
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Current Opinion in Solid State and Materials Science 25 (2021) 100964

Available online 25 October 2021
1359-0286/© 2021 Elsevier Ltd. All rights reserved.

Nanoparticle approaches against SARS-CoV-2 infection 

Yaou Duan, Shuyan Wang, Qiangzhe Zhang, Weiwei Gao *, Liangfang Zhang * 

Department of NanoEngineering, Chemical Engineering Program, Moores Cancer Center, University of California San Diego, La Jolla, CA 92093, USA   

A R T I C L E  I N F O   

Keywords: 
Viral pandemic 
COVID-19 
SARS-CoV-2 
Nanotechnology 
Nanoparticle 

A B S T R A C T   

Coronavirus disease 2019 (COVID-19), caused by the highly contagious severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has become the worst pandemic disease of the current millennium. To address this 
crisis, therapeutic nanoparticles, including inorganic nanoparticles, lipid nanoparticles, polymeric nanoparticles, 
virus-like nanoparticles, and cell membrane-coated nanoparticles, have all offered compelling antiviral strate
gies. This article reviews these strategies in three categories: (1) nanoparticle-enabled detection of SARS-CoV-2, 
(2) nanoparticle-based treatment for COVID-19, and (3) nanoparticle vaccines against SARS-CoV-2. We discuss 
how nanoparticles are tailor-made to biointerface with the host and the virus in each category. For each 
nanoparticle design, we highlight its structure–function relationship that enables effective antiviral activity. 
Overall, nanoparticles bring numerous new opportunities to improve our response to the current COVID-19 
pandemic and enhance our preparedness for future viral outbreaks.   

1. Introduction 

The continued emergence of novel viruses poses a significant chal
lenge and threat to global health [1]. While modern medicine has 
eradicated some viral diseases, the existence of others remains a fact of 
life, despite their deadly potential. The current coronavirus disease 2019 
(COVID-19) pandemic caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has incited much panic in human beings 
[2]. Since the emergence of the COVID-19 pandemic, physicians and 
researchers have been actively seeking effective therapeutics against 
SARS-CoV-2 infection. Among these, nanotechnology-based ap
proaches, especially therapeutic nanoparticles, are of great promise as 
novel antiviral solutions [3]. 

In the past few decades, nanoparticles have been developed to 
mitigate the limitations of free drug molecules and overcome biological 
barriers from systemic to cellular levels, leading to new therapeutics for 
various diseases [4,5]. For drug delivery, nanoparticles can improve the 
solubility of poorly water-soluble drugs, prolong the circulation half-life 
through immune evasion, target and release drugs in a controlled 
fashion, and deliver drug combinations for synergy [6]. For disease 
detection, nanoparticle surfaces can be readily modified with multiva
lent ligands or other biomolecules for signal enhancement and readout 
[7]. In addition, their large surface-to-volume ratio offers unique elec
trochemical reactivity, catalytic ability, or optical property for biosensor 
design. For disease prevention, nanoparticle-based vaccines can either 

encapsulate antigens inside or carry antigens on their surface, thereby 
protecting antigens from premature degradation [8]. These vaccines can 
also target antigen-presenting cells (APCs), prolong antigen release, or 
mimic pathogens for multivalent antigen presentation, which together 
modulate immune activation for adequate protection. These established 
advantages have inspired researchers to design new therapeutic nano
particles and tailor their performance to detect, treat, and prevent SARS- 
CoV-2 infection. 

Since the beginning of the COVID-19 pandemic, researchers have 
tapped numerous nanoparticle platforms for antiviral solutions, 
including inorganic nanoparticles such as gold or silica nanoparticles, 
lipid nanoparticles (LNPs) containing a lipid bilayer with cholesterol 
and surface polyethylene glycol (PEG) for stabilization, polymeric 
nanoparticles made from self-assembled co-polymers, virus-like nano
particles (VLPs) containing protein structures that resemble wild type 
viruses but do not have a viral genome or infectious ability, and cell 
membrane-coated nanoparticles containing natural cell membranes 
wrapping around a solid nanoparticle core (Fig. 1). Herein, we review 
antiviral strategies based on these nanoparticle platforms and discuss 
their progress against SARS-CoV-2 in three aspects. First, we discuss 
nanoparticle designs toward rapid, accurate, and convenient detection 
of SARS-CoV-2 virus. Second, we review nanoparticle designs aimed at 
boosting the efficacy of existing antiviral compounds or creating entirely 
new antiviral mechanisms through host mimicry. Third, we discuss 
nanoparticle-based vaccine platforms, especially LNPs and self- 
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assembled VLPs, and their mechanisms to modulate the host immune 
system for protection. Progress made in these areas demonstrates the 
potential of nanoparticle approaches as effective antiviral strategies, 
which help to contain the COVID-19 pandemic and prepare for future 
viral outbreaks. 

2. Nanoparticle-enabled detection of SARS-CoV-2 

Through surface functionalization, nanoparticles acquire the ability 
to interact with specific biomarkers associated with SARS-CoV-2 infec
tion, such as viral proteins, viral RNA, and virus-specific antibodies 
[9,10]. The unique physicochemical properties of nanoparticles, such as 
their optical, reactivity, or fluorescent properties, enable them to 
transduce biomarker-capturing events into measurable signals for 
detection [11,12]. Various nanoparticle-enabled diagnostic platforms 
have been developed toward rapid and accurate SARS-CoV-2 detection. 

Nanoparticles have been designed to detect SARS-CoV-2 viral pro
teins. In one study, gold nanoparticles (AuNPs) were functionalized with 
polyclonal antibodies targeting the spike protein (S protein), membrane 
protein, and envelope protein of SARS-CoV-2 [13]. These AuNPs had an 
average diameter of 20 nm, and multiple AuNPs bound to the surface of 
each viral particle. The binding interactions caused AuNP agglomera
tion and induced a redshift in the absorption peak of the colloidal so
lution from around 520–560 nm. Besides, the absorbance at 560 nm 
correlated with the viral load, allowing for quantitative measurements. 
This strategy was tested on nasal and throat swab specimens collected 
from 45 SARS-CoV-2-positive patients and 49 SARS-CoV-2-negative 
patients, confirmed by tests with real-time polymerase chain reaction 
(rtPCR). The results showed 96% sensitivity and 98% specificity. In 
another example, AuNPs were conjugated with α,N-acetyl neuraminic 
acid, a glycan moiety that binds specifically to SARS-CoV-2 S protein 
(glycan-AuNPs) [14]. The study used SARS-CoV-2 virus-like particles 
(VLPs) presenting S protein on the surface to mimic the viruses. When 
the VLPs were incubated with glycan-AuNPs, they formed the virus- 
glycan-AuNP complex. The sample was then loaded onto a lateral flow 
immunoassay (LFIA) strip. As the sample traveled along the strip, the 
virus-glycan-AuNP complex was captured by glycan molecules immo
bilized at the test line through interactions between the glycan and the S 
protein on VLPs in the complex. Accumulation of AuNPs at the test line 
generated a colorimetric signal for visual detection. This device detected 
SARS-CoV-2 VLPs with spike protein concentrations as low as 5μ g ml− 1. 

