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A Multifunctional Neutralizing Antibody-Conjugated
Nanoparticle Inhibits and Inactivates SARS-CoV-2
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Jillian Rosenberg, Mindy Nguyen, Jiuyun Shi, Anastasia Tomatsidou, Glenn Randall,
Dominique Missiakas, John Fung, Eugene B. Chang, Pablo Penaloza-MacMaster,

Bozhi Tian, and Jun Huang*

The outbreak of 2019 coronavirus disease (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in a global
pandemic. Despite intensive research, the current treatment options show
limited curative efficacies. Here the authors report a strategy incorporating
neutralizing antibodies conjugated to the surface of a photothermal
nanoparticle (NP) to capture and inactivate SARS-CoV-2. The NP is comprised
of a semiconducting polymer core and a biocompatible polyethylene glycol
surface decorated with high-affinity neutralizing antibodies. The
multifunctional NP efficiently captures SARS-CoV-2 pseudovirions and
completely blocks viral infection to host cells in vitro through the surface
neutralizing antibodies. In addition to virus capture and blocking function, the

1. Introduction

Coronavirus disease 2019 (COVID-19), re-
sulting from severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infec-
tion, has spread worldwide and caused a
global pandemic.'?] Global epidemics ini-
tiated by emerging and reemerging viruses,
including SARS-CoV, HIN1, Zika virus,
and Ebola virus have become increasingly
prevalent over the past 80 years and are
expected to increase in the future.’) How-
ever, the lack of an available treatment or
therapeutic strategy remains a challenge to

NP also possesses photothermal function to generate heat following
irradiation for inactivation of virus. Importantly, the NPs described herein
significantly outperform neutralizing antibodies at treating authentic
SARS-CoV-2 infection in vivo. This multifunctional NP provides a flexible
platform that can be readily adapted to other SARS-CoV-2 antibodies and
extended to novel therapeutic proteins, thus it is expected to provide a broad
range of protection against original SARS-CoV-2 and its variants.

mount an effective protection against viral
threats.

SARS-CoV-2 gains entry into cells
through engagement of the receptor-
binding domain in the spike protein S1
subunit with the angiotensin-converting
enzyme 2 (ACE2) receptor on the host
cell surface and subsequent viral fu-
sion and entry mediated by the spike S2
subunit.[**] In response to viral infection,
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host macrophages and monocytes upregulate inflammatory cy-
tokines often contributing to cytokine release syndrome.[®) In ad-
dition, the virus can induce acute respiratory distress syndrome
and cardiovascular damage, as well as increased mortality in
patients.”-]

Vaccines to protect against SAR-CoV-2 infection have shown
promising results in clinical trials and have been authorized for
emergency use, but it may take months or years to vaccinate
the world population due to the manufacturing and deployment
processes.!'%l Moreover, it remains unclear whether vaccines will
confer long-term protection or be effective for newly emerg-
ing variants, further complicating the path toward ending the
pandemic.'!l Currently, there are limited therapeutic regimens
proven to clear the viral infection in all patients evaluated.['2-14]
Transfusion of convalescent plasma from patients that have re-
covered from COVID-19 into those with the active disease can
reduce viral load and may limit the severity or duration of illness
due to the presence of pre-existing neutralizing antibodies spe-
cific for SARS-CoV-2.[5] However, intravenous administration of
convalescent plasma involves logistical hurdles, including avail-
ability of donor plasma and the need for a designated medical
facility.1%]

In addition, antibody-dependent enhancement (ADE), caused
by binding of non-neutralizing antibodies to virus, which has
been observed in dengue virus,['’] Zika virus,[*¥! SARS-CoV,*’!
and SARS-CoV-2,12 remains a concern for the development
and application of SARS-CoV-2 antibody-based vaccines, ther-
apies, and convalescent plasma because it can further aggra-
vate a patient’s condition through enhancement of the viral
infection.?2*] High-affinity monoclonal neutralizing antibod-
ies against SARS-CoV-2 may circumvent some of the poten-
tial risk of ADE, as they often display much higher affinities
for the SARS-CoV-2 spike protein (<1 nM)!*>?’] than for ACE2
(~15-40 nM)[?-*1] and can be produced in mass scale. Not sur-
prisingly, several monoclonal neutralizing antibodies cloned us-
ing B cells from COVID-19 patients have been recently shown
to effectively block the interaction between SARS-CoV-2 spike
protein and ACE2.323¢1 However, previous studies have re-
ported that soluble antibodies are mostly eliminated from lungs
within 24 hP¥=] through mucociliary clearancel*’! or alveolar
macrophages!“!l after pulmonary administration. As a result, the
rapid clearance and short lung retention time of soluble antibod-
ies may limit the effectiveness of antibody therapy, especially for
local delivery.’8#2] Furthermore, the emergence of multiple vari-
ants of SARS-CoV-2, which may lead to more severe symptoms,
brings more concerns on the efficacy of current therapies and
vaccines.[+3:44]

