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Abstract
The COVID-19 pandemic’s high mortality rate and severe socioeconomic impact serve as a reminder of the urgent need for 
effective countermeasures against viral pandemic threats. In particular, effective antiviral therapeutics capable of stopping 
infections in its tracks is critical to reducing infection fatality rate and healthcare burden. With the field of drug delivery 
witnessing tremendous advancement in the last two decades owing to a panoply of nanotechnology advances, the present 
review summarizes and expounds on the research and development of therapeutic nanoformulations against various infec-
tious viral pathogens, including HIV, influenza, and coronaviruses. Specifically, nanotechnology advances towards improving 
pathogen- and host-targeted antiviral drug delivery are reviewed, and the prospect of achieving effective viral eradication, 
broad-spectrum antiviral effect, and resisting viral mutations are discussed. As several COVID-19 antiviral clinical trials are 
met with lackluster treatment efficacy, nanocarrier strategies aimed at improving drug pharmacokinetics, biodistributions, 
and synergism are expected to not only contribute to the current disease treatment efforts but also expand the antiviral arsenal 
against other emerging viral diseases.
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Introduction

Infectious viral diseases present a major public health threat 
that prompts continuing developmental efforts for effective 
antivirals. Until today, more than 6590 virus species had 
been classified [1], more than 1031 viruses on Earth were 
estimated [2], yet only 50 antiviral drugs have been approved 
for human use [3]. In 2020, severe acute respiratory syn-
drome coronavirus (SARS-CoV-2), which was first identi- 
fied in Wuhan, China, led to a global pandemic that height-
ens the urgency to search for effective antiviral treatments. 
As of December 7th, 2020, the virus has led to 67 million 

cases and more than 1.5 million deaths reported globally [4]. 
The recent interim results from the Solidarity Trial, which 
is an international clinical trial enrolling patients in over 30 
countries aimed at finding an effective treatment for COVID-
19, paint a sobering picture of the antiviral landscape for 
COVID-19 treatment. Four antiviral compounds, including 
remdesivir, hydroxychloroquine, iopinavir/ritonavir, and 
interferon, reportedly showed little or no effect on patient 
prognosis in the trial [5]. The quest for effective antivirals 
is not unique to the COVID-19 pandemic and has been an 
ongoing challenge in the continuing battle against numerous, 
mutation-prone viral pathogens. Early in the 1960s, antiviral  
drugs were first designed to target viral proteins to interfere 
with their ability to highjack cellular machinery for replica-
tion. Amantadine and rimantadine, for example, served as 
antiviral drugs for influenza A that inhibit virus replica- 
tion by impairing membrane protein M2, an acid-activated 
ion channel presented only on the surface of the influenza A  
viruses [6]. Unfortunately, the virus’s rapid mutation soon 
led to widespread resistance; amantadine is no longer rec- 
ommended due to drug resistance. Along with 
viruses’ capability to evolve, new treatment modalities and 
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pharmaceutical agents have emerged as researchers tap into  
other molecular pathways of virus replication. More recently, 
the emergence and advances of material science and nano-
technology research have added new design elements and 
creative freedom in antiviral formulation development, and 
the adoption of nanocarriers has shown significant promise 
in addressing the shortcomings of small molecule antiviral 
compounds. The present review summarizes the landscape 
of nanotechnology advances in antiviral drug delivery and 
discusses how emerging nanoformulation designs may be 
relevant in the COVID-19 pandemic.

The adoption of nanotechnology for numerous aspects of 
disease management, including pathogen detection, saniti-
zation, treatment, and vaccination, has been covered in sev-
eral recent reviews and commentaries [7–11]. Most notable 
among nanotechnology’s contributions to pandemic control 
is the rapid rollout of mRNA vaccines made possible by 
nanocarriers comprised of ionizable lipids [12]. The present 
article focuses on the drug delivery benefit of nanocarri-
ers for enhancing antiviral efficacy. We highlight different 
categories of antivirals and the design principles tailored 
to different antiviral compounds. Specifically, nanoparti-
cle-based delivery strategies for enhancing pathogen- and 
host-targeted antivirals are reviewed. In addition, we present 
recent development in biomimetic nanocarriers and discuss 
their prospects towards targeted drug delivery to viral path-
ogens and virus-infected cells. While few antiviral nano-
formulations have been developed against SARS-CoV-2, 
many nanocarrier design principles are readily compatible 
with the current treatment concepts against the pandemic. 

The relevance of these nanocarrier delivery strategies to the 
COVID-19 pandemic is further discussed.

Virus replication cycle and antiviral delivery

Viruses rely on host cell machineries for replication, and the 
underlying mechanisms through which viruses invade, hijack, 
and release from a cell constitute drug targets where pharma-
ceutical interventions can intercept viral replications. Viral 
replication consists of multiple distinctive steps, including 
attachment, entry, uncoating, transcription/mRNA production, 
synthesis of viral components, virion assembly, and release, 
and many pathogen-targeted antivirals have been developed to 
intercept each of these steps (Fig. 1). To gain access to cellular 
machineries, viruses infect host cells by interacting with the 
surface marker on cellular membranes and then fusing with 
the cellular membranes [13]. The putative interaction between 
SARS-CoV-2 and human ACE2, for instance, has led to block-
ing strategies based on ACE2 mimics as well as monoclonal 
and polyclonal antibodies against SARS-CoV-2 spike proteins 
[14]. A current anti-HIV drug, Enfuvirtide, is an HIV fusion 
inhibitor that also targets this step. It works by targeting the 
final stage of fusion, preventing the entry of HIV and protect-
ing uninfected cells from being infected. After the virus enters 
the host cell, it releases its genome by uncoating, a process 
in which viral capsid is removed via enzyme degradation or 
simple dissociation [15], leading to viral release of genomic 
nucleic acid, which can either be DNA or RNA. The virus 
genome replication and the translation of viral proteins sub-
sequently take place, leading to the production of viral protein 

