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Chapter 7

Nanoformulations: A Valuable Tool

in the Therapy of Viral Diseases Attacking
Humans and Animals

Josef Jampilek and Katarina Kral’ova

Abstract Various viruses can be considered as one of the most frequent causes of
human diseases, from mild illnesses to really serious sicknesses that end fatally.
Numerous viruses are also pathogenic to animals and plants, and many of them,
mutating, become pathogenic also to humans. Several cases of affecting humans by
originally animal viruses have been confirmed. Viral infections cause significant
morbidity and mortality in humans, the increase of which is caused by general
immunosuppression of the world population, changes in climate, and overall global-
ization. In spite of the fact that the pharmaceutical industry pays great attention to
human viral infections, many of clinically used antivirals demonstrate also increased
toxicity against human cells, limited bioavailability, and thus, not entirely suitable
therapeutic profile. In addition, due to resistance, a combination of antivirals is
needed for life-threatening infections. Thus, the development of new antiviral agents
is of great importance for the control of virus spread. On the other hand, the discov-
ery and development of structurally new antivirals represent risks. Therefore, another
strategy is being developed, namely the reformulation of existing antivirals into
nanoformulations and investigation of various metal and metalloid nanoparticles
with respect to their diagnostic, prophylactic, and therapeutic antiviral applications.
This chapter is focused on nanoscale materials/formulations with the potential to be
used for the treatment or inhibition of the spread of viral diseases caused by human
immunodeficiency virus, influenza A viruses (subtypes H3N2 and HIN1), avian
influenza and swine influenza viruses, respiratory syncytial virus, herpes simplex
virus, hepatitis B and C viruses, Ebola and Marburg viruses, Newcastle disease virus,
dengue and Zika viruses, and pseudorabies virus. Effective antiviral long-lasting and
target-selective nanoformulations developed for oral, intravenous, intramuscular,
intranasal, intrarectal, intravaginal, and intradermal applications are discussed.
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Benefits of nanoparticle-based vaccination formulations with the potential to secure
cross protection against divergent viruses are outlined as well.

Keywords Antivirals - Metals - Metal oxides - Nanoformulations - Nanoparticles -
Nanoparticle-based vaccines - Viruses

7.1 Introduction

Nanotechnology is a fast-growing field that provides the development of materials
that have new dimensions, novel properties, and a broader array of applications.
U.S. National Nanotechnology Initiative defines nanoparticles (NPs) in the range
1-100 nm (National Nanotechnology Initiative 2008). Microbial, fungal, and viral
infections represent an increasing worldwide threat that is caused by both general
immunosuppression of the world population and the growth of resistance of patho-
gens to clinically used drugs as well as development of cross-resistant or multidrug-
resistant strains (Jampilek 2018). In particular, viruses caused a number of diseases
worldwide, many of them with fatal termination. Although smallpox has been eradi-
cated and for some of them vaccines were developed, viruses continuously indicate
to us that conventional antiviral drugs/strategies directly targeting viral or cellular
proteins have been limited, due to frequent virus variation resulting in drug resis-
tance, because many of drugs show high specificity (e.g., De Clercq and Li 2016;
Takizawa and Yamasaki 2018; Wang et al. 2018a; Deng and Wang 2018). It can be
stated that design and discovery of structurally new anti-infectives with a new/inno-
vative mode of action is time consuming and relatively risky (Jampilek 2016a, b,
2018). Moreover, many of the existing antivirals demonstrate also human toxicity
and rapid clearance from the body. Thus, design and development of new safe and
potent antivirals with activity against viral infection at multiple points in the viral
life cycle remains a major challenge (Al-Ghananeem et al. 2013; Li et al. 2016; Kos
et al. 2019).

Strategy based on the reformulation of existing anti-infectives into nanoformula-
tions as well as investigation of various metal and metalloid nanoparticles with
respect to their anti-infectious activity and potency is applied more and more fre-
quently (Jampilek and Kral'ova 2017; Pisarcik et al. 2017, 2018). In fact, this strat-
egy is not only used for anti-infectious drugs but nanoformulations are also widely
used for different classes of drugs, such as antineoplastics (Pentak et al. 2016;
Jampilek and Kralova 2019a), antipsychotics, antidepressants (Jampilek and
Kralova 2019b, c), and nootropics (Jampilek et al. 2015). Nanoscale dimension
significantly modifies properties and behavior of all materials (e.g., Dolez 2015),
whereby to benefits of pharmaceutical and medical nanoformulations belong pri-
marily sustainable release of drugs, modifications of bioavailability, reduction of the
required drug amount, reduction of toxicity of drugs, as well as increasing drug
stability (e.g., Jampilek and Kralova 2018; Patra et al. 2018). Thus in the light of the
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above mentioned facts, nanomaterials can constitute a useful tool in combat with
viruses as well (Szunerits et al. 2015; Milovanovic et al. 2017; Siddiq et al. 2017,
Singh et al. 2017; Zazo et al. 2017).

Recent findings related to development of virus-based nanoparticle (NP) systems
as vaccines estimated for the prevention or treatment of infectious diseases, chronic
diseases, cancer, and addiction were summarized by Lee et al. (2016), while
Jackman et al. (2016) focused their attention on the progress in application of nano-
medicine strategies to control critical stages in the virus life cycle through either
direct or indirect approaches involving membrane interfaces. For example, diagnos-
tic, prophylactic, and therapeutic applications of metal and metal oxide NPs in
human immunodeficiency virus (HIV), hepatitis virus, influenza virus, and herpes
simplex virus (HSV) infections were overviewed by Yadavalli and Shukla (2017)
and Scherliess (2019). Antiviral activity of the metal NPs, especially the mechanism
of action of AgNPs against different viruses (HSV, HIV, hepatitis B virus (HBV),
metapneumovirus, respiratory syncytial virus (RSV)), was discussed by Rai
et al. (2016).

In the nonviral gene therapy, the use of multifunctional NPs (e.g., lipid-based
NPs, quantum dots, carbon nanotubes, magnetic NPs, silica NPs, and polymer-
based NPs) is advantageous because these nonviral vectors ensure enhanced gene
stability at gene delivery, shielding of cargo from nuclease degradation, and improve
passive/active targeting (Lin et al. 2018a; Ariza-Saenz et al. 2018).

At the entry process of viruses into host cells, multivalent interactions with dif-
ferent cell surface receptors occur. Many human viruses attach to the cells through
heparan sulfate (HS) proteoglycans and the attachment of the virus to HS on the cell
surface start up a cascade of events ending with virus entry. Cagno et al. (2018)
designed antiviral NPs having long and flexible linkers mimicking HS proteogly-
cans, allowing for effective viral association with a binding that was simulated to be
strong and multivalent to the viral attachment ligand repeating units, generating
forces that eventually lead to irreversible viral deformation and showing nanomolar
irreversible activity against HSV, human papilloma virus, RSV, dengue virus, and
lentivirus in vitro and were active ex vivo in human cervicovaginal histocultures
infected by HSV-2 and in vivo in mice infected with RSV. Nanogels with different
degrees of flexibility based on dendritic polyglycerol sulfate to mimic cellular HS
designed by Dey et al. (2018) were able to multivalently interact with viral glyco-
proteins, shield virus surfaces, and efficiently block infection and were found to act
as robust inhibitors for human viruses. Dendritic cells are crucial during develop-
ment of T cell-specific responses against bacterial and viral pathogens.

Surfactant proteins A and D form an important part of the innate immune
response in the lung, which can interact with NPs to modulate the cellular uptake of
these particles. Unmodified polystyrene NPs of 100 nm were found to modulate
surfactant proteins A and D mediated protection against influenza A infection
in vitro (McKenzie et al. 2015). Substitution of sulfate groups in cellulose nanocrys-
tals by tyrosine sulfate mimetic groups (i.e., phenyl sulfonates) led to improved
viral inhibition indicating that the conjugation of target-specific functionalities to
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cellulose nanocrystal surfaces provides a mean to control their antiviral activity
(Zoppe et al. 2014).

A well-defined structure of virus due to its multifunctional proteinaceous shell
(capsid) surrounding genomic material is a promising approach to obtain nano-
structured materials, and viruses exhibit an ideal template for the formation of
nanoconjugates with noble metal NPs. The interaction of the multifunctional
viruses with NPs and other functional additives results in generation of bioconju-
gates with different properties, including possible antiviral and antibacterial activi-
ties (Parboosing et al. 2012; Capek 2015).

This contribution is focused on nanoscale materials/formulations with potential
to be used to treat or inhibit the spread of viral diseases caused by human immuno-
deficiency virus, influenza A viruses (subtypes H3N2 and HIN1), avian influenza
and swine influenza viruses, respiratory syncytial virus, herpes simplex virus, hepa-
titis B and C viruses, Ebola and Marburg viruses, Newcastle disease virus, dengue
and Zika viruses, and pseudorabies virus (see Fig. 7.1). Effective antiviral long-
lasting and target-selective nanoformulations developed for oral, intravenous, intra-
muscular, intranasal, intrarectal, intravaginal, and intradermal applications are
discussed. Benefits of nanoparticle-based vaccination and nanoformulations with
potential to secure cross protection against divergent viruses are outlined as well.

7.2 Human Immunodeficiency Virus

Human immunodeficiency virus (HIV) is a lentivirus (a subgroup of retrovirus) that
causes HIV infection and over time acquired immunodeficiency syndrome (AIDS).
HIV is a virus spread through certain body fluids that kills or impairs cells of the
immune system, specifically the CD4 T cells, and progressively destroys the body’s
ability to fight infections and certain cancers (German Advisory Committee
Blood 2016).
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Based on the investigations of the antiretroviral (ARV) activity of carbon nano-
tubes (CNTs) using computational molecular approach, the strong molecular inter-
actions suggested the efficacy of CNTs for targeting the HIV-mediated retroviral
infections (Krishnaraj et al. 2014). Also, highly hydrophilic and dispersible carbox-
ylated multiwalled carbon nanotubes (MWCNTs) bearing ARV drugs and hydro-
philic functionalities were found to exhibit anti-HIV activity (Iannazzo et al. 2015).
SiNPs (5-50 nm) prepared by grinding of porous silicon were found to act as effi-
cient scavengers of HIV and RSV (Osminkina et al. 2014).

