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Abstract

Nanotechnology has impacted every aspect of human life and the environment. The raising concern against influenza
outbreaks is an ongoing issue. With the current drugs and natural remedies, some amount of resolution has been reached.
Yet, nothing conclusive has been achieved. With every resource tapped, it is now time to combine strategies. This review
highlights the low enthusiasm in this area, where not much has been probed into employing nanomaterials into influenza
research. The achievements made through the intervention of nanotechnology into anti influenza research, has been
surveyed in this review. Except for a few, not much progress was evidenced. Although significant progress has been
achieved with nano inputs, yet nothing much has been done in this direction. This review emphasizes the need to combine
strategies and find new remedies against influenza virus using nano platforms. New directions and future perspectives for
accessing the nano inputs for combating the influenza issues have been discussed.

Keywords Influenza - Antiviral activity - Nanotechnology - Influenza - Resistance - Inhibition

Introduction

Nanotechnologies have impacted various branches of
modern science. One of the most important nanotechno-
logical domains comprises of bio-medical applications.
With deliverables in the form of a new class of therapeutic
nanomaterials, also called nanopharmaceuticals, newer
prospects have been enabled. Their advantage lies in their
unique properties arising from their small sizes, high sur-
face-to-volume ratios and their modifiable surfaces.
Nanoparticulate carriers can hold small molecules, as well
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as proteins and nucleic acids, thus bestowing nanomaterials
with broad spectrum prospective therapeutic applications
and the potential to target specific sites through drug
delivery [1]. Synthesizing these versatile materials without
affecting the environment has been a huge challenge and it
is in this direction that green synthesis of nanomaterials is
gaining ground [2-10].

In 2010, the prospects of nanotechnology leading to
improved bioavaibility, controlled release, protection from
drugs, decreased drug resistance, overcoming anatomi-
cal/cellular barriers and specific targeting during antiviral
treatment have been probed [1]. The twentieth century has
indeed seen an increase in influenza outbreaks leaving
thousands either infected or dead [11, 12]. For example,
105,000-395,000 deaths were recorded owing to HINI
influenza pandemic during 2009-2010 [13]. However,
because of the influenza virus genetic shift and drift, there
is a limitation in controlling this influenza pandemic [13].
The highly pathogenic avian influenza A virus (HS5N1)
causes acute respiratory distress syndrome and multi-organ
failure with approximately 60% lethality with the first case
of the disease being found in China and now prevalent all
over the world too [14-16]. With this being the current
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scenario, the reasserted IAV (H7N9) has been found to
further extrapulmonary complications, registering a fatality
rate of more than 34%.

Vaccines are the means of primary prophylaxis against
influenza virus. However, vaccine discovery is time-con-
suming and it has huge limitations and applicable to
developed countries owing to the cost factor involved.
Neuraminidase inhibitors such as oseltamivir and zanami-
vir are commonly used for inhibiting influenza virus
infections. Unfortunately, the 2007-2008 seasonal influ-
enza crisis revealed that some isolates of HINI were
resistant towards commercial oseltamivir [17].

Thus, in this raging battle against influenza, there have
been some current victories achieved. Yet, still many wars
ahead. In this review, we survey the state-of-art drugs
available against influenza virus and overview the side
effects and limitations of these drugs. We further project
the prospects of using nano-based therapeutics against
influenza. This review highlights that though nanotech-
nology has much to offer, yet nothing much has been
incorporated into influenza drugs. The reason for this
standoff is presented and discussed in this review.

