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ABSTRACT: The first step of SARS-CoV-2 infection is binding of the spike protein’s
receptor binding domain to the host cell’s ACE2 receptor on the plasma membrane.
Here, we have generated a versatile imaging probe using recombinant Spike receptor
binding domain conjugated to fluorescent quantum dots (QDs). This probe is capable
of engaging in energy transfer quenching with ACE2-conjugated gold nanoparticles to
enable monitoring of the binding event in solution. Neutralizing antibodies and
recombinant human ACE2 blocked quenching, demonstrating a specific binding
interaction. In cells transfected with ACE2-GFP, we observed immediate binding of the
probe on the cell surface followed by endocytosis. Neutralizing antibodies and ACE2-Fc fully prevented binding and
endocytosis with low nanomolar potency. Importantly, we will be able to use this QD nanoparticle probe to identify and
validate inhibitors of the SARS-CoV-2 Spike and ACE2 receptor binding in human cells. This work enables facile, rapid, and
high-throughput cell-based screening of inhibitors for coronavirus Spike-mediated cell recognition and entry.
KEYWORDS: quantum dot, SARS-CoV-2, spike, receptor binding domain, angiotensin converting enzyme 2, fluorescence, endocytosis

The severe acute respiratory syndrome coronavirus of
2019 (SARS-CoV-2) is known to cause the coronavirus
disease of 2019 (COVID-19).1 The global SARS-CoV-

2 viral pandemic has resulted in millions of COVID-19 cases
around the world. As of August 27, 2020, there have been over
24 million cases globally with over 828 000 confirmed deaths.2

This deadly virus has prompted a global mobilization of research
activity. Because much of the biology and pathogenesis of
COVID-19 is unknown, and there are few therapeutic options
available to patients, the field of drug discovery and development
for COVID-19 antivirals requires tools and reagents to study the
viral mechanisms of infection in order to identify targets for
therapeutic intervention.
The first step of SARS-CoV-2 infection involves the binding

of the highly glycosylated Spike’s S1 subunit receptor binding
domain (RBD) to the host cell’s angiotensin converting enzyme
2 (ACE2), a transmembrane enzyme expressed on the plasma
membrane surface.3,4 Because the Spike and its binding to the
ACE2 receptor play such a vital role in initiating viral infection,
the development of probes to study this interaction is needed by
virtually all researchers engaged in SARS-CoV-2 drug discovery
efforts.5

An ideal tool would be able to (1) monitor Spike/ACE2
binding, (2) measure the cellular spatiotemporal dynamics of
Spike/ACE2 binding and internalization, and (3) scale for high-
throughput drug screening. To this end, we have developed
versatile nanoparticle probes consisting of Spike subunits
conjugated to quantum dots (QDs). Although considerably
smaller than an average SARS-CoV-2 virion,3 these QD probes
may approximate the virus particle shape and mimic its
interactions with human cells. As such, they can be considered
as model “pseudovirions” that facilitate the study of Spike
protein−protein interactions and spatiotemporal dynamics.
The ideal QD includes features such as well-tailored emission

characteristics and the ability to serve as a central anchor for
multiple spike proteins. QDs have garnered significant attention
over conventional organic fluorophores due to their unique
photophysical properties that include (1) size- and composition-
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dependent tuning of fluorescence spectra, (2) broad excitation
spectra, (3) high molar absorptivity, (4) high fluorescence
quantum yield (QY), and (5) photochemical stability.6−9

Because QDs are photostable and relatively small in size and
their surfaces can be easily functionalized with a series of
biological molecules, there is great interest in developing QD-
based Förster resonance energy transfer (FRET) biosensing
systems with various energy transfer partners.10 One of the best
energy acceptors for QDs is gold nanoparticles (AuNPs), due to
their large absorptivity in the visible electromagnetic spec-
trum.11−15

In this work, we have combined the utility of fluorescent QDs,
AuNPs, and ACE2-green fluorescent protein tagged (ACE2-
GFP) cells to allow for facile monitoring of Spike-ACE2
interactions. Hereafter, we refer to the conjugates of Spike
subunits bound to a central QD as “QD-[subunit]” (e.g., QD-
RBD) and ACE2 receptors bound to a central AuNP as “AuNP-
ACE2”. We designed an energy transfer system to monitor
Spike-ACE2 binding in vitro where QD fluorescence is
quenched by the nearby AuNP upon binding. This quenching
can be disrupted by unlabeled ACE2 or neutralizing SARS-CoV-
2 antibodies competing with or blocking QD-Spike binding to
ACE2-AuNP, respectively. We further applied QD-RBD to

Figure 1. Assay design and physical properties of nanoparticles. (a) Schematic diagram of the biochemical assay using energy transfer fromQD-
RBD to AuNP-ACE2 (top left) and the cellular assay usingQD-RBD interaction with ACE2 (with or without GFPmodification at the end of the
C-terminal) on the cell membrane (top right). The bottom image shows the binding of ACE2 and RBD (bottom left, the estimated size
measured in Å) and the chemical structure of surface ligands for both QDs (CL4) and AuNPs (DHLA ligands) (bottom right). (b) TEM images
of NPs. Top: As-synthesizedQD608 (10.1± 0.94 nm) andQD514 (8.4± 0.84 nm). Bottom:QD608-RBD (10.1± 0.89 nm) and AuNP-ACE2 (5.8
± 0.8 nm). (c) Absorption and fluorescence spectra of CL4-coated QD608 in water. (d) Absorption and fluorescence spectra of CL4-coated
QD514 in water.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c05975
ACS Nano 2020, 14, 12234−12247

12235

https://pubs.acs.org/doi/10.1021/acsnano.0c05975?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05975?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05975?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05975?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05975?ref=pdf


ACE2-GFP to directly image Spike-ACE2 endocytosis [endo-

(RBD:ACE2)] using real-time confocal microscopy and high-

resolution single-molecule tracking in living cells.
Our research supports the idea that endocytosis of Spike

bound to ACE2 is one potential mechanism for viral entry.16

These assays can identify SARS-CoV-2 antivirals and suggest

that QD-RBD conjugates can be used for high-throughput

screening (HTS) as well as nanoparticle-based diagnostics for

the detection of viral particles.17,18

RESULTS AND DISCUSSION

Biochemical Assays. Nanoparticle-Based Assay Design.
We initially focused on developing an energy transfer system to
monitor the interaction between Spike and ACE2, using QD-
RBD (green QD514, fluorescence maximum at 514 nm) (Figure
1d) and AuNP-ACE2 that quenches QD fluorescence with close
proximity facilitated by RBD-ACE2 binding.11 Photolumines-
cence (PL) quenching of QDs is dependent on the binding
affinity, conjugation ratio, and the integral overlap of donor−
acceptor pairs (details in Methods). For cellular assays, QD-
RBD and ACE2-GFP internalization was monitored using

Table 1. Characteristics of Nanoparticles and Nanoparticle−Protein Conjugatesa

emission peak
extinction coefficient

(M‑1 cm‑1)
TEM size
(nm)

hydrodynamic size
(intensity mode, nm)

hydrodynamic size
(number mode, nm)