Fig. 1   A schematic representation of virus replication step, antiviral drugs aimed at distinctive stages of viral replication, and gain of feature 
with nanocarriers. Created with BioRender
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components, including its shell, envelope, capsids, and nucleo-
proteins. In the case of SARS-CoV-2, a critical step in the viral 
replication lies in the translation of RNA-dependent RNA poly-
merase (RdRp), which replicates viral RNA for viral protein 
synthesis [16]. The use of remdesivir, which is a nucleoside 
mimic, functions by blocking RdRp during mRNA replication, 
thereby halting virus proliferation[17]. Ribavirin, another anti-
viral drug primarily used to treat hepatitis C and respiratory 
syncytial virus (RSV), also functions as a nucleoside inhibi-
tor and stops viral mRNA synthesis and viral mRNA capping. 
Upon successful translation of viral RNA into viral proteins, 
structural-mediated self-assembly of the virus particles leads 
to complete production of the virus. The virus can then be 
released from the host cell via cell lysis [18]. Compounds that 
interfere with post-translational modification of proteins, such 
as glycosylation, can be applied to intercept this last stage of 
viral replication. For instance, 1-deoxynojirimycin (DNJ), an 
alpha-glucosidase inhibitor, can block hepatitis B virus (HBV) 
secretion by interfering with viral protein glycosylation [19]. 
Figure 1 illustrates the different antiviral drugs aimed at tar-
geting individual steps of viral replication, and it shows the 
delivery barriers facing antiviral compounds. Outside of anti-
virals that blocks host-pathogen interactions, all other antivi-
ral compounds require entry into the cytosolic compartment 
for their intended actions. Take remdesivir for example, the 
active, nucleotide analog component cannot pass through the 
plasma membrane barrier, and an enzyme-labile proTide linker 
is required to deliver these nucleotide analogs [20]. The same 
design can be found in other nucleotide-based antivirals such as 
sofosbuvir, tenofovir, and alafenamide. While the delivery chal-
lenge of nucleotide analogs has been addressed with prodrug 
chemistry, it highlights the delivery barriers, including low cel-
lular uptake, poor pharmacokinetics, and the off-target effect, 
which can impede the development of small molecule and 
macromolecular antiviral compounds. With the goal of more 
effectively shuttling antiviral compounds to cells and tissues, 
it can be conceived that nanocarriers, a platform that shares 
structural and size similarity with natural virions, can be uti- 
lized to direct drug payloads to sites preferentially accessed by 
viruses. Other benefits of nanocarrers, such as sustained drug 
release, multidrug synchronization, and targeting funcitonali-
zation, can further broaden the landscape of antiviral designs 
and addresses the shortcomings of antiviral compounds 
through specifically designed controlled release.

Nanoparticles delivering pathogen‑targeted 
antivirals

While many approved antivirals exhibit excellent efficacy in 
containing viral diseases such as HIV, influenza, and hepati-
tis C, ongoing concerns with virus mutations, emerging viral 
threats, as well as the need to improve patient compliance 

and treatment logistics necessitates continuing develop-
ment of antiviral formulations [21]. As nanocarrier plat-
forms emerge in the last few decades, nanoparticles are now 
widely used in many treatment applications, such as cancer 
immunotherapy, antimicrobial, bioimaging, and diagnosis-
related applications [22, 23]. As viruses are nanoparticulates 
by nature, the inherent morphological similarity shared by 
synthetic nanocarriers can help address the delivery barriers 
in antiviral treatment. For example, due to the morphologi-
cal and size similarity, nanoparticles can be designed to be 
promptly uptaken by the cells, much like the virus deliv-
ering its genetic materials into the host cells. Alternation 
of a drug’s pharmacokinetics and biodistributions can be 
specifically engineered to better direct antiviral compounds 
to infection [24].

With the technological progression of nanotechnology, 
including the introduction of a wide range of biocompat-
ible nanoparticle platforms such as polymer- and lipid-
based nanocarriers, drug compounds with a wide variety 
of physicochemical properties can be readily formulated 
for better stability, bioavailability, pharmacokinetics, and 
[24]. Nanoparticle-based antivirals can inhibit the effects 
of viral infection in several ways, and Table 1 lists antiviral 
nanoformulations that have been developed against major 
types of viral infections as categorized by pathogens. With 
several prior reviews having examined the different materi-
als used for antiviral nanoparticle preparation [21, 25], we 
herein examine the different drug delivery modalities made 
possible by antiviral nanocarriers. For pathogen-targeted 
antivirals, common delivery motifs include long-acting 
antiviral nanoparticles, cell and tissue-targeted antiviral 
nanoparticles, combinational antiviral nanoparticles, and 
nucleic acid-based antiviral nanoparticles (Fig. 2). These 
four delivery motifs highlight two primary design principles 
in antiviral nanoformulations: (1) modifying pharmacokinet-
ics and biodistributions and (2) enabling complex antiviral 
payload designs.

Long‑acting antiviral nanoparticles

Most antiviral formulations are administered within a short 
time period to suppress the acute onset of viral infections. 
In some cases of chronic infections, such as in the case of 
HIV, antiviral intake over a prolonged period is needed for 
sustained virus control. Although current antiviral drugs 
have significantly reduced disease mortality and extended 
the lifetime for HIV-1-infected patients, patient compliance 
on lifelong drug dosing has become a notable limitation. 
In such cases, a long-acting antiviral formulation that can 
sustain the drugs’ therapeutic concentrations in patients can 
be highly beneficial. For patients to achieve sustained viral 
suppression, the systemic antiviral concentration must be 
closely monitored and maintained at its therapeutic level. 
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Table 1   A summary of nanocarriers developed for enhancing antiviral drug delivery

Formulation Virus type Payload Feature Ref

Long-acting
  PLGA-chitosan HIV Tenofovir - Higher drug loading

- Sustain release
[26]

  Poloxamer 407 (P407)
Poloxamer 188 (P188)

HIV Ritonavir-boosted
Atazanavir

- Long-acting
- CD4+ restoration in blood
- Drug retention in recycling endosome

[27]

  PLGA HIV Emtricitabine (FTC) - High drug-loading for low cytotoxicity
- Sustained release
- In-cell retention

[28]

  PLGA HIV Bictegravir - Long-acting
- Prolonged intracellular retention
- Lower cytotoxicity
- Lower viral load

[29]

  Liposome
  DPPC/DPPG
  DSPE-PEG-MAL

HIV Indinavir - High drug conc. delivery
- Better HIV inhibition
- Low toxicity

[30]

  PLGA HIV Nelfinavir mesylate (NFV) - Increase drug solubility and oral bioavailability
- Sustained release

[31]

  PLGA HBV Lamivudine - Extended release
- Improved bioavailability

Cell/tissue targeting
  Poly(ε-caprolactone) (PCL) HIV Dapivirine - Promote intracellular drug delivery

- Cell type selected
- Low cytotoxicity
- Anti-HIV efficacy

[32]

  PLGA HIV Elvitegravir - BBB penetration
- Suppress HIV replication
- Better drug efficacy

[33]

  Liposome HIV HIV-1 protease inhibitor - gp120 targeted
- Prolonged antiviral activity
- Facilitated uptake only by the infected cell

[34]

  PEG-PLGA HIV - Histone deacetylase 
inhibitor

- Suberoylanilide 
hydroxamic acid (SAHA)

- Protease inhibitor nelfina-
vir (Nel)

- CD45RO targeted (latenly CD4)
- Activate and inhibit latent virus

[35]

  Liposome CMV Ganciclovir - Intravitreal injection
- Better inhibitory for CMV
- Lower cytotoxicity
- Uptake by all Tf receptor cells

[36]

  Liposome COVID-19 Lactoferrin - Inhibit ROS generation
- Pulmonary targeted
- Decrease viral replication

