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Abstract

Nanotechnology is increasingly playing important roles in various fields including virology. The 

emerging use of metal or metal oxide nanoparticles in virus targeting formulations shows the 

promise of improved diagnostic or therapeutic ability of the agents while uniquely enhancing the 

prospects of targeted drug delivery. Although a number of nanoparticles varying in composition, 

size, shape, and surface properties have been approved for human use, the candidates being tested 

or approved for clinical diagnosis and treatment of viral infections are relatively less in number. 

Challenges remain in this domain due to a lack of essential knowledge regarding the in vivo 

comportment of nanoparticles during viral infections. This review provides a broad overview of 

recent advances in diagnostic, prophylactic and therapeutic applications of metal and metal oxide 

nanoparticles in Human Immunodeficiency Virus, Hepatitis virus, influenza virus and Herpes virus 

infections. Types of nanoparticles commonly used and their broad applications have been 

explained in this review.

Introduction

Nanomaterials have attracted enormous interest in field of targeted therapeutics and 

diagnostics in the past decade [1–2]. As the nanoparticles typically span in the size range of 

10–500 nm, their interactions with mammalian cells can be programmed based on the 

particle size and functional requirement. In addition to more conventional polymeric 

nanoparticles, metal and metal oxide nanoparticles can also play a major role in detection 

[2], and external control over drug delivery [3]. Over the past two decades, various 

nanoparticles and drug delivery models have been designed and implemented to treat 

cancers [3–4], offset diabetes [5], control bacterial infections via antimicrobial coatings [6], 

cross the blood brain barrier [7], and form vaccines [8].
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Nanomaterials offer a plethora of opportunities in the field of medicine owing to the unique 

quantum mechanical properties exhibited in their size range. The market share of these 

medical innovations based on nanotechnology has grown approximately 20 times in the past 

decade. The emergence of commercially available quantum nanodots, superparamagnetic 

nanoparticles and nanopolymeric suspensions has given previously unavailable tools to 

scientists who did not have sophisticated labs to produce the same. This has not only 

increased the use of nanomaterials in biological sciences, but has seen the birth of new fields 

of study such as nanovaccinology and nanobiotechnology.

The role of nanotechnology in virology, in particular, has been increasing exponentially in 

the past decade (figure 1). In diagnostic, prophylactic and therapeutic approaches, 

nanoparticles have been used for imaging purposes [9], and/or as drug carrying adjuvant to 

enhance virucidal properties [10]. Virucidal nanoparticles and drug delivery models have 

been used mainly for the fighting Human immunodeficiency virus (HIV), hepatitis (type A, 

B, C and E) and herpes simplex virus (HSV-1&2). The use of nanoparticles for virucidal 

outcomes is still under investigation and has not been approved for clinical or pre-clinical 

trials.

In this review, we provide an overview of recent advances made in the broad area of virology 

with specific focus on the use of metal and metal oxide nanoparticles. We first survey the 

advances made in the general field of nanomaterials for virology followed by their specific 

use in fighting HIV, hepatitis and herpesvirus infections. Each of them would be further sub-

divided to highlight their usage in detection, and treatment of viral diseases.

1. Use of Nanoparticles in Virology

A broad survey of literature revealed that majority of the published studies which use 

nanomaterials were focused on detecting/and/or treating HIV, followed by hepatitis (A, B 

and C) virus, influenza virus and herpes simplex virus (1&2). A few other studies have also 

been conducted in the areas of detection and treatment of human papilloma virus, human 

rotavirus and Japanese encephalitis virus. Further, it is interesting to note that the majority of 

studies use polymeric systems such as polyethylene glycol (PEG) [11], poly-Lactic-co-

glycolic acid (PLGA) [12], and liposomes [8] for the drug delivery systems. While the use 

of metal nanoparticles have been strictly restricted to gold and silver, metal oxide 

nanoparticles such as iron oxide (magnetite), zinc oxide (ZnO), and titanium dioxide (TiO2) 

have been used in the past studies as well. Although many reports relating to the use of virus 

like particles (VLPs) [13] and nano-DNA vaccines [8] have been discussed, this review will 

limit to the study of metal and metal oxide nanoparticles used in virological studies. A broad 

scopus search for the terms ‘Virus’ and ‘nanoparticles’ showed numerous studies published 

since 1990s’ (Fig. 1).

2.1 Studies on HIV

2.1.1 Detection

Traditionally HIV has been detected using enzyme linked immunosorbent assay (ELISA). 

This remains to be the gold standard for the detection of HIV in a clinical scenario. Over the 
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past decade, various enhancements have been made to this process in order to increase the 

efficiency several fold. The more prominent detection process involves the use of 

polymerase chain reaction (PCR) for enhancing viral DNA in a given sample and hence 

pertaining to the detection of the same.

