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Purpose: The global pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the lingering threat to 
public health has fueled the search for effective therapeutics to treat SARS-CoV-2. This study aimed to develop lipid nanoparticle 
(LNP) inhibitors of SARS-CoV-2 entry to reduce viral infection in the nose and upper airway.
Methods: Two types of LNP formulations were prepared following a microfluidic mixing method. The LNP-Trap consisted of DOPC, 
DSPC, cholesterol, and DSPE-PEG-COOH modified with various spike protein binding ligands, including ACE2 peptide, recombinant 
human ACE2 (rhACE2) or monoclonal antibody to spike protein (mAb). The LNP-Trim consisted of ionizing cationic DLin-MC3- 
DMA, DSPC, cholesterol, and DMG-PEG lipids encapsulating siACE2 or siTMPRSS2. Both formulations were assayed for biocom-
patibility and cell uptake in airway epithelial cells (Calu-3). Functional assessment of activity was performed using SARS-CoV-2 spike 
protein binding assays (LNP-Trap), host receptor knockdown (LNP-Trim), and SARS-CoV-2 pseudovirus neutralization assay (LNP- 
Trap and LNP-Trim). Localization and tissue distribution of fluorescently labeled LNP formulations were assessed in mice following 
intranasal administration.
Results: Both LNP formulations were biocompatible based on cell impedance and MTT cytotoxicity studies in Calu-3 cells at 
concentrations as high as 1 mg/mL. LNP-Trap formulations were able to bind spike protein and inhibit pseudovirus infection by 90% 
in Calu-3 cells. LNP-Trim formulations reduced ACE2 and TMPRSS2 at the mRNA (70% reduction) and protein level (50% 
reduction). The suppression of host targets in Calu-3 cells treated with LNP-Trim resulted in over 90% inhibition of pseudovirus 
infection. In vivo studies demonstrated substantial retention of LNP-Trap and LNP-Trim in the nasal cavity following nasal 
administration with minimal systemic exposure.
Conclusion: Both LNP-Trap and LNP-Trim formulations were able to safely and effectively inhibit SARS-CoV-2 pseudoviral 
infection in airway epithelial cells. These studies provide proof-of-principle for a localized treatment approach for SARS-CoV-2 in the 
upper airway.
Keywords: lipid nanoparticles, SARS-CoV-2, antiviral, gene knockdown, intranasal drug delivery

Introduction
The emergence of a novel SARS-coronavirus-2 (SARS-CoV-2) and the resulting COVID-19 pandemic has had crippling 
effects on public health and the global economy. Statistics from the World Health Organization (WHO) reported over 
758 million confirmed cases of COVID-19 and over 6.8 million related deaths.1 The COVID-19 and earlier SARS (2002) 
and Middle East respiratory syndrome (MERS; 2012) outbreaks were caused by closely related coronaviruses (CoV).2 

These viruses use spike proteins to bind and gain entry to specific host cell receptors during infection. While the 
development of effective vaccines for SARS-CoV-2 has been critical in slowing the spread and limiting mortality, 
reliance on vaccination alone is not sufficient as there remain sizeable portions of the population that are not fully 
vaccinated. Furthermore, there remains the possibility for variants of concern (VOC) to emerge that have reduced 
response to vaccines and present an even greater risk of infection and morbidity.3 Given that SARS-CoV-2 will likely 
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remain a concern going forward in the foreseeable future, there is a need to continue identification and development of 
additional treatment options for this virus and any emerging variants of interest that may appear.

Initially, efforts at identifying antiviral agents effective against SARS-CoV-2 focused on repurposing existing 
chemical libraries of approved drugs.4,5 These efforts identified several potential therapeutics and resulted in some 
“hits” that have been of use, such as dexamethasone for ICU and ventilated patients, Paxlovid (orally active), and 
Remdesivir (iv infusion) antivirals for use in infected patients at risk of morbidity or death from severe infection.6–8 

Administration of convalescent plasma from recovered COVID-19 patients was also reported to prevent hospitalizations 
in a clinical trial of outpatients with recently confirmed SARS-CoV-2 infection.9 Along those same lines, combination 
therapy with Bamlanivimab and Etesevimab monoclonal antibodies reduced viral load in patients with mild to moderate 
illness.10 Despite these initial efforts, there is still a need for effective and affordable agents for preventing and treating 
SARS-CoV-2 infections in the general population.

The spike protein of SARS-CoV-2 contains two domains (S1 and S2) that are separated by a furin cleavage site.11 For 
viral infection, the S1 receptor binding domain on the viral particle binds to ACE2 receptors on host cells (Figure 1A). 
Proteolytic cleavage of the S1 and S2 domains by Furin and host transmembrane protease serine 2 (TMPRSS2) activates 
the S2 fusion machinery, leading to viral entry and the release of viral genomic RNA into the host cells.12 The viral RNA 
hijacks the host cell machinery to express viral mRNA and non-structural (NSPs) and structural (spike (S), envelop (E), 
membrane (M), and nucleocapsid (N)) proteins that are vital for viral replication, assembly and release.12 Once released 
from the host cells, newly generated virions can infect surrounding cells through the same process.

Agents acting as decoys for targeting, trapping, and neutralizing viruses are emerging as promising technology to 
control infections.3,13 Several monoclonal antibody (mAb) based decoys were developed for neutralizing a wide range of 
HIV variants.14 Though the earlier studies with these mAbs displayed poor antiviral activity in vivo, the recent 
development of highly potent new-generation mAbs and their success in clinical trials has revived the interest in mAb 
decoys for HIV.15,16 Recently, two mAb drugs, bamlanivimab and etesevimab, that bind SARS-CoV-2 S-protein were 
granted Emergency Use Authorization (EUA) in adult and pediatric (12 years and older) patients with mild to moderate 
COVID-19 symptoms.17,18 However, the use of mAb therapeutics has the risk of viral variants that can develop drug 
resistance. Indeed, while bamlanivimab and etesevimab have prevented severe COVID-19 symptoms in patients, these 
mAb antiviral drugs have been less effective in treating more recent variants of SARS-CoV-2.19 Hence, viral decoy and 

Graphical Abstract

https://doi.org/10.2147/IJN.S448005                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 3088

Yathindranath et al                                                                                                                                                  Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


trapping agents with a broad-spectrum affinity against variants of interest would have a clear advantage over these mAb 
antiviral drugs.

Engineered host cell receptors can act as decoys and competitively bind and neutralize viruses. Several studies have reported 
the successful use of engineered ACE2 in various forms as a broad-spectrum decoy for neutralizing SARS-CoV-2.19,20 An 
advantage of this approach is that host cell receptor-based decoys generally have less chance for resistance, as if such variants 
were to occur, it naturally would have reduced affinity towards the host cell receptor resulting in impaired infectivity.20 

Recombinant soluble rACE2 was developed to treat acute respiratory distress syndrome (ARDS) and progressed successfully 
through initial clinical trials, demonstrating safety.21 Similarly, several peptide mimics of ACE2 have been developed as 
inhibitors for SARS-CoV-2 and have been extensively reviewed elsewhere.22,23 However, rACE2, when administered intrave-
nously, exhibited a short half-life of ~3 hours in humans.24 To improve the pharmacokinetics of rACE2, further modification, for 
example, fusing with wild-type IgG1-Fc, was performed.25

One of the most widely studied host-cell decoy approaches involves encapsulating nanoparticles in cell vesicles 
isolated from cells expressing the viral host receptor(s) of interest. Wei et al prepared poly(lactic-co-glycolic acid) 
(PLGA) nanoparticles that were coated with plasma membrane isolated from CD4+ T cells.26 These T-cell mimicking 
nanoparticles were shown to bind and neutralize HIV and prevent infection of human peripheral blood mononuclear cells 
(PBMCs) in vitro. In regard to SARS-CoV-2, Rao et al isolated membrane vesicles from THP-1 and T293/ACE2 
expressing cells and used them as decoys for binding viral particles.27 The vesicles with high amounts of ACE2 and 
cytokine receptors successfully neutralized SARS-CoV-2 in Vero-E6 cells and neutralized inflammatory cytokines, 
thereby effectively suppressing the immune response and lung injury in the acute lung injury mouse model.