NCT04475120

  Inhaled nanoparticle COVID-19 Remdesivir - Pulmonary targeted
- Accessible administration
- Lower systemic toxicity

NCT04480333

Combinational
  PLGA HIV - Tenofovir alafenamide

- Elvitegravir
- Emtricitabine

- Decrease viral load
- Slow, Sustain release
- Limited systemic clearance

[37]

  Lactoferrin nanoparticles HIV - Zidovudine
- Efavirenz
- Lamivudine

- High payload encapsulation
- Controlled release with low toxicity
- Improved in-vivo pharmacokinetic

[38]

  Lipid nanoparticles HIV - Atazanvir
- Darunavir

- pH-responsive
- Sustain release

[39]
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Poor patient compliance can cause an increased risk for 
treatment failure and transmission of drug-resistant viruses. 
As such, several types of nanoparticles that prolong the 
pharmacokinetics of anti-HIV drugs, including tenofovir 
nanoparticles [26], [27], emtricitabine nanoparticles, and 
bictegravir nanoparticles, have been developed [28, 29]. 
For instance, Nowacek et al. demonstrated the prepara-
tion of a nanoformulated antiretroviral therapy (NanoART) 
through high-pressure homogenization of crystalline drugs 
with numerous surfactants for sustained drug delivery [49]. 
The NanoART are 200 nm in size and are readily uptaken 
by monocyte-derived macrophages. NanoART enables con- 
trolled release over 2 weeks, and weekly injections of the 
nanoformulation in HIV-1-infected humanized mice reduced 
viral loads by more than 1000-fold and protected CD4+ T 
cell populations from viral infection without any noticeable 
toxicities [50]. In another example, Hobson et al. formu- 
lated semi-solid prodrug nanoparticles (SSPNs) by emulsion-
templated freeze-drying with emtricitabine, a highly water-
soluble nucleoside reverse transcriptase inhibitor. The 
SSPNs exhibit long-acting drug release and high bioacti- 
vation under physiological conditions [51]. More recently, 
Kulkarni et al. showed an innovative way of making cabote-
gravir (CAB), a recently developed integrase inhibitor for 
HIV treatment, into a poloxamer-coated lipophilic prodrug 
nanocarrier. Excitingly, this nanoformulation comes with 
controlled hydrolysis that extends CAB’s plasma circula-
tion by up to 1 year with a single intramuscular injection 
[47]. These examples demonstrate the utility of nanocarriers 
towards sustained maintenance of antiviral levels for durable 

virus suppression (Fig. 1a). While prolonged antiviral treat-
ment is not presently pursued against SARS-CoV-2 as the 
virus is generally believed to be contained and eradicated 
upon patient recovery, several cases of viral relapse leading 
to recurring acute COVID-19 episodes have been reported 
[52]. These suspected cases of viral relapse point to the 
possibility of virus latency in some recovered patients, and 
a long-acting antiviral formulation may offer recourse in the 
case of persistent viral infections.

Cell‑ and tissue‑targeted antiviral nanoparticles

Nanoparticle surface functionalization with targeting ligand 
is a widely employed strategy in anticancer drug delivery 
towards enhancing drug accumulation in tumors. As anti-
viral drugs can likewise benefit from improved drug deliv-
ery to virus-infected sites, targeted nanoparticles directed 
towards specific cells and tissues have been designed for 
antiviral drug delivery. For example, liposomes surface-
functionalized with anti-gp120 antibodies have been pre-
pared to deliver an HIV-1 protease inhibitor to target infected 
cells with gp120 expression [34]. In another example, PEG-
PLGA nanoparticles functionalized with anti-CD45 have 
been prepared to enhance antiviral delivery to CD4 T cells, 
resulting in robust antiviral responses [35]. To enhance anti-
viral delivery to the eye, which is a hard-to-reach tissue that 
can be susceptible to cytomegalovirus infection, Asasutjarit 
et al. developed a nanocarrier with transferrin modification 
for the delivery of ganciclovir (GCV). This design enables 
active liposome targeting to cells in the retina. The liposome 

Table 1   (continued)

Formulation Virus type Payload Feature Ref

  Lipid nanoparticles HIV - Lopinavir
- Ritonavir
- Tenofovir

- Higher intracellular conc
- Controlled release

[40]

  PEG-PLGA IAV - Diphyllin
- Bafilomycin

- Higher drug loading with systained release
- Lower cytotoxicity
- Greater antivial activity

[41]

Nucleic acid delivery
  Liposome HIV RNAi: CCR5 - Lymphocyte targeted

- Systemic delivery siRNA
- T-cell HIV resistance

[42]

  Liposome EBV RNAi: EBV - Specific EBV targeted
- Systemic delivery siRNA
- High protection rate

[43]

  Lipid nanoparticles HBV RNAi: HBV - Lower toxicity
- Significant decrease in HBsAg content

[44]

  DTC-Apo liposome HCV RNAi: HCV - Increase antiviral activity
- Longer working duration
- Fast-acting

[45]

  PLGA HSV-2 RNAi: Necti
RNAi: UL29.2

- Lower toxicity
- Topical administration
- Against both viral and host cell

[46]
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is capable of safely delivering antiviral to human retinal pig-
ment epithelial cells with inhibitory effect against cytomeg-
alovirus [36].

To tackle viruses capable of infecting multiple cell 
types, Neves et al. developed poly(ε-caprolactone) (PCL) 
nanoparticles encapsulating dapivirine, a non-nucleoside 
reverse transcriptase inhibitor for HIV treatment, with 
three different surface modifiers: poloxamer 338 NF 
(PEO), sodium lauryl sulfate (SLS), and cetyltrimethyl-
ammonium bromide (CTAB) to maximize cellular uptake 
to Hela cells, VK2/E6E7 vaginal epithelial cells, and 
dendritic cells, respectively [32]. The PCL nanoparticles 
increased intracellular drug concentrations and improved 
antiviral activity with lower cytotoxicity over free dapi-
virine. In another example, Feng et  al. exploited the 
interaction between high-density lipoprotein (HDL) and 
hepatocytes’ surface receptors for antiviral delivery by 
complexing acyclovir palmitate with reconstituted HDL. 

The delivery strategy presents a promising treatment 
approach for Hepatitis B virus (HBV) as the majority of 
the acyclovir palmitate complex gets delivered to the liver 
[53]. For respiratory infections induced by the likes of cor-
onaviruses, it can be envisioned that lung-targeting strate-
gies may enhance therapeutic antiviral treatments. In fact, 
several clinical trials are currently ongoing to examine the 
efficacy of inhalable anti-COVID-19 nanoformulations, 
including remdesivir nanoparticle and liposomal lactofer-
rin (Clinical Trial #NCT04480333 and #NCT04475120). 
These formulations and treatment regimens are designed 
to enhancing the tissue localization of active antiviral 
compounds. Among emerging drug delivery systems and 
strategies, unique carrier designs have also demonstrated 
enhanced pulmonary drug delivery via the intravenous 
route [54]. For instance, it has been recently shown that 
nanoparticle-loaded chemokines can be anchored onto red 
blood cells to enhance lung-targeted immunotherapy [55]. 

