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Abstract

Helminth parasites of veterinary importance cause huge revenue losses to agrarian econ-
omy worldwide. With the emergence of drug resistance against the current formulations,
there is a need to focus on the alternative approaches in order to control this menace. In the
present study, biocompatible zinc oxide nanoparticles (ZnO NPs) were used to see their in
vitro effect on the biliary amphistomes, Gigantocotyle explanatum, infecting Bubalus buba-
lis because these nanopatrticles are involved in generation of free radicals that induce oxida-
tive stress, resulting in disruption of cellular machinery. The ZnO NPs were synthesized by
using egg albumin as a biotemplate and subsequently characterized by Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), X-ray Diffraction and
Spectrophotometrical, which showed that ZnO NPs were highly purified wurtzite type poly-
crystals, with a mean size of 16.7 nm. When the parasites were treated with lower concen-
trations (0.004% and 0.008%) of the ZnO NPs, the worms mounted a protective response
by stimulating the antioxidant system but the treatment of G. explanatum with 0.012% ZnO
NPs produced significant inhibition of the antioxidant enzymes like superoxide dismutase
(SOD) (p< 0.05) and glutathione S- transferase (GST) (p<0.01), while the level of malondial-
dehyde (MDA), a lipid peroxidation marker, was significantly (p< 0.01) elevated. SEM and
histopathology revealed pronounced tegumental damage showing the disruption of surface
papillae and the annulations, particularly in the posterior region near acetabulum. The
under expression of a number of polypeptides, loss of worm motility in a time dependent
manner, further reflect strong anthelmintic potential of ZnO NPs. It can be concluded that
the anthelmintic effect might be due to the production of reactive oxygen species that target
a variety of macromolecules such as nucleic acid, protein and lipids which are involved in
different cellular processes.
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Introduction

Helminth infections are widespread throughout the world, ranging from tropical, subtropical
to temperate climates, affecting both humans as well as livestock animals and cause huge eco-
nomic losses worldwide. Only Fasciola sp. (Fasciola gigantica and Fasciola hepatica) causes
worldwide economic losses to the tune of 3.0 billion USD per annum in terms of mortality and
decrease in production of milk, wool and meat yield [1]. Gigantocotyle explanataum is another
neglected amphistome parasite infecting the bile duct of water buffalo. The prevalence of infec-
tion is very high in Indian subcontinent. The personal survey at the local abattoirs reveals that
about 60% buffaloes sacrificed had G. explanatum infection. The worldwide economic loss due
to G. expalanatum cannot be well said because of non-availability of data, but a recent report
(Anon, 2011-2012) revealed its potential threat in India [2]. G. explanatum infected livers
show connective tissue proliferation, hemorrhages at the site of attachment, hypertrophy and
hyperplasia in the bile duct, thereby seriously affecting the health and productivity of the
infected animals [3].

In the absence of an effective vaccine, chemotherapy is the main effective tool to combat
and control helminth parasites, but there are several reports of emergence of anthelmintic
resistance in parasites [4—6]. Therefore, the development of effective alternative is important,
that can be achieved by nanoparticle based drug formulations. It has been investigated in case
of bacteria that the drug toxicity resulted from the use of multiple antibiotics to treat drug resis-
tant strains has led to the intervention of metal oxide nano particles which cause disruption of
the morphology, membrane permeability and the transport processes [7, 8]. Among the para-
sites, anti-protozoan activity of the metal oxide nanoparticles has also been investigated, but no
data is available in case of amphistoms. Allahverdiye et al. (2011) reviewed in vitro anti-leish-
manial activity of TiO, and AgO, nanoparticles, which significantly inhibited the proliferation
of parasites [9]. Different forms of NPs have been used to control number of parasites [10-12].
Zinc oxide nanoparticles (ZnO NPs) are non toxic to human beings and zinc is a necessary ele-
ment for human health, but toxic to the microorganisms [13]. Nano size of ZnO and other
metal derived particles gives a higher surface exposure of the atoms on nano particles and
thereby exhibit different physical [14-17], chemical [16, 18-20] and a very high level of biolog-
ical response [18, 21-34]. Furthermore, human cells also have good biocompatibility with ZnO
nanoparticles [13] and the ZnO has been documented as a safe material by FDA, USA [35].
Previous research on the effect of ZnO NPs on bacteria has shown an increase in the level of
reactive oxygen species, membrane damage and quenching of nanoparticles [13]. The antimi-
crobial effect of ZnO NPs is present in its electronic band gap that has been considered to be
driving force for generation of reactive oxygen species [36, 37], which is the triggering agent for
the intracellular disruption of homeostasis. ZnO NPs also know to inhibit biofilm formation,
an evasive mechanism of bacteria against anti bacterial drugs [31]. In recent years the role of
different fabricated NPs extended beyond antibacterial effect to the treatment of deadly dis-
eases such as cancer and viral infections [24, 26-30, 33, 34]. The structural alteration in the
ZnO NPs has also been used to lower the toxicity against mammalian cells [32]. Interestingly,
in case of helminth parasites an effective cytochrome P450 and thioredoxin system, SOD
(super oxide dismutase) and GST (glutathione-S-transferase) enzymes are present to protect
themselves from the host generated oxidative stress. It is also known that free radical ions pro-
duced due to drug treatment are processed by the helminth anti-oxidant system [38]. There-
fore, suppression or disruption of this protective mechanism of the parasites would be an
effective target that may help in the elimination of the infection.

In last decade various methods for synthesis of nanostructure ZnO have been used [14, 19,
39, 40]. In the present study, we have synthesized ZnO NPs by using egg albumin as a
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biotemplate for their anthelmintic effect on G. explanatum, infecting the Indian water buffalo.
The different properties of ZnO NPs have been analyzed. These biocompatible ZnO NPs have
already been used as anticandidal agent [37]. Following in vitro treatment of G. explanatum
with ZnO NPs, the key antioxidant enzymes SOD, GST and oxidative damage marker for lipid
peroxidation process, malondialdehyde (MDA), polypeptide profile, topographical features of
the body surface and the histopathology have been investigated.

Materials and Methods
ZnO Nanoparticle based studies

Materials. Zinc acetate, potassium bromide, ammonia and other chemicals were procured
from local suppliers. All other chemicals used were of the highest purity grade available from
commercial sources like Fisher Scientific (U.S.A.), Sigma (U.S.A.) etc.