With the advent of nanotechnology, detection mechanism of HIV has been modified using 

various nanomaterials. One of the simplest methods for detection of viruses involves the 

measurement of aggregation (and resultant color change) in gold nanoparticles attached to 

viruses (figure 2). Xiansong et al. [14] used gold magnetic particles functionalized with 

antibodies against the HIV capsid protein p24 and gold nanoparticles functionalized with 

both oligonucleotide barcodes and antibodies against a non-overlapping region of the 

cognate p24. Using this, they improved the real time immuno-PCR amplification process for 

the detection of HIV. Limit of detection of this model was as low as 100 copies of p24 

antigens which show that real-time immune-PCR through nanoparticle based barcode 

amplification offers an disruptive approach to p24 detection and quantification, thus may 

potentially shorten the window of HIV-I diagnosis. Using a similar bio-barcode based 

method. Kim et al. [15] evaluated the efficiency of this technique at the Chicago component 

of the multicenter AIDS cohort study. The results indicated that the bio-barcode-

amplification method was superior to the conventional ELISA assay for the detection of 

HIV-1 p24 Gag protein in plasma with a breadth of coverage for diverse HIV-1 subtypes. 

Although bio-barcode based methods have further been used by many other groups with 

greater efficiency, the use of gold nanoparticles remain to be the common link in these 

processes [16–18].

In a novel study, Mahmoud et al. [19–20], exploited the chemical interaction between HIV-1 

protease and pepstatin for the detection and subsequent evaluation of its inhibitors. A 

ferrocene tagged, gold nanoparticle coated single walled nanotube (SWNT/AuNP) was used 

as the electrode in an electrochemical impedance spectroscopy technique for this purpose. 

Later the same group reported the detection of HIV-1 protease in the patient sera using the 

aforementioned setup [21]. Detection efficiency of 10 picomolar was reported using this 

method. The most interesting part of this study was the use of disposable screen printing 

process for the development of the setup. In a different study, Lee at al [22], discussed the 

detection of HIV-1 and virus like particles in the range of 600 fg/mL to 375 pg/mL using 

gold nanoparticle coated indium tin oxide substrates (ITO). Although an electrochemical 

detection mechanism was used, the efficiency of the method because of the material used 

largely improved by the direct electron transfer technique used in this study.

Europium nanoparticle immunoassay technique reported by Liu et al. [23] does not use any 

catalytic enzymes and signal amplification, while has a sub-pg/mL detection resolution with 

significantly high signal to noise ratio. This microchip based platform has promising 

qualities for the development of a simple and cheap bedside HIV detection system.

2.1.2 Treatment

Similar to the reports seen in HIV detection, prophylactic/therapeutic models for HIV have 

also been dominated by gold and silver nanoparticles followed closely by superparamagnetic 

iron oxide nanoparticles. Although it does not fall under the scope of this review article, it is 
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interesting to note that, a majority of the studies conducted using metal and metal oxide 

nanoparticles use the transactivator of transcription (TAT) protein as an adjuvant to target 

cells of interest for intracellular delivery of nanoparticles [24–31]. Most treatment strategies 

discussed in this paper involve the inhibition of viral glycoproteins by nanoparticles (figure 

3). Thus constrained viruses would not be able to attach to the host cells and in turn 

inhibiting infection.

Gold nanoparticles present active surface and bind to sulphated biological ligands with ease. 

This along with excellent conductivity, biocompatibility and facile preparation methods 

make them a promising material for antiviral applications. In this regard, Martinez et al. [32] 

developed prophylactic glyconanoparticle antivirals using gold nanoparticles tagged with 

truncated (oligo) mannosides of the high-mannose undecasaccharide Man(9)GlcNAc(2). 

Here, gold nanoparticles provide a surface for the attachment and aggregation of sugars in a 

small volume. Further, the anti-gp120 activity of gold nanoparticles allows for a synergistic 

affect when used in conjunction with glyco-conjugates. The authors further reported the use 

of other highly efficient antiviral glycol-conjugates tagged to gold nanoparticles [33–34] and 

N-linked high-mannose glycans [34–36] which raise new possibilities in HIV treatment. 

Later, they developed a highly active antiretroviral therapy (HAART) which used 

carbohydrate-coated gold nanoparticles loaded with anti-HIV prodrug candidates’ abacavir 

and lamivudine in a pH-mediated release model [37]. In summary, gold nanoparticles 

facilitate great adhesion sites for the immobilization of various ligands.

