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Progress and potential

To address the need for

treatments for SARS-CoV-2

infection, we devised a

nanomedicine termed

‘‘Nanotraps’’ that can completely

capture and eliminate SARS-CoV-

2. The Nanotraps integrate

protein engineering,

immunology, and

nanotechnology, and are effective

(10-times more so than their

soluble counterparts),

biocompatible, safe, stable, and

feasible for mass production. The

Nanotraps have the potential to

be formulated into a nasal spray or

inhaler for easy administration and

direct delivery to the respiratory

system, as an oral or ocular liquid,
SUMMARY

SARS-CoV-2 enters host cells through its viral spike protein binding
to angiotensin-converting enzyme 2 (ACE2) receptors on the host
cells. Here, we show that functionalized nanoparticles, termed
‘‘Nanotraps,’’ completely inhibited SARS-CoV-2 infection by block-
ing the interaction between the spike protein of SARS-CoV-2 and
the ACE2 of host cells. The liposomal-based Nanotrap surfaces
were functionalized with either recombinant ACE2 proteins or anti-
SARS-CoV-2 neutralizing antibodies andphagocytosis-specific phos-
phatidylserines. The Nanotraps effectively captured SARS-CoV-2
and completely blocked SARS-CoV-2 infection to ACE2-expressing
human cell lines and primary lung cells; the phosphatidylserine trig-
gered subsequent phagocytosis of the virus-bound, biodegradable
Nanotraps by macrophages, leading to the clearance of pseudo-
typed and authentic virus in vitro. Furthermore, the Nanotraps
demonstrated an excellent biosafety profile in vitro and in vivo.
Finally, the Nanotraps inhibited pseudotyped SARS-CoV-2 infection
in live human lungs in an ex vivo lung perfusion system. In summary,
Nanotraps represent a new nanomedicine for the inhibition of SARS-
CoV-2 infection.
or subcutaneous, intramuscular,

or intravenous injection to target

different sites of SARS-CoV-2

exposure, thus offering flexibility

in administration and treatment.

More broadly, the highly versatile

Nanotrap platform could be

further developed into new

vaccines and therapeutics against

a broad range of diseases by

incorporating different small-

molecule drugs, RNA, DNA,

peptides, recombinant proteins,

or antibodies.
INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused the

global pandemic of coronavirus disease 2019 (COVID-19). As of January 8, 2021,

SARS-CoV-2 has spread to over 180 countries and has resulted in more than 88.2

million infections and over 1.9 million deaths globally.1 Despite tremendous efforts

devoted to drug development, safe and effective medicines to treat SARS-CoV-2

infection are largely lacking. Given that the virus is within nanoscale, nanomate-

rial-based delivery systems are expected to play a paramount role in the success

of prophylactic or therapeutic approaches.2,3 To combat this highly contagious vi-

rus, here we set out to devise a nanomedicine termed ‘‘Nanotraps’’ to inhibit

SARS-CoV-2 infection.

To gain entry to host cells for infection, SARS-CoV-2 surface spike protein binds to its

receptor human angiotensin-converting enzyme 2 (ACE2) with high affinity.4–7

Blocking entry of SARS-CoV-2 to host cells is one of the most effective ways to pre-

vent infection. To achieve this goal, both soluble recombinant ACE2 proteins8,9 and

anti-SARS-CoV-2 neutralizing antibodies10–14 have been developed to inhibit the

interaction between SARS-CoV-2 spike protein and cell-surface ACE2, although
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they show limited potency.8,9,15 Nanomaterial-based detection methods have been

developed for COVID-19 diagnosis and monitoring,16–18 but very few nanomaterial-

based therapeutic strategies have been reported.19 Cellular membrane-based

nanoscale vesicles have also been developed to inhibit infection,20,21 but limited ef-

ficacy has been achieved. Inspired by tumor cells secreting PD-L1 exosomes to

attenuate T cell effector functions,22 here we designed a therapeutic nanoparticle

termed ‘‘Nanotrap’’ to inhibit SARS-CoV-2 infection. The Nanotrap surfaces were

functionalized with either ACE2 recombinant proteins or anti-SARS-CoV-2 neutral-

izing antibodies with high surface density. This design endowed the Nanotraps

with high avidity to outperform soluble ACE2 or antibody counterparts to capture

and contain SARS-CoV-2. Thus, the high avidity, small size, and high diffusivity of

our newly engineered Nanotraps efficiently blocked the binding of SARS-CoV-2 to

ACE2-expressing host cells including epithelial cells in the respiratory system, result-

ing in abrogation of SARS-CoV-2 entry.

Furthermore, we aimed to clear the virus after containment by Nanotrap-mediated

macrophage phagocytosis. The role of macrophages in the control of infections has

long been documented,23 and recent single-cell RNA sequencing found abundant

monocyte-derived macrophages in the bronchoalveolar lavage fluid of COVID-19

patients.24 As professional phagocytes, macrophages engulf apoptotic cells by

recognizing phosphatidylserine on the outer leaflet of the plasma membrane of

apoptotic cells.25–27 Phosphatidylserine coatings have been previously employed

to enhance the uptake of liposomal nanoparticles by macrophages.28,29 Thus, our

Nanotraps were further designed to guide the phosphatidylserine-specific phagocy-

tosis by macrophages, enabling not only the containment but also the clearance of

SARS-CoV-2 through binding and subsequent phagocytosis.

Here, we engineered Nanotraps composed of a Food and Drug Administration

(FDA)-approved polylactic acid (PLA) polymeric core, a liposome shell, surface

ACE2/neutralizing antibodies, and phosphatidylserine ligands. Our Nanotraps

completely blocked pseudotyped SARS-CoV-2 entry into susceptible ACE2-overex-

pressing HEK293T cells, lung epithelial A549 cells, and human primary lung cells, as

well as authentic SARS-CoV-2 infection of Vero E6 cells. The neutralizing capacity of

the Nanotraps was shown to be ~10-times more effective than its soluble counter-

parts. Subsequently, macrophages efficiently engulfed and neutralized virus-bound,

biodegradable Nanotraps through phosphatidylserine-guided phagocytosis

without causing infection to macrophages in vitro. Furthermore, in vitro cell culture

and in vivo intratracheal administration of Nanotraps to immunocompetent mice

demonstrated an excellent biosafety profile. Lastly, the Nanotraps completely in-

hibited infection of SARS-CoV-2 pseudovirus in live human lungs maintained under

normothermic physiologic conditions on a clinically applicable ex vivo lung perfu-

sion (EVLP) system,30,31 confirming the therapeutic efficacy. Our Nanotraps are

safe, effective, biocompatible, ready for mass production, and convenient to use,

and represent a new type of nanomedicine to effectively contain and clear SARS-

CoV-2 for the prevention and treatment of COVID-19.
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RESULTS

Design, synthesis, and characterization of Nanotraps

SARS-CoV-2 gains entry into host cells via surface spike proteins that bind to human

ACE2 receptors on host cells with very high affinity.6,32–34 To inhibit SARS-CoV-2

infection, we set out to engineer a family of nano-enabled virus-trapping particles,

termed ‘‘Nanotraps,’’ to contain and clear SARS-CoV-2 (Figure 1A). We used an
2060 Matter 4, 2059–2082, June 2, 2021
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Figure 1. Schematic design, synthesis, and characterization of Nanotraps for SARS-CoV-2

(A) Schematic illustration showing the process of the Nanotraps with polymeric core coated with

lipid bilayer functionalized with ACE2 protein/neutralizing antibody. Following intratracheal

administration, Nanotraps efficiently accumulated and trapped SARS-CoV-2 virions in the lung

tissue forming virus-Nanotrap complexes, which can be cleared by macrophages via phagocytosis,

thereby blocking viral cell entry.

(B and C) Dynamic light scattering (B) and zeta-potential measurements (C) during different stages

of Nanotrap preparation. Data are presented as average G SD.

ll

Matter 4, 2059–2082, June 2, 2021 2061

Article



Figure 1. Continued

(D) Fluorescent images of the prepared Nanotraps with PLA polymeric core (DiD, red) and ACE2

(anti-ACE2-AF488, green). Dashed lines represent displayed plot profile below. Scale bar

represents 5 mm.