Synthesis of ZnO NPs using egg albumin as a biotemplate. The synthesis of ZnO NPs
using egg albumin as a biotemplate (denoted as “ZnO NPs”) was performed according to the
previously reported method [37]. In brief, freshly extracted 30 ml egg albumin (5 mg/mL) was
mixed drop-wise into 70 ml aqueous 0.25M zinc acetate [Zn(CH;COOH),.2H,0] solution.
The mixture was stirred 20 min at room temperature and precipitated by the addition of the
ammonia (NH3) at ~pH 7.0 and centrifuged at 5000 rpm for 10 min. The obtained pellet was
twice washed carefully with sterile distilled water and dried in the vacuum oven. The obtained
dried powder of ZnO NPs was subjected to sintering at 400°C for 3 hours and stored until
used.

Characterization of ZnO NPs. The synthesis of ZnO NPs at the preliminary level was
confirmed by recording the absorbance (A) on a UV-vis spectrophotometer (Perkin Elmer Life
and Analytical Sciences, CT, USA) in the wavelength range of A,qo to Aggg nm [37]. Further,
authentication of the successful synthesis of ZnO NPs was done by X-ray diffraction (XRD)
pattern. For that, the ZnO NPs powdered sample was recorded on MiniFlex II benchtop XRD
system (Rigaku Corporation, Tokyo, Japan) operating at 40 kV [40]. The surface morphology
of ZnO NPs was determined using a JEOL- JSM-6510LV SEM machine (Tokyo, Japan) oper-
ated at a voltage of 10 kV. The transmission electron microscopy (TEM) of ZnO NPs was car-
ried out on JEOL 100/120 kV TEM (JEOL, Tokyo, Japan) with an accelerating voltage of 200
kV. The lattice fringes and diffraction ring patterns (SAED) were examined in its high resolu-
tion (HRTEM) mode. FTIR spectra of ZnO NPs were obtained in the range 4,000 to 400 cm™!
with a PerkinElmer FTIR spectrophotometer by potassium bromide (KBr) pellet method [37,
40]. Spectroscopic grade KBr was used in the ratio of 1:100 and spectrum was recorded in the
diffuse reflectance mode at a resolution of 4 cm™" in KBr pellets.

Anthelmintic effect of ZnO NPs

Preparation of ZnO nanoparticles suspension. Stock suspension of the ZnO NPs was
prepared in phosphate buffered saline, pH-7.4, while the working solutions of 0.004%, 0.008%,
0.012% (w/v) were prepared with complete RPMI 1640 medium supplemented with 5% fetal
bovine serum (FBS) (Himedia) and 0.5% antibiotic-antimycotic solution (Himedjia).

Collection of Parasites. Adult parasites were collected from the bile duct of freshly slaugh-
tered buffaloes at a municipal abattoir of Aligarh, India. Parasites were washed with Hanks’
balanced salt solution (HBSS) and used for anthelmintic studies.

Incubation of Parasites with ZnO NPs Suspension. A total of 20 parasites in each con-
centration of ZnO NPs mentioned above were incubated at 37°C for 24 hours in 50 ml of
RPMI 1640 along with the controls which were devoid of NPs. After incubation, parasites were
washed with PBS several times to remove the adherent particles and used for various studies.

PLOS ONE | DOI:10.1371/journal.pone.0133086 July 15,2015 3/17



@’PLOS ‘ ONE

In Vitro Anthelmintic Effect of Novel Zinc Oxide Nano Particles

For biochemical studies, few worms were homogenized (10% w/v) to prepare cell free extract
in 50 mM Tris-HCI, pH 8.0, centrifuged at 10000xg for 30 minutes at 4°C and supernatant was
stored at -80°C until used. Protein content of homogenate was determined according to the
dye binding method [41].

Parasite Motility determination. The motility of worms was periodically recorded at
every 2 hour intervals up to 12 hours and finally at the 24™ hour of incubation in different con-
centrations of the ZnO NPs along with controls.

Super Oxide Dismutase (SOD) activity assay. The SOD level after different treatment of
parasites was measured according to the method of Marklund and Marklund (1974) [42]. The
specific activity of SOD has been expressed as unit/mg protein. Percent inhibition of SOD spe-
cific activity was calculated by formula: Sy - S; / Sp x 100, where S, = activity of control, S; =
activity of sample.

Glutathione-S-transferase (GST) activity assay. The conjugation of the GST with reduced
glutathione was measured by the method of Habig et al. (1974) [43]. The specific activity of GST
was calculated in terms of Unit/mg protein. The percent inhibition of GST activity was calcu-
lated by the formula: G - G; / Gy x 100, where Gy = activity of control, G, = activity of sample.

Malondialdehyde (MDA) assay for lipid peroxidation. The level of MDA, a marker for
lipid peroxidation process was determined by the procedure of Buege and Aust (1978) [44].
The level was expressed in nmoles of MDA formed per ml serum sample by using molar
extinction co-efficient of 1.56x10°M™* cm™ for MDA-TBA (malondialdehude-tribarbituric
acid) colored complex.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE). The parasite
somatic proteins were precipitated with TCA/Acetone (10% w/v) in 1:1 ratio over night at -20°C
and then centrifuged at 10,000xg for 30 minutes at 4°C. The supernatant was discarded and the
pellet was washed four times with acetone and protein content was estimated by the dye binding
method [41]. The SDS PAGE was carried out according to the method of Laemmli (1970) [45],
using a 12% separating and a 5% stacking gel. The electrophoresis was carried out at a constant
voltage of 100V on a Bio-Rad Mini-Protean Tetra System. Thereafter, the gel was stained with
0.25% Coomassie Brilliant Blue-R250 (CBBR- 250) dye prepared in methanol, water, acetic acid
(50:40:10) solution. The image was taken on Gel Doc XR Plus system (Bio-Rad, U.S.A.).

Scanning Electron Microscopy (SEM) of G. explanatum. The ultrastructural changes in
the metabolically active body surface, i.e. the tegument, of worms were investigated by SEM fol-
lowing treatment of worms with ZnO NPs. The parasites treated with 0.012% ZnO NPs were
gently washed four times with PBS, pH-7.4, to remove adherent NPs and then fixed in 2.5%
glutaraldehyde / paraformaldehyde solution for 5 hours. Further processing was carried out at
the University Sophisticated Instrumentation Facility, AMU, Aligarh, following the standard
protocol described by Tansatit et al. (2012) [46] and the specimens were observed on a JSM
6510 LV, JEOL scanning electron microscope (Tokyo, Japan) operating at 15kV.

Histopathology. Parasites treated with 0.012% NPs were fixed in 10% neutral buffered for-
malin overnight, then washed with PBS, pH-7.4 and processed for the histology. Sections at 5um
thickness were cut on a rotary microtome (Yorco, India), stained in haematoxyline and eosin
and observed under bright field on Axioscope A1 microscope (Zeiss, Germany), fitted with a
digital camera. The representative photographs were taken to record the extent of damage.

