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Abstract

Herpes-simplex virus type-1 (HSV-1) represents a life persistent infection. It is primarily treated by 
acyclovir however resistant strains are increasing which urged the development of new treatment 
strategies. Zinc nanoparticles (ZNPs) based therapeutics is gaining a lot of attention. The current 
study aims to investigate variable physicochemical interactions of ZNPs bearing different chemical 
moieties and surface properties with the cell receptors and the viral particles, and their effect on 
reducing HSV-1 infection. 

ZNPs were selected as a scaffold for anchoring active moieties designed against HSV-1. Hydroxyl 
group rich ZNPs (H-ZNPs), oleic acid modified ZNPs (OA-ZNPs) and chitosan-Zinc nanoparticles 
(C-ZNPs) were chemically synthesized and their characterization was performed by ultra-violet (UV) 
and Fourier transform infra-red (FTIR) spectroscopy, transmission electron microscope (TEM) and 
selected area electron diffraction (SAED). Vero cells were pretreated with ZNPs prior to viral infection 
to determine the ability of the particles to interact with cellular targets. HSV-1 was treated with ZNPs 
for different intervals to evaluate their viral neutralization kinetics. The ability of ZNPs to block the 
HSV-1 infection was compared in both cases. 

Inoculating the ZNPs with HSV-1 was more effective than the cellular pretreatment in reducing the 
viral infectivity; where H-ZNPs and OA-ZNPs resulted in reducing the viral infectivity titer in the order 
of 12.9% and 7.7%; respectively in nanoparticles pretreated cells whereas C-ZNPs were ineffective. 
On the other hand, incubating HSV-1 with H-ZNPs and C-ZNPs showed a greater time dependent 
inhibition and completely inactivated the virus within a period of 24 h while OA-ZNPs exhibited the 
lowest (15%) reduction in the viral titer.

These results suggest that surface modified ZNPs could modify the HSV-1 infectivity potential via 
neutralizing the virus rather than through interfering with cellular targets. In this respect the physical 
entrapment exerted by C-ZNPs and the electrostatic interference of H-ZNPs are more significant than 
the hydrophobic interaction using OA-ZNPs.
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Introduction
Herpes simplex virus type-1 (HSV-1) infection 

is becoming a public health concern due to its 
wide-spread prevalence over the last decades [1]. 
According to the World Health Organization, an 
estimate of two-thirds of the population under 
50 are infected with HSV-1 [2]. HSV-1 infections 
are common in oral and perioral area causing 
oral herpes or herpes labialis. It causes painful 
sores known as cold sores which are found on the 
upper and lower lips. It can also be extended on 
the tongue, roof of the mouth, sometimes on the 
face or even inside or on the nose. It may result 
in swollen lymph nodes or fever [3]. Infrequently, 

HSV-1 may also cause genital lesions [4,5]. The 
clinical complications associated with HSV-1 may 
be exaggerated to serious cases such as corneal 
blindness and encephalitis [6].

Most people acquire primary HSV-1 infection in 
early childhood although the infection could occur 
at any age. Following the primary infection, the 
virus remains latent in the nerve cells and is present 
for life. The virus could be reactivated by physical or 
emotional stress, sunlight, another viral infection 
or hormonal changes. HSV-1 transmission takes 
place via personal contact and infection occurs by 
viral inoculation onto the mucosal membranes or 
through small cracks in the skin [7].

Figure 1: Illustration of the HS on the host cell surface. HS appear as a polysaccharide attached by the 
peptidoglycan core to the cell surface giving a negative charge on the cell surface. Closer looks on composition 
of the polysaccharide reveal the most repeated sulfated disaccharide of HS (GlcA linked to GlcN). The figure 
illustrates the HSV-1 having surface cationic groups enabling its electrostatic interaction with negatively charged 
sulfated regions of HS.