(E and F) Pseudocolored SEM images of Nanotraps alone (E, orange) or with SARS-CoV-2

pseudovirus (F, cyan). To better visualize the selectivity for viral binding, we imaged larger

Nanotraps. Scale bars represent 300 nm.
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FDA-approved, biodegradable PLA polymeric core and liposome shell materials to

synthesize the Nanotraps. Nanotraps with different diameters (200, 500, and

1,200 nm) were synthesized by varying polymer concentrations (see experimental

procedures for details) (Figure S1A). The solid PLA core acts as a ‘‘cytoskeleton’’

to provide mechanical stability, controlled morphology, biodegradability, and large

surface area for nanoscale membrane coating and surface modification. The lipid

shell enveloping the PLA core exhibits behavior similar to that of cell membranes.

The lipid shell provides a nanoscopic platform and can interact with a wide variety

of molecules35–37 either within the membrane or on the surface.38,39 Thus, we aimed

to functionalize the Nanotrap surface with a molecular bait (a recombinant ACE2

protein or an anti-SARS-CoV-2 neutralizing antibody) and a phagocytosis-inducing

ligand (phosphatidylserine). We hypothesized that (1) the high-density ACE2 or

neutralizing antibodies on the Nanotraps can outcompete low-expression ACE2

on host cells in capturing SARS-CoV-2, thus enabling selective virus containment

by the Nanotraps, and that (2) surface phosphatidylserine ligands on suitably sized

Nanotraps can trigger subsequent phosphatidylserine-mediated phagocytosis by

professional phagocytes, such as macrophages, thus enabling viral clearance (Fig-

ure 1A). The resultant structures were monodispersed and significantly smaller

than mammalian cells, yet still large enough to bind several SARS-CoV-2 virions (Fig-

ures 1B–1F).

To characterize the Nanotraps, we first used dynamic light scattering (DLS) to mea-

sure the size dispersity of the constituent nanoparticles. Controlling particle size is

important for tuning the phagocytosis efficacy, reproducible mechanical character-

istics, and material biocompatibility.40,41 The hydrolyzed diameter of the Nanotraps

measured by DLS increased with the addition of each molecule (Figure 1B). The zeta

potential, which reflects the surface charges of the Nanotraps,42 was found to

change slightly with the addition of each molecule to the Nanotrap surface (Fig-

ure 1C). We next used fluorescent labeling and total internal reflection fluorescence

microscopy (TIRFM) to confirm the presence of the ACE2 moiety on the Nanotraps.

The PLA polymeric core of each Nanotrap was labeled with a lipophilic carbocyanine

dye, 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine, 4-chlorobenzene-

sulfonate salt (DiD, red). The Nanotrap-ACE2 was further stained with an anti-

ACE2 antibody labeled with Alexa Fluor 488 dye (AF488, green). The TIRFM images

clearly showed excellent co-localization between the Nanotrap core and surface

ACE2 at the single-particle level, confirmed by line scans of the fluorescent channels

corresponding to each component (Figure 1D). These results demonstrated that we

have successfully functionalized the Nanotraps with recombinant ACE2 protein. We

employed scanning electron microscopy (SEM) and transmission electron micro-

scopy (TEM) to image the Nanotraps at the subnanometer level. SEM images

showed that the Nanotraps were spherical and well dispersed (Figure S1B). The

Nanotraps appeared slightly crenellated in the SEM images, as the lipid layer may

have shrunk due to the drying sample preparation procedure before imaging (Fig-

ure 1E). As expected, after incubation with the pseudotyped SARS-CoV-2 for 1 h

at 37�C, the Nanotraps effectively captured the virus as evidenced by single virions

clearly visualized on the surface of a Nanotrap; no freestanding virions were
2062 Matter 4, 2059–2082, June 2, 2021
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observed outside of the Nanotrap (Figure 1F). The representative TEM image clearly

shows the core-shell structure of the Nanotrap (Figure S1C). Importantly, Nanotraps

that were lyophilized, sealed, and stored at �20�C for 6 months demonstrated no

change in surface integrity (Figure S1D) or size (Figure S1E), indicating excellent sta-

bility over time.

We further quantified the surface molecular densities of the two Nanotraps by flow

cytometry: the Nanotrap-ACE2 has (3.59 G 0.43) 3 105 ACE2 molecules per Nano-

trap, and the Nanotrap-Antibody has (2.47 G 0.2) 3 104 neutralizing antibodies per

Nanotrap (Figures S1F and S1G). We hypothesize that the lower concentration of

surface antibodies is due to (1) the lower efficiency conjugation method ofN-hydrox-

ysuccinimide (NHS) esters versus the site-specific, high-affinity (10�14 M)43 biotin-

streptavidin conjugation used for ACE2 conjugation in aqueous solution, and (2)

imperfect antibody orientation leading to blockage of the antibody binding site to

virus spike protein (Figure S1H). However, future studies can easily manipulate this

surface density as needed by simply adjusting the molar ratios of 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)2000] (DSPE-

PEG2000-biotin) or DSPE-PEG2000-NHS on the lipid shell for Nanotrap synthesis

(see experimental procedures).
Phagocytosis of Nanotraps by macrophages

Macrophages are a class of phagocytes that engulf and clear cell debris, pathogens,

microbes, cancer cells, and other foreign intruders.23 Macrophages specialize in the

removal of dying or dead cells by recognizing phosphatidylserine on the outer

leaflet of the plasma membrane of apoptotic cells.25–27 Phosphatidylserine coatings

have been previously employed to enhance macrophage uptake of liposomal nano-

particles.44–46 Because phagocytosis by macrophages is highly dependent on size

and surface phosphatidylserine, we determined the optimal size and surface phos-

phatidylserine density of Nanotraps. We first synthesized Nanotraps labeled with

3,30-dioctadecyloxacarbocyanine perchlorate (DiO) fluorescent dye on the PLA poly-

meric core with varying diameters of 200, 500, and 1,200 nm (Figure S2A). After incu-

bating Nanotraps with differentiated THP-1 (dTHP-1) macrophages47 for varying

time durations, we examined the size-dependent phagocytosis by dTHP-1 macro-

phages using flow cytometry. We found that the 500-nm Nanotraps outperformed

the 200-nm and 1,200-nm counterparts after 24-h and 48-h incubations, as demon-

strated by the percent uptake (Figure 2A) and the mean fluorescent intensity of DiO

dye (Figures 2A and S2A–S2E) in dTHP-1 macrophages. Accordingly, 500-nm PLA-

core Nanotraps were chosen for all further experiments.

We next functionalized the Nanotraps with varying surface densities of phosphati-

dylserine to induce phagocytosis by macrophages. The overall negative charge of

the Nanotraps increases as the percentage of phosphatidylserine ratio increases,

confirming the presence of phosphatidylserine (Figure S2B). We found that phago-

cytosis by macrophage was roughly correlated to the percentage of phosphatidyl-

serine (Figures 2C and 2D). The phosphatidylserine-dependent phagocytosis of

Nanotraps by dTHP-1 macrophages were further demonstrated by three-dimen-

sional lattice light-sheet microscopy images (Figures 2E and 2F; Video S1). These ex-

periments not only confirmed successful functionalization of the Nanotraps but also

identified the optimal surface density of phosphatidylserine on the Nanotrap sur-

faces. Thus, we utilized the 500-nm core size and 15% surface phosphatidylserine

Nanotraps for the following experiments to maximize viral capture and macrophage

phagocytosis.
Matter 4, 2059–2082, June 2, 2021 2063
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Figure 2. Phagocytosis of Nanotraps by macrophages

Nanotraps of varying sizes and phosphatidylserine (PS) densities were incubated with dTHP-1 macrophages.

(A and B) Percent uptake (A) and mean fluorescent intensity (B) quantification of flow-cytometry measurement of the internalization of Nanotraps with

varying diameters. Data are shown as mean G SD; unpaired t tests were conducted from three replicates.

(C and D) Percent uptake (C) and mean fluorescent intensity (D) quantification of flow-cytometry measurements of the internalization of Nanotraps with

varying PS ratios. Data are shown as mean G SD; unpaired t tests were conducted from three replicates.

(E and F) Lattice light-sheet microscopy images of macrophages (WGA-CF488, green) phagocytosing Nanotraps (DiD, magenta) after 24 h (E) or 48 h (F).

