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ABSTRACT
Although several effective treatments exist against Varicella zoster virus (VZV), resistant strains
have emerged and the treatment is usually not definite and may have various undesired side
effects. Thus, alternative treatment options are necessary. Here we studied the inhibitory effects of
natural polysaccharides (PSs) obtained from renewable sources, varied by their structure and
charge, on VZV infection in vitro, using a plaque assay. In terms of selectivity indices, almost all the
tested PSs were very active; in the order of λ > ἰ > G > κ > P against VZV compared to Acyclovir as
a reference drug and exhibited dose-dependent behavior. Our results, which showed a strong
inhibition of VZV infection when the cells were treated with ἰ only at the time of infection or only
post infection may indicate a multistep inhibitory effect. It seems that ἰ may block different stages
of the virus replication cycle including early steps such as absorption and penetration to the host
cells and also late steps after the penetration into the host cells. These results are part of an on-
going research that highlights the PSs as potential novel nontoxic candidates that can be used
against VZV, and contributes to the elucidation of their mode of action.
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1. Introduction

Viruses are considered as one the main causes of
human and others infectious diseases, which may
lead to death despite the significant progress made
in antiviral drug development [1–3]. Herpes
viruses are double stranded DNA viruses belong-
ing to the family Herpesviridae which are respon-
sible for a variety of mild to severe human
diseases, sometimes life threatening, particularly
in immune-comprised patients and neonates [4].
After the acute infection, herpes viruses establish
latency and persist in different cells of the body,
according to the infecting virus. The latent virus is
reactivated spontaneously, causing recurrent infec-
tions in infected patients [5]. Herpes viruses are
very common among mammals and about 80% of
the adult population has antibodies to most, if not
all of them [6]. Varicella zoster virus (VZV),
belongs to the α-subgroup of herpes viruses and
causes two different diseases. The first, varicella,
which is a result of primary infection with VZV
(usually occurs during childhood) and the second
is zoster, which results due to reactivation of the

latent virus and provokes severe pain in the area of
latently infected ganglia [7,8].

VZV-associated diseases can be effectively treated
with nucleoside analogs such as acyclovir (ACV) and
famciclovir, which inhibit viral DNA synthesis [7,9].
However, the effectiveness of these drugs to treat
VZV infections in immunocompromised and in
immunodeficient patients is limited due to the devel-
opment of resistant VZV strains [7,10]. In addition,
ACV and other available nucleoside analogs have
different undesired side effects (like nausea, vomit-
ing, headache and others) [11], and are not highly
effective against reactivated herpes viruses [12,13].
Furthermore, a VZV vaccine is available, however,
significant concerns still exist regarding its efficiency
in individuals carrying latent VZV and in immuno-
compromised individuals [14,15]. Therefore, there is
a need for novel effective drugs to treat VZV-
associated diseases with different modes of action
to that of nucleoside derivatives.

A variety of natural products possess antiviral
activity and some of them have already been used
for the treatment of human viral infections with
RNA and DNA viruses [13,16–19]. Some studies on
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various strains and groups of viruses have shown that
renewable polysaccharides (PSs), that are present in
a wide variety of organisms, especially the sulfated
ones (SPSs), possess the ability to inhibit replication
of various viruses [20–24]. It was suggested that they
mainly interfere with the attachment of the viruses to
the host cell membrane, and as a result, they prevent
their entrance into the host cells [25,26]. In this study,
for the first time, the antiviral activity of several
renewable PSs against VZV was tested and compared
in accordance with their structures and contents. The
studied PSs are produced by different organisms that
aremainly known for their beneficial physicochemical
properties, in light of which they are used in basic
industries as thickeners, emulsifiers and stabilizers.
The PSs can be divided into two groups: 1) SPSs
that are derived from red algae: iota, kappa and
lambda carrageenan (ἰ, κ and λ, respectively) and
SPSs which dissolve during growth of the red alga
Porphyridium cruentum (P); 2) Non-sulfated PSs,
including: Guar Gum (G), Locust bean gum (LB)-
which belong to the glucomannans family derived
from plants, and Xanthan Gum (X)- derived from
the bacterium Xanthomonas campestris. Each one of
the PSs has its characteristic composition and struc-
ture, as demonstrated in Table 1.