The production of AgNPs and their use as antiviral therapeutics against patho-
genic viruses was reviewed by Galdiero et al. (2011). Ag nanocomplexes with
anionic linear globular dendrimers that were assessed against HIV replication path-
way in vitro showed also good ARV activity with nonsevere toxic effects in com-
parison with nevirapine as the standard drug in positive control group (Ardestani
etal. 2015). Polyvinylpyrrolidone (PVP)-coated AgNPs were found to be a promis-
ing microbicidal candidate for use in topical vaginal/cervical agents to prevent
HIV-1 transmission (Lara et al. 2010). Inactivation of microbial infectiousness by
AgNPs-coated condom as a new approach to inhibit HIV- and HSV-transmitted
infection was proposed by Fayaz et al. (2012). At treatment of HIV-1 infected cells
with curcumin-stabilized AgNPs of 45 nm reduced replication of HIV by inhibition
of NF-B nuclear translocation and the downstream expression of the pro-
inflammatory cytokines interleukin-1f, tumor necrosis factor-a, and interleukin-6
was estimated and no similar biological effects were observed with curcumin alone
and conventional AgNPs capped with citric acid (Sharma et al. 2017a). Stable and
crystalline AgNPs fabricated using the aqueous leaf extract of mangrove
(Rhizophora lamarckii) with particle sizes ranging from 12 to 28 nm inhibited HIV
type 1 reverse transcriptase activity (ICs, of 0.4 pg/mL on the HIV-1) showing the
promising potential to be used in the fight against HIV and other viruses of public
health importance (Kumar et al. 2017a). AuNPs capped with sulfate-ended ligands
that are able to bind HIV envelope glycoprotein gp120 and inhibit in vitro the HIV
infection of T cells at nanomolar concentrations were reported by Di Gianvincenzo
et al. (2010). AuNPs inhibiting HIV entry by binding with gp120 and preventing
CD4 attachment were described by Vijayakumar and Ganesan (2012). HIV-1 pep-
tides loaded onto AuNPs bearing high-mannoside-type oligosaccharides increased
HIV-specific CD4* and CD8* T cell proliferation and induced highly functional
cytokine secretion compared with HIV peptides alone and elicited a highly efficient
secretion of pro-Th1 cytokines and chemokines, a moderate production of pro-Th2,
and considerably higher secretion of pro-inflammatory cytokines such as tumor
necrosis factor-a and interleukin-1p, suggesting that AuNPs that could simultane-
ously deliver HIV-1 antigens and high-mannoside-type oligosaccharides could be
utilized as a superb vaccine delivery system (Climent et al. 2018).

Nowacek et al. (2011) performed analyses of nanoformulated ARV drugs and
found that physical characteristics such as particle size, surfactant coating, surface
charge, and most importantly shape are predictors of cell uptake and ARV effi-
cacy. The progress in the development of NP-based drug delivery systems for HIV
therapy which focused mainly on injectable nanocarriers enabling delivery of
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drug combinations that are long-lasting and target-selective in physiological con-
texts (in vivo) to provide safe and effective use was summarized by Gao et al.
(2018). For example, tenofovir (TFV) alafenamide and elvitegravir (EVG) loaded
NPs subcutaneously administered to female humanized CD34*-NSG mice showed
long residence time and exposure for both drugs. The AUC_j4 gay) €stimated for
TFV and EVG using NPs was 23.1 = 4.4 and 39.7 = 6.7 pg h/mL, while with
application of drug solutions the observed AUC 7, , reached 14.1 + 2.0 and
7.2 £ 1.8 pg h/mL, respectively. Similarly, application of NPs resulted in strong
increase of elimination half-life (t;,) that was 5.1 and 3.3 days for TFV and EVG,
respectively, while the corresponding t;, values for free drugs were 14.2 and
10.8 h (Prathipati et al. 2017).

Jiang et al. (2015) incorporated ARV drugs maraviroc, etravirine, and raltegravir
into poly(lactic-co-glycolic) acid (PLGA) NPs and found that ARV NPs maintained
potent HIV inhibition and were more effective, when used in combinations.
Significantly higher antiviral potency and dose-dependent reduction against both
cell-free and cell-associated HIV-1 BaL infection in vitro was estimated mainly for
ARV NPs combinations involving etravirine NPs, whereby the combinations that
showed large dose-reduction were identified to be synergistic. Moreover, ARV NPs
combinations inhibited propagation of reverse transcriptase in simian-human immu-
nodeficiency viruses in macaque cervicovaginal tissue and blocked virus transmis-
sion by migratory cells emigrating from the tissue. PGLA NPs were also used as a
biodegradable carrier for loading with TFV in combination with efavirenz or saqui-
navir, which resulted in pronounced combination drug effects, and emphasized the
potential of NPs for the realization of unique drug-drug activities (Chaowanachan
et al. 2013). TFV and EVG-loaded PLGA NPs tested using humanized BLT mouse
model were reported to be suitable for long-acting prevention of HIV-1 vaginal trans-
mission (Mandal et al. 2017a). In an in vitro HIV-1 inhibition study, the ICs, value
observed with emtricitabine-loaded PLGA NPs (size of <200 nm and surface charge
—23 mV) was found to be 43-fold lower in TZM-bl cells (0.00043 pg/mL) and
approx. fourfold lower (0.009 pg/mL) in peripheral blood mononuclear cells com-
pared with drug solution (0.01861 and 0.033 pg/mL, respectively) and showed com-
parable activity with emtricitabine solution. Based on prolonged intracellular drug
concentration and inhibition of HIV infection, the researchers noted that this long-
acting, stable formulation could ensure once-biweekly dosing to prevent or treat HIV
infection (Mandal et al. 2017b). PLGA-EVG NPs (~47 nm; zeta potential of approx.
6.74 mV) showed time- and concentration-dependent uptakes in monocytes with an
approx. twofold higher drug intracellular internalization of EVG compared to free
drug and also exhibited superior viral suppression over control for a prolonged period
of time (Gong et al. 2017). Due to the presence of mannose receptors on the surface
of macrophages, the mannosylated NPs of anti-HIV drug can target the macrophages,
resulting in improvement of the therapeutic outcome and reduced toxicity of ARV
bioactives. Surface-functionalized mannosylated-PLGA NPs of lamivudine (LVD)
administered by intravenous route in a dose of 10 mg/kg to rats showed pronouncedly
higher calculated brain/plasma ratio than PLGA NPs and continuously increased
drug concentration up to 12 h (Patel et al. 2018). EFV-loaded PLGA NPs prepared
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using microfluidic method with particle size 73 nm, zeta potential —14.1 mV, and
10.8% drug loading showed a sustained in vitro EFV release (50% released within
the first 24 h), and NPs functionalization with a transferrin receptor-binding peptide
was found to be safe to blood brain barrier (BBB) endothelial and neuron cells (meta-
bolic activity above 70%) and nonhemolytic, whereby functionalized nanosystems
exhibited 1.3-fold higher drug permeability through a BBB in vitro model compared
to free drug (Martins et al. 2019). EFV-loaded PLGA NPs and PLGA NPs with poly-
ethylene glycol (PEG) coating with particle sizes 200-225 nm also retained native
ARV activity of drug in vitro, while showed lower cytotoxicity against different epi-
thelial cell lines and HIV target cells. Both types of NPs were readily taken up by
colorectal cell lines and mildly reduced EFV permeation and increased membrane
retention in Caco-2 and Caco-2/HT29-MTX cell models monolayer in vitro. At intra-
rectal administration to CD-1 mice in phosphate-buffered saline (pH 7.4), the coated
PLGA NPs encapsulating EFV reached higher drug levels in colorectal tissues and
lavages compared to free EFV or EFV-loaded PLGA NPs and they provided enhanced
local pharmacokinetics that could be beneficial in preventing rectal HI'V transmission
(Nunes et al. 2018). TFV and EFV-loaded PLGA NPs incorporated alongside free
TFV into fast dissolving films during film manufacturing showed higher retention
in vivo in vaginal lavages and tissue when associated to film, and NPs-in-film were
still able to enhance drug concentrations of EFV. Film alone also contributed to
higher and more prolonged local drug levels as compared to the administration of
TFV and EFV in aqueous vehicle, and once daily vaginal administration to mice of
this formulation did not cause notable histological changes and major alterations in
cytokine/chemokine profiles (Cunha-Reis et al. 2016).

The comparison of EVG-loaded nonadhesive and surface-modified bioadhesive
poly(lactic acid)-hyperbranched polyglycerols NP formulations after intravaginal
administration showed that bioadhesive NPs markedly improved and prolonged
intravaginal delivery of drug and could provide sustained protection over longer
durations (Mohideen et al. 2017).

Atripla-trimethyl chitosan (CS) NPs nanoconjugated with particle sizes of
177.2 £ 7.8 nm and zeta potential of —1.35 = 0.04 mV showed a higher inhibitory
effect on HIV replication than atripla alone, and at low doses it could be used for
antiviral treatment resulting in reduction of drug resistance and other side effects
(Shohani et al. 2017). Spherical intranasal EFV NPs prepared using CS-g-
hydroxypropyl-p-cyclodextrin (198 + 4.4 nm) with 23.28 + 1.5% drug loading and
38 + 1.43% entrapment efficiency (EE) exhibited sustained drug release
(99.03 +0.30% in 8 h), 4.76-fold greater permeability through porcine nasal mucosa
than plain drug solution, and 12.40-fold higher central nervous system bioavailabil-
ity than drug solution administered by i.v. route (Belgamwar et al. 2018).
Experiments with NPs coated with glycol chitosan and loaded with a HIV-1 inhibi-
tor peptide tested in vitro and ex vivo using the porcine vaginal mucosa showed that
such formulation reached the vaginal tissue and released the peptide within intercel-
lular space without any side effects (Ariza-Saenz et al. 2017).

A novel NP-in-microparticle (MP) delivery system (NiMDS) comprised of pure
NPs of the darunavir (DRV) and its boosting agent ritonavir (RTV) encapsulated
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within film-coated MPs was reported, in which pure NPs were encapsulated within
calcium alginate/CS MPs that were film-coated with a series of poly(methacrylate)
copolymers showing differential solubility in the gastrointestinal tract and enabling
stability under gastric-like pH and sustained drug release under intestinal one. Using
this formulation a 2.3-fold higher oral bioavailability of DRV with respect to both
the unprocessed and the nanonized DRV/RTV combinations was estimated in albino
Sprague-Dawley rats (Augustine et al. 2018). Enhanced bioavailability of darunavir-
loaded lipid nanoemulsion in the brain after oral administration was described by
Desai and Thakkar (2019).

Among TFV-loaded HIV-1 gl20 targeting mannose responsive particles pre-
pared through the layer-by-layer coating of CaCO; with concanavalin A (Con A)
and glycogen, the one Con A layer containing system showed about twofold increase
in drug release vs. control at a concentration of 25 pg/mL HIV gp120 and percent
mucoadhesion estimated ex vivo on porcine vaginal tissue, ranged from 10% to
21%, depending on the number of Con A layers in the formulation (Coulibaly
et al. 2017).