Although silver nanoparticles were proven to have anti-HIV properties [38] at non-cytotoxic 

concentrations, the mechanism behind the same was discussed later by Lara et al. [39]. The 

study suggested that silver nanoparticles exert anti-HIV activity at an early stage of viral 

replication, most likely as a virucidal agent or as an inhibitor of viral entry by binding to 

viral envelope protein gp120, thereby preventing CD4-dependent virion binding, fusion, and 

infectivity. Post this study, further evaluation was conducted by preparing a spermicidal gel 

consisting of polyvinylpyrrolidone coated silver nanoparticles (PVP-AgNPs) as a topical 

vaginal microbicide to prevent HIV transmission [40]. Silver nanoparticles along with 

neutralizing antibodies (NABs) have shown to have additive effect when combined against 

cell-associated HIV-1 infection in vitro [41]. Further studies on incorporation of silver 

nanoparticles into condoms [42] and enhanced inhibition of HIV protease by silver 

nanoparticles [43] elucidates the importance of silver in HIV therapy.

HAART for HIV has proven to be a very efficient model for removing active HIV from the 

body by limiting HIV replication. However, latent forms of HIV pose threat of remission of 

the disease preventing complete eradication. Thus, novel strategies for the treatment of these 

forms are being designed using superparamagnetic iron oxide nanoparticles (SPIONs). 

Mononuclear phagocyte ghost cells of bone marrow and blood monocytes, tissue 

macrophages, microglia, and dendritic cells loaded with anti-retroviral drugs and SPIONs 

are being used as undercover carrier vehicles to deliver drugs to latent forms of HIV. In a 

study conducted by Gorantla et al. [44], bone marrow macrophages loaded with indinavir 

and SPIONs studied for their distribution throughout the body by magnetic resonance 

imaging (MRI). Owing to their contrasting property, SPIONs were able successfully report 
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the location of the drugs in a mice model. The results indicated an elevated drug levels 

(exceeding 200–350 fold therapeutic concentration) through day 1 to day 14.

Magnetic hyperthermia, which uses SPIONs and alternating magnetic field for the 

generation of heat exceeding 45°C has been used for anti HIV treatments. In a first of kind 

proof-of-concept study conducted by Williams et al. [45], latent reservoirs of HIV were 

targeted by SPIONs and thermo-ablated to enhance cytotoxic T-lymphocyte targeting of 

HIV-infected cells. In another novel approach [46], an anti-HIV drug (tenofovir) and a 

latency-breaking agent (vorinostat) were co-encapsulated using magnetically guided layer-

by-layer (LbL) assembled nanocarriers for the treatment of neuroAIDS. SPIONs coated with 

the bilayer resulted in an increased drug loading capacity (2.8 fold for tenofovir) and drug 

release (30 fold with 100% release) over a period of 5 days. Use of SPIONs to cross the 

blood brain barrier (BBB) has been shown by Fiandra et al. [47]. A structurally complex 

drug enfuvitride, which normally is unable to cross the BBB, was able to cross the same 

when tagged onto SPIONs and coated with PMA amphiphilic polymer. The study proved 

that to completely eradicate HIV, novel studies that clear the BBB have to be taken into 

consideration and SPIONs play a major role in the same.

2.2 Studies on Hepatitis

Viral Hepatitis is a major health concern all over the world. Although vaccines against the 

same have been developed in the past decade, many developing and war-torn countries still 

lack the basic functionalities to deliver the same. In this mayhem, it is important to have fast 

and simple detection methods to determine the disease status of a person without enduring 

costly analytical methods or avoiding misuse of the vaccine. Over the past decade, many 

improvements have been made in detection technologies with the advent of nanotechnology. 

Here we discuss the role of metal and metal oxide nanoparticles in the detection and 

treatment of hepatitis A, B, C and E virus.

2.2.1 Detection

One of the first studies in this century regarding nanoparticle based detection of hepatitis B 

and C virus was conducted at the University of Wuhan, China by Pang et al. [48]. Their 

study used a gold nanoparticle based sandwich hybridization model for the detection of 

target DNA in patient sera using “gene chips”. The same model was tested using silver 

nanoparticles owing to their surface plasmon resonant state similar to gold nanoparticles. 

The advantage of this method was direct visual detection, high sensitivity and rapid results 

compared to traditional PCR based or ELISA based methods (figure 4). In a slightly 

modified model, the same group reported gold nanoparticle/DNA conjugate (biotin/

streptavidin conjugate) based detection probe for voltametric detection of virus DNA [49]. 

This paved a path for a more quantitative detection model as opposed to the aforementioned 

qualitative model. The study reported a detection limit of 2 pM viral DNA using this model. 

Anchoring on these studies, further research to improve the analytical sensitivity of detection 

has been done by Wang et al. [50] (from the same university). Furthermore, protein analysis 

chips for the simultaneous detection of hepatitis B and C were developed by Duan et al. 

[51]. These studies progressed to form a highly sensitive bio-sensor based clinical 
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microarray system for the detection of hepatitis B [52–54] and hepatitis E virus [53] in 

patient sera. A recent study by Liu et al. [55–56] shows simultaneous colorimetric detection 

and quantification of two molecules using gold nanoparticles and magnetic beads as two 

separating agents and boasts the advantages of high sensitivity and low sample consumption. 

