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Abstract
Ultra-high stable chitosan functionalized gold nanoparticles (GNPs) of desired biopolymeric corona are synthesized without
adding conventional hazardous reducing agents. The inherent unique set of properties like reducing ability, stabilizing effect, and
mucoadhesiveness of chitosan is exhibited in the present work. Morphologies and ultra-stability of the synthesized materials are
characterized by standard techniques. The mucoadhesiveness of the synthesized materials are well documented through the
biological potency of the synthesized GNPs. The prominent bioactivity is evident from the antifilarial activity. The cellular and
molecular level studies on the induction of oxidative stress, DNA damage, and undesirable protein expression clearly explain the
antifilarial activities. Interestingly, the developed nanoparticle shows no detectable sign of toxicity when evaluated in vitro (rat
peritonealMФ) or in vivo (Wistar rat). Therefore, the synthesized green GNPs appear to be a substantial promise as an efficacious
broad-spectrum nanotherapeutic agent with safe outcome for clinical attempt.
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1 Introduction

Chitosan is one of the most abundant natural biopolymers,
obtained from chitin. Chemically, it is a random co-polymer
of β-(1-4)-linked D-glucosamine and N-acetyl-D-glucos-
amine. The presence of hydrophilic hydroxyl groups makes
the co-polymer suitable for super absorption of water [1]. The
majorities of polysaccharides are normally neutral or nega-
tively charged in an acidic environment. However, chitosan
is positively charged in the same environment due to its amino
groups. This distinct characteristic induces bioactivity of the

chitosan. The other interesting features of chitosan are suscep-
tibility to chemical modifications, biocompatibility, non-tox-
icity, low allergenicity, and biodegradability [2]. Many recent
reviews [3, 4] focus on clinical use of chitosan-based compos-
ite (with quantum dots, nanoparticles, and carbon dots) and
chitosan-mediated fabrication of metal nanocomposites for
biomedical applications.

Lymphatic filariasis (LF), a vector-borne disease, is
caused by filarial parasites Wuchereria bancrofti, Brugia
malayi, and Brugia timori. As per report of WHO, it causes
havoc mainly in tropical and subtropical countries due to
favorable atmosphere for the growth of filarial parasites.
The WHO initiated a drive to eliminate the filarial disease
by 2020 [5]. Thus, the search for a new therapeutic solu-
tion against human lymphatic filariasis has emerged as a
thrust-driven area of research.

Systemic chemotherapeutic targeting of filarial parasites
is unfocused due to their deep-seated location in lymphatic
vessels. Chourasia et al. [6] reported that the peculiarity of
lymphatic vasculature underneath the subcutaneous layer
of skin preferentially allows entry of only 10–100 nm-
sized particles. Hence, out of several promising therapeutic
modalities, exploiting metal nanoparticles for targeted ap-
optosis is considered as the effective means for treating the
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aforesaid pathogens. But there are very few reports on
antifilarial activity of metal nanoparticles. Most of the
works done so far are concerned on the efficacy of silver
nanoparticles against mosquito larvae and the vector of
malaria and filaria [7, 8]. Therefore, urgent development
of therapeutics against filarial parasite is considered as the
foremost agenda to the scientific community but at the
same time cytotoxicity of the material should also be taken
into consideration. Out of several promising approaches,
polymer-modified metal nanoparticles are considered as
the effective means for treating the aforesaid pathogens
particularly the drug-resistant ones. Among the polymer-
capped bioactive nanoparticles, silver and copper nanopar-
ticles have especially engrossed major attention [9].
Goswami et al. [10] confirmed the filaricidal efficacy of
silver nanoparticles with proof of apoptosis as a novel
antifilarial rationale. Roy et al. [11] reported that the
LD50 values of chitosan-stabilized silver nanoparticles for
mf and adult of Setaria cervi were 12 and 13 μg/ml respec-
tively. Ahmad et al. [12] synthesized copper(II) oxide
nanopart ic les to augment ant i f i lar ia l act ivi ty of
albendazole, a therapeutic benzimidazole. But major de-
merit of silver and copper nanoparticles is the cytotoxicity
and genotoxicity on non-target tissues.