Fig. 2   Pathogen-targeted nano-
formulation classified into four 
categories, including A long-
acting Cabotegravir prodrug 
fatty acid esters (FAE) nanorod, 
adapted from [47] capable of 
year-long drug release; B tissue 
targeting poly(ε-caprolactone) 
(PCL) nanoparticles capable 
of multivalent cell targeting, 
adapted from [48]; C com-
binational anti-HIV PLGA 
nanoparticle integrating current 
standard of care ART therapy, 
adapted from [37]; and D RNA-
based anti-Ebola lipid nanopar-
ticle that has shown therapeutic 
efficacy in non-human primates, 
adapted from [43]
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Such strategies may be similarly adapted to deliver antivi-
ral compounds against pulmonary infections.

Combinational antiviral nanoparticles

Combinational antiviral formulations, or otherwise known as 
antiviral cocktails, are a widely adopted strategy to improve 
drug efficacy and to reduce the potential of drug resistance 
development among mutation-prone viruses. Amidst the 
COVID-19 pandemic, cocktail therapies involving antibod-
ies, cytokines (i.e. interferon beta-1b), and small molecu-
lar compounds (i.e. lopinavir, ritonavir, and ribavirin) have 
been pursued extensively to treat infected patients [56, 57]. 
The benefit of combinational antiviral is best exemplified in 
treatment against HIV. In the early 1990s, HIV treatments 
were predominantly monotherapies with limited effective-
ness. As HIV mutates at a rapid pace, resistance against 
monotherapy treatment was frequently observed. A major 
clinical breakthrough came in the late 1990s as Ho et al. 
showed that the combination of three antiretroviral drugs tar-
geting different stages of HIV replication was highly effec-
tive in suppressing HIV concentration in patient plasma [58, 
59]. This breakthrough led to a paradigm shift in the design 
of antiviral regimens that favor combination therapy. Con-
currently, nanoparticles provide the opportunity to deliver 
multiple drugs in controlled-release settings for higher safety 
and therapeutic profiles and the ability to reduce drug dosing 
schedule and complexity. As such, nanoformulations incor-
porating multiple antivirals have been designed to deliver 
multiple antiviral compounds for synergistic actions [39, 
40]. Shibata et al. developed a PLGA nanoparticle to co-
encapsulate efavirenz (EFV), lopinavir (LPV), and ritona-
vir by a high-pressure homogenization method. The PLGA 
nanoparticle increases drug concentrations in several cel-
lular compartments within HIV-1-infected H9 monocytic 
cells and leads to higher inhibition of the HIV-1 infection 
[60]. Kumar et al., on the other hand, prepared a lactoferrin-
functionalized nanocarrier containing zidovudine, efavirenz, 
and lamivudine to enhance drug efficacy and bioavailabil-
ity; the nanoformulation was shown to reduce the toxicity 
of these first-line antiretrovirals [38]. Additionally, Mandal 
et al. co-delivered elvitegravir, tenofovir alafenamide, and 
emtricitabine with PLGA nanoparticles to treat chronic 
HIV-1 in a humanized mice model. After the mice received 
three subcutaneous doses of the nanoparticles, the viral load 
was decreased to a non-detectable level [37]. These studies 
highlight the utility of nanocarriers for synergizing multiple 
antiviral compounds through coordinated drug delivery.

Nucleic acid–based antiviral nanoparticles

The advancement of nucleic acid–based nanoformulation 
vastly expands the arsenal for pandemic management, and 

the benefits of nucleic acid–based formulations are best 
exemplified in the rapid clinical development of mRNA-
based vaccines, which can be designed rapidly upon viral 
genome identification following a disease outbreak [61, 
62]. Likewise, nucleic acid–based antivirals, such as those 
based on RNA interference (RNAi), may offer a similar 
advantage as such therapeutics can be quickly synthesized 
based on a virus’ genetic information. RNAi antivirals 
rely on the intracellular delivery of small interfering RNA 
(siRNA), a 20–27 based pair double-stranded RNA, which 
forms RNA-induced silencing complex (RISC) to mediate 
the degradation of viral mRNA and prevent viral protein 
translation [63]. Numerous variants of nanoparticles have 
been introduced to overcome the delivery hurdle of siRNA 
[64], and several RNAi antivirals have been studied in vari-
ous animal models. For example, during one of the most 
severe Ebola virus (EBOV) outbreaks between 2013 and 
2016, Thi et al. prepared a lipid-based nanoparticle (LNP) 
that contains cocktail siRNA targeting conserved genetic 
sequences shared by multiple EBOV viral strains. The LNP 
treatment was able to protect non-human primates against 
lethal EBOV challenge, resulting in a decrease in viral load 
and organ viral spread compared with the control group 
[43]. RNAi-based nanoparticle treatments have also been 
adopted to reduce the expression of viral receptors on cells. 
Kim et al., for instance, formulated an anti-HIV treatment 
by encapsulating anti-CCR5 siRNA into liposome surface 
modified with lymphocyte function-associated antigen-1 
(LFA-1), a specific ligand that can target T cells and mac-
rophages. The nanoformulation achieved leukocyte-specific 
gene silencing that was sustained for up to 10 days, and the 
reduction of CCR5 reduced HIV infectivity and decreased 
viral load in humanized mice [42]. Several other studies of 
RNAi-based antiviral nanoparticles have also shown promis-
ing preclinical efficacy against human simplex virus (HSV) 
[46], hepatitis B virus (HBV) [44], respiratory syncytial 
virus (RSV) [65], and influenza [66].

Nanoparticles delivering host‑targeted 
antivirals

The antivirals covered in the previous section are primarily 
aimed at targeting specific pathogenic proteins or pathogen-
specific infection mechanisms. Despite their wide adoption, 
pathogen-targeted antivirals generally possess narrow-
spectrum antiviral profiles and are susceptible to the emer-
gence of drug resistance phenotypes, thereby presenting 
unmet needs in the management of viral diseases. For 
instance, as viral proteins are most likely structurally distinc- 
tive among different virus species, pathogen-targeted anti-
virals developed for prior viral outbreaks may not be useful 
for newly emerged viral pathogens. In addition, the selective 
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pressure exerted by pathogen-targeted antivirals can favor 
drug resistance mutations. As such, host-targeted antivirals, 
which are compounds that target host proteins involved in 
the virus replication cycle, have emerged as promising 
alternatives towards broad-spectrum antiviral intervention. 
With the development of host-targeted antiviral compound 
being a fledging field that continues to introduce a growing 
number of chemical modulators against different infectious 
diseases [67], nanoparticle-based host-targeted antivirals have 
primarily focused on two specific mechanisms: inhibition of 
endosomal acidification and the induction of cellular antiviral 
state [68, 69]. The ensuing section reviews nanoparticle 
antivirals based on these two treatment modalities.