Nanomaterial-based approaches offer promising alternatives
to using antibodies alone for virus detection,* 8 vaccine
delivery,*% and viral capture.’™* For example, engineered
liposomes,>>] nanosponges,*®l and exosomesl®”! have been uti-
lized to target other viruses in addition to SARS-CoV-2. How-
ever, these methods are only capable of capturing the virus; an
effective approach to inactivate the virus—which may prevent
ADE and be effective for different variants—remains to be seen.
Photothermal nanoparticles (NPs) capable of eliminating tumors
and microorganisms have been developed and have led to po-
tent killing of the targets without damaging the surrounding
healthy tissues.’®%% While there are a few studies applying inor-
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ganic photothermal NPs for virus inactivation,[®"2] organic pho-
tothermal NPs, which possess better biocompatibility than inor-
ganic photothermal NPs, are lacking.[®*) Herein we report the
development of a strategy utilizing multifunctional organic pho-
tothermal NPs decorated with high-affinity neutralizing antibod-
ies designed to effectively capture and inactivate SARS-CoV-2
(Scheme 1). Each multifunctional NP contains an amphiphilic
polymer shell encapsulating a semiconducting polymer core ca-
pable of generating intense local heat after being excited by suit-
able light sources. The NP surface is functionalized with a high
affinity (0.07 nM) monoclonal neutralizing antibody specific to
the SARS-CoV-2 spike protein, which possesses excellent SARS-
CoV-2 neutralizing efficiency. The resultant multifunctional NPs
can selectively and efficiently capture and block SARS-CoV-2,
completely preventing the entry of SARS-CoV-2 into host cells—
an improvement over antibody treatment alone. Upon excita-
tion by a 650-nm light-emitting diode (LED) which possesses
a more desirable safety profile compared to conventional laser
excitation,!®®] the multifunctional NPs can further inactivate
the virus by the auxiliary photothermal function. Furthermore,
the multifunctional NPs possess advantageous properties for
lung delivery and retention, which can overcome the limitation of
rapid clearance of antibodies in the lung.*®#? The unique design
of our multifunctional NPs not only enables antibody-mediated
neutralizing function in capturing SARS-CoV-2, but may also
provide a strategy to mitigate the potential risks of ADE and new,
more infectious SARS-CoV-2 variants through direct heat inacti-
vation of the virus. In addition, as the first organic photothermal
NP for SARS-CoV-2 inactivation, our NP can also serve as a proof-
of-concept platform for future viral therapies.

2. Results and Discussion

The multifunctional NPs were prepared by using 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine- N-[carboxy(polyethylene
glycol)-2000, NHS ester] (DSPE-PEG,,,,-NHS) as the matrix
to encapsulate poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta
[2,1-b;3,4-b'|dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]
(PCPDTBT) through self-assembly.[®®! Subsequently, an anti-
SARS-CoV-2 neutralizing antibody (IgG2b) confirmed to
neutralize SARS-CoV-2 via bioluminescence-based pseudovirus
neutralization assay (Figure S1, Supporting Information) was
conjugated to the NPs. In order to ensure covalent attachment
of antibodies to the NP surface, we utilized the commonly
employed NHS ester coupling, as there exist multiple lysine
residues on an antibody.!®””] Using dynamic light scattering
(DLS), we determined the hydrodynamic diameters of the NPs
to be 70 nm, which was validated by transmission electron mi-
croscopy (TEM) (Figure 1a). In addition, the NPs exhibited good
stability without forming any aggregation or precipitation after
being stored in aqueous dispersions at 4 °C for several weeks
(Figure S2, Supporting Information). The NPs displayed excel-
lent absorption from 500 to 850 nm in the red and near-infrared
region (Figure 1b), favoring the use of infrared excitation to en-
able deep tissue penetration!®®! as well as photothermal-mediated
inactivation of SARS-CoV-2.

Surface conjugation of the anti-SARS-CoV-2 neutralizing an-
tibody was further validated by fluorescent imaging analysis.
Briefly, DiOC,4(7) (DiR) lipophilic dye capable of emitting a
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Scheme 1. Schematic illustration of the multifunctional NPs for the capture (by antibody) and inactivation (by photothermal) of SARS-CoV-2.
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Figure 1. Characterization of the multifunctional NPs. a) DLS size distribution of the multifunctional NPs. Inset: TEM image of the NPs. Scale bar:
50 nm. b) UV-vis absorption spectrum of the multifunctional NPs. c) Fluorescent images and fluorescence intensity profiles of the neutralizing antibody-
conjugated multifunctional NPs labeled by DiR (red) and immunostaining by a secondary Alexa Fluor-488 anti-IgG2b antibody (green) and overlay. Line
scan is used to indicate the fluorescence profile and co-localization for single NPs. Excitation: 488 nm (green channel) and 740 nm (red channel). Scale