Suitable bioactivity with less cytotoxicity is always a
desirable target for biochemists over the years. It is well
known that gold is inert in the bulk and is only active as
a catalyst in the form of nanoparticles. However,
Carabineiro [13] reported that gold nanoparticles can
have an important role, not only in catalysis, but also
in nanomedicine including diagnostics, therapy, vac-
cine, and hygiene. Gold nanoparticles (GNPs), unlike
silver nanoparticles, possess permissible cytotoxicity
but at the same time their activities against diverse in-
fectious agents including microfilaria are also found to
be relatively low [14]. In this circumstance, surface
functionalization of GNPs may be planned and execut-
ed in a more effective way for betterment of bioactivity.
One such functionalization can be with chitosan, which
enables its efficient interaction and permeation of cel-
lular membranes, providing an effective adjuvant
[15–20]. As both GNPs and chitosan have been shown to
have low toxicity and high biocompatibility, their composite
material should also be less cytotoxic and biocompatible.

The abovementioned literature survey motivates us to
carry out surface modification by chitosan (a biopolymer),
poly(vinyl alcohol) (PVA) (a non-biopolymer), and tyro-
sine (a biomolecule) for comparative analysis to develop
promising bioactive nanoparticles with minimum cytotox-
icity. The study emphasizes on the supremacy of
biopolymer-inspired GNPs over others in terms of
antifilarial efficiency and also its way of action through
cellular and molecular level studies.

2 Materials and methods

2.1 Materials

Gold hydrochloride (Aldrich, USA), chitosan (practical
grade, 75% deacetylated, Aldrich, Germany), polyvinyl
alcohol (Burgoyne Burbidges and Co India Pvt. Ltd.),
and L-tyrosine hydrochloride (Sigma Life Sciences,
USA) were used as received and double-distilled water
was used throughout. For cellular and molecular biology
experiments, HPLC grade methanol, acetic acid, and other
chemicals and solvents of highest purity grade were pur-
chased from Merck, India. Milli-Q water (Milli-Q
Academic with 0.22 μm Millipak R-40) was used
throughout the study. De-ionized and nuclease-free water
(Fermentas, India), FBS (fetal bovine serum), HEPES
buffer, streptomycin, penicillin, amphotericin-B, RPMI-
1640, and MTT (3-(4, 5-dimethyl-thiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide) were purchased from
Sigma-Aldrich, St. Louis MO, USA. Agarose was obtain-
ed from Invitrogen (USA). Primary antibodies (EGL-1,
CED-3, CED-4, and CED-9) and horseradish peroxidase
(HRP) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-GAPDH antibodies were obtained
from Bio Bharati Life Science Pvt. Ltd. (India).
Polyvinylidene difluoride (PVDF) membranes were used
for transferring the blots.

2.2 Instrumentation

UV-Vis spectrophotometer (Shimadzu, model UV-PC)
was used for the detection of surface plasmon resonance
of the samples. Sample for transmission electron micros-
copy (TEM) was prepared using carbon-coated copper
grids in a JEOL TEM-2010 instrument. Scanning electron
microscopy (Zeiss, model: Sigma) was used for surface
morphology study; surface charge (ζ-potential) and size
distribution (dynamic light scattering study) of the parti-
cles were carried out using Malvern Zeta-sizer Ver.6.34
instrument. Branson 1510 sonicator was used to obtain
ultrasound of frequency 40 kHz. New Brunswick CO2

incubator was used for parasite culture. Bio-Rad Mini
protean electrophoresis system was utilized for SDS
PAGE analysis. Genei horizontal gel system was used
for DNA electrophoresis. Centrifugations of the samples
were performed at 4 °C by REMI ultracentrifuge. Protein
bands were visualized by a Gel Doc imaging system (Bio-
Rad, USA). Cytotoxicity and apoptosis-specific double
staining were monitored using an inverted phase-contrast
microscope with fluorescence attachment (Dewinter,
Italy). Cyclic voltammetry was carried out in an Auto
lab instrument with a scan rate 100 mV/s.
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2.3 Chemical synthesis and stabilization of gold
nanoparticles

Six sets of GNPs were synthesized by in situ reducing cum
stabilizing technique using chitosan (a biomacromolecule),
tyrosine (a biomolecule), and PVA separately with the help
of ultrasound (40 kHz) as a greener energy source. The
required solutions were placed in ultrasonic bath for 5 h
at 70 °C until prominent color changes were noticed from
colorless to red. UV-Vis spectral analysis was carried out
to monitor the reaction by checking the SPR (surface
plasma resonance) behavior of GNPs. After completion
of conversion, the GNPs were purified by ultracentrifu-
gation and re-dispersion in 1% acetic acid solution.
Finally, the sample was stored in a cold dry place to
check the stability. Quantitative conversion of Au(III) to
Au(0) was verified by quantitative chemical analysis of
Au(III) of the solution obtained after centrifugation by
standard protocol [21].