Current Drugs Against Influenza

Three major categories of anti-influenza drugs are as
follows

Surface Protein Inhibitors (M2 lon Channel, HA,
NA)

The M2 ion channel inhibitor drugs such as amantadine
(trade name: Symmetrel) and rimantadine (trade name:
Flumadine) are solely effective against type A virus.
Matrix 2 inhibitors effectively block the release and
migration of the virus ribonucleoprotein into the nucleus of
the host cells [17, 18]. Currently, influenza A H3N2 and
pandemic A (HIN1 pdm(9) viruses are reported to be
resistant to M2 inhibitors similar to other HSN1 viruses
[18]. However, these drugs also carry the vindication that
they are the primary causatives of neurological side effects
and widespread drug resistance [13, 19, 20]. Neu-
raminidase inhibitors (NAI), such as oseltamivir (trade
name: Tamiflu) and zanamivir (trade name: Relenza), are
those that are in use for treatment and prevention of
uncomplicated acute flu caused by influenza A and B [21].
The drug peramivir (trade name: Rapivab) is the only
available intravenous formulation amidst anti-influenza
NAIs [22, 23]. Further research in the current decade is
aiming at the use of hemagglutinin inhibitor (HAI). How-
ever, there are about 16 different hemagglutinin and 9
different neuraminidase subtypes known [24]. This
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estimation is perpetually growing owing to the frequent
mutations on HA of influenza, rendering arrival at specific
treatment strategies difficult.

RNA Polymerase Blocker (PB2, PB1, PA)

Recently, researchers have discovered that blocking influ-
enza RNA polymerase is a novel approach for inhibiting
influenza virus [12, 13, 17, 25, 26]. It is now established
that natural compounds and some specifically synthesized
compounds, hold promising potentials towards inhibiting
influenza virus through blocking RNA polymerase
[13, 25, 26]. Moreover, the advantage through this
approach is that RNA polymerase is quite stable across a
wide range of influenza virus strains including influenza A,
B and seasonal flu [12].

Vaccination for the Influenza Virus

Appropriate vaccine administration is a crucial key to
ensure successful prevention. Vaccines have had a broad
medical impact. Unfortunately current vaccine-related
technologies and production methods are limited in their
activity to respond to emerging pathogen outbreaks. Typ-
ically, most vaccines are administered via subcutaneous or
intramuscular routes and although most vaccines adminis-
tered through hypodermic injection are effective. More so,
there remains issues involving pain, needle-related diseases
or injuries, requirement for trained personnel, appropriate
needle disposal and suitable storage or transport of vac-
cines. Most vaccines require to be maintained within
specific temperatures to retain their potency and therefore
the associated expense of maintaining the “cold chain” is
estimated to cost vaccine programs $200-300 million
annually globally [27-29]. Moreover, influenza viruses
easily mutate and thus for all the pain taken and the costs
involved, it is possible that there may be mismatch of
vaccines [30, 31].

Resistance and Side Effects of Current Drugs

The two classes of antiviral drugs used against influenza
are neuraminidase inhibitors (oseltamivir and zanamivir)
and M2 protein inhibitors (adamantane derivatives)
(Table 1.) [17]. Neuraminidase belongs to the surface
glycoproteins of influenza virus, these are responsible for
releasing new virions from host cells to infect other cells
[32, 33]. As of now, Oseltamivir is the main anti-influenza
drug against influenza outbreaks. However, it is now
established that neuraminidase inhibitors do not prove
beneficial in those with miscellaneous health problems
[34, 35]. Increasingly prevalent resistance to
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Table 1 Approved antiviral drugs for influenza infections

Drug/Trade name Routes of administration Target

Resistance to

Amantadine/Symmetrel  Oral M2 ion channel blocker 2009/H3N2
Oseltamivir/Tamiflu Oral NA inhibitor 2009/HIN1, 2007-2009/Seasonal flu, 2013/H5N1, 2013/H7N9
Rimantadine/ Oral M2 ion channel blocker 2009/H3N2
Flumadine
Peramivir/Rapivab Intravenous NA inhibitor 2009/HIN1
Zanamivir/Relenza Inhalation NA inhibitor 2009/H7N9

neuraminidase inhibitors has led researchers to seek alter-
native antiviral drugs with different mode of action
[36, 37]. With this being the background, the continual
emergence and worldwide spread of oseltamivir-resistant
seasonal A(HINT1) viruses during the 2007-2009 seasons
emphasize the need for continuous monitoring of antiviral
drug susceptibilities [38].