bars: 2.5 um.
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Figure 2. Photothermal characterization of the multifunctional NPs. a) Temperature changes of the multifunctional NPs (200 pL) and 1 x PBS (200 pL)
after excitation with a 650-nm LED at the indicated times. Error bars indicate + SEM. n = 3 per group. b) Schematic diagram (top) and electrical
diagram (bottom) of voltage clamp microscope setup used to measure local temperature change. c) A representative trace of temperature increase of
the multifunctional NPs during 10 ms excitation with a 650-nm LED at 1.7 W cm™~2 intensity. 7: the elapsed time required for the temperature response
to decay to 1/e of initial value. d) Schematic representation of ELISA for testing the interaction between anti-SARS-CoV-2 neutralizing antibody and spike
protein at different temperatures. e) Optical density (ODyso) of ELISA samples at different temperatures. Control: no antibody is added (37 °C). Error

bars indicate = SEM. n = 3 per group.

fluorescent signal at ~780 nm was co-encapsulated into the pho-
tothermal NPs (Figure 1c). After immunostaining with a sec-
ondary Alexa Fluor-488-labeled anti-IgG2b antibody, subsequent
visualization by fluorescence microscopy demonstrated good
colocalization between the Alexa Fluor-488 signal and the DiR
signal (Pearson’s correlation coefficient ~ 0.9, calculated by Im-
age]), confirming conjugation of the anti-SARS-CoV-2 antibody
on the NP surface. We quantified the antibody conjugation effi-
ciency by monitoring the fluorescent signal of the NPs and anti-
bodies via flow cytometry(®® and determined that ~22% of anti-
bodies were successfully coated onto the NP surface (Figure S3,
Supporting Information) with random conjugation sites and an-
tibody orientation.[®]

Since the multifunctional NPs exhibited excellent absorption
in the near-infrared region, we hypothesized that they could effec-
tively generate enough local heat for SARS-CoV-2 inactivation af-
ter light excitation with a suitable wavelength, as previous studies
revealed that heat can inactivate coronavirus pathogens.”" To test
this hypothesis, the NPs were dispersed in phosphate-buffered
saline (1 X PBS; pH 7.4) at a concentration of 100 pg mL™!,
then subjected to 650-nm LED excitation with a power density
of 250 mW cm~2 which would be suitable to safely excite healthy
cells and tissues.[®*%] As expected, a time-dependent tempera-
ture increase from 22 to 50 °C was observed within 10 min after
light exposure (Figure 2a). In contrast, a temperature change of
less than 2 °C was observed in PBS alone, indicating the effect
was specific to the photothermal NPs (Figure 2a). Since the global
temperature of the entire solution exceeded 50 °C, we rational-
ized that the local temperature near the multifunctional NP sur-
face would be higher, as was previously reported.”!] To test this
hypothesis, we further evaluated local temperature changes fol-
lowing excitation using an LED-coupled voltage-clamp setup (Fig-
ure 2b) to determine the transient photothermal response of the
NPs.[”2I The NPs were drop-cast onto a glass coverslip and the ag-
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gregate was covered with a PBS solution. The glass micropipette
electrode was placed in close proximity to the surface of the aggre-
gated NPs. Then, a 650-nm LED was used to deliver 10 ms light
pulses and the current response through the pipette was mea-
sured (Figure S4, Supporting Information). The analysis revealed
a 0.7 °C increase in the local temperature after each light pulse
(Figure 2c), which corresponds to an initial heating rate of 70 °C
s71. After the end of the pulse, the temperature decayed with a
~28 ms time constant (z, Figure 2¢).”*) While the local tempera-
ture change observed in the measurement is lower than observed
previously for silicon nanostructures,/’+7*] the light density used
for excitation is more than 100-times lower due to application
of LED rather than focused laser. Additionally, the longer decay
time constant suggests higher thermal resistance at the organic
NP-water interface compared to inorganic nanostructures, result-
ing in slow heat dissipation and higher local temperature.l’?l The
measurements further suggest a strong photothermal response
produced by the NPs and low heat dissipation to aqueous solu-
tion. We next investigated the effect of temperature variation on
antibody binding affinity to spike protein by ELISA (Figure 2d).
After performing the ELISA and heating the samples to 37, 50,
or 65 °C on a hotplate, no significant difference in the binding
between anti-SARS-CoV-2 neutralizing antibody and spike pro-
tein was observed (Figure 2e), which is consistent with a previous
study.l”] The data suggest that the temperature rise induced by
LED treatment will have a negligible effect on the SARS-CoV-2
sequestration effect by the multifunctional NPs. Taken together,
these data suggest that our NPs can potentially capture and block
SARS-CoV-2 through surface neutralizing antibodies and inacti-
vating the virus through photothermal effect.