Statistical Analysis

The data was subjected to statistical analysis on One Way ANOV A by using Tukie’s Compari-
son Test on statistical software- ‘GraphPad Prism 5’ and level of significance was determined.
Data is presented as Mean+SE and p< 0.05 was considered as significant.
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Fig 1. XRD pattern of ZnO NPs shows a typical wurtzite type polycrystals.

doi:10.1371/journal.pone.0133086.g001

Results
Properties of ZnO NPs

Initially, synthesis of ZnO NPs using egg albumin was confirmed by the X-ray diffraction
(XRD) technique with Cu Ko radiation (A = 0.15418 nm). Fig 1A shows a typical XRD pattern
of ZnO NPs in the range of angle (20)20-80°, which shows Bragg reflections with 2 0 values of
31.11°, 34.13° 35.56°,47.03°, 56.01°, 62.12°, 65.70°, 67.29°, 68.28°, 72.03°, and 76.18° were
observed corresponding to [100], [2], [102], [110], [103], [200], [112], [201], [4], and [202]
planes for a typical wurtzite polycrystal struture (JCPDS card No 5-0664) [38, 42]. The XRD
pattern thus clearly confirmed that the ZnO NPs synthesized by the egg albumin were hexago-
nal in shape and crystalline in nature. Average size of the ZnO was calculated from the width
of the reflection according to the Debye-Scherrer equation: D = (0.9 1/ 1)/ (B cos 0), where B is
the full-width at half maximum (FWHM) of the peak in radians, 0 is the angle of diffraction
and A is the wavelength of the X-ray radiation. By considering the FWHM of the most intense
diffraction peak (101) of ZnO NPs, the crystalline size of the ZnO NPs was calculated as ~16.7
nm. The XRD data clearly showed that the ZnO NPs in this study has been successfully synthe-
sized by using the egg albumin and it has good purity and crystalline nature [37, 40].

PLOS ONE | DOI:10.1371/journal.pone.0133086 July 15,2015 5/17



In Vitro Anthelmintic Effect of Novel Zinc Oxide Nano Particles

SEl 10kV  WD{7mm SS30 x{0.000 fpm | S—
USIF, AWU 0004 19 May 212 g

Fig 2. (A) SEMimage of ZnO NPs size shows the structure and size distribution varies ZnO NPs depicts clearly the aggregation of ZnO NPs. (B) TEM image
shows the structure and size distribution of ZnO NPs.

doi:10.1371/journal.pone.0133086.9002

Fig 2A shows the SEM images of synthesized ZnO NPs (after post-annealing at 400°C in air
for 3 h). SEM image clearly indicate that ZnO primary single nanocrystals fused with adjoining
crystals and forms secondary ZnO NPs (micrometre clusters). In order to determine the ZnO
NPs size and crystalline structure, TEM and SAED techniques were used. The representative
TEM images of ZnO NPs are shown in Fig 2B. The analysis shown that the ZnO NPs size dis-
tribution varies from ~12 to 50 nm with an average particle size of ~17 nm, which was in good
agreement with the particle sizes (~16.7 nm) calculated from the XRD data using Debye-
Scherrer equation. The HRTEM images of ZnO NPs and the corresponding SAED were shown
in Fig 3A and 3B, respectively. The HRTEM image analysis confirmed that the synthesized
ZnO NPs have randomly oriented polycrystalline nature and lattices clearly indicating its
nanoscale crystallinity (Fig 3A). The SAED spectrum indicates the polycrystalline nature of
ZnO NPs, which indicates that the secondary ZnO NPs are polycrystalline, consisting of much
smaller primary crystals of the same crystal orientation (Fig 3B). It may be possible that the egg
albumin may behave as a capping agent, causing the individual ZnO primary single nanocrys-
tal to grow up separately and finally assemble to form secondary ZnO NPs via the driven force
of van der Waals interaction.

Fig 4A shows the UV-vis absorption spectrum of the synthesized ZnO NPs. The ZnO NPs
sample has an absorption peak at ~362 nm, attributed to the electron (e-) transitions from the
valence band (Ev) to the conduction band (Ec) (O, — Znsq) [37, 47, 48] bond. The optical
data indicates that the egg albumin has been successfully removed by the sintering and does
not influence the absorption behavior of the ZnO NPs. Fourier transform infrared (FTIR) spec-
trum of ZnO NPs revealed that the signature vibration band at 507 cm’!, which corresponds to
E, mode of hexagonal ZnO wurtzite structure [37, 47, 49]. The band at the position 507 cm’!
depicts the ZnO NPs stretching frequency of Zn-O elemental bonds (Fig 4B). The intermediate
product hydrozincite impurity was not observed in the synthesized ZnO NPs sample because
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Fig 3. (A) HRTEMimage of ZnO NPs. (B) SAED pattern of ZnO NPs.
doi:10.1371/journal.pone.0133086.9003

of the absence of the vibration band at 677 cm™* (hydroxide phase). Therefore the, sintering at
400°C was able to remove the egg albumen biotemplate from the ZnO NPs. The vibration
bands at ~1630 and 3449 cm ™' were due to the stretching frequency of hydroxyl groups of
absorbed water from the ambient atmosphere [50, 51].

Anti Helminthic Effects of ZnO NPs

Parasite mobility. The parasite mobility was visually monitored after every two hours up
to 24 hours and it was observed that motility of the worms was seriously affected with the
increasing time of incubation of parasites with ZnO NPs in a concentration dependent manner.
Changes in parasite mobility are given in Table 1. The untreated control worms remained
active throughout the incubation period.

Super Oxide Dismutase (SOD) activity. The incubation of worms with different concen-
trations of ZnO NPs (0.004%, 0.008% & 0.012%) exert variable effects on the SOD activity. The
results are summarized in Table 2 and Fig 5B. The specific SOD activity was higher than the
controls at lower concentrations (0.004% (p< 0.01) & 0.008%) of the NPs, indicating an initial
stimulatory response after that the enzyme activity dropped significantly (p< 0.05) leading to
34.3 percent inhibition of SOD activity in the worms treated with 0.012% ZnO NPs. (Table 2
and Fig 5A).

Glutathione-S-transferase (GST) activity. The detoxifying enzyme, Glutathione S- trans-
ferase (GST) activity in somatic homogenate of G. explanatum was not affected by ZnO NPs in
a concentration dependent manner. However, the highly significant (p<0.01) inhibition of
GST activity was also recorded at the highest concentration (0.012%) of ZnO NPs, while at
lower concentrations (0.004% & 0.008%) of ZnO NPs, an insignificant increase of GST activity
was observed, thus showing transition phase from active antioxidant defense mechanism

PLOS ONE | DOI:10.1371/journal.pone.0133086 July 15,2015 7/17
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Table 1. The mobility of Gigantocotyle explanatum was differentially affected with respect to thetime of their in vitro treatment with biocompatible
zinc oxide nano particles (ZnO NPs).

