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The present world continues to face unprecedented challenges caused by the COVID-19 pandemic.
Collaboration between researchers of multiple disciplines is the need of the hour. There is a need to
develop antiviral agents capable of inhibiting viruses and tailoring existing antiviral drugs for efficient
delivery to prevent a surge in deaths caused by viruses globally. Biocompatible systems have been
designed using nanotechnological principles which showed appreciable results against a wide range of

viruses. Many nanoparticles can act as antiviral therapeutic agents if synthesized by the correct approach.
Received 11th October 2022 M ticl t . f antiviral d hil ing their inh td back
Accepted 9th December 2022 oreover, nanoparticles can act as carriers of antiviral drugs while overcoming their inherent drawbacks
such as low solubility, poor bioavailability, uncontrolled release, and side effects. This review highlights

DOI: 10.1039/d2ra06410c the potential of nanomaterials in antiviral applications by discussing various studies and their results
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1. Introduction

The modern world faces serious challenges due to viral infec-
tions and their outbreaks in the form of epidemics and
pandemics. Viruses are basically small obligate parasites and
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regarding antiviral potential of nanoparticles while also suggesting future directions to researchers.

are non-living things residing outside of the host cell. These
viruses interact with cells via various mechanisms such as
receptor-ligand interactions. Among these, respiratory viruses
pose a crucial threat to all sorts of demographics. Researchers
continue to work on their treatment and suppression by
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Fig. 1 An overview of applications of nanoparticles and their combinations with a variety of antiviral drugs.

utilizing nano-based options such as functional metallic
nanoparticles (NPs) and nano-enabled drug delivery systems.
The drug delivery systems must be capable of dealing with
inherent features of viral infections like their replication
dynamics, level of drug resistance, and complex lifecycle stages.
Frequent drug use causes enhancement of drug resistance
against viruses and has now become a crucial health issue
globally for nearly all sorts of drugs that are known to be
effective against one or more specific viruses. The past two
decades have witnessed the emergence of old viral infections
and introduction of new types of viruses such as severe acute
respiratory syndrome (SARS-CoV-2) which is a form of
coronavirus.”™ The human body can contract these viruses via
various routes such as ear, nose, mouth, and skin.® Once a virus
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is contracted, it is difficult for the human body to develop an
immune response against it. Due to larger categories of viruses
than the number of treatment options available, there are still
many infections for which there is either no effective treatment
or treatment has not proved to be fully effective.®

Besides posing threat to human health and life, the viral
outbreaks have affected human life in several ways ranging
from disruption of daily life activities, economic collapse of
societies, shortages of food and medical supplies, and mass-
scale deaths.”® A recent example is of COVID-19 pandemic in
which the world witnessed the peak of these problems till the
time when an adequate number of vaccine doses were admin-
istered globally to most of the population and the trends
showed a decline in emergence of new cases and decrease in
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deaths due to increased immunity among people, thanks to
these vaccines.

Research has previously shown that nanomaterials possess
great potential in antiviral applications.” Materials scientists
and chemists have conducted extensive research to explore and
synthesize newer, efficient nanomaterials which can success-
fully inhibit and treat a wide range of viruses. Different func-
tional NPs and nanostructures have shown antiviral activities
against a broad spectrum of viruses, each having its mechanism
and viricidal activity. Every system comes with its limitations
and benefits and hence it is important to employ the most
suitable candidate for treatment of specific viruses.® Fig. 1
presents an outlook on the use of nanoparticles and nano-based
drug delivery systems which have proved to be effective against
many viruses.

Before the advent and advance of nanotechnology, antiviral
drugs were extensively used for treatment of viruses. The effi-
ciency of these drugs was limited due to their inherent low
bioavailability, shorter half-life, cytotoxicity, uncontrolled
release as well as serious side effects that limited their use.*>**
Material scientists have developed nanoparticles that were
capable of acting as delivery vehicles for these drugs, releasing
a controlled amount of drug to the targeted site for the required
amount of time. They showed appreciable entrapment of drug
while increasing the efficacy and enhancing the viricidal effects.
The key property of nano-enabled delivery systems is that due to
their extremely smaller size and high surface areas, they facili-
tate better digestion, absorption, and penetration of drugs.****
In this review, we have discussed well-known functional NPs
which exhibit antiviral action, their synthesis, properties, and
mechanism along with exhaustive and informative discussion
of existing nano-enabled drug delivery systems which are
known to have overcome the limitations of antiviral drugs such
as low biocompatibility, cytotoxicity, hemocompatibility and
difficulty in administration to patients, among various other
issues associated with them which we have covered in this
review.

2. Metal-based nanoparticles as
effective antivirals
2.1 Ag-based NPs

Silver nanoparticles (AgNPs) have shown great potential in
biomedical applications such as anti-bacterial and anti-cancer.
However, there is only a handful of research on antiviral activity
of Ag-based NPs. Results from recent studies show that AgNPs
are quite effective against a wide range of viruses such as
respiratory syncytial virus (RSV), enterovirus 71, herpesvirus
(HSV-1 and HSV-2), poliovirus (PV), dengue virus (DENV),
influenza (H1N1, H3N2), hepatitis (HSV-1, HAV-10, and CoxB4)
and coronaviruses (porcine epidemic diarrhea virus (PEDV) and
feline coronavirus (FCoV))."?

Morris et al. reported the first in vivo study to examine the
antiviral nature of AgNPs against RSV infections. A significant
decrease in pro-inflammatory cytokines and chemokines was
recorded in the infected mice's lungs. AgNPs were able to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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effectively block the entry of RSV to host cells by binding to the
surface of glycoproteins and inhibiting the spread of RSV. While
the development of vaccines for RSV infections remains a chal-
lenge, employing AgNPs can be a novel strategy to treat RSV-
infected patients.’® While small interfering RNA (siRNA) holds
promise in antiviral activity against EV71, its major limitation is
its inability to cross cell membranes. The study prepared
surface-decorated AgNPs using polyethyleneimine (PEI) and
siRNA and monitored for their antiviral activity. The accumu-
lation of reactive oxygen species (ROS) was effectively inhibited,
and EV71 was not able to infect the host cells."” The potential of
AgNPs against PV was monitored in vitro, as the electrochemi-
cally synthesized AgNPs played a key role in the disinfection of
PV, a non-enveloped virus."®

The use of AgNPs in antiviral applications is generally
limited since many AgNPs are synthesized in a liquid atmo-
sphere, a technique not easily applicable. Recent studies have
suggested numerous solutions to address this limitation. Szy-
manska et al. reported preparation of mucoadhesive hydrogel
based on tannic acid (TA)-modified AgNPs (TA-AgNPs) as an
effective route for treatment of HSV-1 and HSV-2." For
enhancing the antiviral action, the NPs were encapsulated by
a hydrogel called Carbopol 974P for effective delivery to the
targeted site (ex vivo vaginal mucosa). The gelation (100%
crosslinking) was facilitated by an initiator, thereby providing
closer contact between drug carrier and the mucosal tissue. The
size of nanoparticles was found to be between 13 and 54 nm as
estimated from the micrographs of transmission electron
microscope (TEM) (Fig. 2(a) and (b)). The antiviral efficacy of
NP-based hydrogel was evaluated in vitro. To ensure that
components of hydrogel do not affect the infectivity of HSV-1
and 2, placebo hydrogel and TA-AgNPs were simultaneously
applied. The scheme of virus inhibition assay is illustrated in
Fig. 2¢(A). Both types of HSVs were considerably inhibited after
a 24 h incubation period, which indicates the potential of
prepared formulation against HSV infections. However, the
inhibition was roughly 20% more for HSV-2 (Fig. 2¢(B)). The
results shown in Fig. 2¢(C) and (D) indicate that inhibition of
HSV-1 and 2 is greater in cells that were exposed to hydrogels as
compared to the control cells, with more inhibition in case of
HSV-2. It is pertinent to mention that inhibition rate of HSV-1
infection was dependent on the concentration of the NPs in
hydrogel while concentration played no role in inactivation of
HSV-2. Possible mechanisms of virus suppression may be due to
NP interacting with HSV envelope and blockage of virus inter-
action with cells due to layer of hydrogel around them. The
study further explored the mode of antiviral activity of prepared
formulation by employing assays of virus attachment and
penetration. The variables of both assays are shown in
Fig. 2d(A). After 24 h post-infection, it was observed that around
85-90% inhibition for HSV-1 attachment to the cell surface with
a considerable decrease in plaque numbers (greater than 60%)
was recorded for HSV-2 (Fig. 2d(B)). This time the percentage of
HSV-1 inhibition after treatment with H2/NP25 (Fig. 2d(B)) was
found to be greater than the inhibition of HSV-2. The penetra-
tion assay showed that HSV-2 entry to HaCaT cells was sup-
pressed by exposure to both hydrogels. Interestingly, both