Antiviral nanoparticles targeting the host 
endosomal acidification process

With many viruses expressing acid-labile membrane fusion 
proteins that rely on the acidifying environment of endosomes 
for cellular entry, inhibition of endosomal acidification is a 
promising strategy for broad-spectrum antiviral treatment 
and has shown effectiveness against HIV, flaviviruses [70], 
influenza virus, and coronaviruses [71–74]. Among antiviral 
agents aimed at inhibiting endosomal acidification and the 
ensuing virus entry into the cellular cytosol, chloroquine 
and its derivative, hydroxychloroquine, are perhaps the 
most publicized examples during the COVID-19 pandemic. 
The 70-year-old anti-malaria drug was among one of the 
earliest compounds being tested for COVID-19 treatment. 
Chloroquine and hydroxychloroquine function as weak bases 
from their buffering capacity inhibiting endolysosomal 
acidification upon localization in these acidifying orga-
nelles. Mechanistic studies have shown that chloroquine and 
hydroxychloroquine may not only inhibit host endosomal 
acidification but also reduce phosphatidylinositol binding 
clathrin assembly protein (PICALM) to decrease the rate 
of endocytosis and virus uptake [71, 75]. Although their 
unsatisfactory efficacy against COVID-19 in non-human 
primates and in large clinical trials have dampened enthusi-
asm on these compounds [5, 76], the drugs’ good antiviral 
effect against several viruses as well as initial indications 
of anti-COVID-19 effectiveness in smaller clinical stud-
ies continues to inspire nanoformulation efforts towards 
improving the drug’s delivery efficiency and effective dos- 
age at the infection sites [77–79]. A potential reason behind 
the inadequate efficacy of chloroquine and hydroxychloro-
quine may be attributed to poor bioavailability and 
pulmonary delivery following oral administration [80]. As 
such, a liposomal formulation of hydroxychloroquine has 
been developed for pulmonary administration to enhance the 
drug’s effective concentration in the lungs. As in vitro EC50 
values of hydroxychloroquine against SARS-CoV-2 (0.72 
to 17.3 uM) indicate that a high local concentration may be  

needed to halt viral replication, Tai et al. prepared a liposo-
mal hydroxychloroquine formulation for pulmonary delivery 
[81]. Upon pharmacokinetic analysis in Sprague-Dawley rats 
following intratracheal administration, the liposomal formu- 
lation was found to enhance the drug’s pulmonary exposure 
and half-life by 30-fold and 2.5-fold, respectively, as com- 
pared with both intravenously and intratracheally admin-
istered free hydroxychloroquine. In addition to improving 
the drugs’ pulmonary residence, the liposomal formulation 
reduced blood and cardiac exposure of the compounds, 
thereby improving its safety profile. The group has devel-
oped a nebulizer system to deliver the formulation for clini-
cal translation. Although the benefit of liposome-formulated 
hydroxychloroquine is yet to be demonstrated against viral 
infections, a prior report of a liposomal chloroquine for-
mulation showed improvement of the drug’s anti-malaria 
effect via improved intracellular delivery  [82]. In a mouse 
model of malaria infection, the nanoliposome formulation of 
chloroquine significantly reduced the degree of parasitemia. 
This study validates the principle of nanocarrier-mediated 
delivery toward enhancing the efficacy of endosomal acidi-
fication inhibitors for disease treatment (Fig. 3).

Aside from chloroquine and hydroxychloroquine, bafilo-
mycin, diphyllin, and saliphenylhalamide (SaliPhe) have also  
received much scientific interest as broad-spectrum antivi-
ral candidates that function via the inhibition of host endo-
somal acidification. As opposed to acting as weak bases, 
these compounds directly inhibit vacuolar-type ATPase 
(V-ATPase) to obviate its proton-pumping action from acidi-
fying the endolysosomal compartment. Unlike the hydro-
philic chloroquine and hydroxychloroquine, however, these 
V-ATPase inhibitors typically have poor solubility and thus 
have limited therapeutic efficacy, and nanocarriers provide 
a much-needed vehicle to solubilize these compounds for 
cellular delivery [41, 83]. Take SaliPhe for example, SaliPhe 
encapsulated by thermally hydrocarbonized porous silicon 
(THCPSi) nanoparticles increased dissolution of the drug, 
leading to inhibition of influenza A virus infection with 
lower cytotoxicity in vitro. In the case of diphyllin, another 
V-ATPase inhibitor extracted from the plant Cleistanthus 
collinus, broad-spectrum antiviral activity has been dem-
onstrated against influenza virus, Zika virus, and corona-
viruses [84–86]. To improve the solubility and safety pro-
file of the compound, nanoparticulate diphyllin has been 
prepared using poly (ethylene glycol)-block-poly(lactide-
co-glycolide) (PEG-PLGA). In a study that examines the 
antiviral effect of diphyllin nanoparticle against feline infec-
tious peritonitis virus (FIPV), a coronavirus infecting cats 
but with high similarity to SARS-CoV-2 in terms of patho-
genesis and disease symptoms [87], diphyllin nanoparticles 
not only increased the antiviral activity over free diphyllin 
but reduced cellular cytotoxicity in an in vitro model [84]. 
In another study that examines the antiviral applicability of  
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diphyllin nanoparticles against influenza, a high-dose treat-
ment of diphyllin nanoparticles was well tolerated in mice  
[41]. Significant survival advantage was conferred by the 
diphyllin nanoparticle treatment in mice challenged with 
lethal influenza infection, and in a nonlethal influenza chal-
lenge model, diphyllin nanoparticle treatment resulted in 
higher weight gain and reduced copies of viral RNA in the 
lungs. The enhanced therapeutic profile of diphyllin upon 
nanoparticle encapsulation can be explained by enhanced 
delivery of the V-ATPase inhibitor to the endolysosomal 
compartment of cells, enabling the released molecules to 
more effectively interact with their intended target. These 
studies highlight the utility of host-targeted antiviral nano-
carriers as a broad-spectrum strategy against viral infections.