Hillaireau et al. (2013) referred about the potential of nanoassemblied nucleoside
reverse transcriptase inhibitors (NRTIs) delivered as squalenoylated prodrugs to
enhance their absorption and improve their biodistribution and also to enhance their
intracellular delivery and antiviral efficacy toward HI'V-infected cells. Biodegradable
cationic cholesterol-e-polylysine nanogel carriers for delivery of triphosphorylated
NRTTs demonstrating high anti-HIV activity along with low neurotoxicity, warrant-
ing minimal side effects following systemic administration, were prepared by
Warren et al. (2015). Nanogel modification with brain-specific peptide vectors
resulted in efficient central nervous system targeting. Senanayake et al. (2015) con-
jugated succinate derivatives of NRTIs with cholesteryl-e-polylysine nanogels.
Nanogel conjugates of zidovudine (ZDV), LVD, and abacavir demonstrated tenfold
suppression of reverse transcriptase activity in HIV-infected macrophages with
ECy, drug levels of 2—-10, 2—4, and 1-2 pM, respectively, for single nanodrugs and
dual and triple nanodrug cocktails, conjugate of LVD being the most effective single
nanodrugs (ECyy 2 pM). NPs of 50-60 nm prepared by encapsulation of ZDV in
lactoferrin NPs were found to be stable in simulated gastric and intestinal fluids and
the anti-HIV-1 activity of drug remained unaltered in nanoformulation in acute
infection, the drug release from NPs was constant up to 96 h and bone marrow
micronucleus assay showed that nanoformulation exhibited ca. twofold lower toxic-
ity than soluble form (Kumar et al. 2015). Lactoferrin NPs loaded with a triple drug
combination of ZDV, EFV, and LVD showing a diameter of 67 nm and EE >58% for
each drug delivered the maximum of its payload at pH 5 with a minimum burst
release in vitro, exhibited improved anti-HIV activity, were practically not toxic to
the erythrocytes, and reached in in vivo experiment an approx. >4-fold increase in
AUC, 30% increase in the C,,,, compared to individual drugs, and >2-fold enhance-
ment in the half-life of each drug. They also showed improved bioavailability of
all drugs with less tissue-related inflammation (Kumar et al. 2017b). Improved
HIV-microbicide activity through the co-encapsulation of drugs acting as NRTIs
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in biocompatible metal organic framework nanocarriers containing iron(III)
polycarboxylate NPs was reported by Marcos-Almaraz et al. (2017).

TFV disoproxil fumarate encapsulated in multifunctional magneto-plasmonic
liposomes, a hybrid system combining liposomes and magneto-plasmonic NPs,
enabled the treatment in the brain microenvironment that is inaccessible to most of
the drugs, showed enhanced transmigration across an in vitro BBB model by mag-
netic targeting, and exhibited desired therapeutic effects against HIV-infected
microglia cells, while the gold shell of liposomes showed bright positive contrast in
X-ray computed tomography (Tomitaka et al. 2018).

EFV-loaded solid lipid NPs (SLNPs) with mean particle size of 108.5 nm, poly-
dispersity index of 0.172, and 64.9% EE administered intranasally in vivo revealed
increased concentration of the drug in brain as desired suggesting their potential to
be used for eradication of HIV and cure of HIV-infected patients (Gupta et al. 2017).
Endsley and Ho (2012) constructed CD4-targeted SLNPs providing selective bind-
ing and efficient delivery of indinavir to CD4*-HIV host cells (whereby inclusion of
PEG in SLNPs minimized immune recognition of peptides) that showed enhance-
ment of anti-HIV effects even under limited time exposure. Nanoscaled NRTIs
decorated with the peptide-binding brain-specific apolipoprotein E receptor demon-
strated low neurotoxicity and high antiviral activity against HIV infection in the
brain (Gerson et al. 2014).

A cell surface chemokine receptor CXCR4 targeting peptide 4DV3 acting as an
HIV entry inhibitor and a ligand for targeted drug delivery was described by Lee
et al. (2019). The use of 4DV3 as the targeting ligand resulted in enhanced endocy-
tosis due to the uptake of 4DV3 functionalized nanocarriers combined with the
allosteric interaction with CXCR4, suggesting that 4DV 3 peptide could be consid-
ered as a dual function ligand.

Bayon et al. (2018) developed vaccine formulations comprising nanostructured
lipid carriers (NLC) grafted with p24 antigen, together with cationic NLC opti-
mized for the delivery of immunostimulant CpG, which was able notably enhance
immune responses against p24 manifested in specific antibody production and T
cell activation in mice as well as in nonhuman primates.

A tissue- and cell-targeted long-acting four-in-one nanosuspension composed of
lopinavir, RTV, TFV, and LVD administered as a single injection subcutaneously to
four macaques was able to exhibit persistent drug levels in lymph node mononu-
clear cells and peripheral blood mononuclear cells for 5 weeks and could be pro-
posed for a long-acting treatment with the potential to target residual virus in tissues
and improve patient adherence (McConnachie et al. 2018).

Biocompatible ZDV-loaded hybrid core-shell NPs of carboxymethyl cellulose
(core) and Compritol®-PEG (shell) for ARV drug delivery with mean size of
161 + 44.06 nm and 82% drug EE showed controlled drug release and were able
effectively enter the brain cells (Joshy et al. 2017). The biocompatible PF-68-coated
NPs of amide functionalized alginate prepared by coupling reaction with D,L-glutamic
acid encapsulating ZDV with mean size of 432 + 11.9 nm and a loading efficacy of
29.5 + 3.2% showed slow and sustained release of drug in phosphate-buffered saline
(PBS, pH 7.4) and exhibited significantly higher cellular internalization efficiency
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in vitro (Joshy et al. 2018a). Considerable improvement in cellular internalization
(murine neuro-2a and HeLa cells) in vitro was observed also with ZDV-loaded PVP/
stearic acid (SA)-PEG NPs due to the core-shell NPs prepared from lipid and poly-
mer, suggesting that such NPs have potential to be used for antiviral drug delivery for
use in HIV/AIDS therapy (Joshy et al. 2018b). ZDV-loaded core-shell dextran hybrid
nanosystem expressed enhanced cellular internalization of drug-loaded hybrid NPs in
comparison with free drug (Joshy et al. 2018c).

Retained intracytoplasmic nanoformulations consisting of a hydrophobic and
lipophilic modified dolutegravir prodrug encapsulated into poloxamer released the
drug from macrophages and suppressed viral replication and spread of virus to
CD4* T cells, while the drug blood and tissue levels in BALB/cJ mice were above
64 ng/mL corresponding to ICy, value for 56 and 28 days, respectively (Sillman
et al. 2018).

Crystals of myristoylated cabotegravir prodrug that were formulated into NPs
facilitated avid monocyte-macrophage entry, retention, and reticuloendothelial sys-
tem depot formulation, showed sustained protection against HIV-1 challenge, and a
single 45 mg/kg intramuscular injection of these NPs at a dose of 45 mg/kg to
BALB/cJ mice resulted in fourfold higher pharmacokinetic profiles compared to
long-acting parenteral cabotegravir, and similar results were obtained also with rhe-
sus macaques (Macaca mulatta); improved viral restriction in human adult
lymphocyte-reconstituted NOD/SCID/IL2Ryc™~ mice by this nanoformulations
was observed as well (Zhou et al. 2018).

7.3 Influenza A Viruses, Subtypes H3N2 and HIN1

Influenza is a respiratory illness caused by a virus. All influenza viruses are negative-
sense, single-stranded, segmented RNA viruses. Viruses of influenza A type occur
in humans and animals, while types B and C can be found only in humans. Influenza
A viruses are classified according to the type of hemagglutinin (H) and the type of
neuroaminidase (N) into subtypes HIN1, HIN2, H2N2, H3N2, H5N1, and H8N4.
Each virus subtype has mutated into a variety of strains with differing pathogenic
profiles using humanized BLT mouse model (Taubenberger and Morens 2010;
Takizawa and Yamasaki 2018). Influenza A virus causes influenza in birds and some
mammals, and is the only species of the Alphainfluenzavirus genus of the
Orthomyxoviridae family of viruses. Type A influenza is a contagious viral infection
that can have life-threatening complications if left untreated. An influenza could be
pandemic, when an epidemic of an influenza virus spreads on a worldwide scale,
e.g., “Spanish flu” of 1918 (Kuchipudi and Niessly 2018).

Inhibition of A/Human/Hubei/3/2005 (H3N2) influenza virus infection by
AgNPs in vitro and in vivo was reported by Xiang et al. (2013). Feng et al. (2013)
designed glycosylated metal (Ag and Au) NPs as potent influenza A virus hemag-
glutinin (HA) blockers. Inhibitory effects of AgNPs with particle size of 10 nm
on HINTI influenza A virus in vitro were also reported by Xiang et al. (2011).
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The effect of size dependence of the AgNPs (3.5, 6.5, and 12.9 nm average diameters)
that were embedded into the CS matrix on antiviral activity against HIN1 influenza
A virus was also observed showing generally stronger antiviral activity with smaller
AgNPs in the composites (Mori et al. 2013). Evaluation of the efficacy of
AgNP-decorated silica hybrid composite (Ag30-SiO,) with particle size of 400 nm
in diameter for inactivation of influenza A virus showed that even after 1 h of expo-
sure to these NPs >80% of HA damage, 20% of neuraminidase activities, and reduc-
tion of the infection caused by the virus in Madin-Darby Canine Kidney (MDCK)
cells was observed. The Ag30-SiO, NPs were found to interact with viral compo-
nents situated at the membrane causing them nonspecific damage resulting in virus
inactivation (Park et al. 2018).

As the primary mechanism of influenza virus inhibition by AuNPs with different
anionic groups blocking of viral attachment to cell surface was suggested, although
viral fusion inhibition could not be excluded (Sametband et al. 2011). Li et al.
(2016) proposed a new modality to inhibit viral infection by fabricating DNA-
conjugated AuNPs networks on cell membranes as a protective barrier, antiviral
activity of which may be attributed to steric effects, the disruption of membrane
glycoproteins, and limited fusion of cell membrane bilayers. In addition, these
DNA-AuNPs beside inhibition of virus attachment and entry could also inhibit viral
budding and cell-to-cell spread. Multivalent sialic acid-functionalized AuNPs of
14 nm inhibited influenza virus infection. As the binding of the viral fusion protein
HA to the host cell surface is mediated by sialic acid receptors, a multivalent inter-
action with sialic acid-functionalized AuNPs is expected to competitively inhibit
viral infection (Papp et al. 2010). Intranasal immunizations with a mixture of con-
jugated recombinant trimetric influenza A/Aichi/2/68(H3N2) HA onto functional-
ized AuNPs surfaces in a repetitive, oriented configuration and AuNPs coupled with
Toll-like receptor 5 agonist flagellin as particulate adjuvants resulted in improved
mucosal B cell responses (increasing influenza-specific immunoglobulin (Ig) A and
IgG lin nasal, tracheal, and lung washes), stimulation of antigen-specific interferon-
y-secreting CD4* cell proliferation and induced strong effector CD8" T cell activa-
tion suggesting powerful mucosal and systemic immune responses protecting hosts
against lethal influenza challenges (Wang et al. 2018b).