Recently, there has been growing interest in using RNAi to knockdown the SARS-CoV-2 gene inside host cells. As 
SARS-CoV-2 entry and infection is primarily facilitated by ACE2 and TMPRSS2, knocking down these target proteins in 

Figure 1 Schematic representation of (A) SARS-CoV-2 S pseudotyped lentivirus infection aided by S protein ACE2 binding and TMPRSS2. Knocking down of ACE2 and 
TMPRSS2 using LNP-siRNA LNP-trim inhibiting lentivirus entry (B). The presence of LNPs with surface ACE2 peptide (LNP-trap1), rhACE2 (LNP-trap2), and mAb (LNP- 
trap3) bind to the lentivirus, thereby inhibiting cell entry and infection (C).
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host cells could also provide a method for inhibiting viral infection. However, as transgenic mice lacking ACE2 display 
enhanced lung and kidney toxicity, a more selective and transient approach to silencing these host targets is required.28

Since the primary site of infection for SARS-CoV-2 is the nasal epithelium, a localized nasal cavity-targeted antiviral 
therapy could be an effective first line of defense against infection.29 Here, we describe a two-pronged localized 
nanomaterial-based approach for limiting SARS-CoV-2 infection in nasal and upper airway epithelial cells that involves 
lipid nanoparticles (LNPs) that act as receptor decoys to bind viral spike protein (LNP-Trap) and LNPs to deliver siRNA 
to host cells and knockdown the viral entry targets (LNP-Trim). The LNP-Trap formulations consisted of cell- 
impermeable lipid nanoparticles surface modified with ACE2 peptide, rhACE2 or SARS-CoV-2 spike mAb that can 
bind to SARS-CoV-2 and potentially neutralize them. The viral trapping ligands were conjugated to the LNPs through 
simple EDC/NHS coupling reactions.22 In contrast, the LNP-Trim formulations were cell-permeable and could deliver 
siRNA to reduce ACE2 and TMPRSS2 expression in host cells. Target validation of the LNP-Trap and LNP-Trim 
formulations were evaluated using viral spike protein and the Calu-3 human airway epithelial cell line and HEK-293 cells 
transfected with human ACE2 (HEK-hACE2), respectively. The pharmacological effectiveness of LNP-Trap and LNP- 
Trim formulations was evaluated in Calu-3 and HEK-hACE2 using a pseudotyped SARS-CoV-2 lentivirus. The in vitro 
studies demonstrated that the LNP-Trap and LNP-Trim formulations were safe and effective at inhibiting virus-host cell 
interactions and reducing viral infection. Initial assessment of the LNP-Trap and LNP-Trim following nasal administra-
tion in mice confirmed nasal retention and biocompatibility.

While conventional vaccines have been extensively studied and successfully implemented, there remains a gap in 
research focusing on localized antiviral therapeutics specifically targeting the nasal epithelium. The presented proof-of- 
concept study is an effort to bridge that gap by exploring LNP antiviral therapeutics for local nasal delivery. Successful 
development of the proposed strategy could be another promising avenue for the development of next-generation 
COVID-19 therapeutics with broad-spectrum efficacy for improved patient outcomes.

Materials and Methods
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl- 
sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (sodium salt) (DSPE-PEG-COOH), 
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG) and cholesterol was obtained from 
Avanti/Sigma-Aldrich (St. Louis, MO). 4-(dimethylamino)-butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadecadien 
-1-yl-10,13-nonadecadien-1-yl ester (DLin-MC3-DMA or MC3) was obtained from Cayman Chemicals (Ann Arbor, 
MI). SARS-CoV-2 S Pseudotyped Luciferase Lentivirus was purchased from Creative Biogene (Shirley, NY). 
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and Pierce™ 
Firefly Luciferase Glow Assay Kit was obtained from Thermo Fisher (Rockford, IL). Benzoxazolium, 3-octadecyl- 
2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-, perchlorate (DiO) was obtained from Invitrogen (Carlsbad, 
CA). The ACE2 peptide (Sequence: H-EEQAKTFLDKFNHEAEDLFYQSS-OH) was custom-synthesized by 
CanPeptide (St-Laurent, QC). The Human ACE2 Protein, His Tag, and Anti-SARS-CoV-2 Spike RBD Neutralizing 
Antibody, Human IgG1, were purchased from ACROBio systems (Newark, DE). The SARS-CoV-2 Spike RBD-ACE2 
Blocking Antibody Detection ELISA kit was purchased from Cell Signalling Technology (Danvers, MA). Silencer Select 
pre-designed siRNA targeting ACE2 (siACE2; sense 5′→3′ GGAUCCUUAUGUGCACAAAtt and antisense 5′→3′ 
UUUGUGCACAUAAGGAUCCtg), TMPRSS2 (siTMPRSS2; sense 5′→3′ GCAGAUAUGUCUAUGACAAtt and anti-
sense 5′→3′ UUGUCAUAGACAUAUCUGCtg) and negative siRNA control siSCR were purchased from Ambion by 
Life Technologies (Carlsbad, CA). Lipid nanoparticles were prepared following the microfluidic mixing method using 
the NanoAssemblr Benchtop instrument by Precision NanoSystem (Vancouver, BC).

Cell Culture
Human lung epithelial ‒ Calu-3 (CVCL_0609) and human embryonic kidney epithelial ‒ HEK-293 cell lines were 
obtained from ATCC (Manassas, VA). HEK-293/human ACE2 cell line (HEK-293-hACE2) was obtained from ACRO 
Biosystems (Newark, DE). Calu-3 cells were cultured in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 
(DMEM/F12) (Gibco, Carlsbad, CA) with 10% fetal bovine serum (FBS; Gibco), GlutaMAX (Gibco, Carlsbad, CA) and 
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1% penicillin-streptomycin (Gibco, Carlsbad, CA). HEK-293 and HEK-293-hACE2 cells were cultured in DMEM 
(Gibco, Carlsbad, CA) supplemented with 10% FBS, non-essential amino acids (Gibco, Carlsbad, CA), and 1% 
penicillin-streptomycin. Cells were grown in cell culture flasks at 37 °C in a humidified incubator under a 5% CO2 

overlay for routine cell culture.

Preparation of LNP-COOH
The lipid mix containing DOPC/DSPC/cholesterol/DSPE-PEG-COOH/DiR at the molar % ratio (46.5/10/38/5/0.5) and 
a total lipid concentration of 10 mg/mL was prepared in ethanol. The LNP-COOH was prepared following the 
micromixing method with the lipid mix in ethanol as the organic phase (Org.) and PBS (pH 7.4) as the aqueous phase 
(Aq.). A flow rate ratio (FRR) of 1:3 (organic phase: aqueous phase) and a total flow rate (TFR) of 12 mL/minute were 
used for the LNP-COOH preparation. The crude LNP-COOH was washed using PBS (pH 7.4) following centrifugal 
filtration (2000g, MWCO 10,000). The purified product in PBS was stored at 4 °C until further use.

Preparation of LNP-Trap Formulations
The base LNP-COOH in PBS was exchanged to 0.1 M MES buffer (pH = 6), and a molar excess of EDC (10×) and NHS 
(25×) with respect to DSPE-PEG-COOH was added. The contents were mixed at ambient conditions for one hour. Later, 
mercaptoethanol (0.6µL/mL) was added, and the pH of the reaction mixture was adjusted to 7.4 using 1 M NaOH. A 0.3 
molar equivalent of ACE2 peptide, rhACE2, or mAb compared to DSPE-PEG-COOH was added to the activated LNP- 
COOH, and the mixture was mixed for two hours. After two hours, the pH of the reaction mixture was raised to 9.0 using 
1 M NaOH. The crude LNP-Trap formulations were washed (PBS pH= 7.4) and concentrated using centrifugal filtration 
(2000g; MWCO 100 kDa). The concentration (mg/mL) of conjugated ligands was quantified based on absorbance at 205 
nm (A205) and the Scopes method option using a Thermo Scientific NanoDrop spectrophotometer.30 The as-prepared 
LNP-PEP (LNP-Trap1), LNP-rhACE2 (LNP-Trap2) and LNP-mAb (LNP-Trap3) in PBS were stored at 4 °C for up to 
a month until further studies.