It was already demonstrated that the red algae SPSs
hold promising potential as antiviral agents in various
systems [21–23]. For instance, different types of car-
rageenan act as inhibitors of several viruses such as
papillomavirus [27], rhinovirus [28] and herpes

simplex virus (HSV-1, HSV-2) [29–32]. It was also
reported that P has antiviral activity against HSV-1,
HSV-2 and VZV in vitro [26,33,34], and also against
HSV-1 in vivo [33,34]. Since these SPSs are anionic, it
was suggested they interact with the positive charges
present on the surface of the virus and inhibit virus
adsorption to the host cells [20,35]. Moreover, the
type of the ionic group also plays a crucial role in
the antiviral potency [21]. However, the mechanism
of action of these SPSs action is believed not to be
related solely to the interaction with the virus due to
its negatively charged characteristics; e.g it was sug-
gested that P is involved in inhibiting a late step
during the herpes virus replication cycle, having
a pleiotropic mode of action [33]. Although neutral
PSs were less studied than their charged counterparts,
their lower rate or lack of antiviral activity compared
to SPSs was reported [36].

The main goal of this study was to test the inhibi-
tory effects of different natural PSs, which are
obtained from various organisms (differing by their
structure and charge) on VZV infection; Moreover,
a primary investigation concerning their mode of
action as antiviral agents was also employed.

2. Materials and methods

2.1. PS preparations

PSs were purchased from Aldrich, unless other-
wise stated. The PS derived from Porphyridium

Table 1. Representative description of the investigated PSs.

PS
Functional
Groups

Branched/
Linear Repeating unit Side chains

ἰ -OH,
-OSO3

-
Linear D-Gal-4-sulfate,3,6-anhydro-D-Gal-2-sulfate -

κ -OH,
-OSO3

-
Linear D-Gal-4-sulfate,3,6-anhydro-D-Gal -

λ -OH,
-OSO3

-
Linear D-Gal-2-sulfate, D-Gal-2,6 disulfate -

P -OH,
-OSO3

-

-COO-

Branched Not finally defined. A disaccharide aldobiouronic acid
3-O-(-d-glucopyranosyluronic acid)-l-galactopyranose
and a larger linear composed of the same
disaccharide were determined

Not available

G -OH Branched β-(1→4)-linked D-mannose single α-D-galactose at the C6 position of
D-mannose at every second mannose

LB -OH Branched β-(1→4)-linked mannose single α-D-galactose at the C6 position of
D-mannose and highly unevenly substituted

X -OH
-CH2OCOCH3
-COO−

Branched β-(1→4)-D-glucopyranose a trisaccharide composed of D-mannose (β-1,4),
D-glucuronic acid (β-1,2) and D-mannose, which
are attached to alternate glucose residues in the
backbone by α-1,3 linkages.
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cruentum (P) was separated from the growth
media of Porphyridium cruentum (UTEX 161).
Briefly, the microalgae were grown in artificial
sea water with f/2 fertilizer [37], with the addi-
tion of 10 mM NaNO3. The cultures were kept in
500 mL flasks and placed on an orbital shaker in
an incubator with 1.5% CO2 and constant light-
ing of 70 µmol photons/m2 *s−1 (16/8 light
regime) using 6500K LEDs at 20°C. After acquir-
ing ~2 gDC/L, the cultures were transferred to
a polyethylene bag (2 L total volume) and kept
under high light conditions (~500 µmol photons/
m2 *s−1) with artificial water without f/2 fertilizer
for 2 weeks. Then, 500 mL of Porphyridium
cruentum culture was centrifuged at 10,000 g
and the cell-algae pellet was discarded. Ethanol
(Sigma Aldrich) was added to the supernatant at
a volume ratio of 3:1, respectively. During the
addition of the solvent the medium was firmly
stirred using a magnetic stirrer for 15 min. The
mixture was centrifuged at 24,000 X g and 4°C
for 15 min., and the PS pellet was re-dissolved
and dialyzed (MW cutoff 8,000) against DDW at
4°C until the conductivity of the water reached
300 µs*cm−1. The dialyzed fraction was then
freeze-dried and the PS powders were re-
dissolved in DDW to reach 0.5% w/v, comprising
P stock which was further autoclaved.

