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ABSTRACT: Despite intense scrutiny throughout the pandemic, develop- /
ment of efficacious drugs against SARS-CoV-2 spread remains hindered.
Understanding the underlying mechanisms of viral infection is fundamental
for developing novel treatments. While angiotensin converting enzyme 2

(ACE2) is accepted as the key entry receptor of the virus, other infection S1 protein ~ i
mechanisms exist. Dendritic cell-specific intercellular adhesion molecule-3
grabbing non-integrin (DC-SIGN) and its counterpart DC-SIGN-related
(DC-SIGNR, also known as L-SIGN) have been recognized as possessing T\ L

functional roles in COVID-19 disease and binding to SARS-CoV-2 has been T '

demonstrated previously with ensemble and qualitative techniques. Here we
examine the thermodynamic and kinetic parameters of the ligand—receptor R

interaction between these C-type lectins and the SARS-CoV-2 S1 protein DC-SIGN

using force—distance curve-based AFM and biolayer interferometry. We

evidence that the S1 receptor binding domain is likely involved in this bond

formation. Further, we employed deglycosidases and examined a nonglycosylated S1 variant to confirm the significance of
glycosylation in this interaction. We demonstrate that the high affinity interactions observed occur through a mechanism distinct
from that of ACE2.

KEYWORDS: SARS-CoV-2, DC-SIGN, L-SIGN, single molecule, kinetics, atomic force microscopy, protein glycosylation

L-SIGN

he impacts of severe acute respiratory syndrome L-SIGN)'® are being investigated as potential mediators of

coronavirus-2 (SARS-CoV-2) and its associated illness transmfectlon and cellular entry. The pair are homologous C-
COVID-19 devastated the globe and altered the trajectory of type lectins,'” which share 79.5% sequence identity. Both are
contemporary society." With >6 million reported deaths” and known to bind carbohydrates in a Ca®* dependent manner via
infections continuing to cause debilitating disease and a carbohydrate recognition domain (CRD)."* However, while
damaging economies,” the continued development of treat- closely related, the pair possess distinct physiological functions,
ments and prophylaxis remains a high prlorlty. To better tissue distributions, and interact with dissimilar ligands. DC-
facilitate the rapid development of therapeutic measures, SIGI\II()iS predominantly expressed on immune and dendritic
detecting and characterizing key components involved in viral cells, " whereas L-SIGN is more commonly expressed on

epithelial and endothelial cells."**° Of particular note for this
study, L-SIGN lacks one of the two internalization motifs and
possesses a substitution (Val351 for Ser363) causing it to
preferentially bind mannose, whereas DC-SIGN favors fucose
and is a cycling receptor.”’ Both receptors are known to bind
N-linked high mannose oligosaccharide via their CRD, which
is believed to be the source of their interactions with the SARS-
CoV-2 spike (S) protein.'>'%**

landing, binding, and cellular invasion is critical for identifying
druggable targets.>*

Early during the pandemic, angiotensin converting enzyme 2
(ACE2) was identified as an important entry receptor for
SARS-CoV-2,” leading to an explosion of research regarding
this interaction.* ' However, ACE2-independent cellular
infection has been reported,"”'” and entry via the gastro-
intestinal route has been demonstrated to occur in cell
populations which lack ACE2 expression."*> Moreover, biopsy

results have shown that the virus is present in tissues deficient Received: December 16, 2022
in ACE2,” highlighting the involvement of alternative host Revised:  January 27, 2023
receptors across systemic infection. Due to their interactions Published: February 9, 2023

with other viruses,"”" dendritic cell-specific intercellular
adhesion molecule-3 grabbing non-integrin (DC-SIGN) and
its counterpart DC-SIGN-related (DC-SIGNR, also known as
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Figure 1. Binding of SARS-CoV-2 to DC-SIGN and L-SIGN. SARS-CoV-2 binds cell surface receptors through the exposed trimeric S protein (A).
Electron density map of the S1 trimer with glycans rendered in blue as seen from the side (B) and from the top of the RBD** (C). Example of the
experimental setup for binding assessment of model surfaces (D). A laser is focused on the back of the AFM cantilever, being reflected into a
photodiode, which allows for detection of forces acting on the functionalized tip as it is approached and retracted from the surface, bringing RBD or
S1 with DC-SIGN or L-SIGN; attached to the tip via a PEG linker was either the S1 protein, or the isolated RBD domain. On the model surface
with which the tip was interacting was grafted either L-SIGN (teal) or DC-SIGN (red). The resulting BPs (E) between S1 (left) or RBD (right)
functionalized tip and model surfaces (D) coated with L-SIGN (blue shades) or DC-SIGN (red shades); n > 8 for each condition. Significance as
represented by p value was calculated using a student ¢ test. BLI sensograms showing the kinetics of the interaction between DC-SIGN (F) and L-
SIGN (G) with S1 protein expressed in HEK cells; fitting is indicated by dark lines.

The SARS-CoV-2 S protein is a large (180 kDa) type I virion, whereas the distal S1 is predominantly associated with

transmembrane glycoprotein, existing as multiple trimers on receptor interactions and facilitates attachment and binding to
the viral surface.””** Each monomer of the spike consists of the cellular interface.'”** The S1 subunit contains the receptor
two subunits, S1 and S$2.°**° The S2 subunit mediates binding domain (RBD), which is known to interact with ACE2
membrane fusion and serves as an anchorage point to the and is the main target of most neutralizing antibodies.”® The
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Figure 2. Binding kinetics of S1 protein with L-SIGN and DC-SIGN. Free energy landscape of ligand—receptor binding dynamics as given by a
two-state Bell—Evans model for single bond rupture (A). Retrieval of information from adhesion events (B), showing the determination of the
force (B, top) and loading rate (AF/At) (B, middle) from curves that display binding events (B, top and middle), and an example of a retrieved
curve with no binding event (B, bottom). DES plots constructed from retrieved data for L-SIGN (C) and DC-SIGN (D) with contact time versus
BP graphs (inset); solid line represents a least-squares fit of a monoexponential decay. DFS plots show the distribution of rupture forces as a
function of loading rate (LR) for all data points. Solid line represents the Bell—Evans fit for single noncovalent bonds, whereas the Williams—Evans

fit for a second uncorrelated bond is indicated by a dashed line.

