipsoidal (Figure 3b, Figure S5a, and Movie
S9). Furthermore, we were able to capture the lateral view of
the S protein on sEVs (Figure 3b, Figure S5a, and Movie S9).
However, its appearance was not enhanced by formalin fixation
(Figure S5b and Movie S11). We previously reported that the
dynamic behavior of recombinant S protein13 resembles that
on the viral surface.38,39 Similarly, the S protein on sEV was
actively tilting, extending, and retracting like a tentacle (Figure
3c,d and Movie S10). The changes in tilting angle, length, and
height of S protein were comparable between WT-S and Delta-
S sEVs (Figure 3e). A spatial analysis demonstrated that M
sEVs had greater height and average diameter (AD) than WT-
S and Delta-S sEVs (Figure S5c), but there was no large
difference in height and AD between WT-S and Delta-S sEVs.
The surface expression of S protein increased the surface
roughness of sEVs (Figure S5d). Moreover, the surface
roughness of Delta-S sEVs was significantly greater than that
of WT-S sEVs. Wang and colleagues reported that spiky virus-
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like nanoparticles with a rough surface showed remarkable
cellular intake by HeLa cells.40 This finding implies two
important points. First, lactadherin conjugated on S sEV could

bind the αvβ3 or αvβ5 integrin receptor of macrophages to
induce phagocytosis (review in ref 41). Further study is needed
to determine whether a rough surface improves the uptake of

Figure 4. Real-time HS-AFM visualization of MM43 S NAb interactions with S sEVs. (a−d) A representative set of HS-AFM image sequence in
(a) showing the approach and contact of two MM43 with one WT-S sEV. Graphs below the HS-AFM images plot the relative positions of two
MM43 (S NAb1 and S NAb2) and the WT-S sEV at selected time points. The images are selected from Movie S12 (nobservation = 5, scale bar: 60 nm;
green triangle, WT-S sEV; orange triangle/box, S NAb1; blue triangle/box, S NAb2; orange line, WT-S sEV−S NAb1 cross-sectional distance; black
line, WT-S sEV−S NAb2 cross-sectional distance; purple line, WT-S sEV−S NAb1−S NAb2 cross-sectional distance). Magnified HS-AFM images
in (b) show interactions of the WT-S sEV with S NAb1 and S NAb2 (scale bar: 16nm). Real-time contacts between MM43 and WT-S sEV are
plotted in (c) as binary values (0, no contact; 1, contact). Real-time changes in the height, diameter, and circularity of the WT-S sEV are plotted in
(d), relative to their respective values at t = 0. (e−h) A representative set of HS-AFM image sequence in (e) demonstrating the direct observation
of a MM43−Delta-S sEV interaction. Graphs below the HS-AFM images in (e) plot the relative positions of the MM43 and Delta-S sEV at selected
time points. These images are extracted from Movie S13 (nobservation = 5, scale bar: 40 nm; green triangle, Delta-S sEV; orange triangle/green box,
MM43). Magnified HS-AFM images in (f) show the MM43−Delta-S sEV interaction (scale bar: 8nm). Real-time contacts between the MM43 and
Delta-S sEV are plotted in (g) as binary values (0: no contact; 1: contact). Real-time changes in the height, diameter, and circularity of the Delta-S
sEV are plotted in (h), relative to their respective values at t = 0.
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Delta-S sEV by macrophages to boost host immunity against
the variant. Second, viral surface roughness should be
considered as an important physical property that enhances
the infectivity of variants, including Delta. Zhang et al. stated
the positive correlation between S protein density and SARS-

CoV-2 infection, in which the S protein density could reflect
viral surface roughness.42

Mutations and deletions of amino acids in S protein confer
immune escape to SARS-CoV-2 variants (reviewed in ref 3).
Our real-time observations demonstrated that MM43

Figure 5. A nanoscopic perspective of S NAb and S protein interaction is essential for the assessment of S NAb therapeutic potential. (a)
Nanoscopic observation of MM43 using HS-AFM reveals its native conformation (i) and intrinsic properties (ii), oligomerization for example.
High spatiotemporal resolution enables HS-AFM to capture the dynamic MM43-S protein interaction and its binding pattern (iii). Direct
visualization of S protein conformation in an immune complex at either neutral or acidic pH could provide important information related to
antibody-dependent enhancement (ADE) such as RBD “Closed”-to-”Open” transition,8,10 S1 subunit shedding,8 and antibody shedding34 (iv). S
sEVs are safe alternative materials for nanoscopic tracking of the MM43 and SARS-CoV-2 interaction (v). Topology of S sEV and dynamic
movement of S protein on sEV surface resemble SARS-CoV-2 virus. (b) Our results as summarized in (a) demonstrate that HS-AFM is feasible for
nanoscopic assessment of potential therapeutic S NAbs. Patients recovered from COVID-19 have acquired immunity against SARS-CoV-2 (1).
High-throughput screening of antigenic-specific B cells (2) is performed to isolate S NAbs for further evaluation of their therapeutic values (3).
Nanoscopic assessment of these candidates using HS-AFM could provide essential information for better selection of S NAbs (4). Finally, the
selected S NAbs will be used for downstream in vitro and in vivo experiments as well as clinical trials to validate their therapeutic efficacies (5).
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approached and contacted WT-S sEVs (Figure 4a−c and
Movie S12) and Delta-S sEVs (Figure 4e−g and Movie S13).
In addition, the MM43−S sEV interaction did not change the
S sEV topology and spatial parameters (Figure 4d,h). In a
premix setting, we found that MM43 firmly attached to both
WT-S (Figure S6a and Movie S14c,d) and Delta-S sEVs
(Figure S6a, and Movie S14e,f), but not to mock sEV (Figure
S6a and Movie S14a,b). Moreover, some WT-S and Delta-S
sEVs bound with multiple MM43 molecules (Figure S6b and
Movie S15). Intriguingly, the tendency of multiple S NAb
binding was only slightly lower in Delta-S sEV (18%)
compared with that in WT-S sEV (25%) (Figure S6c and
Table S1). Altogether, these findings suggested that MM43
could neutralize Delta variant S protein, consistent with other
studies.27

In summary, we have developed a nanoscopic assessment
technique to determine the binding pattern of S NAb, the S
protein conformation in S NAb-S protein immune complex,
the effect of endosomal or phagosomal pH on the S NAb-S
protein interaction, and the dynamic interaction between S
NAb and S sEVs (Figure 5a). These results are essential for the
screening of appropriate S NAbs with a low risk of ADE to
treat COVID-19. This approach is not limited to MM43 but is
also practical for clinical-grade S Nabs (review in 17) and
ADE-related anti-S protein antibodies.8,10 Furthermore, in the
near future, HS-AFM should be feasible to study anti-S protein
monoclonal antibodies derived from both active and
convalescent COVID-19 patients’ sera to discover any possible
new neutralizing antibodies against the variants, Omicron
(B.1.1.529) for example, or new ADE mechanisms (Figure 5b).
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