QD608-CL4

608 nm (FWHM ∼26 nm)
(QY∼30%) 1.2 × 105 @592

10.0 ± 0.93 16.6 ± 0.6 12.2 ± 0.1
QD608-RBD 10.1 ± 0.89 23.8 ± 2.4 19.9 ± 0.9
QD608-S1 − 28.2 ± 1.1 23.4 ± 0.7
QD608-S1+S2 − 56.1 ± 0.9 53.1 ± 1.6
QD514-CL4 514 nm (FWHM ∼34 nm)

(QY∼40%) 8.9 × 105 @488
8.4 ± 0.84 13.2 ± 0.5 10.8 ± 1.6

QD514-RBD 8.2 ± 0.72 21.8 ± 2.3 17.0 ± 1.3
AuNP-NTA

− 1.4 × 107@520
5.6 ± 0.7 15.6 ± 0.5 11.8 ± 0.4

AuNP-ACE2 5.8 ± 0.8 21.7 ± 0.7 17.4 ± 1.7
aData shown as mean ± SD.

Figure 2. Energy transfer quenching assay usingQD-RBD andAuNP-ACE2. (a) Changes inQD514-RBDphotoluminescence (PL) with different
ratios of AuNP-ACE2/QD514-RBD; from 0 (noted as “QD”) to 10 (noted as “QD + 10Au”). (b) Energy transfer efficiency as a function of the
ratio of AuNP-ACE2 per QD514-RBD; the experimental plots and three different theoretical models. (c) TEM images of clustered AuNPs due to
the binding between AuNP-ACE2 and QD514-RBD (ratio = 8).
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orange-emitting QDs (QD608, fluorescence maximum at 608
nm) (Figure 1c) and GFP signal (fluorescence maximum at 509
nm). Using the pseudovirion QD-RBD, we studied RBD:ACE2
internalization and its inhibition by recombinant ACE2 with the
fragment crystallizable (Fc) region of the human immunoglo-
bulin IgG1 (ACE2-Fc) or neutralizing antibodies.
For this, QD surfaces were modified with compact ligands

(CL4) and AuNPs with dihydrolipoic acid (DHLA) mixed with
nitrilotriacetic acid-modified DHLA (DHLA-PEG-NTA,
DHLA-NTA)19 (Figure 1a). QDs have narrow emission spectra,
and measurements using transmission electron microscopy
(TEM) determined their diameter to be 10.4 nm for orange
QD608 and 8.4 nm for green QD514 (Figure 1b). TEM also
confirmed that the QD sizes and shapes were not affected by
ligand exchange nor protein conjugation and that the QDs were
well dispersed (Table 1 and Supplementary Figure 1).
AuNP exhibited a surface resonance peak at 520 nm, and the

size was 5.6 nm asmeasured by TEM (Figure 1b, Supplementary
Figure 1). The hydrodynamic sizes of NPs in an aqueous
solution were 13.2 and 16.6 nm for QD514-CL4 and QD608-CL4,
respectively, and 15.6 nm for AuNP-NTA, which were larger
than the TEM core sizes due to the hydration layer and ligand
layer20 (Table 1). Next, histidine-tagged RBD (RBD-His) and
histidine-tagged ACE2 (ACE2-His) were conjugated to NPs via
coordination directly to the QD surface or NTA on the AuNP
surface (details in Methods). After conjugation, the QD
hydrodynamic size was increased by 7 nm with RBD (molar
ratio of RBD/QD = 8, hereafter), 15 nm with S1 (S1/QD = 4),
and 40 nm with S1 + S2 (S1 + S2/QD = 3), which were

reasonable increases according to the protein sizes (Table 1).
Similarly, the hydrodynamic size of AuNPwas increased by 6 nm
with ACE2 conjugation (ACE2/AuNP = 3). Gel electrophoresis
revealed decreases in the mobility shifts as the conjugation ratio
of RBD to QD increased from 0 to 16 and confirmed efficient
conjugation of RBD-His to QD as well as ACE2-His to AuNP
(Supplementary Figure 1).

NP-Based Energy Transfer Biosensor for RBD-ACE2
Binding. We chose QD514 as the energy transfer donor to
achieve higher efficiency due to a better spectral overlap (J) with
the AuNP absorption peak (520 nm) and its smaller core size
(details in Methods). QD fluorescence decreased with
increasing ratios of acceptor per donor (AuNP/QD = 0−10)
(Figure 2a). The optimized biochemical assays exhibited 80%
maximum energy transfer efficiency, and the control AuNP
(without ACE2) did not quench the QD514-RBD PL, which
confirmed the specificity of the RBD-ACE2 interaction
(Supplementary Figure 2). The experimental energy transfer
efficiency, E = 1 − (F/F0), was compared with three theoretical
models: FRET (dipole−dipole interaction, E proportional to
R6), NSET (nanosurface damping energy transfer, E propor-
tional to R4), and NVET (nanovolume damping energy transfer,
E proportional to R3). These models are described in the
Supporting Information21−23 (Figure 2b). In the FRET model,
R is defined as the distance between the centers of the AuNP and
QD. For NSET and NVET, R is the distance from the surface of
the AuNP to the center of the QD. Here, F and F0 are the PL of
QD with and without AuNP, respectively. The calculated
distance with 50% energy transfer, R0, was 14.4 nm for FRET,

Figure 3. NP-based inhibition assay. (a) Left: The structure of neutralizing antibody (top) bound to SARS-CoV-2 Spike RBD (bottom, green).
Right: Schematic diagram of the inhibition assay depicting blocking of the interaction between RBD and ACE2 and the resulting inhibition of
energy transfer from QD to AuNP. (b) PL recovery of QD514-RBD in the presence of neutralizing antibody Ab1. (c) Inhibition test using anti-
Spike antibody without neutralizing ability, showing almost no PL recovery of QD514-RBD. (d) Calculated EC50s for neutralizing antibodies
Ab1 and Ab2 were 60 nM and 125 nM with R2 > 99%, respectively.
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which was longer than that for general organic dye acceptors
(typically R0 < 10 nm), owing to the large extinction coefficient
of AuNP (ε = 1.4 × 107 M−1 cm−1 at 520 nm).24 With QD514-
AuNP, the FRET model provided the best fit to our
experimental data with the specifically calculated and estimated
distances, which was different from our previous study using
QDs and ultrasmall AuNPs (1.5 nm) and other literature
reports.15,23 Here, the calculated FRET model estimated higher
efficiency than othermodels because the extinction coefficient of
5 nm AuNPs is 2−3 orders of magnitude higher than that of 1.5
nm AuNPs. The NVET model moderately estimated the
experimental data, while the NSET model fit poorly because it
does not account for acceptor size.While we observed consistent
QD quenching using 3 nm AuNP-ACE2 and QD514-RBD, the
FRET model underestimated the efficiency of smaller AuNPs
due to the larger R-dependence (Methods, Supplementary
Figure 2). QD514-S1 was also tested as the energy donor and
exhibited much lower efficiency because the larger size of S1
compared to RBD (76.5 kDa vs 26.5 kDa) resulted in increased
separation, R (Supplementary Figure 3).
The TEM images of the QD-RBD:AuNP-ACE2 complex

captured clustering ofQD andAuNP (Figure 2c, Supplementary
Figure 2), and the decreased distance between NPs further
corroborated specific RBD-ACE2 binding, while control
samples without protein conjugates did not show any clustering.
However, we could not completely exclude the inner-screening
effect of AuNPs, the electron transfer, or the electrostatic
interaction as additional contributions to quenching.23,24

Regardless of the fit to the models, the observed PL quenching
indicated the binding between the Spike subunit and ACE2,
demonstrating that QD-Spike is a viable method for the
production of pseudovirions that can be monitored in real time
by their emission characteristics.