Besides AuNPs, other nanoparticles have been designed to detect 
SARS-CoV-2 proteins. In one study, poly(lactic-co-glycolic) (PLGA) 
nanoparticles were encapsulated with 3,3′,5,5′-tetramethylbenzidine 
(TMB). The nanoparticles (denoted ‘TMB-PLGA NPs’) were then conju
gated with antibodies against the SARS-CoV-2 S protein [15]. They were 
used in a microplate-based assay for S protein detection. In this assay, 
the S proteins were first captured by antibodies immobilized in the plate. 
Then anti-S protein antibody-functionalized TMB-PLGA NPs were 
added, which bound to immobilized S proteins. After removing unbound 
TMB-PLGA NPs, dimethyl sulfoxide was added to dissolve bound 

nanoparticles and release TMB. Subsequently, hydrogen peroxide and 
copper nanoparticles with peroxidase-like activities were added to 
oxidize TMB. The absorbance of the oxidized product correlated with S 
protein concentration. This assay detected S protein at concentrations in 
the femtogram ml− 1 range. 

Nanoparticles have also been designed to detect SARS-CoV-2 RNA. 
For example, AuNPs were capped with thiol-modified antisense oligo
nucleotides (ASOs), which targeted SARS-CoV-2 RNA through comple
mentary binding (Fig. 2) [16]. The targeted gene encoded the 
nucleocapsid protein (N-gene). Four ASO sequences targeting different 
regions of the N-gene were designed. Each was capped onto AuNPs 
separately, forming four types of ASO-functionalized AuNPs (ASO- 
AuNPs). These ASO-AuNPs had an average diameter of around 55 nm. 
Their simultaneous binding to the N-gene resulted in particle agglom
eration and induced a redshift in the absorption peak from about 
620–660 nm. When ASO-AuNPs were mixed with total RNA extracted 
from SARS-CoV-2 infected Vero cells, the increase in absorbance at 660 
nm correlated with the RNA concentration, with a detection limit of 
0.18μ g ml− 1. As a control, when ASO-AuNPs were mixed with total RNA 
extracted from non-infected cells, no increase in absorbance at 660 nm 
was observed. For visual detection, ribonuclease H was used to cleave 
the viral RNA strands bound to ASO-AuNPs. The cleavage destabilized 
ASO-AuNPs and induced particle precipitation out of the solution. The 
dramatic color change resulting from the AuNP precipitation was easily 
detected by naked eyes. This method was easy to operate and fast; it 
detected SARS-CoV-2 RNA within 10 min. 

Other nanoparticles have also been designed to detect SARS-CoV-2 
RNA. For example, fluorescent europium-chelate nanoparticles (FNPs) 
were conjugated with S9.6 antibodies, which bind specifically to RNA- 
DNA hybrid strands (S9.6-FNPs, Fig. 3) [17]. In this study, SARS-CoV- 
2 pseudovirus carrying viral RNA was incubated with S9.6-FNPs and 
DNA probes that specifically targeted SARS-CoV-2 RNA. During the in
cubation, the viral RNA bound to the DNA probe, forming RNA-DNA 
hybrid strands. The RNA-DNA hybrids then bound to S9.6-FNPs, form
ing RNA-DNA-S9.6-FNP complex. After the incubation, the sample was 
loaded onto an LFIA strip. On the strip, RNA-DNA-S9.6-FNP complex 
was captured by S9.6 antibodies immobilized at the test line. The 
accumulation of FNPs at the test line generated a fluorescent signal as a 
quantitative measurement of the viral RNA load. Due to the specificity of 
DNA probes, this method showed high specificity towards SARS-CoV-2 
RNA with no apparent cross-reactivity with RNA of other viruses. 
When tested on 734 patient samples consisting of 593 throat swab 
specimens and 141 sputum specimens collected from 671 individuals, 
this method showed 100% sensitivity and 99% specificity when refer
enced to rtPCR tests. 

Nanoparticles have also been designed to detect SARS-CoV-2-specific 
antibodies such as immunoglobulin M (IgM) and immunoglobulin G 
(IgG). For example, AuNPs were conjugated with anti-human IgM (anti- 
human IgM-AuNPs) and used to detect SARS-CoV-2 specific IgM in an 
LFIA strip [18]. The patient serum sample containing SARS-CoV-2 spe
cific IgM was loaded onto the sample pad of the strip. The sample 

Fig. 1. Schematic illustrations of major nanoparticle platforms explored for SARS-CoV-2 detection, treatment, and prevention. These platforms include (A) inorganic 
nanoparticles such as gold or silica nanoparticles, (B) lipid nanoparticles (LNPs) containing a lipid bilayer with cholesterol and surface polyethylene glycol (PEG) for 
stabilization, (C) polymeric nanoparticles made from self-assembled co-polymers, (D) virus-like nanoparticles (VLPs) containing protein structures that resemble wild 
type viruses but do not have a viral genome or infectious ability, and (E) cell membrane-coated nanoparticles containing natural cell membranes wrapping around a 
solid nanoparticle core. 
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traveled along the strip to the conjugation pad, where anti-human IgM- 
AuNPs were stored. At the conjugation pad, SARS-CoV-2 specific IgM in 
the sample bound to anti-human IgM-AuNPs, forming (SARS-CoV-2- 
IgM)-(anti-human IgM)-AuNP complex. The complex traveled further 
along the strip and was captured by SARS-CoV-2 nucleoproteins 
immobilized at the test line through interactions between SARS-CoV-2 
specific IgM in the complex and the nucleoproteins. Accumulation of 
AuNPs at the test line generated colorimetric signals for visual detection. 
This method was sensitive and fast; it only required 10-20μ l of serum 
sample and was completed in 15 min. When tested on 19 patient serum 
samples collected from 5 SARS-CoV-2-positive (confirmed by rtPCR) 
patients and 14 healthy subjects, this method achieved 100% sensitivity 
and 93% specificity when referenced to rtPCR tests. AuNPs have also 
been used to detect multiple types of SARS-CoV-2 specific antibodies 
concurrently. For example, AuNPs were functionalized with SARS-CoV- 
2 S proteins (S-protein-AuNPs) and used to detect virus-specific IgM and 
IgG in an LFIA strip [19]. On the strip, S-protein-AuNPs bound to virus- 
specific IgM or IgG to form IgM-(S-protein)-AuNP or IgG-(S-protein)- 
AuNP complexes. These complexes were captured separately at two test 
lines, where anti-human IgM or anti-human IgG were immobilized, 
respectively. Color development at either test line was considered a 
positive result. When tested on venous blood specimens collected from 
397 SARS-CoV-2-positive (confirmed by rtPCR) patients and 128 SARS- 
CoV-2-negative patients, this assay provided higher sensitivity than the 