Cul NPs of mean size of 160 nm exerted antiviral activity against an influenza
A virus of swine origin (pandemic [HINI] 2009) by generating hydroxyl radi-
cals, suggesting that they could be applied in filters, face masks, protective cloth-
ing, and kitchen cloths as a material suitable to protect against viral attacks
(Fujimori et al. 2012).

Nanocomposites, in which DNA fragments were electrostatically bound to TiO,
NPs pre-covered with polylysine, efficiently inhibited human influenza A (subtype
H3N2) (Levina et al. 2014). Composites of peptide nucleic acids with TiO, NP-
containing DNA/peptide nucleic acid duplexes inhibited reproduction of influenza
A virus (H3N2 subtype) with an efficiency of 99% and they were shown to not only
penetrate through cell membranes, but also exhibit a high specific antisense activity
without toxic effects on the living cells (Amirkhanov et al. 2015).
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SeNPs decorated by ribavirin (RBV), a broad-spectrum antiviral drug, protected
cells during HINT1 infection in vitro, while in in vivo experiments they prevented
lung injury in HIN1-infected mice, significantly reduced DNA damage in lung tis-
sue, and restrained activations of caspase-3 and proteins on the apoptosis pathway
(Lin et al. 2018b).

Pieler et al. (2016) bound inactivated, concentrated, and diafiltered influenza A
virus particles produced in MDCK cell suspension to magnetic sulfated cellulose
microparticles (100-250 pm) and directly injected into mice for immunization and
observed high anti-influenza A antibody responses and full protection against a
lethal challenge with replication-competent influenza A virus, whereby 400-fold
reduced number of influenza nucleoprotein gene copies in the lungs of mice immu-
nized with antigen-loaded microparticles compared to mock-treated animals was
estimated.

Hybrid inorganic-organic microcapsules obtained by encapsulating siRNA via
the combination of layer-by-layer technique and in situ modification by sol-gel
chemistry were characterized with high cell uptake efficiency, low toxicity, efficient
intracellular delivery of siRNAs and the protection of siRNAs from premature deg-
radation before reaching the target cells, reduced viral nucleoprotein level, and
inhibited influenza A virus (HIN1) production in infected MDCK and A549 cells
(Timin et al. 2017). CS NPs loaded by siRNA that were efficiently up-taken by Vero
cells resulting in the inhibition of influenza virus (strain A/PR/8/34 (HIN1)) repli-
cation in vitro showed antiviral effects at nasal administration and considerably pro-
tected BALB/c mice from a lethal influenza challenge, suggesting that this
nanoformulation is a promising system for controlling influenza virus infection
(Jamali et al. 2018).

Figueira et al. (2018) modified the influenza fusion inhibitors by adding a cell-
penetrating peptide self-assembling into 15-30 nm NPs and targeting relevant tis-
sues infected with influenza virus A in vivo, causing reduction of viral infectivity
upon interaction with the cell membrane, and it was shown that for efficacious bio-
distribution, fusion inhibition, and efficacy in vivo both the cell-penetrating peptide
and the lipid moiety are necessary.

The amino acid sequence of influenza matrix protein 2 ectodomain (M2e) is
highly conserved among human seasonal influenza A viruses (Deng et al. 2018a).
Multivalent oleanolic acid protein conjugates as nonglycosylated neomucin mimics
for the capture and entry inhibition of influenza A viruses (HIN1, H3N2, and HON2)
designed by Yang et al. (2018) were found to be comparable to natural glycosylated
mucin, suggesting that this material could potentially be used as anti-infective bar-
riers to prevent virus from invading host cells. Bernasconi et al. (2018) developed a
fusion protein with three copies of the ectodomain of matrix protein 2, which is one
of the most explored conserved influenza A virus antigens for a broadly protective
vaccine and incorporated it into porous maltodextrin NPs to enhance its protective
ability and the formulation resulted in broadly protective immunity against a lethal
infection with heterosubtypic influenza virus, immune protection being mediated by
enhanced levels of lung-resident CD4* T cells as well as anti-HA and anti-M2e
serum IgG and local IgA antibodies.
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The initial adhesion of most viruses is quantitatively controlled by multivalent
binding of proteins to glycan receptors on the host cell. Lin et al. (2018c) to mimic
virus adhesion to cell surfaces attached protein-oligomer-coated NPs to fluidic gly-
colipid membranes with surface glycan density varying over four orders of magni-
tude and found that in the binding isotherms two regions could be estimated, which
could be attributed to monovalent and multivalent protein/glycan interactions at low
and high glycan densities, respectively.

Lauster et al. (2017) designed multivalent peptide-polymer NPs consisting of
covalent conjugates of peptidic ligands and a biocompatible polyglycerol-based
hydrophilic dendritic scaffold showing binding with nanomolar affinity to the influ-
enza A virus via its spike protein hemagglutinin. A novel seasonal recombinant HA
NP influenza vaccine (NIV) formulated with a saponin-based adjuvant, Matrix-M™,
induced HA inhibition (HAI) and microneutralizing antibodies against a broad
range of influenza A (H3N2) subtypes. HAI-positive and HAI-negative neutralizing
monoclonal antibodies derived from mice immunized with NIV were active against
homologous and drifted influenza A (H3N2) strains (Smith et al. 2017). Layered
protein NPs composed of structure-stabilized HA stalk domains from both HA
groups, and constructed M2e, were reported to have potential to be developed into
a universal influenza vaccine that could induce broad cross protection against diver-
gent viruses (Deng et al. 2018a).

An intranasally administered biocompatible polyanhydride NP-based influenza
A virus (IAV) vaccine (IAV-nanovax) that could provide protection against subse-
quent homologous and heterologous IAV infections in both inbred and outbred
populations, when used for vaccination, resulted in promotion of the induction of
germinal center B cells within the lungs, both systemic and lung local IAV-specific
antibodies, and IAV-specific lung-resident memory CD4 and CD8 T cells (Zacharias
et al. 2018).

Double-layered peptide NPs prepared by desolvating a composite peptide of tan-
dem copies of nucleoprotein epitopes into NPs as cores and cross-linking another
composite peptide of four tandem copies of influenza matrix protein 2 ectodomain
epitopes to the core surfaces as a coating that were delivered via dissolvable
microneedle patch-based skin vaccination, induced robust specific immunity and
protected mice against heterosubtypic influenza A virus challenges and demon-
strated a strong antigen depot effect resulting in the stronger immune responses,
whereby CD8* T cells were involved in the protection (Deng et al. 2018b).

Intranasal vaccination with NPs formed by 3-sequential repeats of M2e on the
self-assembling recombinant human heavy chain ferritin cage could induce robust
immune responses such as high titers of sera M2e-specific IgG antibodies, T cell
immune responses, and mucosal secretory IgA antibodies in mice in the absence
of an adjuvant. These NPs also confer complete protection against a lethal infec-
tion of homo-subtypic HIN1 and hetero-subtypic HON2 virus and could be consid-
ered as a promising, needle-free, intranasally administered cross-protective
influenza vaccine as being economical and suitable for large-scale production (Qi
et al. 2018).
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7.4 Avian Influenza and Swine Influenza Viruses

Avian influenza is a variety of influenza caused by viruses adapted to birds. Avian
influenza virus (AIV) is an A-type influenza virus belonging to the Orthomyxoviridae
family, whereby isolated strains of “highly pathogenic avian influenza” inducing
intravenous pathogenicity index >1.2 or mortality rate >75% in a defined chicken
population during the specified interval of 10 days are of H5 and H7 subtypes
(Chatziprodromidou et al. 2018).

Swine influenza is caused by swine influenza viruses (SwIV) that are endemic in
pigs. In Europe, swine influenza is considered one of the most important primary
pathogens of swine respiratory disease and infection is primarily with HIN1, HIN2,
and H3N2 influenza A viruses (Brown 2013).

It was found that dietary supplementation of chromium picolinate (1500 ppb)
and chromium NPs (1000 ppb) improved the performance and antibody titers
against avian influenza and infectious bronchitis heat stress conditions (36 °C) in
broilers (Hajializadeh et al. 2017). Serum samples collected from immunized chick-
ens with formulation consisting of plasmid encoding HA gene of AIV, (A/Ck/
Malaysia/5858/04 (H5N1)), formulated using biosynthesized AgNPs (4-18 nm)
and PEG showed rapidly increasing antibody responses against H5 on day 14 after
immunization and single oral administration of this formulation resulted in the
induction of both the antibody and cell-mediated immune responses as well as
enhanced cytokine production (Jazayeri et al. 2012). A vaccine formulation consist-
ing of ion channel membrane matrix protein 2 of the extracellular domain of influ-
enza A conjugated to AuNPs with CpG oligodeoxynucleotide as a soluble adjuvant,
which was delivered intranasally in mice, resulted in lung B cell activation and
robust serum anti-M2e IgG response, with stimulation of both IgG1 and IgG2a
subtypes. Lethal challenge of vaccinated mice with A/California/04/2009
(HIN1pdm) pandemic strain, A/Victoria/3/75 (H3N2), and the highly pathogenic
AIV A/Vietnam/1203/2004 (H5N1) resulted in 100, 92, and 100% protection (Tao
et al. 2017). Considering a very important role of mucosal immunity in the antiviral
immune response, AgNPs biofabricated using Cinnamomum cassia extract showed
enhanced antiviral activity against highly pathogenic AIV subtype H7N3, when
incubated with the virus prior to infection as well as introduced to cells after infec-
tion, whereby the tested concentrations of extract and AgNPs (up to 500 pg/mL)
were found to be nontoxic to Vero cells (Fatima et al. 2016). For complexity, it is
necessary to mention (as was discussed above) that Fujimori et al. (2012) described
antiviral activity of Cul NPs against influenza A virus of swine origin HIN1.

Formulation using calcium phosphate NPs vaccine adjuvant and delivery plat-
form to formulate an inactivated whole virus pandemic influenza A/CA/04/2009
(HIN1pdm) vaccine as a potential dose-sparing strategy that was intramuscularly
administered to BALI/c mice at doses 0.3, 1, or 3 pg (based on HA content) resulted
in higher HAI, virus neutralization, and IgG antibody titers compared to the nonad-
juvanted vaccine, providing equal protection with one-third of the antigen dose as
compared to the nonadjuvanted or alum (hydrated double sulfate salts of aluminum
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with potassium, sodium, or ammonium)-adjuvanted vaccine (Morcol et al. 2017).
Solution of nanoscale scallop shell powder produced by calcination process show-
ing a size of 500 nm inactivated AIV within 5 s, whereas the solution of greater
powder particles (20 pm) could not even after 1 h incubation. Moreover, inactiva-
tion of Newecastle disease virus and goose parvovirus solution by nanopowder
within 5 and 30 s, respectively, was observed as well (Thammakarn et al. 2014).