Biologics Inhibit NP-Based Energy Transfer. After
confirming that QD514-RBD quenching could be used to
monitor RBD-ACE2 binding, we devised a method to test the
inhibitory activity of biological molecules (Figure 3a). As a
proof-of-concept, Fc-tagged recombinant ACE2 (ACE2-Fc)
was used in a competition assay to block the interaction of
QD514-RBD and AuNP-ACE2. Addition of 0.9 μM free ACE2-
Fc resulted in 90% PL recovery and a half-maximal effective
concentration (EC50) of 200 nM (Supplementary Figure 3). We
then tested the efficacy of neutralizing antibodies Ab1 and Ab2,
specific for SARS-CoV-2 S1 or RBD, respectively, and found
that the PL of QD514-RBD was fully recovered in the presence of
the neutralizing antibodies (Figure 3b and Supplementary
Figure 3). As a control, we tested another non-neutralizing anti-
spike antibody and observed no PL recovery (Figure 3c). The
calculated EC50 using normalized PL was 60 nM and 125 nM
with R2 > 99% for Ab1 and Ab2, respectively (Figure 3d). These
results indicate that our pseudovirions can enable facile and
rapid biochemical screening for repurposed or newly synthe-
sized drugs in addition to neutralizing antibodies or other
biologics to prevent SARS-CoV-2 infection.

Cell-Based Assays. Quantum Dot Conjugates Induce
ACE2-Spike Translocation. The biochemical assays described

Figure 4. Quantum dot-conjugated Spike-RBD domain induces translocation of ACE2 and internalizes into cells. (a) Representative image
montage of ACE2-GFP (yellow) HEK293T clone 2 treated with 100 nM QD514-RBD (magenta) and QD608-RBD (magenta). Digital phase
contrast (cyan) was used during live-cell imaging to identify cell somas. (b) High-content analysis averages of spot count for QD514-RBD and
QD608-RBD and ACE2-GFP. N ≥ 400 cells from duplicate wells. (c) Representative image montage of immunofluorescence staining for ACE2
in ACE2-GFP HEK293T cells. Cells were stained with Hoechst 33342 for nuclei (cyan), mouse anti-ACE2 antibody (yellow), and HCS Cell
Mask Deep Red for whole cell fill (magenta).N = 9 fields each from 3 triplicate wells. (d) WTHEK293T cells were treated with 100 nMQD608-
RBD. Digital phase contrast in cyan and QD608-RBD in magenta. (e) Representative image montage of ACE2-Expi293F and WT-HEK293T
cells stained with Hoechst 33342 (cyan), mouse anti-ACE2 antibody (yellow), and HCS Cell Mask Deep Red (magenta). N = 3 triplicate wells.
Optimem I alone used as control. Scale bar, 25 μm.
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Figure 5. QD608-RBD-induced translocation of ACE2-GFP is blocked using endocytosis inhibitor Dyngo-4a. (a) Representative imagemontage
of ACE2-GFP signal (yellow) in HEK293T clone 2 treated with 10 nM QD608-RBD. ACE2-GFP is represented by a yellow look-up table. (b)
Same cells from (a) showing theQD608-RBD signal (magenta). Control cells were incubated withOptimem I alone. Dyngo-4a-treated cells were
first preincubated with compound for 15 min. Time course spans 3 h and imaging began immediately after treating cells with QD608-RBD.
Images were captured using a 63× objective. Scale bar, 25 μm. (c)High-content analysis averages of spot count for ACE2-GFP andQD608-RBD.
Curves were fit using nonlinear regression. N ≥ 1100 cells from 4 fields each from 10 wells per condition, representative of three experiments.
Error bars indicate SD. (d) Single-particle imaging of QD (left) and overlay with tracks (right) in ACE2-GFP HEK293T cells. Scale bar, 5 μm.
(e) The ensemble mean of all mean square displacements (MSD) (1562 tracks) is shown as a black solid line. The grayed area represents the
weighted standard deviation over all MSD curves. (f) Distribution of one-step jump distances with fitted curve (red solid line) of QDs in the
ACE2-GFP HEK293T cells.
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above demonstrated how QDs conjugated to SARS-CoV-2
Spike can act as a pseudovirion and bind to ACE2. To
understand whether these nanoparticle probes were active in a
cell-based system, we stably transfected a C-terminal GFP-
tagged ACE2 fusion protein into HEK293T cells (ACE2-GFP
HEK293T). This line propagated well, had a high transfection
efficiency, and expressed high levels of ACE2 on the plasma
membrane. ACE2-GFP clone 2 was treated with 100 nMQD514-
RBD or QD608-RBD for 3 h, and the live cells were imaged using
an Opera Phenix automated high-content confocal microscope
(Figure 4).
The control unconjugated QDs did not enter cells, nor did

they induce any changes in the localization of ACE2-GFP
(Figure 4a). QD514-RBD and QD608-RBD were both observed
to internalize into cells and induced strong translocation of
ACE2-GFP. Importantly, the separate ACE2-GFP and QD608-
RBD signals were strongly colocalized, with little to no QD608
signal independent of ACE2-GFP fluorescence. The QD514
signal could not be discerned from the ACE2-GFP signal
because of overlapping emission spectra and bleed-through as
seen in stably transfected ACE2-Expi293F cells that do not have
a GFP tag on ACE2 (Supplementary Figure 4). There was no
bleed-through in signal when using QD608-RBD (Supplemen-
tary Figure 4); therefore it was selected for subsequent cell-
based experiments. Furthermore, the QD-RBD fluorescence was
only observed in ACE2-GFP cells as seen with ACE2-GFP
HEK293T clone 1 that had a lower transfection efficiency. High-
content analysis of fluorescent signals demonstrated a large assay
window between cells treated with QD608-RBD and cells treated
with unconjugated QD608 when analyzing spot counts,
indicative of internalized QDs and ACE2 receptor (Figure
4b). We also generated QD528 during initial optimizations
conjugated to the virtually full length recombinant SARS-CoV-2
S1+S2 ECD-His protein. QD528-S1+S2 bound to the cell
surface, and subsequently intracellular puncta could be
observed, although internalization was reduced compared to
that observed with QD-RBD (Supplementary Figure 4). In
addition, recombinant SARS-CoV-2 RBD alone was able to
induce ACE2-GFP translocation (Supplementary Figure 5).
Furthermore, QDs conjugated to the original SARS Spike,
SARS-CoV S1, were internalized and strongly colocalized with
ACE2-GFP (Supplementary Figure 5).
To verify that ACE2-GFP cells indeed expressed ACE2, fixed

cells were immunostained with mouse anti-ACE2 antibody, and
no independent yellow or magenta signal corresponding to GFP
and QD, respectively, was observed (Figure 4c). Similarly, no
uptake of QD608-RBD was observed in wild-type (WT)
HEK293T cells (Figure 4d). In contrast to untagged ACE2-
Expi293F, WT HEK239T did not express detectable levels of
ACE2 as assessed by immunofluorescence staining (Figure 4e).
QD608-RBD Enters Cells and Induces ACE2-GFP