single-antibody detection assay. 
In addition to AuNPs, other nanoparticles have also been designed to 

detect SARS-CoV-2 specific antibodies. For example, selenium nano
particles (SeNPs) were conjugated with SARS-CoV-2 nucleoprotein and 
used to detect virus-specific IgM and IgG in LFIA [20]. IgM or IgG-bound 
SeNPs generated colorimetric signals at the test line for visual detection. 
Compared with commercial AuNP-based LFIA kits, SeNP-based LFIA 
showed similar sensitivity for virus-specific IgG but achieved higher 
sensitivity for virus-specific IgM, possibly due to the higher affinity of 
IgM with SeNPs than AuNPs. In another design, lanthanide-doped 
polystyrene nanoparticles (LNPs) were conjugated with anti-human 
IgG and used to detect SARS-CoV-2 specific IgG in LFIA [21]. In this 
design, LNPs provided highly sensitive fluorescent signals for detection. 
This method detected virus-specific IgG in serum samples with 1:1000 
dilution. In another example, SiO2 nanoparticles were coated with an Ag 
shell, and 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), a Raman-active 
compound, was loaded into the Ag shell. These nanoparticles exhibi
ted a surface-enhanced Raman scattering (SERS) signal at 1328 cm− 1 

[22]. They were conjugated with SARS-CoV-2 S proteins and used to 
detect virus-specific IgM and IgG in LFIA. IgM or IgG-bound nano
particles accumulated at the test line and provided SERS signals corre
lated with the amounts of virus-specific antibodies. This method was 
around 800 times more sensitive than AuNP-based LFIA. 

Nanoparticle-based treatment for COVID-19 is summarized in 

Fig. 2. Design of a colorimetric assay based 
on antisense oligonucleotide-capped gold 
nanoparticles (ASO-AuNPs) to detect SARS- 
CoV-2 RNA. (A) Schematic illustration of 
the proposed mechanism for ASO-AuNP 
agglomeration in the presence of SARS- 
CoV-2 N-gene. (B) The absorbance spectra of 
ASO-AuNPs before and after addition of 1 μ 
g ml− 1 of total RNA extracted from SARS- 
CoV-2 infected Vero cells. (C) Change in the 
absorbance at 660 nm when ASO-AuNPs 
were mixed with varying amounts of total 
RNA extracted from SARS-CoV-2 infected 
Vero cells. (D) Schematic illustration of the 
procedures for naked-eye detection of SARS- 
CoV-2 RNA. Ribonuclease H (RNase H) was 
used to cleave the viral RNA bound to ASO- 
AuNPs and induce particle precipitation for 
visual detection. Reproduced with permis
sion from ref. [16]. Copyright 2020, the 
American Chemical Society.   
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Table 1. Overall, these platforms have shown great potential in 
providing accurate and efficient detection of SARS-CoV-2. So far, most 
platforms are based on AuNPs, mainly for their compatibility for bio
conjugation and unique optical properties. Research on other types of 
nanoparticles as described above for SARS-CoV-2 detection has also 
shown encouraging results. To further improve the performance, the 
physicochemical properties of the nanoparticles, such as their size and 
shape, need to be fine-tuned. The methods for surface functionalization 
of nanoparticles with bioactive moieties also need to be optimized so 
that these moieties can better retain their abilities to interact with the 
targets. In addition, many of the diagnostic platforms developed so far 
have not yet been tested on clinical patient samples or only on a rela
tively small number of samples. To validate the accuracy and reliability 
of these platforms, they need to be rigorously tested on a large and 
diverse pool of clinical patient samples. Lastly, it is necessary to develop 
large-scale production of these nanoparticle-based platforms with 
consistent quality and reproducible performance for successful clinical 
translation. With continuous development, nanoparticle-enabled plat
forms will make a more significant impact on the rapid and accurate 
detection of SARS-CoV-2 and other viral species. 

3. Nanoparticle-based treatment for COVID-19 

Nanoparticles have been used as drug carriers to treat COVID-19. 
They improve existing antiviral drugs through their altered pharmaco
kinetics and biodistribution profiles [23–25]. Some nanoparticles do not 
carry drug payloads but exploit mechanisms such as disrupting the viral 
integrity, producing reactive oxygen species (ROS), or generating heat 

to kill the viruses. Recently, biomimetic nanoparticles were developed to 
leverage host cell membranes for viral inhibition, leading to a broad- 
spectrum antiviral mechanism [26,27]. Overall, the development 
along these directions makes nanoparticles attractive to treat COVID-19. 

3.1. Nanoparticles as antiviral drug carriers 

Polymeric nanoparticles can encapsulate existing antiviral drugs for 
prolonged drug release and viral targeting, which together enhance 
antiviral potency. For example, polymeric nanoparticles made from poly 
(lactide-co-glycolide)-b-poly(ethylene glycol)-maleimide (PLGA-b-PEG- 
Mal) were used to deliver Ivermectin (IVM), a hydrophobic compound 
recently found effective against SARS-CoV-2 [28–30]. The nanoparticle 
IVM formulation crossed the blood-gut barrier when functionalized with 
an Fc immunoglobulin fragment that actively targets the neonatal Fc 
receptors expressed on intestinal epithelial cells of the host. Once in the 
circulation, the nanoparticles could eventually accumulate at the lung 
epithelia, making IVM more easily targeting SARS-CoV-2. The nano
particles enhanced the antiviral potency by maintaining IVM levels 
around the minimum effective therapeutic dose but below the maximum 
tolerated dose. 