• Page 3 of 14 •Farouk and Shebl. Int J Nanoparticles Nanotech 2018, 4:021 ISSN: 2631-5084 |

Citation: Farouk F, Shebl RI (2018) Comparing Surface Chemical Modifications of Zinc Oxide Nanoparticles for Modulating their Antiviral 
Activity against Herpes Simplex Virus Type-1. Int J Nanoparticles Nanotech 4:021

into cell membrane takes place. This is mediated 
by viral glycoproteins which have hydrophobic seg-
ment known as fusion peptide. The glycoproteins 
involved in fusion are folded so as to expose its 
hydrophobic segment enabling insertion into cell 
membrane lipid bilayer [17,18]. For example, gly-
coprotein H (gH) of HSV-1 has the peptide gH-(626-
644) which is rich in hydrophobic residues such as 
glycines, leucines, alanines, as well as tryptophan 
and tyrosines and has limited proportion of charged 
amino-acids. Such structure enables the interac-
tion and fusion with membrane bilayer based on 
hydrophobicity. It was reported that, compromis-
ing the hydrophobicity of the gH region by residue 
mutation resulted in reduced viral ability to pene-
trate cell membrane which supports the role of this 
hydrophobic region in viral entry [17]. Similarly, is 
the Cys127-Cys144 loop of the gC N terminus [15].

Acyclovir and related drugs have been the gold 
standard for the treatment of HSV-1 [6]. However 
resistant strains are rising especially in immuno-
compromised patients. This poses a clinical risk 
in such population where the viral complications 
may be fatal. Accordingly, alternative therapeutic 
approaches are gaining great interest [6].

The promising role of zinc in combating viruses 
(including HSV) and the evolution in the nanoparti-
cle synthesis and modification for addressing bio-
logical targets directed the researchers to investi-
gate the factors affecting the antiviral potentials of 
zinc nanoparticles [19-21]. Previous reports proved 
the virostatic potential of the negatively charged 
zinc tetrapods against both HSV-1 and HSV-2 and 
attributed it to the electrostatic interaction with 
the positively charged glycoprotein present on viral 
envelope [22-24].

The current study aimed to investigate the im-
pact of the viral entrapment and the interference 
with its hydrophobic interactions with cell men-
rance on reducing viral infectivity. Moreover, their 
impact was compared to that of electrostatic inter-
ference in terms of viral neutralization capabilities 
and inhibition of early stages of viral entry.

Materials and Methods
Materials

ZnCl2 and NaOH were purchased from Fischer 
scientific, USA. Xylene and oleic acid were obtained 
from Gomhoria for Chemical industries, Egypt. Vero 
cells (African green monkey kidney cells - ATCC No. 

HSV-1 is composed of double stranded 
DNA enclosed in a capsid. The capsid is in-turn 
surrounded by another layer called tegument. 
The viral components are all surrounded by a lipid 
bilayer decorated with a group of glycoproteins. 
Viral glycoproteins (gp) function in its attachment 
and fusion to cell membrane. Initial attachment is 
mediated through gp interaction with the heparan 
sulfate (HS) present on cell surface [7,8].

HS is an anionic structure which is composed of 
a series of sulfated disaccharides subunits linked to 
form a complex and highly acidic polysaccharide. 
It belongs to the glycosaminoglycan family and is 
attached to cell surface by its peptidoglycan core 
exposing the Polysaccharide chain on cell surface 
and extracellular matrix [9]. The most common 
disaccharide in the HS structure is that composed 
of glucuronic acid (GlcA) linked to N-acetyl 
glucosamine (GlcN). These disaccharide subunits 
are modified by the sulfation at the hydroxyl group 
of the GlcA and N-sulfonation of GlcN after its de-
acylation [9]. The sulfated disaccharide exists in 
clusters on the polysaccharide chain separated 
by unsulfated units. The sulfation pattern vary 
according to cell type [10]. HS is expressed on most 
of the mammalian cells. It functions in regulating 
numerous cell activities including cell adhesion, 
proliferation and binding to proteins [11,12]. This 
is mediated by its unique sulfation pattern which 
offers hot-spots for binding and interaction of HS 
with various proteins (Figure 1) [13].

In a close fashion HS acts as a receptor for many 
viruses and bacteria [14]. Using the negativity 
of its sulfated regions it can readily interact with 
the positively charged glycoprotein B (gB) and 
glycoprotein C (gC) found on HSV-1 surface to 
facilitate the initial viral attachment to cell [8]. 
Specifically, the positively charged amino-acid 
sequence of gC (Arg-143, Arg-145, Arg-147, Thr-150 
and Gly-247) and that of gB (lysine-rich sequence 
(residues 68 to 76)) were suggested to be essential 
for the initial electrostatic interaction of the virus 
with the 6-O- and 2-O-sulfate groups found on HS 
[15,16].