Evidently, the use of gold nanoparticles for detection based assays has not been limited to 

HIV. Hepatitis detection using gold nanoparticles tagged to a variety of molecules has been 

reported. Gold nanoparticles attached to magnetic micro-particles and functionalized with 

multiple restriction enzyme targets (BamHI for HAV target, SpeI for HBV target, and 

EcoRV for HIV target) have been used for femto molar detection of hepatitis viral DNA 

[57]. Multiple studies based on antibody coated gold nanoparticles for potentiometric [58], 

amperometric [59], impedance [60], and electrochemical [61–63] immuno-sensors have also 

been developed for the detection hepatitis antigens in human serum.

Silica nanoparticles, owing to their biocompatible nature and reactive surface qualities, have 

been used in a variety of immune-linked assays to detect hepatitis virus. Yang et al. [64] 

reported one of the first uses of silica nanoparticles as ultrasensitive fluorescent dyes for the 

detection of hepatitis B antigens in the ng/mL range. Their usage was supported based on 

the photo-stability and simple preparation techniques compared to conventional quantum 

dots and existing dye molecules. Further these fluorescent silica nanoparticles were modified 

with lanthanide chelates for developing highly sensitive time resolved immunofluorometric 

assays [65]. Luminescent lanthanide (Eu and Tb) chelate coated silica nanoparticles were 

tagged with detection antibodies/bridging proteins for the detection of Hepatitis B surface 

antigen and Hepatitis B e antigen. The notable quality of these nanoparticles was their 

uniform size (55 nm) and their long shelf life (> 2 years). These nanoparticles were further 

used in a lateral flow immunoassay [66] to overcome the poor quantitative discrimination 

and low analytical sensitivity problems faced in conventional assays. The results indicated 

100 fold higher sensitivity when compared to gold based lateral flow assays. These particles 

were later also used ELISA [67] and PCR [68] based methods for the detection of viral DNA 

from human serum samples. In a novel study, the detection of Hepatitis B Virus DNA at 

femtomolar concentrations was done using a silica nanoparticle-enhanced microcantilever 

sensor [69]. Although microcanilever assays use highly sophisticated instrumentation and 

technologically advanced methodologies for analysis, the qualitative and quantitative data 

generated from the say are accurate and rapid. Low target antibody usage and concise 

detection stand to be the most promising qualities of these assays. Similar studies using 

quartz nano-pillars attached to virus nanoparticles [70] have also been developed which 

exploit the piezo-electric property of these materials for the detection of virus DNA. 

Furthermore, fluorescent dye tagged silica nanoparticles [71] have also been used for a 

cheaper more rapid detection of hepatitis in the human serum samples.

In other interesting studies, magnetic iron oxide nanoparticles were used as single materials 

for immune-chromatographic detection of hepatitis B virus surface antigens [71]. Nano-

graphene tagged with DNAzyme was used as simultaneous monitoring and silencing 

mechanism of hepatitis C virus in infected cells in-vitro.
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2.2.2 Treatment

Although many scientific articles exist on how nanoparticles have been/are being used for 

the delivery of therapeutic agents to infectious sites, very few publications demonstrate the 

actual delivery process for the treatment of hepatitis in human or animal models. A single 

study on this topic was conducted by Lee et al. [72], who reported the treatment of hepatitis 

virus through a HA-AuNP/IFNα complex (Hyaluronic acid-Gold nanoparticle/Interferon 

alpha). The treatment was compared against standard PEG (polyethylene glycol) tagged 

IFNα system and found the novel nanoparticles had comparable biological activity with 

enhanced stability in human serum. Another study revealed that the use of gold nanorods in 

hepatitis infected patients can lead to exacerbated liver damage and aggravate hepatitis 

severity [73]. The study also noted that these results are evidenced only via flow-cytometry 

and gene expression studies and that gold nanorods cause significant polarization of liver 

macrophages even at low concentrations. Another 2014 study revealed that gold 

nanoparticles do not interact in anyway with hepatitis C viral when incubated for a certain 

period [74]. A 30 sample test revealed no significant difference between the activity of naïve 

viral load and gold nanoparticle treated viral load and that gold nanoparticles may not be 

used directly as anti-infective agents for hepatitis C virus.

Similar to the method discussed earlier regarding the use of DNAzyme for the effective 

killing of hepatitis virus, SPIONs tagged DNAzymes have been used to kill hepatitis C virus 

[75]. SPIONs not only help provide a magnetic anchor towards desired molecules, but also 

function as in-vivo magnetic resonance imaging (MRI) contrast agents. Furthermore, 

SPIONs coated and with lipids and loaded with antivirals and vaccines are able to deliver 

their carrier loads to selective targets [76].