RSC Adv, 2023, 13, 47-79 | 49
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Fig.2 TEM images of H2/NP25 hydrogel containing 25 parts per million (ppm) TA-AgNPs. (a) Shows a scale bar of 500 nm; (b) shows a scale bar
of 100 nm. (c) (A) HSV inhibition assay; (B) inhibition of HSV-1 and HSV-2 in HaCaT cells; (C) DNA titers of HSV-1; (D) of HSV-2. (d) (A) HSV
attachment and penetration scheme; (B) HSV-1 and HSV-2 attachment and (C) penetration. (e) (A) Cell-to-cell inhibition assay scheme; (B) DNA
titers of HSV-1 and (C) HSV-2 (reprinted with permission from ref. 19 Copyrights 2018 MDPI).

formulations of hydrogel showed lower inactivation for HSV-1
in contrast to attachment assay. NPs inside the cell could
have played a vital role in inhibition. Hence cell-to-cell spread
assays were conducted (Fig. 2e). It can be seen that the inhibi-
tory effect of both hydrogels on the cells infected with HSV-2 is
significantly greater than that of the control and placebo
(Fig. 2¢(C)). In contrast, the cell-to-cell spread was inhibited for
HSV-1 infected cells only by the hydrogel with 50 ppm TA-AgNPs
(Fig. 2e(D)). The Carbopol 974P provided two distinct proper-
ties; transporting antiviral (TA-AgNPs) to targeted site and
inherent antiviral activity. Therefore, a synergistic effect of both
hydrogel and NPs played a key role in suppression of HSV
infection. The authors, however, suggested the need for future
in vivo studies for further exploration and innovation of this
novel route (readers are suggested to consult the cited literature
for information about the specific composition of the H2/NP25
Hydrogel formulation).

Another study reported two algae, Oscillatoria sp. and Spir-
ulina platensis, mediated by green Ag,O|AgO-NPs and Au-NPs,
respectively, and evaluated their effect on HSV-1 infection.*
The spherical-shaped Ag,O|AgO-NPs with smaller size (nm)
than non-spherical AuNPs showed a greater reduction rate of
HSV-1. The results indicate the potential of bio-synthesized NPs
as suppressing agents for HSV-1 infection. Remarkable antiviral
activity of green synthesized AgNPs of two plant extracts, L.

50 | RSC Adv, 2023, 13, 47-79

coccineus and M. lutea, was shown against HSV-1, HAV-10, and
CoxB4 virus.*

Sreekanth et al. reported virucidal effects of AgNPs, 5-15 nm
in size, against influenza A virus with an easy, smooth, and
convenient approach used for synthesis of AgNPs i.e., ultra-
sonication method. Green synthesized AgNPs were studied for
in vitro cytotoxic and antiviral activities and showed to possess
good antiviral action against HIN1 variant of Influenza A
virus.?> Another study reported AgNPs (not green synthesized)
as potential antiviral agents against HIN1.>® The potential of
AgNPs was shown against H3N2 variant of Influenza virus with
the help of in vitro and in vivo studies.”* For in vivo studies, the
survival of mice was enhanced while in vitro studies showed that
AgNPs were able to protect cells by inhibiting viral infections.
The mechanism of antiviral action appeared to be the destruc-
tion of virus morphology by AgNPs.

2.2 NiO nanostructures (NONS)

The leading cause of the infection in cucumber crops is
cucumber mosaic virus (CMV), resulting in a significant
reduction in crop yield globally, especially in Egypt. Viral
diseases are not usually countered by chemical pesticides, one
of the reasons being their ineffectiveness resulting from
repeated use.” Several studies have related the growth of plants

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) FESEM micrograph of NONS. (b) FESEM micrograph showing uniform formation of head and trunk. (c) XRD pattern of NONS. (d) Raman

spectroscopy results of NONS (reprinted with permission from ref. 26 Copyrights 2019 Elsevier).

with the amount of nickel (Ni) present. The need evolved to
investigate the effect of Ni-based nanostructures against CMV.*®
NiO was fabricated via one-pot hydrothermal synthesis and the
efficacy of NONS against CMV in cucumber plants was evalu-
ated against reduction in disease severity, assessed via immu-
nosorbent assay. NONS particles of about 15-20 nm in size with
greater exposed surface area were administered via foliar spray
or soil drench to infected plants. The nanostructures were
characterized by FESEM, X-ray diffraction (XRD), and Raman
spectroscopy, and results are shown in Fig. 3. FE-SEM images in
Fig. 3a and b show stable morphological nanostructures of NiO.
Semi-spherical head ends are composed of nanotubes aligned
normally within body of head. The distribution of these nano-
tubes across the surface of head indicates that average size of
tube is in between 15 and 20 nm. Moreover, thick distribution of
nanotubes resembles tubular vessels resulting from carefully
designed NONS. WA-XRD was employed to determine the
crystal structure of NONS. Crystal planes are indicated at well-
resolved and sharp diffraction peaks of NiO and indicated
accordingly in Fig. 3c. Raman spectroscopy revealed the pres-
ence of pristine NiO as appeared peaks result from presence of
two TO modes and two LO modes as indicated in Fig. 3d. In vivo
study concluded that plants treated with NONS showed visible
reduction in CMV compared to non-treated counterparts,
showing potential for NONS to be used as antiviral agent against
CMV.

© 2023 The Author(s). Published by the Royal Society of Chemistry

2.3 Zirconia NPs

Zirconia NPs have shown promise in treatment of cancer in
previous studies, but their antiviral activity was not reported
previously. Huo and collaborators studied the antiviral effect of
ZrO, NPs on H5N1 variant of influenza A virus.”” The mice
infected with H5N1 virus were treated with ZrO, NPs of about
200 nm in size and administered intraperitoneally. The in vivo
study concluded that survival chances of mice were increased by
about 85.7%, as the ZrO, NPs promoted the release of cytokines
in mice. Thus, this novel strategy needs further exploration for
future innovations.

2.4 ZnO NPs

The antiviral drugs currently employed for the treatment of
influenza viruses are becoming insignificant as they cause
adverse side effects with drug-resistant strains.”® There is an
urgent need to develop better and more efficient anti-influenza
agents. A few advantages of using nanoparticles for the treat-
ment of viral infections are that their synthesis is cheaper, they
possess good antiviral efficacy, and can be tailored to improve
properties via coating. ZnO-NPs have previously shown
substantial antimicrobial and antibacterial activities.*
However, a handful of research has been done to evaluate the
antiviral efficacy of ZnO-NPs. Ghaffari et al. were the first to
examine the antiviral efficacy of ZnO-NPs and PEGylated ZnO-

RSC Adv, 2023,13, 47-79 | 51
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NPs in vitro.** The size of NPs was reduced to a large extent as
a result of massive ball milling. Scanning electron microscopy
(SEM) confirmed the sizes of ZnO-NPs to be 20-50 nm and ZnO-
PEG-NPs to be 16-20 nm (Fig. 4a). The SEM images show NPs to
be of spherical morphology with uniform size distribution. The
surface coating of ZnO-NPs was confirmed vie TEM micro-
graphs in Fig. 4b. The presence of ZnO-NPs was confirmed by
XRD power diffraction pattern. When compared to the standard
powder diffraction file (PDF), the peaks and their respective
intensities of ZnO exhibit a similar pattern as depicted in
Fig. 4c. Thermogravimetric analysis (TGA) was employed for
weight loss measurements (Fig. 4f and g)). It can be seen that at
a temperature of 400 °C, there is a significant decrease in weight
(%) in the case of ZnO-PEG-NPs (Fig. 4g) while the weight loss is
very small at the same temperature for ZnO (Fig. 4f). This gives
a reasonable explanation for coating of PEG which resulted in
greater weight loss. The key finding of the study was that the
NPs cause antiviral action only after the virus has infected the
cells. There was considerable inhibition when H1N1 virus was
exposed after infection to ZnO-PEG-NPs as there was a signifi-
cant reduction in virus titers in contrast to the virus control, as
shown at concentrations of 75, 100, 200 pg mL™". The
maximum concentration of ZnO-NPs alone could only result in
1.210g10 TCID50 reduction which is much lower than reduc-
tions caused due to PEGylated ZnO-NPs. At its maximum non-
toxic concentration, PEG alone could reduce by 0.7logl10
TCID50, which is even lower than ZnO-NPs. These results are
schematically depicted in Fig. 4h. It was observed in

52 | RSC Adv, 2023, 13, 47-79

quantitative real-time PCR tests that significant inhibition
resulted by ZnO-PEG-NPs at concentrations of 75, 100, 200 pg
mL ™", which are much superior to ZnO-NPs inhibition rates at
respective concentrations. However, it is quite interesting to
note that oseltamivir was able to fully inhibit influenza at
a concentration of 75 ug mL ™. These results are summarized in
Fig. 4e. While the precise antiviral mechanism of virus inhibi-
tion largely remained unexplored, PEGylating the surface of
ZnO-NPs resulted in increased antiviral activity and can be
employed as a novel strategy for improving the antiviral efficacy.
Hence ZnO-PEG-NPs can be an effective antiviral agent against
influenza viruses.