Next, we sought to determine whether we could use the newly
engineered multifunctional NPs to inhibit infection of ACE2-
expressing host cells by SARS-CoV-2. Due to the high risk of
infection associated with authentic SARS-CoV-2, we utilized
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replication-deficient viruses pseudotyped with the SARS-CoV-2
spike protein in order to evaluate the efficacy of the NPs. Pseu-
dotyped viruses have been routinely employed to provide sig-
nificantly safer conditions in which to study highly infectious
viruses.”’#% As an initial proof-of-concept, we utilized vesicu-
lar stomatitis virus pseudotyped with the SARS-CoV-2 spike pro-
tein (SARS-CoV-2 VSV-GFP). The SARS-CoV-2 VSV-GFP pseu-
dovirus enables transient expression of green fluorescent protein
(GFP) upon entry into the host cell (Figure 3a), facilitating direct
monitoring of viral uptake following incubation with the NPs
and photothermal treatment. In the absence of NPs, HEK293T
cells engineered to overexpress ACE2 (ACE2/HEK293T) were
susceptible to pseudovirus infection as demonstrated by GFP ex-
pression after 24 h incubation (Figure 3b). To monitor the ef-
fect of the multifunctional NPs on virus entry, ACE2/HEK293T
cells were simultaneously infected with SARS-CoV-2 VSV-GFP
preincubated with a dilution series of non-modified NPs, neu-
tralizing antibody (Ab), or neutralizing antibody-conjugated mul-
tifunctional NPs (NP-Ab) with or without LED pretreatment, then
visualized by fluorescence microscopy. The viral inactivation ef-
ficiencies were determined by quantifying fluorescent cells and
normalizing the values at each concentration to that of the cells
infected with pseudovirus only. The actual viral inactivation ef-
ficiencies of the NP-Ab were further calculated using the effec-
tive NP-Ab concentrations corrected to account for the 22% an-
tibody conjugation efficiency to eliminate the effect of free an-
tibodies existing in the NP solutions (See detailed calculations
in the Supporting Information). No change in viral infection was
observed following treatment with non-modified NPs. To validate
the necessity of neutralizing antibodies on the surface of the NPs
for trapping and inactivating the virus, we applied LED excita-
tion to SARS-CoV-2 VSV-GFP incubated with the non-modified
NP. As expected, the non-modified NP elicited a negligible effect
on viral infection (Figures S6, Supporting Information), indicat-
ing the importance of surface neutralizing antibody conjugation.
In contrast, a dose-dependent (0.5-10 pg mL™!) containment of
the pseudovirus was observed upon addition of the Ab or NP-
Ab, showing ICs values of 3.893 and 1.189 ug mL™, respectively,
representing a ~3-fold improvement in inhibition (Figures 3c,d).
While the NP-Ab can completely inhibit the viral infection, the
650-nm LED excitation (250 mW cm~2, 10 min) further improved
the inhibition efficiency of viral infection with an ICs, value of
0.442 pg mL~!, demonstrating a ~9-fold improvement over solu-
ble Ab and a ~3-fold enhancement compared to the NP-AD in the
absence of excitation (Figures 3c,d). Due to the 22% conjugation
efficiency to the NP surface, we further explored whether immo-
bilization of the neutralizing antibody provides a benefit com-
pared to treatment with the soluble form. Simultaneous infec-
tion of ACE2/HEK293T cells with SARS-CoV-2 VSV-GFP prein-
cubated with a dilution series of non-modified NP and soluble
Ab (NP + Ab) with or without LED excitation led to significantly
lower viral inactivation efficiency as compared to the NP-Ab (Fig-
ure S7, Supporting Information), confirming the importance of
antibody conjugation to the NPs.