2.4 Assessment of antifilarial activity

The developed chitosan containing material (GNPc) was
assayed for antifilarial activities at dose-dependent manner
(3, 7.5, 15 μg/ml). The results were compared with chitosan
solution (without GNP) and GNP synthesized by tyrosine
(GNPt) and PVA (GNPp). (Experimental details are given as
supplementary data.)

2.4.1 Collection and in vitro treatment of Setaria cervi

The collection and in vitro treatment of S. cervi (a filarial
parasite) were performed as reported earlier [22, 23].

2.4.2 Trypan blue dye exclusion test

Mortality of exposed mf was checked by trypan blue dye
exclusion method [24] after 24-h exposure and the results
were expressed in percentages.

Table 1 Preparation of composites

Sample Composition Wavelength (max) (nm) Color Stability

Volume of 2.5%
reducing agent (ml)

Volume of 10−3 M HAuCl4
aqueous solution (ml)

GNP-1 10.00; chitosan 10 523.0 Red Medium

GNP-2 05.00; chitosan 10 521.0 Red Medium

GNP-3* 02.50; chitosan 10 521.0 Red High

GNP-4 01.25; chitosan 10 521.0 Red Low

GNPt 02.50; tyrosine 10 521.0 Red Medium

GNPp 02.50; poly(vinyl alcohol) 10 525.0 Red Low

*GNP-3 is referred as GNPc throughout the text

A B

Fig. 1 a, b UV-Vis spectra of various GNP samples (GNP-1,2,3,4 represents gold nanoparticles produced by different proportions of chitosan polymer;
GNPc, GNPp, and GNPt stand for chitosan, PVA, and tyrosine-capped gold nanoparticle respectively)
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Fig. 2 Morphological analysis of
the sample (GNPc) by TEM (a, b)
and SEM (d) and SAED (c) study

Fig. 3 TEM images of GNPp (a)
and GNPt (c) and SAED images
of GNPp (b) and GNPt (d)
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Fig. 5 Dynamic light scattering
(DLS) study of GNPt and GNPp
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Fig. 4 Average size distribution
of GNPc by dynamic light
scattering (DLS)
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2.4.3 MTT assay

Viability of exposed adult worms and mf in the concerned
colloidal solutions was quantitatively assessed by the MTT
reduction assay as described by Mukherjee et al. [25].

2.4.4 Measurement of ROS by enzymatic analysis

ROS such as superoxide and H2O2 in control and treated
worms were measured following the method as described by
Mukherjee et al. [23].

2.4.5 Gold particle induced apoptosis: determination
of apoptogenic protein expression

A. DNA fragmentation assay Isolation of total genomic DNA
from control and treated adult worms was done using the
standard phenol-chloroform isolation procedure as described
previously [26].

B. Western blot technique Control and treated S. cervi para-
sites were washed with PBS (pH 7.4) repeatedly and parasite
homogenate was prepared following the method described
previously [22]. Protein content was measured by the method
of Bradford (Bradford, 1976) with some modification [22].
The obtained clear supernatant was used for Western blot
and enzyme assays.

Alterations in the expression of nematode-specific
apoptogenic proteins (EGL-1, CED-9, CED-4, CED-3)
and housekeeping protein (GAPDH) were studied using
Western blot technique as per early reports [22, 26].

C. Double staining technique AO/EtBr differential double
staining was performed following the procedure depicted in
our previous studies [11, 27].

2.5 Assessment of toxicity

2.5.1 In vitro cytotoxicity analysis

Toxicity of the developed materials was performed primarily
in vitro upon peritoneal macrophages isolated from adult
Wistar rat (160 ± 20 g) at concentrations of 30 and 75 μg/ml
following a previously reported method [28].

2.5.2 In vivo toxicity analysis

For in vivo toxicity analysis, GNP samples were administered
orally to a Sprague Dawley rat weighing 130 g for a period of
7 days at customary intermission. The analysis has been car-
ried out according to the OECD guidelines [29].