Treatments With ZnO NPs

Control
0.004%
0.008%
0.012%

++++(High),

+++ (Moderate),
++(Low),

+(Very Low/negligible).

doi:10.1371/journal.pone.0133086.t001

2 Hours

++++
++++
++++

++++

4 Hours 6 Hours 8 Hours 10 Hours 12 Hours 24 Hours
++++ ++++ ++++ ++++ ++++ +++
++++ o+ ++++ o+ +++ ++

++++ o+ ++++ o+ +++ ++

++++ ++++ ++++ +++ +++ +

(ADM) to exhausted ADM (Fig 2B). However, the treatment of worms with 0.012% concentra-
tion of ZnO NPs resulted in a loss of 85% GST activity (Table 2 and Fig 5B).

ZnO NPs induces lipid peroxidation process in G. explanatum. Malondialdehyde
(MDA) is an end product of lipid peroxidation process. The level of MDA was significantly
increased (p<0.05) at the highest concentration (0.012%) of ZnO NPs while no significant dif-
ference was observed at lower concentrations (Fig 5C).

Low intensity of polypeptide bands might be due to inhibition / under expressionof the
proteins. The SDS-PAGE profile of TCA/Acetone precipitated G. explanatum somatic pro-
teins exhibit low intensity bands of apparent molecular weight (M,) 32, 35, and 17 kD in all the
ZnO NPs treated worms as compared to the untreated controls. This low intensity bands may
be the outcome of either degradation, inhibition or under expression of these proteins in
response to the treatment with ZnO NPs (Fig 6).

Scanning Electron Microscopy (SEM). The results of scanning electron microscopy of G.
Explanatum revealed significant tegumental damage in worms treated with 0.012% ZnO NPs
as compared to the untreated controls. Weathering of the tegument resulted in the erosion of
surface papillae as well as disruption of surface annulations. These effects were more promi-
nent in the posterior region of the worms, particularly around the acetabulum (Fig 7). It was
interesting to note that the oral sucker and the tegumental architecture around it appeared to
be unaffected.

Histopathology. Profound differences were observed in the histology of G. explanatum
treated with 0.012% O NPs when compared with the untreated control worms. The tegument
appeared to be severely damaged with the loss of normal architecture, often exposing the

Table 2. The effect of biocompatible zinc oxide nano particles (ZnO NPs) on the Glutathione-S-Transferase (GST) and Superoxide dismutase
(SOD) in Gigantocotyle explanatum.

Experimental Setups

Control
0.004%
0.008%
0.012%

Mean specific activity of SOD*  Percent inhibition of SOD Mean specific activity of GST'  Percent inhibition of GST

3.0+ 0.13
4.3+0.00

3.7+ 0.37
1.97+0.07

— 30.9+3.98 —
Nil 42.1 +5.51 Nil

Nil 41.1 £.763 Nil
34.3% 4.5 £ 0.065 85.4%

*Superoxide dismutase: specific enzyme activity in Units/ mg protein.
Tglutathione-S- transferase: specific enzyme activity in Units/ mg protein.

doi:10.1371/journal.pone.0133086.1002
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as significant.
doi:10.1371/journal.pone.0133086.g005

parenchyma below, particularly in the posterior region of the NPs treated worms, whereas no
such changes were evident in the control worms incubated without ZnO NPs (Fig 8).

Discussion

The development of anthelmintic resistance affects the success of treatment in humans and
also threatens the productivity of the livestock [5, 38]. The rapid development of resistance fol-
lowing extensive use of anthelmintics in livestock industry has necessitated the development of
alternative strategies. The metal derived Zinc Oxide (ZnO) nano particles (NPs) which exhibit
strong tendency to generate reactive oxygen species (ROS) in pathogens and develop oxidative
stress, have been widely used as antibacterial agent to treat the resistant strains [52, 53]. TiO,
and Ag,O NPs have also been used as antiproliferative agents against the Leishmania parasites
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lanes: 3, 4 & 5 are the protein profiles of the worms treated with 0.004%, 0.008% & 0.012% ZnO NPs,
respectively.

doi:10.1371/journal.pone.0133086.g006

[9]. ZnO NPs also induce generation of hydroxyl ions and ROS, which cause membrane dam-
age [53, 54] by electrostatic binding. However, no such information is available on the effect of
ZnO NPs on helminths in general and amphistomes in particular. Therefore, present study is
the first attempt to investigate anthelmintic effect of biocompatible ZnO NPs (Zno NPs) on a
helminth parasite which infects Indian livestock causing substantial economic losses. It has
been previously investigated that ZnO NPs are involved in development of oxidative stress that
gives anticandidal potency to these NPs [37].

In vitro treatment of Gigantocotyle explanatum with different concentrations of ZnO NPs
produced differential effects. The use of lower concentrations of ZnO NPs (80pg /ml or 0.004%
w/v; and 160pug /ml or 0.008% w/v) appeared to have produced oxidative stress due to the pro-
duction of ROS in the parasites. As a result of which the flukes mount a survival effort by
increasing the activity of antioxidant enzymes, SOD and GST, to scavenge the ROS, which
might have been produced in response to ZnO NPs treatment since it is well known that the
level of intracellular ROS rises in response to the use of nano particles [55]. The SOD catalyzes
dismutation of O*" to H,0,, while GST mediates reaction of electrophilic metabolites of xeno-
biotics to the GSH (reduced glutathione) [56-58]. Both these enzymes along with other antiox-
idants form an effective system against ROS. But this protective system appeared to be
disrupted when the worms were treated with the highest concentration (240 pg /ml, or 0.012%
w/v) of the ZnO NPs in the present study (Fig 5A & 5B). A significant level of inhibition of the
GST and SOD activity was recorded in G. explanatum following treatment of worms with the
highest concentration (240 pg /ml, or 0.012% w/v) of the ZnO NPs, possibly due to the satura-
tion of enzymes as a result of over production of hydroxyl ions and ROS which render the
detoxification mechanism in G. explanatum ineftective (Table 2). The oxidative stress gener-
ated by NPs, also targets the lipids and initiate the process of lipid peroxidation [59]. The
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Fig 7. Change in surface topography: Scanning electron micrograph of Gigantocotyle explanatum showing the disruption of tegument(star) and
surface papillae (arrow head) particularly in the posterior and the acetabular (Ac) region following treatment of worms with 0.012% ZnO NPs (b, d,
f, g & h), and the untreated controls (a, ¢ & e) with normal surface topography. An arrow showing the normal papillae. Gp: gonopore; Os: oral sucker.

doi:10.1371/journal.pone.0133086.9007

MDA level at the highest concentration (240 ug /ml, or 0.012% w/v) further suggests that the
NPs generated enough oxidative stress to lead the process of lipid peroxidation (Fig 5C). The
elevated intracellular ROS level could not only affect the potential and permeability of the cell
membrane, but also of mitochondria, which are the main cell organelles adversely affected by
nano particles [60]. Such changes disrupt the electron transport system ultimately inhibiting
ATP production [5], and hence affecting the contractile movement of the parasite (Table 1).