Scale bars represent 5 mm.

(G) Confocal microscopy image of dTHP-1 cell stained for DAPI (blue), lysosomes (LAMP-1-AF488, green), and endosomes (EEA1-AF594, cyan)

incubated with Nanotrap-ACE2 (DiD, red) for 6 h. Dotted line indicates line scan analyzed in Figure S2F. Scale bar represents 10 mm.

(H) Viral particles labeled with lipophilic dye DiO incubated with Nanotraps (DiD) at 37�C for various times (green) and dTHP-1 macrophages incubated

with Nanotraps (DiO) at 37�C for various times (blue) were measured by flow cytometry. Double-positive events were gated, and the mean fluorescence

intensity of DiO was measured over time until saturation was reached. Data were fitted with a curve, and t1/2 was extrapolated as the time at which 50% of

Nanotraps were bound or engulfed.
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We further tested whether the engulfed Nanotraps would fuse with endosomes or

lysosomes within the macrophages. As shown in Figure 2G, Nanotraps (DiD, red)

in various regions in the cell co-localize with either endosomes (cyan) or lysosomes
2064 Matter 4, 2059–2082, June 2, 2021
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(green), suggesting they will in fact be degraded over time. In addition, we tested

the kinetics of (1) the Nanotrap binding to the virus and (2) the macrophage engulf-

ment of Nanotraps (Figure 2H). The binding between the pseudovirus and the Nano-

traps saturated within an hour (t1/2 9.4 min), whereas the macrophage engulfment

did not reach saturation with the Nanotraps until 48 h later (t1/2 1,060 min), suggest-

ing that the Nanotraps bind to virus before being engulfed by the macrophages.

Finally, we tested whether proinflammatory cytokine interleukin-6 (IL-6) was

secreted by the macrophages following the Nanotrap engulfment (Figure S2G).

No significant differences were found among the following conditions: (1) macro-

phages alone; (2) macrophages and Nanotraps; (3) macrophages and epithelial

cells; (4) macrophages, epithelial cells, and virus; (5) macrophages, epithelial cells,

and Nanotraps; and (6) macrophages, epithelial cells, virus, and Nanotraps. These

data indicate that the Nanotraps do not promote a proinflammatory response by

the macrophages at the treatment dosage.

Nanotraps neutralize SARS-CoV-2 infection in vitro

We next generated multiple types of Nanotraps to test their efficacy. First, avi-

tagged biotinylated ACE2 was conjugated to the Nanotrap surface via biotin-

streptavidin interactions to make Nanotrap-ACE2. In addition, we synthesized

Nanotrap-Antibody by conjugating a SARS-CoV-2 neutralizing antibody to the

Nanotrap surface via NHS esters (for details see experimental procedures). Finally,

to test the specificity of the Nanotraps, we made Nanotrap-Blank without a virus-

binding epitope.

We next examined whether the Nanotraps could effectively capture and contain

SARS-CoV-2 in vitro. All three Nanotraps were incubated with SARS-CoV-2 spike

pseudotyped lentivirus or vesicular stomatitis virus (VSV) for 1 h before adding to

HEK293T-ACE2 cells for 24 h and 72 h, respectively. Both Nanotrap-ACE2 and

Nanotrap-Antibody completely blocked SARS-CoV-2 pseudovirus infection, while

the Nanotrap-Blank did not, indicating both the specificity and functionality of our

Nanotraps (Figures 3A, 3B, S3A, S3B, and S3E). Interestingly, despite the fact that

neutralizing antibodies have a higher affinity for spike protein (0.07 nM) than that

of ACE2 (22 nM),48 the Nanotrap-ACE2 blocks SARS-CoV-2 pseudovirus infection

more efficiently than the Nanotrap-Antibody. This is most likely due to the lower mo-

lecular density (Figures S1F and S1G) and the random orientation (Figure S1H) of

neutralizing antibody on the Nanotraps compared with that of the ACE2. Thus,

the overall avidity will be lower on the Nanotrap-Antibody than on the Nanotrap-

ACE2. This could be corrected in future studies by using the higher-efficiency

biotin-streptavidin conjugation rather than the NHS-amine conjugation method

used here. In sharp contrast to the Nanotraps, soluble recombinant ACE2 protein

only partially inhibited infection to HEK293T-ACE2 cells with both SARS-CoV-2 spike

pseudotyped lentivirus (Figures 3C and S3C) and VSV (Figures 3D and S3D), despite

the previous use of soluble ACE2 protein.8,9

Macrophages play a key role in controlling SARS-CoV-2 infection.47 We thus further

determined whether human macrophages could efficiently engulf and degrade the vi-

rus-bound Nanotraps-ACE2 without becoming infected (Figures 1E and 1F). Impor-

tantly, after incubatingSARS-CoV-2 spikepseudotypedVSVwithdTHP-1macrophages

for 24 h, no infection was found in the macrophages (Figures 3E and 3F, comparing

‘‘MV’’ with ‘‘MV + V’’). This experiment demonstrated the feasibility of utilizing macro-

phages to clear the viral infection. We then infected a human lung epithelial cell line,

A549, which expresses physiological levels of surface ACE2, with SARS-CoV-2 spike

pseudotyped VSV in the absence or presence of dTHP-1 macrophages. These data
Matter 4, 2059–2082, June 2, 2021 2065



Figure 3. Inhibition of SARS-CoV-2 viral infection of host cells

(A and B) HEK293T-ACE2 cells were treated with SARS-CoV-2 spike pseudotyped lentivirus (A) or

VSV (B) and Nanotrap-ACE2, Nanotrap-Antibody, or Nanotrap-Blank for 72 h and 24 h, respectively.

Particle densities were counted with a hemocytometer. Data are presented as mean G SD and

fitted with a two-phase decay model.

(C and D) HEK293T-ACE2 cells were treated with SARS-CoV-2 spike pseudotyped lentivirus (C) or

VSV (D) and Nanotrap-ACE2 or soluble ACE2 for 72 h and 24 h, respectively. Data are presented as

mean G SD and fitted with a trend curve. For both SARS-CoV-2 spike pseudotyped lentivirus (C)

and VSV (D), the Nanotrap-ACE2 and soluble ACE2 curves differ with p < 0.0001, as tested by sum-

of-squares F tests.

(E) Confocal microscopy of pseudotyped VSV infection (GFP, green) in dTHP1 macrophages (WGA,

red) and A549 epithelial cells (DAPI, blue); Nanotrap-ACE2 is displayed in yellow. MV,

macrophages; V, virus; E, epithelial cells; NT, Nanotraps. Scale bars represent 100 mm, with inset

scale bars representing 40 mm.

(F) Quantification of (E). Data are shown as mean G SD; unpaired t tests were conducted from three

independent experiments. ns, not significant.
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suggest that macrophages significantly reduced the viral infection but could not

completely eradicate it (Figures 3E and 3F, comparing ‘‘E + V’’ with ‘‘E + MV + V’’).

Finally, we determined whether our engineered Nanotraps triggered phosphatidylser-

ine-mediated phagocytosis by dTHP-1 macrophages for the clearance of virus. After

adding Nanotrap-ACE2 into the co-culture of epithelial cells, macrophages, and

SARS-CoV-2 spike pseudotyped VSV, the viral infection was completely inhibited (Fig-

ures 3E and3F, comparing ‘‘E+V+NT’’ and ‘‘E +MV+V+NT’’ with ‘‘E+MV+V’’).We

further observed incorporation of Nanotrap-ACE2 into the macrophage cell body but

not into the epithelial cells, indicating successful macrophage-specific phagocytosis

(Figures 2E and 3E, ‘‘E + MV + V + NT’’ inset; Video S1).
2066 Matter 4, 2059–2082, June 2, 2021
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In sum, our in vitro neutralizing experiments demonstrated that our Nanotraps not

only served as a sponge to capture and contain SARS-CoV-2 but also utilized the

phagocytosis and sterilization machinery of macrophages to defend the host cells

from infection, as we depicted in our original experimental design (Figure 1A).
In vivo local delivery to lungs and biosafety profile of Nanotraps in mice

To assess the safety of Nanotrap treatment, we first examined in vitro cytotoxicity on

human cell lines. Neither HEK293T-ACE2 nor A549 cells displayed significant cyto-

toxicity with the addition of Nanotrap-Blank, Nanotrap-ACE2, or Nanotrap-Anti-

body, as evaluated by a CCK8 cytotoxicity assay (Figures S4A and S4B).