Besides polymeric nanoparticles, inorganic nanoparticles can also 
encapsulate and deliver anti-SARS-CoV-2 drug compounds. For 
example, silica nanoparticles encapsulated polyphosphate (polyP), a 
physiological polymer typically released from platelets (Fig. 4)[31]. 
PolyP binds to the receptor-binding domain (RBD) of the viral S proteins 
via electrostatic interactions and prevents S protein from further inter
acting with the host receptor. The encapsulation with silica 

Fig. 3. Design of a lateral flow immunoassay (LFIA) based on S9.6 antibody-labelled europium-chelate fluorescent nanoparticles (S9.6-FNPs) to detect SARS-CoV-2 
RNA. (A) Schematic illustration of the working principles of the S9.6-FNPs-based LFIA. (B) The fluorescent readouts of the assay when testing serially diluted throat 
swab samples from three SARS-CoV-2-positive patients. The fluorescent readouts are presented as the ratio of fluorescent intensities at the test line to those at the 
control line (T/C). The viral RNA loads in the samples were measured using polymerase chain reaction (PCR) and expressed in copies ml− 1. The detection limit of the 
assay for viral RNA was determined to be 500 copies ml− 1 with a positive rate higher than 95% (n = 20, means ± the standard deviation). (C) Photographs of typical 
assay results obtained from clinical samples under a fluorescent light source. The results were grouped into A, B, C, D, and E based on their fluorescent readouts. The 
fluorescent readouts decreased from group A to E. Group E consisted of SARS-CoV-2 negative results entirely. The fluorescent readouts were normalized to the 
maximum readout on a scale from 0 to 1. The normalized fluorescent readouts were presented in a color-gradient matrix. Reproduced with permission from ref [17]. 
Copyright 2020, Spring Nature. 
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nanoparticles stabilized polyP against the degrading alkaline phospha
tase. The study showed that the silica nanoparticles released polyP in 
vitro over 24 h. The nanoparticle polyP formulation inhibited S-protein 

binding with ACE2 at a polyP concentration equivalent to its blood 
concentration. 

Besides small molecules, nanoparticles were also used to deliver 
macromolecules such as messenger RNA (mRNA) to inhibit SARS-CoV-2. 
For example, LNPs were used to deliver in-vitro-transcribed mRNA (IVT 
mRNA) for rapid expression of soluble human ACE2 (hsACE2) in vivo. 
[32] Soluble ACE2 competes with endogenous ACE2 and binds with 
viruses for neutralization. The mRNA approach overcomes the issue of a 
relatively short half-life of the recombinant ACE2 in the bloodstream 
that would otherwise require repeated administrations to ensure long- 
term circulation of the protein for days after viral exposure. In this 
study, β-sitosterol, instead of more commonly used cholesterol, was used 
to formulate the LNPs. The replacement of cholesterol with β-sitosterol 
had little impact on nanoparticle physicochemical characteristics such 
as hydrodynamic size, polydispersity, and RNA encapsulation capacity. 
However, β-sitosterol dramatically enhanced mRNA transfection effi
ciency attributable to the multilamellar and polymorphic structures of 
the β-sitosterol-doped LNPs [33]. Using LNPs for mRNA delivery 
generated a transient but high expression of functional ACE2 without a 
risk of insertional mutagenesis associated with viral-based gene de
livery. The synthesis of LNPs and mRNAs are economical and scalable, 
making this approach attractive. 

Toward future development, nanocarriers can adopt emerging stra
tegies, such as metabolic engineering and genetic engineering, to add 
functionalities for better delivery of antiviral drugs. Moreover, nano
particles can be integrated into macroscopic matrices such as hydrogels, 
nanofibers, or autonomous nanorobots for intelligent drug release. In 
addition, nanoparticles can encapsulate multiple drugs to inhibit 
different stages of viral infection synergistically. As the nanoparticle 
designs are continuously refined, they are anticipated to play significant 
roles in antiviral drug delivery. 

3.2. Nanoparticles for direct viral killing 

Without carrying additional drug payloads, nanoparticles can exploit 
unique mechanisms for direct viral killing. One such mechanism is the 
disruption of viral proteins. For example, silver nanoparticles prevented 
VeroE6 cells from SARS-CoV-2 infection in a dose-dependent manner, 
with an effective virucidal concentration 10-times lower than the 

Table 1 
Summary of nanoparticle-enabled detection of SARS-CoV-2.  

Platform Selective example Representative feature 

Detection of 
viral 
protein  

• AuNPs functionalized with 
SARS-CoV-2-specific polyclonal 
antibodies[13]  

• AuNPs functionalized with S 
protein-binding glycans[14]  

• 3,3′,5,5′-tetramethylbenzidine 
(TMB)-PLGA NPs 
functionalized with S protein- 
specific antibodies[15]  

• Direct detection of viral 
particles  

• Easy readout using 
colorimetric assays  

• High sensitivity through 
effective signal 
amplification  

• Concurrent detection of 
multiple viral antigens  

• Glycan functionalization 
handled under less 
stringent conditions 

Detection of 
viral RNA  

• AuNPs functionalized with 
antisense oligonucleotides 
(ASOs)[16]  

• Fluorescent europium-chelate 
nanoparticles (FNPs) function
alized with S9.6 antibodies[17]  

• Naked eye detection 
without complex 
instruments  

• Rapid and time-efficient 
detection  

• Low risk of 
contamination without a 
need of viral RNA 
amplification  

• Relatively high 
specificity 

Detection of 
virus- 
specific 
antibody  

• AuNPs functionalized with anti- 
human IgM antibodies[18]  

• AuNPs functionalized with 
SARS-CoV-2 S proteins[19]  

• Selenium nanoparticles (SeNPs) 
functionalized with SARS-CoV- 
2 nucleoproteins[20]  

• Lanthanide-doped polystyrene 
nanoparticles (LNPs) 
functionalized with anti-human 
IgG antibodies[21]  

• Raman dye-loaded Ag/SiO2 
nanoparticles functionalized 
with SARS-CoV-2 S proteins 
[22]  