In other recent study, the use of silver and gold nanoclusters coated with polyvinyl 

pyrrolidone [77] were able to carry higher payloads such as DNAzyme to target site 

compared to hollow nanoshells developed earlier for drug delivery purposes. This meagre 

number of reports, suggest that studies on the role of nanoparticles in therapeutic aspects of 

virology are still in their nascent stage and is a potential area for future research.

2.3 Studies on Influenza Virus

The most common seasonal disease caused by viruses is undoubtedly flu. Although many 

developed countries are able to provide substantial protection to their citizens by annual 

vaccination campaigns, several developing and under-developed countries suffer from flu 

epidemics every year with very little medical interventions available. Novel treatments and 

detection strategies, involving metal and metal oxide nanoparticles, have emerged in the past 

decade which has the potential to accurately diagnose and treat patients suffering from 

frequent episodes of disease and are likely to be cost effective for use in the developing 

world.

2.3.1 Detection

In a recent 2015 review article, Shojaei et al. [78] have reported the various detection 

strategies that emerged for avian flu in the past decade. Their comprehensive study also 
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encompassed the role of metal and metal oxide nanoparticles in the detection process. As 

evident from previous sections, gold, silica and magnetic SPIONs form the majority of the 

reports for detection of this disease.

In their own words, they describe that nanoparticle-based techniques have been introduced 

in biological and medical sciences in a broad variety of applications, such as drug and gene 

delivery [79], separation or purification of biological molecules, cells and viruses [80] as 

well as detection of pathogens [81]. Moreover, nanoparticle technology includes usage of a 

broad variety of materials, such as gold nanoparticles (AuNPs) [82], magnetic nanoparticles 

[86], carbon-nanotubes [84], and mesoporous silica nanoparticles [85].

Gold nanoparticle modified electrodes for the amperometric detection of H5N1 virus 

through a gold nanoparticle/DNA-aptamer/H5N1/antiH5N1-Alkaline-phosphatase sandwich 

model has been able to detect H5N1 concentration in the femto molar range (figure 5). This 

study conducted by Diba et al. [86] has obtained lowest detectable concentration within the 

100 fM to 10 pM range using differential pulse voltammetry. Further, visual detection by the 

aggregation of citrate stabilized gold nanoparticles attached to virus particles reveals a much 

simpler qualitative method for the detection of viruses. Sajjanar et al. [87] suggest that gold 

nanoparticles in the presence of virus particles aggregate and change color from bright red to 

purple. This method not only enables for the visual detection of the virus, but also 

quantitatively asses the viral load through simple UV-Visual spectroscopy. In another novel 

study [88], a bio-nanogate comprised of nanoporous (~20 nm) goldfilm attached to H5N1 

specific aptamers, was capable of controlling enzymatic reaction for avian influenza virus 

H5N1 sensing within 1 hour with a detection limit of 2–9HAU (hemagglutination units). It is 

also interesting to note that no interference was observed from non-target avian influenza 

virus subtypes such as H1N1, H2N2, H4N8 and H7N2. The authors propose that the 

developed approach could be adopted for sensing of other viruses.

In other interesting studies, a review on the role of magnetic nanoparticles in cheap and 

rapid detection of infectious diseases including influenza virus have been discussed by 

Carinelli et al. [89]. In their enthralling review, they address the promising features of the 

magnetic particles for the detection of biomarkers in emerging technologies related with 

infectious diseases affecting global health, such as malaria, influenza, dengue, tuberculosis 

or HIV. Further, the role of graphene oxide and platinum functionalized cerium oxide 

nanoparticles for the detection of influenza virus was discussed by Yang et al. [90]. In their 

study, they report an amplified electrochemical immuno-sensor based on 1-napthol 

(electroactive substance) and platinum/graphene-oxide/cerium-oxide (catalytic amplifier) for 

the detection of influenza virus. The proposed immune-sensor was able to achieve a 

detection limit of 0.43 pg/mL. A fluorescent aptamer based sensor tagged on silica core and 

silver shell nanoparticle was reported by Pang et al. [91]. The metal enhanced fluorescent 

sensing platform developed by this group used thiazole orange as the fluorescent tag which 

detected the hemagglutinin protein of the H5N1 virus. The group also reported that the 

sensor could be used in a clinical setting, where human serum would be used as the input 

sample with a detection limit of 3.5 ng/mL, in under 30 minutes.
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2.3.2 Treatment

In a review by Adriar B.M. [92], the state of the art nanoparticle based therapeutic 

techniques against various respiratory viruses (influenza, RSV,or PI-3V) was discussed in 

extensive detail. While the paper outlines some of the most significant research done in the 

field of therapeutic medicine, most of the details limit to the use of polymeric nanoparticles 

for the same. Although it is true that polymeric nanoparticles play a major role in the field of 

therapeutic nanotechnology, many reports, especially for the inhibition of influenza virus, 

have been reported using metal and metal oxide nanoparticles. While gold nanoparticles 

have not shown any direct involvement in the inhibition of influenza virus, their usage has 

been significant in determining the efficacy of certain vaccines. Gold nanoparticles 

conjugated to the highly conserved extracellular region of the matrix protein 2 of influenza 

A virus were used to test the efficacy of the vaccine in a mouse influenza challenge model 

[93]. However, surface-activated anionic gold nanoparticles have shown remarkable success 

against influenza virus. While vaccines are very specific to their viral counterparts, gold 

nanoparticles with activated surfaces showed inactivation of many viruses by occupying 

active sites on the virus [94].