In addition to the role of HS in the electrostatic 
attraction of virus, the sulfated 3-OH position of 
the HS glucosamine represents a binding site for 
glycoprotein D (gD) and contributes in the entry of 
HSV into the cell [14].

Following electrostatic interactions, viral fusion 
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CCl-181) were kindly supplied from cell culture 
department, VACSERA. HSV-1 was supplied from 
research and development unit, VACSERA virology 
sector. 

Methods
Synthesis and characterization of ZnO struc-

tures: Hydroxyl group rich zinc oxide nanoparticles 
(H-ZNPs) were synthesized by the co-precipitation 
method with some modifications [25,26]. Briefly 1 
gram of polyethylene glycol 6000 was dissolved in 
10 mL of ethanol. On Stirring, 3 mL of 1 M ZnCl2 
solution was added and stirring was continued for 
30 min. Then, 1 M NaOH were added drop-wise 
with stirring until the solution turned basic (pH 
11.6). Particles were then collected by centrifuga-
tion and washed with ethanol.

Chitosan-zinc oxide composite particles (C-ZNPs) 
were prepared by dispersing 20 mg of chitosan 
powder in 20 mL deionized water followed by the 
addition of 1 mL of glacial acetic acid. The now 
dissolved chitosan was left on stirring for at least 
1 hr followed by the addition of 6 mL of 1 M ZnCl2 
solution. The mixture was left on stirrer overnight. 
NaOH (1 M) was added drop wise until the solution 
turned basic (pH 11). The formed cloudy solution 
was left on stirrer overnight and then collected 
by centrifugation and washed with deionized 
water. Prepared particles were characterized 
by transmission electron microscope (TEM) and 
Fourier-transform infrared (FTIR) spectroscopy.

For preparation of oleic acid coated ZnO (OA-
ZNP), 0.5 g of H-ZNP were transferred into a round 
bottom flask and 1.5 mL of oleic acid were added. 
The mixture was dispersed in 50 mL of xylene and 
left under reflux with continuous stirring for 6 hr. 
The reaction mixture was then left at room tem-
perature overnight and then the modified particles 
were separated by centrifugation. Prepared OA-
ZNPs were then washed using ethanol.

H-ZNPs and C-ZNPs particles were directly dis-
persed in Minimum Essential Media supplement-
ed with Earle's salt (E-MEM) (GIBCO-USA) aided 
by probe sonication, while OA-ZNPs particles were 
dispersed by adding 20 µL of tween 80. The effect 
of the prepared NPs on viral infectivity titer was 
evaluated.

Maintenance of Vero cell line: Vero cell line was 
cultured in E-MEM supplemented with 10% fetal 
bovine serum (FBS) (GIBCO-USA). Vero cells were 

sub-cultured by trypsinization and the prepared 
suspension was inoculated into fresh flasks. Sixty-
nine well cell culture plates were also inoculated 
with the prepared cell suspension as 100 μl/well 
and incubated at 37 °C till confluency [27].

Propagation of HSV-1: HSV-1 virus was inoculat-
ed as 0.5 multiplicity of infection into cell culture 
flasks (75-cm2) cultured with Vero cells after remov-
al of its culture media. Flasks were incubated at 37 
°C for an adsorption period of 1-1.5 hr with gentle 
mixing at 15 min time interval. After the adsorption 
period, an additional amount of maintenance me-
dium (supplemented with 2% FBS) was added to 
each flask without removing the inoculum. Nega-
tive cell culture control flask was also considered. 
Cultures were incubated at 37 °C and examined 
daily using inverted microscope (Hund-Germany) 
till the development of 90% cytopathic effect (CPE). 
Virus was extracted from culture media by three 
cycles of successive freezing and thawing. Extract-
ed virus was cryo-preserved in aliquots of 1 mL at 
-70 °C [28].