Antiviral nanoparticles inducing cellular antiviral 
state

Interferons (IFNs), and in particular type-I IFNs, are 
being actively pursued as therapeutic interventions against 
COVID-19 [5, 88], and multiple studies have linked COVID-
19 disease severity to reduced levels of endogenously 
produced IFNs [89, 90]. IFNs, which can be produced by 
multiple cell types in the body, are widely expressed pro-
inflammatory cytokines with potent antiviral and growth 
inhibitory effects. Recombinant protein engineering of IFNs 
has yielded clinically used biopharmaceuticals approved 
by the US Food and Drug Administration (FDA) for dif-
ferent antiviral and oncology treatments [91]. Endogenous 
in human bodies, IFNs can be induced by both viral and 
bacterial pathogens, which are sensed by several pattern 
recognition receptors (PRRs), including Toll-like receptors 

(TLRs), a retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs), nucleotide-binding and oligomerization domain 
(NOD)-like receptors (NLRs), and stimulator of IFN genes 
(STING) [92, 93]. IFN functions in both autocrine and par-
acrine manners to trigger many immunostimulatory effects 
following the transcriptional upregulation of IFN-stimulated 
genes (ISGs). By activating ISG, three major reactions can 
be initiated, including translation inhibition, mRNA degra-
dation, and transcription and assembly inhibition, to block 
the viral replication cycle in the host [92–94] (Fig. 4A). Due 
to their ability to modulate antiviral immune responses, IFNs 
have been considered as a treatment option for several virus  
infections, such as hepatitis virus (HBV and HCV), human 
papillomaviruses (HPVs), and respiratory virus infections 
(coronavirus and influenza) [95, 96]. Despite IFNs being 
among the most widely studied and clinically used biophar-
maceuticals, their short half-lives and low stability, as well as 
side effects associated with the drugs’ immune-stimulatory 
function, remain primary limitations on the drugs’ adoption 
and efficacy. Nanoparticle delivery systems aimed at trigger-
ing cellular antiviral state for viral inhibition have thus been 
developed to address the shortcomings of IFNs.

IFN-based drug delivery systems can be divided into nano-
carriers that deliver IFN biologics and nanocarriers delivering 
IFN inducers. The first strategy involves direct encapsulation 
of IFNs in nanocarriers such as polymeric nanoparticles and 
liposomes. For instance, Sanchez et al. prepared PLGA-based 
particles to deliver IFN-α and showed that active IFN-α could 
be released from the particles in a sustained fashion [97]. As 
IFN encapsulation shields the biologics from interacting with 
their cognate plasma membrane-bound receptors, controlled 
drug release serves to modulate the magnitude and duration 

Fig. 3   A Schematic of endo-
some acidification inhibition 
for halting cytosolic entry of 
viruses. Nanoformulation in this 
category include B chloroquine 
nanoliposomes, adapted from  
[82] (copyright 2019 with 
permission from Elsevier), C 
silicon nanoparticles contains 
SaliPhe, adapted from  [83], and 
D diphyllin encapsulated PEG-
PLGA nanoparticles, adapted 
from [41], copyright 2019 with 
permission from Dove Medical 
Press
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of IFN responses and can be tuned by the polymeric particles’ 
size, porosity, and degradation profile. Liposomes have also 
been adopted as a controlled release drug carrier system for 
IFNs, and liposomal encapsulation has been shown to improve 
the serum stability of IFN-α and IFN-γ [98, 99]. Saravolac 
et al. showed that compared with free IFN-γ treatment, the 
liposomal formulation has higher immunomodulatory and 
antiviral effects as well as reduced toxicity [100]. In a mouse 
model of murine influenza infection, intranasally administered 
liposomal IFN-γ and free IFN-γ resulted in survival rates at 
70% and 20%, respectively, demonstrating superior antivi-
ral effect conferred by the liposomal formulation. The study 
highlights the potential of exploiting nanocarriers to improve 
IFN-mediated antiviral protectivity against respiratory infec-
tions and is highly relevant in the context of the COVID-19 
pandemic.

Aside from delivering IFNs, nanocarrier-mediated deliv-
ery of endogenous IFN inducers, such as cyclic dinucleotide 
cGMP-AMP (cGAMP) and oligodeoxynucleotides with CpG 
islands (CpG-ODNs), is another effective strategy in trig- 
gering cellular antiviral state. These inducers trigger the innate 
immune response in cells to upregulate the expression of 
endogenous IFNs. Among various types of immunomodula-
tors, the agonist of the stimulator of interferon genes (STING 
agonist) has recently received much scientific and transla-
tional interest given their prominent ability to induce type-
I IFN [101]. A large variety of lipid-based, polymer-based, 

and inorganic nanoparticle platforms have been designed to 
address the delivery challenge of cyclic dinucleotide STING 
agonists, enabling intracellular delivery of the highly polar 
molecule to reach the STING ligand located on the endoplas-
mic reticulum [102]. While the majority of STING-activating 
nanoparticles have been applied towards vaccination and anti-
cancer immunotherapy [103–107], Aroh et al. showed that 
cGAMP-loaded nanoparticles could elicit potent and long-
acting inhibition of multiple HIV-1 isolates in human PBMCs 
[108]. The antiviral effect of the STING-activating nanoparti-
cle is directly linked to type-I IFN signaling, and the nanopar-
ticle effectively suppressed HIV-1 replication in the PBMCs 
of HIV-positive patients. In another study that examines 
the antiviral effect of nanoformulated CpG-ODN in chickens, 
Lin et al. observed that nanoformulated CpG-ODN is more 
effective than free CpG at inducing IFN-γ as well as other 
cytokines from bone marrow-derived dendritic cells [109]. 
The cytokines induced by the CpG nanoparticle were shown 
in vitro to significantly suppress the viral protein expression 
and genome replication of H6N1, which is a highly contagious 
avian influenza virus with prior cases of human transmis- 
sion [110]. The prominent antiviral efficacies observed in these 
studies highlight the applicability of immune-stimulating nan-
oparticles for pandemic control, and coordination of timing, 
location, magnitude, and duration of innate immune responses 
via drug delivery systems promises improved clinical benefits 
over traditional IFN therapy.

Fig. 4   A The interferon induc-
tion pathways and its down-
stream functions in inhibiting 
viral replication. Nanoformula-
tion that inhibit viral replica-
tions through the induction of 
cellular antiviral state include 
B IFN-γ liposomes (adapted 
from [100]), C IFN-α polymeric 
nanoparticles (adapted from 
[97]), D STING agonist nano-
particles (adapted from [108]), 
and E CpG-loaded polymeric 
nanoshell. Adapted from [109], 
copyright 2020 with permission 
from Dove Medical Press
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Biomimetic nanoparticles for active 
targeting of viruses and virus‑infected cells

Besides the previous examples on nanoformulations 
that deliver host-targeted and pathogen-targeted antivi-
ral, recent advances in biomimetic nanotechnology have 
further opened up new opportunities for pathogen inter-
ception. Blocking host-virus interactions is a common 
therapeutic strategy that underlies the development of 
antibody-based therapeutics. However, as viruses pos-
sess various mutational strategies, viral mutations may 
arise and reduce the affinity of antibody drugs. In the 
case of COVID-19, for instance, emerging variants have 
begun to exhibit the capability to escape from neutral-
izing antibodies [111, 112]. As receptor-mediated bind-
ing with surface molecules on the plasma membrane of 
cells is an indispensable process for viruses to invade host 
cells [113], this interaction has been exploited to design 
biomimetic nanoparticle possessing cell-like surfaces 
for virus targeting. Notably, recent trends in biomimicry 
and nanoengineering have paved ways to a panoply of 
nanovesicles and synthetic nanoparticle platforms with 
cell-like surface chemistries. Unlike antibodies that are 
designed to target specific viral epitopes, these biomi-
metic nanoparticles carry viruses’ cognate receptors from 
cells and thus can be agnostic to different viral variants. 
These cell-like nanocarriers have been widely adopted 
for drug delivery applications and are gaining interest in 
anti-infection research [114–122]. The following section 
highlights advances in biomimetic nanoparticle engineer-
ing that exploits the host cell membrane binding in viral 
pathogenesis for virus targeting (Fig. 5A).