N-terminal region of S1, located in the RBD, is formed from
four S-sheets with connecting loops and is highly glycosylated,
with N-glycans being common modifications in particular.”>*’
Overall the S protein possesses 22 N-linked glycosylation sites,
of which 13 are present in the S1.** O-glycosylation is also
present however the exact number of sites remains poorly
defined, although 2 have been reported within the RBD.”” A
sequence analysis has revealed that there is no evidence of
mutations in the SARS-CoV-2 variants of concerns at the
reported or predicted glycosylation sites on the spike proteins,
although change in their conformation due to the amino acids
impacted may alter the glycosylation profile.”” Previous studies
have shown that interactions between S1 and both DC-SIGN
and L-SIGN can be blocked via glycomimetics,zz’28 supporting
glycosylation of the spike protein as the driver of this
interaction.

While binding and infectivity behaviors associated with the
SARS-CoV-2 interaction with DC-SIGN and L-SIGN have
been strongly evidenced,”” direct single molecule-based
examination of crucial elements such as specificity and kinetics
of this interaction remains underdeveloped. Here we utilize
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atomic force microscopy (AFM)*” and employ single-molecule
force spectroscopy (SMES)*>*! to probe this interaction and
shed unique insight on the behaviors exhibited.>*> We
demonstrate that the SARS-CoV-2 S1 specifically binds DC
and L-SIGN, likely through the glycans of the RBD. Further,
we discern the kinetic parameters associated with this
interaction. We confirm that this interaction is tied to the
glycosylation state of the S1 protein and that it is independent
from the mechanism of binding for ACE2. These results are
confirmed using the ensemble technique biolayer interferom-
etry (BLI). Here we explore glycan-associated binding of the
SARS-CoV-2 S1 protein with DC-SIGN and L-SIGN at a
molecular level via AFM, unveiling the underpinnings of an
alternative mechanistic function for the viral spike in gaining
access to cells without the necessary involvement of ACE2.
Binding of S1 Protein and RBD to DC-SIGN and L-
SIGN Is Specific. Given the function of DC-SIGN and L-
SIGN as C-type lectins, binding of SARS-CoV-2 spike protein
to cell surface receptors (Figure 1A) is most likely mediated by
their CRD domains. Due to the highly glycosylated S1 and
RBD domain being the most exposed region of the SARS-

https://doi.org/10.1021/acs.nanolett.2c04931
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Table 1. Kinetic Parameters for S1 Complexation with DC-SIGN and L-SIGN from SMFS“

kon (uM7's™") ko (s71) Kp (nM) %, (nm)
L-SIGN 3.6+ 02 0.07 + 0.03 20 £ 17 0.86 + 0.09
DC-SIGN 21+ 01 091 + 0.40 428 + 210 0.74 + 0.05
ACE2 0.0641 + 0.0096 0.008 =+ 0.005 119 + 90 0.81 + 0.05

“Average values with standard error are given for k,, and kg and results presented for Ky, and x, are presented as mean and standard deviation.

Data for ACE2 reproduced from ref 34.

CoV-2 virion, it is highly likely that these regions and their
associated glycans®”*” are responsible for the behaviors that
have been reported (Figure 1B,C). To verify the interactions
previously reported and identify whether the supramolecular
interactions formed between SARS-CoV-2 S protein and the
two lectins were specific in nature, we initially explored the
binding behaviors using AFM to probe model surfaces (Figure
1D). By coating gold surfaces with either L-SIGN or DC-
SIGN, and functionalizing the AFM tip with S1 or RBD, we
were able to assess the binding probability (BP) and ability of
antibodies to interfere with binding behaviors. Using force—
distance AFM (FD-AFM), the tip was cyclically approached
and retracted as the cantilever raster scans the surface, while
the signal was collected from the reflection of a laser from the
back of the tip into a photodiode, with the displacement of the
signal indicating the forces associated with adhesion.”> The
retrieved force—distance (FD) curves were then used to
categorize pixels that contain no binding and specific binding,
and consequently the proportion of the curves displaying
adhesion events were used to calculate BPs for each interaction
(Figure IE).34

When tips were functionalized with either S1 or RBD, L-
SIGN exhibited a higher BP (9.8 & 1.4%) than did DC-SIGN
(6.3 + 1.4%). While distinct from each other, both DC-SIGN
and L-SIGN showed no significant difference in BP regardless
of whether tips were functionalized with S1 or RBD. While the
N-terminal domain (NTD) of the SARS-CoV-2 spike has the
highest density of glycosylation sites, this result confirms that
the RBD also plays a significant role in the binding toward DC-
SIGN and L-SIGN receptors. The specificity of these
interactions was verified by blocking the interaction with
antibodies against the surface grafted protein (Figure S1),
wherein a significant reduction in relative BP was observed for
both C-type lectins (~70% reduction in BP). Moreover,
removal of the RBD from the tip using EDTA to disrupt the
His-Ni**-NTA bond similarly resulted in loss of binding
(Figure S1). Taken together, the high binding probability and
the mitigation of binding through exposure to blocking
antibodies for either partner illustrate that the interactions
obtained are a specific phenomenon that may play a role in the
biology of COVID-19 given the prevalence and distribution of
these receptors in situ. These results support prior reports of a
potential role of DC-SIGN and L-SIGN in the biology of
SARS-CoV-2 binding and transmission.””