Cytotoxicity assay: Evaluation of the cytotox-
ic effect of the prepared ZNPs on Vero cells was 
carried out to determine the cell safe concentra-
tion of ZNPs. This is to ensure that any observed 
cytopathic effect is solely attributed to HSV-1. This 
was performed by using the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay. Briefly, ninety-six-well plates pre-cultured 
with Vero cells were treated with double fold serial-
ly diluted ZNPs and incubated at 37 °C. Plates were 
washed with phosphate buffer saline (PBS) and in-
oculated with MTT dye (0.5 mg/mL) as 100 µl/well 
then incubated at 37 °C for 4 hrs. At the end of the 
incubation period, MTT was discarded and plates 
were PBS washed three times. The formazan blue 
crystals that were produced in the viable cells were 
dissolved by adding dimethyl sulfoxide (DMSO) as 
50 µl/well followed by shaking the plates on plate 
shaker for 30 min. Optical densities (ODs) were 
measured at 570 nm using ELISA plate reader (Dy-
natech-England). Percentages of cellular viability 
of three independent experiments were calculated 
according to the following equation: Cellular viabil-
ity % = (absorbance of treated cells/absorbance of 
untreated cells) × 100 [29]. The observed non-tox-
ic concentrations “cell-safe concentrations” were 
subsequently used to assess the effect of the pre-
pared ZNPs on the early stages of HSV infection and 
their viral inhibitory potential. 
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dose of a virus) using Reed-Muench method [30].

Viral inhibitory potential: Evaluation of the viral 
inhibitory potential of the prepared nanoparticles 
was performed according to Ramadan, et al. [31], 
where the tested viral suspension was mixed with 
equal volume of non-toxic concentrations of ZNPs. 
Negative control virus was also considered by 
mixing it with nanoparticles free media. All sets 
were incubated at 37 °C for 1, 2, 4 and 24 hr. Zinc 
nanoparticles treated, and untreated virus was 
inoculated in 96-well Vero pre-cultured plates and 
the mean viral titers were determined as previous.

Statistical analysis: For all experiments, results 
were expressed as the mean ± standard deviation 
of three independent tests. Statistical significance 
was determined using one-way analysis of variance 
(ANOVA). Differences at P values less than 0.05 
were considered statistically significant.

Effect on early stages of viral infection: The 
ability of the tested NPs to interfere with early 
stages of viral replication was determined by 
treating Vero cells pre-cultured 96-well plates with 
the non-cytotoxic concentrations of the prepared 
ZNPs for 24 hr at 37 °C which were previously 
determined using cytotoxicity test to be 0.0, 0.1 
& 0.24 mg/mL for OA-ZNPs, H-ZNPs & C-ZNPs; 
respectively. Nanoparticles were discarded, plates 
were inoculated with tenfold serially diluted HSV-1 
and incubated at 37 °C. Plates were examined daily 
using the inverted microscope till the development 
of CPE. Media were discarded, and plates 
were stained using 0.05% crystal violet in 3.7% 
formaldehyde for 30 min at room temperature. 
Stain was removed, and cells were rinsed with 
water and air dried. Viral titer was evaluated 
in nanoparticles treated and untreated cells by 
determining TCID50 (50% tissue culture infectious 

Figure 2a: A proposed mechanism for the synthesis of H-ZNPs.

https://en.wikipedia.org/wiki/Virus_quantification#50.25_Tissue_Culture_Infective_Dose_.28TCID50.29
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the hydroxyl-group rich ZNPs (H-ZNPs). Synthesis of 
these particles were performed in alcoholic medi-
um to guard against particle agglomeration which 
may be induced by the formation of Zn-O-Zn bond 
[32]. In order to further stabilize the particles and 
enrich its surface with poly-hydroxyl groups the al-

Results
Synthesis and characterization of zinc nano-
structures

Three zinc containing nanostructures were suc-
cessfully synthesized. The first particle species was 

 
Figure 2b: A proposed mechanism for synthesis of OA-ZNPs.

Figure 2c: A proposed mechanism for synthesis of C-ZNPs.
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UV absorbance band revealed the formation of the 
H-ZNP (Supplementary Material).