A

.

gLiis e 3 i -

Fig 8. Histological examinations: Longitudinal section of Gigantocotyle explanatum at magnification 100x: (Control) showing normal tegumental
surface (arrow) and (Treated) the disrupted tegument (arrow).

doi:10.1371/journal.pone.0133086.9008
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Fig 9. (A) Damage of the tegumental surface membrane by ZnO NPs will pave the way for the entry of nanoparticles into the cells through membrane
transporters (MT). At the cytoplasmic side ZnO NPs generate ROS in the form of singlet oxygen species and hydroxyl ions. These ROS act upon lipids (LPD)
and proteins, trans membrane protein; TM, peripheral proteins; PP, glycolipids and integral glycoproteins of cell membrane and cause damage. (B). The ZnO
NPs enter the cells, possibly via the transporters present in the lipid bilayer, and develop oxidative stress resulting into production of ROS, which could
stimulate detoxification involving SOD and glutathione peroxidase (GPx). GST activates the conjugation of ZnO NPs with its substrate GSH and exports
them outside the cell. But the cellular defense mechanism might be disrupted via increased production of ROS when a high influx of ZnO NPs occurs at the
highest concentration of treatment. The increased ROS level might be the causative agent for SOD and GST depletion. Inhibition of these enzymes might be
due to the direct action of ROS on these enzymes or depletion of GSH in case of GST. Alternatively ZnO NPs also enter inside the nucleus and damage DNA
either by direct attack by Zn+ ions (formed by dissolution of ZnO NPs) or by generation of ROS.

doi:10.1371/journal.pone.0133086.9009
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The worm motility has been used earlier to test the efficacy of drugs and inhibitors on these
worms [61].

Under normal conditions, ROS remain in homeostasis but due to disease, drugs and stress,
the ROS level is elevated. The macromolecules like DNA, proteins and lipids are the important
targets of ROS [62-64]. The SDS-PAGE results revealed an overall under expression of 35.0
KD, 32.0 KD and 17. KD protein bands in the ZnO NPs treated worms, which might be due to
the cellular leakage or weathering of the tegumental surface, however, further studies are neces-
sary to ascertain these observations. The histology and the surface topography of the ZnO NPs
treated worms clearly shows pronounced damage in the tegumental papillae and the surface
annulations as revealed by scanning electron microscopy, particularly in the posterior region
and around acetabulum. The tegumental disruptions would facilitate the penetration of nano
particles in the sub-tegumental regions where they can produce deeper lesions in the worms.
Since NPs function as soft acids, they have a great affinity for sulphur and phosphorus contain-
ing soft bases [55, 65]. Therefore sulphur containing proteins of cell membrane could be the
preferred targets of ZnO NPs (240 ug /ml) used in this study.

Taken together, our finding confirms a significant inhibition of SOD and GST activity, ele-
vation of MDA, inhibition/ degradation of proteins, loss of motility and disruption of tegument
due to treatment of G. explanatum with 240pg/ml ZnO NPs, thus suggesting strong anthelmin-
tic activity of nanoparticles. In case of Gigantocotyle explanatum nothing is known about the
mechanism of action of any nano particle, but the different parameters used in the present
study could give a plausible mechanism of action of Zinc Oxide nano particles in the parasite
under study (Fig 9A and 9B). However, further studies are needed to elucidate the exact mecha-
nism of mode of action and development of in vivo treatment strategies of biocompatible ZnO
NPs in these and related.

Acknowledgments

The authors are grateful to the Chairman, Department of Applied Physics and Department of
Zoology, Aligarh Muslim University, for providing necessary laboratory and instrumentation
facilities. Assistance provided by the staff of USIF, AMU, Aligarh, is also gratefully acknowl-
edged. YAK is thankful to the University Grant Commission (UGC), New Delhi, for financial
assistance in the form of fellowship.

Author Contributions

Conceived and designed the experiments: YAK BRS RU MS AHN SMAA. Performed the
experiments: YAK RU MS. Analyzed the data: YAK BRS MS. Contributed reagents/materials/
analysis tools: SMAA AHN BRS. Wrote the paper: YAK BRS MS RU AHN SMAA.

References

1. Morphew RM, Wright HA, LaCourse EM, Porter J, Barrett J, Woods DJ, et al. (2011). Toward delineat-
ing functions within the Fasciola secreted cathepsine L protease family by integrating in vivo based sub
proteomic and phylogenetics. PLos Negl Trop Dis 5 (1): 1-16.

2. Anon, 2011-2012. Annual report—Department of Animal Husbandry, Dairying and Fisheries, Ministry
of Agriculture, Government of India, pp 1-112 (Gives data on both Fasiolosis and amphistomosis).

3. Swarup D, Pachauri SP, Mukherjee SC (1987). Prevalence and clinico-pathology of naturally occurring
fascioliasis and biliary amphistomiasis in buffaloes. Indian J Anim Sci 57: 252—256.

4. Singh D, Swarnkar CP, Khan FA (2002). Anthelmintic resistance in gastrointestinal nematodes of live-
stock in India. J Vet Parasitol 16: 115-130.

5. Wolstenholme AJ, Fairweather I, Prichard R, von-Samson-Himmelstjerna G, Sangster NC (2004).
Drug resistance in veterinary helminth. Trends Parasitol 20: 469-476. PMID: 15363440

PLOS ONE | DOI:10.1371/journal.pone.0133086 July 15,2015 14/17


http://www.ncbi.nlm.nih.gov/pubmed/15363440

@’PLOS ‘ ONE

In Vitro Anthelmintic Effect of Novel Zinc Oxide Nano Particles

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

von Samson-Himmelstjerna G, Blackhall W (2005). Will technology provide solutions for drug resis-
tance in veterinary helminths? J Vet Parasitol 132: 223-229.

Giske G, Monnet DL, Cars O, Carmeli Y (2008). Clinical and economic impact of common multidrug-
resistant Gram-negative bacilli. Antimicrob. Agents Chemother 52: 813-821. PMID: 18070961

Sondi |, Salopek-Sondi B (2004). Silver nanoparticles as antimicrobial agent: a case study on E coli as
a model for Gram negative bacteria. J Colloid Interf Sci 275: 177-182.