Influenza targeting by biomimetic nanoparticles

Influenza viruses are negative-sense, single-stranded 
RNA viruses with well-studied interaction mechanisms 
against host cell membranes. Depending on different types 
and subtypes of influenza viruses, the influenza virions 
display hemagglutinin protein variants, which are glyco-
proteins with critical functions in viral entry. Hemagglu-
tinin proteins can recognize and bind to exposed sialic 
acid residues on host cells [123]. The characteristic bind-
ing between hemagglutinin and sialic acids underlie the 
commonly used hemagglutination assay for virus titer 
detection, in which the presence of influenza viruses 
causes visible aggregates of red blood cells (RBCs) [124, 
125]. Such interaction has inspired the development of 
sialic acid-conjugated nanoparticles for virus targeting 
(Fig. 5B). In a reductionist approach, direct conjugation 
of sialic acids onto nanoparticle surfaces has been shown 
to bestow inhibitory functions against influenza viruses 
[127]. Notably, Kwon et  al. showed that the spacing 
between the sialic acid residues on nanoparticle surfaces 
could influence the particles’ binding affinity with influ-
enza viruses, with a spacing of around 3 nm exhibiting 
the strongest binding to hemagglutinin trimers. Intranasal 
administration of the sialic acid-functionalized particles 
in mice infected with H1N1 resulted in reduced viral load 
in the lungs as well as improved survival. An alternative 
approach to enable nanoparticle targeting of influenza 
was demonstrated by Chen et al., who applied erythrocyte 
membrane cloaked nanoparticles for nanoparticle func-
tionalization [128]. In the study, the dense glycan content 
on the exoplasmic side of the red blood cell membrane 

Fig. 5   A Schematic presenta-
tion of biomimetic nanoparticle 
designs for targeting both virus 
and virally infected host cells. 
Examples of cell membrane-
cloaked nanoparticles for spe-
cific virus targeting include B 
red blood cell membrane-coated 
particles for influenza targeting 
[127], C CD4 T cell membrane-
coated particles for HIV target-
ing [133], and D mosquito cell 
membrane-wrapped particles 
for Zika virus targeting [138]. 
TEM pictures in the insets are 
cited with permission from 
[121, 127]. Copyright 2017 
American Chemical Society
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was found to facilitate right-side-out membrane orienta-
tion on PLGA nanoparticles, thereby exposing terminal 
sialic acids on the glycans for influenza virus targeting. 
Incorporation of magnetic functionalities via encapsu-
lation of superparamagnetic iron oxide nanoparticles in 
the PLGA cores allowed for virus isolation and enrich-
ment, enabling enhanced pathogen detection via several 
different diagnostic assays. Towards enhancing red blood 
cell membrane-cloaked nanoparticles for influenza virus 
targeting, Nie et  al. demonstrated that particles with 
spikes between 5 and 10 nm could bind more effectively 
with influenza viruses as compared with particles with 
smooth surfaces upon cell membrane cloaking [129]. The 
enhanced binding is attributed to an interlocking mecha-
nism between the spiky nanostructure and virus glycopro-
teins. More recently, structural insight towards improving 
virus targeting efficiency has led to the development of 
cell membrane-cloaked nanobowls that matches the topol-
ogy of viruses for enhanced viral inhibitions [41, 126]. 
These examples highlight the versatility of nanocarriers 
for advancing antiviral treatments.

HIV targeting by biomimetic nanoparticles

HIV infects human leukocytes through direct bind- 
ing between its gp120 protein and the CD4, CCR5, and 
CXCR4 receptors on CD4+ T cells [130]. The interaction 
has inspired the development of biomimetic nanodecoy 
and drug delivery strategies to suppress HIV-1 infection 
(Fig. 5C). Bronshtein et al. demonstrated in a proof-of- 
principle study of exploiting cell-derived liposomes dis-
playing surface CCR5 to target gp120-expressing cells 
[131]. With CCR5 being the cognate ligand of gp120, 
CCR5-laden membrane vesicles were shown to target 
gp120-expressing cells more effectively, which serve as 
a mimic of HIV-infected cells. Delivery of EDTA by the 
CCR5-displaying liposomes showed a drastic difference in 
cytotoxicity between the gp120-expressing cells and control 
cells, thereby supporting the concept of biomimetic drug 
delivery towards infected host cells. De Carvalho et al. fur-
ther demonstrated that CD4+ T cells secreted exosomes can  
act as a nanodecoy to block HIV entry into host cells. These  
exosomes have the same surface proteosome as their source 
CD4+ T cells, and they can effectively attach to HIV-1 and  
preclude viral binding with healthy CD4+ T cells. In addi-
tion, exosomes released from specific host cells have also 
been utilized to suppress bacterial and parasitic invasion 
of specific host cells [132]. Wei et al. constructed T cell-
membrane-coated nanoparticles (TNPs) by wrapping poly-
meric cores with natural CD4+ T cell membranes, which 
contain critical antigens such as CCR5 and CXCR4 recep-
tors for HIV viral targeting. The TNPs act as decoys for 
viral attack and neutralize HIV by diverting the viruses 

away from their intended host targets [133]. Moreover, 
Zhang et al. investigated the potential of nanoengineered 
CD4+ TNPs to neutralize a broad range of HIV-1 strains, 
showing that the nanodecoys can neutralize all of the 125 
HIV-1-pseudotyped viruses tested in the study. Further-
more, the nanodecoys can selectively bind to infected 
cells and decrease the release of HIV-1 particles through 
an autophagy-dependent mechanism with no drug-induced 
off-target or cytotoxic effects on bystander cells [134].

