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ABSTRACT

Due to the coronavirus disease 2019 (COVID-19) pandemic, the development of antiviral drugs has attracted
increasing attention. Clinical antiviral drugs show weak solubility, low bioavailability, adverse side effects, or
only limited targets. With the advancement of nanotechnology and material science, biosafety nanomaterials
have been constructed for drug delivery systems of antiviral disease therapy, such as liposomes, polymers, gold
nanoparticles, and graphene. These nanodrug systems can either deliver synthesized antiviral drugs siRNA/
miRNA and small molecular compounds, deliver bioactive large molecular drug proteins and mRNA, or show
antiviral activity by themselves. Nanodelivery systems could effectively enhance the efficiency of antiviral
drugs by increasing drug loading and host cell uptake with a small size and high specific surface area. This
review focused on the biosafety nanomaterials used for antiviral therapy and discussed the options for the
design of antiviral drugs in the future.

© 2022 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Viral infection is a serious threat to global public health. It is esti-
mated that viruses cause approximately two million deaths each year
[1]. Human immunodeficiency virus (HIV), hepatitis virus, varicella
zoster virus (VZV), human papillomavirus (HPV), influenza A virus
(IAV), herpes simplex virus (HSV) and coronaviruses are the main
pathogenic viruses associated with human morbidity and mortality.
They can spread through the nose, mouth, eyes, skin, etc. Vaccines
can protect people from viral infection. However, with the spread of
viruses and their accelerated rate of mutation, there are currently no
sufficiently effective vaccines to combat all of the various viruses
and their variants, as best exemplified by the coronavirus disease
2019 (COVID-19) global pandemic. Therefore, the development of
antiviral drugs is an effective way to combat viral infections [1].

Currently, drugs such as enfuvirtide, maraviroc, indinavir, acy-
clovir, peptides and nucleic acids have been used in the treatment of
viral infection in the clinic. Moreover, a number of natural small mole-
cule drugs have been applied in clinical studies, such as curcumin, a
natural phenolic compound that has been shown to have antiviral
activity [2]. Biologically active antiviral drugs are also being investi-
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gated. The antiviral mechanisms of small molecule drugs and biologi-
cally active molecules are different. The antiviral mechanism of small
molecule drugs is mostly to inhibit virus infection in the body by inter-
fering with virus adsorption and penetration, while biologically active
molecules inhibit virus infection by interfering with virus DNA trans-
lation and transcription in the body. Although all of these drugs have
shown excellent antiviral activity in in vitro studies, there are still
many issues that limit their efficacy in the clinic, such as poor solubil-
ity, poor stability during storage or application, low bioavailability,
the emergence of medication resistance, potential adverse side effects
or toxicity [3]. With the development of nanomaterials, these drug
delivery systems have shown great potential for antiviral drug encap-
sulation, stability and activity [4]. Accordingly, the application of
nanobiosafety materials is becoming increasingly widespread.
Recently, nanoparticles such as liposomes (LNP) and polymers have
attracted attention due to their wide range of functions, low biotoxic-
ity, high biocompatibility and good biodegradability. Due to differ-
ences in the composition, structure and functional properties of
nanodelivery systems, researchers have designed nanocarrier systems
suitable for different antiviral drugs. The small particle size and high
specific surface area of antiviral nanodelivery carriers facilitate
increased drug loading and entry into host cells, improving the efficacy
of antiviral drugs (Table 1). Moreover, there are metal-based and
carbon-based nanomaterials that have inherent antiviral properties.
Some of them have shown antiviral efficiency by stopping viruses from
entering host cells for replication or inhibiting virus replication [5].

2590-0536/© 2022 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
LNP- and polymer-based nanodelivery systems used for antiviral therapy.
Drug Loading drugs Mechanism of action References
delivery
system
LNP* —_ LNP containing heparan [9]
octasaccharide sulfate can
binds to pathogens and
inhibits herpes simplex virus
(HSV) infection.

_ Cationic LNP containing [11]
stearylamine (SA) can inhibit
recombinant baculovirus
(BV) infection

Anti-MARV Targeting the Marburg virus [12]

nucleoprotein (NP)- (MARV) nucleoprotein.

targeting small

interfering RNA (siRNA)

Lymphocyte function- Reducing the expression of [13]

associated antigen-1 and CCRS5, lightening HIV

anti-CCR5 siRNA infectivity and reducing viral
load in mice.