Allahverdiyev AM, Abamor ES, Bagirova M, Tafailovich M (2011). Antimicrobial effect of TiO2 and
Ag20 nanoparticles against drug resistant bacteria and Leishmania parasites. Future Microbiol 6(8):
933-940. doi: 10.2217/FMB.11.78 PMID: 21861623

Ali M, Afzal M, Verma M, Bhattacharya SM, Ahmad FJ, Samim M, et al. (2014). Therapeutic efficacy of
poly (lactic-co-glycolic acid) nanoparticles encapsulated ivermectin (nano-ivermectin) against brugian
filariasis in experimental rodent model. Parasitol Res 113: 681-691. doi: 10.1007/s00436-013-3696-5
PMID: 24366812

Ramyadevi J, Jeyasubramanian K, Marikani A, Rajakumar G, Rahuman AA, Santhoshkumar T, et al.
(2011). Copper nanoparticles synthesized by polyol process used to control hematophagous parasites.
Parasitol Res 109: 1403-1415. doi: 10.1007/s00436-011-2387-3 PMID: 21526405

Kirthi AV, Rahuman AA, Rajakumar G, Marimuthu S, Santhoshkumar T, Jayaseelan C (2011). Acari-
cidal, pediculocidal and larvicidal activity of synthesized ZnO nanoparticles using wet chemical route
against blood feeding parasites. Parasitol Res 109: 461—472. doi: 10.1007/s00436-011-2277-8 PMID:
21340566

Chitra K, Annadurai G (2013). Antimicrobial activity of wet chemically engineered spherical shaped
ZnO nanoparticles on food borne pathogen. Int Food Res J 20(1): 59-64.

Wahab R, Ansari SG, Kim YS, Seo HK, Kim GS, Khang G, et al.(2007). Low temperature solution syn-
thesis and characterization of ZnO nano-flowers. Mater Res Bull 42(9):1640-1648. doi: 10.1016/j.
materresbull.2006.11.035

Jin X, Strueben J, Heepe L, Kovalev A, Mishra YK, Adelung R, et al. (2012). Joining the Un-Joinable:
Adhesion Between Low Surface Energy Polymers Using Tetrapodal ZnO Linkers. Adv Mater 24(42):
5676-5680. doi: 10.1002/adma.201201780 PMID: 22927220

Jin X, Gétz M, Wille S, Mishra YK, Adelung R, Zollfrank C (2013). A Novel Concept for Self-Reporting
Materials: Stress Sensitive Photoluminescence in ZnO Tetrapod Filled Elastomers. Adv Mater 25(9):
1342-1347. doi: 10.1002/adma.201203849 PMID: 23192988

Jin X, Deng M, Kaps S, Zhu X, Hélken |, Mess K, et al. (2014). Study of Tetrapodal ZnO-PDMS Com-
posites: A Comparison of Fillers Shapes in Stiffness and Hydrophobicity Improvements. Plos One 9
(9): €106991, doi: 10.1371/journal.pone.0106991 PMID: 25208080

Wahab R, Mishra A, Yun S-I, Kim Y-S, Shin H-S (2010). Antibacterial activity of ZnO nanoparticles pre-
pared via non-hydrolytic solution route. Appl Microbiol Biotechnol 87(5): 1917—-1925. doi: 10.1007/
s00253-010-2692-2 PMID: 20526594

Wahab R, Hwang IH, Kim Y-S, Musarrat J, Siddiqui MA, Seo H-K, et al. (2011). Non-hydrolytic synthe-
sis and photo-catalytic studies of ZnO nanoparticles. Chem Eng J 175: 450-457

Mishra YK, Chakravadhanula VSK, Hrkac V, Jebril S, Agarwal DC, Mohapatra S, et al. (2012). Crystal
growth behaviour in Au-ZnO nanocomposite under different annealing environments and photoswitch-
ability. Journal of Appl Phys 112(6): 064308. doi: 10.1063/1.4752469

Antoine T, Mishra YK, Trigilio J, Tiwari V, Adelung R, Shukla D (2012). Prophylactic, therapeutic and
neutralizing effects of zinc oxide tetrapod structures against herpes simplex virus type-2 infection. Anti-
vir Res 96(3): 363-375. doi: 10.1016/j.antiviral.2012.09.020 PMID: 23047013

Mishra YK, Adelung R, Rohl C, Shukla D, Spors F, Tiwari V (2011). Virostatic potential of micro—nano
filopodia-like ZnO structures against herpes simplex virus-1. Antivir Res 92: 305-312. doi: 10.1016/j.
antiviral.2011.08.017 PMID: 21893101

Wahab R, Kim Y-S, Hwang IH, Shin H-S (2009). A non-aqueous synthesis, characterization of zinc
oxide nanoparticles and their interaction with DNA. Synthetic Met 159(23-24): 2443-2452.

Mishra A, Tripathy S, Wahab R, Jeong S-H, Hwang |, Yang Y-B, et al. (2011). Microbial synthesis of
gold nanoparticles using the fungus Penicillium brevicompactum and their cytotoxic effects against
mouse mayo blast cancer C2C12 cells. Appl Microbiol Biotechnol. 2011; 92(3):617-30. doi: 10.1007/
s00253-011-3556-0 PMID: 21894479

Raghupathi KR, Koodali RT, Manna AC (2011) Size- dependent bacterial growth inhibition and mecha-
nism of antibacterial activity of zinc oxide nanoparticles. Langmuir 27: 4020-4028. doi: 10.1021/
la104825u PMID: 21401066

Wahab R, Kaushik N, Verma A, Mishra A, Hwang IH, Yang Y-B, et al. (2011). Fabrication and growth
mechanism of ZnO nanostructures and their cytotoxic effect on human brain tumor U87, cervical cancer