Internalization through Endocytosis. We confirmed that
QD608-RBD could be used at concentrations as low as 5 nM and
still observe binding, internalization, and translocation of ACE2-
GFP (Supplementary Figure 6). Concentrations of 10 and 20
nM were used in subsequent experiments to ensure sufficient
amounts of QD-RBD. One potential mechanism of this
translocation and internalization of ACE2-GFP bound to
QD608-RBD is dynamin- and clathrin-dependent receptor
endocytosis, a mechanism that has been proposed for viral
entry in some cell types.25 To confirm this hypothesis, we
conducted live-cell imaging of ACE2-GFP clone 2 cells treated
with Optimem I as a control, 10 or 20 nM QD608-RBD, and 20

μMDyngo-4a,26 a dynamin inhibitor (Figure 5a, Supplementary
Videos 1−6).
Signals from ACE2-GFP and QD608-RBD were captured for

cells treated with and without QD608-RBD or Dyngo-4a. QD608-
RBD rapidly bound to ACE2-GFP cells and began internalizing
with ACE2-GFP within 10 min to form endo(RBD-ACE2).
Dyngo-4a alone did not affect the ACE2-GFP localization
(Supplementary Video 4), but treatment with Dyngo-4a prior to
QD608-RBD treatment robustly blocked endo(RBD-ACE2)
(Supplementary Videos 5,6). The inhibitory effect of Dyngo-
4a was more apparent when quantifying the signal for QD608-
RBD than for ACE2-GFP. The residual signal from the
clustering of ACE2-GFP at the membrane was identified as
“spots” during the high-content analysis (Figure 5b). However,
QD608-RBD, while able to bind at the cell surface, was not able to
enter cells in the presence of Dyngo-4a, and therefore the
quantification revealed a strong inhibitory effect (Figure 5c).

Single-Molecule Tracking Confirms Endocytosis of
QD608-RBD. To further study the spatiotemporal dynamics of
QD608-RBD, we utilized inclined/total internal reflection
fluorescence (TIRF) illumination microscopy,27 a high-
resolution single-molecule microscopy method to measure the
kinetics of individual quantum dots binding and internalizing
into the ACE2-GFP HEK293T cell line (Figure 5d−f,
Supplementary Video 7). In order to image single QDs, a very
low concentration of QD608-RBD (200 pM) was incubated with
ACE2-GFP HEK293T cells for 20 min to capture bound and
endocytosing particles. We observed very fast binding (within
minutes) of QD608-RBD to the surface of ACE2-GFPHEK293T
cells. Furthermore, the fluorescence intensity fluctuation of
QD608-RBD on the plasma membrane under TIRF mode was
observed, suggesting single QD blinking (Supplementary Video
7). The localization of single QDs was determined through two-
dimensional Gaussian fitting. The average mean square
displacement (MSD) curve clearly indicated the nature of
confined motion of QDs (Figure 5e). The ensemble MSD
analysis revealed the average behavior of QD608-RBD. In order
to better understand the mobility behavior in the population, we
calculated the jump distance traveled by eachQD track from one
frame to the next and found three different mobilities of QD608-
RBD in ACE2-GFP HEK293T cells: immobile (0.03 μm2/s),
slow (0.13 μm2/s), and fast (0.84 μm2/s), occupying 32%, 52%,
and 16% of the population, respectively (Figure 5f). Most of the
tracks corresponded to immobile and slow population,
demonstrating QD608-RBD interacted with the ACE2 receptor.
The fast diffusion coefficient population likely reflects receptor-
mediated endocytosis, as evidenced by active transport that was
observed during imaging. Our results for the slow diffusion of
QD608-RBD corresponded to those shown in the literature with
regard to membrane compartments where confined diffusion
was determined to be 0.12 μm2/s.28 These results indicate that
the nanoparticle movement was vastly different from free
diffusion29 and suggest that QD608-RBD interacted with the
ACE2 receptor. While this experiment was conducted after 20
min of QD608-RBD incubation, longer-term incubations may
reveal different endo(RBD:ACE2) mobility dynamics based on
the endosomal location in the cell.

Inhibition of Spike Using Antibodies and Recombi-
nant ACE2. The development of neutralizing antibodies and
biologics as SARS-CoV-2 antivirals has garnered much attention
because they can directly block viral entry.30−32 Using QD608-
RBD, we demonstrated that neutralizing antibodies developed
against SARS-CoV-2 S1 and RBD potently blocked the binding
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and internalization phenotype observed in ACE2-GFP
HEK293T cells (Figure 6 and Supplementary Figure 7).
While Ab1 was raised against SARS-CoV-2 S1-Fc, Ab2 was
raised against SARS-CoV-2 RBD. However, our data showed
Ab1 was more potent than Ab2 against RBD (Figure 6a,b). This
result is consistent with the biochemical inhibitions carried out

prior to the cell-based assays and ELISA assay data reported by

the vendor. As with the biochemical inhibition assays, ACE2-Fc

was less effective at blocking QD-RBD binding than were the

antibodies; Ab1 was 8-fold more potent than ACE2-Fc (Figure

6c−e).

Figure 6. Neutralizing antibodies and ACE2-Fc block QD608-RBD-induced endocytosis. (a) Representative image montage of ACE2-GFP
(yellow) HEK293T clone 2 treated with 10 nM QD608-RBD (magenta). Digital phase contrast (cyan) was used during live-cell imaging to
identify cell bodies. Cells were treated with neutralizing antibodies Ab1 and Ab2 starting at 100 nM. (b) High-content analysis averages for
ACE2-GFP and QD608-RBD spot count treated with neutralizing antibodies. (c) Representative image montage of ACE2-GFP (yellow)
HEK293T clone 2 treated with 10 nM QD608-RBD (magenta). Digital phase contrast (cyan) was used during live-cell imaging to identify cell
bodies. Cells were treated with ACE2-Fc starting at 1.5 μM. (d) High-content analysis averages for ACE2-GFP and QD608-RBD spot count
treated with ACE2-Fc.N≥ 2000 cells from triplicate wells each from three independent experiments. Error bars indicate SD. (e) Table showing
the EC50 values for Ab1, Ab2, andACE2-Fc based on spot count from (b) and (d). Images were captured using a 40× objective. (f) Illustration of
QD608-RBD internalization via receptor-mediated endocytosis and the inhibition using Ab1, Ab2, and ACE2-Fc.
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The addition of any exogenous material, whether small
molecule or biologic, may have cytotoxic effects that can
confound any observed experimental phenomenon. In order to
assess the cytotoxicity of QD608-RBD, we conducted ATPlite
cell viability assays following the biologics inhibition assays. The
ATPlite luminescence signal is dependent upon the amount of
adenosine triphosphate (ATP) in cells. Cells with low viability
will have lower levels of ATP than cells with high viability.
Neither QD608-RBD, Ab1, Ab2, nor ACE2-Fc exhibited any
cytotoxicity after 3 h of treatment (Supplementary Figure 8).
The negative control cells treated with QD608-RBD alone and
the positive control cells treated with Optimem I alone both had
equal levels of ATP as reported by the ATPlite luminescence-
based reading. These data support the idea that QDs used in this
study were not cytotoxic, as previously reported,33 nor was the
RBD domain from SARS-CoV-2 itself.
Epithelial Lung Cancer Cell Line Calu-3 Can Uptake