Silver nanoparticles stand tall when it comes to the inhibition of influenza viruses. Due to 

their success in inhibiting influenza viruses, their use has been fore-shadowed on other 

viruses. The use of silver nanoparticles for the inhibition of influenza virus has been 

extensively studied by Xiang et al. [95] in their comprehensive study over the years. In their 

first study, they reported the treatment of silver nanoparticles with H3N2 virus. The study 

revealed that the silver nanoparticles selectively destruct the morphological viral structure in 

a matter of 30 minutes to 2 hours. In-vitro studies proved that while silver nanoparticles did 

not have any direct cytotoxic effect on the cell lines, they significantly improved cell 

viability when treated with H3N2 virus. In a follow up study by Miao et al. [96], it was 

shown that silver nanoparticles had an atoxic concentration of 25 µg/mL, while TCID50 of 

influenza virus H3N2 on MDCK cell line was 10 - 3.5/0. 1 µg/mL. Also, the survival rate of 

MDCK cells was shown to be ~ 98% after the 50 µg/mL silver nanoparticle solution mixed 

with 40 TCID50 of influenza virus H3N2 in 2 hours, and the survival rate of MDCK cells 

was ~ 35% in the influenza virus H3N2 control group with 20 TCID. Silver nanoparticles 

(25 µg/mL) were able to effectively inhibit the apoptosis of MDCK cells induced by 20 

TCID50 influenza virus H3N2. Further studies also showed similar activity against the 

influenza virus H1N1 by the same group [97]. In a recent study, montmorillonite clay based 

nano silicate platelets surface-modified by silver nanoparticles were reported to have anti-

viral activity against influenza A virus [98]. The group also claimed a broad spectrum anti-

viral usage of this nanoparticle, given the stability and biocompatibility of the material.

In a study conducted by Cui et al. [99], titanium dioxide nanoparticles in their anatase phase 

were shown to inhibit H9N2 avian influenza virus. It is interesting note that the 

nanoparticles activated in the presence of UV light showed greater inhibitory activity 

compared to those not exposed. In a follow up study by Jiang et al. [100], Copper doped 

titanium dioxide (Cu+2/TiO2) nanoparticles with greater photocatalytic activity were tested 

for their antiviral activity. The results indicated a greater antiviral activity compared to their 

titanium dioxide counterparts. The inactivating rate on H9N2 viruses was shown to reach up 
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to 100%, when the UV intensity is 0.5 mW/cm2, the quantity of H9N2 is 0.1 ml, and the UV 

illumination time is 2.5 h. In another study [101], titanium dioxide nanoparticles 

electrostatically bound to DNA (v3’) targeted to the 3’ end of the non-encoding region of the 

viral (H3N2) DNA was able to efficiently inhibit virus reproduction. Further follow up 

studies showed a similar activity of the DNA tagged titanium dioxide nanoparticles against 

H5N1 and H1N1 viruses [102].

Other interesting studies include the use of calcium compounds for the inactivation of 

influenza virus. Scallop shell powder ground to nanometer range showed exceptional 

inactivation property against avian influenza virus (also Newcastle disease virus and goose 

parvovirus) within 5 seconds of incubation. The study [103] showed that calcium oxide, 

which does not show any activity at 2 µm size, elicit inhibitory behavior at 550 nm size. In 

another study [104], the ability of vaccines to induce a T-cell response was mimicked by 

calcium phosphate nanoparticles. Functionalized (with viral antigen) nanoparticles were able 

to selectively target viruses and illicit an immune response resulting in the clearance of 

infected cells from the system. These biodegradable nanoparticles have a great potential as a 

novel vaccination tool with substantial flexibility and wide applicability [105]. In a thought-

provoking article [106], the role of zinc oxide nanoparticles in influenza infection has been 

discussed. It was shown that zinc oxide nanoparticles impair the host pulmonary immune 

response and attenuate macrophage response to infections and hence may not be used during 

flu infections.

Recent studies have shown that magnetic nanoparticles tagged with specific viral binding 

agents can be used in high gradient magnetic separation for therapeutic hemofiltration [107]. 

This state of the art, emerging process has great promise in the field of therapeutic and 

diagnostic virology where human blood can be filtered by magnetic materials tagged to 

target agents.