Histological preparation Small portions of the freshly re-
moved livers after perfusion were fixed in Bouin’s fixative
overnight, dehydrated in an ethanol series, and embedded in

GNPc

Fig. 6 Surface charge analysis of
GNPc by zeta potential
measurement
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GNPt

GNPp

Fig. 7 Zeta potential study of GNPt and GNPp samples

a b

Fig. 8 Cyclic voltammograms (CV) of 1% (v/v) acetic acid solution (a) and chitosan in 1% (w/v) acetic acid solution (b) at scan rate 100 mV/s with
respect to SCE (saturated calomel electrode) as reference electrode
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paraffin wax for histological procedures. Paraffin sections
(thickness 5 μm) were stained with hematoxylin and eosin
(HE). Each slide was assessed for specific histological alter-
ations under an inverted light microscope.

Determination of biochemical parameters Biochemical tests
included measurement of serum total protein, albumin, glob-
ulin, total bilirubin both conjugated and un-conjugated, serum
glutamate oxaloacetic transaminase (SGOT), serum glutamate
pyruvic transaminase (SGPT), and alkaline phosphatase fol-
lowing conventional and well-establishedmethods depicted in
Mukherjee et al. [25]

3 Results and discussion

3.1 Synthesis of gold nanoparticles

The biomacromolecule chitosan, biomolecule tyrosine, and
non-biopolymer PVA [30] produced gold nanoparticles with
different spectral properties and stabilities. The recipes for the
preparation are given in Table 1.

Due to better cohesion between chitosan and gold particle,
the system (GNPc) leads to superior quality colloidal solution.
The involved scientific insight may be manifested with the
help of unique reducing-cum-stabilizing property of chitosan.

3.2 UV-Vis spectra

The surface plasmon resonance (SPR) behavior of the synthe-
sized nanomaterials was studied by UV-Vis spectroscopy. It is
the consequence of resonance oscillation of conduction elec-
tron, which results in the formation of a dipole in the material
due to absorption of electromagnetic waves. In the present
case, all the synthesized GNPs showed intense surface plas-
mon absorption around 521–525 nm (Fig. 1), which is the
characteristic peak of gold nanoparticles [31].

3.3 TEM and SEM study

Figure 2a, b shows representative transmission electron
microscope (TEM) images recorded by drop casting gold
samples on the carbon-coated copper grid. It is evident
from the images that the nanoparticles were mostly spher-
ical in shape (isotropic, i.e., low aspect ratio). The images
of GNPc revealed the average diameter of GNPs is in the
20 nm range. The dynamic light scattering (DLS) study
also supported the result. Presence of well-known lattice
fringe in the TEM images (Fig. 2a) and illuminated circu-
lar dotted rings in SAED (selected area electron diffrac-
tion) pattern suggest the polycrystalline nature with f.c.c.
geometry of GNP [32].

To investigate the surface morphology of GNPc, SEM
(scanning electron microscopy) study was performed. The
SEM image revealed the formation of prominent
biopolymeric corona type structure of the nanomaterials
in which chitosan formed the shell and gold particles that
were incorporated in the core (Fig. 2d). Generation of this
corona type of structure by chitosan answers the ultra-
high stability of colloidal GNP in GNPc. In the case of
the other materials GNPt and GNPp, the TEM images
(Fig. 3) revealed its amorphous nature.

3.4 DLS study

Dynamic light scattering study was employed to examine
the average size distribution of gold particles in the three
samples. GNPt showed an average distribution around 20–
40 nm range whereas GNPc were distributed in the 10–
50 nm range (Fig. 4). The broad distribution of GNPc com-
pared to GNPt might be due to polymeric corona of gold
nanoparticles as evidenced from SEM image. However,
GNPp showed size distribution in much higher range, i.e.,
50–120 nm (Fig. 5).

Scheme 1 Reduction-cum-stabilization effect of chitosan
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3.5 Zeta potential measurement studies

Generally, particles with ζ-potential value more than + 30 mV
or less than − 30 mV are considered to form stable dispersion
due to inter-particle electrostatic repulsion [33]. GNPc (ZP val-
ue: + 47.4 mV) (Fig. 6) showed much higher value than GNPt
(ZP value: − 17.7 mV) and GNPp (ZP value: − 6.38 mV)
(Fig. 7) which is due to the presence of cationic biopolymer
chitosan. This zeta potential value goes in complete conformity
with the stability physically observed for the composites.