The antiviral drugs amantadine and rimantadine inhibit
the viral ion channel M2 protein, thus inhibiting replication
of the influenza A virus [39, 40]. These drugs are some-
times effective against influenza A, if given at the onset of
infection but are absolutely ineffective against influenza B,
which lack the M2 drug target [41]. Measured resistance to
amantadine and rimantadine in American isolates of H3N2
increased to 91% in 2005 [42]. This high level of resistance
may be due to the easy availability of amantadines as part
of over-the-counter cold remedies in countries such as
China and Russia, and their extensive use in farmed poultry
to prevent outbreaks of influenza [43—45].

Influenza viruses possess the unique ability to switch to
a new host and to escape antiviral measures [46, 47]. They
have proved to exhibit high resistance against the available
alternatives: neuraminidase inhibitor and M2 ion channel
blockers (Table 1) [48-51]. Several discussions and
research directions amidst viral researchers for inhibiting
influenza virus outbreaks have still not arrived at any
conclusive remedy [52]. With the available anti-influenza
drugs and with the current knowledge on fighting influenza
virus, no prominent breakthroughs have been achieved so
far. It is now high time to improvise.

Milestones Achieved Via Nanotechnology
for Anti-influenza Drug Development

Nanotechnology has been enabled via active control of
matter and processes at nanoscale regimes (1-100 nm) in
one or more dimensions [53]. The material and devices
operated at the nanoscale regimes usually have different
physical properties compared to their bulk counterparts.
Nanomedicine-based approaches hold unprecedented

potentials to steer biological processes through improved
detection, therapy and prevention of multiple diseases. In
biomedical applications, nanomaterials are mostly used
either for diagnosis/detection or treatment. Nanomaterials
have been used in diagnosis mostly as contrast agents for
imaging. Their properties such as small sizes, higher sur-
face to volume ratios, ability to be functionalized with
therapeutic molecules, imaging agents, targeting ligands
and nucleic acids prove crucial during diagnosis [53]. On
the other hand, nanomaterials have been applied for treat-
ment of multiple diseases, where they have been employed
as drug delivery systems or as nano drugs [54-58]. Besides
drug delivery [59], nanomaterials have proved promising in
tumor therapies too, for photothermal therapy [60]. Their
ability to concentrate in the diseased region, absorb light
and convert it into heat to destroy the malignant cells,
comes handy here.

Thus, with a long-standing reputation in biomedical
research and with an accomplished career in antimicrobial
applications [1-20, 61-68], influenza-related applications
cannot be exceptions to nanotechnology. Inputs from nano-
related solutions against the anti-influenza combat, as
gathered from the few and scattered reports available
online are presented below and summarized in Table 2.

Via Nanotechnology: Increased Influenza Drug
Solubility

Many of the anti-influenza drugs and drug candidate
compounds face solubility issues leading to decreased
bioavailability [69]. For example, Saliphenylhalamide is
well studied as an anti-influenza drug candidate as it
inhibits acidification of endosomes, but the limitation is
that the solubility of Saliphenylhalamide is very less.
However, nano inputs resolved this problem and increased
Saliphenylhalamide solubility using thermally hydrocar-
bonized porous silicon (THCPSi) nanoparticles [70].
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Table 2 Nano based medicine development for antiviral drugs against influenza viruses

No. Name Nanotechnology/size ~ Target mechanism Target influenza viruses In References
vivo
study

1. Nanostructured Nanoparticles (Virus ~ Multiclonal antibody against A virus (HIN1) Yes Kwon
glycanarchitecture like nanoparticles)/ NA and HA et al.

80-120 nm

2. PLGA nanoparticles (poly- Nanoparticles Monoclonal antibody against A virus (H3N2 and HIN1) Yes Galloway

D,L-lactide-co-glycolide) HA B virus (B/Brisbane/60/ et al.
2008)

3. Thermally hydrocarbonized Nanoparticles and Vacuolar-ATPase and inhibits A virus (HIN1) No Bimbo
porous silicon (THCPSi) nanocarrier acidification of endosomes et al.
nanoparticles

4. Biomimetic antigenic virus  Nanoparticles/ CD8+ cytotoxic T cell A virus (HIN1) Yes Patterson
likenanoparticles 28.7 nm protection et al.