To better understand the molecular basis for the differential
recognition of glycans between DC-SIGN and L-SIGN, we
performed BLI, a label-free ensemble biophysical technique, to
ascertain the kinetics of a biomolecular interaction based on
the principles of optical interference.”> From the results
obtained, it was quite evident that L-SIGN binding to S1
protein (Kp ~ 15 nM) is better facilitated than is the case for
DC-SIGN (Kp, ~ 100 nM) (Figure 1F,G). Although both Ky,
values correspond to a range relevant to high-affinity
interactions, the slower dissociation kinetics observed for L-
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SIGN indicates the formation of a stronger and more stable
complex with S1 than does DC-SIGN. These results are in line
with previous reports, with the L-SIGN exhibiting higher
affinity to S1 protein.”” In order to better understand these
behaviors, we sought to further examine the underlying
kinetics and elaborate upon the dynamics of noncovalent
bond formation between SARS-CoV-2 S1 and both L-SIGN
and DC-SIGN through use of dynamic force spectroscopy
(DES).

Single-Molecule Binding Kinetics Indicate That L-
SIGN Binds S1 with Higher Affinity Than DC-SIGN.
Through controlling the mechanical energy input into the
system and the time allowed for noncovalent bonds to form
through moderating retraction speed and contact time,
respectively, we gained insight into the thermodynamics and
kinetic parameters that belie the binding between S1 and both
DC-SIGN and L-SIGN. To explore the binding free-energy
landscape (Figure 2A) of the receptor—ligand complex, we
extracted the force and loading rate from retrieved curves
(Figure 2B) and use these in conjunction with contact time
data to obtain the kinetic off and on rates (kg and k) for the
binding behaviors observed. By fitting the acquired data (see
Methods in the Supporting Information), with the Bell—Evans
model for single bond rupture,*® we obtained a kg value for
both L-SIGN (Figure 2C) and DC-SIGN (Figure 2D),
yielding values of 0.91 + 0.40 s™' and 0.07 + 0.03 s™' for
each when paired with S1 trimer (data are summarized in
Table 1). For both complexes, the k,, values are quite close
(2—4 uM™' s7') and comparable to values previously
observed in the literature for C-type lectins.”’

From the retrieved K values, it appears that L-SIGN
possesses a similar affinity to S1 as we have previously reported
for ACE2;** however, the k,, and k., values show that the
strength and mechanical stability of this interaction are quite
different. While L-SIGN possesses a higher k., indicating
greater potential for bond formation, it also possesses a higher
ke meaning that this complex dissociates faster when
compared to ACE2. The x, values obtained for both receptors
indicates similar conformational mobility in the binding
interaction, which supports the notion that the homologues
bind S1 in the same manner, likely the CRD, though with
different affinities as should be expected given the dissimilarity
in their endogenous glycan scavenging behaviors. As L-SIGN
can be found in a heterodimer with ACE2,*® this raises an
intriguing possibility that in cells positive for both L-SIGN and
ACE2, L-SIGN could function as an initial attachment point
before being outcompeted by ACE2, which forms a stronger
and longer-lived attachment to the S1 RBD. The shorter-lived
bonds formed indicate that the glycan binding behavior
exhibited may be exploited by SARS-CoV-2 to aid in finding
other entry receptors, especially given that L-SIGN is lacking
one of the internalization sequences present in its DC-SIGN
homologue. While the DC-SIGN exhibited a Ky, value within
the submicromolar range, its affinity is significantly less than

https://doi.org/10.1021/acs.nanolett.2c04931
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Figure 3. Probing S1 binding to L-SIGN or DC-SIGN on live A549 cells. Binding of S1 is probed on A549 cells and AS49 cells transfected with L-
SIGN GFP (A). An example height map (B) with corresponding region indicated on a confocal micrograph (inset), GFP fluorescence in green;
scale bars are S and 10 pm, respectively. Edge of the positive cell being examined is indicated with a dotted line in the height map. Grayscale
adhesion map of the same cell (C) showing binding on the positive cell (left-hand side) and less on the negative cells (right-hand side), scale is 0—
400 pN. Corresponding binding probability results for L-SIGN positive and negative cells (D), showing significantly higher binding on positive
cells (n = 9 for L-SIGN expressing cells, n = 13 for control cells, individual points are representative of the result from an individual cell, hollow
marker indicates the average BP, whiskers denote the data range, bisecting lines show the median, and the interquartile range is shown by the length
of the box). Experimental setup for live cell experiments to assess DC-SIGN binding on transfected AS49 cells (E). Height map and confocal
micrograph (inset) of a DC-SIGN-OFP positive and negative cell (F), adhesion map of this region (G), and binding probability calculated from
live cell adhesion maps (H) showing significantly higher binding probability for transfected cells (n = 6 in the case of both DC-SIGN expressing
and control cells, individual points are representative of the result from an individual cell, hollow marker indicates the average BP, whiskers denote
the data range, bisecting lines show the median, and the interquartile range is shown by the length of the box). Corresponding DFS plot for L-
SIGN incorporating the data retrieved from living cell experiments (I) and resulting histograms (J). Corresponding DFS plot for DC-SIGN
incorporating the data retrieved from living cell experiments (K) and resulting histograms (L).

either L-SIGN or ACE2, which could support its purported should it encounter a more viable binding partner or entry
role in transinfection, as the binding strength may not be receptf)r. ) o ) o
sufficient to induce internalization, thus it could represent an Validation of Binding Interactions on Living Lung