Preparation of LNP-Trim
A lipid mixture containing MC3/DSPC/cholesterol/DSPE-PEG-COOH/DiO at the molar % ratio (50/10/38/1.5/0.5) 
and a total lipid concentration of 10 mg/mL was prepared in ethanol. The siRNA (siACE2 or siTMPRSS2) was 
dissolved in sodium acetate buffer (25 mmol, pH = 4) to yield a 0.33 mg/mL concentration. The organic lipid mix 
and the aqueous siRNA solution were micromixed at a flow rate ratio (FRR) of 1:3 (organic: aqueous) and a total 
flow rate (TFR) of 12 mL/min. The as-prepared LNP-siRNA was diluted in PBS (pH = 7.4) and concentrated using 
a centrifugal filter (2000×g, MWCO 10,000) to its original volume. The concentration of the encapsulated siRNA 
in the LNP-siRNA formulation was measured using a Thermo Scientific NanoDrop spectrophotometer (Madison, 
WI). The LNP-siACE2 (LNP-Trim1) and LNP-siTMPRSS2 (LNP-Trim2) were stored at 4 °C for up to a month 
without losing stability (based on negligible change in hydrodynamic diameter) and activity (knockdown 
efficiency).

The percentage encapsulation efficiency (EE%) was calculated using the following formula:

Transmission Electron Microscopy (TEM) Imaging
For TEM imaging of LNP-Trap and LNP-Trim, samples dissolved in water were drop-cast onto a carbon-coated copper 
grid (400 mesh) and negatively stained with 1% phosphotungstic acid (Sigma-Aldrich (St. Louis, MO) in DIW for three 
minutes. The grids were blotted and air- dried before TEM imaging using FEI Talos F200X S/TEM. The actual LNP core 
diameter from the images was determined by measuring 100 individual nanoparticles from several images using Image 
J software.
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Size and Charge Determination of LNPs
The particle size (hydrodynamic) and the net surface charge (zeta potential) of the LNP-Trap and LNP-Trim formulations 
were measured using ZetaPALS (Brookhaven Instruments, NY, USA) dynamic light scattering instrument. LNPs were 
diluted to 20 µg/mL lipid concentration in PBS (pH 7.4) before analysis. The polydispersity index (PDI) obtained from 
the dynamic light scattering instrument was used to determine the size distribution of the LNPs (lower PDI meaning 
monodisperse LNPs).

Cell Impedance Studies
The real-time cell cytotoxicity assay was performed using an Agilent xCELLigence RTCA DP instrument (San Diego, 
CA). Calu-3 cells were seeded (1.4x104 cells/well) in collagen-coated xCELLigence 16 well E-plates. The E-plates were 
background corrected prior to seeding the cells. The E-plates were transferred to the RTCA DP instrument maintained 
inside the 37 °C incubator under a 5% CO2 overlay. The cell growth and attachment were monitored in real-time using 
cellular impedance presented as a unitless parameter termed cell index (CI). The CI values increased with cell growth/ 
attachment. The following day, different concentrations of LNP-COOH (10–1000 µg/mL) were added to the wells. The 
CI values of the control and the treatment groups were recorded at 15-minute intervals for 24 hours. Data was analyzed 
using the xCELLigence software package to obtain the baseline normalized CI values. The control group was used to set 
the baseline, and the CI values were normalized to a time point just before the addition of treatments to obtain the 
baseline normalized CI values.

Cytotoxicity Studies of LNPs
For cytotoxicity studies, Calu-3 cells were seeded (1.875x105 cells/cm2) in 96-well plates and grown for 24 hours. The 
following day, various concentrations (0.01–1.00 mg/mL) of LNPs were added to the cells and incubated for 24 hours. 
After 24 hours, the media and treatments were removed and replaced with fresh media, and the cells were cultured for an 
additional 48 hours before toxicity was assessed by MTT assay. Briefly, the MTT reagent was prepared by dissolving 
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide in PBS (pH 7.4) at a concentration of 5 mg/mL. For the 
assay, 25 µL of the MTT reagent and 100 µL of complete media were added to each well, and the cells were incubated in 
a 5% CO2 incubator for two hours at 37 °C. The viable cells convert water-soluble MTT (yellow color) to water- 
insoluble formazan (purple color) crystals via NAD(P)H-dependent oxidoreductase enzymes. After two hours, media 
with MTT reagent was carefully removed without disturbing the cells, and DMSO was added to dissolve the purple 
formazan crystals. Later, the absorbance at 570 nm (A570) was measured using a plate reader to quantify the formazan. 
The percentage cell viability was calculated as follows:

Cell Uptake Studies
Calu-3 cells were seeded (1x105 cells/cm2) in 24-well plates and grown to confluence in a 37 °C incubator under a 5% 
CO2 overlay. For uptake studies, 100 µg/mL of LNP-PEP and LNP-rhACE2 were added to the cells, and the uptake was 
monitored over different time points (1–5 hours). At each time point, the LNP treatment was removed, and the cells were 
washed three times with PBS (pH = 7.4). After washing, the PBS was completely aspirated, and the cells were lysed by 
adding 0.1% Triton-X-100 (in PBS). The cell lysates were analyzed using Thermo Scientific™ Varioskan™ LUX 
multimode microplate reader at Ex/Em: 484/510. The amount of LNPs in lysates was quantified using a standard 
curve obtained using corresponding LNPs. The percentage cell uptake was calculated using the following equation:
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Transfection Using LNP-siRNA
Cells were seeded (2x104 cells/cm2) in a 6-well plate. The following day, LNP-siRNA (siACE2, siTMPRSS2 or siSCR) equivalent 
to 40 nM siRNA concentration was added to the wells and incubated for 24 hours in a 5% CO2 incubator at 37 °C. After 24 hours, 
the transfection media was replaced with fresh, complete media, and the cells were placed in the CO2 incubator. The transfected 
cells were further incubated for the desired length of time before mRNA and protein isolation for quantification. For pseudovirus 
infection studies, cells were seeded (2x104 cells/cm2) in T-25 flasks and transfected with LNP-siRNA, as discussed above. Forty- 
eight hours after transfection, the cells were seeded in 96 well plates (2x104 cells/well) for further pseudovirus infection studies.

Real-Time One-Step RT-PCR
Total mRNA was isolated from cells using TRIzol reagent (Invitrogen, Burlington, ON), following the manufacturer’s 
protocol. The concentration of isolated mRNA in the solution was estimated spectrophotometrically. The one-step qPCR 
reactions were performed using iTaq™ Universal SYBR® Green One-Step Kit (Bio-Rad) following the manufacturer’s 
protocol. For a 20 µL reaction, 0.5 µg mRNA was used. The primers (Invitrogen) specific for ACE2 (sense 5’- 
GGTGGGAGATGAAGCGAGAG-3′ and antisense, 5’- ACATGGAACAGAGATGCGGG-3′), TMPRSS2 (sense 5’- 
AGGTGAAAGCGGGTGTGAGG-3′ and antisense, 5’-ATAGCTGGTGGTGACCCTGAG-3′), and the internal control 
18S (sense 5’-AAACGGCTACCACATCCAAG-3′ and antisense, 5’-CCTCCAATGGATCCTCGTTA-3′) was used. 
Thermocycling [Reverse transcription: 50 °C (10 min.), Polymerase activation and DNA denaturation: 95 °C (1 min.), 40 
cycles (Denaturation: 95 °C (15 sec.), Annealing: 60 °C (60sec.) and readout)] was carried out using AppliedBiosystems 
AB7500 instrument. The relative mRNA levels compared to controls were calculated following the 2−ΔΔCT method.

Western Blot
Cells were washed with PBS (3×) and lysed using RIPA buffer. Lysates in ice were sonicated for 10 seconds and centrifuged at 
15000g for fifteen minutes. The supernatant was collected, and the total protein concentration was measured using the Pierce® 

BCA Protein Assay Kit (Fisher Scientific, Waltham, MA). The lysates (40 µg protein/well) were mixed with 5× loading buffer, 
separated on 10% polyacrylamide gel, and transferred to polyvinylidene difluoride (PVDF) membranes. The PVDF membrane 
was incubated for an hour in blocking buffer [5% (w/v) skimmed milk in TBST – tris-buffered saline (pH 7.4) with 0.1% (v/v) 
Tween®20] for an hour at room temperature. The membrane was incubated overnight with anti-ACE2 (SN0754) in 5% (w/v) 
skimmed milk in TBST – tris-buffered saline (pH 7.4) at 4 °C overnight. The membrane was washed (4× 15 minutes) in TBST 
buffer and incubated with HRP-conjugated secondary antibody for one hour at room temperature. Later, the membranes were 
washed (4× 15 minutes) in TBST buffer, and blots were visualized by enhanced chemiluminescence (Biorad) as per the 
manufacturer’s protocol.