Chickens immunized with a low dose (200 pL) of bioadhesive liposomal influ-
enza vaccine using liposomes prepared with tremella or xanthan gum as the bioad-
hesive polysaccharide showed considerably higher mucosal and serum antibody
levels, and low-viscosity gel mixed with liposomes was found to be suitable for
nasal delivery and chickens elicited higher mucosal secretory IgA and serum IgG
after two vaccinations compared to application of liposome mixture with a high-
viscosity gel (Chiou et al. 2009).

Vaccination of chickens with nonencapsulated AIV combined with PLGA-
encapsulated CpG oligodeoxynucleotides, CpG 2007, resulted in qualitatively and
quantitatively augmented antibody responses manifested as a reduction in virus
shedding compared to the encapsulated AIV combined with PLGA-encapsulated
CpG 2007 formulation (Singh et al. 2016a). Similarly, nonencapsulated CpG 2007 in
inactivated AIV vaccines administered by the intramuscular route generated higher
antibody responses compared to the CpG 2007 encapsulated in PLGA, while PLGA-
encapsulated CpG 2007 in AIV vaccines administered by the aerosol route elicited
higher mucosal responses compared to nonencapsulated CpG 2007 (Singh et al.
2016b). Seok et al. (2017) designed an intradermal pHIN1 DNA vaccine delivery
platform using microneedles coated with a polyplex-containing PLGA/polyethyle-
neimine NPs inducing a greater humoral immune response due to rapid dissolution
of the coated polyplex in porcine skin (within 5 min) than that observed at intramus-
cular polyplex delivery or naked pHIN1 DNA vaccine delivery by a dry-coated
microneedles. Consequently, intradermal delivery of DNA vaccines within a cationic
polyplex coated on microneedles has potential in skin immunizations. Polyanhydride
NPs encapsulating subunit proteins can enhance humoral and cell-mediated immu-
nity and provide protection upon lethal challenge. A robust immunogen, recombi-
nant H5 hemagglutinin trimer (HS5;) encapsulated into polyanhydride NPs used to
immunizing mice induced high neutralizing antibody titers and enhanced CD4* T
cell recall responses in mice and H5;-based polyanhydride nanovaccine induced pro-
tective immunity against a low-pathogenic HSN1 viral challenge (Ross et al. 2015).
Similarly, intranasal delivery of nanovaccine consisting of inactivated SwIV encap-
sulated in polyanhydride NPs enhanced antigen-specific cellular immune response in
pigs, with promise to induce cross-protective immunity (Dhakal et al. 2017a), and
inactivated SwIV encapsulated in PLGA NPs (200-300 nm diameter) administered
via intranasal route reduced the clinical disease and induced cross-protective cell-
mediated immune response in a pig model as well (Dhakal et al. 2017b).

As a virus for challenge test Moon et al. (2012) used the HPAI H5N1 virus (A/
EM/Korea/W 149/06) isolated from fecal specimens collected from wild bird habi-
tats and constructed recombinant HA antigen based on the HA1 head domain of this
virus. Intranasal immunization with a mixture of recombinant influenza HA antigen
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or inactivated virus and poly-y-glutamic acid (PGA)/CS NPs induced a high anti-
HA IgA response in lung and IgG response in serum, including anti-HA neutraliz-
ing antibodies as well as an influenza virus-specific cell-mediated immune response
in female BALB/c mice against challenge with a lethal dose of the highly patho-
genic influenza A HSN1 virus (Moon et al. 2012). Pigs that were intranasally vac-
cinated with killed swine influenza A virus HIN2 (8-lineage) antigens encapsulated
in CS polymer-based NPs exhibited an enhanced IgG serum antibody and mucosal
secretory IgA antibody responses in nasal swabs, bronchoalveolar lavage fluids, and
lung lysates that were reactive against homologous (H1N2), heterologous (HIN1),
and heterosubtypic (H3N2) influenza A virus strains (Dhakal et al. 2018).

Mucosal vaccination of conserved matrix protein 2, fusion peptide of hemag-
glutinin HA, and cholera toxin subunit Al (CTAI) fusion protein with poly-
y-glutamate/CS NPs induced protection against divergent influenza subtypes and
was found to induce a high degree of systemic immunity (IgG and IgA) at the site
of inoculation and in challenge tests in BALI/c mice with several viruses (H5N1,
HINI, HSN2, H7N3, or HON2) provided cross protection against divergent lethal
influenza subtypes up to 6 months after vaccination (Chowdhury et al. 2017). Two
immunizations of modified nonreplicating mRNA encoding influenza H10 hemag-
glutinin and encapsulated in lipid NPs induced protective HA inhibition titers and
H10-specific CD4* T cell responses after intramuscular or intradermal delivery in
rhesus macaques (Liang et al. 2017). The results of hemagglutination inhibition and
micro-neutralization assays showed that lipid NP-formulated modified mRNA vac-
cines encoding HA proteins of HIONS8 (A/Jiangxi-Donghu/346/2013) or H7N9 (A/
Anhui/1/2013) generated rapid and robust immune responses in mice, ferrets, and
nonhuman primates, and a single dose of H7N9 mRNA was able to protect mice
from a lethal challenge and reduced lung viral titers in ferrets (Bahl et al. 2017).

Coated two-layer protein nanoclusters from recombinant trimeric HA from an
avian-origin H7N9 influenza that were evaluated for the virus-specific immune
responses and protective efficacy in mice immunized with these nanoclusters were
found to be highly immunogenic; they were able to induce protective immunity and
long-lasting humoral antibody responses to this virus without the use of adjuvants, sug-
gesting that such coated nanoclusters also have great potential for influenza vaccine
production not only in response to an emerging pandemic, but also as a replacement for
conventional seasonal influenza vaccines (Wang et al. 2017).

7.5 Respiratory Syncytial Virus

Respiratory syncytial virus (RSV), a negative-sense single-stranded enveloped
RNA virus, is a global human pathogen responsible for lower respiratory tract infec-
tions and is considered as the major viral pathogen of the lower respiratory tract of
infants. Therefore, there are urgent need to utilize convenient strategies to prevent
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RSV infection, including beside of live attenuated, chimeric, and subunit vaccines
also nanosized particles (Borchers et al. 2013; Clark and Guerrero-Plata 2017).

Au nanorods (AuNRs) were found to inhibit RSV in human epithelial type 2
(HEp-2) cells and in BALB/c mice by 82% and 56%, respectively, whereby the
RSV inhibition correlated with marked upregulated antiviral genes due to AuNR-
mediated Toll-like receptor, the nucleotide-binding oligomerization domain (NOD)-
like receptor, and retinoic acid-inducible gene-I (RIG-I)-like receptor signaling
pathways, whereby recruitment of immune cells to counter RSV replication was
demonstrated by production of cytokines and chemokines in the lungs (Bawage
et al. 2016). Treatment of human dendritic cells with AuNRs conjugated to RSV F
formulated as a candidate vaccine preparation for RSV by covalent attachment of
viral protein using a layer-by-layer approach induced immune responses in primary
human T cells (Stone et al. 2013). Curcumin-modified AgNPs showed strong inhibi-
tory activity against RSV infection resulting in a reduction of viral titers about two
orders of magnitude at AgNPs concentration showing no toxicity to the host cells,
whereby AgNPs inactivated the virus directly, which resulted in the prevention of
RSV to infect the host cells (Yang et al. 2016a).

In BALB/c mice exposed to a single dose of intranasally administered TiO, NPs
(0.5 mg/kg) that were 5 days later infected intranasally with RSV notably increased
levels of interferon-y and chemokine CCLS in the bronchoalveolar lavage fluids
were estimated compared with the control on day 5 postinfection, but not in unin-
fected mice. TiO, exposure resulted also in an increase in the infiltration of lympho-
cytes into the alveolar septa in lung tissues, while pulmonary viral titers were not
affected. Consequently, it can be stated that the immune system was affected by a
single exposure to TiO, NPs that exacerbated pneumonia in RSV-infected mice
(Hashiguchi et al. 2015).

The curcumin-loaded B-cyclodextrin-functionalized graphene oxide (GO) com-
posite was found to cause highly efficient inhibition of RSV infection, showed great
biocompatibility to the host cells, and was able to prevent the host cells from RSV
infection by directly inactivating the virus and inhibiting the viral attachment, show-
ing prophylactic and therapeutic effects toward RSV (Yang et al. 2017a).

Recent advances in prophylactic synthetic biodegradable microparticle and
nanoparticle vaccines against RSV and the multiple factors that can affect vaccine
efficacy were summarized by Jorquera and Tripp (2016). Vaccination with a recom-
binant RSV F nanoparticle vaccine (60 or 90 g RSV F protein, with or without
aluminum phosphate adjuvant) enhanced functional immunity to RSV in older
adults (>60 years), showed an acceptable safety profile, and additional immunoge-
nicity benefit was observed with adjuvanted formulation compared to increasing
antigen dose alone. Moreover, the RSV F vaccine co-administered with licensed
inactivated trivalent influenza vaccine (TIV) did not impact the serum HAI antibody
responses to a standard-dose TIV, and TIV did not affect the immune response to the
RSV F vaccine (Fries et al. 2017).



154 J. Jampilek and K. Kralova
7.6 Herpes Simplex Virus

Double-stranded DNA viruses, Herpes simplex virus 1 and 2 (HSV-1 and HSV-2),
are members of the a-herpesvirus subfamily of Herpesviridae family that infect
humans. HSV-1 causes cold sores, while HSV-2 causes genital herpes and these
viruses can establish lifelong latent infection within peripheral nervous system
(Dai and Zhou 2018).