• Good compatibility with 
lateral flow immunoassay 
(LFIA) technologies  

• Low cost and easy 
operation  

• Small volume of blood 
sample for detection  

• Concurrent detection of 
different types of 
antibodies  

• Relatively high 
sensitivity  

Fig. 4. Nanoparticle-encapsulated poly
phosphate blocks binding of SARS-CoV-2 S 
protein to ACE2. (A) Scanning electron mi
croscopy (SEM) image of silica nanoparticle 
(silica-NP) and polyphosphate-loaded silica- 
NP (silica/polyP40-NP). (B) Schematic 
mechanism of polyphosphate binding to the 
viral S protein at the interface of S protein 
and ACE2 receptor. (C) In vitro release profile 
of polyP3 (3 phosphate units) or polyP40 (40 
phosphate units) from silica nanoparticles. 
(D) Inhibition of S protein-ACE2 binding by 
polyP3 or polyP40 released from the silica 
nanoparticles. Data are presented as mean ±
SEM (* p < 0.05). Reproduced with permis
sion from Ref [31]. Copyright 2020 Elsevier.   
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cytotoxic concentration [34]. Mechanistically, silver nanoparticles bind 
with SARS-CoV-2 surface proteins rich in sulfhydryl groups. Following 
the binding, they then cleave the disulfide bonds and disrupt the protein 
structure for killing. The virucidal effect of silver nanoparticles depen
ded strongly on their sizes, with 2–15 nm nanoparticles demonstrating 
the highest protein affinity and virucidal activity. 

Some nanoparticles generate oxidative radicals to kill viruses. For 
example, titanium dioxide (TiO2) nanoparticles generated free electrons 
upon UV excitation, which then produced ROS [35]. The ROS then 
turned into highly virucidal hydrogen peroxide (H2O2) and killed vi
ruses effectively. One minute of UV radiation eradicated 100% of 
coronaviruses on a TiO2 nanoparticle-coated surface in the study. In 
contrast, approximately 10% of the viruses remained alive on the un
coated control surface. The results demonstrated that the TiO2 nano
particles are useful to fabricate self-disinfecting surfaces in public and 
hospital settings. 

Some nanoparticles harness the photothermal effect to converge heat 
and kill SARS-CoV-2 directly. For example, a semiconducting nano
particle core made from 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) 
was coated with a lipid-PEG shell and further functionalized with anti- 
SARS-CoV-2 antibodies to capture the viruses [36]. When excited with 
light of 650 nm wavelength, the nanoparticles generated localized heat 
that killed SARS-CoV-2 captured by the nanoparticle. Without viral 
inactivation by heat, nanoparticle binding alone could not inhibit the 
viruses due to antibody-dependent enhancement (ADE), where the 
antibody-virus complex enters the host cells via Fc receptor-mediated 
phagocytic pathway [37]. 

With remarkable design flexibility, nanoparticles can be further 
optimized for higher potency in killing viruses. For example, silver 
nanoparticles’ size and surface capping agents can be finely tailored to 
better interact with viral proteins. Such optimization may enhance the 
binding specificity toward viruses while reducing the toxicity toward the 
host cells. Moreover, nanoparticles can be immobilized on surfaces or 
formulated as spray disinfectants to inactivate surface-bound or 
airborne viruses before the viruses reach the host. Additionally, with the 
resurgence of variant strains of SARS-CoV-2, nanoparticles can be 
functionalized with antibodies against variant strains to improve viral 
binding and, subsequently, antiviral potency. These are exciting ap
proaches that may allow for more functional and potent nanoparticles in 
killing SARS-CoV-2 and other viruses. 

3.3. Host-mimicking nanoparticles for neutralizing SARS-CoV-2 

Using cell membrane to coat nanoparticles is a top-down strategy to 
mimic host cells for biomedical application, including their recent use 
for viral neutralization [38–43]. The resulting cell membrane-coated 
nanoparticles (denoted ’cellular nanosponges’) inherit the critical sur
face antigens of their parent cells for viral binding. Thus, they bind to the 
viruses by acting as host cell decoys and diverting them away from the 
intended host targets. This working mechanism is different from con
ventional antiviral compounds, which require the identification of viral 
antigens for targeting. The knowledge in this respect is often limited. 
Besides, each antiviral compound selectively targets proteins encoded 
by a single virus. Therefore, the conventional “one drug-one virus” so
lution is ineffective. Notably, the infectivity of any virus relies on its 
binding with the protein receptors of the host cells, regardless of 
whether they are known or unknown. Therefore, the cellular nano
sponge approach shifts the focus from the causative viruses to the hosts 
and overcomes the diversity of the viruses for neutralization. Some cells, 
such as macrophages, are the target of multiple viruses. Therefore, 
cellular nanosponges made from membranes of these cells unlock a 
broad-spectrum neutralization strategy against viral infection [43]. 

Recently, cellular nanosponges were demonstrated to inhibit the 
infectivity of SARS-CoV-2 (Fig. 5)[44]. In the study, the nanosponges 
were made by coating PLGA cores with membranes of lung epithelial 

cells or macrophages, two cellular targets of the virus. The nanosponges 
displayed key cellular receptors for viral entry. When tested on Vero E6 
cells, these nanosponges effectively blocked SARS-CoV-2 infection in a 
dose-dependent manner. When administered into the lungs of mice, the 
cellular nanosponges showed no apparent toxicity. Nanosponges are 
agnostic to viral mutations and potentially to different species of viruses 
and thus can protect the current and future emerging coronaviruses. 

Nanoparticles can also be made from membranes of genetically 
engineered cells expressing desired viral receptors for viral neutraliza
tion. For example, human embryonic kidney (HEK)-293 T cells were 
transiently transfected to highly express human ACE2 (hACE2) on the 
cell membranes[45]. The membranes of HEK-293 T-hACE2 cells were 
then isolated and formed cell membrane-based nanoparticles (CMBNPs) 
via sonication and extrusion. The CMBNPs bound with the S proteins of 
original SARS-CoV-2 and SARS-CoV-2 D614G, a more infectious variant 
strain[46,47]. The study demonstrated the potential of host-mimicking 
nanoparticles in resisting mutations of the coronavirus, as long as 
ACE2 is required for viral entry into host cells. 