Carcinoma Cells. In order to validate that the interactions
described thus far are relevant to physiological processes, we
sought to assess whether the binding behaviors described occur
in a cellular context. As such, A549 cells were transfected with
almost 10 times) than L-SIGN or ACE2, means the virus could either L-SIGN-GFP (Figure 3A) or DC-SIGN-OFP (Figure
easily be dislodged from the surface of DC-SIGN positive cells 3E), and AFM tips were functionalized with S1 as per prior

attachment to incidentally encountered circulating dendritic
cells and macrophages, rather than a direct infective route.
Although this interaction is specific, as a weaker interaction (by
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Figure 4. Evaluating the role of glycosylation in binding behaviors observed between S1 and DC/L-SIGN. A multisurface experimental set up was
utilized (A), wherein the BP was observed across multiple surfaces with the same tip, with ACE2 acting as a positive control. When S1 derived from
E. coli was attached to the AFM tip (B), binding was conserved with ACE2 (brown lines), however was severely impacted for both DC-SIGN (red
lines) and L-SIGN (teal lines). These findings were corroborated using BLI (B) wherein binding was not observed for DC-SIGN or L-SIGN, but
maintained for ACE2. Enzymatic removal of glycans (C and D) and impact on BP was performed using a similar experimental setup, and binding
was assessed for all three surfaces before and after the addition of N-glycosidase and O-glycosidase (E), or in the reverse order (F) (anti-ACE2
mADb being used as a control in both cases). To confirm that the importance of glycans only applies to certain interactions, BLI was performed using
E. coli derived S1 with L-SIGN (G), and DC-SIGN (H) performing poorly and exhibiting very little wavelength shift due to lack of binding to the
sensor, whereas ACE2 (I) gave a much larger shift, as S1 bound the receptor and thus coated the probe.

experiments (Figure 3A,E). Using this approach, cells expression status, with control data being built into each image
expressing the fluorescent protein directly adjacent those due to the nonexpressing population. Using the combined
which did not were imaged using combined confocal-AFM confocal-AFM setup, height topographies for samples contain-

microscopy, allowing direct comparison between cells based on ing L-SIGN or DC-SIGN expressing cells (Figure 3B,F,
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respectively) could be correlated to fluorescence images
(Figure 3B/F, inset) and adhesion maps (Figure 3C,G) used
to calculate BPs for receptor positive and negative populations
(Figure 3D,H).

Binding probabilities for receptor positive cells matched well
with those obtained from model surfaces, with L-SIGN (Figure
3D) exhibiting higher binding (11.6 + 2.2%) than DC-SIGN
(Figure 3H) (6.5 £ 0.6%). In both cases, receptor negative
cells gave a binding probability of ~2%. By extracting the force
and loading rate from retrieved curves, data from live cell
experiments could be superimposed on model surface
information, allowing for comparison between the pair (Figure
3LJ). The good correlation observed between the data
acquired on model surfaces and directly on living cells
demonstrates the physiological relevance of this type of
interaction in a biological context. Interestingly, in a cellular
context both L-SIGN and DC-SIGN displayed up to three
uncorrelated bonds according to Williams—Evans prediction
(Figure 3L)).

S1 Binding to Both DC-SIGN and L-SIGN Are Tied to
Glycosylation State. In order to demonstrate the key role of
the glycosylation state for S1 in these interactions, we
developed a new AFM binding assay based on contiguous
surface probing experiments using the same functionalized
AFM tip. First, an S1 variant derived from E. coli, and thus
lacking glycosylation,” was used to demonstrate that binding
to ACE2 remains intact, whereas without these glycans there
was little binding to surfaces grafted with DC-SIGN or L-SIGN
(Figure 4A,B). These results illustrate that the binding
behaviors exhibited arise from mechanistic differences within
the system, i.e., different components of the S1 protein are
involved in bond formation, and that these differences come
from glycosylation patterns of the viral protein and not from
other factors associated with experimental setup.

This experiment was then repeated with HEK-derived S1,
possessing both N-linked and O-linked glycans, with sequential
exposure to N-glycosidase and O-glycosidase in either order
(Figure 4C—F). Binding to both DC and L-SIGN was
observed to be reduced in response to both glycosidases,
whereas ACE2 was not impacted by glycosidase exposure
(Figure 4E,F). Deglycosylation was confirmed by electro-
phoresis and Western blot (Figure S2). Intriguingly, the
removal of N-glycans from the S1 trimer improved the binding
probability on the ACE-2 surface, highlighting that it interacts
via a different mechanism with this receptor than it does either
DC-SIGN or L-SIGN. As the order of glycan removal did not
appear to drastically differ between experimental set-ups, this
implies that the small number of both O- and N-glycans
contribute to the interactions described on model surfaces and
in living cells.

Finally, we performed control experiments using BLI to
probe the interaction between S1 derived from E. coli and both
DC-SIGN and L-SIGN to validate observations from the
contiguous surface experiments. In keeping with the results of
the AFM experiments, we observed no appreciable wavelength
shift in the association trace because of negligible interaction
with the nonglycosylated S1 from E. coli (Figure 4G,H)." As
per other prior reports,”” we found that S1 from E. coli has high
affinity for ACE2 receptors (K ~ 1.7 nM) (Figure 41) (Figure
S3) asserting that ACE2 recognition by S1 of SARS-CoV2 is
not driven by the glycans projecting from the S1 surface, but
by a number of stabilizing salt-bridge and hydrophobic
interactions.'’ This highlights the importance of glycans to
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serve as ligands for carbohydrate-specific receptors, thus aiding
SARS-CoV2 to anchor onto cellular surfaces via tight binding
with DC-SIGN and L-SIGN receptors.

Given the similar binding behaviors observed with both S1
and RBD on model surfaces, and the behaviors exhibited in
contiguous model surface experiments exploring the impacts of
deglycosylation, it appears that the small number of glycans
present within the RBD are very important to SARS-CoV-2
binding of both DC-SIGN and L-SIGN. It is possible that
glycans appended to the S1 within the RBD are granted better
exposure and thus improved availability for binding on account
of this viral protein being the most protrusive, hence both S1
and RBD yielding similar results across the experimental series
presented. The similar behavior could also be linked to the S1
being more likely to attach to the cantilever via the N-
terminus, thus leaving the RBD the most exposed and
consequently most likely site available to interact with
receptors. It is worth noting that in the case of ACE2 surfaces,
the binding subtly increases in response to glycan loss,
implying that glycan modifications could be associated with
shielding from one receptor whereas improve scavenging by
other cell populations. It would be of interest to explore
whether different glycomic profiles map well to favoring certain
entry pathways.