2.5 TiO,-based NPs

Broad bean stain virus (BBSV) infects seeds of many food crops.
Faba bean crop is significant globally, especially in Egypt. They
are quite sensitive to viral diseases like BBSV.** Recent studies
have proposed nanotechnology as a novel method to control
pathogens in plants.®* The excellent property profile offered by
TiO, allows it to be used in a variety of applications, including
antiviral. However, the efficacy of TiO, is negatively affected by
several factors such as its inherent crystallinity, unfavorable
surface-to-size area ratio, and its surface morphology.*® The
material scientists have focused on developing new modes of
synthesis of TiO, that induce functionalities that can prove
effective in the treatment of plant-related diseases. The mech-
anism of antiviral action against plant viruses can be different
and varies from material to material. For instance, it can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Wide-angle (WA) XRD pattern of TDNS. (b) FESEM image of TDNS. (c) Symptoms of BBSV caused in un-treated faba plants (control),

treated with TDNS via foliar spray and soil drench after 2 weeks. (d) Degree of disease severity in treated plants and un-treated plants (Different
letters above columns indicate significant differences by the Steel-Dwass test for faba bean (Pd 0.05)) (reprinted with permission from ref. 35

Copyrights 2018 Society of Chemical Industry).

include the direct effects of NPs against the virus which can
result in death of virus or may also cause the defensive system of
plants to become stronger and hence increase its inherent
immunity to deal with virus.** One such study was done by
Elsharkaway et al., who fabricated TiO, nanostructures (TDNS)
and examined its antiviral efficacy against BBSV.*® The
approach used for synthesis was similar to that reported by
Gomaa et al.*® ie., direct mild hydrothermal synthesis, with
slight changes. To determine the crystal structure of the
synthesized NPs, wide-angle X-ray diffraction (WA-XRD) was
utilized which shows a similar pattern as that for standard TiO,
as seen in Fig. 5a. FE-SEM micrographs confirm the successful
synthesis of TiO, structures as surfaces can be seen to be
smooth from inside and rough from outside with a small
thickness of walls (Fig. 5b). The further morphological exami-
nation also shows that size distribution was in the range of 3-5
pum for diameter, while 3-4 pum for length and width.
Combining of a large number of TiO, nano-sheets can form
a hollow shape as hydrogen from oleic acid bond to TiO,
surface.*” This can result in favorable exposed surface area for
interaction between virus and TDNS with greater antiviral
activity. Experimental results after a 14 days treatment are

© 2023 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. 5c. The control leaves can be seen to be smaller
and deformed while the leaves treated with TDNS exhibited
great reduction in symptoms of BBSV. Outstanding reduction in
disease severity of faba bean plants due to TDNS can be seen in
Fig. 5d. Foliar spray method appeared to be more effective in
decreasing the disease severity than soil drench technique. (In
foliar spray, fertilizers (in our case TiO, nanostructures or
TDNS) are sprayed on the plant leaves rather than pouring them
in the soil. In contrast, soil drench technique involves pouring
the chemicals mixed with water directly onto the soil). More-
over, concentration of BBSV in plants treated via foliar spray
method is also lower than in soil drench. Plants treated with
both approaches showed no significant difference in gene
expression which was, however, much greater than control.
Thus, due to TDNS inducing systematic resistance, there was
a significant decrease in disease severity. Structural features of
TDNS such as particle size and suitable shape were the gov-
erning factors for its good overall efficacy against BBSV. This
study is only one of its kind which evaluated and suggested an
eco-friendly approach to treating plants against BBSV.

Nakano et al. proposed use of TD thin film for photocatalytic
inactivation of H1N1 Influenza. This can be attributed to the

RSC Adv, 2023,13, 47-79 | 53
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strong oxidation effect produced when TiO, is exposed to UV
light*®* The study demonstrated that TiO, substantially
increases the disinfection rates of HIN1 by a strong oxidation
effect which degrades viral proteins. A slight amendment in the
ISO method was made for evaluating the anti-bacterial effects of
TD which can prove beneficial for enhancing the antiviral
activity. There are a few studies that relate the antiviral mech-
anism of action of TiO, to the best of our knowledge.

2.6 GO-Ag NPs

Nanomaterials are of key importance in treatment of viral
infections. In this regard, AgNPs have shown good potential in
antiviral actions against a variety of viruses, as discussed before
in this review. Chen et al. reported that there have been no
studies on the antiviral efficacy of nanomaterials against non-
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enveloped viruses.* Their study evaluated the antiviral activity
of GO sheets and GO-AgNPs against both enveloped and non-
enveloped viruses. The enveloped virus chosen was Feline
Coronavirus (FCoV) while the non-enveloped virus was Infec-
tious Bursal Disease Virus (IBDV). The particle size distribution
(PSD) of Ag NPs was between 5-25 nm while thickness of each
GO layer was 0.355 nm and there were 2 to 5 layers in total. The
virus inhibition assay reported a significant reduction of FCoV
(25%) and IBDV (23%) by GO-Ag NPs than GO sheets whose
inhibition was restricted to merely 16%. The virus inhibition
mechanism of GO-Ag NPs is illustrated schematically in Fig. 6.

2.7 Gold nanoparticles (AuNPs)

The exceptional property profile package offered by AuNPs such
as exquisite quantum size effect, surface effect, and

1. Binding between opposite charges

2. Association between lipid tails and
aromatic plane of GO

3. Aggregations of viruses by attracting
more lipids of viral envelops

4. Rupture of lipid membrane by GO

5. Binding between Ag and the -SH
groups of viral proteins

Enveloped virus vs. GO-Ag
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groups of viral proteins
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[ Synergistic effects of charges and Ag ]

Non-enveloped virus vs. GO-Ag

Fig. 6 Schematic illustration of antiviral mechanism of (a) GO; (b) GO-Ag against enveloped viruses; (c) GO and (d) GO-Ag against non-
enveloped viruses (reprinted with permission from ref. 39 Copyrights 2016 MDPI).
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macroscopic quantum tunneling effect make them useful in
nanomedical applications. Several studies have evaluated anti-
viral efficacy of AuNPs against a variety of viral infections. For
example, Asim and his coworkers synthesized AuNPs of 7.86 +
3.3 nm in size by sonication of gallic acid in a bath Sonicator
and examined their antiviral mechanism of action.* They re-
ported that AuNPs prevent the attachment and penetration of
HSV. The amount of virus inhibited is dependent on the time of
exposure of AuNPs and hence the method employed uses highly
monodispersed AuNPs. Their bio-friendly nature makes them