We next examined the delivery of Nanotraps to mouse lungs and evaluated the

biosafety of Nanotraps in vivo. We intratracheally injected immunocompetent

mice with Nanotrap-ACE2 (labeled with DiD) at a dose of 10 mg/kg. Mice were sacri-

ficed 3 days post injection. Delivery of Nanotraps tomouse lungs was confirmedwith

cryosectioned mouse lung tissues: significant Nanotrap accumulation and distribu-

tion were found in the lung tissues, particularly in regions around bronchioles in

the respiratory tracts (Figure 4A). As expected, noNanotraps were found in the lungs

of PBS-treated mice (Figure 4B).

In vivo safety was next analyzed. Hematoxylin and eosin (H&E) staining of major or-

gans including lung, heart, liver, spleen, and kidney showed no histological differ-

ences in the Nanotrap-treated mice when compared with the PBS-treated control

group (Figure 4C). Furthermore, complete blood counts were performed to evaluate

white blood cells (WBCs), red blood cells (RBCs), and platelets (PLTs). The cell counts

were similar between Nanotrap- and PBS-treated groups (Figure 4D). Next, compre-

hensive metabolic panels of mouse blood sera were examined to provide an overall

picture of the chemical balance and metabolism. No statistical differences were

found between Nanotrap- and PBS-treated mice for glucose levels, electrolyte

and fluid balance, kidney function, or liver function (Figure 4E). These results demon-

strated the safety of Nanotraps when delivered in vivo.
The therapeutic efficacy of Nanotraps in ex vivo human lungs

We next examined the therapeutic efficacy of Nanotraps in inhibiting pseudotyped

SARS-CoV-2 infection in healthy, non-transplantable human donor lungs using an

EVLP system (Figure 5A; Video S2). EVLP allows a lung to be perfused and ventilated

ex vivo after organ retrieval by maintaining lungs at normothermic physiologic con-

ditions and is thus an excellent platform on which to model lung diseases.42

The infection potential of the SARS-CoV-2 spike pseudotyped lentivirus at different

doses over time in primary human lung cells was first tested in vitro, and infection

was observed within 8 h (Figures S5A and S5B). After confirming infection potential,

we tested our Nanotraps on an EVLP system with a pair of non-transplantable human

lungs. Static lung compliance and oxygenation capacity was measured over time

(Figure S5C). SARS-CoV-2 pseudovirus carrying a luciferase reporter gene was in-

jected into the lingula of left upper lung lobe, and pseudovirus plus Nanotrap-Anti-

body was injected into the right middle lobe; the right upper lung lobe was used as

an untreated control (Figure 5C, arrows). Human lung tissue samples were collected

after perfusing for 8 h. Single-cell suspensions were generated and luciferase ex-

pressions were determined (Figure 5B). The results showed that (1) the pseudovirus

infected the lung tissues and (2) the Nanotraps completely inhibited the viral

infection. Furthermore, H&E staining showed significant RBC infiltration in the
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Figure 4. Murine in vivo biosafety profile of Nanotrap treatment

WT B6 mice were treated intratracheally with 10 mg/kg Nanotrap-ACE2 or PBS for 72 h (n = 4, 2

male + 2 female).

(A and B) Representative fluorescent images of Nanotraps (DiD, red) accumulating in the lung

tissues (DAPI, blue) of NT-treated mice (A) or PBS-treated mice (B) 72 h post intratracheal

administration. Scale bars represent 250 mm; inset scale bars represent 50 mm.

(C) Representative H&E staining of major organ sections of heart, liver, spleen, lung, and kidney.

Scale bars represent 500 mm.

(D) Blood cell counts of white blood cells (WBC), red blood cells (RBC), and platelets (PLT) 72 h after

Nanotrap or PBS treatment. Data are shown as mean G SD; unpaired t tests were conducted from

four replicates. ns, not significant.

(E) Comprehensive blood chemistry panels comparing Nanotrap- and PBS-treated mice. ALP,

alkaline phosphatase; ALT, alanine aminotransferase; AMYL, amylase; BUN, urea nitrogen; CA,

calcium; Chol, cholesterol; GLU, glucose; TBIL, total bilirubin; TP, total protein. Data are shown as

mean G SD; unpaired t tests were conducted from four replicates. ns, not significant.
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virus-treated sample, which was not present in the virus-plus-Nanotrap-treated re-

gion (Figures 5C, S5D, and S5E).

As our EVLP systemmaintains lung viability for less than 12 h, we treated single-cell sus-

pensions of healthy, untreated lung from the right upper lobe in vitro for 48 h to confirm

that the Nanotraps can function for longer-term incubations in human tissue. Again,

Nanotrap-Antibody was able to fully inhibit the virus (Figure 5D). Finally, since the

EVLP could not be conducted under BSL-3 conditions in order to use authentic SARS-

CoV-2, we tested the ability of theNanotraps to prevent authentic SARS-CoV-2 from in-

fecting Vero E6 cells, which are highly susceptible to SARS-CoV-2 infection.49 Indeed,

Nanotrap-Antibody was able to completely inhibit infection of authentic SARS-CoV-

2, as expected (Figure 5E). Importantly, the Nanotrap-Antibody outperformed the sol-

uble antibody in the authentic SARS-CoV-2 infection (Figure S5F; Equation S1), despite

the fact that this assay cannot show the impact of the phagocytic targeting of our Nano-

traps, which should further enhance the virus clearance (Figures 3E and 3F).
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(lingula) regions.

(B) Quantification of luciferase expression in EVLP samples 8 h post infection in three regions indicated in the right panel of (A). Data are shown as

mean G SD; unpaired t tests were conducted from 8 replicates. ns, not significant.

(C) H&E staining of EVLP. Scale bars represent 500 mm; inset scale bars represent 200 mm.

(D) Quantification of luciferase expression in in vitro primary human cells 48 h post infection. Data are shown as mean G SD; unpaired t tests were

conducted from 5 replicates. ns, not significant.

(E) Vero E6 cells treated with authentic SARS-CoV-2 and Nanotrap-Blank or Nanotrap-Antibody. Particle densities were counted with a hemocytometer.

Data are shown as mean G SD fitted with a trend curve.
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Taken together, our EVLP experiments demonstrated that (1) SARS-CoV-2 pseudo-

virus can infect human lung and (2) our newly engineered Nanotraps can completely

block the viral infection, thus paving the way for future clinical trials using Nanotraps

for the inhibition of SARS-CoV-2 infection.
DISCUSSION

The highly contagious SARS-CoV-2 has caused the global COVID-19 pandemic, so

effective and safe treatments are urgently needed. Remdesivir has been approved

by the FDA to treat severe COVID-1950 despite its inconsistent clinical benefits and

various reported adverse effects.51,52 Transfusion of convalescent plasma from

recovered patients has shown clinical benefits in some COVID-19 patients;53 how-

ever, this approach is challenged by the limited availability of donor plasma and

appropriate medical facilities.54 Simultaneously, tremendous efforts have been

devoted to the development of vaccines, neutralizing antibodies, and other drugs

for the prevention and treatment of COVID-19. While recently developed vaccines

are being dispersed to the population, safe and effective medicines to treat SARS-

CoV-2 infection are largely lacking. For example, Nanosponges have been devel-

oped,55 but they cannot completely inhibit infection. They are also not a viable

treatment option: as each patient’s human leukocyte antigen is different, Nano-

sponges would have to be personalized for each patient. Large amounts of

uninfected primary cells would have to be collected from each patient to make

personalized Nanosponges, similar to chimeric antigen receptor T (CAR-T) cell

therapy, which has resulted in exorbitant costs and is thus unattainable by many

patients.56 In addition, recombinant soluble ACE2 or ACE2-immunoglobulin G

(IgG) proteins have been proposed for use as treatments,8,14 but soluble proteins

are known to be much more liable to degradation than nanoparticles.57 Although

some existing nanomedicines have been shown to inhibit viral entry,20,21 they do

not trigger any specific clearing mechanism, leaving the risk of infection unad-

dressed. In contrast, our Nanotraps both inhibit cell entry and trigger the phago-

cytic clearance of the virus. The design of our Nanotraps was inspired by the ability

of tumor cells to secrete PD-L1 exosomes, which bind to and suppress T cell im-

mune functions and thus prevent the killing and clearance of the tumor cells.22,58

In a similar fashion, the synthetic Nanotraps can mimic the target cells to ensnare

the virus. Meanwhile, the synthetic polymer-lipid complexes take advantage of

both the stability from polymers and surface flexibility of lipids,59 thereby

providing a well-controlled nanomaterial with a high capacity to trap the virus by

mimicking target cells. We thus created Nanotraps to bind and inhibit SARS-

CoV-2 infection to host cells.