Successful functionalization of the surface OH 
groups with oleic acid was achieved to give rise to 
the OA-ZNPs. A proposed chemical functionaliza-
tion mechanism is presented in Figure 2b. The TEM 
image of the ZNPs after functionalization is present-
ed in Figure 3b. The color of the ZNPs changed from 
white to yellowish white after the functionalization. 
Contrary to H-ZNPs, OA-ZNPs were indispensable in 
water. The FTIR spectrum of OA-ZNPs showed the 

coholic reaction medium was enriched with 10 g% 
W/V PEG 600 (Figure 2a) [32,33].

The TEM image of the H-ZNPs showed that they 
were rod shaped with average width of 7 nm (Figure 
3a). The formed H-ZNP were highly crystalline as 
evident from the selected area electron diffraction 
image (Figure 4a). The FTIR spectrum showed Zn-O 
stretching band at approximately 470 cm-1 [34]. 
The broad peak at 3475 cm-1 could be attributed to 
the stretching vibration of the OH groups while the 
1637 is due to its bending vibration (Figure 5a). The 

Figure 3: a) The TEM of synthesized H-ZNP. H-ZNPs appear rod shaped of average width 7 nm; b) The TEM image 
of OA-ZNPs after functionalization; c) The TEM of C-ZNPs showing the ZNPs as spherical particles of an average 
size was 5 nm scattered in chitosan matrix.

Figure 4: Selected area electron diffraction pattern of the zinc nanorods (a; H-ZNPs and OA-ZNPs) and zinc 
nanoparticles (b; C-ZNPs).
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ly detected in the ZNPs was reduced probably due 
to its partial consumption in reaction with COOH of 
the OA. The COO- of OA appeared at 1556.5 cm-1 for 

CH2 asymmetric and symmetric stretching bands of 
the long chain fatty acid at 2923 and 2853 cm-1, re-
spectively. The broad OH band (3475 cm-1) previous-
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dependent decrease in the viability of Vero cells 
along with increasing the concentration of the 
tested nanoparticles. OA-ZNPs was the most 
cytotoxic followed by H-ZNPs, where the safe 
concentration that maintained the cellular viability 
was 0.01 & 0.1 mg/mL; respectively. On the other 
hand, C-ZNPs showed the least cytotoxicity where 
it was completely non-toxic at a concentration of 
0.24 mg/mL (Figure 6).

Effect on early stages of viral infection (cell 
receptor occupation potential)

asymmetric stretching and 1402 cm-1 for symmetric 
stretching (Figure 5b). The difference between the 
two bands (approximately 150 cm-1) indicates that 
the binding is a bridged bi-dentate form [35]. The 
UV absorbance band of OA-ZNP is presented in the 
Supplementary Material.

C-ZNPs were successfully synthesized according 
to the prosed mechanism presented in Figure 
2c. The morphology of C-ZNPs was distinctively 
different from the H-ZNPs. This was evident from 
the TEM which revealed the C-ZNPs as spherical 
particles of average diameter 5 nm embedded into 
chitosan matrix (Figure 3c). The electron diffraction 
of the synthesized C-ZNPs is shown in Figure 2b. The 
FTIR spectrum of the composite shows the chitosan 
NH2 band at 3428 cm-1 while the CH2 stretching 
appears at approximately 2900 cm-1 (Figure 5c).

Cytotoxicity 
Cytotoxicity pattern was variable among the 

synthesized ZNPs and revealed a concentration 
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Figure 6: Cytotoxicity assay of H-ZNP (a) C-ZNP (b) OA-ZNP (c) Against Vero cells. The assay was based on the 
amount of active lactate dehydrogenase released from residual viable cells. Recorded values were the mean of 
independent triplicates ± standard deviation. The results reveal a concentration dependent cytotoxicity.

Table 1: Effect of ZNPs on early stages of viral infection 
in ZNPs pretreated cells.
Zn nanoparticles Depletion in viral 

titer
Percentage 
reduction in 
viral titer 

 log (10)/0.1 mL ± SD    
OA-ZNPs 0.5 ± 0.08 7.7
C-ZNPs 0 0
H-ZNPs 0.84 ± 0.10 12.9
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increasing especially in immune-compromised 
patients due to the prolonged time required for 
HSV treatment in these patients as compared to 
immune-competent ones [6,36,37].