Here we explored the interactions between DC-SIGN and
L-SIGN and the SAR-CoV-2 S1 protein and specifically the
RBD of this capsid element at a single molecule level for the
first time. We demonstrated that (i) L-SIGN possesses higher
affinity than does DC-SIGN and (ii) this interaction is
biologically relevant and (iii) is driven by glycosylation of the
viral protein. We show through an experimental series that
these interactions are mechanistically distinct and possess
differing underlying kinetics than the better understood target
ACE2. This research highlights the importance of delving into
the interactions of viruses with alternative entry receptors, as
the virus continues to mutate and evolve, the role of putative
binding partners, the mechanics of their interactions, and links
between each partner will facilitate the production of
prophylactic and therapeutic agents.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04931.

Materials and methods. Figure S1, bar graph of control
and blocking experimental results for model surfaces.
Figure S2, gel images confirming deglycosylation. Figure
S3, additional sensograms for Ky, determination (PDF)

B AUTHOR INFORMATION

Corresponding Authors

David Alsteens — Louvain Institute of Biomolecular Science
and Technology, Université Catholique de Louvain, 1348
Louvain-la-Neuve, Belgium; Walloon Excellence in Life
Sciences and Biotechnology (WELBIO), 1300 Wavre,
Belgium; © orcid.org/0000-0001-9229-113X;
Email: david.alsteens@uclouvain.be

Melanie Koehler — Louvain Institute of Biomolecular Science
and Technology, Université Catholique de Louvain, 1348
Louvain-la-Neuve, Belgium; Present Address: Leibniz
Institute for Food Systems Biology at the Technical

https://doi.org/10.1021/acs.nanolett.2c04931
Nano Lett. 2023, 23, 1496—1504


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04931/suppl_file/nl2c04931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04931/suppl_file/nl2c04931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04931/suppl_file/nl2c04931_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04931?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04931/suppl_file/nl2c04931_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Alsteens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9229-113X
mailto:david.alsteens@uclouvain.be
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melanie+Koehler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

University of Munich, Freising, Germany 85354;
Email: m.koehler.leibniz-Isb@tum.de

Authors

Joshua D. Simpson — Louvain Institute of Biomolecular
Science and Technology, Université Catholique de Louvain,
1348 Louvain-la-Neuve, Belgium; ® orcid.org/0000-0002-
8823-8130

Ankita Ray — Louvain Institute of Biomolecular Science and
Technology, Université Catholique de Louvain, 1348
Louvain-la-Neuve, Belgium; © orcid.org/0000-0002-5059-
9598

Claire Marcon — Louvain Institute of Biomolecular Science
and Technology, Université Catholique de Louvain, 1348
Louvain-la-Neuve, Belgium

Rita dos Santos Natividade — Louvain Institute of
Biomolecular Science and Technology, Université Catholique
de Louvain, 1348 Louvain-la-Neuve, Belgium; © orcid.org/
0000-0002-0123-4760

Gol Mohammad Dorrazehi — Louvain Institute of
Biomolecular Science and Technology, Université Catholique
de Louvain, 1348 Louvain-la-Neuve, Belgium; © orcid.org/
0000-0002-5258-543X

Kimberly Durlet — Louvain Institute of Biomolecular Science
and Technology, Université Catholique de Louvain, 1348
Louvain-la-Neuve, Belgium

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.2c04931

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Université Catholique de
Louvain, the Foundation Louvain and the Fonds National de la
Recherche Scientifique (FRS-FNRS) under the Excellence of
Science (EOS) programme (grant ID 40007527). This project
received funding from the European Research Council under
the European Union’s Horizon 2020 research and innovation
program (grant agreement no. 758224) and from the FNRS-
Welbio (grant no. CR-20195-01). The funders had no role in
study design, data collection and analysis, decision to publish,
or preparation of the manuscript. AR. is an FSR incoming
Post-Doctoral fellow of the Université Catholique de Louvain.
J.D.S. and M.K. are Post-Doctoral Researcher at FNRS, and
D.A. is currently a Research Associate at the FNRS. BioRender
was used in the construction of Figures 1A,D, 2A, 3AJE,
4A,C,D,G—I and the table of contents image.

B REFERENCES

(1) Robinson, P. C; Liew, D. F. L; Tanner, H. L.; Grainger, J. R;
Dwek, R. A.; Reisler, R. B.; Steinman, L.; Feldmann, M.; Ho, L.-P,;
Hussell, T.; Moss, P.; Richards, D.; Zitzmann, N. COVID-19
Therapeutics: Challenges and Directions for the Future. Proc. Natl.
Acad. Sci. U. S. A. 2022, 119 (15), e2119893119.

(2) Karlinsky, A,; Kobak, D. Tracking Excess Mortality across
Countries during the Covid-19 Pandemic with the World Mortality
Dataset. Elife 2021, 10, 1-21.

(3) Chen, J. M. Novel Statistics Predict the COVID-19 Pandemic
Could Terminate in 2022. J. Med. Virol. 2022, 94 (6), 2845—2848.

(4) Daria, S.; Islam, M. R. The SARS-CoV-2 Omicron Wave Is
Indicating the End of the Pandemic Phase but the COVID-19 Will
Continue. J. Med. Virol. 2022, 94 (6), 2343—2345.

1503

(5) Zumla, A; Chan, J. F. W.; Azhar, E. L; Hui, D. S. C.; Yuen, K. Y.
Coronaviruses-Drug Discovery and Therapeutic Options. Nat. Rev.
Drug Discovery 2016, 15 (5), 327—347.

(6) De Clercq, E. Strategies in the Design of Antiviral Drugs. Nat.
Rev. Drug Discovery 2002, 1 (1), 13-25.

(7) Yan, R; Zhang, Y.; Li, Y.; Xia, Y,; Guo, Y.; Zhou, Q. Structural
Basis for the Recognition of SARS-CoV-2 by Full-Length Human
ACE2. Science 2020, 367 (6485), 1444—1448.