5. MultivalentSialic-Acid- Nanoparticle/14 nm HA inhibitor A virus No Papp et al.
Functionalized Gold
Nanoparticles

6.  KAgnanovaccine Nanoparticle/200 nm  CD4+ CD8aa+ T helper and A virus (HIN1) Yes  Dhakal
(polyanhydride CD8+ cytotoxic T cells, et al.
nanoparticle-encapsulated increased IFN-y
KAg)

7. Nano Copper (Nano Cu Nanoparticle and Ion diffusion A virus (H3N2) No Sundberg
surface and powder) nanosurface/ et al.

60—-80 nm

8. Self-assembling protein Nanoparticles/ Blocking influenza Matrix A virus (HIN1, H5N2, Yes  Karch

nanoparticles (SAPNs) 1520 nm protein 2 H5N3, HS5N9, H6NS, et al.
H7N2 and HI10N7)

9.  Hemagglutinin-stem Nanoparticles Monoclonal antibody against A virus (H5SN1) Yes  Yassine
nanoparticles HA et al.

10. Dendrimer-RNA Nanoparticles/ Stimuli CD8+ Tcell A virus (HIN1) Yes Chahal
nanoparticles 30-50 nm et al.

11.  Matrix 2 protein (M2e) gold Nanoparticles/12 nm  M?2e-specific immunoglobulin A virus (HIN1) Yes Tao et al.
nanoparticles (I1gG)

12.  Green synthesized Nanoparticles/42 nm  Unknown A virus (H7N3) No Fatima
Cinnamomum cassia et al.

silver nanoparticles

Via Nanotechnology: Increased drug interaction

Nanoparticles have similar nano-sized dimensions as
viruses. This feature led several researchers to investigate
the physical interaction of nanoparticles with viruses and to
explore whether this interaction could be exploited as a
potent antiviral strategy. Indeed, silver nanoparticles with
mean particle diameters ranging from 10 to 50 nm have
been shown to inhibit HIV, HBV, respiratory syncytial
virus and monkey pox viruses [71, 72]. Additionally,
influenza virus infection showed substantial decrease
owing to the preferential interaction between virus particles
and nanoparticles [73].
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Via Nanotechnology: Stimulate Inmune System
Similar to Vaccine

Vaccines are means of primary prophylaxis against influ-
enza virus. The host cellular immunity occupies a major
role in influenza virus infection and cellular mechanisms
that further virus infections [74-76]. Moreover, down-
stream signaling of these sensors induces distinct sets of
effector mechanisms that block virus replication and pro-
mote clearance of viruses by inducing innate and adaptive
immune responses [75, 76]. Through nanotechnology,
researchers have introduced virus-like nanomaterials to
trigger innate immune response against various influenza
virus strains [77, 78]. These simulated nanoparticles consist
of proteins and portions of influenza virus or are shaped
mimicking influenza virus particles. For instance, it is
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reported that nanoparticles have been designed for suc-
cessful control of immune responses through encapsulation
and sequestration of the conserved nucleoprotein from
influenza to direct CD8+ cytotoxic T cell protection [77].
The expression of influenza nucleoprotein-specific CD8+
T cells was observed to be significantly higher than normal
mice and the mortality of the mice was increased up to
80% [77]. Additionally, some virus-like nanoparticles
conjugated with viral RNA, Matrix 2 protein and neu-
raminidase showed increased immunity through signifi-
cantly higher IFN-y, immunoglobulin and CD8+ T cell
expression in vitro and in vivo [73, 76-80]. Such results
confirm that such nano-virus-modifications can influence
influenza virus infections through innate immune systems
[77, 78].