To block the interaction between the SARS-CoV-2 spike protein and the host ACE2

receptors, we coated the Nanotrap surfaces with a high molecular density of either

recombinant ACE2 proteins or anti-SARS-CoV-2 neutralizing antibodies (Fig-

ure 1A). In principle, the high binding avidity, high diffusivity, and small size of

Nanotraps should enable them to easily outcompete low-ACE2-expressing host

cells in capturing the SARS-CoV-2, thus effectively containing the viruses on their

surfaces. Indeed, our experiments demonstrated that viral infection of both pseu-

dotyped and authentic SARS-CoV-2 across human cell lines, lung primary cells,

and lung organs can be completely inhibited by Nanotrap-ACE2 or Nanotrap-Anti-

body (Figures 3 and 5). Notably, the Nanotraps were 10 times more efficient than

their soluble counterparts at containing SARS-CoV-2,8,9 attributed to their high

binding avidity (Figures 3C, 3D, and S5F). We would also like to note that there

are both advantages and disadvantages to bivalent/Fc-containing proteins, such
2070 Matter 4, 2059–2082, June 2, 2021
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as the antibody, versus monovalent/Fc-free proteins, such as ACE2. For example,

bivalent proteins have increased binding capacity per molecule: while we showed

that the Nanotrap-Antibody had a lower density than the Nanotrap-ACE2 (Fig-

ure S1F), the two Nanotraps still had comparable inhibitory effects (Figures 3A

and 3B). However, it is possible that the Fc region could contribute to the aggra-

vation of COVID-19 due to antibody-dependent enhancement.60,61 Future studies

to optimize the choice of targeting molecules for human use are required.

Furthermore, our Nanotraps harness the immune system to clear the SARS-CoV-2

(Figures 2 and 3). By incorporating the phagocyte-specific phosphatidylserine li-

gands onto the Nanotrap surfaces, macrophages readily engulfed the virus-bound

Nanotraps without becoming infected themselves (Figures 3E and 3F). While macro-

phages were used as a proof of principle in this study, other professional phagocytes

such as neutrophils, monocytes, and dendritic cells should be able to similarly clear

the virus-bound Nanotraps. In particular, macrophages and dendritic cells are pro-

fessional antigen-presenting cells, which present engulfed antigens to the adaptive

immune system.62 Since the Nanotraps are able to engage antigen-presenting cells,

it is possible that they may also elicit virus-specific adaptive immune responses.

Future studies will evaluate whether Nanotraps can prime adaptive immune re-

sponses, thereby promoting vaccine-like protection.63

In addition, we purposely designed Nanotraps to be biocompatible, biodegrad-

able, and safe. The Nanotraps were composed of FDA-approved polymers and

lipids, which provides the possibility for safe administration in a clinical setting.

Indeed, our biosafety experiments have demonstrated an excellent safety profile

in vitro and in vivo (Figure 4).

Lastly, we tested the efficacy of the Nanotraps in a human EVLP system. Superior to

lung organoids, which cannot reproduce whole-organ response to viral infec-

tion,9,64,65 and non-human primate models, which are extremely costly,66–68 the

EVLP system is a clinically relevant model. We showed that our Nanotraps can

completely inhibit viral infection in living human lungs (Figure 5). As current biosafety

regulations preclude the testing of authentic SARS-CoV-2 in the EVLP, we further

confirmed that our Nanotraps can completely inhibit authentic virus in vitro (Fig-

ure 5E). These experiments together suggest that our Nanotraps could potentially

be used to treat SARS-CoV-2 infection in the clinic.

In summary, we developed a new type of potent, effective nanomedicine, Nano-

traps, to contain and clear SARS-CoV-2 by harnessing and integrating the power

of nanotechnology and immunology. The Nanotraps completely inhibited the

SARS-CoV-2 infection to human cells and lung organs. The Nanotraps are effective,

biocompatible, safe, stable, and feasible for mass production. It is reasonable to hy-

pothesize that Nanotraps could be easily formulated into a nasal spray or inhaler for

easy administration and direct delivery to the respiratory system, or as an oral or

ocular liquid, or subcutaneous, intramuscular, or intravenous injection to target

different sites of SARS-CoV-2 exposure, thus offering flexibility in administration.

Furthermore, the design of our Nanotraps is highly versatile: they can be modified

to incorporate small-molecule drugs or protein/mRNA vaccines to their core, and

different human ACE2 recombinant proteins,8,9 human anti-SARS-CoV-2 neutral-

izing antibodies,10–14 or any developed therapeutic proteins or peptides can be con-

jugated to the surface, thus easily extending their applications beyond our current

study. Overall, we thus expect continuous development of this nanomedicine for

clinical use to prevent and treat SARS-CoV-2 infection.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

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

and will be fulfilled by the lead contact, Jun Huang (huangjun@uchicago.edu).

Materials availability

The materials generated in this study are available from the corresponding author

upon request.

Data and code availability

The data used to support the findings of this study are available from the corre-

sponding author upon request.
Synthesis of Nanotraps

To synthesize the Nanotraps, we employed a two-step method developed for poly-

mer-lipid hybrid nanoparticles whereby the polymer and lipid components were

prepared separately and combined at the end of the process. The PLA nanoparticles

were prepared in accordance with existing methods69 through an oil-in-water emul-

sion solvent evaporation process. One hundred milligrams of PLA and 100 mL of per-

fluorooctyl bromide (PFOB)70 were dissolved in 3.5 mL of dichloromethane. The

organic phase was mixed with 20 mL of 2.0% polyvinyl alcohol (PVA) solution. The

mixture was emulsified by sonication (Fisher Sonics) on ice for 2 min. The dichloro-

methane in the emulsified mixture was evaporated under magnetic stirring at

300 rpm for 3–4 h at room temperature. The resulting solution was centrifuged

and the pellets were washed with PBS three times (5,0003 g for 10 min), after which

the pellets were lyophilized and stored at 4�Cbefore use. For any fluorescence label-

ing, 0.05 mg of DiD or DiO was added into the 100-mg PLA organic phase when pre-

paring the Nanotraps. For PLA nanoparticles with size 200 nm, 100 mg of PLA was

emulsified with 2.0% PVA and the supernatant was collected after centrifugation

instead of the pellet. For PLA nanoparticles with size 500 nm, 100 mg of PLA and

100 mL of PFOB were mixed and emulsified with 2.0% PVA, and the pellets were

collected after centrifugation. For PLA nanoparticles with size 1,200 nm, 100 mg

of PLA and 100 mL of PFOBwere mixed and emulsified with 1.0% PVA and the pellets

were collected after centrifugation. For further details on the synthesis of PLA nano-

particles with varying sizes, see Table S1.

Functionalized PLA nanoparticles composed of 15% phosphatidylserine and 0.5%

DSPE-PEG2000-biotin were prepared by dissolving 1,2-dioleoyl-sn-glycero-3-phos-

pho-L-serine (DOPS) (0.388 mmol), 1,2-distearoyl-sn-glycero-3-phosphocholine

(DSPC) (1.292 mmol), cholesterol (0.775 mmol), DSPE-mPEG2000 (0.166 mmol), and

DSPE-PEG2000-biotin (0.013 mmol) at a molar ratio of 10:120:60:9:1 in dichlorome-

thane. The dichloromethane solvent was slowly evaporated by heating the lipid so-

lution at 55�C to remove the solvent and further dried in a vacuum drying oven to

produce a dried lipid film. The lipid film was reconstituted in 2 mL of PBS (pH 7.4)

containing 0.2 mg of PLA nanoparticles, and the contents were hydrated at 60�C
under ultrasonication (Branson CPX5800H). The mixture was then sonicated with a

sonicator probe (Fisher Sonics) for 2 min (100 W, 22.5 kHz, 30% amplitude). Formu-

lations for Nanotraps with different phosphatidylserine surface densities are listed in

Table S2.