2.2. Cells and viruses

African green monkey kidney (Vero) cells were
purchased from the American Type Culture
Collection, Rockville, MD, USA. The cells were
grown in RPMI medium with 10% fetal calf
serum, 1% glutamine, 50 µg/mL antibiotics mix-
ture (penicillin and streptomycin) and incubated
at 37 ° C in a humidified air containing 5% CO2.
VZV was obtained from ATCC (VR-1433).
A stock of the virus was prepared by propagating
it to > 104 plaque forming units (PFU) per mL in
Vero cells and stored as VZV cell- associated stock
at −80°C.

2.3. Cytotoxicity assay

Vero cells were treated with different concentra-
tions of the PSs (1–5000 µg/mL) and their cyto-
toxicities were evaluated by the following methods:

1. Counting the cells by Neubauer hemocytometer
after 3 days of treatment. 2. Daily morphological
observations by optical inverted microscope. 3. MTT
assay was performed as previously described [38].
Briefly, 50 µg/mL MTT solution was added to every
well and the plate was incubated at 37°C for 5 h.
Then the MTT solution was removed and replaced
with solubilization buffer (SDS 10% in 0.01 N HCl).
After overnight incubation at 37°C, absorbance was
measured at 570 nm, indicating the metabolic activ-
ity of the cells. The cytotoxic effect was calculated as
a percentage of the surviving cells under treatment in
relation to the number of the living cells in the
control untreated cells.

2.4. Antiviral activity assay

The antiviral activity of the tested PSs was evalu-
ated by plaque assay [26]. Briefly, in a typical
procedure Vero cells were seeded at 2 × 105 cells/
well in 24-well culture plates, as detailed in the
Material and Methods section. After overnight
incubation, the medium was removed and each
well was infected with 0.01 multiplicity of infection
(m.o.i) of VZV (from VZV cell associated stock)
for 2 h at 37°C. Then the medium was removed
and cells were covered with a layer of medium
containing carboxymethylcellulose (CMC). Two
days post-infection the CMC overlay was removed,
cell monolayers were fixed with 10% formaldehyde
in saline, stained with crystal violet and plaques
were counted. The PSs were added at different
stages in accordance to the different experimental
settings that are designated as: 1) infected cells:
cells that were infected and not treated with
PSs 2) pre-incubation: infected cells that were pre-
cultured with ἰ for 2 h and then washed twice with
0.9% NaCl solution 3) incubation during infection:
the cells were infected and treated with ἰ during
the 2 h infection time and then washed twice with
0.9% NaCl solution 4) prolonged-incubation:
infected cells that were treated with the PS during
the infection and 2-days post infection 5) post-
incubation: infected cells that were incubated
with ἰ during the 2-days post-infection 6) Effect
of i on intracellular VZV replication (Endogenous
virus): In order to examine a possible effect of ἰ on
intracellular VZV replication, Vero cells were
infected with 0.01 m.o.i. of VZV without treatment
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with ἰ for 2 h. Then, the medium was removed and
replaced with fresh medium with or without the
appropriate concentrations of ἰ. Subsequently, the
infected cells were removed from the wells by
treatment with trypsin at 20 h post infection. The
obtained cells were pelleted by centrifugation at
1500 rpm for 5 min., and washed three times
with saline solution. Each pellet was re-
suspended with 100 µL of physiological saline
solution and the cells were broken by freezing
and thawing. Cell debris were removed by centri-
fugation at 1500 rpm for 5 min., the mixture con-
taining the endogenous virus was then used for
infecting cell monolayers and the antiviral effect
was evaluated by the standard plaque assay. 7)
Direct incubation of ἰ with the virus (without Vero
Cells): 100 µL of VZV cell-associated stock was
incubated with 100 µL of 100 µg/mL ἰ or with
100 µL of medium (as a control) for 1 h at 37°C.
Then the VZV- ἰ mixture was diluted 1:103 and
1:104 prior to infection, which highly reduces the
PS concentration to anti-viral non effective con-
centrations. Subsequently, Vero cells were infected
by the diluted virus mixtures for 2 h and the
antiviral effect was evaluated by the standard pla-
que assay.