New strategies for management of HSV are 
emerging such as the use of the DNA helicase/
primase (H/P) complex inhibitors. Pritelivir (BAY 
57-1293) is a potent helicase primase inhibitor 
which is more effective against HSV-1 than 
famciclovir [38,39]. Another strategy rely on using 
a novel nucleoside analogue such as valomaciclovir 
stearate (EPB-348), where it exhibited an in vitro 
activity aganist HSV-1 [39]. These small molecule 
compounds are still under costly and long clinical 
trials [39]. In addition, most of these drugs still 
require immense pharmacokinetic adjustment [40].

The use of NPs represents valuable alternative. 
Metal NPs can offer remarkable achievements 
in the field of treatment of viral infections due to 
their distinctive chemical and physical properties 
as well as their high surface area to volume ratio 
which allow them to interact with variable targets. 
Such approach has a lower probability for the 
development of resistance compared to small 
molecule approach [41]. The chemical synthesis of 
NPs can be considered simple when compared to 
the synthesis of small molecule drugs. In addition, 
their surface physico-chemical properties can 
be easily tailored for optimizing their interaction 
pattern with the biological targets accordingly 
a great benefit could be obtained from the core 
material of the NPs in addition to the ligands of 
their shells [42,43].

This is especially important because the 
interaction pattern between viruses and the 
host cell involves multiple receptors and ligands. 
Accordingly, the development of compounds that 
inhibit viral attachment to the host cell through 
mimicking or targeting viral receptors on the host 
cell or using compounds that binds to the virion 
itself is gaining interest [44,45]. This is a special 
privilege for NPs based therapeutics where their 

Evaluation of the antiviral activity of ZNPs 
revealed that C-ZNPs didn’t show any inhibitory 
effect on the early stages of viral infection, while 
OA-ZNPs and H-ZNPs pretreated cells resulted in 
minor reduction in the viral titer in the order of 
7.7% and 12.9%, respectively (p < 0.05) (Table 1).

Viral inhibitory potential (Viral neutralization 
potential)

Assessment of the inhibitory activity of ZNPs on 
HSV-1 at different time interval (1, 2, 4 & 24 h) in-
dicated that OA-ZNPs (0.01 mg/mL) exhibited the 
least inhibitory effect on HSV-1 as compared to 
H-ZNPs and C-ZNPs, where the percentage reduc-
tion in the viral titer in case of OA-ZNPs was 0.4%, 
7.7%, 9.5% and 15%, respectively. On the other 
hand, H-ZNPs (0.01 mg/mL) showed a promising 
time dependent significant reduction in the viral 
infectivity titer in the order of 11.7%, 19.4% and 
65.5% post 1, 2 and 4 h of viral treatment. Despite 
that treating the virus with C-ZNPs for a period of 
1 h wasn’t accompanied by reduction in the virus 
infectivity titer, prolonged contact time between 
HSV-1 and C-ZNPs (0.24 mg/mL) resulted in the 
highest reduction in the viral infectivity by 30% and 
71% post 2 and 4 h of treatment, respectively (p 
< 0.05). In the meantime, complete inactivation of 
HSV-1 (with an initial viral titre of 106 cell culture in-
fectious dose 50/0.1 mL) was achieved post 24 h of 
ZNPs treatment in case of both H-ZNPs and C-ZNPs 
as shown in Table 2 (p < 0.01).

Discussion
Viral diseases are considered one of the most 

serious public health concerns which are associated 
with social and economic consequences. The 
development of a potential antiviral agent that 
successfully targets the virus without exerting a 
hazard on the viability of the host cell remains a 
challenge. Acyclovir and other related compounds 
are the current gold standards for treatment of 
HSV infections. They are virustatic agents that 
are effective during early stages of infection [28]. 
Unfortunately, acyclovir resistant strains are 

Table 2: Viral inhibitory potential of ZNPs at different time interval.
Percentage reduction in viral titer ± SD
Zn nanoparticles Time post treatment
24 hrs 4 hrs 2 hrs 1 hr  
15 ± 0.8 9.5 ± 0.9 7.7 ± 1.1 0.4 ± 0.02 OA-ZNPs
100 ± 7.7 71 ± 6.4 30 ± 1.9 - C-ZNPs
100 ± 8.6 65.5 ± 5.1 19.4 ± 3.7 11.7 ± 0.3 H-ZNPs
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consequently to the lower concentration that was 
applied in the present study (0.01 mg/ml) compared 
to 0.1 & 0.24 mg/mL in case of H-ZNPs and C-ZNPs, 
respectively.