For synthesis of Nanotrap-ACE2, 1 mg of the biotin functionalized PLA nanoparticles

was then incubated with streptavidin (34.25 mL, 2 g/L) on ice for 40 min under
2072 Matter 4, 2059–2082, June 2, 2021

mailto:huangjun@uchicago.edu


ll
Article
magnetic stirring. The resulting solution was centrifuged at 5,0003 g for 10 min and

washed with 1 mL of PBS three times to remove excess streptavidin. The pellet was

resuspended in 100 mL of PBS and incubated with biotinylated ACE2 (Bioss Anti-

bodies) for 30 min on ice, and any free ACE2 was removed by washing with PBS

against an Ultra-centrifugal tube (100 kDa) three times (3,000 3 g for 10 min). The

resulting PLA@DOPS/biotin~SA~ACE2 nanoparticle was termed Nanotrap-ACE2.

Nanotrap-Antibody was synthesized by combining 15% DOPS (0.313 mg,

0.386 mmol), 50% DSPC (1.018 mg, 1.287 mmol), 30% cholesterol (0.300 mg,

0.773 mmol), and 5% DSPE-PEG2000-NHS (0.370 mg, 0.129 mmol) in dichlorome-

thane. The lipid mixtures were vacuum dried overnight, and the resulting thin film

was hydrated with PLA-NPs PBS solution in an ultrasonic water bath and further re-

acted with 100 mg of SARS-CoV-2 neutralizing antibody (Sino Biological) for 4 h at

4�C. Any free antibodies were removed by washing with PBS three times (5,000 3

g for 10 min).

Characterization of Nanotraps

The sizes of Nanotraps were measured by a DLS particle size analyzer (Malvern Ze-

tasizer). In brief, 1 mL of Nanotraps was dispersed in 0.13 PBS and further dispersed

in an ultrasonic water bath for 10 min before testing. The size measurement was car-

ried at 25�C with count rates within 300–500 kcps and measured three times. The

zeta potentials of Nanotraps were performed by a Möbiuz system (Wyatt Technol-

ogy). The data are presented as mean G SD.

AF488-labeled anti-ACE2 antibody (Santa Cruz Biotechnology) was added to the

Nanotrap-ACE2 for 30 min on ice and centrifuged at 5,000 3 g for 10 min, and

the pellet was washed with PBS three times. The resulting Nanotraps were resus-

pended in 50% glycol and imaged by TIRFM (Nikon) with 488-nm and 647-nm exci-

tation lasers and 200-ms exposure. Line scans were performed in Fiji.

The sizes and morphologies of the Nanotraps were studied by SEM. In brief, 10 mL of

Nanotrap-ACE2 was diluted in MilliQ water and further dispersed in an ultrasonic

water bath for 10 min before adding onto a silicon chip. Forty microliters of SARS-

CoV-2 spike pseudotyped lentivirus was fixed by 4% paraformaldehyde (PFA) at

37�C for 30 min; the virus was then washed with PBS three times using an Amicon

Ultra-15 Centrifugal Filter (pore size 100 kDa) at 3,000 3 g for 10 min. The resulting

fixed virus was incubated with 10 mL of Nanotrap-ACE2 at 37�C for 1 h and added

onto the 1-cm2 silicon chip followed by air-drying overnight. After dehydration,

the samples were coated with 8 nm of platinum/palladium by sputter coater (Cres-

sington 208HR). The scanning electron microscope (Carl Zeiss Merlin) was used to

image the morphology of the Nanotraps with an accelerating voltage of 2.0 kV.

For each sample, more than ten measurements with different magnification were

performed to ensure the repeatability of the results. For TEM imaging, 10 mL of

the Nanotrap solution was drop-cast on a carbon film-supported TEM grid (Ted

Pella, 01843) pre-treated with oxygen plasma. The grid was then gently rinsed

with deionized water droplets and stained with 1% uranyl acetate aqueous solution

for 1 min. The resultant solution was gently removed with filter paper. The sample

was then imaged by an FEI Tecnai G2 F30 electronic microscope at 300 kV after thor-

ough drying.

For long-term storage, the Nanotraps were freeze-dried into solid powder using a

lyophilizer (Freezone 6, Labconco). In brief, the Nanotrap solution was transferred

into Eppendorf tubes and frozen on dry ice. The lid of the frozen tube was removed
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and quickly embedded with parafilm; holes were punctured in the parafilm using

pipette tips. The tubes were placed in the glass tank connected to a lyophilizer

with lids up. The lyophilizer was vacuumed using an oil pump such that any water

in the tube was sublimated under �53.3�C for 24 h, resulting in the Nanotrap pow-

der. The tubes with Nanotrap powder were sealed by parafilm and immediately

stored in a �20�C freezer. The Nanotrap powder was reconstructed 6 months later

by adding PBS solution followed by ultrasonication.

The density of surface ACE2 or neutralizing antibody on the Nanotrap surface was

measured by flow cytometry.71 DiD-loaded Nanotrap-ACE2 was stained with anti-

ACE2-PE (Sino Biological) for 30 min on ice. DiD-loaded Nanotrap-Antibody was

stained with anti-IgG-PE (BioLegend) for 30 min on ice. DiD+PE+ double-positive

populations were gated, and PE Quantitation Beads (BD Quantibrite) were used

to calculate surface densities according to the manufacturer’s instructions.

Flow cytometry analysis of Nanotrap phagocytosis

Macrophage differentiation was conducted as follows.72 THP-1 cells were treated with

150 nMphorbol 12-myristate 13-acetate for 24 h and replaced by fresh culturemedium

for another24h. ThedifferentiatedTHP-1 cellswereharvestedasdTHP-1macrophages

andmaintained in RPMI 1640 supplementedwith 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin. The dTHP-1 macrophages were then released from the plate

with Trypsin-EDTA (0.25%) and the cell number was counted by a hemocytometer.

One million dTHP-1 macrophages were seeded into each 6-well plate overnight, and

DiO-labeled Nanotraps (200, 500, and 1,200 nm) were incubated with dTHP-1 macro-

phages for 0, 24, or 48 h. For phosphatidylserine investigation, dTHP-1 macrophages

were incubated with Nanotraps containing different phosphatidylserine molar ratios

(0%, 5%, 10%, 15%) for 0, 2, 4, 6, 24, or 48 h. The cells were harvested andwashed three

times with PBS at 3003 g for 5 min, and stained with a Zombie NIR Fixable Viability Kit

(BioLegend) on ice for 10min. Cells were thenwashedwith FACSbuffer (PBS, 10%FBS,

0.1% NaN3) two times and resuspended in 200 mL of FACS buffer. Flow cytometry was

carried out on a BD LSRFortessa Flow Cytometer. Live and single cells were gated (Fig-

ure S2C), and the DiO fluorescence channel was used to indicate the phagocytosis ef-

ficiency of different Nanotraps. The data were further analyzed by FlowJo (BD) and

Prism (GraphPad) software.

Lattice light-sheet microcopy imaging analysis of Nanotrap phagocytosis

For lattice light-sheet imaging, 43 104 dTHP-1 macrophages were seeded onto each

coverslip and DiD-labeled Nanotraps with different phosphatidylserine molar ratios

(0%, 10%, and 15%) were added for 24- or 48-h incubation. The cells were washed

with PBS three times, fixed with 4% PFA, stained with 5 mg/mL CF488 Wheat Germ

Agglutinin (WGA) Conjugates (Biotium), and washed three times with Hank’s balanced

salt solution. Coverslips were imaged by lattice light-sheet microscopy (3i) using z+

objective scanning. Imagingwas conductedwith488-nmand647-nm lasers,withdither

set to 3-ms and 20-ms exposures. Z-steps (60) were collected with a 0.4-mm step size.

Resulting imageswere deconvolved as describedpreviously73,74 using LLSpy (cudaDe-

conv) used under license from Howard Hughes Medical Institute, Janelia Research

Campus. Image reconstruction videos were made in Imaris (Bitplane).