To confirm this effect was not dependent on the structure
of the pseudovirus, we utilized a second replication-deficient
lentivirus pseudotyped with SARS-CoV-2 spike protein (SARS-
CoV-2 lentivirus-GFP) which stably integrates a gene encoding
a GFP reporter into the host genome after infection (Figure 4a).
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Viral inactivation efficiencies were determined using the same
method described above (See detailed calculations in the Sup-
porting Information). As expected, in the absence of Ab or NP-Ab
or treatment with non-modified NP, the pseudotyped lentivirus
infected ACE2/HEK293T cells, as indicated by GFP expression
monitored at 48 h post-infection (Figure 4b,c). Moreover, expo-
sure of SARS-CoV-2 lentivirus-GFP treated with non-modified
NP to LED excitation had a negligible effect on preventing vi-
ral infection (Figure S6, Supporting Information). However, after
preincubation with the Ab or NP-Ab, the SARS-CoV-2 lentivirus-
GFP infection was inhibited in a dose-dependent fashion with
increasing antibody concentrations (Figure 4c) corresponding to
ICs, values of 0.593 and 0.213 pg mL™!, respectively, displaying
a similar ~ 3-fold improvement to that observed with the SARS-
CoV-2 VSV-GFP pseudovirus (Figure 4d). An improved inhibi-
tion efficiency was observed, showing an ICy, value of 0.076 ug
mL~! after pretreatment of the NP-ADb and pseudovirus with 650-
nm LED excitation (250 mW c¢m~2, 10 min), demonstrating an
~8-fold improvement over soluble Ab and a ~3-fold enhance-
ment compared to the NP-Ab in the absence of excitation. The re-
sults are consistent with the enhancement demonstrated with the
SARS-CoV-2 VSV-GFP pseudovirus (comparing Figure 3 with
Figure 4). The mixture of non-modified NP and soluble Ab (NP +
AD) with or without LED excitation also shows much lower viral
inactivation efficiency than that of the NP-AD (Figure S8, Support-
ing Information). Taken together, these results suggest that the
NP-Ab inhibit viral infection in a spike protein-dependent mech-
anism, regardless of pseudovirus structure. Moreover, the NP-Ab
provides an enhanced virus capture ability compared with the sol-
uble Ab and can further improve the inhibition of viral infection
via photothermal-mediated inactivation.

In order to further quantify multifunctional NP-mediated inhi-
bition, we utilized a SARS-CoV-2-pseudotyped lentivirus bearing
aluciferase reporter gene (SARS-CoV-2 lentivirus-luciferase) and
monitored viral infection via real-time quantitative PCR (qRT-
PCR). SARS-CoV-2 lentivirus-luciferase was pre-incubated with
NP-Ab and treated by LED excitation, then subsequently added
to ACE2/HEK293T cells. We chose to treat the SARS-CoV-2
lentivirus-luciferase with a single concentration (5 ug mL™) to
test whether such a concentration can achieve complete inhibi-
tion of viral infection based on the dose response curves shown
in Figure 4. As expected, after 48 h no luciferase expression
was observed with NP-Ab and LED treatment indicating efficient
virus inactivation (Figure 5a), consistent with the fluorescent mi-
croscopy data shown in Figure 4.

To assess the inhibition efficiency of the multifunctional NPs
in the presence of endogenously expressed ACE2, we evalu-
ated function of the multifunctional NPs using African mon-
key kidney epithelial Vero E6 cell line®!! and human lung pri-
mary cellsl*#2] infected with SARS-CoV-2 lentivirus-luciferase.
As shown in Figures 5b,c, the NP-Ab exhibits better inhibi-
tion of viral infection (790% inhibition) than the soluble Ab
alone (770% inhibition), while the NP-Ab + LED completely
blocked viral infection, highlighting the enhancement by the
photothermal effect inherent to the multifunctional NPs. These
results were consistent with those obtained in ACE2/HEK293T
cells (Figures 3 and 4). Taken together, these data demonstrate
the excellent performance of our multifunctional NPs in block-
ing and inactivating SARS-CoV-2 pseudoviruses and suggest
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Figure 3. SARS-CoV-2 VSV-GFP pseudovirus infection in ACE2/HEK293T cells. a) Schematic illustration of SARS-CoV-2 VSV-GFP pseudovirus infecting
ACE2/HEK293T cells: the spike protein on the pseudotyped virus surface binds to ACE2 (1) and infects the cell (2), releasing its RNA to be transiently
expressed by the host (3) into GFP (4). b) Representative fluorescent and brightfield (BF)-GFP merge images of ACE2/HEK293T cells before and after
incubation with SARS-CoV-2 VSV-GFP. Scale bars: 100 um. c) Representative fluorescentimages of ACE2/HEK293T cells after incubation with SARS-CoV-2
VSV-GFP treated by different concentrations of the non-modified NPs (NP), neutralizing antibody (Ab), neutralizing antibody-conjugated multifunctional
NPs (NP-Ab), or NP-Ab + 650-nm LED excitation at 250 mW cm~2 for 10 min (NP-Ab + LED). Scale bars: 100 um. d) Quantification of SARS-CoV-2
VSV-GFP infectivity after treatment with different concentrations of NP, Ab, NP-Ab, or NP-Ab + LED. IC5, ~ 3.893 (Ab), 1.189 (NP Ab), and 0.442 (NP-Ab
+ LED) pg mL~". Error bars indicate + SEM. n = 3 per group. Statistical significance is determined by sum-of-squares F test; * P < 0.05.
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Figure 4. SARS-CoV-2 lentivirus-GFP pseudovirus infection in ACE2/HEK293T cells. a) Schematic illustration of SARS-CoV-2 lentivirus-GFP pseudovirus
infecting ACE2/HEK293T cells. The spike protein on the pseudotyped virus surface binds to ACE2 (1) and infects the cell (2). The viral RNA is integrated
into the host DNA (3) where it constitutively transcribes (4) and translates it (5) into GFP (6). b) Representative fluorescent and BF-GFP merge im-
ages of ACE2/HEK293T cells before and after incubation with SARS-CoV-2 lentivirus-GFP. Scale bars: 100 um. c) Representative fluorescent images of
ACE2/HEK293T cells after incubation with SARS-CoV-2 lentivirus-GFP treated by different concentrations of NP, Ab, NP-Ab, or NP-Ab + LED. Scale bars:
100 um. d) Quantification of SARS-CoV-2 lentivirus-GFP infectivity after treatment with different concentrations of NP, Ab, NP-Ab, or NP-Ab + LED. ICsq
~ 0.593 (Ab), 0.213 (NP Ab), and 0.076 (NP-Ab + LED) ug mL™". Error bars indicate + SEM. n = 3 per group. Statistical significance is determined by
sum-of-squares F test; * P < 0.05; ** P < 0.01.
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Figure 5. SARS-CoV-2 lentivirus-luciferase pseudovirus inactivation. a) qRT-PCR quantification of luciferase mRNA expression in ACE2/HEK293T cells
after incubation with SARS-CoV-2 lentivirus-luciferase treated by the NP-Ab and 650-nm LED. Error bars indicate + SEM. n = 3 per group. Statistical
significance is determined by two-tailed unpaired t-test; ** P < 0.07; ns: not significant, P> 0.05. b,c) SARS-CoV-2 lentivirus-luciferase infectivity to Vero
E6 cells (b) and human lung primary cells (c). Infectivity scores of different treatments are calculated based on the luciferase signals by normalizing to
virus alone. Error bars indicate + SEM. n = 5 per group. Statistical significance is determined by two-tailed unpaired t-test; * P < 0.05; ** P < 0.01.
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Figure 6. In vivo studies of the distribution and biosafety of the multifunctional NPs. a) Fluorescent images of mouse lung cryosections at day 3 post
intratracheal injection of PBS or the multifunctional NPs. b) H&E staining of sections from different organs at day 3 post intratracheal injection of PBS or
the multifunctional NPs. Scale bars: 50 um. c) Blood analysis at day 3 post intratracheal injection of PBS or the multifunctional NPs. Error bars indicate