QD608-RBD. The permissiveness of different cell types and
tissues for SARS-CoV-2 infection is a central question for the
research community.34−36 It is important to understand how
and whether cells are infected by SARS-CoV-2 and what those
effects may be, cytopathic or otherwise. To shed some light on
this question and to explore the utility of the QD-RBD reagent
further, we cultured Calu-3 cells,38 a cancer cell line derived from
lung epithelium and commonly used in coronavirus infection
assays, and treated them with 20 nM QD608-RBD. A maximum
intensity projection from a 28 μm confocal Z-stack demon-
strated entry into some Calu-3 cells, particularly ones that were
isolated as opposed to clustered (Supplementary Figure 9). We
further immunostained Calu-3 cells for ACE2 expression using
the mouse anti-ACE2 antibody and found some level of
expression, although weaker than the ACE2-Expi293F cells
shown above (Supplementary Figure 9). We hypothesize that
even low levels of ACE2 expression in Calu-3 can facilitate
QD608-RBD binding and cell entry.

CONCLUSION
In this work we demonstrate that QD nanoparticles labeled with
SARS-CoV-2 RBD can act as pseudovirions that effectively bind
ACE2, resulting in an efficient and facile biosensor for
biochemical and cell-based assays. Importantly, the QD-RBD
constructs and ACE2 enter cells together via dyamin/clathrin-
dependent receptor-mediated endocytosis, bound together by
the RBD’s high affinity to the ACE2 extracellular domain.
We have explored the utility of this NP-based sensing probe in

multiple ways and demonstrate that biologics such as
neutralizing antibodies and recombinant protein can act as
very potent inhibitors of the viral Spike. Extrapolating to live
virus infection assays, our data support the idea that the biologics
bind the Spike on the surface of the viral particle, preventing its
recognition by the ACE2 receptor, and blocking the down-
stream effects such as membrane fusion37 and viral endocy-
tosis.25,37,39 The stably transfected ACE2-GFP cell line has
proven an invaluable tool in this approach and suggests that
some appreciable level of ACE2 is required for recognition of the
viral particle. However, there may be other viral receptors that
participate in viral entry and infection,25,40 and they could be
investigated with our QD probes.
Future work involving advanced human airway epithelial

tissue models41 will allow us to probe the spatiotemporal
dynamics and features of Spike-ACE2 interactions. Our probes
can also be used for HTS of potent antivirals for drug
repurposing.42 Additional studies using full-length Spike with

cells expressing the host cell protease TMPRSS2 will shed
further light on virus−host cell interactions.38 Altogether, we
have effectively established a platform technology not only for
this SARS-CoV-2 viral pandemic but also for other viruses that
have a Spike-mediated cell recognition and entry step as the first
step in viral infection.43 We further postulate that the QD-Spike
conjugates may act as highly specific and potent delivery vehicles
for drugs and other molecules of therapeutic interest.

METHODS
Reagents and Materials. CdO (99%) and tri-n-octylphosphine

(TOP; min. 97%) were purchased from Strem Chemicals. Behenic acid
(99%), 1,2-hexadecanediol (technical grade, 90%), oleylamine
(technical grade, 70%), n-octanethiol (98.5+%), and LiOH (≥98%)
were purchased from Sigma-Aldrich. 1-Octadecene (ODE; technical
grade, 90%) was purchased from Acros Organics. Selenium dioxide
(≥97%) was purchased from Fluka. Oleic acid (technical grade, 90%)
and 2-(2-aminoethoxy)ethanol (98%) were purchased from Alfa Aesar.
All other chemicals, including solvents, were purchased from Sigma-
Aldrich or Acros Organics and were used as received.

Dulbecco’s modified essential media (DMEM) (10313021),
tetrachloroauric(III) acid, sodium hydroxide, ascorbic acid, sodium
citrate, boric acid, Optimem I (11058021), penicillin/streptomycin
(15140122), 7.5% bovine serum albumin (BSA) fraction V
(15260037), goat-anti-mouse AlexaFluor 488 (A32723; RRI-
D:AB_2633275), High Content Screening Cell Mask Deep Red
(H32721), Hoechst 33342 (H3570), and Lipofectamine 3000
(L3000001) were purchased from ThermoFisher Scientific. Mouse
anti-ACE2 antibody (E-11): sc-390851 was purchased from Santa
Cruz. Hyclone fetal bovine serum (FBS) (SH30071.03) was purchased
from General Electric Healthcare. Paraformaldehyde (15714S, 35%)
was purchased from Electron Microscopy Sciences. Greiner 96-well
poly-D-lysine-coated clear-bottom black microplates (655946) were
purchased from Greiner Bio-One. SARS-CoV S1-His (40150-V08B1),
SARS-CoV-2 S1S2 ECD-His (40589-V08B1), SARS-CoV-2 S1-His
(40591-V08H), SARS-CoV-2 RBD-His (40592-V08B), anti-SARS-
CoV-2 S1 neutralizing antibody mouse mAb Ab1 (40591-MM43), and
anti-SARS-CoV-2 RBD neutralizing antibodymousemAbAb2 (40592-
MM57) were purchased from Sino Biological. ACE2-Fc (Z03484) was
purchased from Genscript. pCMV6-AC-ACE2-GFP (RG208442)
plasmid was purchased from Origene Technologies. Dyngo-4a
(ab12068) was purchased from Abcam. ACE2-GFP HEK293T (CB-
97100-203) and ACE2-untagged Expi293F cells were purchased from
Codex Biosolutions.