2.4 Studies on Herpes simplex virus

Herpes simplex virus (HSV) is a double-stranded DNA virus, belonging to 

Alphaherpesvirinae family, a subfamily of the Herpesviridae family. There are two highly 

related serotypes of HSV: HSV-1 and HSV-2. Ocular HSV-1 infection may manifest in 

different clinical situations, including as conjunctivitis, iridocyclitis, acute retinal necrosis, 

or keratitis. HSV-2, on the other hand, predominantly causes genital herpes. The 

development of novel strategies to eradicate HSV is a global public health priority and yet, 

despite this fact, there have been very few major breakthroughs in the detection, treatment or 

prevention of the virus.

2.4.1 Detection

Although, upto 80% of the industrialized population is affected by HSV (either type 1 or 2), 

the number of studies conducted on nanoparticle improvised detection procedures have been 

low. Some of the most significant reports on nanoparticle based detection technologies are 

mentioned below.

Yadavalli and Shukla Page 10

Nanomedicine. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In line with previous sections, magnetic nanoparticles and colloidal gold nanoparticles play 

a major role in the detection of HSV. Laderman et al. [108] studied a lateral flow immune-

chromatographic assay based on colloidal gold nanoparticles. In this report, they described 

the development and evaluation of an HSV-2 immunoglobulin G (IgG)-specific antibody 

with sensitivity (100%) and specificity (97%) equivalent to commercially available detection 

kits (HerpeSelect ELISA). Both whole blood samples and serum samples were evaluated 

with similar results. Further Tan et al. [109] described the visual colorimetric detection of 

HSV by isothermal DNA amplification using gold nanoparticles by a novel technique called 

EXPAR (Exponential amplification reaction). The study reported the detection of HSV -1 

with limitation in its detection limit due to non-specific background amplification.

Magnetic particle pull-down assay using a DNA sandwich model for the detection of HSV-1 

in swine cerebrospinal fluid samples was reported by Thomson et al. [110]. The technique 

used both magnetic nanoparticles and fluorescent polystyrene for the pull down assay by 

hybridizing either end of the target DNA to the nanoparticles. The study reported a detection 

limit of 0.8 pM was achieved in a total sample volume of 0.09 mL. Further Ran et al. [111] 

reported a rapid and sensitive, label free magnetic bead aggregation assay for the capture and 

detection of model proteins of HSV. The biotin streptavidin based magnetic bead assay had 

the sensitivity in the femtomolar range with an analysis time less than 10 minutes. The study 

also reported the detection of HSV-1 virus under circumstances where only 200 viruses/mL 

were present in a sample. The authors of the paper suggest that this magnetic bead assay 

could be the next forward for resource-limited point of care settings.

2.4.2 Treatment

In a previous review report [112], our group reported the benefits and recent treatment trends 

of HSV using nanoparticles. While discussing the benefits of targeting the initial interaction 

between the virus and host cells, we reported that targeting cellular heparan sulfate (entry 

receptor for numerous viruses) pave a pathway for the preparation of broad-spectrum 

antiviral drugs. Recent advances in nanotechnology have spurred the development of metal 

oxide nanostructured compounds that have binding affinity to viral glycoproteins. Several 

nanostructures from metal-based materials have shown antiviral properties such as zinc 

oxide (ZnO) [113], tin oxide (SnO) [114], and gold nanoparticles capped with 

mercaptoethance sulfonate (Au-MES) [115]. The use of zinc oxide tetrapods with 

prophylactic, therapeutic and virostatic potential has been shown by our group against both 

HSV-1 [116] and HSV-2 [117]. In this study, it was conferred that ZnO tetrapod type 

structures counteract HSV infection at different levels. Their ability to control and trap 

viruses also makes them of specific interest in the development of low cost prophylactics 

having the potential to treat an existing infection as well. The antiviral property is the result 

of the attraction of negatively charged nanoparticles (to viruses), which are similar to the 

natural target receptors on the cell membrane. It might also be possible to present these 

compounds as virus trappers that stimulate immune response while providing protection 

from virus infection as microbicides [114]. The combined effect would lead to improved 

viral clearance and overall antiviral effectiveness. Reduced entry also translates to decreased 

replication and spread to other cells. These new drugs that target other critical steps in viral 
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lifecycle, such as entry and cell-to-cell spread, can help reduce the likelihood of viral 

resistance to therapeutic agents.

In a much recent trend, the use of silver nanoparticles as inhibiting agents for HSV has been 

studied. With increasing number of studies regarding the interaction between silver 

nanoparticles and viruses (discussed in previous sections), the role of silver nanoparticles as 

potential anti-HSV agents were studied. A size dependent study regarding the role of silver 

nanoparticles produced by fungi, in inhibiting HSV-1&2 were studied by Gaikwad et al. 