Staining and Confocal Imaging
Calu-3 cells were seeded (1x104 cells/chamber) in 8-well glass bottom chamber slides (Thermo, 155,382) and grown to ~50% 
confluency. Cells were treated with 200 µg/mL of LNP-siACE2 and LNP-PEP and incubated for three hours at 37 °C. Following 
the incubation period, the treatments were removed, and the cells were washed three times with PBS (pH = 7.4). Cell membranes 
were stained with Wheat Germ Agglutinin Alexa FluorTM 594 (WGA 5940: Thermo, W11262) to visualize cell boundaries. 
WGA 594 conjugate was prepared according to the manufacturer’s recommendations. Briefly, 5 mg of WGA 594 conjugate was 
resuspended in 5 mL of 1× PBS to make a 1.0 mg/mL stock solution. Protein conjugate was centrifuged to eliminate protein 
aggregates and reduce non-specific binding, and the supernatant was used for the experiment. A working concentration of 5 µg/ 
mL was made up in Hanks Buffered Salt Solution (HBSS) for staining. Cells were stained for 10 mins at 37 °C and fixed with 4% 
paraformaldehyde for 15 minutes. Cells were washed three times with 1× PBS, and nuclei were stained with Hoechst dye 
(Thermo, 33,342) at a final concentration of 20 µM for 30 minutes at room temperature and washed with 1× PBS before mounting. 
Slides were allowed to dry and were mounted with Fluoromount-G® Mounting Medium (SouthernBiotech, 0100–01). A 1.5 mm 
thick microscope cover glass was used (Fischer, 12544G). Standard 2D and z-stack images were acquired using CarlZeiss 
LSM700 laser scanning confocal microscope and visualized using the ZenPro software. All images were taken using a 63×/1.4 
oil-immersion objective. Imaging parameters for z-stack acquisition were selected to optimize resolution and are as follows: x-, 
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y-scaling = 0.156 µm, z-scaling =1 µm, pixel dwell=3.5 µs, average = line 2, master gain = 550, digital gain = 1, pinhole=34 µm, 
30 µm, and 39 µm, beam splitters = 585 nm, 587 nm and 492 nm, laser power 2%.

SARS-CoV-2 Spike Protein Binding Studies
The ability of LNP-Trap to bind to SARS-CoV-2 spike protein was evaluated using SARS-CoV-2 Spike RBD-ACE2 Blocking 
Antibody Detection ELISA Kit (Cell Signalling Technology) following the manufacturer’s protocol. Briefly, 65 µL of LNP-Trap 
formulations (100 µg/well) or controls (assay buffer) were pre-incubated with 65 µL SARS-CoV-2 Spike RBD Protein for 
one hour at 37 °C. Later, 100 µL of the preincubated sample mixtures were added to the ACE2 protein-coated microwell plate. The 
wells were sealed with the sealing tape and incubated for 1 hour at 37 °C. The contents in the wells were removed and washed four 
times with the supplied ELISA wash buffer. To the washed wells, 100 µL of supplied 3.3’, 5.5’ tetramethylbenzidine (TMB) was 
added, sealed with the tape, and incubated for ten minutes in the dark. Later, 100 µL of the supplied stop solution was added to the 
assay wells, and the absorbance at 450 nm was measured using a plate reader. The percentage inhibition was calculated using the 
following equation:

The inhibition ≥ 20% indicated a positive result for SARS-CoV-2 spike protein binding and inhibition.

Infection Using SARS-CoV-2 S Pseudotyped Luciferase Lentivirus (LV)
Cells were seeded (6.25x104 cells/cm2) in 96 well plates and incubated overnight at 37 °C with 5% CO2. The 
following day, the desired amount of LV transduction unit [TU = MOI × cell number] corresponding to the desired 
multiplicity of infection (MOI) was added to the cells and incubated for 6 hours. Six hours later, the media containing LV 
was removed and replaced with fresh media. Forty-eight hours after infection, the transduction efficiency was estimated 
using a firefly luciferase assay kit following the manufacturer’s protocol.

Pseudotyped SARS-CoV-2 Virus Inhibition Assay
Virus inhibition assays using LNP-Trap and LNP-Trim formulations were performed in Calu-3, HEK293, and HEK293- 
hACE2 cells. The cells were seeded and cultured as described above in the virus infection studies. For studies using the 
LNP-Trap formulations, various amounts of LNP-PEP, LNP-rhACE2, or LNP-mAb were added to the cells along with 
pseudotyped SARS-CoV-2 LV for cell infection as described above. In the case of studies with LNP-Trim formulations, 
the cells were transfected with LNP-siACE2 or LNP-siTMPRSS2, as described earlier. Forty-eight hours after transfec-
tion, the transfected cells were seeded for further pseudotyped SARS-CoV-2 LV infection studies at 72 hours post- 
transfection. The transduction efficiency/luciferase expression in cells was determined using a Pierce™ Firefly Luciferase 
Glow Assay Kit (Thermo Fisher; Rockford, IL) and plate reader with values reported in relative luminescence units 
(RLU). The percentage inhibition of the virus was calculated using the following equation:

Intranasal Administration and Distribution of LNP-PEP and LNP-siACE2
Adult male and female nude mice were purchased from Charles River. The mice were maintained in the University of Manitoba 
Central Animal Care Facility under a temperature-controlled environment with a 12-hour dark-light cycle and unlimited access to 
food and water. All experiments complied with the Canadian Council on Animal Care guidelines and the protocol (#22-040) 
approved by the University of Manitoba Animal Care Committee. Before intranasal administration, the mice were anesthetized 
with 2.5% isoflurane. The LNP formulation (LNP-PEP and LNP-siACE2) in PBS was administered with a Hamilton micro-
syringe with a blunt needle tip inserted 3 mm into the nostril (5 µL per nostril; 4 mg/Kg final dose). Serial images of the fluorescent 
LNPs were taken at different time intervals (5, 10, 15, 30, 60, 120, 180, and 1440 minutes) using a PerkinElmer/Caliper IVIS 
Spectrum optical imaging system (Ex/Em: 745/800 nm; Binning Factor: 4 and Exposure Time: 10 seconds). The fluorescence 

https://doi.org/10.2147/IJN.S448005                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 3094

Yathindranath et al                                                                                                                                                  Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


activity at different time points in specified regions of interest (ROI) was estimated as Total Radiant Efficiency [p/s]/[µW/cm²] 
using PerkinElmer Living Image® software.

Analysis of Coefficient of Therapy Interaction (CTI)
Synergistic activity was evaluated using a coefficient of therapy interaction (CTI). The CTI values were calculated using 
the following equation: CTI = AB/(A × B), where AB is the ratio of the RLU (luminescence assay) of the combination of 
two therapies (A and B) to the control, and A and B are the ratios of the individual treatment groups to the control.31,32 

A CTI < 1 indicates synergism, a CTI = 1 indicates an additive response, and a CTI > 1 indicates antagonism of the 
combined therapies.

Statistical Analysis
All data are expressed as the mean ± standard error of the mean (SEM). Statistical analysis was performed using one-way 
or two-way ANOVA, followed by Tukey’s test. In all studies, p < 0.05 was considered statistically significant.