View Article Online

RSC Advances

a strong candidate for prevention of HSV. Another study re-
ported by Gianvincenzo et al. evaluated AuNPs antiviral efficacy
against HIV.* Two compounds used Au clusters of about 1.7 nm
and 2.6 nm, respectively, which accommodated about 140
sulfated ligands and were enough to perform anti-HIV action.
The in vitro study revealed that AuNPs do this by binding to
glycoprotein (gp120). AuNPs can be coated with sulfate-ended
ligands which in turn bind the HIV, causing its inhibition.
This result opens doors of opportunities to tailor those surface
ligands for development of more anti-HIV systems. The
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(a) Mechanism of JNK and caspase signaling pathways. Green arrows show direct stimulatory modifications while orange shows direct

inhibitory modifications (A). TEM micrographs of SeNPs (B). EDX pattern of SeNPs (C). MTT assay for antiviral activity (D). MTT assay for cell viability
(reprinted with permission from ref. 46 Copyrights 2019 ACS). (a) FTIR spectrum of SeNPs, SeNPs loaded with OT and of OT (A). TEM micrograph
of SeNPs@OT (b). EDX pattern of SeNPs@OT (C). Stability of SeNPs assessed in aqueous solution (D) and in PBS (E) (reprinted with permission

from ref. 50 Copyrights 2019 Tailor and Francis Group).
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potential of AuNPs is not limited till here. Papp et al. have
demonstrated in previous studies about the capability of AuNPs
in the treatment of Influenza A Viruses (IAVs).*> They showed
that sialic-acid coated glycerol dendrons when immobilized on
14 nm AuNPs caused an appreciable anti-influenza effect.
Moreover, AuNPs were non-toxic under operating conditions.
The AuNPs have also been found compatible with the treatment
of Dengue virus (DENV). For instance, Paul and his collabora-
tors have reported that biocompatible AuNPs can be used to
improve the delivery and stability of siRNA.** When entered
Vero cells, they decrease DENV-serotype 2 replication to a great
extent by releasing infectious virions. Hence AuNPs can be used
for DENV infection control in vitro.

2.8 Selenium NPs

There are no effective drugs for the treatment of EV-A71. Sele-
nium (Se) is present in our body as a nutritional element that is
responsible for protection against viral infections. Recent
studies have reported that SeNPs have excellent bioavailability
and lower side effects due to their smaller size**** and hence
have the potential to be used as an antiviral agent against EV71.

Li et al. investigated the effect of SeNPs on the suppression of
EV-A71 virus as they interfere with JNK signaling pathways.*® As
seen in Fig. 7a(A), the SeNPs can pass through the cell
membrane and suppress the generation of Reactive Oxide
Species (ROS) by EV-A71. They interfered with and successfully
inhibited JNK signaling pathways by mechanisms of caspase-8
and caspase-9-mediated apoptosis in the cells infected by the
virus. They synthesized SeNPs via a simple method and were
able to prepare uniform NPs of size roughly 100 nm, as
confirmed by the TEM micrograph in Fig. 7a(B). Due to their
smaller size, SeNPs were highly stable and able to penetrate the
cells. The presence of Se and Cu was confirmed in energy
dispersive X-ray spectroscopy (EDX) as they form the SeNPs and
the copper grid (Fig. 7a(C)). Thiazolyl blue tetrazolium bromide
(MTT) assay was employed to examine the cell viability with
SeNPs. Cell viability can be seen to slightly decrease in
Fig. 7a(D). The decrease can be attributed to the concentration
of SeNPs. This indicates that SeNPs can inhibit the EV-A71 virus
proliferation. The MTT assay also measured the antiviral
activity of SeNPs (concentration maintained at 15.625 uM). The
results show that cell viability was increased to 71% by SeNPs as
compared to 59% when treated with EV-A71 virus (Fig. 7a(D)).
This suggests good antiviral efficacy of SeNPs against EV-A71
virus.

For the treatment of EV-71 variant of enterovirus, oseltamivir
(OT) is commonly used as an antiviral therapeutic agent.
Although it has been approved for use by FDA, due to contin-
uous usage, it has shown a decrease in antiviral efficacy.” To
overcome this problem of inherent drug resistance against the
virus, nanotechnology holds promise.*® As discussed previously,
Se is an important element in human body and hence its defi-
ciency can result in increased susceptibility to virus infections.*®
Zhong et al. proposed a novel nanotechnological approach for
increased antiviral efficacy against EV-71.>° They fabricated
a nano-sized functional antiviral system by loading OT on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface of SeNPs and evaluated its antiviral activity. The cell
model for this particular study was chosen to be a human
astrocytoma cell (U251). To confirm the chemical bonding
between the drug and the NPs, Fourier transform infrared
spectroscopy (FTIR) was performed whose graph is depicted in
Fig. 7b(A). The spectrum is same as that of oseltamivir and
peaks corresponding to 3248, 1248, and 733 cm ' can be seen
for SeNPs@OT which is an indication of successful formation of
a nano-sized antiviral system. The mean size of this nanosystem
is confirmed by TEM micrograph in Fig. 7b(B), which confirms
it to be around 10 nm. EDX results can also be seen in Fig. 7b(C),
which shows characteristic peaks corresponding to Se (from
NPs), O, and C (from OT) which further confirms the success in
the preparation of SeNPs@OT. The cell viability of model U251
cells was examined and in Fig. 7b(D), the viability is lowest for
EV-71 infected cells which increased to a greater amount with
OT than SeNPs. However, when the prepared nanosystem
SeNPs@OT was used, the viability of the infected cells was the
highest. A similar experiment was conducted after 48 hours post
infection and results can be seen to be similar as in Fig. 7b(E).
Hence SeNPs loaded onto OT suppressed the cell apoptosis
caused by EV-71 virus via mitochondrial pathway and reduced
the generation of reactive oxygen species. Table 1 shows
a summary of different metallic NPs which exhibit antiviral
activity against a wide category of viruses along with their key
parameters.
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3. Nanoparticles for enhancing the
efficacy of antiviral drugs
3.1 Acyclovir

3.1.1 Oral delivery. Research is in progress to develop novel
drugs for oral administration. Acyclovir (ACV) has issues of
shorter half-life and poor permeability and hence patients’
compliance is difficult. Mahmood et al. examined the effect of
ACV in lipid polymeric particles and tested in vitro and ex vivo.*
They aimed to enhance the controlled release of ACV via
encapsulation with PEGylated Lipid Polymeric NPs. The NPs
prepared via Box-Behnken Design (BBD) method were 187.7 +
3.75 nm in size. Polymers and amphiphilic molecules are widely
employed for the effective delivery of hydrophilic and lipophilic
molecules.” Their study aimed to develop a PEGylated lipid
polymeric NP system by employing CS, lecithin, and PEG 2000
which was supposed to produce NPs with high encapsulation
efficiency, easy permeability with sustained release profile.
PEGylated ACV-loaded lecithin-CS NPs (PALNs) were synthe-
sized and drug release parameters were assessed. The mecha-
nism of formulation of PALN is schematically illustrated in
Fig. 8a. Polar ACV attracts hydrophilic lecithin™ which is fol-
lowed by its addition to the CS solution. A stiff, stable nano-
structure is hence obtained due to the formation of a CS shell
around the NP.” PEG is used in applications of drug delivery as
it gives stealth properties along with biocompatibility. It
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(a) Schematic illustration of the mechanism of PALNs formation. (b) Graphical illustration of entrapment efficiency of 17 tested drug

formulations (reprinted with permission from ref. 69 Copyrights 2020 AAPS). (c) In vitro release profiles of PLGA-NPs in STF with pH of 7.4. (d) The
concentration of ACV in agueous humor after topical ocular administration of formulation “F5” and ACV-AgS in eyes of rabbits (reprinted with

permission from ref. 81 Copyrights 2018 Elsevier).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surpasses the immune system and enhances circulation time.”
Its grafting was facilitated by interaction between nitrogen of
amide group of CS and hydroxyl and etheric oxygen of PEG.”
Good percentage entrapment was recorded for all 17 tested
formulations as shown in Fig. 8b. The formulation was stable
for up to 60 days and showed controlled release of drug for 24
hours.

Similarly, Saifi and her collaborators employed bilosomes
nanocarriers (NCs) to enhance the oral bioavailability of ACV.”
The in vitro, ex vivo, and in vivo assessments showed that
a vesicle size of 121.2 £ 3.21 nm was obtained viag thin film
hydration method (optimized via BBD) and showed 71.87-
88.67% entrapment efficiency. The biocompatible bilosomes
were found to be an effective drug carrier as they enhanced gut
absorption of ACV at a considerably lesser amount dose than
needed for a typical tablet.