The fold inhibition percentage of the antiviral
effect was calculated according to the following for-
mula: Fold inhibition effect = (A0-AT)/A0 × 100,
where A0 is the plaque numbers counted in the
infected untreated cells, and AT is the plaque num-
bers counted in each treatment experiment.

2.5. Statistical analysis

All experiments were repeated five times. The data are
expressed as the mean ± SEM. The significance of the
differences between the means of various subgroups
was assessed by unpaired two-tailed Student’s t test.
The statistical analysis was performed with Graph-
Pad Prism 7.02 Software (San Diego, CA). P < 0.05
was considered statistically significant.

3. Results

In this study different types of commercial natural
polysaccharides were tested for their antiviral activity
against VZV infection: red macroalgae carragee-
nans – ἰ, κ, λ; red microalga polysaccharide – P;

plant polysaccharide – G, LB; and bacteria polysac-
charide – X.

3.1. Cytotoxicity of the PSs

Vero cells were treated with different concentra-
tions of the tested PSs and their viability was
examined for 3 days after the treatment. Similar
cytotoxicity results were obtained by both used
methods counting the number of living cells and
MTT assay. It is evident that up to a concentration
of 10 µg/mL all the PSs had no significant cyto-
toxic effect on the Vero cells (Figure 1). The ἰ, λ,
G, LB and X polysaccharides did not demonstrate
any cytotoxic effect on the cells even at concentra-
tions up to 5000 µg/mL. However, treatments of
cells with concentration of P and κ above 100 µg/
mL resulted in a lower cell viability rate in com-
parison to control untreated cells (Figure 1). At
a concentration of 1000 µg/mL, κ and the
P dramatically reduced the cell viability rates
(~50% reduction in viable cells).

Representative descriptive morphological obser-
vations of Vero cells that were treated with
1000 µg/mL κ, in comparison to the control
untreated cells are shown in Figure 2, as demon-
strated by optical inverted microscopy. The treated
cells showed a typical morphological texture of
damaged cells, i.e the cells were shriveled and by
round-shaped (Figure 2(b)) in comparison to the
control untreated cells that were spindle-shaped
(Figure 2(a)).

3.2. Antiviral activity of different PSs on VZV
infection

Vero cells were infected with VZV in the presence of
various concentrations of the PSs and the treatments
were continued up to the end of experiment (2-days
post infection). Although all the various tested PSs
demonstrated a significant antiviral effect against
VZV (Figure 3), it seems that LB and X had the
weakest inhibition impact; at a concentration of
100 µg/mL they rendered only 35 and 45% inhibition
of the viral infection, respectively, while the other
tested PSs almost completely inhibited the viral infec-
tion at this concentration. In addition, a dose-
dependent effect was observed for all PSs.
Noteworthy, focusing on the low dose range
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treatments (< 10 µg/mL), is that SPSs of all the carra-
geenan forms yielded the strongest inhibitory effect.
Among the carrageenans, at the lowest concentration
(1 µg/mL), λ had the strongest inhibitory effect on
VZV infection, i.e it rendered ~ 90% inhibition. κ and
the ἰ also demonstrated a significant inhibitory effect
(at 1 µg/mL they rendered ~ 75% and 70% inhibition
respectively, Figure 3). The other PSs that also
exhibited antiviral activity, but weaker than those
of the carrageenan group treatments were P and
G (at 1 µg/mL they rendered ~ 55% inhibition
effect.