QD Synthesis. The 514 nm emitting ZnSe/Cd0.4Zn0.6S/ZnS core−
shell QDs and 528 nm emitting CdSe/CdS/ZnS core/shell QDs were
synthesized as previously described.44,45 The 608 nm emitting CdSe/
CdS/ZnS core/shell QDs were synthesized via modification of
published procedures. (i) The CdSe core was synthesized following
the published procedure with some modifications.46 CdO (77 mg, 0.60
mmol), behenic acid (0.613 g, 1.80 mmol), and ODE (5.0 mL) were
loaded in a 50 mL three-neck flask. The mixture was heated to 260 °C
under N2 to dissolve the Cd precursor. The mixture was cooled to 50
°C, and ODE (15 mL) and 1,2-hexadecanediol (0.155 g, 0.60 mmol)
were further added. The mixture was degassed at 100 °C for 30 min,
then cooled to room temperature. SeO2 (66.6 mg, 0.60 mmol) was
added, and the reaction mixture was heated to 240 °C at a rate of ∼25
°C/min under N2. In 3 min after the temperature reached 240 °C, oleic
acid (0.60 mL) was added dropwise, the heating mantle was removed,
and the reaction mixture was cooled below 50 °C. TOP (0.6 mL),
oleylamine (0.6 mL), hexane (9 mL), and methanol (18 mL) were
added to the reaction mixture, and the methanol layer was discarded
after vigorous stirring for a fewminutes. An identical washing procedure
was repeated a few more times. The QD solution was transferred to 40
mL vials, and excess isopropanol and ethanol were added to flocculate
the QDs. The mixture was centrifuged at 3800 rpm for 5 min. The
supernatant was discarded, and the QD pellet was dissolved in CHCl3.
The final CdSe QD concentration was estimated following the
literature method.47 (ii) Precursors for 0.2 M Cd oleate, 0.2 M Zn
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oleate, and 0.2 M n-octanethiol solutions for the overcoating procedure
were prepared as previously described.44 (iii) For overcoating of CdSe
core with CdS and ZnS shells, ODE (5.0 mL), oleylamine (5.0 mL),
TOP (1.5mL), and the CdSeQD core (0.15 μmol in 0.54mL of CHCl3
solution) were loaded into a 100mL four-neck round-bottom flask. The
reaction mixture was degassed under vacuum at 100 °C to remove
CHCl3 and other volatiles and backfilled with N2. The amount of shell
precursors used for the overcoating was calculated following the
literature procedure.48 For the coating of CdS layers, 0.2 M n-
octanethiol inODE (0.20mL) was added to the reactionmixture at 100
°C. Then the reaction mixture was heated to 300 °C. Cd oleate (0.2 M)
and 0.2 M n-octanethiol in ODE were separately added dropwise using
syringe pumps starting at 200 °C. A 1.2-fold excess of n-octanethiol to
Cd oleate was used during the CdS overcoating. After the precursor
addition was done, the reaction mixture was left for 5 min, then cooled
to 200 °C, and annealed for 30 min. The reaction mixture was further
cooled to 100 °C and degassed for 30 min to remove volatiles. After
backfilling with N2, a coating of ZnS layers was further performed in a
similar fashion. The reaction mixture was heated to 290 °C. Zn oleate
(0.2 M) and 0.2 M n-octanethiol in ODE were separately added
dropwise starting at 250 °C. A 1.4-fold excess of n-octanethiol to Zn
oleate was used during the ZnS overcoating. After the precursor
addition was done, the reaction mixture was left for 5 min, then cooled
to 240 °C, and annealed for 30 min.
QD Ligand Exchange. Typical procedures for the ligand exchange

are as follows: QDs coated with native hydrophobic ligands (8.0 nmol
in stock solution) were flocculated by mixing with isopropanol and
methanol in a 20 mL vial. The mixture was centrifuged at 3800 rpm for
5 min. The clear supernatant was discarded. The QD pellet was mixed
with 2-(2-aminoethoxy)ethanol (0.5 mL), CHCl3 (0.8 mL), and
methanol (0.8mL). The reactionmixture was stirred at 45 °Covernight
under N2. Excess ethyl acetate was added to the mixture to flocculate
the QDs. The mixture was centrifuged at 3800 rpm for 5 min, and the
supernatant was discarded. The QD pellet was mixed with CHCl3 (1.0
mL) and methanol (0.5 mL). For the ligand preparation, LiOH (10.2
mg, 4.3 × 10−4 mol) was added to a mixture of CL4 methyl ester
precursor49 (76 mg, 1.8 × 10−4 mol), methanol (0.8 mL), and DI water
(0.7 mL). The reaction mixture was stirred at room temperature for 30
min. HCl (4 M) was then added dropwise to the reaction mixture to
adjust the pH to approximately 7, and NaBH4 (20.4 mg, 5.4 × 10−4

mol) was added to the ligand solution, which was further stirred at room
temperature for 1 h under N2. Then, 4 M HCl was added dropwise to
the reaction mixture to adjust the pH to approximately 7. The ligand
solution was injected by a syringe into the QD solution prepared above
with vigorous stirring, and DI water (∼0.7 mL) was further mixed in.
The biphasic mixture was stirred at 45 °C overnight under N2. After
cooling, the CHCl3 layer was collected by a syringe and discarded. The
residual CHCl3 in the aqueous layer was removed by evaporation. The
aqueous layer was then filtered through a Millex-LCR membrane filter
(pore size 0.45 μm, Millipore) and transferred to a centrifugal spin
dialyzer (Amicon Ultra 50K, Millipore). The mixture was diluted with
DI water and centrifuged at 3800 rpm for 5 to 10 min, and the clear,
filtered solution was discarded. To remove excess unbound ligands and
other byproducts, the QD dispersion was subject to a few additional
rounds of centrifugation with DI water, followed by filtration through a
Millex-LG membrane filter (pore size 0.20 μm, Millipore).
Synthesis of 5 nm AuNPs. AuNPs were synthesized as previously

described with slight modification.49 The 5 nm AuNPs were
synthesized by a seeded growth method using 3.2 nm seed AuNPs.
First 3.2 nm seed NPs were synthesized with sodium citrate and
NaBH4. Then 125 μL (1.25 × 10−5 mol) of a 100 mM tetrachloroauric-
(III) acid (HAuCl4·3H2O) aqueous stock solution and 125 μL (2.5 ×
10−5 mol) of 200mM sodium citrate stock solution were dissolved in 50
mL of deionized H2O; the mixture was then stirred at room
temperature for 5 min. A 125 μL (1.0 × 10−4 mol) amount of 1 M
sodium borohydride (NaBH4) stock solution in deionized water was
added with vigorous stirring. For 5 nm AuNP, the growth solution was
prepared with 100 μL (1.00 × 10−5 mol) of a 100 mM tetrachloroauric-
(III) acid (HAuCl4·3H2O) aqueous stock solution and 100 μL (2.0 ×
10−5 mol) of a 200 mM sodium citrate stock solution that were

dissolved in 50 mL of deionized H2O. The desired amount of seed NPs,
calculated based on the target size of AuNPs and seed size, was added to
the growth solution followed by addition of L-ascorbic acid (2 mM final
concentration). The reaction mixture was stirred for 30 min at room
temperature and kept without stirring for an additional 24 h for the
complete reaction. Reaction completion was confirmed by the red shift
of the AuNP surface plasmon band peak and the corresponding
decrease of the ascorbic acid and aurate peaks in the near-UV region
(<300 nm) using UV−vis absorption spectroscopy. The final sizes were
confirmed by TEM measurement.