Polymers Chloroquine Achieving an effective [15]
diphosphate therapeutic concentration in
the cell to effectively improve
the antiviral activity of the
drug.

Sofosbuvir (SOF) Reduced the release rate of [16]
SOF to achieve the sensitivity
and high entrapment
efficiency of drug inside the
cells.

Encapsulated miR323a Combining treatment with [17]

in the core and
favipiravir in the

polymersomes containing
PBA functional groups by

exterior layer synergistic impacting against
H1N1 virus infection.
Combined administration for
HI1N1 virus by miR323a
(interfering with RNA virus
polymerase and binding to
the PB1 gene) and favipiravir
(a pseudopurine nucleotide).
Delivering antiretroviral [23]
drugs and monoclonal
antibodies to HIV host cells to
reduce their viral load.

47 monoclonal
antibodies and
tipranavir

*LNP: liposome.

Therefore, this review summarizes the use of nanomedicines in antivi-
ral therapy using different material-based drug delivery systems devel-
oped in recent years (Fig. 1) and it discusses the prospects and
challenges of antiviral nanostructures in the future.

2. LNP-based antiviral nanodelivery system

LNP is often widely used as a US FDA-approved drug carrier for
gene and drug delivery, nanotechnology, small interfering RNAs (siR-
NAs), and tumor therapy. LNP has been extremely well researched
over the past decades, with 12,627 papers dealing with LNP from
2011 to 2021 based on data from the Science Citation Index extended
database and 1,068 papers on LNP as carriers alone, with 31 of these
papers related to viruses. The British hematologist Alec D Bangham
first discovered LNP in 1961 at the Babraham Institute in Cambridge
[6] and first recognized phospholipids as closed bilayers in aqueous
systems [7]. The use of LNP was also documented as early as 1973,
when the use of LNP encapsulated with ethylenediaminetetraacetic
acid and diethylenetriaminepentaacetic acid to alleviate plutonium
poisoning increased urinary excretion of plutonium and prolonged sur-
vival in mice [8].
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Fig. 1. Summative scheme of antiviral nanosystems.

2.1. LNP for compounds delivery

Several small molecule compound drugs have been approved for
the treatment of human infectious diseases. Iodoside was the first drug
approved for the treatment of HSV infection, primarily for human her-
petic keratoconjunctivitis, but it cannot be used for systemic antiviral
therapy because it cannot distinguish between viral and host cell func-
tion. Acyclovir was the first antiviral drug to be successfully adminis-
tered intravenously. It inhibits DNA viruses such as herpesvirus, VZV
and adenovirus but is ineffective against many RNA viruses; currently,
it is used to treat herpes keratitis, herpes encephalitis and herpes zos-
ter. It is also toxic and has effects on liver and kidney function and
bone marrow. Acyclovir is the drug of choice for the treatment of her-
pesvirus infections but has the disadvantage of low oral bioavailability
and the development of drug resistance with long-term use, so there is
an urgent need to develop new antiviral drugs with better effectiveness
and less toxicity.

Therefore, researchers have conducted numerous studies to address
this feature of LNP. Hendricks et al. [9] generated LNP containing hep-
aran octasaccharide sulfate, which binds to pathogens and inhibits
HSV infection. Maitani et al. [10] investigated a novel application by
developing LNP without antiviral drugs but containing branched poly-
ethyleneimine (Fig. 2A-C). When applied topically, these particles
inhibited HSV-2 by a unique mechanism. Tahara [11] demonstrated
that cationic LNP containing stearylamine can inhibit recombinant
baculovirus infection without preloading with an active drug
component.

Most in vivo gene editing studies have relied on adenovirus (AAV)
for local delivery of CRISPR components to the retina, skeletal muscle
or liver. However, the application of AAV is limited by its low carrying
capacity, immune response, hepatotoxicity and lack of cellular target-
ing. In contrast, LNP have the advantages of low toxicity and low
immunogenicity and are suitable for the delivery of small molecule
nucleic acids. Thi et al. [12] designed an LNP (NP-718m-LNP) encap-
sulated with siRNA targeting Ebola virus (MARV), which was shown to
inhibit MARV replication in vitro and exhibited broad-spectrum activ-
ity against three different MARV strains in an infected guinea pig
model. Compared with the control group, viral load and viral transmis-
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sion were reduced in the organs of the group treated with LNP. The
RNAi-based nanoparticle treatment modality was able to downgrade
the expression of viral receptors in cells. Lymphocyte function-
associated antigen-1 (LFA-1) is a common ligand that can target T cells
and macrophages. Based on this background, Kim et al. modified LFA-
1 on the surface of LNP and wrapped anti-CCR5 siRNA into the interior
of LNP. This design was able to reduce the expression of CCR5, thereby
lightening HIV infectivity and reducing viral load in mice [13].