The selectivity indices (SI) of these tested poly-
saccharides, calculated as the ratio of the dose that

reduced the number of viable Vero cells to 50%
(CC50) to the effective dose that inhibited 50% of
viral activity (IC50) are shown in Table 2.

In terms of SI values almost all the PSs are very
active, in the order of λ > ἰ > G > κ > P against
VZV relative to ACV as a reference drug.

3.3. Primary investigation of ἰ antiviral mode of
action

To expand our knowledge regarding the mode of
action of ἰ, cells were treated with ἰ at various stages
of the infection cycle, including: pre-infection, during
infection, and post infection. As demonstrated, when

0

10

20

30

40

50

60

70

80

90

100

110

1 10 100 1000 5000

%(
ytilibaivlle

C
)lasab

fo

PS Concentration (µg/mL) 

X

LB

κ

G

P

λ

i

**

** **

**

**

Figure 1. Cytotoxic effect of PSs. Vero cells (2x105) were plated in 24 well plates and treated with different concentrations of the
tested PSs. The cell viability was measured 3 days after the treatment. The results are presented as a percentage of the control
untreated cells. Data are expressed as the mean ± SEM percentage (n = 5); *p < 0.05; **p < 0.001 vs. control untreated cells.

Figure 2. (a) Control untreated Vero cells. (b) Cells after 3 days of treatment with 1000 µg/mL κ.
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the ἰ was only pre-incubated with Vero cells prior to
VZV infection, there was no significant inhibitory
effect on plaque formation compared with the control
untreated cells (Figure 4). However, when ἰwas added
only at the time of the infection period or during and
post infection, a significant virus inhibition was
demonstrated (Figure 4).

A significant inhibitory effect was also observed
when i was added to the cells only post infection,
although to a lesser extent (~48% inhibition) com-
pared to that observed in PS prolong-incubated
infected cells (~75% inhibition). In order to examine
whether ἰ has an effect on VZV replication after its
penetration into the host cells, the effect of i on intra-
cellular VZV replication (endogenous virus) was
tested as detailed in “Materials and Methods” section.
Our results (Figure 4) showed that treatment with

i caused ~75% inhibition of VZV infection develop-
ment. Furthermore, when the viral particles were pre-
incubatedwith ἰ only before infection, there was about
85% inhibition of the viral infection (Figure 4).

Figure 3. Vero cells were infected with 0.01 m.o.i of VZV in the absence or presence of various doses of the tested PSs. The infected
cells were treated with the PS during the infection and 2-days post infection. The effect is presented as inhibition percentage
compared to the infected untreated cells. Data are expressed as the mean ± SEM percentage (n = 5); **p < 0.001 vs. the infected
untreated cells.

Table 2. CC50, IC50 and SI values of different polysaccharides
against VZV.

Parameter Evaluation

Tested Molecule CC50
a IC50

b SIc

X >5000 800 >6.25
LB >5000 800 >6.25
G >5000 1 >5,000
κ 1000 0.5 2,000
λ >5000 0.1 >50,000
ἰ >5000 0.8 >6,250
P 1000 1 1000
ACV 70 0.1 700

aFifty percent cytotoxic concentration (µg/mL).
bFifty percent inhibitory concentration (µg/mL).
cSelective index (CC50/IC50).