Results
In this study, we used a two-pronged approach for inhibiting the SARS-CoV-2 infection in host cells. The first approach 
involved the non-cell penetrating LNP-Trap formulations that can bind to the viral spike protein via surface ligand, 
thereby neutralizing the SARS-CoV-2 pseudovirus (Figure 1). The second approach using cell-penetrating LNP-Trim 
formulations examined the effectiveness of RNAi-induced host cell receptor ACE2 and TMPRSS2 knockdown in 
inhibiting SARS-CoV-2 pseudovirus (Figure 1). The LNP-Trap core platform consisted of DOPC lipid with a neutral 
charge, along with DSPC helper lipid and structural cholesterol and a lipid-PEG component, DSPE-PEG2K-COOH, to 
stabilize the LNP in aqueous media and to facilitate ligand bioconjugations via the surface carboxylic acid group. In 
addition, lipophilic fluorescent dye (DiO or DiR) was also incorporated into the LNP-Trap for visualization and tracking 
in vitro and in vivo. The DOPC/DSPC/cholesterol/DiO/DSPE-PEG-COOH LNPs were prepared following the micro-
fluidic mixing method (Figure 2A). The LNP-Trap base formulation was surface modified with either SARS-CoV-2 spike 
RBD targeting ACE2 peptide (LNP-Trap1), rhACE2 protein (LNP-Trap2), and mAb (LNP-Trap3) at molar ratios of 

Figure 2 Schematic illustration of the preparation of LNP-COOH following microfluidic mixing (A). The lipid mixture DOPC/DSPC/cholesterol/DSPE-PEG-COOH/DiO 
(46.5/10/38/5/0.5 molar %) in ethanol (organic phase) was micromixed with PBS at the flow rate ratio (FRR) of aq:org 3:1 and a total flow rate (TFR) of 12 mL/min to yield 
LNP-COOH. The LNP-COOH was tagged using a green fluorescent (DiO) or near-infrared fluorescent (DiR) dye. Post-synthesis surface modifications of the LNP-COOH 
with various spike RBD binding ligands were performed via EDC/NHS coupling reaction (B).
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PEG:ligand 1:0.3 (Figure 2B). The resulting hydrodynamic sizes for LNP-Trap1–3 were 83.54 ± 1.9 nm, 128.8 ± 2.5 nm, 
and 123.1 ± 3.7 nm, respectively. All the LNP-Trap formulations had a neutral zeta potential and a polydispersity index 
(PDI) of less than 0.2. The hydrodynamic size, zeta potential, and PDI values of all the as prepared LNP formulations are 
given in Table S1. The LNP core of LNP-Trap1 and LNP-Trim1 were visualized and imaged using TEM (Figure S1). 
The actual LNP core diameter from TEM images for LNP-Trap1 and LNP-Trim1 were determined to be 14.2 ± 2.9 nm 
and 59.3 ± 10.1, respectively. The hydrodynamic diameter of LNP-Trap and LNP-Trim were significantly bigger than the 
actual LNP core diameter from TEM as the former measures the hydration sphere encompassing surface polyethylene 
glycol and conjugated ligands.

The binding of LNP-Trap 1 with 1.5 and 5 molar % of surface PEG conjugated with 0.1 and 0.3 molar equivalent ACE2 
peptide to SARS-CoV-2 spike protein was evaluated using enzyme-linked immunosorbent assay (ELISA) (Figure S2). The LNP 
with 5 molar % PEG and 0.3 molar equivalent ACE2 peptide (10 µg/mL) displayed the highest binding and inhibition (~31%) of 
SARS-CoV-2 spike protein, and as a result, the 5 molar % PEG-lipid and 0.3 molar equivalent of conjugated ligands were used in 
further evaluations of the LNP-Trap formulations. The biocompatibility of the LNP-Trap base formulation (ie, without trapping 
ligands) was evaluated in airway epithelial Calu-3 cells using cell impedance and MTT assays (Figure 3). For the cell impedance 
studies, the cell index (CI) in control and LNP-Trap treated cells was monitored over 24 hours (Figure 3A). The LNP-Trap, at 
concentrations as high as 1 mg/mL, displayed comparable baseline normalized CI values to those of the control group receiving 
only media. As a decrease in cell attachment or proliferation would decrease CI values over time, these studies suggested the LNP- 
Trap base formulation was biocompatible. Further cytotoxicity studies were performed on the various LNP-Trap formulations 
using MTT assay (Figure 3B‒F). No change in cell viability was observed with any of the LNP-Trap treated cells, further 
confirming the safety of the LNP-Trap platform.

The uptake of LNP-Trap 1 and 2 was evaluated in airway epithelial cells, a key site for SARS-CoV-2 infection. Both LNP 
formulations showed negligible uptake (<1%) in Calu-3 cells (Figure 4A and B). The low cell uptake observed for the LNP-Trap 
was likely the result of the 5 molar % PEG-lipid on the LNP surface. PEGylation of therapeutics, including nanoparticles, is 
widely used for imparting desirable stability, non-immunogenic properties, and long circulation half-life.33 A low cell inter-
nalization profile for the LNP-Trap was desired to maximize extracellular localization and effectiveness for neutralizing incoming 

Figure 3 Cytotoxicity of LNP-COOH analyzed using (A) cell impedance and (B) MTT assays in Calu-3 cells. Cytotoxicity MTT assays of LNP-PEP (C), LNP-rhACE2 (D), 
LNP-mAb (E), and LNP-siACE2 (F) in Calu-3 cells. Values are expressed as the mean ± standard error of the mean (n = 3).
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Figure 4 Quantitative determination of cellular accumulation of (A) LNP-PEP and (B) LNP-rhACE2 in Calu-3 cells over time. Representative confocal microscopy images 
from Calu-3 cells treated (3 hours) with cell-impermeable LNP-PEP (C‒F) and cell-permeable LNP- siACE2 (G‒J). Plasma membrane from Calu-3 cells was stained with 
WGA Alexa FluorTM 594 (C and G); LNP localization in Calu-3 cells was visualized with green fluorescent DiO dye (D and H); and cell nuclei were stained using Hoestch 
(E and I). Composite overlay of all three images showing cell membrane, nuclei, and LNPs (F and J). Orthogonal projections of Calu-3 cells treated with LNP-siACE2 (K) for 
3 hours. Two-dimensional images in z-position where red lines indicate cross-section through y-position and green lines indicate cross-section through x-position. The white 
dashed box in image K is enlarged. Values are expressed as the mean ± standard error of the mean (n = 3).
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SARS-CoV-2. The internalization and localization of the fluorescently labeled LNP-Trap1 (Figure 4C‒F) and LNP-Trim1 
(Figure 4G‒J) in Calu-3 cells were evaluated using confocal microscopy. Based on the two-dimensional images, LNP-Trap1 
did not display cell internalization (Figure 4C–F), whereas LNP-Trim1 (Figure 4G–J) exhibited cellular internalization in Calu-3 
cells. An orthogonal projection of the LNP-Trim1 in the z-plane is shown in Figure 4K. From the z-stack, the LNP-Trim1 was 
mostly localized in the cell cytoplasm.

The LNP-Trim (MC3/DSPC/cholesterol/DiO/DMG-PEG) were loaded with siACE2 (LNP-Trim1) or siTMPRSS2 
(LNP-Trim2) using the microfluidic mixing method. Both the LNP-Trim formulations resulted in LNPs with 
a hydrodynamic size of ~90 nm and a neutral zeta potential (Table S1). The transfection and gene knockdown efficiency 
of the LNP-Trim formulations was evaluated in HEK-293-hACE2 and Calu-3 cells. In HEK-293-hACE2 cells, both LNP- 
Trim1 and LNP-Trim2 at 40 nM siRNA concentration produced maximum knockdown (≥70%) of the target genes (ACE2 
and TMPRSS2) at the mRNA level 72 hours after transfection (Figure 5A and B). In Calu-3 cells transfected with LNP-si 

Figure 5 Relative ACE2 (A) and TMPRSS2(B) mRNA levels in HEK-293-hACE2 cells at different time points after transfection with LNP-siACE2 (40 nM siACE2) and LNP-si 
TMPRSS2 (40 nM siTMPRSS2), respectively. The control cells in (A) and (B) received LNP-siSCR. Relative ACE2 mRNA level in Calu-3 cells 72 hours after receiving LNP-si 
ACE2 (40 nM siACE2) against control cells that received LNP-siSCR (C). Relative ACE2 protein level in Calu-3 cells 72 hours after receiving LNP-siACE2 (40 nM siACE2) 
against control cells that received LNP-siSCR (D). The uncropped blots are shown in Figure S3. Values are expressed as the mean ± standard error of the mean (n = 3). 
Statistical significance between the control and treatment groups were analyzed using t-test (**p < 0.01, ***p<0.001, ****p<0.0001; p < 0.05 was considered statistically 
significant).
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ACE2 (40 nM siACE2), the cell internalization/localization of LNPs were visualized using fluorescence microscopy 
(Figure S3). Cell association of LNP-Trim was observed as early as one hour (Figure S3A‒C). At three (Figure S3D‒F) 
and six (Figure S3G‒I) hours time points, a uniform LNP internalization in punctate form was observed, indicating 
endosomal localization. A maximum knockdown of ACE2 at the mRNA (~70%) and protein (~50%) levels was observed 
72 hours after transfection with LNP-siACE2 (Figures 5C and D and S4).