3.1.2 Ocular delivery. Poorly soluble drugs are difficult to
be administered via ocular route. Ocular bioavailability is
markedly reduced due to the inherent anatomical and physio-
logical barriers in eyes.”®”” Despite the given constraints, ocular
delivery is still a preferred route of administration. It was
hypothesized that increasing the pre-corneal drug retention and
enhancing its permeation can significantly improve the efficacy
and bioavailability of these drugs.”® Therefore, using NP-based
delivery system could prove effective in overcoming the limita-
tions associated with ocular delivery. Alkholief et al. employed
biodegradable and biocompatible PLGA polymer stabilized with
TPGS nanosystem for delivery ACV topically through eyes.** One
of the major considerations while developing a polymeric NP
system for ocular delivery is the biodegradation of polymer and
its subsequent drug release profile. In vitro release profile was
monitored for two optimized ACV formulations as shown in
Fig. 8c. A biphasic release pattern is observed which shows an
initial burst release for nearly 8 h followed by a controlled
release for 14 h and subsequent sustained release for 72 h. ACV
release was not governed by the percentage of PLGA but rather
by the types of stabilizers used. The initial burst release may be
due to PLGA undergoing biodegradation which causes drug
attached to the surface to contact the medium and quickly
solubilizes as a result.”” The concentration of ACV was detected
at regular intervals in rabbit eyes as shown in Fig. 8d. ACV-AqS
and PLGA-TPGS-NPs were administered topically to the eyes of
rabbits. For rabbits treated with ACV-AqS, ACV concentration
could not be detected after 6th hour. The rapid corneal and
precorneal loss might have played role in ACV not being able to
be detected. In contrast, PLGA-TPGS-NPs treated rabbits
showed detectable ACV concentration up to 24th hour, indi-
cating a potential for nanosystem for sustained release of ACV
and hence its increased efficacy. The authors reported that
PLGA-TPGS-NPs ability to fight ocular viral infections is yet to be
confirmed, however, they are a promising candidate for efficient
delivery of ACV to the eyes.

Poorly soluble drugs can be employed for ocular delivery if
their resulting eye irritation is under tolerance. The approach
employed by Suwannoi et al. examined the ocular delivery route
of ACV-loaded with BSA NPs which were surface modified with
transactivating transduction (TAT) peptide, to deal with viral-
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related keratitis.®* About 200 nm-sized NPs showed less cyto-
toxic effects on HCE-T cells and resulted in the greatest ACV
permeation in NPs. In vitro study showed that a novel formu-
lation can be used for effective trans-corneal delivery of ACV.

3.1.3 Intravenous delivery. Vedula and his group employed
precipitation method to prepare a formulation of ACV-
carboxymethyl cellulose acetate butyrate NPs to overcome the
inherent limitation of poor water solubility of ACV and to
increase its efficacy in treatment of HSV.*> The in vitro study
showed that particle size of formulation was between 125-
450 nm which was administered via intravenous route. The
results demonstrated drug loading efficiency of about 40% and
9.2 wt% of the ACV was successfully loaded into nano carriers.
This shows the potential of NPs not only in effective drug
entrapment but also in an improved dissolution of ACV with
around 10 times more release than pure ACV. The authors
called for a need for more investigation to evaluate the long-
term stability of NPs.

3.2 Efavirenz (EFV)

3.2.1 Intravenous/intranasal delivery. Many ARVs are
unable to completely eradicate HIV via CNS targeting and hence
chitosan-g-HPbCD NPs of EFV were developed.®* Belgamwar
et al. prepared NPs of 198 + 4.4 nm size via mild ionic gelation
technique. The results showed sustained release (99.03 £ 0.30%
in 8 h), greater permeability, improved CNS bioavailability, high
drug targeting percentage, and entrapment efficiency of 38 +
1.43%. The in vivo results of intravenous (i.v.) and intranasal
(IN) administration to mice are shown in Fig. 9.

3.2.2 Oral delivery. Nano-delivery systems are a viable
option to increase the therapeutic efficacy and reduce the side
effects of drugs that show poor water solubility. The study by
Hari et al. evaluated the effects of using a nano-delivery system
for EFV on its bioavailability, distribution, and effectiveness.
Eudragit E100 was used to prepare polymeric NPs of size 110 nm
by emulsion solvent evaporation method and showed impres-
sive 99% entrapment efficiency.®* Another group led by Kumar
formulated EFV-loaded Lf NPs for oral delivery via sol-oil
protocol and achieved a particle size of 45-60 nm.** They
demonstrated that EFV-Lf NPs showed 2 x times improved anti-
HIV-1 action compared to free EFV and enhanced the oral
bioavailability and in vivo pharmacokinetics profile. The
formulation was also free from any toxicity issues.

3.3 Zidovudine (AZT)

3.3.1 Intravenous delivery. AZT is an extensively used anti-
HIV/AIDS drug but has an inherent shorter half-life, low
aqueous solubility, and is stopped by physiological barriers
which have limited its use for intravenous administration. It is
worth mentioning the study of Joshy et al. which investigated
a nanosystem composed of dextran and stearic acid for effective
delivery of AZT.*® They were able to synthesize NPs of three
different formulations ranging from size 356 nm to 730 nm via
double emulsion solvent evaporation method. NPs were found
to be highly effective in delivery of AZT as they showed
entrapment efficiency as high as about 93%. Another approach

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Gamma scintigraphy images of rats showing the presence of radioactivity post-administration of intravenous efavirenz solution [EFV i.v.
(S)], intranasal efavirenz solution [IN EFV (S)] and intranasal efavirenz nanoparticles (IN EFV-NPs). (a) EFV-i.v. (S), (b) EFV IN (S) and (c) IN EFV-NPs
(reprinted with permission from ref. 83 Copyrights 2019 Tailor and Francis Group).

used AZT loaded with polyvinylpyrrolidone (PVP)/stearic acid
(SA)-polyethylene glycol (PEG) nanoparticles (PSNPs) to address
the shortcomings of AZT.* A similar synthesis method was
used, and NPs of mean size 341 4 4.34 nm were obtained. Out of
three different formulations of PSNPs, the highest encapsula-
tion efficiency shown was about 96% with roughly 79% drug
loading capacity. Considerably high cellular internalization was
recorded which indicates its in vivo potential. Their group also
evaluated AZT-loaded with amide functionalized alginate NPs,
prepared via the same route.*® The novelty of this work was the
preparation of NPs without chemical crosslinking. The particle
size was considerably higher ie., about 432 + 11.9 nm, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

showed a loading efficiency of 29.5 + 3.2%. The system was
biocompatible, showed sustained release, and hence can be
incorporated as drug carriers for intravenous administration of
AZT.

3.3.2 Oral delivery. Joshy's group also developed biocom-
patible, safe, and stable lipid NPs modified with polymer gelatin
loaded as carriers of AZT, prepared via modified double emul-
sion solvent evaporation method.* The prepared nanocarrier
system showed appreciable loading, controlled release profile,
and good compatibility with blood. Encapsulation efficiency of
87.4 £ 0.58% was confirmed in vitro. Hence oral or topical route
of administration is preferred for prepared formulation.
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The ideal approach for treating many diseases by using the
same delivery system is to employ multi-functional NPs. In
another study, they prepared hybrid NPs of carboxy methyl
cellulose-AZT core enclosed by a Compritol (Comp)-poly-
ethylene glycol shell.”® In vitro study results showed that the
system was biocompatible, cytocompatible, and showed
appreciable loading coupled with controlled release of AZT drug
and encapsulation efficiency of 82%. The results open doors for
more opportunities for the development of LPNs as an efficient
delivery vehicle of antiviral drugs.

3.3.3 Transdermal delivery. Two colloidal carrier systems
(microemulsion (ME) and lamellar phase (LP) liquid crystal)
were investigated for drug permeation capacity.” Both in vitro
and in vivo studies were conducted to examine the efficacy of the
proposed system. The results showed ME showed 2 times
higher permeation effect with tolerable skin irritation as eval-
uated in vivo. Hence ME proved to enhance permeation of drugs
and cause negligible irritation to the skin.

3.3.4 Possible routes for aloe vera based administrations.
Joshy and his collaborators developed AZT-loaded solid lipid
nanoparticles (SLNs) of stearic acid (SA) modified with aloe vera
gel via simple emulsion solvent evaporation method.”* The
formulation was 265.61 + 80.44 nm in size. The prepared
system holds good stability at room and refrigerated tempera-
tures. The study examined the SLN particles in vitro profile and
showed enhanced growth and proliferation of cells without
exhibiting any toxicity with an encapsulation efficiency of 74.92
=+ 1.2%. The proposed combination can be used as an effective
tool for the treatment of HIV.