2.2. LNP for biological active molecules delivery

VZV is a neurophilic and lymphophilic alpha herpesvirus that
causes varicella and herpes zoster (HZ). The approved live attenuated
VZV vaccine is ineffective, whereas the recombinant subunit vaccine
provides high protection rates and long protection periods. Wui
et al. [14] developed a new adjuvant system, CIAO9A, which consists
of cationic LNP, Toll-like receptor 4 (TLR4) agonist deacylated low-fat
sugar and cholagogue saponin fraction QS-21. The experimental
results demonstrated that the CIAO9A-adjuvanted IgE vaccine was
highly effective in provoking humoral and cellular immune responses
against the recombinant IgE protein and the VZV mouse model. In
addition, the frequency of IgE-specific activation of the multifunc-
tional CD4 + T cell cytokines interferon (IFN)-c, tumor necrosis factor

A Preinfection Postinfection
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(TNF)-a and interleukin (IL)-2 was significantly increased after adju-
vant vaccine immunization of mice.

3. Polymers-based antiviral nanodelivery system

Among the antiviral drug delivery systems, polymers have been
widely used due to their unique structural characteristics (Table 1).
They are synthesized by solvent evaporation, spontaneous emulsifica-
tion and solvent diffusion, and made of biodegradable polymers (e.g.,
poly(lactide-co-glycolide), PLGA) or natural polymers (e.g., chitosan
and alginate). Amphiphilic block copolymers are a major manifesta-
tion of polymers as nanodrug delivery systems. Polymer micelles are
formed when amphiphilic polymer molecules associate spontaneously
to form a core-shell structure in an aqueous medium. The core of the
hydrophobic micelles is surrounded by a hydrophilic block shell, such
as polyethylene glycol (PEG). The hydrophobic core supports poorly
water-soluble drugs. Meanwhile, the hydrophilic shell stabilizes the
core, prolongs the blood circulation time, and increases accumulation
in tumor tissues. Based on this, researchers have further developed
smart polymers (stimulus-responsive polymers) that can change their
physical and chemical properties in response to environmental stimuli
by changing their conformation. The stimulations include physical
(light and heat), chemical (pH) and biological molecules (enzymes).
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The versatility of polymers and their ease of combination makes it pos-
sible to achieve more accurate and programmable drug delivery in
specific environments.

3.1. Polymers for compounds delivery

Polymers can protect small molecule compound drugs from degra-
dation and immune escape. Chloroquine diphosphate (CQ) has
attracted much attention due to its anti-HSV-1 virus activity, but it is
difficult to achieve an effective therapeutic concentration in the cell.
CQ-loaded D,L-poly(lactic acid) nanoparticles were prepared by an
improved emulsification-solvent evaporation method (Fig. 2D and
E), which effectively improved the antiviral activity of the drug
[15]. To achieve the sensitivity and high entrapment efficiency of drug
inside the cells, Shaymaa Shawky et al. synthesized chitosan nanopar-
ticles followed by polyvinyl alcohol nanoparticles and loaded sofosbu-
vir (SOF, a hepatitis C virus inhibitor) onto each of the two carriers,
which showed that the release rate of SOF could be effectively reduced
[16].

IAV is seasonal and highly infectious, and although research and
development of related drugs has been ongoing, the rapid mutation
of the virus and the development of drug resistance have kept the
problem of influenza unresolved. Against this background, Chun
et al. [17] proposed amphiphilic polymeric delivery vehicles (PBA-
Somes) modified by conjugation with phenylboronic acid (PBA, which
interacts with sialic acid residues on the cell surface through the for-
mation of hydrogen bonds between diol groups [18,19] and which
plays an important role in the attachment of IAV and the binding of
PBA [20]) could be used to deliver miR323a (an intracellular drug that
interferes with RNA virus polymerase and binds to the PB1 gene of the
HI1NT1 virus [21]) and favipiravir (a pseudopurine nucleotide) into the
host cell simultaneously, and through this combined administration
thereby improving antiviral efficacy. The polymer was self-
assembled from a mixture of a methoxy-poly (ethylene glycol)-block-
poly(phenylalanine) (mPEG-b-Phe) amphiphilic copolymer and a
PBA conjugated polymer (PBA-PEG-b-pPhe). MiR323a and favipiravir
were encapsulated in the core and bilayer of PBASomes, respectively.
Their results showed that miR323a and favipiravir significantly
enhanced the therapeutic effect of miR323a and favipiravir against
HIN1 virus infection. In addition, RME induction and cell structure
simulation demonstrated that PBASomes had the advantages of good
intracellular uptake, slow release and low cytotoxicity, and could be
used as efficient combination drug carriers for IAV treatment.