The transduction efficiency of the SARS-CoV-2 S pseudotyped luciferase lentivirus over a series of MOI was 
evaluated in HEK293 parental cells and HEK293-hACE2 (Figure 6A). In the non-transfected HEK-293 control cells, 
which do not express ACE2, there was no significant luminescence at any MOI examined, indicating a lack of infection 
in these cells (Figure 6A). In contrast, the HEK-293-hACE2 cells showed a concentration-dependent increase in 
luminescence following exposure to the SARS-CoV-2 pseudotyped lentivirus (MOI of 1 ‒ 3). These studies confirmed 
that SARS-CoV-2 pseudotyped lentivirus entry and infection is ACE2 dependent. The infectivity of the SARS-CoV-2 
pseudotyped lentivirus was examined following treatment with LNP-siACE2 and LNP-siTMPRSS2 in HEK-293-hACE2 
cells (Figure 6B). ACE2 and TMPRSS2 knockdown in HEK-293-hACE2 resulted in over 87% inhibition of infection 
compared to the control (Figure 6B). Similarly, in airway epithelial Calu-3 cells, knocking down ACE2 and TMPRSS2 
resulted in over 90% inhibition of SARS-CoV-2 pseudovirus infection with concentrations of siRNA in the LNPs as low 
as 20 nM. Significant reductions in pseudovirus infection were observed with even lower concentrations of siRNA 
(Figure 6C and D). The IC50 values based on nonlinear regression fit for LNP-siACE2 and LNP-siTMPRSS2 were 
determined to be 21.9 nM and 1.7 nM, respectively. These results confirmed that SARS-CoV-2 pseudotyped lentivirus 

Figure 6 Transduction efficiency (luciferase expression) of SARS-CoV-2 S pseudotyped luciferase lentivirus at the given MOIs in HEK-293 and HEK-293-hACE2 cell lines 
(A). Percentage inhibition of infection in ACE2 KD and TMPRSS2 KD HEK-293-hACE2 cells (B). Percentage inhibition of infection in ACE2 KD (C) and TMPRSS2 KD (D) in 
airway epithelial Calu-3 cell line at different siRNA concentrations (LNP-siRNA: 1, 2, 10, 20 and 40 nM; presented in the graph as log 10 values). The nonlinear regression 
curve fit analysis of siRNA concentration vs inhibition is presented in the graphs. Values are expressed as the mean ± standard error of the mean (n =3). Statistical analysis 
was performed using one-way ANOVA, followed by Tukey’s test (*p < 0.05, **p<0.01; p < 0.05 was considered statistically significant).
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infected cells through an ACE2 and TMPRSS2-dependent process and that the extent of infection was reduced with LNP- 
siACE2 (LNP-Trim1) and LNP-siTMPRSS2 (LNP-Trim2) treatments.

The viral neutralizing property of the LNP-Trap formulations towards SARS-CoV-2 pseudotyped luciferase lentivirus 
was also evaluated in Calu-3 human airway epithelial cells (Figure 7) and summarized in Table S2. Using free ACE2 
peptide, the maximum achievable inhibition observed in the SARS-CoV-2 pseudovirus assay was 60% and occurred at 
concentrations of 1 µg/mL or above and with an estimated IC50 concentration of 0.1 µg/mL (Figure 7A). While the LNP- 
Trap1 displayed similar IC50 values, the maximal efficacy at inhibiting pseudovirus infectivity was increased to > 90% 
compared to the approximately 60% inhibition observed with free peptide (Figure 7A). In the case of rhACE2, the IC50 

concentration for pseudovirus inhibition was determined to be 0.17 µg/mL, with over 70% inhibition observed at 
concentrations > 1 µg/mL (Figure 7B). Compared to rhACE2 (Figure 7B), both efficacy and potency were considerably 
better with LNP-Trap2. The free mAb displayed an IC50 concentration of 0.2 µg/mL and had over 95% inhibition of 
infection at 1 µg/mL concentration (Figure 7C). While the LNP-Trap3 (Figure 7C) formulation had a similar > 90% 
efficacy as free mAb, a significant increase in potency was observed. For each trapping ligand, improvements in overall 
activity were observed with the LNP-Trap formulations versus the trapping ligands alone (Figure 7; Table S2). In 
addition, the LNP-Trap, by design, could also enhance its stability and retention time in nasal mucosa as compared to free 
molecules.

Additional studies with the SARS-CoV-2 pseudovirus were performed to optimize dosing strategies and identify 
synergistic combinations of treatment. As shown in Figure 8, a treatment combining LNP-Trap1 and either of the LNP- 
Trim formulations had improved efficacy over a single treatment. The combination of LNP-Trap1 and LNP-Trim1 
produced significantly higher inhibition levels than their individual responses, displaying synergism (CTI < 0.7). 
Combining these two LNP formulations could be desirable to achieve maximal inhibition of infection with reduced 
doses of LNPs. Various combinations of LNP-Trap1 (0.1 µg/mL) with other agents (lactoferrin, camostat mesylate, and 
carrageenan) reported to have SARS-CoV-2 antiviral properties were also evaluated (Figure 9). In the case of lactoferrin 
and carrageenan, studies suggest these agents interfere with SARS-CoV-2 viral uptake, while camostat mesylate is an 
inhibitor of viral proteases.34–37 Each of these agents were screened for activity, alone and in combination with LNP- 
Trap1, in the SARS-CoV-2 pseudovirus assay in Calu-3 cells (Figure 9D). Among the treatment combinations examined, 
the combination of LNP-Trap1 and carrageenan produced significantly higher levels of inhibition compared to the 
individual levels (CTI < 0.7).

As the intended use of the LNP-Trap and LNP-Trim formulations is for local administration via the nose, the retention 
of representative formulations of each was examined in the nasal cavity following intranasal administration (Figure 10). 
The localization of LNPs was fluorescently tracked over different time points, as shown in Figure 10A and B. From the 
fluorescent images obtained, both the LNP-Trap1 (LNP-PEP) and LNP-Trim1 (LNP-siACE2) were retained in the nasal 
cavity for up to 3 hours. In the case of LNP-Trap1, fluorescent signals representing about 25% of the administered dose 
were present even after 24 hours. The quantitative analysis of the fluorescent signals with ROI encircling the head region 

Figure 7 Percentage inhibition of SARS-CoV-2 S pseudotyped luciferase lentivirus (MOI = 2) infection in Calu-3 cells in the presence of different concentrations (Log (C) of 
ACE2 peptide and LNP-PEP (A), rhACE2 and LNP-rhACE2 (B), mAb and LNP-mAb (C). The nonlinear regression curve fit analysis of concentration vs inhibition is 
presented in the graphs. Values are expressed as the mean ± standard error of the mean (n = 3).
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showed a gradual drop in signal for LNP-Trap1 over three hours (Figure 10C). The region encircling the body showed an 
increase in fluorescence after one hour. Ex vivo imaging of the organs after 24 hours showed higher localization of LNP- 
Trap1 in the lungs and liver (Figure S5A and B). In the case of LNP-Trim1, the fluorescent signal in the nasal area 
remained stable over three hours, indicating the retention of the LNPs in the mucosa or the airway epithelial cells. An 
increase in whole-body fluorescence intensity was observed after 30 minutes. Ex vivo imaging of organs for LNP-Trim1 
showed a higher localization in the intestine and liver, suggesting some of the nasally administered LNP-Trim was 
removed through gastrointestinal and liver routes (Figure S5C and D). The biodistribution studies indicated that the LNP- 
Trap and LNP-Trim formulations have sufficient residence time in the nasal cavity. Furthermore, the accumulation of the 
LNPs outside the nasal and upper airway was limited to the gastrointestinal tract (LNP-Trim), lung (LNP-Trap), and liver 
(LNP-Trap and LNP-Trim).