Figure 4. Antiviral activity of i on VZV infection at different stages
of the infection. Vero cells infected with 0.01 m.o.i of VZV and
treated with 1 µg/mL of ἰ at different periods of time. Furthermore,
direct effect of ἰ on the virus infectivity (direct incubation) and its
effect on the endogenous virus production were examined (n = 5);
**p < 0.001 vs. the infected untreated cells.
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4. Discussion

In the last decade, renewable polysaccharides
obtained from natural sources have gained a lot
of interest for their invaluable application across
a variety of fields including textile, food, cosmetics,
and pharmaceutical industries [39]. Many studies
that were focused on elucidation of their beneficial
bioactivities, have proven that some of the poly-
saccharides, especially the sulfated forms, have the
capacity to act as antiviral molecules against var-
ious viruses. Herein we studied the inhibitory
effects of natural polysaccharides obtained from
renewable sources, varied by their structure and
charge, on VZV infection in vitro.

All the tested PSs showed a significant antiviral
effect against VZV, depending on their dose-
concentration treatment. All the SPSs as well as
G exhibited significantly higher antiviral bioactivity
rates in comparison to X and LB. This finding is in
agreement with previous studies which suggested that
the antiviral bioactivity of polysaccharides strongly
depends on their level of sulfation [21,22,24,40,41].
Moreover, members of the carrageenan family were
already proven to act as antiviral agents against herpes
viruses, includingHSV-1 andHSV-2 [26,29,30,36,42].
Among the carrageenans, λ had the strongest inhibi-
tory effect on VZV infection. The primary differences
between the carrageenan types, which tailor their
specific properties, including their antiviral bioactiv-
ities, are the number and the position of ester sulfate
groups, their molecular weight, as well as the content
of 3,6-anhydro-galactose. The λ form contains the
highest sulfate content- three sulfate ester groups,
resulting in calculated sulfate content of approxi-
mately 41% w/w [43,44]. Whereas, κ and ἰ contain
one and two sulfate ester groups respectively, resulting
in a calculated sulfate content of approximately 20
and 33% w/w, respectively [43,44]. In addition, λ
does not contain the 3,6-anhydro-galactose that is
present in the κ and ἰ forms. The sulfate content
may be one of the reasons for the enhanced inhibitory
effect, as was already suggested in several reports
[21,22,24,40,41]. However, different composition
and structure may also affect the SPS’s bioactivities.
Although ἰ has a higher sulfate content than κ, no
significant differences were observed in their antiviral
effect. Therefore, it can be suggested that the linkage
and the position of the ester sulfate may also have

a crucial role in activating the PS as an antiviral agent;
e.g the ester sulfate residues in the building blocks of ἰ
are attached to the 2nd position of the 3,6-anhydro-
galactose (Table 1). P has already been reported as an
antiviral agent in vivo and in vitro against various
viruses, including herpes simplex and VZV [26,34].
The weaker antiviral impact of the P on the VZV
infection in comparison to the carrageenan group
may be attributed to its relatively low sulfate content
(~9%w/w) [45]. In addition, P’s structure is different
than that of the carrageenans; It is a branched hetero-
polymer, composed of different monosugars, among
them xylose, glucose and galactose, and the negatively
charged glucuronic acid residue. It is noteworthy that
G which is a neutral branched PS, significantly inhib-
ited VZV infection. These results demonstrate that
the sulfate is not the only factor that can affect the
antiviral activity. Indeed, it was reported that the
neutral polysaccharide scleroglucan acts as an effec-
tive inhibitor against HSV-1 and HSV-2 [36].
Interestingly, even though the LB structure is very
similar to that of G (Table 1), its antiviral activity
was less effective. It can be suggested that the highly
uneven distribution of the α-D-galactose at the C6
position of D-mannose reduced the PS antiviral activ-
ity. It was previously suggested that the antiviral capa-
city of some polysaccharides can be attributed to their
negatively charge nature. However, Xwhich is known
by its negatively charged nature due to glucuronic
acid residues did not possess antiviral bioactivity as
observed forG or the SPSs studied. Therefore it can be
suggested that the type of the ionic group can play
a crucial role in the antiviral potency [21], or probably
the negative charge is not critically required for the
antiviral activity of these PSs.