Via Nanotechnology: Inhibiting Transmission
of Infection (Antiviral Surface)

Recently, nanoscience has filled every aspect of our daily
life [81-87]. Well established nano-based antimicrobial
properties have been published, where significant antibac-
terial, antifungal and antiviral activities of nanoparticles
have been recorded [67, 83, 88-90]. Transmission of the
virus is a leading risk for spread of influenza virus related
infections [83, 91, 92]. For example, tables and chairs and
equipment in hospitals are modes of such transmission.
Nanomaterials have been applied to surfaces to render
them antimicrobial, to have a self-sterilizing effect on
material surfaces; copper cold sprayed surfaces are one
such example [83]. Reports show that the contact-killing
rate between influenza virus and the nano-copper surface
and normally grafted copper surface was significantly very
high. More than 90% of influenza viral infectivity was
reduced within 2 h of exposure on the nano-copper sur-
faces because of ion diffusion [83]. Moreover, the effec-
tiveness of metals and metal oxides (copper oxide (CuO),
iron oxide (Fe304), silver (Ag), titanium oxide (TiO,),
zinc oxide (ZnO)) has been widely studied for their
antimicrobial activities [93, 94]. But nano-metals and their
antiviral activity on influenza virus and anti-influenza
mechanisms are poorly studied and not yet disclosed [83].
However, it does not mean that there is no future in this
direction, the nano-copper results prove that nano inputs
could lead to successful control of influenza virus trans-
mission. More research in this direction with inclusion
from promising nanomaterials will no doubt yield signifi-
cant progress.

Via Nanotechnology: Reduced Toxicity

All drugs have toxicity depending on their concentrations.
More antiviral activity, more drugs, leads to more toxicity.

It limits the drug’s effectiveness [95]. In this aspect, nan-
otechnology has ways to improve bioavailability and
reduce toxicity [96, 97]. This has been widely studied on
anticancer drug development, where increased bioavail-
ability through improved permeability and drug delivery to
tumors has been reported [97]. Significant blood clearance
and reduction of normal cell death rates were recorded in
animal models [97]. This idea is highly applicable to
antiviral drug development and especially against influenza
virus infection. For instance, quercetin is known as a tra-
ditional phytochemical possessing significant antimicro-
bial, anticancer and antioxidant activities [98]. Somehow
its use has been limited owing to its cytotoxic effects [95].
Nanomedicine inputs have shown that quercetin
nanocomposites exhibited improved anticancer efficiency
and reduced toxicity [95]. It is no doubt that such inputs
will have significant impacts in case of influenza virus
infections too.

Via Nanotechnology: Enabling Eco-friendly
(Green Synthesis)

Green synthesis of silver nanoparticles using plants pro-
vides advantages over other methods as it is easy, efficient,
and eco-friendly. Nanoparticles have been extensively
studied as potential antimicrobials to target pathogenic and
multidrug-resistant microorganisms [47]. Plant-based silver
nanoparticles are a likely source of new antiviral agents
because of their multitargeting mechanism of action. Plants
are readily available, have low cost, are easy to handle and
nontoxic, and have a variety of metabolites that can assist
the reduction of metal ions [99]. The green synthesized
silver nanoparticles using Cinnamomum cassia showed
enhanced anti-influenza activity against H7N3 strain than
bark extracts [47]. Nature’s providences are rather the
choicest remedies for human health and welfare
[11, 17, 30]. These have been used back in historical times
and are still popular in this modern era too [11]. There are
thousands of natural plant-based phytochemicals that have
impacted anti-influenza drug developments [17]. Till date,
scientists have always tried to develop this technology for
medicinal aspects. For presenting these as mixtures [100],
chemically synthesized new derivatives [101-103], bio-
catalysts [104-106] are clubbed with nanotechnology
[96, 107]. For example, newly synthesized berberine
derivatives have shown more than 10 times stronger NA
inhibition activity on influenza A (HIN1). Moreover, those
derivatives based on their natural structure were detected
with 10 times higher influenza activity over many different
strains [101]. But some of these phytochemicals are con-
fronted with low-bioavailability and poor water solubility
[107]. Gold-quercetin into poly (DL-lactide-co-glycolide)
nanoparticles showed up-regulated apoptosis on liver
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cancer cells markedly [96]. Similar phytochemicals related
enhanced biological activities have been shown in influ-
enza too [13, 17]. It is also reported that nanoparticles via
green synthesis using plant extracts were almost twice
active against influenza A virus (H7N3) [47]. Figure 1
gives a brief overview of various nanomaterial based
improvisation in antiviral combat.