3.2. Polymers for biologically active molecule delivery

A neutralizing monoclonal antibody can specifically neutralize a
virus and prevent it from entering the cell to proliferate. It can be used
as short-term prevention among high-risk populations and for the
treatment of diseases after viral infections such as HIV. During com-
bined antiretroviral therapy of HIV, it has been found that intestinal-
related lymphoid tissues can quickly establish HIV virus reservoirs
within HIV-infected patients, which can lead to drug resistance that
is hard to treat [22]. Cao designed a core—shell nanosystem comprised
of a PLGA core and a phospholipid bilayer shell [23]. For coupling
a4p7 monoclonal antibodies (x4p7-LCNPs), researchers coated PEG
on the surface of the shell. To prevent infected cells from producing
new HIV particles in GALT, protease inhibitors were also encapsulated
in LCNPs. Additionally, the nanosystem was loaded with tipranavir
(TPV). The results showed that the LCNP system can deliver antiretro-
viral drugs and monoclonal antibodies to HIV host cells to reduce their
viral load.

4. Other nanomaterials for antivirus

In addition to the two main classes of nanocarriers, LNP and poly-
mers, researchers have proposed a number of other structured
nanocarriers for the delivery of viral infections. Moreover, some nano-
materials showed antiviral effects themselves (Table 2). For instance,
silver nanoparticles (AgNPs) are able to bind to viral surface proteins,
thus preventing the virus from entering the cell by contacting receptor
proteins on the surface of the cell membrane [24]. For the purpose of
this review, we classified these carriers into metal nanocarriers,
carbon-based nanocarriers, protein carriers and hybrid nanocarriers.

4.1. Metal nanocarriers

AgNPs have shown promising efficacy in the antibacterial and
antiviral fields [25]. AgNPs can bind viral surface proteins and inhibit
the interaction between viruses and cell membrane receptors (Fig. 3A).
It has also been reported that AgNPs can inactivate viruses by denatur-
ing surface proteins containing cysteine and methionine residues on
the viral capsid. For instance, AgNPs smaller than 10 nm have been
shown to interact with the sulfur-containing residues of the gp120 gly-
coprotein, which is distributed on the lipid membrane of HIV-1 virus
and can prevent the virus from binding to the CD4 receptor site on
the host cell, thereby suppressing viral infection [26]. However, it is
essential to note that the antiviral properties of AgNPs are determined
by their specific particle structure in solution and not by the silver ions
themselves [27].

Based on this background, researchers have successively applied
silver nanoparticles with different structures for antiviral therapy.
Lin et al. [28] designed zanamivir-modified AgNPs (Ag@ZNV) for
the inhibition of HIN1 virus neuraminidase activity. Moreover,
Ag@ZNV inhibited caspase-3-mediated apoptosis through ROS pro-
duction, confirming that Ag@ZNV could effectively reduce apoptosis
due to HIN1 infection.

Gold nanoparticles (AuNPs) are less toxic to healthy cells and more
conducive to translation to clinical applications than AgNPs. In fact,
researchers have successfully demonstrated that AuNPs could inhibit
virus entry into host cells by interacting with hemagglutinin and oxi-
dizing the disulfide bond of this glycoprotein, leading to its inactiva-
tion and thereby hindering the membrane fusion of the host cell
with the virus. Particularly for pandemic viruses with surface proteins
capable of rapid mutation, new treatment strategies for targeted
hemagglutinin are more applicable than conventional therapies [29].
Moreover, the antiviral activity of AuNPs correlates with the surface
area exposed, with the larger the surface area, the higher the antiviral
activity. Thus, the size and modality of these AuNPs play an important
role in their antiviral activity.