Previous research has shown that Aloe vera can be adminis-
tered to patients via oral, transdermal, and buccal drug
delivery.”® However, all these delivery routes for the application
of Aloe vera gel have corresponding setbacks. For instance,
when administered through oral route, although it is much
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administration is associated with poor bioavailability coupled
with low absorption of proteins.®* An alternate to oral delivery,
buccal route of administration has been researched exten-
sively.®® A major drawback of buccal administration is the need
for permeation enhancers which if absent would limit
membrane permeation of some compounds across cheek
mucosa and therefore cause unsuccessful delivery of Aloe vera.
But perhaps the most effective route for administration,
according to our perspective, is applying Aloe vera drug via skin
or transdermal route. It has many positive outcomes associated
which include but are not limited to successful avoidance of
first-pass metabolism, comparatively and adequately greater
surface area for absorption, less frequent doses required and its
inherent noninvasive nature.”® We suggest more research
should be conducted on exploring the nanocarriers systems for
achieving synergistic effects of Aloe vera gel and nanoparticles
used for its transport to treat viral infections.

3.4 Lopinavir (LPN)

3.4.1 Oral delivery. Treatment of various diseases such as
HIV and tuberculosis needs the administration of multiple
drugs. Hence fixed-dose combinations were developed for
adults which were in the form of tablets and capsules. The lack
of child-friendliness of those adult formulations pushed the
pharmacists to break the tablets and open the capsules.
However, due to preservatives, bitter taste, low solubility, and
stability associated with it, the practice lacked standardization
with inaccurate doses and reduced clinical efficacy.””*®* WHO
recommended developing sachets and mixing them with
liquids or adopting alternatives such as sprinkles to pour over
food and tablets which quickly disintegrates once in mouth.*
Novel approaches are hence required to develop pediatric
formulations for drugs that show poor aqueous solubility.

casier for patient to intake the drug, however, drug pham et al. proposed employing nanotechnology to synthesize
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in situ self-assembly NPs (ISNPs).'” They prepared a fixed-dose
combination of ART drugs namely lopinavir (LPV) and ritonavir
(RTV) ISNP granules as well as LPV ISNP granules via warn
microemulsion precursors (with modification). The formula-
tion had a size of about 158 nm which resulted in 95%
entrapment efficiency for both drugs with 8 hours of stability.
Fig. 10a schematically illustrates the preparation method for
LPV/RTV granules and ISNPs. Both LPV and RTV were able to
entrap in the ISNPs as soon as granules were introduced to
water. Moreover, method of preparation is quite simple as it
requires only one mixing step to give ISNP granules loaded with
drugs having excellent flow properties. The physical stability of
LPV and LPV/RTV ISNP granules was assessed in 37 °C physi-
ological conditions. An 8 hour analysis of particle size did not
show any apparent change in particle size. This essentially
implies that prepared formulations of ISNPs are not affected by
changes in pH, temperatures, and ionic strength. The graph of
particle size against time (in hours) is shown in Fig. 10b. The
dissolution profile was recorded by performing a two-stage
dissolution test to monitor the release of LPV from LPV ISNP
granules and LPV ISNP granules from LPV/RTV ISNP granules
as shown in Fig. 10c. The initial burst release of LPV can be
attributed to LPV attached on the surface of LPV, while sus-
tained release afterwards is a result of good entrapment of LPV
inside ISNPs. The release profile of LPV/RTV granules is quite
like LPV ISNP granules which implies that incorporation of RTV
did not affect the released of LPV. Efficacy of taste-masking was
proven from results of Fig. 10d, where about 3% of LPV and RTV
were released over a period of 1 hour at pH of 6.8. To further
verify these results Astree e-tongue method was used. By
comparing the distance between the Euclidean from formula-
tions on placebo, taste of prepared formulations was examined.
As shown in Fig. 10e, the cluster of LPV/RTV ISNP granules is
closer to the placebo ISNP granules than LPV and RTV solutions
which indicates effective taste-masking ability of ISNP granules.
The results of biodistribution studies shown in Fig. 10f indi-
cates that LPV concentration is fairly increased in liver, kidney,
brain, lymph nodes and spleen. These results collectively indi-
cate good potential of ISNP granules in overcoming bad taste of
LPV and RTV drugs while exhibiting high entrapment efficiency
and achieving pediatric compliance at large. The nanotech-
nology can be used to formulate a fixed-dose specification of
drugs which are poorly water-soluble and are meant to be taken
by children who must take multiple drugs for HIV treatment.
This would reduce the pill burden and achieve increased chil-
dren compliance.

Ravi and Vats prepared SLNs-LPV formulation for enhanced
HIV action by increased oral bioavailability, evaluated in vivo
with a rat model.' They employed warm oil-in-water (O/W)
micro-emulsion technique and prepared NPs of 196.5 +
3.5 nm size. Entrapment efficiency of 76.5 &+ 3.5% was recorded.
Another study also reported SLN-LPV formulation prepared via
hot self nano-emulsification (SNE) method which achieved
180.6 + 2.32 nm NP size and entrapment efficiency of 91.5 +
1.3%."> The results showed higher oral bioavailability and
lymphatic drug transport. The novel synthesis method of SLN

© 2023 The Author(s). Published by the Royal Society of Chemistry
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preparation was explored and can be used for the preparation of
SLNs of higher fatty acids.

Another novel method for enhancing the oral delivery of LPV
via Pullulan Acetate NPs was explored by Ravi et al. by
employing Motozato's method and achieving a particle size of
nearly 197 nm."* The prepared formulation was quite effective
in the treatment of HIV infections by using LPV as an antiviral
drug and pullulan acetate NPs as nanocarriers which enhanced
the oral bioavailability and hence the effectiveness of the
formulation against HIV. The bioavailability of LPV from NPs
was about 2 x greater compared to free LPV. Higher distribution
of LPV-loaded NPs to lymphoid organs was recorded with an
entrapment efficiency of 75%.

3.5 Saquinavir (SQV)

3.5.1 Oral delivery. SQV has inherent poor water solubility
and thus has poor antiviral activity. For enhancing its antiviral
efficacy, bioavailability, and biodistribution, Dodiya et al.
incorporated SLNs into SQV.'** They used hot high-pressure
homogenization (HPH) method for the preparation of 215 +
9 nm [SQSLNs NPs] and 344 + 16 nm [SNS NPs]. The results
showed that bioavailability was increased to 37.39% [SNS] and
66.53% [SQSLN] from 18.87% of SQV micro-suspension.
Enough drug was able to entrap as entrapment efficiency of
79.24 + 1.53% was reported. The antiviral drug used was SQV
and the nanosuspensions were of SQV too. The in vivo studies
showed greater plasma level concentration than SMS. Thus,
SLNs and nanosuspensions are promising candidates for the
enhancement of oral bioavailability of drugs that exhibit poor
aqueous solubility. A large fraction of drugs suffer from issues
of poor aqueous solubility and low bioavailability. Studies have
shown that nano-sized formulations have proven to be effective
in overcoming this problem, as discussed above.

Yuan et al. examined the result of employing nanocrystal
suspension on the oral bioavailability of SQV."® Nanocrystals of
SQV were prepared via the anti-solvent precipitation-high
pressure homogenization method. The size of nanocrystals
was 205.93 + 3.74 nm having a narrow poly-dispersity index
(PDI) of 0.1. The nanocrystals were hence uniformly distributed.
The zeta potential showed a high negative value which is
a representation of the good stability of the prepared formula-
tion. The rod-shaped particles were confirmed from TEM
micrographs. Fig. 11a shows the results of the cellular uptake
study performed on Caco-2 cells. The higher fluorescent
intensity of SAQ nanocrystals indicates high drug uptake in
cells. Small red dots seen in the cytoplasm of cells after 2 h
could potentially be the SQV nanocrystals. In contrast, there are
only a few particles observed in the cytoplasm of SQV coarse
crystals after a similar 2 h period and at the same level of
excitation intensity. The level of fluorescence intensity after 0.5,
1, and 2 hours of SQV nanocrystals can be seen to be signifi-
cantly higher than SQV coarse crystals which are in line with
increased cellular uptake of nanocrystals in Caco-2 cells, as
shown in Fig. 11b. The better cellular uptake profile of SQV
nanocrystals can be linked to their lower crystallinity. As shown
in Fig. 11c, SQV nanocrystals and coarse powder exhibit similar
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Fig. 11 (a) Cellular uptake of SQV coarse and nanocrystals was observed via laser scanning microscope. (b) The fluorescence intensity of cells

was analyzed quantitatively. (c) XRPD diffraction pattern of SQV coarse and nanocrystals. (d) Permeation profiles of SQV through a monolayer of
Caco-2 cells and (f) permeability coefficient of SQV across monolayers (reprinted with permission from ref. 106 Copyrights 2015 Nature).