Chitosan was reported to exhibit indirect viral 
inhibitory potentials as attributed to its ability 
to elicit innate immunity of cells [47]. Being a 
cationic molecule, it is able to interact with the 
outer surface of cell membrane which may trigger 
immune response [48]. Additionally, although 
chitosan might not have a virudical activity on its 
own especially against positively charged viral 
envelope glycoproteins, its conjugation with viral 
reactive structures proved successful [49,50]. 
Based on these desirable properties of chitosan 
composites, C-ZNPs were synthesized composed of 
ZNP embedded in the chitosan matrix [50].

No inhibitory potential was observed on 
pretreatment of the cells with C-ZNP while a 
reduction in the viral infectivity potential was 
observed post incubating the C-ZNPs with HSV-1 for 
different time intervals. Such effect may be exerted 
by the physical barrier the composite offers which 
may entrap the viral particles, thus preventing 
their adsorption to the host cell. The failure of 
C-ZNPs to exhibit any viral inactivation potential 
post one hour of viral treatment may be related to 
the fact that the physical entrapment of the virus 
in the composite requires a time to be achieved. 
Despite that both C-ZNPs and H-ZNPs completely 
inactivated the virus post 24 h of treatment, 
but C-ZNPs showed greater inactivation kinetics 
compared to that in case of H-ZNPs post 2 & 4 h of 
incubation with the tested NPs.

In summary, H-ZNPs and OA-ZNPs resulted in 
reduction in the viral infectivity titer in the order 
of 12.9% and 7.7%; respectively in nanoparticles 
pretreated cells whereas C-ZNPs were ineffective. 
Incubating HSV-1 with H-ZNPs and C-ZNPs showed 
a greater time dependent inhibition and completely 
inactivated the virus within a period of 24 h while 
OA-ZNPs exhibited the lowest reduction in the viral 
titer by a value of 15%.

To the best of our knowledge, this is the first 
study that evaluated the effect of electrostatic, 
physical and hydrophobic interaction of ZNPs on 
the infectivity potential of HSV-1 in terms of the 
effect of the particles on the early stages of viral 
entry into the cell compared to the ability of the 
prepared nanoparticles to neutralize the virus.

surface functionalization is easily achievable [42].

ZNPs were previously reported active against 
HSV. Mishra, et al. reported the virostatic potential 
of zinc micro-nano filopodia-like ZnO against HSV-1 
at a concentration of 0.1 mg/mL [22,23]. Following 
them Antoine, et al. proved that zinc nano tetrapods 
have a similar antiviral activity against HSV-2 as 
well [24].

Whereas the recruited zinc structure was 
synthesized by an energy consuming procedures 
while the virostatic potential was only attributed to 
inhibiting the electrostatic interaction between the 
virus and HS of the host cell [22,24], The simpler 
H-ZNP were designed to target the cationic viral 
glycoproteins in order to neutralize HSV-1. They 
were successfully synthesized using a simple co-
precipitation method which produced a high yield 
at room temperature. The design was based on 
the assumption that hydroxyl group rich structure 
of H-ZNPs may mask the positivity of the viral 
glycoprotein and reduces its inherent ability to 
interact with the cellular HS [46]. That was in 
consistence with the recorded ability of these 
particles to counteract the viral infectivity potential 
when they were incubated with the virus even for a 
short period of time.

The recorded lower reduction in the viral titer in 
case of H-ZNP pretreated cells compared to their 
inhibitory potentials when the virus was directly 
treated with NPs supports that the effect of these 
particles is more directed towards neutralizing 
the virus rather than to the viral targets on the 
host cell. It is worth pointing out that the H-ZNP 
produced similar results (even in the effective 
concentration) to those zinc micro-nano filopodia-
like ZnO synthesized by an energy consuming 
procedure [22,24].