Upon initial infection by SARS-CoV-2, the host immune system ini
tiates an inflammatory response that upregulates abundant inflamma
tory cytokines for host protection [48]. However, sustained viral 
infection results in overexuberant inflammation characterized by sys
temic cytokine storm leading to immune dysfunction and organ damage 
[49]. Cellular nanosponges were previously demonstrated to neutralize 
multiple inflammatory cytokines in infectious diseases [39]. They were 
tested recently for concurrent virus and cytokine neutralization for 
COVID-19 treatment in animal models [50]. In this study, nanoparticles 
were fabricated by first fusing the membranes from HEK-293 T-hACE2 
cells and human macrophage cells, followed by repeated sonication and 
extrusion through 100 nm nanopores. This method allows viral re
ceptors and cytokine receptors packaged onto the surface of the same 
resulting nanoparticles. The study showed that the nanoparticles bound 
with patient-derived SARS-CoV-2 viruses and inhibited the viral binding 
and infection of Vero E6 cells in vitro. Additionally, in a mouse model of 
lipopolysaccharide-induced lung inflammation, intratracheally admin
istered nanoparticles absorbed inflammatory cytokines including 
interleukin-6 (IL-6) and granulocyte–macrophage colony-stimulating 
factor (GM-CSF) in bronchoalveolar lavage fluid (BALF) in a dose- 
dependent manner. 

Several challenges remain to be addressed for the translation of cell 
membrane-coated nanoparticles against SARS-CoV-2. For example, cell 
membrane-coated nanoparticles need to be manufactured at a scale to 
meet the demand in therapeutic doses. In this regard, large-scale cell 
farming and a high yield of cell membrane isolation are essential. T 
storage stability of cell membrane-coated nanoparticle formulations also 
needs to be thoroughly validated. The clinically standardized process of 
lyophilization, cold storage, and reconstitution can be employed for this 
purpose. Furthermore, the toxicity of cell membrane-coated nano
particles remains to be characterized in more comprehensive studies. By 
addressing these challenges, we believe that cell membrane-coated 
nanoparticles will become a robust platform against SARS-CoV-2. 

In summary, this section reviewed nanoparticles as antiviral drug 
carriers, nanoparticles for direct viral killing, and host-mimicking 
nanoparticles for viral neutralization. As summarized in Table 2, the 
representative platforms in each category have demonstrated promise in 
combating SARS-CoV-2. By addressing the potential challenges of these 
platforms, we expect that their potency, safety, and functionality can be 
further improved. 

4. Nanoparticle vaccines against SARS-CoV-2 

Vaccination is currently the most effective approach to control the 
COVID-19 pandemic. It activates the host’s immune system, which 
generates neutralizing antibodies and T cell responses for protection 
[51]. So far, there are over 200 vaccine candidates in various stages of 
development. Among them, more than 50 are in clinical trials [52]. To 
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date, three vaccines have been approved by the United States Food and 
Drug Administration (FDA), developed by Pfizer/BioNTech, Moderna, 
and Janssen (Johnson & Johnson)[53]. SARS-CoV-2 is an enveloped 
ssRNA virus with spike-like glycoproteins (S proteins) protruding from 
its surface. S proteins are responsible for the viral entry into the host 
cells by binding to host ACE2[54]. Therefore, the full-length S proteins 
or their receptor-binding domains (RBDs) are the primary targets for 
vaccine designs. 

SARS-CoV-2 vaccine platforms can be divided into five major types: 
live attenuated virus, inactivated virus, engineered viral vectors, DNA/ 
mRNA, and subunit-based vaccines, each with its advantages and limi
tations. While live attenuated and inactivated viruses are mature plat
forms of vaccines with a rapid manufacturing process against the 

outbreak of a pandemic, they are limited by the low scalability and 
safety concerns of potential reversion to the virulent form [55]. In 
contrast, subunit and nucleic acid-based vaccines can be manufactured 
fast with high scalability and safety. However, these vaccines suffer from 
instability and poor immunogenicity without the help of additional 
adjuvants [51]. Engineered viral vectors are non-replicable and highly 
immunogenic due to their inherent adjuvant qualities. Their production 
is also highly scalable. However, these vaccines are limited by possible 
pre-existing immunity in the vaccinated population against the engi
neered viral vectors, which is especially common in adenovirus-derived 
vectors [56]. 

Nanotechnology approaches have been combined with the vaccine 
development against SARS-CoV-2. Major nanoparticle platforms include 

Fig. 5. Cellular nanosponges neutralize SARS-CoV- 
2 infectivity. (A) Schematic mechanism of cellular 
nanosponges inhibiting SARS-CoV-2 infectivity. The 
nanosponges were constructed by wrapping poly
meric nanoparticle (NP) cores with natural cell 
membranes derived from target cells such as human 
lung epithelial cells and macrophages (MФs). The 
resulting nanosponges (denoted “Epithelial-NS” and 
“MΦ-NS”, respectively) inherit the surface antigen 
profiles of the source cells and serve as decoys to 
bind with SARS-CoV-2. Such binding interaction 
blocks viral entry and inhibits viral infectivity. (B) 
Selective protein bands of cell lysate, cell membrane 
vesicles, and cellular nanosponges resolved with 
Western blotting analysis. (C-D) The neutralization 
against SARS-CoV-2 infection by Epithelial-NS (C), 
and MΦ-NS (D) was tested using live SARS-CoV-2 
viruses on Vero E6 cells. The IC50 values for 
Epithelial-NS and MΦ-NS were found to be 827.1 
and 882.7 μg/mL (membrane protein concentra
tion), respectively. Data are presented as mean +
standard deviation (n = 3). The horizontal dashed 
line marks the zero levels. IC50 values were derived 
from the variable slope model using Graphpad Prism 
8. Reproduced with permission from Ref [44]. 
Copyright 2020 American Chemical Society.   
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LNPs and VLPs. LNPs consisting of ionizable lipids have been applied 
extensively to deliver genetic contents due to their high loading capacity 
and high transfection efficiency [57]. VLPs are non-infectious virus- 
mimicking particles formed by the self-assembly of protein monomers 
conjugated with viral capsid proteins [58]. So far, nanoparticle designs 
have been focused on modulating antigen transport to the lymph nodes, 
promoting antigen-adjuvant co-delivery, and protecting the vaccines 
from in vivo degradation [59]. 