degrees of crystallinity. The drug release study was performed
on both coarse and nanocrystals. After a period of 2 h, roughly
20% coarse crystals were able to dissolve compared to 60%
dissolution of nanocrystals. As expected, the dissolution of
nanocrystals is much quicker than coarse crystals of SQV. A
similar experiment was performed by monitoring the release
profile of ethyl rhodamine B (RHD) from both coarse and
nanocrystals. Release profiles exhibited a similar pattern as
before with a greater percentage release from SQV nanocrystals.
The RHD was entrapped in the crystal lattice of SQV nano-
crystals and showed immediate release once nanocrystals dis-
solved. The effect of particle size of SQV on the drug transport
across the Caco-2 cells monolayer from apical (AL) to baso-
lateral (BL) side was assessed. As seen in Fig. 11d, the
percentage of SQV in the receiving chamber (BL side) is
increasing as time progresses. Yet again, a greater percentage of
drug was able to pass through the monolayers when they were
treated with nanocrystals, hence indicating faster drug trans-
port for SQV nanocrystals than coarse crystals. The apparent
coefficient of permeability (P.p,) of SQV was determined by
treating Caco-2 cells with both formulations. The greater
permeability of SQV nanocrystals is seen as shown in Fig. 11e.
All these results together indicate that SQV nanocrystals have
enhanced oral drug absorption. A recent study by Krieser and
her group aimed to improve the taste masking and stability of

64 | RSC Adv, 2023, 13, 47-79

the SQV nanostructures developed for enhanced pediatric
adherence.'” They employed interfacial polymer technique and
prepared SQV NPs of 136-158 nm average diameters. The
prepared formulation exhibited sustained release, a high drug
loading capacity of 80%, ability to encapsulate 97% of the drug
with low dynamic viscosity. The in vitro studies showed that SQV
NPs showed excellent stability and controlled release proper-
ties. The dose can be given in a liquid form to the children with
a taste acceptable to them. This amounts to an appreciation for
designing drug delivery systems to treat children suffering from
HIV.

3.6 Indinavir (IDV)

3.6.1 Oral delivery. The use of biodegradable polymeric
NPs for improved oral delivery is a unique approach. Indinavir
is an anti-HIV agent which has limited aqueous solubility. The
study reported increased drug loading and EE of the proposed
system.'®” The strategy employed was the preparation of mPEG-
PCL NPs to enhance bioavailability and increase aqueous
solubility. They reported emulsification solvent evaporation
method to prepare the NPs with an average size of 211 +
10.12 nm. At a pH of 1.2 (PBS) after 96 hours, 60% drug release
was recorded. The developed copolymer can self-assemble into
NPs and has good drug loading and entrapment efficiencies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The results from in vitro studies show that mPEG-PCL and IDV
system shows initial burst release which is then followed by
sustained release. On other hand, in vivo studies showed that
the drug administered to rat via oral route show an increase in
plasma concentration, and appreciable cellular uptake by Caco-
2 cell line with improved circulation was also reported. Hence
a novel strategy was explored by using biodegradable polymeric
NPs, surface modified to enhance oral bioavailability.

To treat children suffering from HIV, the dose being
administered to them via oral route must be taste-masked and
in liquid form to prevent difficulties in swallowing the tablets. A
study reported the preparation of 155 = 7 nm size NPs of
formulation of Monoolein and IDV, using magnetic stirring and
high-pressure homogenization method.'”® The incorporation
efficiency of the formulation was 96% and IDV was able to
remain in the same concentration for a month while exhibiting
a sustained release profile. This combination was not only
biocompatible but showed no irritation with improved taste-
masking and the ability to overcome the bitter taste of the
drug. Thus, it can be used for pediatric HIV treatment.

3.6.2 Intravenous delivery. One of the shortcomings of the
IDV drug is that it has limited effectiveness in inhibition of virus
due to efflux by P-gp at BBB. Employing Tween 80 containing
LNEs for enhancing the delivery of IDV to brain was shown to be
a viable strategy.'® In vivo studies show that brain uptake in
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mice was considerably improved. Further studies may prove
IDV effectiveness in the reduction of viral load in brain.

3.7 Lamivudine

Glycyrrhizin LMW CS NPs can be used as an effective drug
carrier system for liver targeting with decreased damage to
tissues and sustained release of the drug. Glycyrrhizin has
demonstrated antiviral activities against a broad spectrum of
viruses."'®'** Chitosan is a non-toxic, biocompatible, and
biodegradable polymer that is widely used as a carrier molecule
for various vaccines, genes, protein molecules, etc."*>*® Mishra
et al. investigated the controlled release of GL conjugated LMW
CS-NPs in liver targeting. Model drug lamivudine was encap-
sulated within GL-CS-NPs and intravenously administered to
a mouse to examine the targeting efficacy. Conjugation of GL
was determined by FTIR spectrum as shown in Fig. 12a. The
amino functionality (-NH,) of CS has caused stretching of N-H
at wave numbers 3346 cm ™' and 3371 em™" in Fig. 12a(A) and
hence this spectrum is of CS-NPs. While in Fig. 12a(B), -NH
deformation of -NH-CH, verifies the successful conjugation of
GL with an amino group in NPs and hence this spectrum
represents GL-CS-NPs. In vitro release profile of lamivudine
from NPs was examined in PBS solution maintained at a pH of
7.4. The in vitro study showed that CS-NPs were able to release
59.2 £ 2.1% while GL-CS-NPs exhibited 42.9 £ 1.8% release of
lamivudine after 72 hours. It is obvious from the graph that the

(b) 701
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% Drug Released
w A w
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(a) FTIR spectrum of (A) CS-NPs and (B) glycyrrhizin conjugated LMW CS-NPs. (b) TEM micrographs of (A) CS-NPs and (B) glycyrrhizin

conjugated LMW CS-NPs. (c) Fluorescent photograph of FITC-labelled (A) plain drug solution; (B) CS-NPs; (C) glycyrrhizin conjugated LMW CS-
NPs in the liver sac (reprinted with permission from ref. 117 Copyrights 2014 Wiley).
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release profile showed a biphasic fashion, with an initial burst
followed by a sustained release. The reason for initial burst
release can be the attachment of drug particles on the surface of
NPs. Lower drug release from GL-CS-NPs can be attributed to
the presence of structural features which could have resulted in
a double barrier effect. The TEM micrographs showed
a smoother surface for CS-NPs than GL-CS-NPs which can be
due to the substitution of -NH, of LMWC by GL (Fig. 12b). The
fluorescence micrograph of GL-CS-NPs showed a higher accu-
mulation of hepatocytes cells than plain dye solution and dye-
loaded CS-NPs. The fluorescence image of the liver shown in
Fig. 12c shows that GL-CS-NPs were able to localize preferen-
tially in the liver and hence greater percentage of lamivudine
was seen in hepatocyte tissues with GL-CS-NPs as compared to
plain drug. The results of the study indicate that loading lam-
ivudine in GL combined with LMWC-NPs improves the resis-
tance time and quantity of drugs in the liver. This can lead to
a reduction in the dosage and quantity of each dose. Moreover,
hepatic targeting and controlled release can decrease the
toxicity associated with lamivudine. Hence, liver targeting via
controlled release of GL-CS NPs can be an effective strategy for
the treatment of HIV.

Another route employed the hot homogenization method to
produce lamivudine-MLN (multiple lipid NPs) to enhance the
oral administration of the formulation."® The size reached after
the combination of the drug and the NPs was about 450 nm.
The simulation studies indicate that around 1.3% of MLN-
lamivudine would be released in 4 hours in gastric fluid. The
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release profile showed sustained and controlled release for
about 45 hours. The developed system can be applied as
a topical drug or orally administered (after resuspension).