3.6 Cyclic voltammetry study

The cyclic voltammetry (CV) was employed to investigate
the electrochemical behavior of chitosan. Figure 8 shows
cyclic voltammograms of 1% (v/v) acetic acid solution and
chitosan in 1% (w/v) acetic acid solution at scan rate
100 mV/s with respect to SCE (saturated calomel elec-
trode) as reference electrode. Since chitosan is soluble in
aqueous acid medium, the redox behavior measurement
was restricted between − 0.4 and 1.0 V window range with
respect to SCE which means the value lies in between −
0.159 and 1.241 V with respect to SHE (standard hydro-
gen electrode). Otherwise, O2 and H2 will be liberated at
anode and cathode respectively. Now, it is clear from the

figure that chitosan has no reducing property in between
the window range, but it can reduce Au(III) effectively.
The E0

red of Au(III) to Au(0) is 1.51 V (with respect to
SHE). Thus, it may be concluded that E0

red value of chi-
tosan lies between 1.241 V and less than 1.51 V (with
respect to SHE).

3.7 Mechanism of gold nanoparticle formation and its
stabilization

There are several reports [34, 35] of reduction of trivalent
gold to its nanoparticles by chitosan without crystal clear
mechanism. So, an attempt has been made in the present
work to elucidate the mechanistic path. The amine groups
of the chitosan got protonated in acidic medium and the
biopolymers became positively charged. When dilute
hydrochloroauric acid (HAuCl4) was added into chitosan
solution, negatively charged Au(III) ions were adsorbed
selectively on various positive centers of chitosan and the
reduction process started. The reduction follows transfer of
three electrons generated from the oxidation of primary
alcohol groups at C6 position of chitosan to Au(III).
Thus, the overall reaction for the reduction mechanism
can be expressed as Scheme 1.

In the chitosan/gold system, gold remains highly dispersed
inside the polymeric matrix (Scheme 1). So, it becomes most
stable. The interchange of electrostatic interactions between
amino groups and hydroxyl groups in chitosan help to form
the corona type structure. In contrast, tyrosine stabilized the
produced gold particle by capping mechanism and finally it
leads to the formation of nanoparticle. The observation was
supported by TEM analysis.

3.8 Antifilarial activity

Trypan blue dye exclusion test The results of the test at dif-
ferent doses of GNPc against mf of S. cervi for 24 h are pre-
sented in Fig. 9a. The doses at 3, 7.5, and 15 μg/ml caused
death of 24.9, 49.8, and 86.4% respectively. Both chitosan
itself and GNPt exhibited no antifilarial efficacy. But signifi-
cantly gold along with chitosan GNPc manifested positive
effect. Thus, chitosan and gold reinforced each other (syner-
gistic effect) towards antifilarial activity.

MTT assay The results of the assay are shown in Fig. 9b–e).
GNPc (at the dose of 15 μg/ml) emerged as the most potent
antifilarial agent as it caused 79.2 and 72.1% death of mf and
adults respectively (Fig. 9b, c). Death was also prominent for
other two doses of GNPc. LC50 values for GNPc against both
stages of the filarial parasite were also been calculated and the
values were 6.912 and 7.98 μg/ml respectively against mf and
adults of S. cervi (Fig. 9d, e). However, chitosan or GNPt was
found to be unable at mediating death of the exposed mf or

�Fig. 9 Antifilarial activity of GNPc sample. a Trypan blue dye exclusion
test. Mortality of S. cervi microfilariae was evaluated after 24 h. Data
were shown in triplicate (mean ± SEM) and p value < 0.05 (*) and p
value < 0.01 (**). b, c Parasite mortality after the exposure of GNPc,
GNPt, and chitosan was carried out by MTT reduction assay. b S. cervi
mf were exposed to increasing concentration of these compounds for 24 h
and death was estimated thereafter. cMortality of S. cervi adults was also
evaluated after the exposure of these compounds. Mortality was
evaluated in comparison to untreated control. Data were shown in
triplicate (mean ± SEM) and p value < 0.05 (*) and p value < 0.01 (**).
d, e Determination of LC50 values of GNPc. d LC50 value for mf was
6.912 μg/ml. e LC50 value for adult was 7.98 μg/ml. f, g Alteration of
redox parameters. f An elevation in the generation of superoxide anion
was notable with increasing concentrations of GNPc as indicated. g An
elevation in the generation of H2O2 was notable with increasing
concentrations of GNPc as indicated. Data were shown in triplicate
(mean ± SEM) and p value < 0.05 (*) and p value < 0.01 (**). h, i
Determination of apoptosis. h Observation of DNA fragmentation in S.
cervi adults after 24-h exposure. LaneM denotedmolecular weight mark-
er (100–3000 bp). Genomic DNAwas isolated from control and treated
adults. DNA breakage was observed for treated adult parasites. Image
was representative of three independent experiments. i Apoptosis-
specific staining of microfilaria of S. cervi. jAlterations in the expression
levels of apoptogenic proteins and GST in S. cervi adult worm lysates of
control and treated. GNPc at different concentrations (3, 7.5, and 15 μg/
ml) caused a dose-dependent elevation in the expression of pro-apoptotic
EGL-1, CED-4, and CED-3, and anti-apoptotic CED-9 in respect to con-
trol worms. GST activity also got upregulated for increasing concentra-
tions of GNPc. GAPDH served as protein loading control. For all the
cases, equal amount of parasitic proteins (60 mg) was resolved. Images
are representative of three independent experiments
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adults significantly (p < 0.05). Thus, MTT assay confirms the
observation of trypan blue dye exclusion test. It is interesting to
see that the performance of GNPc is better than its silver coun-
terpart (in that case it was12 and 13 μg/ml respectively) [11].