LNPs are neutrally charged at physiological pH but become posi
tively charged at low pH. Their composition usually includes helper 
lipids for cell binding and cholesterols for structural stability [57]. These 
LNPs load negatively charged genetic materials with a high capacity. 
LNPs also facilitate nanoparticle endosomal escaping after the cell up
take. These properties make LNPs ideal to deliver nucleic acid-based 
vaccines [60]. For example, LNPs were first used to deliver mRNA 
encoding the RBD of SARS-CoV-2 (denoted “ARCoV”) (Fig. 6A)[61]. In 
the study, these LNPs were injected intramuscularly into a mouse model 
of SARS-CoV-2 mouse-adapted strain, which was generated by intra
nasal inoculation of a mouse-adapted strain at passage 6 (MASCp6) in 
BALB/c mice [62]. The muscle tissue from the injection site showed high 
recombinant RBD expression, accompanied by APC recruitment. The 
vaccination led to a rapid elevation in the level of immunoglobulin G 
(IgG) neutralizing antibodies and virus-specific CD4+ and CD8+
effector memory T cells (Fig. 6B-D). Immunization of two doses of 
ARCoV in the SARS-CoV-2 mouse-adapted strain model showed com
plete prevention of viral replication in lungs and trachea after the viral 
challenge (Fig. 6E and F). In another study, BALB/c mice were immu
nized with LNPs containing mRNA encoding the full-length S protein 
[63]. Protective immune responses were also observed. These studies 
demonstrate a robust protection efficacy of the LNP-based mRNA vac
cine against SARS-CoV-2 infection. 

LNP-based mRNA vaccines are considered safer and can be manu
factured rapidly. As a result, they are now the leading vaccine against 
the COVID-19 pandemic [64]. Currently, BNT162b2 by Pfizer/Bio
NTech and mRNA-1273 by Moderna, the two mRNA-based LNP COVID- 
19 vaccines approved by FDA, showed an efficacy of 95% and 94.5%, 
respectively [65–67]. BNT162b2 contains a synthetic chemically 
modified RNA (modRNA) of 4284 nucleotides long, encoding a mutated 
form of the full-length S protein found on the surface of the SARS-CoV-2 
[68]. The modRNA and lipids, including ((4-hydroxybutyl)azanediyl)bis 
(hexane-6,1-diyl)bis(2-hexyldecanoate) (ALC-0315), 2-[(polyethylene 
glycol)-2000]-N,N-ditetradecylacetamide (ALC-0159), 1,2-distearoyl- 

sn-glycero-3-phosphocholine (DSPC) and cholesterol, form LNPs, acting 
as both carriers and adjuvants. Similarly, the active ingredient in mRNA- 
1273 is an mRNA sequence containing 4101 nucleotides that encodes 
the full-length SARS-CoV-2 spike (S) glycoprotein with two mutations 
(K986P and V987P) designed to stabilize the pre-fusion conformation 
[69,70]. The mRNA is encapsulated into LNPs consisting of DSPC, 
cholesterol, PEG 2000-dimyristoyl glycerol, and SM-102 (a synthetic 
amino lipid). To further enhance the vaccine efficacy, researchers added 
alphaviral replicase to the RNA sequences, enabling self-amplification of 
the RNA vaccine after cell uptake. They also replaced the untranslated 
region (UTR) of the mRNA with a synthetic UTR designed through de 
novo methods to enhance protein translation. Using LNPs to deliver 
these modified mRNAs led to effective anti-SARS-CoV-2 vaccination 
[71,72]. 

Another distinct advantage of using nanoparticle-based vaccine 
platforms, typically the VLPs, is their capability of modulating host 
immune responses. Through the multivalent antigen presentation, VLPs 
usually generates more significant immune responses than recombinant 
antigens. This property is beneficial in delivering subunit-based vaccines 
with low immunogenicities, such as the full-length S protein or RBDs 
[73]. In some cases, VLP-based vaccines do not require boost immuni
zation. For example, ferritin is a popular protein particle to make VLP 
vaccines [74–76]. Each ferritin particle can be conjugated with up to 24 
viral antigens for simultaneous delivery and presentation to APCs [74]. 
Besides, ferritin-based VLPs can be manufactured rapidly in vitro 
through genetic fusion. Recently, full-length S protein/ferritin fusion 
protein was generated using Expi293F cells as a potential vaccine 
against SARS-CoV-2 (denoted “S-Fer”)[77]. Mice immunized with a 
single dose of S-Fer showed significantly higher neutralizing antibody 
titers than those immunized with RBD monomers or spike ectodomain 
trimers, implying the importance of multivalent presentation. Ferritin 
nanoparticles conjugated with RBDs, rather than full-length S proteins, 
also showed a better protective immune response when compared with 
unconjugated RBDs [78]. 

Recently, researchers used the SpyTag/SpyCatcher system to link 
ferritin nanoparticles with full-length S proteins or RBDs. The conjuga
tion system enhanced ferritin expression otherwise restricted by the 
traditional direct genetic fusion approach [78,79]. With the SpyTag/ 
SpyCatcher system, multiple different antigens can also be conjugated 
onto the same ferritin nanoparticles for simultaneous presentation. For 
example, SARS-CoV-2 RBDs and heptad repeat (HR), which is part of the 
highly conserved S2 subunit of S protein, were conjugated onto the same 
ferritin nanoparticles [80]. The incorporation of HR onto VLPs provides 
the vaccine with broadened neutralization ability against neutralization- 
escape mutations. To develop more effective VLP vaccines, researchers 
also used other protein particles such as aldolase, which allow more 
antigens to be conjugated. For example, VLP formed by self-assembled 
RBD-conjugated aldolases showed higher efficacy in eliciting neutral
izing antibody responses in mice or pigs than purified RBD or purified S 
protein alone [81,82]. A higher capacity of antigen presentation makes 
these particles useful to develop more effective SARS-CoV-2 vaccines. 

VLPs can also be made with synthetic nanoparticle substrates with 
adjuvant properties. Recently, a particulate alum-stabilized Pickering 
emulsion (PAPE) was formulated by adding alum (aluminum hydroxide) 
to the squalene-water emulsion, where alum accumulated at the 
squalene-water interphase and stabilized the emulsion (Fig. 7A)[83]. 
The cationic surface of the PAPE allows a dense layer of viral antigens to 
be absorbed. The PAPE also mimics the surface contour of the virus for 
antigen presentation. Furthermore, PAPE is more hydrophobic than 
traditional alum microgels. A high hydrophobicity favors its interaction 
with the macrophages and the phagocytosis along with co-loaded anti
gens. The cationic PAPE interacts with anionic membranes inside the 
lysosomes, promoting lysosome disruption to release the antigens into 
the cytoplasm (Fig. 7B). In mice, PAPE loaded with RBDs elicited six 
times higher antigen-specific antibody titer and three-fold more IFN- 
γ-secreting T cells than mice immunized with a simple mixture of RBDs 

Table 2 
Summary of nanoparticle-based treatment for COVID-19  

Platform Selective example Representative feature 

Nanoparticles as 
antiviral drug 
carrier  

• Polymeric 
nanoparticle[29]  