+ SEM. n =5 per group. Statistical significance is determined by two-tailed unpaired t-test; ns: not significant, P> 0.05.

they may be amenable to inhibiting infection by the authentic
virus.

In order to investigate the biosafety profile of the multifunc-
tional NPs for therapeutical purpose, we first evaluated in vitro cy-
totoxicity in different cells. No toxicity was observed after treating
ACE2/HEK293T cells, human lung epithelial cell line A549, and
human lung primary cells endogenously expressing ACE2 with
a dilution series of the multifunctional NPs (Figures S9 and S10,
Supporting Information). We next monitored distribution and
toxicity in vivo by intratracheally injecting the multifunctional
NPs into immunocompetent mice.>?] At day 3 post-injection, the
mice were sacrificed to collect the organs and blood for histolog-
ical analysis. Fluorescent images of lung cryosections revealed
that the NPs were successfully delivered into the mouse lungs
(Figure 6a). As compared to soluble Ab, which is cleared from the
lung within 24 h,[*##2] the multifunctional NPs have a longer re-
tention time that could prolong the local therapeutic effect inside
the lung. Hematoxylin and eosin (H&E) staining of lung, heart,
liver, spleen, and kidney (Figure 6b) and blood analysis including
blood cell counting and blood chemistry analysis (Figure 6c¢) re-
vealed that there were no histological differences between the NP-
treated and PBS-treated mice. These biosafety data provide sup-
port for the potential use of the lung-delivered multifunctional
NPs to treat SARS-CoV-2 in vivo.

Finally, we evaluated the in vivo authentic SARS-CoV-2 con-
tainment efficacy of the multifunctional NPs by challenging K18-
hACE2 transgenic mice expressing human ACE2 with authen-
tic SARS-CoV-2 (USA-WA1/2020) (Figure 7a). At 2 h post-SARS-
CoV-2 challenge, the NP-Ab or soluble Ab were administrated in-
tranasally into the mice for treatment. It was observed that the
mice without any treatment show obvious weight loss after the
SARS-CoV-2 challenge, while the mice treated by Ab or NP-Ab
show weight increase after the initial weight loss at day 1 (Fig-