Chattopadhyay et al. [30] prepared highly monodisperse spherical
gold nanoparticles for the inhibition of HSV. The experimental results
showed that the monodisperse gold nanoparticles effectively pre-
vented HSV from attaching and entering Vero cells, and their cytotox-
icity was lower than that of acyclovir (Fig. 3B and C). Kim et al. [31]
found that porous AuNPs were more effective in inhibiting influenza A
virus infection than nonporous AuNPs. This was related to the higher
surface area of the porous material, with the higher surface area facil-
itating the interaction of AuNPs with the envelope, thereby increasing
their antiviral activity.

Titanium-based nanoparticles have become a popular material for
nanodelivery due to their low toxicity, good stability and cell mem-
brane permeability. In recent years, nucleic acid delivery has become
a major area of research in antiviral therapy. How to achieve efficient
delivery of nucleic acids has become an issue of great interest to
researchers in various countries. The ability of titanium dioxide
nanoparticles to protect the modified portion of oligonucleotides has
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Table 2
Other nanomaterials used for antiviral therapy.

Drug delivery system Loading drugs Mechanism of action References

AgNPs F— Inhibiting the interaction between viruses and cell [25]
membrane receptors

e Inactivating viruses by denaturing surface proteins [26]

containing cysteine and methionine residues on the viral
capsid

AuNPs —_— Hindering the membrane fusion of the host cell with the [29-31]
virus

TiOy Nucleic acids Protecting partial modification of oligonucleotides and [32]
inter-nucleotide bonds

Carbon dots _— Modulating IFN to inhibit viral replication at an early stage [38]
of infection

Albumin Saponins Reducing plasma histone H4 and NETosis-associated factors [40]
and alleviating SARS-CoV-2 ICU patients' PBMCs in
SREBP2-mediated systemic inflammation

Exosomes Interferon-induced transmembrane protein 3 (IFITM3) Suppressing ZIKV viremia by a 2-log reduction in pregnant [50]
mice

HIV-1 promoter Suppressing continuously epigenetic inheritance of HIV-1 [48]
Hybrid nanocarriers Zanamivir Binding with IAV virus and inhibiting viral infection [51]

IFN: Interferon; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; PBMC: Peripheral blood mononuclear cell; ZIKV: Zika virus; HIV: Human

immunodeficiency virus; IAV: Influenza A virus.

attracted attention. Levina et al. [32] developed TiO,PL-ODN, a crys-
talline form of titanium dioxide nanoparticles containing oligonu-
cleotides. They first synthesized phosphodiester-modified
oligonucleotides, which were then combined with titanium dioxide
to obtain TiO,PL-ODN nanoparticles. The experimental results showed
that the mouse-targeted oligonucleotides in the nanocomposites had
the ability to interact with complementary RNAs, which verified that
titanium dioxide nanoparticles provide protection against partial mod-
ification of oligonucleotides and internucleotide bonds in
nanocomposites.

4.2. Carbon-based nanomaterials

The DC-SIGN (dendritic cell (DC)-specific intercellular adhesion
molecule-grabbing nonintegrin) receptor is a critically important cohe-
sion receptor through which viruses can efficiently recognize glycopro-
teins (GPs) containing mannose and fucose in a multivalent manner
and adhere to the cell surface to enter the host cell. Thus, blocking this
receptor at an early stage of infection to inhibit entry of the pathogen
enables the design of new antiviral drugs. To achieve this, researchers
have designed various multivalent scaffold materials. Fullerenes are
also considered antiviral scaffold materials due to their ability to func-
tionalize multiple molecules on their convex surface. Antonio Muiioz
et al. [33] synthesized spherical topological molecules formed from
hexadecane adducts of fullerenes by introducing 120 sugar units using
efficient CuAAC click chemistry, with the centrally located fullerene
molecule covalently linked to 12 surrounding fullerene molecules,
each of which was sequentially assigned 10 monosaccharides. Infec-
tion analysis showed that these nanospheres effectively inhibited arti-
ficial Ebola virus infection of cells and suppressed virus concentrations
to half of the subnanomolar range.

In addition to adhesion to host cells through recognition of GPs,
viruses can also bind heparan sulfate (HS) on the surface of host cells
[34] to achieve attachment of viral particles and entry into susceptible
cells (HS is a negatively charged linear polymer consisting of alternat-
ing hexoses and glucosamine, which are sulfated at different locations
[35]). Whereas graphene has excellent thermal conductivity, it has
been demonstrated that graphene can be used in photothermal therapy
and photodynamic therapy for bacterial inactivation [36]. Therefore,
the functionalized modification of graphene with HS not only enables
the capture of viruses but also their inactivation by photothermal con-

version. Archana R. Deokar et al. [37] designed a sulfonated magnetic
nanoparticle prepared using functionalized reduced graphene oxide
(SMRGO) to achieve the capture and photothermal inactivation of
HSV-1 viruses (Fig. 4A-C).