[118]. The study concluded that non-toxic silver nanoparticles in the size range of 4–23 nm 

(and produced by F. oxysporum and Curvularia species) had better anti-viral activity. The 

authors proposed that the antiviral activity could be attributed to the interaction of silver 

nanoparticles with the surface of the virus inhibiting them from infecting the host cell. 

Similar studies conducted by Hu et al. [119] revealed that silver nanoparticles at 

concentrations 100 µg/mL were able to completely inhibit the HSV-2 infection for 24 hours 

in Vero cell lines. Tannic acid modified silver nanoparticles of various sizes (sized 13 nm, 33 

nm and 46 nm) used by Orlowski et al. [120], showed potency in inhibiting HSV-2 virus 

both in-vitro and in-vivo. They showed that the antiviral activity was size related and that 

smaller nanoparticles induced chemokine and cytokine production responsible for antiviral 

response.

2. Discussion

Study of viruses and their structure has seen dramatic progress in the past decade with 

advancement in biomedical and instrumentation technology. We know more about the 

intricacies of virus entry and egress together with proteomics and molecular biology of 

infection and modes of inhibition. With advancement in informatics, we now know a great 

deal regarding the structure of proteins and polysaccharides (both viral and host cell) 

responsible for viral entry and egress. Advancements in nanotechnology have given rise to 

highly sensitive detection systems which are accurate at detecting molecules in the pico 

molar range. Although these advancements were not primarily aimed at detection of viral 

components, their applications towards virus detection has seen an upsurge in the past 

decade. Femto molar detection of avian influenza viral proteins by amperometric sensors 

[86] is a good example of cutting edge, state of the art detection system that is available 

through nanotechnological tools. Metal and metal oxide nanoparticles in these detection 

systems play an important role by providing stable, conductive and suitable attachment 

surfaces for detection ligands.

In the past decade, nanoparticles have not only been used as biocompatible drug carriers for 

anti-viral therapy, but also as anti-virals themselves. The use of nanoparticles as anti-virals 

reduces the risk of developing drug resistance which is widely seen in molecular anti-virals. 

Commonly silver nanoparticles have been used for anti-viral therapy than any other 

nanoparticles. However, this trend is changing with the advent of zinc oxide nanoparticles 

showing new promise as effective adjuvants and antigen-presenting platforms [121]. These 

specifically designed nanoparticles have been shown to trap herpes virus particles, rendering 

them unable to infect cells and subsequently generating an immunogenic via antigen 

presenting cells. This new model of treatment, called microbivac, could pave the way for 
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longterm immunotherapy of persistent viral infection by nanoparticles. In summary, there is 

hope for the development of resistance free, biocompatible metal and metal oxide 

nanoparticle based HSV antivirals that could be used in the clinical scenario in the near 

future.

3. Conclusions

The advent of multifunctional materials that simplify diagnosis and prophylaxis/therapy, 

using metal and metal oxide nanoparticles into clinical development has established 

nanotherapeutics as a credible option for future drug development. Although nanochemistry 

can produce a large number of metals or metal oxides in the nano-scale, the real challenge is 

to engineer their effective medical presentation by shape, size and surface modification, 

while keeping them biocompatible and non-toxic. Growing capability of this multi-

disciplinary field is facilitating the design of more refined secondary technologies with bio-

mimetic elements, and enhanced targeting of ligands and multi-dimensional applications. 

There is real hope that one day, these biomimetic nano-sized metal and metal oxide 

nanoparticles will provide the improved diagnostic abilities and antiviral treatments to 

address ever increasing global requirement.
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Figure 1. 
Number of publications returned using the search terms “nanoparticle* and virus*” from 

Scopus (http://www.scopus.com/; results for a search conducted on 19 October 2015)
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Figure 2. 
Nanoparticle based detection methods. The nanoparticle based detection methods in general 

explore a chromatic or electrochemical change due to the presence of target virus antigen or 

virus particles itself. Here we represent a mechanism by which aggregation of nanoparticles 

cause the shift in solution color from red to purple due to the presence of virus particles. 

This method has been followed by many scientists and in detail by Sajjanar et al [87]
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Figure 3. 
Nanoparticle based antiviral therapy. The common site exploited for antiviral therapy is the 

entry mechanism of the virus in to the host cell. By electrostatically blocking the viral 

receptors (on virus or on host cell), one can significantly reduce virus entry into a cell, 

thereby inhibiting viral infection.
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Figure 4. 
Sandwich based assay using gold nanoparticles for the optical detection of virus/viral 

proteins. The process uses a capture antibody for the immobilization of the desired target 

followed by the attachment of a detection antibody tagged to gold nanoparticles which can 

then be quantified using an optical sensor.
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Figure 5. 
Amperometric detection of H5N1 virus through a gold nanoparticle/DNA-aptamer/H5N1/

antiH5N1-Alkaline-phosphatase sandwich model. The model showed a detection limit in the 

femto molar range.
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