3.8 Tenofovir (TFV)

3.8.1 Vaginal route. Due to rising HIV cases, there is a need
to develop nanotechnology-based microbicides for the effective
prevention of HIV sexual transmission. Hence there is a need
for the development of nanocarriers that can act as potential
drug delivery vehicles to administer microbicides to the tar-
geted site. Although topical pre-exposure prophylaxis (PrEP)
with ARTs has been developed and showed appreciable results
in the prevention of vaginal transmission of HIV, because of
poor adherence by women undergoing clinical trials'*® and
concerns of non-biocompatibility, there is a need for the
development of optimized microbicides. Machado et al
proposed incorporating PLGA/SA nanocomposite inside the
tenofovir drug and its subsequent incorporation in hydrox-
ypropyl methylcellulose (HPMC)/PVA-based film."* Nano-
composite with a mean size of 127 nm, prepared via double
emulsion/solvent evaporation method, showed a drug associa-
tion efficiency of 50%. The characterization of these films was
performed by SEM and EDS techniques. The NPs can be seen to
be uniformly embedded in the thin film as even at reasonably
good magnification aggregates of particles are not visible as
shown in Fig. 13a(A). This result was further confirmed by
fluorescence microscopic imaging in Fig. 13a(B) where no
visible difference can be observed for the film fracture surface
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(a) Characterization of films via SEM and EDS. (b) Drug release profiles for various films. (c) Analysis of H&E-stained vaginal mucosa (d)

quantitative assessment of an average number of epithelial cell layers. (e) Schematic illustration of the proposed idea (reprinted with permission

from ref. 120 Copyrights 2016 Elsevier).
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and the film which essentially implies uniform distribution of
particles. The thicknesses of NPs-in-film and the film were in
general agreement with values 85 um and 70 pm, respectively.
Possible reason for this difference can be the presence of
vacuum inside the SEM chamber which may have caused the
film to retract. Further observations with SEM show surfaces of
NP-in-film and the film were quite homogeneous with the
exception to presence of some scales on the TFV-film (Fig. 13a(C
and D)). The cause of precipitation can be the incomplete
solubilization of free TFV during the drying process. Similarly,
absence of scales for TFV-PLGA/SA NPs-in-film indicates effec-
tive solubilization thanks to incorporated particles. The
elemental analysis results did not indicate the presence of
phosphorous which is present in the phosphonate group of TFV
(Fig. 13a(E)). This means that drug was so deeply embedded in
the film that even incident electron beam was not able to detect
it. Presence of TFV was detected on the TFV film by the same
EDS analysis as seen in Fig. 13a(F). The release profiles were
recorded for NPs-in-film, TFV film alone and for prepared NPs
and they are shown in Fig. 13b. TFV film exhibited initial burst
release by releasing about 80% of its drug in the first few
minutes and then after 2 hours about 90% drug was released.
This result was obvious as TFV is a highly water-soluble drug
and has a quick disintegration time. Secondly, the films con-
taining TFV-loaded NPs showed mild burst release at first by
releasing about 30% of the drug in 15 minutes, followed by
a controlled release. Total drug released after 24 h was nearly
60%. The release was initially rapid as TFV was present at the
surface of NPs as observed also for TFV film (NPs not incorpo-
rated). The release profile for TFV-PLGA-SA NPs not incorpo-
rated in film is like that of NPs-in-film. However, the film matrix
imposed a delaying effect on the release of TFV during film
disaggregation for 24 h. This effect was enhanced by the pres-
ence of PVA/HPMC on the surface of NPs, providing further
hindrance to drug release. This biphasic release pattern is
beneficial in the sense that initial burst release creates high
genital levels of TFV which provide immediate protection while
assuring sustained release for many hours. To evaluate the in
vivo safety of the prepared films regarding possible toxicity
which may arise later, a 14 days study was conducted. Both TFV-
film and NPs-in-film were subjected to daily vaginal adminis-
tration. Mice given PBS washing or vaginally administered with
Film or VCF® were taken as controls. No biological change
which could indicate the toxic nature of films was recorded
during the study as vaginal administration to mice did not show
any adverse effect on health, size, or weight. Vaginal histology of
mice showed change only in the case of VCF®, as seen in
Fig. 13c. This mild thinning of epithelium was verified by
assessment of an average number of epithelial cell layers as
shown in Fig. 13d. The mouse model was used for the first time
to determine the safety of vaginal films and they were found to
be biologically safe to be administered to women (Fig. 13e). The
vaginal films can also be a temporary substitute for rings for
women requiring occasional protection as they showed quick
disintegration once in contact with the simulated vaginal fluid
(SVF).
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Another study examined a thermogelling system containing
TFV-loaded with chitosan NPs synthesized via ionic gelation
method.”” The biocompatible formulation reached a size of
545.1 + 69.17 nm once the drug was incorporated into NPs.
Gelation temperature of the gel was tolerable for the adminis-
tration to women and the gelation starts once it is fully
administered to the vagina. However, due to the high water
solubility of TFV, the NPs showed very low encapsulation effi-
ciency (6.8 &+ 3.1%) and drug loading content of 1.86 + 0.85%.
The in vitro study showed that the initial burst release effect was
reduced to 27% with the formulation. The prepared vaginal gel
holds significance in ease of administration as well as effec-
tiveness for the treatment of women suffering from HIV.

Meng et al. examined the effects of TFV loaded with CS-TGA
NPs against HIV prevention.'** They used ionotropic gelation to
prepare CS-TGA NPs of mean size between 240-252 nm. Greater
encapsulation efficiency of 22.60% was recorded than the study
quoted previously. Both NPs did not show any toxicity in 2 days.
The percentage of mucoadhesion was five times greater in CS-
TGA NPs than CS-NPs. This shows that the prepared NPs have
the potential to increase the retention time of TFV, hence
making it more effective in the treatment of HIV.

Thiolated chitosan (TCS) core/shell nanofiber (NF) can
improve the loading capacity of TFV.*** As stated previously, TFV
is highly water-soluble. The coaxial electrospinning technique
was utilized to prepare NFs having a core of PEO and shell
composed of PLA/TCS. The NFs reached a mean diameter of
99.53 nm with smooth surface morphology. They were found to
be safe for topical administration. A significant increase in drug
loading capacity was recorded. At concentration of 1 mg mL ™",
NFs were non-cytotoxic. Their biocompatibility was proved from
in vivo studies. Hence TCS core/shell NFs can be employed as
a delivery vehicle of TFV. Table 2 presents a summary of various
studies over the past decade showing well known antiviral drugs
and their combinations with NPs along with other important
parameters.

4. Conclusion

The established potential of nanotechnology in antiviral appli-
cations coupled with massive progress in designing wide cate-
gories of different nanomaterials-based antiviral drugs gives
many expectations to the research community to explore their
potential further to overcome their existing drawbacks. The
nano-based systems can prove fruitful in overcoming the asso-
ciated drawbacks with the current therapies such as low oral
bioavailability, issues with hemocompatibility, chances for skin
diseases due to topical exposure of drug, toxic nature of the
drug, reduction in drug's effectiveness due to frequent admin-
istration, to name a few. However, as per the best of our
knowledge, most of these nano-based systems designed to date
are not approved for clinical use or are still under clinical trials,
despite exhaustive and continued effort for more than 24 years.
It is expected that in upcoming years, we shall witness more
clinical approvals and applications of these nano-based systems
which will definitely help overcome the health issues globally.
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5. Future perspectives

Tuning at the nanoscale can give us interesting properties for
a range of applications. In our review, we have covered many
functional metallic NPs as well as a variety of drugs that can be
tailored by using NPs as their delivery vehicles. However, in
order to treat patients globally in vast numbers (such as with
COVID-19 pandemic recently), it is not possible to develop
antiviral drugs in such a short span of time and fully overcome
their existing drawbacks. As we discussed earlier, frequent drug
administration is itself counterproductive since it generates an
immune response from body and increases its drug resistance
resulting in a decline in the drug's efficiency. Moreover, the
route of administration for each drug must be carefully chosen.
There are associated disadvantages with the choice of each
route. For instance, oral administration may not be feasible for
children, ocular delivery could prove detrimental for eyes and
topical exposure of drug to skin may cause skin diseases. On
contrary, vaccines have proven to be a rather better option in
fighting pandemics in the past century. However, vaccines also
have associated shortcomings such as insufficient cellular
immunity, risk of antibodies dependent enhancements (ADE)
and lack of cross-permeation. Our discussion regarding the
potential of nanomaterials in antiviral applications gives useful
insight that they can be a good candidate in development of
novel vaccines against various viral infections. We suggest the
scientific community and interested researchers to also focus
on further development of these “nanovaccines”, evaluate their
potential against viruses, weigh their pros and cons, and explore
methods for their cost-effective and large-scale manufacturing
so that they can deal with current and upcoming global health
challenges posed by such highly unpredictable viral outbreaks.
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