ROS analysis For the evaluation of altered ROS generation
in the exposed parasites, two key ROS components,
namely superoxide anion (Fig. 9f) and H2O2 (Fig. 9g),
were evaluated spectrophotometrically in the exposed
adult parasites. Compared to control, GNPc exposure to
the parasites at the concentrations of 3, 7.5, and 15 μg/ml
enhanced the generation of superoxide anion up to 51.0,
89.6, and 109.7% respectively. On the other hand, GNPt
(15 μg/ml) enhanced superoxide anion production to a
small extent (6.7%) and, more interestingly, chitosan
(15 μg/ml) lowered the production of superoxide anion
by a significant 39.6%. Similarly, H2O2 production got
upregulated by 22.5, 45.5, and 87.9% at the exposure of
GNPc at concentrations of 10, 25, and 15 μg/ml respec-
tively. GNPt (15 μg/ml) enhanced H2O2 production of
only 3.3% and exposure of chitosan downregulated
H2O2 production by 6.5%. Thus, two events happened
here synchronously, where the chitosan acted as an anti-
oxidant and gold composite prominently enhanced ROS
generation. So, it can be assumed that the ROS generating
property is mainly due to the gold particles only and chi-
tosan acts as nanocarrier.

DNA fragmentation assay DNA fragmentation assay was per-
formed in isolated DNA of control and exposed S. cervi adults
(Fig. 9h) to detect the induction of apoptosis in filarial para-
site. Most prominent DNA breakage was found in the case of
GNPc-treated parasite. The result reflected that large numbers

of exposed cells died in synchrony [36]. Thus, the experimen-
tal evidence suggested that apoptosis can play a significant
role in mediating death of the GNPc-exposed filarial parasite.

Double staining test AO and EtBr strains can distinguish be-
tween living and dead mf in different stages of programmed
cell death owing to varying degrees of coloration. It was ob-
served that control mf showed green fluorescence while red
fluorescent color was observed in the treated one.

Western blot analysis For the demonstration of the underlying
causes of apoptosis upregulation, altered expression levels of
different nematode-specific apoptogenic proteins were evalu-
ated by Western blot analysis (Fig. 9j). Additionally, an enzy-
matic component of ROS cascade, GST, was also
immunoblotted alongside for interpolation of ROS compo-
nent in apoptosis (Fig. 9j). Although expression of anti-
apoptotic CED-9 enhanced in GNPc-treated parasites in com-
parison to control, other pro-apoptotic protein expressions,
namely EGL-1, CED-3, and CED-4, got enhanced more
prominently.

However, in the case of CED-3, changes in the expression
were not prominent. The possible reason behind the peculiar-
ity in the trend of CED-3 expression is the survival response of
the parasite under the stress of nanoparticles. CED-3 is the
effector caspase that is directly involved in inducing apoptotic
death. Therefore, after treating with the GNPs, the possible
response of the parasitic cell system was to target the effector
caspase (CED-3) to escape from death. Thus, the result signi-
fied enhanced apoptosis in GNPc-exposed S. cervi. GST ex-
pression got upregulated in accordance with the production of
ROS in the parasites and it also signified that enhanced ROS
possibly has a role in apoptosis induction.