Impact of Integrated Nano-antiviral
Technologies

The inclusion of nanotechnology into any technology or
combat strategy has proved highly beneficial. The fight
against influenza is still on and the battle is yet to be won.
With evasive strains and mutants and resistant types
evolving, the battle is likely to heat up rather than slow
down. Antiviral drugs have achieved what they can
achieve, progress has been made indeed. But, integrated
approaches are required for the furtherance of this crucial
battle, ahead towards elimination of influenza. In this
direction integrating nanomaterials with anti-inflenza drugs
gains paramount importance. Nano-based nanotherapeutics
have been developed with respect to certain epidemic
viruses. STP702 (FluquitTM) from Sirnaomics is a poly-
mer-based nanotherapeutic that incorporates siRNA tar-
geting the conserved regions of influenza for effective
antiviral activity against HSN1 (avian flu), HIN1 (swine

Thermally hydrocarbonized
porous silicon (THCPSi)

flu) and newly emerging H7N9.161. Such specific nan-
otherapeutics combining antiviral targets and nanomateri-
als will lead to positive enhancement of antiviral activity.
‘Nanotrap’ particles are thermoresponsive hydrogels that
captureg live infectious virus, viral RNA, and viral proteins
[108, 109]. This novel technology was demonstrated by
Hendricks et al. [110], who used liposomes for the delivery
of glycan sialylneolacto-N-tetraose ¢ (LSTc)-sialoside (a
synthetic decoy receptor) for influenza binding. These
liposomes competitively bind and capture influenza A
viruses, and can inhibit infection of target cells in a dose-
dependent manner.

Hemagglutinin (HA) and neuraminidase (NA) are
influenza glycoproteins, which function in viral attachment
(to sialic-acid containing receptors on the cell surface) and
release [111]. Oseltamivir, a NA inhibitor inhibits cell-cell
spread and ongoing influenza transmission [112]. In
another study [36] oseltamivir-modified silver nanoparti-
cles were shown to efficiently decrease HINI infection by
inhibiting HA and NA activities [36].

Titanium dioxide (TiO,) nanoparticles functionalized
with DNA fragments targeting the 3’ non-coding region of
influenza A virus were synthesized using a polylysine
linker. These nanocomposites were able to enter cells
without transfection agents and were demonstrated against
influenza A virus [113, 114]. These are the limited pro-
jections available as of now as to what integration of nano
with antiviral systems can offer.
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Conclusion

What is intriguing is that with all the well accomplished
outstanding deliverables from nanotechnology and through
nano inputs in virus-related research, still there is not much
enthusiasm in this area. This is what prompted this review.
Integrating nanosystems into the influenza drugs would no
doubt enhance the drug effect. Further, formulation of bio
composites with anti-influenza phytochemicals will be a
promising direction. Targeted drug delivery through novel
well-established nano systems is another direction. Use of
new age graphene, carbon nanotubes and other reputed
antibacterial materials for surface modification of hospital
equipment could help curb transmission. Figure 2 presents
the areas in with nanotherapeutics can provide enhanced
anti-influenza solutions. Rather than a standalone approach
using either nanomaterials or anti-influenza drugs by
themselves, an integrated approach is what this review
projects, to come handy for progress in the anti-influenza
combat. The integrated nano-anti-influenza drug approach
could positively affect: (i) targeted drug delivery, (ii)
nanotraps, (iii) nanovaccines and (iv) anti-influenza surface
modifications. With nanotechnology having a lot to offer,
and influenza research and the drugs available hitting sat-
uration point, it is not to integrate these entities to achieve
higher visions and accomplish eradication of influenza
virus.
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