Confocal microscopy of endosomes and lysosomes

For confocal imaging, 3 3 104 dTHP-1 cells were seeded into 8-well chambers and

500 nm of 15% phosphatidylserine DiD-labeled Nanotraps were added for 6 h at

37�C. The cells werewashedwith PBS three times, fixedwith 4%PFA, andwashed three

times with PBS. The cells were then stained with 10 mg/mL anti-LAMP-1-AF488
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(BioLegend) and 0.5 mg/mL anti-EEA1-AF594 (Abcam) for 30 min, then washed three

times with PBS. 40,6-Diamidino-2-phenylindole DAPI (300 nM) was then added for

10 min and washed three times with PBS. Confocal imaging was conducted on a Leica

SP8 with a white-light laser and 1003 oil-immersion objective with 1.53 zoom. Z-stacks

were acquired with a z-step of 300 nm. Images were z-projected and despeckled in Fiji.

Line scan plot profiling was conducted in Fiji.

Kinetics assays

For Nanotrap-virus binding, SARS-CoV-2 spike pseudotyped lentivirus was labeled

with lipophilic dye DiO75 for 20min, fixed with 4% PFA, then washed three times with

PBS in an Amicon Ultra-centrifugal tube (100 kDa). DiD-loaded Nanotraps were pre-

pared and incubated with the DiO-labeled pseudotyped lentivirus for various times.

DiD+DiO+ double-positive events were gated, and the mean fluorescence intensity

of DiO was recorded by flow cytometry until saturation was achieved.

For Nanotrap-macrophage binding, macrophages were prepared as described

above and incubated with DiO-loaded Nanotraps for varying times until saturation

was achieved. The cells were harvested and washed three times with PBS at 300 3

g for 5 min, and stained with a Zombie NIR Fixable Viability Kit (BioLegend) on ice

for 10 min. The cells were then washed with FACS buffer two times and resuspended

in 200 mL of FACS buffer. Flow cytometry was carried on a BD LSRFortessa Flow Cy-

tometer. Live and single cells were gated, and the DiO fluorescence channel was

used to indicate the phagocytosis efficiency at various time points.

Enzyme-linked immunosorbent assay

For the IL-6 enzyme-linked immunosorbent assay (ELISA), six conditions were con-

ducted to test macrophage activation: (1) macrophages alone; (2) macrophages

and Nanotraps; (3) macrophages and epithelial cells; (4) macrophages, epithelial

cells, and virus; (5) macrophages, epithelial cells, and Nanotraps; and (6) macro-

phages, epithelial cells, virus, and Nanotraps. For all wells, 1 3 105 dTHP-1 cells

were plated into 12-well plates overnight. The next day, to wells containing epithe-

lial cells, 23 105 HEK293-ACE2 cells were added. To wells that included Nanotraps,

10 mg/mL Nanotraps was added. To wells that included Nanotraps and virus, 10 mg/

mL Nanotraps was added to 500 focus-forming units (FFU) of pseudotyped VSV,

incubated for 1 h at 37�C, and added to the cells. Plates were incubated for 24 h

and then centrifuged at 300 3 g for 5 min, and supernatants were harvested. IL-6

ELISA (BioLegend) was conducted according to the manufacturer’s instructions.

Production of SARS-CoV-2 spike pseudotyped VSV

Packaging cells (HEK293T) in serum-free Dulbecco’s modified Eagle’s medium

(DMEM) were transfected with 9 mg of pCAGGS SARS-CoV-2 spike expression

plasmid using polyethylenimine (PEI). After 24 h, 3 3 107 FFU VSVdG*G-GFP virus

was added to the HEK293T cells and incubated for another 48 h. Media were

collected and spun at 500 3 g for 3 min to remove cell debris, then passed through

a 0.45-mmpore filter. The virus was then stored at�80�C. To check the infection rate,

HEK293T-ACE2 cells (Integral, cat. #C-HA102) were incubated with the final VSVdG-

GFP*CoV2 pseudovirus and visualized by the presence of GFP-positive cells through

direct microscopic imaging or flow cytometry.

SARS-CoV-2 pseudovirus neutralizing assay

For the SARS-CoV-2 spike pseudotyped VSV neutralizing assay, 4 3 104 HEK293T-

ACE2 cells (maintained in DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin) were seeded in a 96-well plate overnight. Different concentrations
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of ACE2 proteins or Nanotraps (containing 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 6.0,

9.0, and 12 mg/mL ACE2) were incubated with 500 FFU of SARS-CoV-2 spike pseu-

dotyped VSV for 1 h in 37�C. The virus-Nanotrap solution was added into the

HEK293T-ACE2 cells and incubated for 24 h (n = 3 for each group). The cells were

imaged with a fluorescence microscope (Nikon) using 103/0.30 numerical aperture

objective. The excitation wavelengths were 470G 25 nm (Spectra X, Lumencor). The

emissions of GFP were captured by an Andor iXon Ultra 888 back-illuminated

EMCCD camera (Oxford Instruments). The number of GFP-positive cells was

counted manually by objective three times. The viral infection rates were calculated

as the ratio of GFP-positive cells in the group incubated to that of the group incu-

bated with virus alone.

For the SARS-CoV-2 spike pseudotyped lentivirus neutralizing assay, 1 3 104

HEK293T-ACE2 cells were seeded onto a 384-well plate overnight. Nanotraps or

ACE2 was added to SARS-CoV-2 pseudovirus (4 mL per well) and incubated for 1 h

at 37�C. The virus-Nanotrap solution was added to each well (n = 3 for each group).

Seventy-two hours later, the plate was centrifuged for 5 min at 500 3 g to prevent

cell loss. Supernatant was aspirated and 35 mL of PBS was added. PBS was carefully

aspirated, leaving ~15 mL of liquid behind. Renilla-Glo Assay Substrate was added to

the assay buffer at a 1:100 dilution, then 15 mL of the substrate/buffer was added to

each well of a 384-well plate. Bioluminescence was recorded by a microplate reader

(Fisher Scientific BioTek Cytation 5) with an exposure of 200 ms. Wells infected with

pseudovirus only were normalized as 100%.

Co-culture assay

THP-1 cells were differentiated into macrophages as described above. Co-culture

was carried out in a macrophage to A549 cell ratio of 1:5. A549 cells (4 3 104)

were seeded in an 18-well microslide (Vivid) overnight and 8 3 103 dTHP-1 macro-

phages were added onto the A549 cells for another 6 h. SARS-CoV-2 spike pseudo-

typed VSV (500 FFU) was incubated with Nanotraps or PBS in 37�C for 1 h before

adding to the co-culture cells. Twenty-four hours later, the cells were fixed with

4% PFA and stained with CF532 WGA Conjugates (Biotium) and DAPI, and imaged

under a confocal microscope (Leica SP8). Percent infectivity was quantified in Fiji by

dividing GFP+ cells by total cell number (DAPI-stained nuclei). Each channel was pro-

cessed as follows: Image > Threshold (‘‘Huang’’ preset76); Image > Binary > Fill

Holes; Image > Binary > Watershed; Analyze > Count Particles.

In vitro cytotoxicity assay

A549 or HEK293T-ACE2 cells (both maintained in DMEM supplemented with 10%

FBS and 1% penicillin-streptomycin) were seeded in a 96-well plate at a density of

1 3 104 cells/well in 100 mL of culture medium overnight. Nanotraps (3.8 3 107 par-

ticles/mL) were added into cells, and the cells were cultured in a CO2 incubator at

37�C for 72 h. Ten microliters of CCK-8 (MedChem Express) solution was added

to each well of the plate. The plate was incubated for 2 h in the incubator and put

into a microplate reader (Fisher Scientific BioTek Cytation 5), and the plate was

gently shaken for 1 min before measuring the absorbance at 450 nm. The cytotox-

icity was calculated by cell viability, i.e., the relative absorbance from the control

wells without Nanotraps was normalized as 100%. The Nanotrap concentrations

(particles/mL) were manually counted by a hemocytometer. In brief, the freshly pre-

pared Nanotraps were vortexed and diluted in PBS at 1:1,000 dilution. Ten microli-

ters of the diluted solution was further mixed with 10 mL of trypan blue for enhanced

contrast and added onto the hemocytometer, then the number of theNanotraps was

counted under a microscope.
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In vivo biosafety assays

C57BL/6NHsd mice at the age of 6 weeks were purchased from Envigo and main-

tained at the Animal Facility of the University of Chicago. The animal study protocols

were approved by the Institutional Animal Care and Use Committee of the University

of Chicago. For evaluation of the safety of the Nanotraps, two male and two fe-

male 6- to 10-week-old C57BL/6NHsd mice were intratracheally administered with

10 mg/kg Nanotrap-ACE2 in 50 mL of PBS. Blood samples were collected by sub-

mandibular vein via cheek punch using a commercially available 4-mm point lancet

after 3 days. A small aliquot of approximately 100 mL of blood was collected into

EDTA-containing heparinized tubes, and RBCs, WBCs, and platelets were counted

by a hematology analyzer (Beckman Coulter Act Diff 5 CP) according to themanufac-

turer’s instructions. For the comprehensive chemistry panels, blood was allowed to

coagulate at 4�C for 2 h, and serum was collected after centrifugation (1,000 3 g for

15 min) for analysis. Serum alkaline phosphatase, alanine aminotransferase,

amylase, urea nitrogen, calcium, cholesterol, glucose, total bilirubin, and total pro-

teins were determined by a Vet Axcel blood chemistry analyzer (Alfa Wasserman).