Size-dependent interactions of AgNPs with HSV-1, HSV-2, and human parainflu-
enza virus type 3 resulting in reduced viral infectivity or in inhibition of the infectiv-
ity of the viruses by smaller-sized NPs that was caused probably by blocking
interaction of the virus with the cell was described by Gaikwad et al. (2013). AgNPs
applied at nontoxic concentrations administered prior to viral infection or soon after
initial virus exposure were capable to inhibit HSV-2 replication, suggesting that the
AgNPs acted during the early phases of viral replication (Hu et al. 2014). Tannic
acid-modified AgNPs of 13, 33, and 46 nm showed antiviral activity and reduced
both infection and inflammatory reaction in the mouse model of HSV-2 infection,
when used at infection or for a postinfection treatment (Orlowski et al. 2014), and
antiviral activity of such NPs with a size of 33 nm applied upon the mucosal tissues
caused activation of immune response in vaginal HSV-2 (Orlowski et al. 2018a).
Multifunctional tannic acid/AgNPs-based mucoadhesive hydrogel for effective vag-
inal treatment of HSV-2 genital infection was also reported (Szymanska et al. 2018).
Investigation of the ability of tannic acid-modified Ag and AuNPs to induce den-
dritic cells maturation and activation in the presence of HSV-2 antigens, when used
at nontoxic doses, showed that both types of these metal NPs were good activators
of dendritic cells, albeit their final effect upon maturation and activation may be
metal and size dependent and can help to overcome virus-induced suppression of
dendritic cells activation (Orlowski et al. 2018b). AuNPs of the size of 7.86 nm sur-
face-conjugated with gallic acid showed the antiviral efficacy against HSV infec-
tions in Vero cells with ECs, of 32.3 pM in HSV-1 and 38.6 pM in HSV-2 (Haider
et al. 2018). AuNPs capped with mercaptoethanesulfonate (MES) strongly inhibited
HSV-1, whereby they interfered with viral attachment, entry, and cell-to-cell spread,
thereby preventing subsequent viral infection in a multimodal manner (Baram-Pinto
et al. 2010). However, the antiviral effect of MES-capped AgNPs against HSV-1 was
found to be imparted by their multivalent nature and spatially directed MES on the
surface (Baram-Pinto et al. 2009). An overview related to application of AgNPs in
inhibition of HSV was presented by Akbarzadeh et al. (2018).

ZnO micro-nano structures capped with multiple nanoscopic spikes mimicking
cell induced filopodia and showing partially negatively charged oxygen vacancies
on their nanoscopic spikes, after trapping the virions rendered them unable to enter
into human corneal fibroblasts—a natural target cell for HSV-1 infection and exhib-
ited pronouncedly enhanced anti-HSV-1 effect creating additional oxygen vacan-
cies under UV light illumination (Mishra et al. 2011). Intravaginal ZnO tetrapod
NPs with engineered oxygen vacancies, when used intravaginally, acted as a
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microbicide and were found to be an effective suppressor of HSV-2 genital infection
in female BALB/c mice, suppressing also a reinfection, and exhibited strong
adjuvant-like properties as well (Antoine et al. 2016). The antiviral effects of ZnO
tetrapods can be enhanced by illuminating with UV light (Antoine et al. 2012).

SnO, nanowires working as a carrier of negatively charged structures can
compete with HSV-1 attachment to cell-bound HS, resulting in the inhibition of
virus entry and subsequent cell-to-cell spread (Trigilio et al. 2012).

Acyclovir (ACV)-loaded glycosaminoglycan-modified mesoporous SiO, NPs
reduced the viral infection with HSV and such NPs were able to simultaneously
inhibit the viral entry and DNA replication (Lee et al. 2018).

Graphene sheets uniformly anchored with spherical sulfonated magnetic NPs
were able to capture and photothermally destroy HSV-1 upon irradiation with near-
infrared light (808 nm, 7 min) (Deokar et al. 2017). Graphene sheets approx. 300 nm
in size and with a degree of sulfation of approx. 10% were found to operate as effec-
tive viral inhibitor and inhibited HSV infection at an early stage during entry but did
not affect cell-to-cell spread (Ziem et al. 2017). A multivalent 2D flexible carbon
architecture fabricated using reduced GO functionalized with sulfated dendritic
polyglycerol to mimic the HS-containing surface of cells and to compete with this
natural binding site of viruses demonstrated excellent binding as well as efficient
inhibition of the infection with orthopoxvirus possessing a HS-dependent cell entry
mechanism (Ziem et al. 2016). Carbon nanodots surface-functionalized with
4-aminophenylboronic acid hydrochloride prevented HSV-1 infection on Vero and
A549 cells and showed ECs, of 80 and 145 ng/mL, respectively, specifically acting
on the early stage of virus entry (Barras et al. 2016).

C-Glycosylflavonoid-enriched fraction of Cecropia glaziovii encapsulated in
PLGA NPs showed antiherpes properties and could be considered as a promising
system for the effective drug delivery in the treatment of herpes infections (dos
Santos et al. 2017). Cymbopogon citratus volatile oil encapsulated in PLGA NPs
incorporated in carbomer hydrogels and tested against HSV using Vero cells inhib-
ited virus at 42.2-fold lower concentration than free oil and it was 8.8- and 2.2-fold
more efficient than oil-loaded NPs and hydrogel containing free oil, respectively
(Almeida et al. 2018). Genistein-loaded cationic nanoemulsions with an average
droplet size approx. 200-300 nm containing hydroxyethyl cellulose as a thickening
agent showed considerably reduced genistein flux through excised porcine mucosa
specimens compared to nanoemulsions before thickening, exhibited notable
increase of genistein retention in mucosa compared to the genistein propylene gly-
col solution, and showed antiherpetic activity in vitro against HSV-1 (strain 29R)
(Argenta et al. 2016).

Suspensions of glycyrrhizic acid NPs with particle size approx. 180 nm exhib-
ited better anti-HSV activities compared to glycyrrhizic acid ammonium salt, espe-
cially during replication period. Morphology of HSV-1 observed by transmission
electron microscopy was found to damage and shed the envelope of HSV-1 (Wang
et al. 2015). The antiviral activities against HSV-2 estimated using the cytopathic
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effect assay showed also microemulsions with mean nanodroplet diameter of
4.7 £ 1.22 nm consisting of oil, water, surfactants, and cosurfactants that were able
to destroy the HSV-2 virus at a 200-fold dilution in Dulbecco’s modified eagle
medium (Alkhatib et al. 2016). Pentyl gallate nanoemulsions (particle sizes of
124.8-143.7 nm; zeta potential ranging from —50.1 to —66.1 mV) demonstrated
anti-HSV-1 activity and the drug reached deeper into the dermis more efficiently
from the nanoemulsion as free drug, suggesting that nanoemulsions have potential
to be used in topically delivering pentyl gallate in the treatment of human herpes
labialis infection affecting primarily the lip (Kelmann et al. 2016).

Enhanced antiviral activity against a clinical isolate of HSV-1 was determined
using ACV-loaded spherical carboxylated cyclodextrin-based nanosponges carrying
carboxylic groups with the size of about 400 nm that exhibited prolonged release in
comparison with that observed with nanosponges, without initial burst effect
(Lembo et al. 2013). The formulation of ACV-loaded flexible membrane vesicles
with particle size and zeta potential of 453.7 nm and —11.62 mV, respectively,
incorporated into a hydrogel enhanced retention of drug deep inside the skin layers
indicating potentially reduced need of application frequency resulting in reducing
of adverse effects and suitability of such formulation for topical application against
HSV-1 infection (Sharma et al. 2017b).

ACV entrapped in nanostructured lipid carriers coated with CS increased the
corneal bioavailability in albino rabbits by 4.5-fold when compared to a commer-
cially available ophthalmic ointment of drug, whereby this nanoformulation showed
sustained release and improved antiviral properties of ACV through cell internaliza-
tion (Seyfoddin et al. 2016). The ACV-loaded CS NPs showing a spherical shape, a
size approx. 200 nm, and a zeta potential approx. —40.0 mV showed improved
in vitro skin permeation and higher antiviral activity than the free drug against both
the HSV-1 and the HSV-2 strains (Donalisio et al. 2018). CS as an immunomodulat-
ing adjuvant on T cells and antigen-presenting cells in HSV-1 infected mice was
reported by Choi et al. (2016). In the dendritic cell-based DNA vaccine (pRSC-
NLDC145.gD-IL21) carried by CS NPs, the expressed glycoprotein D in the formu-
lation effectively targeted corneal dendritic cells and significantly alleviated the
symptoms of both primary and recurrent HSV keratitis in mice via eliciting strong
humoral and cellular immune response suggesting that such vaccine could be suc-
cessfully used in Herpes simplex keratitis treatment (Tang et al. 2018).

Biomimetic supramolecular hexagonal-shaped nanoassemblies composed of
chondroitin sulfate formed by mixing hydrophobically modified chondroitin sulfate
with a-cyclodextrin in water showed improved antiviral activity against HSV-2
compared to hydrophobically modified chondroitin sulfate (Galus et al. 2016). ACV
was found to increasingly permeate through the multilayers of human corneal epi-
thelial cells from the drug-loaded bovine serum albumin NPs (approx. 200 nm)
compared to drug solution suggesting potential of such formulation to be used as
ocular drug delivery system (Suwannoi et al. 2017).
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7.7 Hepatitis B and C Viruses

Hepatitis B virus (HBV), a species of the genus Orthohepadnavirus and a member
of the Hepadnaviridae family of viruses, is a double-stranded DNA virus that repli-
cates by reverse transcription, while hepatitis C virus (HCV) is an enveloped
positive-sense single-stranded RNA virus of the family Flaviviridae (Zuckerman
1996). HBV and HBC affect the liver and can cause both acute and chronic infec-
tions, whereby cirrhosis and liver cancer may eventually develop. Viral hepatitis
caused 1.34 million deaths in 2015, a number comparable to deaths caused by tuber-
culosis and higher than those caused by HIV and in 2013 it was the seventh leading
cause of death worldwide (Stanaway et al. 2016; World Health Organization 2017).
The presence of hepatitis B virus core antigen (HBcAg) that is the major structural
protein of hepatitis B virus (HBV) in a blood serum indicates that a person has been
exposed to HBV (Liang 2009; Inoue and Tanaka 2016).

Lu et al. (2008) estimated that AgNPs of the size 10 and 50 nm inhibited the
in vitro production of HBV RNA and extracellular virions and assumed that the
direct interaction between these NPs and HBV double-stranded DNA or viral par-
ticles is responsible for their antiviral mechanism. Lee et al. (2012) proposed hyal-
uronic acid-AuNPs/interferon-a complex for targeted treatment of HCV infection.
Antiviral effect of AuNPs showing small particle size (approx. 3.5 nm) organized on
the surface of larger layered double hydroxide (LDH) NPs such as MgLDH,
ZnLDH, and MgFeLLDH (approx. 150 nm) using HBV as a model virus and
hepatoma-derived HepG2.2.215 cells for viral replication reduced the amount of
viral and subviral particles released from treated cells by up to 80%; in the presence
of AuNPs/LDHs the HBV particles were sequestered within the treated cells and the
highest antiviral HBV response (>90% inhibition of HBV secretion) was estimated
with AuNPs/MgFeLLDH (Carja et al. 2015). Cu,O NPs that were tested on antiviral
activity against HCV pronouncedly inhibited the infectivity of HCVcc/Huh7.5.1 at
a noncytotoxic concentration, they inhibited the entry of HCV pseudoparticles
(HCVpp), including genotypes la, 1b, and 2a, while no effect on HCV replication
was observed and they were found to stop HCV infection both at the attachment and
entry stages suggesting that Cu,O NPs could be used in the treatment of patients
with chronic hepatitis C (Hang et al. 2015).