PLOS ONE | DOI:10.1371/journal.pone.0133086 July 15,2015 15/17


http://www.ncbi.nlm.nih.gov/pubmed/18070961
http://dx.doi.org/10.2217/FMB.11.78
http://www.ncbi.nlm.nih.gov/pubmed/21861623
http://dx.doi.org/10.1007/s00436-013-3696-5
http://www.ncbi.nlm.nih.gov/pubmed/24366812
http://dx.doi.org/10.1007/s00436-011-2387-3
http://www.ncbi.nlm.nih.gov/pubmed/21526405
http://dx.doi.org/10.1007/s00436-011-2277-8
http://www.ncbi.nlm.nih.gov/pubmed/21340566
http://dx.doi.org/10.1016/j.materresbull.2006.11.035
http://dx.doi.org/10.1016/j.materresbull.2006.11.035
http://dx.doi.org/10.1002/adma.201201780
http://www.ncbi.nlm.nih.gov/pubmed/22927220
http://dx.doi.org/10.1002/adma.201203849
http://www.ncbi.nlm.nih.gov/pubmed/23192988
http://dx.doi.org/10.1371/journal.pone.0106991
http://www.ncbi.nlm.nih.gov/pubmed/25208080
http://dx.doi.org/10.1007/s00253-010-2692-2
http://dx.doi.org/10.1007/s00253-010-2692-2
http://www.ncbi.nlm.nih.gov/pubmed/20526594
http://dx.doi.org/10.1063/1.4752469
http://dx.doi.org/10.1016/j.antiviral.2012.09.020
http://www.ncbi.nlm.nih.gov/pubmed/23047013
http://dx.doi.org/10.1016/j.antiviral.2011.08.017
http://dx.doi.org/10.1016/j.antiviral.2011.08.017
http://www.ncbi.nlm.nih.gov/pubmed/21893101
http://dx.doi.org/10.1007/s00253-011-3556-0
http://dx.doi.org/10.1007/s00253-011-3556-0
http://www.ncbi.nlm.nih.gov/pubmed/21894479
http://dx.doi.org/10.1021/la104825u
http://dx.doi.org/10.1021/la104825u
http://www.ncbi.nlm.nih.gov/pubmed/21401066

@’PLOS ‘ ONE

In Vitro Anthelmintic Effect of Novel Zinc Oxide Nano Particles

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Hela, and normal HEK cells. J Biol Inorg Chem. 16(3):431-42. doi: 10.1007/s00775-010-0740-0
PMID: 21140179

Wahab R, Yang YB, Umar A, Singh S, Hwang IH, Shin H-S, et al. (2012). Platinum Quantum Dots and
Their Cytotoxic Effect Towards Myoblast Cancer Cells (C2C12). J Biomed Nanotechnol 8(3):424-31.
doi: 10.1166/jbn.2012.1448 PMID: 22764411

Palanikumar L, Ramasamy S, Hariharan G (2013) Influence of particle size of nano zinc oxide on the
controlled delivery of amoxycillin. Appl Nanosci 3: 441-451.

Wahab R, Dwivedi S, Umar A, Singh S, Hwang IH, Shin H-S, et al. (2013). ZnO Nanopatrticles Induce
Oxidative Stress in Cloudman S91 Melanoma Cancer Cells. J Biomed Nanotechnol 9(3): 441-449.
doi: 10.1166/jbn.2013.1593 PMID: 23621000

Wahab R, Kaushik NK, Kaushik N, Choi EH, Umar A, Dwivedi S, et al. (2013). ZnO Nanoparticles
Induces Cell Death in Malignant Human T98G Gliomas, KB and Non-Malignant HEK Cells. J Biomed
Nanotechnol 9(7):1181-1189. doi: 10.1166/jbn.2013.1652 PMID: 23909132

Dwivedi S, Wahab R, Khan F, Mishra YK, Musarrat J, Al-Khedhairy AA (2014). Reactive Oxygen Spe-
cies Mediated Bacterial Biofilm Inhibition via Zinc Oxide Nanoparticles and Their Statistical Determina-
tion. PLoS ONE 9(11): e111289. doi: 10.1371/journal.pone.0111289 PMID: 25402188

Papavlassopoulos H, Mishra YK, Kaps S, Paulowicz |, Abdelaziz R, Elbahri M, et al. (2014). Toxicity of
Functional Nano-Micro Zinc Oxide Tetrapods: Impact of Cell Culture Conditions, Cellular Age and
Material Properties. PLoS ONE 9(1): €84983. doi: 10.1371/journal.pone.0084983 PMID: 24454775

Wahab R, Dwivedi S, Khan F, Mishra YK, Hwang IH, Shin H-S, et al. (2014). Statistical analysis of gold
nanoparticle-induced oxidative stress and apoptosis in myoblast (C2C12) cells. Colloid Surfaces B 23:
664—672. doi: 10.1016/j.colsurfb.2014.10.012

Wahab R, Siddiqui MA, Saquib Q, Dwivedi S, Ahmad J, Musarrat J, et al. (2014). ZnO nanoparticles
induced oxidative stress and apoptosis in HepG2 and MCF-7 cancer cells and their antibacterial activ-
ity. Colloid Surfaces B 117(0): 267—276. doi: 10.1016/j.colsurfb.2014.02.038

Emamifar A, Kadivar M, Shahedi M, Zad SS (2010). Evaluation of nanocomposite packaging containing
Ag and ZnO on shelf life of fresh orange juice Innovative. Food Sci Emerg Technol 11: 742-748.

LiY, Zhang W, Niu J, Chen Y (2012). Mechanism of Photogenerated Reactive Oxygen Species and
Correlation with the Antibacterial Properties of Engineered Metal-Oxide Nanoparticles. ACS Nano 6:
5164-5173. doi: 10.1021/nn300934k PMID: 22587225

Shoeb M, Singh BR, Khan JA, Khan W, Singh BN, Singh HB, et al. (2013). ROS-dependent anticandi-
dal activity of zinc oxide nanoparticles synthesized by using egg albumen as a biotemplate. Adv Nat
Sci: Nanosci Nanotechnol 4: 1-11.

Catherine EJ, Hudson AL, Davey MW (2007). Drug resistance mechanism in helminthes: is it survival
of the fittest. Trends Parasitol 25: 28—35.

Wahab R, Kim YS, Shin HS (2010). Effect of refluxing time on the morphology of pencil like zinc oxide
nanostructures prepared by solution method. Institute of Metals and Materials. 16(5): 767-72.

Singh BN, Rawat AKS, Khan W, Naqvi AH, Singh BR (2014). Biosynthesis of Stable Antioxidant ZnO
Nanoparticles by Pseudomonas aeruginosa Rhamnolipids. PLoS ONE 9 (9): e106937. doi: 10.1371/
journal.pone.0106937 PMID: 25187953

Spector T (1978). Refinement of Coommassie Blue method of protein quantitation. Annal Biochem 86:
142-146.