• Silica nanoparticle 
[31]  

• Lipid nanoparticle 
[32]  

• High drug loading 
capacity and controlled 
drug release  

• Broad selection of 
targeting ligands  

• Improved bioavailability 
of therapeutic payloads 

Nanoparticles for 
direct viral killing  

• Silver nanoparticle 
[34]  

• ROS-generating 
nanoparticle[35]  

• Photothermal 
nanoparticle[36]  

• High antiviral potency  
• Broad spectrum activity 

against various viruses  
• Tunable physicochemical 

properties 

Host-mimicking 
nanoparticles for 
viral neutralization  

• Lung epithelial cell 
nanosponge[44]  

• Macrophage 
nanosponge[44,50]  

• Genetically 
engineered HEK-ACE2 
cell nanosponge 
[50,78]  

• Broad spectrum viral 
inhibition agnostic to viral 
mutations  

• Neutralization of virus 
through known or 
unknown cellular 
receptors  

• Neutralization of cytokine 
storm caused by viral 
infection  
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and alum (Fig. 7C and D). In another study, adjuvant-encapsulated li
posomes were decorated with RBDs [84]. These VLPs induced promi
nent antibody titers in mice. When tested in vitro, these antibodies 
effectively neutralized pseudovirus cell entry, blocked RBD interaction 
with ACE2, and inhibited live virus replication. 

Overall, nanoparticles can provide stability to the antigens, present 
antigens multivalently, and co-deliver adjuvants with the antigens. 
These advantages are the hallmarks of nanoparticle vaccines, including 
those developed against SARS-CoV-2 (Table 3). Nanoparticles delivering 
vaccines have also followed some distinct design strategies when 
compared to those for delivering antiviral drugs. For example, regarding 
the route of administration, nanoparticle vaccines are mainly designed 
for local and topical administration. In contrast, antiviral drug nano
particle carriers likely prefer intravenous injection to maximize expo
sure. Regarding the surface charge, those for systemic drug delivery 
prefer a negative charge to minimize non-specific binding with the host 
[85]. In contrast, positively charged nanoparticles have shown higher 
immune stimulations that are favorable for vaccine delivery. Regarding 
PEGylation, nanoparticles designed for systemic circulation may favor a 
higher PEG density to achieve a longer circulation half-life. However, 

those intended for vaccine delivery may prefer a lower PEG density to 
minimize the barrier [86]. 

The recent development of mRNA COVID-19 vaccines, such as 
BNT162b2 and mRNA-1273, also shows the advantages of scalability 
and cost-effectiveness. Unlike traditional vaccines, these mRNA vaccines 
can be produced in large quantities rapidly, with standard laboratory 
techniques. The first COVID-19 vaccine candidate started its clinical 
trials only 40 days after releasing the SARS-CoV-2 genomic report [55]. 
Such rapid development means nanoparticle vaccines can be easily 
produced in response to the outbreak of new viral infections. Never
theless, to improve future nanoparticle vaccines, detailed studies on the 
in vivo host-nanoparticle interactions to optimize toxicity-efficacy are 
desirable. Knowledge in this perspective may further enhance the 
transfection efficiency of mRNA-based nanoparticle vaccines. In addi
tion, improving the specificity of targeting nanoparticle vaccines to 
immune cells is a crucial challenge for optimizing vaccine dosage and 
efficacy. Furthermore, the stability of current mRNA vaccine formula
tions during storage and transportation requires further improvement. 
Both BNT162b2 and mRNA-1273 need to be stored at − 20 and − 70 ◦C, 
respectively. Such cold condition significantly increases the difficulties 

Fig. 6. LNP-encapsulated mRNAs encoding the receptor-binding domains of SARS-CoV-2 (ARCoV) and their in vivo protective efficacy against SARS-CoV-2 challenge 
in mice. (A) Design features and proposed mechanism of ARCoV. (B) Multiplex immunostaining analysis for expression of ARCoV mRNA-LNP in mouse muscle 
tissues. Female BALB/c mice (n = 3) were immunized with 10 mg of ARCoV mRNA-LNP or empty LNP (n = 3). Muscle tissue at the injection site was collected 6 h 
after injection for multiplex immunofluorescent staining. Cell markers include SARS-CoV-2 (white), Desmin (gold), CD11b (green), CD163 (red), and CD103 
(magenta). (C-G) Analysis of the protective immune responses elicited in SARS-CoV-2 challenged mice after ARCoV immunization. Female BALB/C mice were 
immunized with 2 ug ARCoV mRNA-LNP (n = 5), 10 ug ARCoV mRNA-LNP (n = 5), or placebo (n = 5) intramuscularly. Forty days after the initial immunization, 
mice were inoculated with the mouse-adapted SARS-CoV-2 (MASCp6), and the indicated tissues were collected 5 days after challenge for detection of viral loads and 
lung pathology. (C) The SARS-CoV-2-specific IgG antibody titer after immunization. (D) PRNT50 titer against SARS-CoV-2 after injection. (E-F) Viral RNA loads in the 
lungs (E) and trachea (F) of SARS-CoV-2 challenged mice after immunization. (G) Immunostaining with SARS-CoV-2-specific mAb, ISH assay for SARS-CoV-2 RNA, 
and H&E staining of lung tissues. Reproduced with permission from ref [61]. Copyright 2020 Elsevier. 
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in vaccine distribution. As researchers continually address these chal
lenges, nanoparticle vaccines can become safer and more effective in 
combating future pandemics. 

5. Conclusion 

Since the first case reported at the end of 2019, COVID-19 spread 
quickly, causing the current global pandemic. The virus also mutates 
rapidly, posing a significant challenge to the development of therapeu
tics and preventive medicine. The reality demands agile anti-viral re
sponses. In this perspective, nanotechnology, particularly nanoparticle 
therapeutics, has provided new solutions and made significant contri
butions. Inorganic nanoparticles, LNPs, polymeric nanoparticles, VLPs, 
and cell membrane-coated nanoparticles have been developed against 
SARS-CoV-2, including new approaches for viral detection, treatment, 

and prevention. Continued development will lead to more sensitive, fast, 
and cost-efficient SARS-CoV-2 detection as well as more efficacious 
treatment and vaccines against viral infection. Notably, many nano
particle strategies can be readily tailored against new variants or new 
viral species. Overall, nanoparticle-based technologies are expected to 
play a significant role in the management of viral pandemics. 
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