Discussion
Lipid nanoparticles have an important place in the development of safe and effective vaccines against the SARS-CoV-2 
virus. In this study, we have demonstrated additional applications of LNP as a platform for potential treatments targeting 
the binding and uptake of the virus in host airway cells. Two different and complementary approaches were taken using 
cell impermeable LNP-Trap to bind and neutralize SARS-CoV-2 viral particles and cell-permeable LNP-Trim to deliver 
siRNA to knockdown host receptor targets of viral infection. Both LNP-Trap and LNP-Trim formulations were shown to 
be safe and effective, either alone or in combination with other agents, at inhibiting SARS-CoV-2 pseudotyped lentivirus 
infection in airway epithelial cells. Local administration in the nasal cavity in mice showed good retention of both LNP- 
Trap and LNP-Trim formulations.

The LNP-Trap and the LNP-Trim formulations were prepared following the microfluidic mixing method as described 
previously,32 in which the hydrophobic components (lipids) in the organic phase and hydrophilic components in the 
aqueous phase were perfused through and mixed in micron-sized channels. The microfluidic method offers precise 
control over the aqueous and organic channel flow rate ratio (FRR) and the total flow rate (TFR mL/min.). Manipulation 
of FRR and TFR, along with the lipid composition and concentrations, allows fine-tuning of the nanoparticle size and 

Figure 8 Percentage inhibition of SARS-Cov-2 S pseudotyped luciferase lentivirus infection (MOI = 2) in airway epithelial Calu-3 cell line following a combination of 
conditions including LNP-PEP treatment and ACE2 and TMPRSS2 knockdown. The extent of infection was measured following a luciferase assay. Values are expressed as the 
mean ± standard error of the mean (n = 3). Statistical analysis was performed using one-way ANOVA, followed by Tukey’s test (*p < 0.05, **p < 0.01, ***p<0.001, 
****p<0.0001; p < 0.05 was considered statistically significant).
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size distribution.38 In general, a fast rate of mixing of the organic and the aqueous phase causes a rapid change in polarity 
and burst nucleation of LNP, resulting in smaller sizes, while lowering the total lipid concentration results in smaller LNP 
sizes. For the present study, microfluidic parameters and the lipid component concentrations were optimized to yield 
LNPs that had a narrow size distribution as determined by the low polydispersity index values of 0.2 or lower. 
Microfluidic techniques offer scalability and reproducibility, allowing the production of lipid nanoparticles in large 
quantities with consistent quality.

LNPs have been used to encapsulate and deliver a wide range of therapeutics, including small molecules, siRNA, 
mRNA, etc.39–41 The various lipid components used in the present study included functional lipids (eg, Cationic, ionizing 
lipids such as DODAP, DODMA, and DLin-MC3-DMA) to promote the active loading of drug molecules of interest. In 
addition, helper lipids such as cholesterol, DSPC, DOPC, etc., were included for structural rigidity and PEG-lipids 
(DSPE-PEG-COOH, DMG-PEG) for surface modification, targeting ligand attachment and stabilization. The ratio of the 
lipid components determines the physicochemical and functional properties and the overall stability of the resulting 
LNPs. In this study, the LNP-Trap formulation did not encapsulate therapeutics, so the functional lipid component was 
excluded from the composition. The LNP-COOH composition included two phosphatidylcholines (PC) ‒ DOPC (46.5 
molar %) and DSPC (10 molar %), cholesterol (38 molar %), DSPE-PEG-COOH (5 molar %) and lipophilic dye (0.5 
molar %). These PC lipid molecules with hydrophilic phosphate heads and hydrophobic acyl tail groups may have 

Figure 9 Percentage inhibition of SARS-Cov-2 S pseudotyped luciferase LV infection (MOI = 2) in airway epithelial Calu-3 cell line following treatment with different 
concentrations of lactoferrin (A), camostat mesylate (B), and carrageenan (C). Percentage inhibition of infection in Calu-3 cells with various combinatory treatments of 
LNP-PEP (0.1 µg/mL), lactoferrin (10 µM), camostat mesylate (1 µM), and carrageenan (1 µM) (D). The extent of infection was measured following a luciferase assay. Values 
are expressed as the mean ± standard error of the mean (n = 3). Statistical analysis was performed using one-way ANOVA, followed by Tukey’s test (*p < 0.05, 
****p<0.0001; p < 0.05 was considered statistically significant).
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cylindrical or conical shapes. The molecular shape determines their self-assembly and the resulting phase. The DOPC 
molecule is cylindrical and is known to spontaneously self-assemble to form a stable lamellar phase (bilayer structures). 
The phase studies of DOPC, DSPC, and cholesterol mixture have been a topic of interest concerning its abundance in cell 
membranes.42 Based on the ternary phase diagram reported for DOPC/DSPC/cholesterol, the prepared LNP-COOH 
should have a fluidic liquid-ordered (Lo) phase.42 Hence, the DOPC/DSPC/cholesterol core should offer structural 
rigidity and stability to LNP-Trap over its retention time at the target site.

For the LNP-Trim formulations, an ionizing cationic MC3 lipid was used as the functional lipid component to 
promote siRNA loading in the LNP. For siRNA-based cell delivery, ionizing cationic lipids with an acid dissociation 
constant (PKa) value below 7 are ideal.43 In the case of MC3, with a PKa value of 6.4, it has a positive charge under 
acidic (pH < 4) conditions, which can be advantageous during LNP assembly as the electrostatic attraction of the 
negatively charged siRNA enables high encapsulation efficiency. In this study, the LNP-siRNA LNP-Trim formulations 
had an encapsulation efficiency of >95%. Under physiological pH, during exposure to the cells, the MC3 carries a neutral 

Figure 10 Distribution of LNP-PEP (A) and LNP-siACE2 (B) at different time points up to 24 hours after intranasal administration in nude mice. The LNPs were tagged with 
IR dye (DiR) to aid visualization. The NIR fluorescence images (Ex/Em 745/800) were acquired and analyzed using IVIS imager. The quantitative analysis of fluorescent LNP- 
PEP in the head (C) and body (D) regions at different time points. The quantitative analysis of fluorescent LNP-siACE2 in the head (E) and body (F) regions at different time 
points. Values are expressed as the mean ± standard error of the mean (n = 4).
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charge and, following uptake into the acidic endosome, is once again charged, enabling the endosomal escape and 
delivery of siRNA into the cell cytosol, where they can interfere with target protein production. The shorter acyl chain in 
the DMG-PEG allows for more rapid disassociation from the surface of the LNP, promoting enhanced uptake and 
knockdown efficiency. Hence, the combination of MC3 and DMG-PEG has been widely used to deliver siRNA and 
mRNA in vitro and in vivo successfully.40,44

In the present study, the LNP-Trim formulation was shown to be very effective in knocking down ACE2 and 
TMPRSS2 in airway epithelial cells, with concentrations of siRNA of 20‒40 nM incorporated into the LNPs capable of 
knocking down host cell receptor mRNA expression by ~70% (Figure 5). Knocking down ACE2 and TMPRSS2 using 
the LNP-Trims 1 and 2 effectively inhibited pseudovirus infection in airway epithelial cells, most likely by inhibiting 
ACE2/TMPRSS2-dependent cell entry. Hence, LNP-Trim 1 and 2 alone or in combination are safe options for inhibiting 
infection. In our preliminary in vivo studies, intranasal administration of the LNP-Trim1 was retained for up to 3 hours in 
the nasal cavity of the mice. While the effectiveness of the LNP-Trim formulations in vivo remains to be determined, 
based on our in vitro knockdown studies and published literature on MC3 LNP-siRNA exhibiting gene knockdown 
in vivo, we predict that the LNP-Trim should be effective in knocking down ACE2 in the nasal cavity.45 Furthermore, as 
no accumulation of the LNP-Trim formulation was observed in the lungs or kidney, the potential toxicity resulting from 
reductions in ACE2 in the lung and kidney should be minimized.28 However, this will be confirmed in further studies.