Multifunctional SeNPs with baicalin and folic acid surface-modifications
designed for the targeted treatment of HB V-infected liver cancer primarily targeted
lysosomes in HepG2215 cells, induced apoptosis of HepG2215 cell by downregu-
lating the generation of reactive oxygen species (ROS) and the expression of the
HBxAg protein, and showed superb ability to inhibit cancer cell migration and
invasion (Fang et al. 2017).

Alum-adjuvanted HBV vaccine is considered as the most effective measure to
prevent HBV infection; however, it is a frost-sensitive suspension and therefore it
would be desirable to use alternative natural adjuvant system strongly immunogenic
allowing for a reduction in dose and cost. Therefore, AbdelAllah et al. (2016) sub-
cutaneously immunized mice with HBV surface antigen, HBsAg, adjuvanted with
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CS and sodium alginate, either alone or combined with alum, estimated rate of
seroconversion, serum HBsAg antibody, interleukin-4, and interferon-y levels, and
compared them with control mice immunized with current vaccine formula or unad-
juvanted HBsAg. It was found that the solution formula with CS or sodium alginate
exhibited comparable immunogenic responses to alum-adjuvanted suspension and
the triple adjuvant application (alum, CS, sodium alginate) resulted in considerably
higher immunogenic response than controls. Compared to traditional methods, vac-
cines prepared from nanoscale materials show appropriate biocompatibility and can
secure effective targeting to certain tissue or cells as well as precise stimulation of
immune responses (Yang et al. 2016b).

HBsAg-loaded trimethyl CS (TMC)/hydroxypropyl methylcellulose (hyprom-
ellose) phthalate (HPMCP) NPs with particle size of 158 nm showing loading
capacity and loading efficiency of 76.75% and 86.29%, respectively, at 300 pg/mL
concentration of the antigen exhibited improved acid stability and better protection
of entrapped HBsAg from gastric destruction in vitro, whereby the antigen showed
efficacious activity also after loading. Based on these findings it could be suggested
that TMC/HPMCP NPs have potential to be applied in the oral delivery of HBsAg
vaccine (Farhadian et al. 2015). Ndeboko et al. (2015) studied the inhibition of the
replication of duck hepatitis B virus (DHBYV), a reference model for human HBV
infection, by peptide nucleic acid (PNA) conjugated to different cell-penetrating
peptides (CPPs) and found that the PNA-CPP conjugates administered to neonatal
ducklings reached the liver and inhibited DHBYV replication, and in mouse model
conjugation of HBV DNA vaccine to modified CS ameliorated cellular and humoral
responses to plasmid-encoded antigen and plasmid DNA uptake, whereby expres-
sion could also be notably increased using gene delivery systems such as CPP-
modified CS or cationic NPs.

Biodegradable NPs encapsulating RBV monophosphate prepared from the blend
of poly(D,L-lactic acid) homopolymer and arabinogalactan-poly(L-lysine) conju-
gate were efficiently internalized in cultured HepG2 cells; they ensured sustained
release of drug and could be considered as a formulation suitable for the clinical
application of RBV as a therapeutic agent for chronic HCV (Ishihara et al. 2014).
Liver-specific, sustained drug delivery system prepared by conjugating the liver-
targeting peptide to PEGylated cyclosporine A-encapsulated PLGA NPs effectively
inhibited viral replication in vitro as well as in a HCV mouse model (Jyothi et al.
2015). Adefovir encapsulated in PLGA microspheres showed sustained release and
after intramuscular injection to rats considerable increase in the #,,, AUC_,, and
mean residence time, and a pronounced reduction in the C,,,, was observed, sug-
gesting that the nanoformulation could be used for long-term treatment of chronic
hepatitis B instead of the daily dose used by the patient (Ayoub et al. 2018).

Lipid nanocapsules, surface-functionalized with amphiphilic boronic acid
through their postinsertion into the semirigid shell of the nanocapsules, were found
to be excellent HCV entry inhibitors preventing HCV infection in the micromolar
range (Khanal et al. 2015). Phenylboronic-acid-modified NPs as potential antiviral
therapeutics were reported previously also by Khanal et al. (2013). siRNA-loaded
lipid NPs (LNPs) modified with a hepatocyte-specific ligand, N-acetyl-D-
galactosamine, showed pronounced improvement of hepatocyte-specificity and
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strong reduction in toxicity and further modification of NPs with PEG practically
eliminated the LNP-associated toxicity without any detectable loss of gene silenc-
ing activity in hepatocytes, whereby a single injection of the LNPs considerably
reduced HBV genomic DNA and their antigens without any sign of toxicity in chi-
meric mice with humanized livers that had been persistently infected with HBV
(Sato et al. 2017).

7.8 Ebola and Marburg Virus

Ebola virus disease is caused by Ebola viruses (EBOVs; family Filoviridae), members
of the group of hemorrhagic fever and it is one of the most dangerous infection diseases
with mortality rates up to 90%. The EBOVs do not replicate through cell division, but
instead insert their own genetic sequencing into the DNA of the host cell and subse-
quently hijack all cellular processes, including transcription and translation; thus, the
host cell becomes a factory of viral proteins (Gebretadik et al. 2015; Murray 2015).

It was found that graphene sheets associate strongly with the EBOV matrix pro-
tein VP40 that is a potential pharmacological target for disrupting the virus life
cycle, at various interfaces. Graphene can disrupt the C-terminal domain interface
of VP40 hexamers being crucial in forming the Ebola viral matrix, suggesting that
graphene or similar NPs-based solutions used as a disinfectant could notably reduce
the spread of the disease and prevent an Ebola epidemic (Gc et al. 2017). Rodriguez-
Perez et al. (2018) found that MWCNTs functionalized with glycofullerenes can be
considered as potent inhibitors of Ebola infection. In two mRNA vaccines based on
the EBOV envelope glycoprotein, differing by the nature of signal peptide for
improved glycoprotein posttranslational translocation, the mRNAs were formulated
with LNPs to facilitate delivery. Vaccination of guinea pigs induced EBOV-specific
IgG and neutralizing antibody responses and 100% survival after EBOV infection
(Meyer et al. 2018). Adjuvant-free dendrimer NPs vaccine platform wherein anti-
gens are encoded by encapsulated mRNA replicons, able to generate protective
immunity against many lethal pathogen challenges, including HINI influenza,
Toxoplasma gondii, and EBOV, that can be formed with multiple antigen-expressing
replicons and could elicit both CD8* T cell and antibody responses was designed by
Chahal et al. (2016). Administration of siRNA encapsulated in LNPs able to target
Sudan ebolavirus VP35 gene to rhesus monkeys receiving a lethal dose of the virus
resulted in up to 100% survival and a reduction of viral replication (up to 4 log;o)
(Thi et al. 2016). Similar results were received with treatment of Ebola-virus-
Makona-infected nonhuman primates following administration of siRNA encapsu-
lated in LNPs suggesting the therapeutic potential of such nanoformulation in
combating this lethal disease (Thi et al. 2015). Incorporation of Ebola DNA vaccine
into PLGA-poly-L-lysine/poly-y-glutamic acid increased vaccine thermostability
and immunogenicity compared to free vaccine and vaccination performed to skin
using a microneedle patch produced stronger immune responses than intramuscular
administration (Yang et al. 2017b).
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Marburg virus, similarly to Ebola virus, belongs to the family Filoviridae and
causes severe and often fatal hemorrhagic fever in humans and nonhuman primates
with very high mortality rates. The virus is transmitted from animals to humans by
contact with bats or monkeys, or their bodily secretions or from person to person,
although human-to-human contamination is rare (Sboui and Tabbabi 2017).
Formulation of LNPs delivering siRNAs that target the anti-Marburg virus nucleo-
protein administered to rhesus monkeys challenged with a lethal dose of Marburg
virus-Angola showed excellent therapeutic efficacy and secured survival of infected
animals (Thi et al. 2014) and protection against lethal Marburg virus infection medi-
ated by lipid encapsulated siRNA was also observed with virus-infected guinea pigs
(Ursic-Bedoya et al. 2014). Blocking of the infection of T-lymphocytes and human
dendritic cells by Ebola virus using glyco-dendri-protein-NPs displaying quasi-
equivalent nested polyvalency upon glycoprotein platforms, which consist of glyco-
dendrimeric constructs (bearing up to 1620 glycans) with diameters up to 32 nm,
was observed already at picomolar concentrations (Ribeiro-Viana et al. 2012).

7.9 Newcastle Disease Virus

Newcastle disease, a contagious viral bird disease, is caused by virulent strains of
Newcastle disease virus (NDV), that causes substantial morbidity and mortality
events worldwide in poultry resulting in devastating economic effects on global
domestic poultry production. NDV, a negative-sense, single-stranded RNA virus, is
capable of infecting more than 250 species of domestic and wild avian species
(Brown and Bevins 2017). NDV is transmissible to humans and the exposure of
humans to infected birds can cause mild conjunctivitis and influenza-like symp-
toms, but the NDV otherwise poses no hazard to human health (Abdisa and
Tagesu 2017).

Zhao et al. (2016) designed a NDV F gene-containing DNA vaccine encapsu-
lated in Ag@SiO, hollow NPs with an average diameter of 500 nm that following
intranasal immunization of chickens induced high titers of serum antibody, notably
stimulated lymphocyte proliferation and induced higher expression levels of inter-
leukine-2 and interferon-y, suggesting that Ag@SiO, hollow NPs could be used as
an efficient and safe delivery carrier for NDV DNA vaccine to induce mucosal
immunity.

The intranasal administration of quaternized CS (2-hydroxy-N,N,N-trimethyl
propan-1-ammonium chloride CS/N,O-carboxymethyl CS) NPs loaded with the
combined attenuated live vaccine against Newcastle disease and infectious bronchi-
tis elicited immune response in chicken and induced higher titers of IgG and IgA
antibodies, notably stimulated proliferation of lymphocytes and induced higher lev-
els of interleukine-2, interleukine-4, and interferon-y than the commercially com-
bined attenuated live vaccine did. Induction of humoral, cellular, and mucosal
immune responses protecting animals from the infection of highly virulent NDV
and avian infectious bronchitis virus suggested that such CS derivative could be
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used as an efficient adjuvant and delivery carrier in mucosal vaccines (Zhao et al.
2017). Quaternized CS NPs loaded with the combined attenuated live vaccine
against Newcastle disease and infectious bronchitis elicited immune response in
chicken after intranasal administration.