(8) Koehler, M.; Ray, A.; Moreira, R. A; Juniku, B.; Poma, A. B;
Alsteens, D. Molecular Insights into Receptor Binding Energetics and
Neutralization of SARS-CoV-2 Variants. Nat. Commun. 2021, 12 (1),
6977.

(9) Trypsteen, W.; Van Cleemput, J.; Snippenberg, W. van; Gerlo,
S.; Vandekerckhove, L. On the Whereabouts of SARS-CoV-2 in the
Human Body: A Systematic Review. PLOS Pathog. 2020, 16 (10),
e1009037.

(10) Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H,; Geng,
Q.; Auerbach, A,; Li, F. Structural Basis of Receptor Recognition by
SARS-CoV-2. Nature 2020, 581 (7807), 221—224.

(11) Christie, S. M.; Tada, T.; Yin, Y.; Bhardwaj, A,; Landau, N. R;;
Rothenberg, E. Single-Virus Tracking Reveals Variant SARS-CoV-2
Spike Proteins Induce ACE2-Independent Membrane Interactions.
Sci. Adv. 2022, 8 (49), eabo3977.

(12) Liy, J; Lu, F.; Chen, Y.; Plow, E.; Qin, J. Integrin Mediates Cell
Entry of the SARS-CoV-2 Virus Independent of Cellular Receptor
ACE2. J. Biol. Chem. 2022, 298 (3), 101710.

(13) Triana, S.; Metz-Zumaran, C.; Ramirez, C.; Kee, C.; Doldan, P.;
Shahraz, M.; Schraivogel, D.; Gschwind, A. R; Sharma, A. K;
Steinmetz, L. M; Herrmann, C.; Alexandrov, T.; Boulant, S.; Stanifer,
M. L Single-Cell Analyses Reveal SARS-CoV- 2 Interference with
Intrinsic Immune Response in the Human Gut. Mol. Syst. Biol. 2021,
17, 1-25.

(14) Alvarez, C. P.; Lasala, F.; Carrillo, J.; Muniz, O.; Corbi, A. L.;
Delgado, R. C-Type Lectins DC-SIGN and L-SIGN Mediate Cellular
Entry by Ebola Virus in Cis and in Trans. J. Virol. 2002, 76 (13),
6841—6844.

(15) Pokidysheva, E.; Zhang, Y.; Battisti, A. J.; Bator-Kelly, C. M.;
Chipman, P. R;; Xiao, C.; Gregorio, G. G.; Hendrickson, W. A.; Kuhn,
R. J.; Rossmann, M. G. Cryo-EM Reconstruction of Dengue Virus in
Complex with the Carbohydrate Recognition Domain of DC-SIGN.
Cell 2006, 124 (3), 485—493.

(16) Khoo, U.-S.; Chan, K. Y. K; Chan, V. S. F,; Lin, C. L. S. DC-
SIGN and L-SIGN: The SIGNSs for Infection. J. Mol. Med. 2008, 86
(8), 861—874.

(17) Lozach, P.-Y.; Burleigh, L.; Staropoli, I.; Amara, A. The C Type
Lectins DC-SIGN and L-SIGN BT - Glycovirology Protocols; Sugrue, R.
J., Ed;; Humana Press: Totowa, NJ, 2007; pp 51—68.

(18) Mitchell, D. A; Fadden, A. J; Drickamer, K. A Novel
Mechanism of Carbohydrate Recognition by the C-Type Lectins DC-
SIGN and DC-SIGNR: SUBUNIT ORGANIZATION AND BIND-
ING TO MULTIVALENT LIGANDS*. J. Biol. Chem. 2001, 276
(31), 28939—28945.

(19) Geijtenbeek, T. B. H,; Torensma, R; van Vliet, S. J; van
Duijnhoven, G. C. F.; Adema, G. J.; van Kooyk, Y.; Figdor, C. G.
Identification of DC-SIGN, a Novel Dendritic Cell&#x2013;Specific
ICAM-3 Receptor That Supports Primary Immune Responses. Cell
2000, 100 (S), 575—58S.

(20) Pshlmann, S.; Soilleux, E. J.; Baribaud, F.; Leslie, G. J.; Morris,
L. S.; Trowsdale, J.; Lee, B.; Coleman, N.; Doms, R. W. DC-SIGNR, a
DC-SIGN Homologue Expressed in Endothelial Cells, Binds to
Human and Simian Immunodeficiency Viruses and Activates
Infection in Trans. Proc. Natl Acad. Sci. U. S. A. 2001, 98 (5),
2670—2675.

(21) Guo, Y.; Feinberg, H.; Conroy, E.; Mitchell, D. A.; Alvarez, R;;
Blixt, O.; Taylor, M. E.; Weis, W. L; Drickamer, K. Structural Basis for
Distinct Ligand-Binding and Targeting Properties of the Receptors
DC-SIGN and DC-SIGNR. Nat. Struct. Mol. Biol. 2004, 11 (7), 591—
598.