Ligand Exchange of AuNPs with DHLA-NTA/DHLA-PEG-NTA
Ligands. Synthesis of the nitrilotriacetic acid-modified thioctic acid
(TA-NTA/TA-PEG-NTA, disulfide ring in closed form; DHLA-NTA/
DHLA-PEG-NTA, ring in open form) was as previously described.19,51

For ligand exchange, the presynthesized larger AuNPs were added to an
excess ligand mixture.38 Briefly, 10 mL of as-synthesized citrate-
modified AuNPs was mixed with an excess amount of mixed ligand
stock solution containing 50% DHLA, 45% DHLA-NTA, and 5%
DHLA-PEG-NTA, which had been deprotected from the ester
derivative with an equivalent molar concentration of NaOH for 1 h.
The solution was stirred for 8 h and adjusted to pH 8 by adding NaOH,
and the dispersion was purified from free ligands by three cycles of
centrifugation using a membrane filtration device (Amicon). For Ni
coordination for NTA ligand, an excess amount of NiCl2 (500 times of
5 nm AuNP) was directly added to the as-prepared NTA-modified
AuNPs and gently stirred for 30 min to promote the interaction
between the Ni2+ and NTA on the AuNP surface. The Ni2+-NTA-
modified AuNPs were purified using a centrifugal membrane filter
(Amicon) and kept at 4 °C until further required.

Protein Conjugation to NPs: QD-Spike and AuNP-ACE2.
Histidine-tagged RBD (RBD-His) was conjugated to the QD surface
through coordination between the imidazole units of histidine and the
ZnSQD shell. The ACE2-His was conjugated to theNTA on the AuNP
after activation with the nickel ion that simultaneously coordinates the
imidazole units of histidine and NTA.17 For QD-Spike conjugates, the
prepared QDs were mixed with stock solution of the histidine-tagged
Spike at targeted ratios of protein per QD, and the reaction mixture was
adjusted to pH 8 by addition of borate solution (20 mM). After 1 h at
room temperature with gentle agitation, BSA (20 μM final
concentration) was added to the reaction mixture to prohibit potential
nonspecific binding. The prepared QD-Spike conjugates were washed
using a centrifuge membrane filter (Amicon Ultra) (100 kDa molecular
cut-off, Millipore.Inc.) to remove small chemicals, and the mixture was
redispersed in BSA buffer and stored at 4 °C until further use.

For AuNP-ACE2 conjugates, histidine-tagged ACE2 protein was
directly added to the Ni-coordinated AuNPs at targeted ratios of ACE2
per AuNP, and the mixture was kept at 4 °C for at least 8 h to complete
the reaction (see Results section for AuNP/ACE2 ratios studied in this
work). BSA (20 μM final concentration) was added to the reaction
mixture to prohibit nonspecific binding. The prepared AuNP-ACE2
conjugates were washed using a centrifuge membrane filter (100 kDa
molecular cut-off, Millipore Inc.) to remove low molecular weight
impurities, and the mixtures were redispersed in borate buffer (with
BSA) and stored at 4 °C until further use.

Unconjugated NP Characterization. Three different techniques
were used to characterize the QDs and AuNP used in this study: (1)
Electronic absorption and PL emission spectra were recorded using a
Shimadzu UV-1800 UV−vis spectrophotometer and a Horiba, Inc.
fluorometer (excitation at λ = 395 nm), respectively. (2) Dynamic light
scattering (DLS) was used to measure hydrodynamic size. The samples
were transferred into a square-shaped capillary, andmeasurements were
recorded on a ZetaSizer Ultra instrument equipped with a HeNe laser
source (λ = 633 nm) (Malvern Instruments Ltd., Worcestershire, UK)
and analyzed using Dispersion Technology Software (Malvern
Instruments Ltd.) as previously described.20 (3) Structural character-
ization and elemental analysis of the as-prepared NPs were carried out
using a JEOL 2200-FX analytical high-resolution transmission electron
microscope with a 200 kV accelerating voltage. TEM samples were
prepared by spreading a drop (5−10 μL) containing the NPs onto an
ultrathin carbon/holey support film on a 300 mesh Au grid (Ted Pella,
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Inc.) and letting it dry. The concentration of NPs used for TEM was
50−100 nM. Individual particle sizes were measured using a Gatan
digital micrograph (Pleasanton, CA, USA); average sizes along with
standard deviations were extracted from analysis of at least 50−100
nanoparticles.
Gel Electrophoresis. Conjugation of proteins to QD608 or AuNPs

was confirmed using an electrophoretic mobility shift assay with a 1%
Agarose gel and 1× TBE buffer at 90 mV.5 Gel images were taken every
5 min utilizing a Bio-Rad ChemiDoc XRS+ gel imager under
fluorescent light for QDs or Epi-white light for AuNPs. Ratios of
RBD to QD608 varied from 0 to 16, and those of ACE2 to AuNP from 1
to 3. The retardation of migration through the gel as the ratio of protein
to NP increased confirmed conjugation of the protein to NPs.
NP-Based Energy Transfer Assay. QD-RBD conjugates (or QD-

S1) were mixed with AuNP-ACE2 conjugates with targeted ratios of
AuNP-ACE2 to QD-RBD ranging from 0 to 10. The reaction mixtures
were incubated for 2 h at room temperature. The general concentration
of QD was approximately 3 to 10 nM. A basic buffer containing 20 mM
borate and 20 μM BSA was used to stabilize all reactions, unless
described separately. The QD fluorescence spectra were obtained at
each ratio with 395 nm excitation. The fluorescence images of a series of
solutions at increasing AuNP-ACE2 to QD-RBD ratios were taken
under excitation with a hand-held UV lamp at 375 nm. For inhibition
assays, the desired amount of inhibitor was incubated withQD-RBD for
3 h at room temperature, followed by adding AuNP-ACE2 and
incubating for 2 h at room temperature. Fluorescence spectra were
obtained in an identical manner to that described above.
Quantum Yield Measurements. Fluorescence quantum yields

(Φ) were measured at room temperature with fluorescein in 0.1 N
NaOH (Φ = 0.93)52 for QD514 andQD528 or Rhodamine 101 in ethanol
(Φ = 1.0)53 for QD608 as standards. The obtained fluorescence spectra
were corrected using the spectral output of a calibrated light source
supplied by the National Bureau of Standards. The parameters in eq 1
include the integrated PL intensities of theQD and standard in arbitrary
units (a.u.), PLQD and PLst, their optical density at excitation
wavelength, ODQD and ODst, and the refractive indices of their
media, nQD and nst, respectively.
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Generation of Stably Transfected Cell Lines. ACE2-GFP
HEK293T. HEK293T cells were seeded into cells in a six-well plate
with 70−80% confluency. For each well, the cells were transfected with
2.5 μg of pCMV6-AC-ACE2-GFP plasmid using Lipofectamine 3000
(ThermoFisher). Twenty-four hours later, the cells were disassociated
with trypsin and transferred into 100mmdishes. The cells were selected
with 1.0 mg/mL G418 for 2−3 weeks. Single colonies were picked into
24-well plates containing 1.0 mL of DMEM with 10% FBS
supplemented with 1.0 mg/mL G418. The clones with the brightest
GFP signals were picked for propagation.
ACE2-Expi293F. Expi293F cells (ThermoFisher) were seeded into