The electrostatic interaction between the virus 
and the target cell is subsequently followed by viral 
fusion into cell membrane which is mediated by 
the hydrophobic residues in the viral glycoprotein’s 
fusion peptides (example is the gH) [17,18]. 
OA-ZNPs were proposed to interfere with such 
hydrophobic interaction due to their hydrophobic 
coat. However, they exhibited a reduced potential 
compared to that of H-ZNP. The apparent low 
inhibitory activity in case of OA-ZNPs pretreated 
cells (7.7%) as well as its ability to only inactivate 
15% of the virus post 24 hr of viral treatment may 
be related to their high toxicity on Vero cell and 
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3. Arduino P, Porter S (2006) Oral and perioral herpes 
simplex virus type 1 (HSV-1) infection: Review of its 
management. Oral Dis 12: 254-270.
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herpes: impact on surveillance and prevention. J 
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T (2000) Herpes simplex virus types 1 and 2 differ 
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9. Weitz JI (2003) Heparan sulfate: Antithrombotic or 
not? J Clin Invest 111: 952-954.
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sulfate proteoglycans. Cold Spring Harb Perspect 
Biol 3: a004952.

11. Rabenstein DL (2002) Heparin and heparan sulfate: 
Structure and function. Nat Prod Rep 19: 312-331.

12. Davis S, Anak D, Parish CR (2013) Heparan sulfate: 
A ubiquitous glycosaminoglycan with multiple roles 
in immunity. Front Immunol 4: 470.

13. Lin X (2004) Functions of heparan sulfate 
proteoglycans in cell signaling during development. 
Development 131: 6009-6021.

14. Shukla D, Liu J, Blaiklock P, Shworak NW, Bai X, et al. 
(1999) A novel role for 3-O-sulfated heparan sulfate 
in herpes simplex virus 1 entry. Cell 99: 13-22.

15. Mårdberg K, Trybala E, Glorioso JC, Bergström T 
(2001) Mutational analysis of the major heparan 
sulfate-binding domain of herpes simplex virus 
type 1 glycoprotein C. J Gen Virol 82: 1941-1950.

16. Trybala E, Bergström T, Svennerholm B, Jeansson S, 
Glorioso JC, et al. (1994) Localization of a functional 
site on Herpes simplex virus type 1 glycoprotein C 

Conclusion
The present study evaluated the anti-viral 

potential of ZNPs. This was achieved by their 
successful surface functionalization with poly-
hydroxy group (H-ZNP), chitosan (C-ZNP) and oleic 
acid (OA-ZNP) for interfering electrostatically, 
physically and hydrophobically with HSV-1 entry 
into the cell either via targeting cellular receptors 
or neutralizing the virus itself.

The H-ZNPs exhibited the highest antiviral 
potential in nanoparticles pretreated cells where 
the percentage reduction in viral titer was 12.9%. 
This was followed by 7.7% reduction in case 
of OA-ZNPs treatment. The C-ZNPs was totally 
ineffective in this respect. On the other hand, the 
viral neutralizing potential of C-ZNPs was the most 
potent however its effect was delayed compared 
to other forms of ZNPs. The H-ZNPs showed an 
earlier onset (12% reduction HSV-1 in infectivity 
after 1 hour) but weaker viral neutralizing potential 
as compared to that of C-ZNPs. Both the C-ZNPs 
and the H-ZNPs were able to completely neutralize 
the virus after 24 hours. The OA-ZNP was the least 
effective with 15% inhibition even after 24 hours.

Current results suggested that the surface 
modified ZNPs can potentially modify the infectivity 
potential of HSV-1 by exerting their effect on viral 
particles rather than through interfering with 
cellular targets. Where targeting the electrostatic 
interaction between HSV-1 and the host cells by 
H-ZNP exhibited the highest and the fastest effect 
on the viral infectivity titer followed by the C-ZNP 
which may exert its function via entrapping the 
virus and preventing its access to cell surface. It is 
worth noting that C-ZNP may represent a potential 
alternative to counteract the viral infectivity but is 
accompanied by a delay in the initiation of its effect. 
On the other hand, targeting the hydrophobic 
interaction represent the least effect. In conclusion 
the cell safe concentrations of H-ZNP and C-ZNP 
were able to neutralize the HSV-1 and reduce its 
infection in host cells.
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