3.9 Cytotoxicity study

Therapeutic possibility of any nanomaterials relies on the de-
gree of cytotoxicity it exerted over non-targeted organism or
tissue. Herein, our toxicity studies on GNPc were carried out
in vitro using rat. Primary macrophage cells showed negligi-
ble alteration in cell viability as well as in cell morphology
(Fig. 10a). No significant changes in the histology of liver
(Fig. 10b) and spleen (Fig. 10c) were noticed due to in vivo
treatment of GNPc-treated rat as compared to control. In vivo

�Fig. 10 Cytotoxicity analysis. a In vitro cytotoxicity assessment. Phase-
contrast micrographs showing control and GNPc-treated (100 and 250 μl/
ml) macrophage cells in culture. Images are representative of three inde-
pendent experiments. Histological profile of representative liver (b) and
spleen (c) tissues in experimental animals exposed to GNPc (100 and
250 μl/100 g b.wt.). Liver tissues after toxicity schedule did not produce
any observable alterations. Photographs were taken at × 400 magnifica-
tion, scale bar = 100 μm, and were representatives of three independent
experiments. d Serological and hematological parameters of in vivo tox-
icity assessment of GNPc. Data were shown in triplicate (mean ± SEM)
and p value < 0.05 (*) and p value < 0.01 (**)

Fig. 11 Comparative antifilarial
activity (in terms of LC50 value,
μg/ml) and cytotoxicity. mf
microfilaria of S. cervi; af adult
filaria of S. cervi; U.S. ultrasound
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toxicity analysis in Wistar rat model also showed no changes
in the serum biochemical parameters (Fig. 10d). Enzymes like
SGPT, SGOT, and ALP are critical marker of liver function
[37]. Though significant alterations were noticed in these en-
zymes after 7 days continuous GNPc treatment (30 μg/g body
weights) in respect to the control group, they were within the
permissible range and thus considered as safe. Therefore, the
preliminary acute toxicity studies indicated that chitosan-
labeled gold nanoparticles can be a safe nanoformulation for
future therapeutic purposes.

3.10 Role of chitosan in improving antifilarial activity

Chitosan is especially characterized by mucoadhesive proper-
ties because of the electrostatic interaction between the positive
centers (–NH3

+ group at C2 position) and the negative centers
on themucosal surfaces [38–40]. The surface positive charge of
synthesized material is also evidenced from its zeta potential
value (+ 47.4 mV). The interaction of the protonated amine
groups with the cell membrane results in a reversible structural
reorganization in the protein-associated tight junctions, which
is followed by opening of these. The mucoadhesive nature of
chitosan also increases the time of attachment at the absorption
site which in turn helps in the release of nanoparticle attached
with it. Hence, chitosan acts as good carrier of GNPs, which
induces ROS generation in the cell. As a result, the antifilarial
activities of gold nanoparticle are improved significantly.

3.11 Comparative antifilarial activity and cytotoxicity

The comparative assessments of antifilarial activity and cyto-
toxicity are shown in Fig. 11, which reveals that the currently
developed material with the help of ultrasound (GNP/chito-
san/U.S.) is the most active with respect to LC50 values and
cytotoxicity. The present system exhibited the lowest lethal
doze and the highest non-toxicity [8, 11, 20]. The salient fea-
ture further justified the concept that chitosan and gold rein-
forced each other towards antifilarial activity.

4 Conclusion

(i) Chemically inert goldmetal was made biologically potent
in its nanoform (excellent antifilarial activity with highly
desirable nontoxic behavior to the normal cells) through
functionalization by a biopolymer chitosan. A crystal
clear mechanism has been explored for the first time to
establish the role of chitosan as a unique reducing-cum-
stabilizing-cum-mucoadhesive agent. The antifilarial ac-
tivities of the functionalized gold nanoparticle are im-
proved and the cytotoxicity is controlled significantly
compared to the widely studied silver nanoparticle
counterpart.

(ii) The designed and developed material exerted its
antifilarial activity through (a) ROS generation, (b) ge-
nomic DNA fragmentation, and (c) alterations in
apoptogenic protein expression.

(iii) In vitro and in vivo toxicity evaluations along with the
observations of histological observation of liver and
spleen stand for the non-toxic nature (i.e., alterations
in histological parameters are in permissible limit) of
the synthesized material.

Finally, the green and biopolymer inspired gold nanoparti-
cles are expected to direct novel avenues in meeting the need
of bioactive multifunctional non-toxic nanotherapeutic agents.
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