Adv. Sci. 2022, 9, 2103240

ure 7b). The body condition scoring of mice also indicated a se-
vere effect of the SARS-CoV-2 in the untreated group, while the
AD or NP-AD treatments can alleviate the effect (Figure S11, Sup-
porting Information). After sacrificing the mice at day 5 post
SARS-CoV-2 challenge, we monitored SARS-CoV-2 mRNA in
mouse lungs by qRT-PCR and determined that while soluble Ab
led to a moderate reduction in viral RNA levels, NP-Ab treatment
contributed to a near-complete inhibition, suggesting the multi-
functional NPs were capable of inhibiting viral replication (Fig-
ure 7c). We further evaluated viral infection via plaque assay to
quantify the effect of treatment on infectious SARS-CoV-2 viral
particles. Gratifyingly, lung viral titers revealed that the NP-Ab
tremendously reduced the viral load in the lung, while the sol-
uble Ab showed only moderate therapeutic effects against the
virus, consistent with qRT-PCR results (Figure 7d). The level of
AD in the mouse lung after NP-Ab treatment or soluble Ab treat-
ment was also investigated by immunostaining the lung tissue
sections with anti-IgG-PE and DAPI (Figures 7e and Figure S12,
Supporting Information), and ELISA quantification of the Ab in
the lung homogenates (Figure 7f). Both samples showed that the
AD level in the mouse lung after NP-Ab treatment is significantly
higher than that soluble Ab treated group, which further sup-
ports the advantage of NP-Ab in improving lung targeting and
prolonging lung retention. Taken together, these observations are
consistent with the in vitro results obtained using pseudoviruses
and indicate that the multifunctional NPs possess excellent ther-
apeutic effect against the authentic SARS-CoV-2 in vivo. More
importantly, the multifunctional NPs also significantly outper-
form the soluble Ab possibly due to their higher avidity,**! bet-
ter lung retention, as well as higher virus inactivation efficiency.
Considering the fact that the NPs generate an excellent therapeu-
tic effect after a single dose and can be easily fabricated into nasal
sprays,[®3] they may be advantageous for repeated administration

2103240 (8 0f12) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

85U01 SUOWWOD A1) 8|cedljdde ay) Aq peusenob o e sjoie YO ‘85N JO S9N 10) ARIq1T BUIUQ A8]1M UO (SUONIPUOD-PUR-SULBI WD A8 |1 ARe.d1jBul[U0//:SANL) SUONIPUOD pue swie | 8y} 89S *[220z/TT/L0] uo Akeiqiauljuo As|im ‘Ueder aueIyd0D Ad 0vZE0TZ0Z SAPR/Z00T OT/I0P/Wo A8 im Aleiq1jul|uoy//sdny wouy pepeojumod ‘Z ‘ZZ0Z ‘v8E86Te



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

@ Mock Challenge (I.N.) b e
_o—— ¥
. 100 B o o =
l = S —I— 3
> = 5 . S Y
» = ¥ u
 J . N 2 49 ® Mock 4
3 = PBS n
WA PBS (I.N.) 1
& NP-Ab n
g0l =¥-—_Ab
o T 1 T T T T
0 1 2 3 4 5
—> % > Time (day)
C
' §
o 6x104 ¥
§ *k
o
SARS-CoV-2 Challenge (I.N.) NP-Ab (I.N.) X ot
- < .
725 % z
N o" o & X
| 5% 55 l T 2x104
\ L% L — \ ] & 2 -
> \'}"‘t - —> - x> o . s
S \ ) 2
3 - 0 T T
[ Mock  PBS  NP-Ab Ab
Ab (I.N.) d
TEE 1.5%105 *
N oy ¥ K,k
;’ v N 5 j » o l
N ¥ ¥ > 1x105-
- |
Ny :
i =
. . w
Tissue collection &  sxq0-
1 1 /L 1
' T 7 T
Day 0 Day 5 0-
y 2h y Mock PBS NP-Ab  Ab
€ f
*
__ 600 —
-
g *
o
= 400
-1
o
o
£ 200+ T
o
= 4
o
0 T
PBS NP-Ab Ab

Figure 7. In vivo studies of the multifunctional NPs for SARS-CoV-2 treatment. a) Schematic illustration of the in vivo studies of authentic SARS-CoV-2
treatments by NP-Ab or Ab. b) Mouse body weights after SARS-CoV-2 challenge under different treatments. Error bars indicate = SEM. n =5 per group.
¢) Quantification of SARS-CoV-2 mRNA expression in mouse lungs via gRT-PCR at day 5 post SARS-CoV-2 challenge. Error bars indicate + SEM. n =
5 per group. Statistical significance is determined by two-tailed unpaired t-test; * P < 0.05; ** P < 0.01. d) Viral titers in mouse lungs at day 5 post
SARS-CoV-2 challenge. Error bars indicate + SEM. n =5 per group. Statistical significance is determined by two-tailed unpaired t-test; * P < 0.05; ** P
< 0.01. e) Immunostaining of mouse lung sections after intranasal injection of PBS, NP-Ab, or Ab. Blue channel: DAPI. Red channel: anti-IgG-PE. Scale

bars: 50 um. f) Concentrations of Ab in mouse lungs after intranasal injection of PBS, NP-Ab, or Ab measured by ELISA. Error bars indicate + SEM. n =