Surface-functionalized carbon dots, because they can modulate the
response of antiviral type I interferon (IFN), can play a role in inhibit-
ing viral replication at an early stage of infection (Fig. 4D and E) [38].
Curcumin (CCM), a polyphenolic compound obtained from turmeric
roots, has received wide attention in several fields due to its antioxi-
dant, antiviral, anti-inflammatory and antibacterial functions. Free
CCM is insoluble in physiological media, and its bioavailability
in vivo is poor, preventing its full therapeutic effect. Therefore, Ting
et al. [39] prepared antiviral cationic carbon dots (CCM-CDs) using
CCM as a precursor, thereby enhancing the bioavailability of CCM
and achieving synergistic antiviral effects. CCM-CDs first altered the
protein structure on the surface of porcine epidemic diarrhea virus
(PEDV), thereby inhibiting the entry of PEDV; after this, CCM-CDs fur-
ther suppressed the synthesis of viral negative-strand RNA, viral out-
growth and the accumulation of reactive oxygen species (ROS) in
cells infected by virus, thereby inhibiting the progression of the infec-
tion process.

4.3. Albumin

Albumin is the most abundant plasma protein and it plays a crucial
role in regulating the colloid osmotic pressure of plasma and transport-
ing various lipid-soluble endogenous compounds. Over the past dec-
ades, albumin has been widely used as a nanodrug carrier due to its
better biocompatibility, low immunogenicity and wide availability. A
wide range of drugs can be bound to albumin via covalent interactions,
electrostatic interactions or hydrophobic interactions. A prime example
is the approval of albumin paclitaxel by the US FDA in 2005 for the treat-
ment of breast cancer. In addition, different sizes of albumin nanoparti-
cles (20-300 nm) can be prepared under mild conditions, thus
considerably expanding their application range. For example, Park
et al. [40] designed PEGylated nanoparticle albumin-bound (PNAB)-
steroidal ginsenoside derivatives to modulate the hyperinflammatory
response and sepsis in critically ill patients with COVID-19. Saponins
have a steroid-like structure and are able to inhibit TLR-4-mediated sys-
temic inflammatory responses and they possess biological activities,
including immunostimulant and antioxidant effects [41]. Experimental
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data showed that the application of PNAB-steroidal ginsenosides effec-
tively reduced plasma histone H4 and NETosis-associated factors and
alleviated PBMCs in ICU patient with COVID-19 in SREBP2-mediated
systemic inflammation (Fig. 5 A and B).

4.4. Exosomes

Exosomes are nanoscale (40-100 nm) vesicles secreted by cells
that play an important role in intercellular material transport and

signaling [42]. Exosomes are similar in size and function to syn-
thetic nanostructures, but as natural endogenous transport carriers,
they have the advantages of low toxicity, nonimmunogenicity and
good penetration and therefore may become more viable drug deliv-
ery vehicles [43]. In addition, exosomes can be extracted from
patient fluids or cells and they have a higher biosafety profile than
other nanodelivery vehicles [44]. Additionally, exosomes carrying
cell surface molecules have a high adsorption capacity, are able to
overcome various biological barriers and are naturally targeted,
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making exosome delivery systems well suited as delivery vehicles
for antiviral therapy [45-47].

To achieve long-term suppression of HIV-1 virus and to reduce the
side effects of treatment, Surya Shrivastava et al. [48] designed an
HIV-1 promoter targeting zinc finger protein (ZFP-362), which was
integrated into the active region of DNA methyltransferase 3a and
could continuously suppress epigenetic inheritance of HIV-1. The mod-
ified cells produced exosomes containing RNA encoding this HIV-1
suppressor protein. The results show that this HIV-1 suppressor can
effectively inhibit viral gene expression, demonstrating the potential

of exosomes as a vehicle for the delivery of specific gene epigenetic
regulators. In addition, it has been shown that exosomes can cross
the placental barrier and build a communication bridge between
mother and fetus [49]. Based on this, Zou et al. [50] designed an exo-
some (IFITM3-Exos) containing IFITM3 (interferon-inducible trans-
membrane protein 3) for the treatment of Zika virus (ZIKV virus,
which causes neurological complications and fetal defects) infection.
The results showed that exosomes delivered IFITM3 protein across
the placental barrier, significantly inhibited ZIKV expression and alle-
viated viremia in major fetal organs.
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4.5. Hybrid nanocarriers

Although, in the above discussion of carriers, we have detailed
their respective structural characteristics and therapeutic advantages,
single structural types of carriers tend to have their own drawbacks.
Therefore, researchers have developed the concept of hybrid nanocar-
riers to maximize the therapeutic effects.