El Naggar et al. (2017) designed preparation of mucosal NPs and polymer-based
inactivated vaccine for Newcastle disease and HON2 Al viruses, which after being
delivered via intranasal and spray routes of administration in chickens enhanced the
cell-mediated immune response and induced protection against challenge with both
abovementioned viruses.

7.10 Dengue Virus and Zika Virus

Dengue is an acute viral illness caused by RNA virus, dengue virus (DENV), a
member of the genus Flavivirus of the family Flaviviridae. DENV is an arthropode-
borne virus that includes four different serotypes (DEN-1, DEN-2, DEN-3, and
DEN-4) and spread by Aedes mosquitoes. Its presenting features may range from
asymptomatic fever to dreaded complications such as hemorrhagic fever and shock
and it is considered as a major global public health challenge in the tropic and sub-
tropic nations (Hasan et al. 2016). To achieve durable protective immunity against
all four serotypes DENV vaccines must induce balanced, serotype-specific neutral-
izing antibodies. A tetravalent DENV protein subunit vaccine, based on recombi-
nant envelope protein (rE) adsorbed to the surface of PLGA NPs, was designed.
Particulate rE induced higher neutralizing antibody titers compared to the soluble
rE antigen alone and stimulated a more balanced serotype-specific antibody
response to each DENV serotype compared to soluble antigens, suggesting that
such vaccines might overcome unbalanced immunity observed for leading live
attenuated vaccine candidates (Metz et al. 2018). AgNPs showed in vitro antiviral
activity against dengue serotype DEN-2 infecting Vero cells and the activity of
AgNPs against the dengue vector Aedes aegypti expressed by 1Cs, values ranged
from 10.24 ppm (I instar larvae) to 21.17 ppm (pupae) (Sujitha et al. 2015). AgNPs
biosynthesized using the aqueous extract of Bruguiera cylindrica leaves signifi-
cantly inhibited the production of dengue viral envelope E protein in Vero cells and
downregulated the expression of dengue viral E gene and they were found to be
suitable for application at low doses to reduce larval and pupal population of Ae.
aegypti, without detrimental effects of predation rates of mosquito predators, such
as Carassius auratus (Murugan et al. 2015). Stabile AgNPs (particle size from 7 to
32 nm and zeta potential —15.58 mV) biosynthesized using silver nitrate and Carica
papaya leaf extract demonstrated good binding affinity against dengue type 2 virus
nonstructural protein 1 (Renganathan et al. 2019). Treatment with a hybrid consist-
ing of AuNPs functionalized with domain III of envelope glycoprotein derived from
serotype 2 of DENV (EDIII) resulted in a high level of antibody, which mediates
serotype-specific neutralization of DENV in BALB/c mice, was found to be size-
dependent and according to researchers the hybrid concept could also be adopted
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for the development of a tetravalent vaccine against four serotypes of DENV (Quach
et al. 2018). It is important to note that good antiviral activity against dengue virus
exhibited also SeNPs (Ramya et al. 2015).

Zika virus (ZIKV) is a mosquito-borne flavivirus that is the focus of an ongoing
pandemic and public health emergency and represents a public health threat due to
its teratogenic nature causing microcephaly in babies born to infected mothers and
association with the serious neurological condition Guillain-Barre syndrome in
adults (Plourde and Bloch 2016). Haque et al. (2018) proposed strategies to design
effective and safe vaccines against ZIKV, including Toll-like receptors based NPs
vaccines. The development of biomimetic nanodecoy (ND) that traps ZIKV and
inhibits ZIKV infection was suggested by Rao et al. (2019). The ND, which is com-
posed of a gelatin nanoparticle core camouflaged by mosquito medium host cell
membranes, effectively adsorbs ZIKV and inhibits ZIKV replication in ZIKV-
susceptible cells. AgNPs fabricated using leaf extracts of Cleistanthus collinus (tri-
angular and pentagonal shape with sizes 66.27-75.09 nm) and Strychnos nux-vomica
(spherical and round shape with sizes 54.45-60.84 nm) can be applied as a natural
biolarvicidal agent to vector control strategy as an eco-friendly approach to prohibit
Zika, chikungunya, and dengue fever in the future (Jinu et al. 2018). Insecticidal
AgNPs prepared using Suaeda maritima were found to be effective against the den-
gue vector Ae. aegypti as well (Suresh et al. 2018). Bacterial exopolysaccharide-
coated ZnO NPs nanoparticles showed high antibiofilm activity and larvicidal
toxicity against malaria and ZIKV vectors Anopheles stephensi and Ae. aegypti with
100% mortality against third instars mosquito larvae at very low doses, whereby in
the midgut of treated mosquito larvae presence of damaged cells and tissues was
observed (Abinaya et al. 2018). Promising toxic and repellent activity against ZIKV
mosquito vectors showed also TiO, NPs prepared using an extract of Argemone
mexicana that were capped with poly(styrenesulfonate)/poly(allylamine hydrochlo-
ride) (Murugan et al. 2018). Nanoscale silicate platelets modified with anionic
sodium dodecyl sulfate significantly suppressed the plaque-forming ability of
Japanese encephalitis virus (JEV) at noncytotoxic concentrations and blocked
infection with DENV and influenza A virus and also reduced the lethality of JEV
and DENV infection in mouse challenge models (Liang et al. 2014).

Efficiency of green-synthesized metal AgNPs and AuNPs used as biopesticides
against Ae. aegypti that can spread dengue virus and Culex quinquefasciatus or An.
stephensi that transmit Zika virus were presented in several papers (e.g., Jampilek
and Kralova 2019d; Govindarajan and Benelli 2017; Lallawmawma et al. 2015;
Pavunraj et al. 2017; Ishwarya et al. 2017; Suganya et al. 2017).

7.11 Pseudorabies Virus

Rabies virus is a neurotropic virus that causes rabies in humans and animals, while
pseudorabies virus (PRV) is a herpesvirus of swine, a member of the
Alphaherpesvirinae subfamily, and the etiological agent of Aujeszky’s disease. PRV
infection progresses from acute infection of the respiratory epithelium to latent
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infection in the peripheral nervous system, whereby sporadic reactivation from
latency can transmit PRV to new hosts (Pomeranz et al. 2005).

Au nanoclusters surface-stabilized with histidine that strongly inhibited the prolif-
eration of PRV were found to function via blockage of the viral replication process
rather than the processes of attachment, penetration, or release and they were observed
to be mainly localized to nucleus (Feng et al. 2018). Both GO and reduced GO show-
ing the nanosheet structure tested against a DNA virus, PRV, and a RNA virus, porcine
epidemic diarrhea virus (PEDV), suppressed the infection of these viruses for a 2 log
reduction, and their potent antiviral activity can be attributed to the unique single-
layer structure and negative charge of GO and reduced GO, whereby GO inactivated
both viruses by structural destruction prior to viral entry (Ye et al. 2015).

A nonlinear globular G2 dendrimer comprising citric acid and PEG-600, adju-
vanticity effect of which was investigated in veterinary rabies vaccine, did not show
significant toxic effect in J774A.1 cells and ensured higher survival rate in the mice
after virus challenge in vivo due to adjuvanticity effect of dendrimer resulting in
rising of neutralizing antibodies against rabies virus and thus enhancing immune
responses (Asgary et al. 2018).

7.12 Other Viruses

AgNPs of 25 nm were found to prevent viral entry of Vaccinia virus, an enveloped
virus belonging to the poxvirus family, by macropinocytosis-dependent mechanism,
which resulted in inhibition of Vaccinia virus infection (Trefry and Wooley 2013).

Broglie et al. (2015) tested antiviral activity of Au/CuS core/shell NPs against
human Norovirus GI.1 (Norwalk) virus-like particles as a model viral system and
found that virucidal efficacy significantly increased with increasing NPs concentra-
tion and/or contact time of virus-like particles with NPs.

Cul NPs demonstrated high antiviral activity against the nonenveloped virus
feline calicivirus (FCV) as a surrogate for human norovirus (the most common etio-
logical agent of gastroenteritis) that was attributed to Cu* ions, followed by genera-
tion of ROS and subsequent capsid protein oxidation (Shionoiri et al. 2012).

The investigation of in vitro antiviral effects of MgO NPs in the foot-and-mouth
disease (FMD), an extremely contagious viral disease of cloven-hoofed animals, on
Razi Bovine kidney cell line showed that the MgO NPs exhibited virucidal and
antiviral activities and they inhibited FMD virus by more than 90% at the early
stages of infection such as attachment and penetration but not after penetration
(Rafiei et al. 2015).

McGill et al. (2018) developed a mucosal nanovaccine with the post-fusion F
and G glycoproteins from bovine respiratory syncytial virus (BRSV) encapsu-
lated in polyanhydride NPs and tested it against BRSV infection using a neonatal
calf model. They observed reduced pathology in the lungs, reduced viral burden,
and decreased virus shedding compared to unvaccinated control calves showing
correlation with BRSV-specific immune responses in the respiratory tract and
peripheral blood.
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Glutathione-capped Ag,S nanoclusters showed strong antiviral activity against
PEDV used as a model of coronavirus and pronounced reduction of the infection of
PEDV by about three orders of magnitude at the noncytotoxic concentration at 12 h
post-infection was observed. The Ag,S nanoclusters inhibited the synthesis of viral
negative-strand RNA and viral budding and positively regulated the generation
of interferon-stimulating genes and the expression of proinflammation cytokines
(Du et al. 2018).

Khandelwal et al. (2014) evaluated antiviral efficacy of AgNPs (5-30 nm) against
Ovine rinderpest (Peste des petits ruminants virus, PPRV), a prototype Morbillivirus,
causing disease in small ruminants, such as goats and sheep, and estimated signifi-
cant inhibition of PPRV replication by AgNPs in an experiment using Vero cells
already at noncytotoxic concentration, whereby AgNPs blocked the viral entry into
the target cells due to interaction of AgNPs with the virion surface as well as with
the virion core.

7.13 Conclusions

Nanoscale science and nanotechnology have unambiguously demonstrated to have
a great potential in providing novel and improved solutions. Nano-size materials
change their physical and chemical properties in comparison with bulk materials
and have helped to improve and innovate a variety of pharmaceutical, medical,
industrial, and agricultural products. Thus, nanoformulations of antivirotics and
antiviral vaccines have become an important tool in the fight against various types
of viruses due to modified bioavailability, ability to target viral or cellular proteins
and sustainable release of drugs. Also, other nanosized materials were found to
exhibit antiviral activity, and their combinations with antivirotics thus could provide
remarkable medicines, especially against resistant viral pathogens. However, in
spite of these significant benefits of nanomaterials in drug development, an increased
attention should be devoted to the potential “intrinsic” toxicity of these nanomedi-
cines caused by particle size that is able, within side effects, to induce various path-
ological processes in cells/tissues, which can result in various adverse/hazardous
effects on animals and humans.
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