https://doi.org/10.1021/acs.nanolett.2c04931
Nano Lett. 2023, 23, 1496—1504


mailto:m.koehler.leibniz-lsb@tum.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+D.+Simpson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8823-8130
https://orcid.org/0000-0002-8823-8130
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ankita+Ray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5059-9598
https://orcid.org/0000-0002-5059-9598
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claire+Marcon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rita+dos+Santos+Natividade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0123-4760
https://orcid.org/0000-0002-0123-4760
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gol+Mohammad+Dorrazehi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5258-543X
https://orcid.org/0000-0002-5258-543X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kimberly+Durlet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04931?ref=pdf
https://doi.org/10.1073/pnas.2119893119
https://doi.org/10.1073/pnas.2119893119
https://doi.org/10.7554/eLife.69336
https://doi.org/10.7554/eLife.69336
https://doi.org/10.7554/eLife.69336
https://doi.org/10.1002/jmv.27661
https://doi.org/10.1002/jmv.27661
https://doi.org/10.1002/jmv.27635
https://doi.org/10.1002/jmv.27635
https://doi.org/10.1002/jmv.27635
https://doi.org/10.1038/nrd.2015.37
https://doi.org/10.1038/nrd703
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1038/s41467-021-27325-1
https://doi.org/10.1038/s41467-021-27325-1
https://doi.org/10.1371/journal.ppat.1009037
https://doi.org/10.1371/journal.ppat.1009037
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1126/sciadv.abo3977
https://doi.org/10.1126/sciadv.abo3977
https://doi.org/10.1016/j.jbc.2022.101710
https://doi.org/10.1016/j.jbc.2022.101710
https://doi.org/10.1016/j.jbc.2022.101710
https://doi.org/10.15252/msb.202110232
https://doi.org/10.15252/msb.202110232
https://doi.org/10.1128/JVI.76.13.6841-6844.2002
https://doi.org/10.1128/JVI.76.13.6841-6844.2002
https://doi.org/10.1016/j.cell.2005.11.042
https://doi.org/10.1016/j.cell.2005.11.042
https://doi.org/10.1007/s00109-008-0350-2
https://doi.org/10.1007/s00109-008-0350-2
https://doi.org/10.1074/jbc.M104565200
https://doi.org/10.1074/jbc.M104565200
https://doi.org/10.1074/jbc.M104565200
https://doi.org/10.1074/jbc.M104565200
https://doi.org/10.1016/S0092-8674(00)80693-5
https://doi.org/10.1016/S0092-8674(00)80693-5
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1038/nsmb784
https://doi.org/10.1038/nsmb784
https://doi.org/10.1038/nsmb784
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(22) Thépaut, M.; Luczkowiak, J.; Vives, C.; Labiod, N.; Bally, I;
Lasala, F.; Grimoire, Y.; Fenel, D.; Sattin, S.; Thielens, N.; Schoehn,
G.; Bernardi, A.; Delgado, R.; Fieschi, F. DC/L-SIGN Recognition of
Spike Glycoprotein Promotes SARS-CoV-2 Trans-Infection and Can
Be Inhibited by a Glycomimetic Antagonist. PLOS Pathog. 2021, 17
(5), e1009576.

(23) Jaimes, J. A; André, N. M; Chappie, J. S.; Millet, J. K;
Whittaker, G. R. Phylogenetic Analysis and Structural Modeling of
SARS-CoV-2 Spike Protein Reveals an Evolutionary Distinct and
Proteolytically Sensitive Activation Loop. J. Mol. Biol. 2020, 432 (10),
3309-3325.

(24) Zhang, J.; Xiao, T.; Cai, Y.; Chen, B. Structure of SARS-CoV-2
Spike Protein. Curr. Opin. Virol. 2021, 50, 173—182.

(25) Ke, Z.; Oton, J.; Qu, K; Cortese, M.; Zila, V.; McKeane, L.;
Nakane, T.; Zivanov, J.; Neufeldt, C. J.; Cerikan, B.; Lu, J. M.; Peukes,
J.; Xiong, X,; Krausslich, H.-G.; Scheres, S. H. W.; Bartenschlager, R;;
Briggs, J. A. G. Structures and Distributions of SARS-CoV-2 Spike
Proteins on Intact Virions. Nature 2020, 588 (7838), 498—502.

(26) Sauer, M. M.; Tortorici, M. A.; Park, Y.-].; Walls, A. C.; Homad,
L.; Acton, O. J; Bowen, J. E; Wang, C.; Xiong, X,; de van der
Schueren, W.; Quispe, J.; Hoffstrom, B. G.; Bosch, B.-J.; McGuire, A.
T.; Veesler, D. Structural Basis for Broad Coronavirus Neutralization.
Nat. Struct. Mol. Biol. 2021, 28 (6), 478—486.

(27) Aloor, A.; Aradhya, R.; Venugopal, P.; Gopalakrishnan Nair, B.;
Suravajhala, R. Glycosylation in SARS-CoV-2 Variants: A Path to
Infection and Recovery. Biochem. Pharmacol. 2022, 206, 115335.

(28) Cramer, J.; Lakkaichi, A,; Aliu, B,; Jakob, R. P.; Klein, S.;
Cattaneo, I; Jiang, X.; Rabbani, S.; Schwardt, O.; Zimmer, G;
Ciancaglini, M.; Abreu Mota, T.; Maier, T.; Ernst, B. Sweet Drugs for
Bad Bugs: A Glycomimetic Strategy against the DC-SIGN-Mediated
Dissemination of SARS-CoV-2. J. Am. Chem. Soc. 2021, 143 (42),
17465—17478.

(29) Krieg, M.; Flischner, G; Alsteens, D.; Gaub, B. M.; Roos, W.
H.; Wuite, G. J. L.; Gaub, H. E.; Gerber, C.; Dufréne, Y. F.; Miiller, D.
J. Atomic Force Microscopy-Based Mechanobiology. Nat. Rev. Phys.
2019, 1 (1), 41-57.

(30) Dufréne, Y. F.; Ando, T.; Garcia, R;; Alsteens, D.; Martinez-
Martin, D.; Engel, A,; Gerber, C.; Miiller, D. J. Imaging Modes of
Atomic Force Microscopy for Application in Molecular and Cell
Biology. Nat. Nanotechnol. 2017, 12 (4), 295—307.

(31) Alsteens, D.; Miiller, D. J; Dufréne, Y. F. Multiparametric
Atomic Force Microscopy Imaging of Biomolecular and Cellular
Systems. Acc. Chem. Res. 2017, 50 (4), 924—931.

(32) Simpson, J. D.; Ray, A.; Koehler, M.; Mohammed, D.; Alsteens,
D. Atomic Force Microscopy Applied to Interrogate Nanoscale
Cellular Chemistry and Supramolecular Bond Dynamics for
Biomedical Applications. Chem. Commun. 2022, 58 (33), S072—5087.