5 per group. Statistical significance is determined by two-tailed unpaired t-test; * P < 0.05; *** P < 0.001.

which could further improve their therapeutic effect. All these re-
sults indicate that the multifunctional NPs have the potential to
serve as a feasible solution and an effective therapy for clinical
SARS-CoV-2 treatment and generate an improved outcome com-
pared to the current therapeutics, such as the monoclonal neu-
tralizing antibody. Although the in vivo photothermal treatment
was not performed due to limitations of our biosafety level 3 facil-
ities and the availability of an appropriate light source, the in vitro
experiments suggest it may further improve the therapeutic ef-
fect of the multifunctional NPs, which is also supported by previ-
ous studies. It has been reported that phototherapy can treat lung

Adv. Sci. 2022, 9, 2103240

inflammation®¥ and lung injury!®! in vivo after red light irradia-
tion on the respiratory tract. In vivo ablation of lung cancer!®¢!
and other different types of cancers including skin cancer,®”]
breast cancer,!®® glioblastoma,®®) mammary cancer,’®! and col-
orectal cancer!®! were achieved by photothermal therapies us-
ing red/near-infrared light excitation. In addition, in vivo pho-
tothermal killing of bacteria was realized.[**??] A recent study also
demonstrated successful photothermal treatment of neurotropic
virus infection in the mouse brain.[®!l These studies demonstrate
the feasibility of applying the multifunctional NPs with red/near-
infrared light excitation for in vivo photothermal inactivation of
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SARS-CoV-2. As the multifunctional NPs have a broad absorp-
tion spectrum in red/near-infrared range, suitable light sources,
LED or lasers, can be selected for in vivo studies to tune the exci-
tation wavelength and power density for good penetration depth
and photothermal effect. Meanwhile, the light can be delivered
to the lung externally by light irradiation on the respiratory tract
or internally by a flexible bronchoscopy,®*** which can further
improve the light penetration and therapeutic effect of the mul-
tifunctional NPs. Future in vivo studies are needed to confirm
these benefits.

3. Conclusion

In summary, we developed an antibody-conjugated multifunc-
tional NP for the capture and inactivation of SARS-CoV-2. The
multifunctional NPs enabled successful capture of two different
types of SARS-CoV-2 pseudoviruses in three different cell sys-
tems in vitro, outperforming the soluble neutralizing antibodies.
In addition, the NPs displayed excellent photothermal effect to
further inactivate the virus. The multifunctional NPs also exhib-
ited excellent biosafety in vitro and in vivo and satisfactory lung
delivery in mice. Most importantly, in vivo treatment with the
multifunctional NPs in the presence of authentic SARS-CoV-2
was achieved showing a significantly improved therapeutic ef-
fect compared to soluble neutralizing antibodies and demonstrat-
ing their great potential for clinical SARS-CoV-2 treatment. The
multifunctional NP provides a flexible platform that can be read-
ily adapted to target other variants of SARS-CoV-2 via conjuga-
tion to different antibodies or other novel therapeutic proteins
and can also be extended to other viruses, bacteria ¥ and ma-
lignant cells.[! Furthermore, the photothermal function of the
multifunctional NP could potentially serve to prevent ADE that
may arise due to incomplete neutralization of the SARS-CoV-2
during SARS-CoV-2 infection and vaccination and actively inac-
tivate different variants of SARS-CoV-2. In addition to the pho-
tothermal inactivation of virus, the red-light treatment (650-nm
LED) applied in our study could potentially bring more benefits
by modulating the immune system and reducing inflammation.
Previous studies have reported that phototherapy using red light
and near-infrared light can reduce pulmonary inflammation and
lung fibrosis in mice by downregulating pro-inflammatory cy-
tokines, upregulating the secretion of IL-10 from fibroblasts and
pneumocytes, and reducing collagen deposits in the lungs.[%¢-%]
Since pulmonary inflammation and lung fibrosis are commonly
observed complications in critical patients with SARS-CoV-2 in-
fection, the 650-nm LED treatment in our study could potentially
relieve these life-threatening complications. Together with the ef-
ficient virus inactivation function, the excellent therapeutic effect
of our multifunctional NPs can be further improved. Future stud-
ies will be conducted by using site-specific conjugation methods
such as site-selective click chemistry methods(®® to increase the
surface antibody conjugation efficiency, control the antibody con-
jugation site and orientation, and purify the multifunctional NPs
to further improve their therapeutic effect.
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