Zika virus targeting by biomimetic nanoparticles

Zika virus (ZIKV) is another major infectious pathogen that 
caused a widespread epidemic in 2015 [135, 136], and with 
no approved vaccine or treatment available against ZIKV, 
biomimetic nanocarrier has been adopted for anti-ZIKV 
neutralization. Rao et al. showed that mosquito host-cell 
membrane-wrapped nanoparticles effectively trap ZIKV and 
divert it away from its cellular targets (Fig. 5D). Of note, 
compared with cell membrane–derived vesicles, the cell 
membrane–coated nanoparticles display reduced suscep-
tibility to membrane fusion, thereby obviating inadvertent 
transfer of detained pathogens to host cells. With increasing 
understanding of the virus-host interactions behind ZIKV, 
membrane receptors (i.e., AXL, TIM-1, DC-SIGN) and 
human cell types (i.e., endothelial cells, dermal fibroblasts, 
and dendritic cells) have been identified as primary protein 
and cellular targets for the virus [137]. It may thus be envi-
sioned that a nanodecoy constructed with engineered human 
cells may offer similar treatment advantages toward clinical 
adoption.

SARS‑CoV‑2 targeting by biomimietic nanoparticles

The evolution and continued development of the biomi-
metic nanodecoy technology led to rapid nanotechnology-
based responses following the outbreak of the COVID-19 
pandemic. Within months following the identification of 
the host-pathogen interaction mechanism behind SARS-
CoV-2, Zhang et al. showed that the cellular nanosponges 
derived from human lung epithelial type II cells or human 
macrophages could neutralize SARS-CoV-2 and make the 
coronaviruses unable to infect their usual cellular targets 
[138]. Nanosponges derived from both lung epithelial cells 
and macrophages display ACE2, and upon incubation with 
SARS-CoV-2 the nanosponges readily neutralize the viruses. 
Based on a similar approach, Rao et al. demonstrated that 
ACE2-displaying membrane vesicles could be derived from 
genetically engineered 293 T cells, which provide a more 
readily available source for the membrane vesicle [139]. Such 
genetic engineering approach has also been adopted to gener-
ate hNTCP-overexpressing nanovesicles for HBV treatment 
[140]. In the study against SARS-CoV2, in addition to using 
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ACE2 membrane vesicles, Rao et al. further incorporated 
membrane vesicles derived from macrophage cells, which 
were previously shown to bind and neutralize cytokine factors 
associated with inflammatory responses [141]. The resulting 
hybrid nanovesicles exhibit the combined function of virus 
neutralization and suppression of inflammation-associated 
lung injury. These approaches highlight how nanotechnol-
ogy solutions can be rapidly adapted to respond to emerging 
viral threats. Notable among these membrane-derived nano-
decoy strategies is that the nanoparticles can, in principle, 
be agnostic to receptor binding phenotypes and resistant to 
viral mutations as these nanoparticles contain all the mem-
brane surface proteins of host cells (Fig. 5E). Incorporation 
of drug payloads into these biomimetic nanoparticles can 
be envisioned to enhance antiviral delivery to SARS-CoV-2 
viruses and virus-infected host cells.

Conclusion and future perspective

The COVID-19 pandemic serves as a sobering reminder 
of the ongoing battle against viral pathogens, their threat 
to public health, and the potential socioeconomic burden 
that necessitates continuing innovation and research efforts 
for new therapeutic interventions. Major breakthroughs in 
drug delivery nanotechnology have been introduced since 
the 2000s, and the plethora and drug delivery strategies ena-
bled by nanocarriers have transformed the way we envision 
treatment strategies and clinical regimens. Nanomedicine 
has come a long way in terms of fabrication techniques, 
material design, payload incorporation, and surface func-
tionalization. Furthermore, nanoparticles promise to vastly 
improve antiviral drugs’ pharmacokinetics, synergism, and 
targeting specificity. The present review highlights multiple 
distinctive antiviral treatment modalities made possible by 
nanocarriers, including long-acting drug delivery, combi-
national drug delivery, and targeted drug delivery, and the 
prospect of enabling broad-spectrum antiviral intervention 
is discussed. Upon examining the current clinical landscape 
for SARS-CoV-2 treatments, in which many small-molecule 
antivirals have shown unsatisfactory treatment outcomes 
[5], the need to advance nanoformulated antivirals along 
with all their promised benefits to the clinics is compelling. 
For instance, combinational antiviral treatments are under 
investigation in many anti-COVID19 clinical trials [57, 142], 
and it can be envisioned that nanocarriers can be engineered 
to incorporate these antiviral compounds to promote thera-
peutic synergism [143, 144]. Such effort warrants cohesive 
collaboration among engineers, virologists, and clinicians, 
as well as increased awareness of infectious diseases by the 
general public, funding agencies, and investors going for-
ward. Currently, there are two nanoparticle-based antivirals 
in clinical trials, including lactoferrin liposomes (Clinical 

Trial #NCT04475120) and remdesivir nanoparticles (Clini-
cal Trial #NCT04480333), which function by inhibiting 
viral replication and reducing inflammation, respectively. 
Compared with the hundreds of ongoing anti-COVID19 
clinical trials based on small molecule and antibody drugs, 
the potential of antiviral nanotechnology remains relatively 
untapped. We anticipate that the present pandemic to bring 
forth increasing effort towards adopting nanotechnology for 
infectious disease preparedness.

Although the present review covers a large body of liter-
ature on nanoparticle-based drug delivery directed toward 
antiviral applications, developmental efforts on antiviral 
nanoparticles represent a small portion of nanomedicine 
research compared with those against oncological disease 
[145]. One reason behind such bias lies in the added dif-
ficulty in handling experiments involving virus infections. 
Unlike cancer models that can be operated in Biosafety 
Level 1 (BSL-1) facilities, virus infection experiments are 
handled at BSL-2 and BLS-3 facilities depending on the 
infectiousness of the pathogens. Such requirement adds 
regulatory and technical hurdles to chemists and engineers, 
and additional training and cooperation with laboratories 
specialized in virology research are warranted to facilitate 
antiviral nanomedicine development. Inconsistent funding 
and investment interest are other hurdles that thwart anti-
viral nanotechnology. Unlike the persistently high-profile 
medical challenge of cancer that has brought forth major 
funding campaigns such as War on Cancer [146], the NCI 
Alliance for Nanotechnology in Cancer [147], and Can-
cer Moonshot in the United States [147], the sporadic and 
unpredictable nature of viral pandemics may divert funding 
support and research enthusiasm away in non-pandemic 
times. As we witness how funding efforts by philanthropic 
foundations and global vaccine alliances have accelerated 
vaccine rollout during the COVID-19 pandemic, a simi-
lar funding campaign would assure rapid incorporation of 
nanotechnology in future antiviral treatments. With more 
than 20 nanoparticle-based pharmaceutics being used for 
clinical treatment of oncological disease [148], we expect 
continuing antiviral nanomedicine research to likewise 
benefit pandemic preparedness. As the COVID-19 shows 
the severe havoc that can be wreaked by a global virus 
outbreak, treatment benefits conferred by nanocarrier tech-
nology may translate to millions of lives saved in hospitals.
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