In order to evaluate the safety of using these PSs
as antiviral drugs, their cytotoxicities were evalu-
ated. In the dose-range that was tested the ἰ, λ, G,
LB and X polysaccharides did not show any cyto-
toxic effect on the cells, and therefore were con-
sidered as safe additives. However, in agreement
with former publications, P and κ can reduce Vero
cell viability depending on their concentration
[26]. Notably, although the basic repeating units
of ἰ and κ are similar, both being composed of
D-Gal-4-sulfate,3,6-anhydro-D-Gal, κ was still
cytotoxic to Vero cells in comparison to ἰ.

Theoretically evaluation of the use of these PSs
as an alternative treatment in terms of
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effectiveness and safety in comparison to ACV
against VZV was performed by calculating the SI
values. According to their SI values, it was found
that the effectivity and safety of PSs are in the
order of λ > ἰ > G > κ > P against VZV. Notably,
all these PSs yielded very high SI values in com-
parison to ACV and therefore they can be consid-
ered as potential candidates for antiviral therapy.

The next step of the study was to gain compre-
hensive knowledge concerning the mechanism of
antiviral action of ἰ. The ἰ was chosen for further
investigation based on its effectiveness and its ben-
eficial overall safety profile, as follows: 1) It demon-
strated high SI values 2) It is characterized by unique
rheological properties (gel-forming and viscosifying
properties). These properties make the ἰmore attrac-
tive as an applicative topical gel (easy to use on the
skin). 3) ἰ is considered as nontoxic and has been
used for decades as an additive in many food pro-
ducts and in different pharmaceutical and cosmetics
agents. Even though the λ yielded higher SI values
compared to ἰ, we did not focus in our investigation
on its mode of action due to its reported pro-
inflammatory potential [46] in contrast to i [47].

The significant inhibitory effect of ἰ when it was
added either only at the time of the infection period
or only post infection may indicate that ἰ affects
different stages during the viral infection cycle. It
can be suggested that ἰmay inhibit early step/s in the
virus infection such as virus attachment or penetra-
tion to host cells and late step/s after the penetration
of the virus into the host cells. Indeed, previous
reports showed that ἰ can inhibit replication of
Human papillomavirus [27], influenza A H1N1
virus [48], dengue virus [49], and Rhinovirus [28]
by blocking the binding of the virus to the host cells.
This finding proves that ἰ has a direct impact on the
virus, probably by strongly interacting with the viral
particles and thus preventing their binding to the
host cells. This is in agreement with different pre-
vious studies which utilized in vitro human papillo-
mavirus (HPV) infection experiments [27].
However, ἰ did not show any significant inhibition
of the viral infection when it was only pre-incubated
with cells. This result may indicate a non-or a weak
and reversible attachment of this PS with the host
cell membrane.

In addition, our findings prove the involvement of ἰ
in a late stage of the viral replication cycle after its

penetration into the cells. It strongly reduced the
number of infective viruses inside the host cells
when it was added only post infection. Indeed, several
previous reports demonstrated that ἰ inhibits various
virus types in late stage/s of the viral replication cycle;
For example Gonzalez et al. [50] showed that ἰ inhib-
ited a step in HSV-1 replication subsequent to viral
internalization but prior to the onset of late viral
protein synthesis. In addition, a potent inhibitory
effect of ἰ on the replication of hepatitis A virus in
the human hepatoma cell line PLC/PRF/5 was also
observed [51]. Further studies are required for deep
understanding of the exact mechanism of action of
the i polysaccharide and probably the other stu-
died PSs.

These findings are part of an on-going research,
whose ultimate goal is to elucidate the exact PS
inhibitory mechanism of action. Herein, renewable
PSs were proven to act as a beneficial natural agent
that can inhibit VZV infection.
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