In the preparation of LNP-Trap precursor, DSPE-PEG-COOH was included in the lipid mix to form LNP-COOH with 
surface carboxylic acid groups for further bioconjugation reactions. For the initial screening of LNP-Trap, two precursors 
(LNP-COOH), with 1.5 molar % and 5 molar % PEG-lipid (DSPE-PEG-COOH), were prepared and conjugated to ACE2 
peptide. The LNP-COOH with 5 molar % PEG-lipid was smaller (~ 60 nm) than the LNP-COOH with 1.5 molar % PEG- 
lipid (~80 nm). The size difference was consistent with earlier reports where a higher percentage of PEG-lipid was shown 
to form smaller LNP sizes.38 Smaller sizes can be advantageous in terms of room available to build upon with bulky 
targeting ligands. The ability of LNP-COOH(1.5 molar %) and LNP-COOH(5 molar %) conjugated to ACE2 peptide to 
bind to SARS-CoV-2 spike protein was evaluated using ELISA. From ELISA, it was observed that only the LNP-COOH 
(5 molar %) conjugated to ACE2 peptide displayed a positive result for binding/inhibiting spike protein. The effective-
ness of LNP-COOH(5 molar %)-PEP could be attributed to the denser PEG-lipid capping offering enhanced stabilization 
of the LNP and accessibility of the ligand for target binding.46 However, a density of lipid-PEG greater than 10% can 
adversely affect the nanoparticle targeting efficiency.46 All the LNP-Trap formulations, including LNP-PEP, LNP- 
rhACE2, and LNP-mAb, were shown to bind and inhibit pseudotyped SARS-CoV-2 infection in airway epithelial 
cells. Another important feature of these LNPs is the reduced host-cell association demonstrated by the negligible cell 
uptake in Calu-3 cells using both cell imaging and quantitative fluorescence analysis. In contrast to the LNP-Trim 
formulation, which displayed uptake into host cells both in vitro and in vivo, there was little evidence of cellular 
accumulation of the LNP-Trap formulations. Further imaging studies of LNP-PEP in mice post intranasal administration 
showed localization of LNP-PEP in the nasal cavity for up to 3 hours.

There is growing interest in developing nanomaterials that can bind to and inhibit viral infection of host cells. In 
a recent report, Papp et al used a gold nanoparticle platform surface modified with sialic acid-coated glycerol dendrons to 
bind and inhibit the host cell uptake of influenza virus.47 The influenza virus binds to sialic acid residue in the host cell 
via viral surface hemagglutinin (HA). In-vitro studies showed that AuNPs-HA inhibited infection by 40% compared to 
control. Similarly, AuNPs modified with ligands for targeting a variety of viruses ranging from influenza, herpes simplex 
virus type 1, HIV, etc., have been reported.48–50

Several studies have used ACE2-containing exosomes for trapping and inhibiting SARS-CoV-2. The exosomes were 
isolated from the plasma of COVID-19 patients or cell culture media.51 Others have focused on cloaking nanoparticles 
with host-cell receptor-expressing exosomes or cell membranes.26,52 Another alternative is synthetic nano virus traps 
from the nano core to surface ligands. Some of the advantages of synthetic nano virus traps include precise control over 
the formulation and scale-up processes and the choice of materials that are tried and tested for clinical applications. In 
a recent report, the gold nanoparticle platform surface modified with sialic acid-coated glycerol dendrons was shown to 
bind and inhibit the influenza virus.47 The influenza virus binds to sialic acid residue in the host cell via viral surface 
hemagglutinin (HA). In in vitro studies, AuNPs-HA inhibited infection by 40% compared to control. In another study, 
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AuNPs were conjugated to truncated ACE2 peptide, and its binding to the SARS-CoV-2 spike receptor binding domain 
was assessed based on size growth observed in dynamic light scattering.53 The engineered nanoparticles with virus- 
trapping ligand molecules are nascent, and extensive studies are needed to realize their full potential. Among the various 
virus-trapping platforms, the LNP-based LNP-Trap presented here is a versatile and safe option that displayed high 
efficacy in trapping and inhibiting (>90%) pseudovirus infection in airway epithelial cells. It was also observed that 
conjugating ligands to the LNP-Trap platform, especially in the case of ACE2 peptide, improved inhibition of infection 
compared to free peptide. In the case of free peptide, the inhibition of infection plateaued at around 60% at concentra-
tions above 1 µg/mL (Figure 7).

SARS-CoV-2 is primarily transmitted by inhaling virus-containing aerosols expelled by infected people. After 
entering the nasal cavity, the viral particles come in contact with the nasal mucosa lining the airway epithelium. The 
nasal and bronchial epithelial cells are known to express both ACE2 and TMPRSS2 required for SARS-CoV-2 cell entry 
and infection.54,55 The nasal cavity is estimated to have a surface area of 160 cm2 in adult humans, which is substantial 
space for lodging airborne viruses.56 Moreover, it is unclear if vaccinated people have immune protection in the nasal 
mucosa.57 Hence, nanoparticle virus traps localized in the nasal cavity could be an effective first line of defense in 
binding and neutralizing incoming viruses.

The intranasal delivery route has been successfully used for drug delivery. However, nanotherapeutics intended for 
the nasal cavity have to overcome the mucous barrier. The mucous lining of the airway epithelial cells presents a semi- 
permeable barrier to inhaled therapeutics, which may undergo rapid clearance by the motile cilia. Hence, nanother-
apeutics should be designed to overcome these barriers to produce a therapeutic effect. For example, nanotherapeutics to 
deliver siRNA/mRNA that is intended to enter the airway epithelium must cross the mucous barrier. On the other hand, 
LNP-Trap for viruses should exhibit mucoadhesion and reasonable retention time.

Having a PEG chain on the nanoparticle surface can promote mucoadhesion properties.58 Polyacrylic hydrogels and 
PLGA nanoparticles attached to PEG showed mucoadhesion in ex vivo and in vivo studies.59,60 In recent reports, LNP- 
siRNA with a similar lipid-PEG composition as in LNP-siACE2 and LNP-siTMPRSS2 LNP-Trim was shown to deliver 
their siRNA payload inside the nasal cavity of mice. LNP encapsulated with luciferase mRNA and a mixture of luciferase 
mRNA and siRNA was shown to express luciferase in the nasal cavity and lungs four hours after intranasal adminis-
tration in mice.45 Thus, we believe that the LNP-Trim should be able to penetrate the mucin layer and knock down the 
target gene in the nasal cavity. In the mice that were intranasally administered with LNP-siACE2, a significant drop in 
fluorescence intensity was not observed after three hours. This might indicate the accumulation of LNP-siACE2 inside 
the airway epithelial cells, thereby escaping mucous clearing. In the case of LNP-PEP, most of the nanoparticles appear 
to have cleared the nasal cavity at three hours. This could be attributed to the majority of nanoparticles being localized in 
the mucous layer and undergoing gradual clearing from the mucosa.

The versatile LNP-Trap and LNP-Trim were shown to be effective in inhibiting infection. Moreover, both LNP-Trap 
and LNP-Trims can be combined in combination therapy to achieve lower dosages and improved virus inhibition activity. 
The combination of LNP-Trap1 (0.1 ug/mL ACE2 PEP) and LNP-Trim1 (10 nM siACE2) displayed 80% inhibition of 
infection at lower concentrations that showed no inhibition. We also explored the possibility of achieving favorable 
combination effects with other commercially available antiviral agents such as lactoferrin, camostat mesylate, and 
carrageenan. The combination of LNP-Trap with carrageenan displayed a synergistic effect in inhibiting pseudovirus 
infection. Hence, both these platforms could be safe options for potential combination therapy for topical nasal cavity 
administration.

Conclusion
In conclusion, this study highlights a promising therapeutic strategy against SARS-CoV-2 using a two-pronged antiviral 
LNP treatment platform. This approach utilizes a cell-impermeable LNP-Trap formulation that binds spike protein and 
neutralizes SARS-CoV-2 pseudovirus and a cell-permeable LNP-Trim formulation to deliver siRNA that results in 
a knockdown of host receptor targets of viral infection. The LNP-Trap and LNP-Trim formulations were highly effective 
at inhibiting SARS-CoV-2 pseudovirus infectivity in vitro and showed synergy when combined together or with other 
treatments. Furthermore, the LNP formulations were retained within the nasal cavity in mice following intranasal 
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administration, indicating their potential for local administration. Together, these findings provide critical proof-of- 
principle for this LNP-based treatment strategy directed at preventing or reducing SARS-CoV-2 infection within the 
epithelial cells of the nose and upper airway. As the nose is the primary route of entry and a long-term replication site for 
the virus,29 reducing viral infectivity at this site could have substantial benefits for reducing the severity of infections. 
The approach described should also be readily adaptable for other airborne viral pathogens.
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