(33) Wrapp, D.; Wang, N.; Corbett, K. S.; Goldsmith, J. A.; Hsieh,
C. L.; Abiona, O.; Graham, B. S.; McLellan, J. S. Cryo-EM Structure
of the 2019-NCoV Spike in the Prefusion Conformation. Science
2020, 367 (6483), 1260—1263.

(34) Yang, J; Petitjean, S. J. L. L.; Koehler, M.; Zhang, Q.; Dumitru,
A. C.; Chen, W,; Derclaye, S.; Vincent, S. P.; Soumillion, P.; Alsteens,
D. Molecular Interaction and Inhibition of SARS-CoV-2 Binding to
the ACE2 Receptor. Nat. Commun. 2020, 11 (1), 4541.

(35) Rahimian, M. G.; Jain, A.; Larocque, H.; Corkum, P. B.; Karimi,
E.; Bhardwaj, V. R. Spatially Controlled Nano-Structuring of Silicon
with Femtosecond Vortex Pulses. Sci. Rep. 2020, 10 (1), 12643.

(36) Rankl, C.; Wildling, L.; Neundlinger, I; Kienberger, F.; Gruber,
H.; Blaas, D.; Hinterdorfer, P. Determination of the Kinetic On- and
off-Rate of Single Virus-Cell Interactions. Methods Mol. Biol. 2011,
736, 197-210.

(37) Pederson, K; Mitchell, D. A; Prestegard, J. H. Structural
Characterization of the DC-SIGN — Lewis® Complex. Biochemistry
2014, 53, 5700—5709.

(38) Amraei, R; Yin, W.; Napoleon, M. A.; Suder, E. L.; Berrigan, J.;
Zhao, Q.; Olejnik, J.; Chandler, K. B.; Xia, C.; Feldman, J.; Hauser, B.
M,; Caradonna, T. M.; Schmidt, A. G.; Gummuluru, S.; Miihlberger,
E.; Chitalia, V.; Costello, C. E.; Rahimi, N. CD209L/L-SIGN and

1504

CD209/DC-SIGN Act as Receptors for SARS-CoV-2. ACS Cent. Sci.
2021, 7 (7), 1156—1165.

(39) Prabhuy, S. K; Yang, Q; Tong, X.; Wang, L.-X. Exploring a
Combined Escherichia Coli-Based Glycosylation and in Vitro
Transglycosylation Approach for Expression of Glycosylated Interfer-
on Alpha. Bioorg. Med. Chem. 2021, 33, 116037.

(40) Smith, B. A. H.; Bertozzi, C. R. The Clinical Impact of
Glycobiology: Targeting Selectins, Siglecs and Mammalian Glycans.
Nat. Rev. Drug Discovery 2021, 20 (3), 217—243.

[0 Recommended by ACS

Label-Free Analysis of Binding and Inhibition of SARS-Cov-
19 Spike Proteins to ACE2 Receptor with ACE2-Derived
Peptides by Surface Plasmon Resonance

Fatimah Abouhajar, Quan Cheng, et al.
DECEMBER 22, 2022

ACS APPLIED BIO MATERIALS READ &'

High-Throughput Assay for Identifying Diverse Antagonists
of the Binding Interaction between the ACE2 Receptor and
the Dynamic Spike Proteins of SARS-CoV-2

Rachel M. Sammons, Kevin N. Dalby, et al.
OCTOBER 31, 2022

ACS INFECTIOUS DISEASES READ '

Photochemical Identification of Auxiliary Severe Acute
Respiratory Syndrome Coronavirus 2 Host Entry Factors
Using pMap

Saori Suzuki, Alexander Ploss, et al.

SEPTEMBER 01, 2022

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ

Inactivation of SARS-CoV-2 Spike Protein Pseudotyped
Virus Infection Using ACE2-Tethered Gold Nanorods under
Near-Infrared Laser Irradiation

Tan Peng, Ching-An Peng, et al.
OCTOBER 07, 2022

ACS APPLIED NANO MATERIALS READ '

https://doi.org/10.1021/acs.nanolett.2c04931
Nano Lett. 2023, 23, 1496—1504


https://doi.org/10.1371/journal.ppat.1009576
https://doi.org/10.1371/journal.ppat.1009576
https://doi.org/10.1371/journal.ppat.1009576
https://doi.org/10.1016/j.jmb.2020.04.009
https://doi.org/10.1016/j.jmb.2020.04.009
https://doi.org/10.1016/j.jmb.2020.04.009
https://doi.org/10.1016/j.coviro.2021.08.010
https://doi.org/10.1016/j.coviro.2021.08.010
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1038/s41594-021-00596-4
https://doi.org/10.1016/j.bcp.2022.115335
https://doi.org/10.1016/j.bcp.2022.115335
https://doi.org/10.1021/jacs.1c06778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42254-018-0001-7
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1021/acs.accounts.6b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC07200E
https://doi.org/10.1039/D1CC07200E
https://doi.org/10.1039/D1CC07200E
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1038/s41467-020-18319-6
https://doi.org/10.1038/s41467-020-18319-6
https://doi.org/10.1038/s41598-020-69390-4
https://doi.org/10.1038/s41598-020-69390-4
https://doi.org/10.1007/978-1-61779-105-5_13
https://doi.org/10.1007/978-1-61779-105-5_13
https://doi.org/10.1021/bi5005014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi5005014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2021.116037
https://doi.org/10.1016/j.bmc.2021.116037
https://doi.org/10.1016/j.bmc.2021.116037
https://doi.org/10.1016/j.bmc.2021.116037
https://doi.org/10.1038/s41573-020-00093-1
https://doi.org/10.1038/s41573-020-00093-1
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsabm.2c00832?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsinfecdis.2c00297?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/jacs.2c06806?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931
http://pubs.acs.org/doi/10.1021/acsanm.2c04275?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1704685516&referrer_DOI=10.1021%2Facs.nanolett.2c04931