Marklund SL, Marklund G (1974). Involvement of the superoxide anion radical in the autoxidation of
pyrogallol and a convenient assay for superoxide dismutase. Eur J Biochem 47: 469-474. PMID:
4215654

Habig WH, Pabst MJ, Jakoby WB (1974). Glutathion-S-Transferase the first enzymatic step in mercap-
turic formation. J Biol Chem 249: 7130-7139. PMID: 4436300

Buege JA, Aust SD (1978). Microsomal lipid peroxidation. Methods Enzymol, 52, 302-310. PMID:
672633

Laemmli UK (1970). Clevage of structural protein during the assembly of head of bacteriophage T4.
Nature., 227, 680-685. PMID: 5432063

Tansatit T, Samphong S, Riengrojpitak S, Viyanant V, Sobhon P (2012). Fasciola gigantica: The in vitro
effect of artesunate as compared to triclabendazole on the 3- weeks- old juvenile. Exp Parasitol 131:
8-9. doi: 10.1016/j.exppara.2012.02.018 PMID: 22425749

Zak AK, Abrishami ME, Majid WH, Yousefi R, Hosseini SM (2011a). Effect of annealing temperature on
some structural and optical properties of ZnO nanoparticles prepared by a modified sol-gel combustion
method. Ceram Inter 37: 393-398.

PLOS ONE | DOI:10.1371/journal.pone.0133086 July 15,2015 16/17


http://dx.doi.org/10.1007/s00775-010-0740-0
http://www.ncbi.nlm.nih.gov/pubmed/21140179
http://dx.doi.org/10.1166/jbn.2012.1448
http://www.ncbi.nlm.nih.gov/pubmed/22764411
http://dx.doi.org/10.1166/jbn.2013.1593
http://www.ncbi.nlm.nih.gov/pubmed/23621000
http://dx.doi.org/10.1166/jbn.2013.1652
http://www.ncbi.nlm.nih.gov/pubmed/23909132
http://dx.doi.org/10.1371/journal.pone.0111289
http://www.ncbi.nlm.nih.gov/pubmed/25402188
http://dx.doi.org/10.1371/journal.pone.0084983
http://www.ncbi.nlm.nih.gov/pubmed/24454775
http://dx.doi.org/10.1016/j.colsurfb.2014.10.012
http://dx.doi.org/10.1016/j.colsurfb.2014.02.038
http://dx.doi.org/10.1021/nn300934k
http://www.ncbi.nlm.nih.gov/pubmed/22587225
http://dx.doi.org/10.1371/journal.pone.0106937
http://dx.doi.org/10.1371/journal.pone.0106937
http://www.ncbi.nlm.nih.gov/pubmed/25187953
http://www.ncbi.nlm.nih.gov/pubmed/4215654
http://www.ncbi.nlm.nih.gov/pubmed/4436300
http://www.ncbi.nlm.nih.gov/pubmed/672633
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://dx.doi.org/10.1016/j.exppara.2012.02.018
http://www.ncbi.nlm.nih.gov/pubmed/22425749

@’PLOS ‘ ONE

In Vitro Anthelmintic Effect of Novel Zinc Oxide Nano Particles

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.
64.
65.

Zak AK, Razali R, Majid WH, Darroudi M (2011b). Synthesis and characterization of a narrow size distri-
bution of zinc oxide nanoparticles. Int J Nanomedicine 6: 1399—1403.

Thangaraj P, Rajan J, Durai S, Kumar S, Phani AR, Neri G (2011.) Role of albumin (egg white) in con-
trolled particle size and electrical conductivity behavior of zinc oxide nanoparticles. Vacuum 86: 140-143.

Chu X, Zhang H (2009). Catalytic Decomposition of Formaldehyde on Nanometer Manganese Dioxide.
Mod Appl Sci 3: 177-181.

Faisal MS, Khan B, Rahman MM, Jamal A, Akhtar K, Abdullah MM (2011). Role of ZnO-CeO2 Nano-
structures as a Photo-catalyst and Chemi-sensor. J Mater Sci Technol 27: 594-600.

Yu KN, Yoon TJ, Tehrani AM, Kim JE, Park SJ, Jeong MS, et al. (2013). Zinc oxide nanoparticle
induced autophagic cell death and mitochondrial damage via reactive oxygen species generation. Toxi-
col In Vitro 27: 1187—1195. doi: 10.1016/.tiv.2013.02.010 PMID: 23458966

Li X, Xing Y, Jiang Y, Ding Y, Li W (2009). Antimicrobial activities of ZnO powder-coated PVC film to
inactivate food pathogens. Int J Food Sci Technol 44:2161-2168.

Sawai J, Kawada El, Kanou F (1996). Detection of active oxygen generated from ceramic powders hav-
ing antibacterial activity. J Chem Eng Jpn 29: 627—633.

Kumar A, Pandey AK, Singh SS, Shanker R, Dhawan A (2011). Engineered ZnO and TiO2 nanoparti-
cles induce oxidative stress and DNA damage leading to reduced viability of Escherichia coli. Free Rad-
ical Biol Med 51: 1872—1881.

McCord JM, Fridovich | (1996). Superoxide dismutase: an enzymatic function for erythrocuprein (hemo-
cuprein). J Biol Chem 244: 6049-6055.

Armstrong RN (1997). Structure, catalytic mechanism, and evolution of the glutathione transferases.
Chem Res Toxicol 10: 2-18. PMID: 9074797

Van Bladeren PJ (2000). Glutathione conjugation as a bioactivation reaction. Chem Biol Interact 129:
61-76. PMID: 11154735

Hao L, Wang Z, Xing B (2009). Effect of sub-acute exposure to TiO2 nanoparticles on oxidative stress
and histopathological changes in Juvenile Carp (Cyprinus carpio). J Environ Sci (China) 21(10):
1459-1466.

Unfried K, Albrecht C, Klotz LO, Von-Mikecz A, Grether-Beck S, Schins RPF (2007). Cellular responses
to nanoparticles: target structures and mechanisms. Nanotoxicology 1:52-71.

Abidi SMA, Nizami WA (2000). Monoamine oxidase in amphistomes and its role in worm motility. J Hel-
minthol 74:283-288. PMID: 11138015

Marnett LJ (2000). Oxyradicals and DNA damage. Carcinogenesis (21:): 361-370.
Stadtman ER, Levine RL (2000). Protein oxidation. Ann N'Y Acad Sci (899: ): 191-208.
Herttuala SY (1999). Oxidized LDL and atherogenesis. Ann N Y Acad Sci (874: ): 134-137.

Pal S, Tak YK, Song JM (2007). Does the antibacterial activity of silver nanoparticles depend on the
shape of the nanoparticle? A study of the gram-negative bacterium Escherichia coli. Appl Environ
Microbiol 73:1712-1720. PMID: 17261510

PLOS ONE | DOI:10.1371/journal.pone.0133086 July 15,2015 17/17


http://dx.doi.org/10.1016/j.tiv.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23458966
http://www.ncbi.nlm.nih.gov/pubmed/9074797
http://www.ncbi.nlm.nih.gov/pubmed/11154735
http://www.ncbi.nlm.nih.gov/pubmed/11138015
http://www.ncbi.nlm.nih.gov/pubmed/17261510