cells in a six-well plate with 70−80% confluency. For each well, the cells
were transfected with 2.5 μg of pCMV-ACE2-IRES-Puromycin plasmid
(Codex BioSolutions) using Lipofectamine 3000. Twenty-four hours
later, the cells were disassociated with trypsin and transferred into 100
mm dishes. The cells were selected with 1 μg/mL puromycin for 2−3
weeks. Single colonies were picked into 24-well plates containing 1 mL
of DMEM and 10% FBS supplemented with 1 μg/mL puromycin.
Western blot was performed to screen the ACE2 expression clones with
an ACE2-specific antibody (sc-390851, Santa Cruz).
Cell Culture. ACE2-GFP and ACE2-Expi293 cells were cultured

using DMEM complete with 10% FBS and 1% Pen/Strep in large T175
flasks until 80% to 90% confluence prior to seeding in 96-well plates at
25 000 cells per well. Cells were incubated overnight at 37 °C and 5%
CO2.
Calu-3 cells were cultured using EMEM complete with 10% FBS and

1% Pen/Strep in large T175 flasks until 80% to 90% confluence prior to
seeding in 96-well plates at 20 000 cells per well. Cells were incubated
overnight at 37 °C and 5% CO2.

Immunofluorescence Staining. Cells were washed three times
with PBS prior to fixation using 4% PFA in PBS with 0.1% BSA for 30
min. Cells were washed three times followed by permeabilization with
0.5% saponin in Cell Staining Buffer for 15 min followed by blocking in
Cell Staining Buffer for an additional 45min. Then, cells were incubated
with 1:200 mouse anti-ACE2 antibody overnight at 4 °C. The next day,
cells were washed three times with PBS and incubated with 1:1000 goat
anti-mouse AlexaFluor 488 for 1 h followed by 3× PBS washes. Finally,
cells were incubated with Hoechst 33342 to stain the nuclei and HCS
Cell Mask Deep Red when required. Cells were washed three final times
in PBS prior to sealing of the plates for imaging.

QD and Spike Treatment. Prior to treatment with QD-Spike
conjugates, cells were washed once with prewarmed Optimem I. Stock
QD or recombinant protein solution was diluted directly in Optimem I,
and 50 μL of QD working solution was added to cells for the indicated
amount of time at 37 °C and 5% CO2.

High-Content Imaging and Analysis. Cells were placed into the
Opera Phenix (PerkinElmer) automated confocal imaging system that
was preheated to 37 °C. A 40× or 63× water immersion objective was
used to capture multiple fields per well at a single Z-position. Cells were
not washed further prior to imaging. Images were captured with digital
phase contrast, green and orange channels. QDs were first exposed to
UV light prior to capturing emission using the orange (λ = 570−630
nm) emission bandpass. Images were uploaded into the Columbus
analyzer (PerkinElmer) and analyzed using custom protocols. Where
applicable, the digital phase contrast channel was used to identify the
cell bodies, and the spots were identified in the green (Cam1: λ = 435−
550 nm) and orange (Cam2: λ = 570−630 nm) channels for ACE2-
GFP and QD608, respectively. Data were exported into Microsoft Excel,
and graphs were plotted using Graphpad Prism V8.4.3. For inhibition
experiments using neutralizing antibodies or ACE2-Fc, data were
normalized to the Optimem I only treated cells (100%, positive
control) or QD608-RBD treated cells (0%, negative control).

For Dyngo-4a endocytosis inhibition experiments, cells were
preincubated with 20 μM Dyngo-4a in Optimem I for 15 min.
Afterward, 2× concentrated solutions of Dyngo-4a and QD608-RBD
was added to an equal volume of Optimem I for a final concentration of
20 μM Dyngo-4a and 10 or 20 nM QD608-RBD. Imaging began
immediately after the addition of QD608-RBD with minimal delay.
Images were captured every 10 min for 3 h. For endocytosis
experiments using Dyngo-4a, data were normalized to the Optimem I
only treated cells (100%, positive control) or QD608-RBD treated cells
(0%, negative control).

Image montages were constructed using Fiji (NIH). All images for
each channel were first stacked before using the auto feature to equally
adjust the brightness and contrast across the conditions. For time-lapse
videos, images were registered using the StackReg plugin in Fiji, and
stacks were saved as .avi files. Videos were subsequently slowed in
Windows 10 video editor (Microsoft) and saved as .mpg files.

Single-Molecule Fluorescence Microscopy. Single-molecule
imaging experiments were conducted on a custom-built Nikon Ti
microscope coupled with a 100× oil-immersion objective lens (NA =
1.49), a multiband dichroic (405/488/561/633 BrightLine quad-band
bandpass filter, Semrock, USA), and a piezo z-stage (ASI, USA). The
lasers were focused into the back pupil plane of the objective to generate
wide-field illumination. A Nikon N-STORM module was used to
control the angle of the laser beam for generating inclined illumination.
The emission was collected by the same objective passing through a
quadband bandpass emission filter (FF01-446/523/600/677-25,
Semrock, USA) in front of an sCMOS camera (Prime 95B, Teledyne
Photometrics). The microscope, lasers, and the camera were controlled
through NIS-Elements (Nikon, USA). A 488 nm laser was used excite
the QDs.

Single-Molecule Tracking and Analysis. Single-molecule
tracking was performed with custom-written MATLAB software.54

The MATLAB scripts, SLIMFAST/evalSPT, were used to localize and
track single molecules. The positions of the diffraction-limited spots in
the trajectories were determined with a 2D Gaussian fit. A maximal
expected diffusion constant was set to connect localizations between
consecutive frames.
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Mean square displacements were calculated from x,y positions as
previously described.55 We determined the instantaneous diffusion
coefficients from a linear fit of the initial points of the MSD (between
time lag 1 and 5). The MSD curves for all the tracks were computed
with @msdanalyzer script.56

For jump distance analysis, the probability that a particle located at
position r at time t in two dimension, will be found at position r′ at time
t+tau is given by57
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where D is the diffusion constant.
In the case of 2D diffusion, the displacement probability was

obtained through integrating the above equation over the circular shell
of width (dr):
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Experimentally, this probability distribution can be approximated by
counting the jump distances within respective intervals (r, r + dr)
traveled by a single QD during a given time (camera exposure time).
The diffusion coefficient of different species was determined through

nonlinear fitting the jump distance histogram with multicomponents.
The F-test was performed to compare the single-, two-, and three-
component fitting models.
Statistical Analysis and Illustration. For biochemical assays, all

experiments were performed with at least three independent experi-
ments, and the TEM size was analyzed with 50−100 randomly chosen
nanoparticles in different images. For cell-based assays, all experiments
where statistical analysis was performed included three independent
experiments with three independent wells unless otherwise noted. Data
shown as mean ± standard deviation (SD). Concentration−response
curves and EC50 values were generated using nonlinear regression. The
illustration in Figure 6f was created using Biorender.
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