The binding of viral glycoproteins to receptors on the surface of cell
membranes is responsible for the infection of organisms with viruses.
In the case of IAV, hemagglutinin and neuraminidase (NA) on its sur-
face can bind to sialic acid receptors on the cell membrane for recog-
nition and thus enter the host cell. For this reason, researchers have
designed polysialylated structures with synthetic scaffolds for the inhi-
bition of IAV infection. However, different IAV subtypes do not bind to
cells in the same way, and it is difficult to achieve broad-spectrum
inhibition of IAV infection with a common trimeric structure. In con-
trast, cell membranes are highly stable self-assembling structures and
naturally possess viral binding receptors, which are ideally suitable
for the design of inhibitors with multivalent binding capacity. Based
on this background, Nie et al. [51] designed and synthesized a
heteropolyvalent topological nanostructure based on host cell mem-
branes that acted as a sialic acid donor and loaded it with zanamivir

as an NA inhibitor to achieve efficient binding of the nanosystem to
the IAV virus and inhibit viral infection (Fig. 5C-F).

5. Conclusion and discussion

Advances in biomaterials promote the development of nanomedi-
cine. In the above discussion, it is easy to see that each type of nan-
odrug delivery system has its own advantages. LNPs, which are
mainly formed from phospholipids, are nontoxic, biocompatible and
biodegradable and can also reduce the toxic effects of carrier mole-
cules, which means they are particularly suitable for oral or other
routes of drug delivery. Polymers have various compositions, sizes,
morphologies and surface properties that can be adjusted by applying
different ingredients and manufacturing methods for specific applica-
tions. Tailoring polymers can improve organ selectivity by introducing
targeting groups. Meanwhile, some inorganic nanoparticles, such as
AgNPs and AuNPs, can bind to viral surface receptors and prevent
viruses from entering the host cell. However, it is important to note
that LNP has been shown to induce immune reactions on several pre-
vious occasions, suggesting that potential immune reactions should be
considered. In addition, although inorganic nanoparticles or nanode-
livery systems have good antiviral activity, they are difficult to
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degrade in living organisms and tend to accumulate in the body, caus-
ing organ toxicity. In contrast, cationic polymers can bind to nega-
tively charged cell membranes to increase permeability and facilitate
endocytosis, but they also show cytotoxicity by damaging the cell
membranes and reducing the DNA release rate.

Therefore, some factors need to be considered when developing
nanodrugs for antiviral therapy. First, the choice of nanodelivery sys-
tems depends on the characteristics of the antiviral drug. For example,
the activity of the antiviral drug suramin is often limited by its diffi-
culty in penetrating cell membranes and poor cellular internalization,
and the use of cationic LNP can overcome this obstacle very well. To
inhibit the adhesion of LNP to mucus and make it easier to pass
through epithelial cells, LNP can be modified with PEG to improve
their molecularly neutral nature. Second, as a drug delivery vehicle,
the efficiency of drug release at the targeted site is also a key problem
that needs to be considered. Nucleic acid drugs, for example, are of
great interest because of their ability to act directly on disease-
causing target genes or target mRNAs to treat disease at the genetic
level. However, nucleic acid drugs are susceptible to degradation by
RNase enzymes in vivo, and it is difficult to achieve lysosomal escape,
resulting in a failure to achieve effective drug concentrations at speci-
fic target sites. Multitailed ionizable phospholipids can facilitate mem-
brane transformation in acidic endosomal environments and
subsequently release nucleic acid drugs from endosomes [52]. Finally,
the development of universal vectors for different virus species also
needs to be considered. With so many different types of viruses and
variants, a single antiviral system is no longer the answer to today's
pandemic dilemma, and the development of universal antiviral nan-
odelivery systems to achieve broad-spectrum antiviral therapy is a
major trend for the future.
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