Lungs, heart, liver, spleen, and kidney were collected from the same mice, fixed in

10% formalin for 24 h, and embedded in paraffin. The resulting blocks were cut

into 5-mm sections and further stained with H&E by the University of Chicago Human

Tissue Research Center. Fluorescent imaging samples were collected in Tissue-Tek

OCT Compound on dried ice and stored at �80�C before cryosectioning on a cryo-

stat (Leica). The obtained 10-mm-thick tissue slides were then further stained with

DAPI. The histology and fluorescence slides were scanned by a CRi Pannoramic

MIDI 203 whole-slide scanner and analyzed using QuPath software.
Ex vivo lung perfusion assay

Non-transplantable human lungs were obtained from deceased individuals pro-

vided by the organ procurement organization Gift of Hope. All specimens and

data were de-identified prior to receipt. This study was deemed exempt by the Uni-

versity of Chicago Institutional Review Board (IRB19-1942).

Lung harvest

Lungs unsuitable for transplantation were harvested in standard clinical fashion72

from deceased patients. Figure 5A shows the lung of a 56-year-old male patient

(87.2 kg, cause of death: brain death). Lungs were transported to the laboratory at

4�C.

Lung inoculation

Tissue samples were collected from the edge of the right upper lobe before perfu-

sion as an untreated control; 500 mL of SARS-CoV-2 spike pseudotyped lentivirus

(Integral Molecular, RVP 701) was resuspended in 5 mL of PBS and injected into

the lingula of the left lung; 500 mL of SARS-CoV-2 spike pseudotyped lentivirus

was first incubated with Nanotrap-Antibody (7.63106 particles/mL, 2.5 mL) for 1 h

at 37�C before inoculation. This mixture was then injected into the right middle

lobe. Tissue samples at all three sites were collected. Some samples were immersed

in MACS buffer for tissue dissociation, and other samples were fixed in 4% PFA,

sliced with thickness of 5 mm, and stained with H&E.

Lung perfusion

The lung bloc was perfused according to published techniques.31,77 A centrifugal

pump was used to perfuse the pulmonary artery with deoxygenated cellular

perfusate (13 DMEM containing 4.5 g/K D-glucose, L-glutamine, and 110 mg/L of

sodium pyruvate, with addition of 5% BSA and 2 units of packed RBCs). The left
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atrium was left open for gravity drainage. The trachea was incubated and the lung

was ventilated with volume control ventilation (tidal volume set at 6–8 mL/weight

of ideal body weight [kg] of donor, respiratory rate of 8–13, and fraction of inspired

oxygen set at 21%). Sweep gas composed of 8% CO2, 3% O2, and 89% N2 was con-

nected to the hollow-fiber deoxygenator heat exchanger to remove oxygen and add

CO2 into the perfusate returning back to the lung. After initiation of perfusion with

gradual warming and increasing pump flow over 30 min, the lung bloc was

maintained at 37�C with pump flow calibrated to pulmonary artery pressure of

10–20 mmHg for 8 h.

Sampling

Perfusate was sampled at serial time points from the pulmonary artery and left

atrium. Differences in oxygen content between perfusate samples were used to

calculate the oxygenation capacity of the lung. Airway pressure was measured peri-

odically to calculate lung compliance based on tidal volume. Tissue samples were

collected from treated and untreated lobes of the lung at time 0 and time 8 h of

perfusion.

Sample processing

After 8 h of perfusion, tissues were harvested as described above. Tissue dissocia-

tion was performed bymechanical digestion in DMEM treated with 2.5 U/mL DNase;

samples were passed through 70-mm cell strainers (Fisher Scientific). RBCs were

lysed in 10 mL of RBC lysis buffer (Life Technologies), washed three times with

DMEM (3003 g for 3 min), and resuspended in 10 mL of DMEM. Cells were counted

with a hemocytometer and immediately used for luciferase assay or cryopreserved in

Cell Banker medium (Amsbio) at a density of 4 3 106 cells/mL.

Samples that were not dissociated were fixed in 4% PFA and sliced with thickness of

5 mm. Some samples were stained for H&E and imaged on a CRi Pannoramic MIDI

203 whole-slide scanner. Tissue slides used for RBC quantification were stained for

DAPI and imaged on a CRi Pannoramic MIDI 203 whole-slide scanner with 488-nm

and 560-nm lasers. Both channels were quantified in Fiji as follows: Image >

Threshold (‘‘Otsu’’ preset78); Image > Binary > Fill Holes; Analyze > Measure.

For luciferase assay, the cells harvested as described above were washed with PBS

(300 3 g for 3 min) three times, after which 2 3 104 cells were seeded onto a 96-

well plate. Renilla-Glo Assay Substrate was added to the assay buffer at a 1:100

dilution, then 30 mL of the substrate buffer was added to each well for 10 min. The

bioluminescence from each well was detected by a microplate reader (Fisher Scien-

tific BioTek Cytation 5) with an exposure of 200 ms.

Primary cells harvested from the untreated right superior lobe of the human lung

were further used for infection analyses. In brief, 2 3 104 primary lung cells were

seeded onto a 384-well plate. Twenty-five microliters of Nanotraps-Antibody

(6.08 3 107 particles/mL) was added to 20 mL of SARS-CoV-2 spike pseudotyped

lentivirus (Integral Molecular, RVP 701) per well and incubated for 1 h at 37�C before

adding to the cells. For the virus-only group, 10 mL of SARS-CoV-2 spike pseudo-

typed lentivirus was added to the cells. Forty-eight hours later, the plate was centri-

fuged for 5 min at 500 3 g to prevent cell loss. Supernatant was aspirated and 35 mL

of PBS was added. PBS was carefully aspirated, leaving ~15 mL of liquid behind. Re-

nilla-Glo Assay Substrate was added to the assay buffer at a 1:100 dilution, then

15 mL of the substrate/buffer was added to each well of a 384-well plate. The biolu-

minescence was recorded by a microplate reader (Fisher Scientific BioTek Cytation
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5) with an exposure of 200 ms. The infectivity was calculated by the relative lumines-

cence intensity: wells infected with SARS-CoV-2 pseudovirus only were normalized

as 100%.

Authentic SARS-CoV-2 neutralizing assay

All SARS-CoV-2 infections were performed in biosafety level 3 conditions at the Uni-

versity of Chicago Howard T. Ricketts Regional Biocontainment Laboratory. African

green monkey kidney (Vero E6) cells were maintained in DMEM supplemented with

10% FBS and 1% penicillin-streptomycin. Nanotraps or neutralizing antibodies were

serially diluted 2-fold and mixed with 400 plaque-forming units of SARS-CoV-2

(nCoV/Washington/1/2020, kindly provided by the National Biocontainment Labo-

ratory, Galveston, Texas) for 1 h at 37�C, then used to infect Vero E6 cells for 3 days.

Cells were fixed with 3.7% formalin and stained with 0.25% crystal violet. Crystal vi-

olet-stained cells were then quantified by absorbance at 595 nm with a Tecan m200

microplate reader. Cell survival was calculated by normalizing untreated cells to

100%.
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