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Zinc  oxide  nanoparticles  are  important  nanomaterials  currently  under  research  due  to  their  applicability
in  nanomedicine.  Toxicity  of  ZnO  NPs  has  been  extensively  studied  and  has  been  shown  to  affect  various
cell  types  and  animal  systems.  In this  study,  we investigated  hemolytic  potential  and  oxidative  stress
inflicted  by  ZnO  NPs  and  ZnO  NPs-loaded-sodium  alginate-gum  acacia  hydrogels  on horse  erythrocytes
and  African  green  monkey  kidney  (Vero)  cells. Our  study  provides  a better understanding  of  the  hemolytic
and  oxidative  effects  of interaction  of ZnO  NPs  and  ZnO  NPs  released  from  polymeric  hydrogels  with
the  biological  system.  Remarkable  aggregation  of  erythrocytes  was  noted  in  the  higher  concentration
of  ZnO  NPs  treated  erythrocytes  as  compared  to  erythrocytes  treated  with  ZnO  NPs-loaded  hydrogels.
xidative stress
lginate
um acacia
orse
ipid peroxidation
DA

ZnO  NPs-loaded  hydrogels  treated  Vero  cells  significantly  reduced  oxidative  stress  as  evidenced  by less
malondialdehyde  production  as compared  to that  of  ZnO  NPs  treated  cells.  Normal  horse  erythrocytes
when  treated  with  ZnO  NPs  in in  vitro  condition  undergo  oxidative  damage,  and  contribute  in augmenting
the  toxicity.  We  demonstrated  that  polymeric  ZnO  NPs  reduced  the  undesirable  effects  provoked  by ZnO
NPs  on  mammalian  cells.

©  2017  Elsevier  B.V.  All  rights  reserved.

emolytic activity

. Introduction

The rapidly developing nanotechnology has offered a plethora
f novel nanoparticles for diverse applications [1–4]. Due to the
xtraordinary physiochemical properties, upon interaction with
iological tissues and cells, some of the nano-scale materials pose
n extraordinary hazard to animals and humans [5]. This property
as attracted the attention of researchers for thorough toxicolog-

cal evaluation of nanomaterials [5,6]. Metal oxide in the nano
ange acquires distinctive properties that primarily depend on
ize, chemical composition and surface chemistry. Metal oxide
anomaterials are most commonly used in sensors, catalysis, envi-
onmental sanative and personal care products [7,8]. Among the

etal oxide nanoparticles, the zinc oxide nanoparticles (ZnO NPs)

re most commonly used for antimicrobial properties [9]. The tox-
city of each of these materials depends greatly upon the particular
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arrangement of its many atoms. Commonly the toxicity of NPs is
associated with its small size and high surface area and therefore
nanoforms are theoretically expected to be more toxic than their
macro counterparts [10]. Metallic nanoparticles tend to disperse
and release ions when exposed to a biological milieu resulting
in reactive oxygen species (ROS) production and oxidative stress
[11–14]. Zinc2+ is an essential element in cell homoeostasis and
remains in the bound form inside cells because free Zn2+ is very
reactive and becomes cytotoxic [15]. The sudden increase of free
Zn2+ levels may  damage lysosomes allowing the contents to release
into the cytoplasm and ultimately causing cell death [16,17].

Toxicity of ZnO NPs has been extensively studied and has been
shown to affect various cell types and animal systems [18–23]. Pre-
viously we  have shown that interaction of different concentrations
of ZnO NPs with horse erythrocyte revealed concentration- depen-
dent clustering of RBC [24]. The studies revealed evidence that the
cytotoxicity of ZnO NPs may  be partially due to their induction

of cellular oxidative stress [25,26]. We developed ZnO hydrogels
for the effective delivery of ZnO NPs using polymers sodium algi-
nate/gum acacia (SAGA-ZnO NPs) to prevent undesirable effects
[9,27]. Hence, in our study, we have investigated the oxidative

dx.doi.org/10.1016/j.ijbiomac.2017.03.180
http://www.sciencedirect.com/science/journal/01418130
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tress inflicted on Vero cells by the interaction of ZnO NPs, SAGA-
nO NPs at varying concentrations. Further, we also evaluated the
emolytic potential of ZnO NPs/SAGA-ZnO NPs inflicted on horse
rythrocytes.

. Materials and methods

.1. Synthesis of sodium alginate and gum acacia ZnO NPs

SAGA-ZnO NPs were synthesized using sodium alginate and
um acacia as described previously with some modifications [27].
riefly, ZnO NPs were added to the aqueous solution of 1% w/v  algi-
ate sodium. After the addition of 0.1% w/v of an aqueous solution
f gum acacia (GA), the crosslinker glutaraldehyde (1% of GA) was
dded dropwise under constant stirring. SAGA-ZnO NPs were pel-
eted out by centrifugation at 12000 rcf for 45 min  at 4 ◦C. The blank
ydrogels were prepared similarly but without the addition of ZnO
Ps.

. Morphology and particle size

Dynamic light scattering (DLS) was used to measure the average
article size and size distribution (polydispersity index) of formu-

ated nanocapsules at 25 ◦C using the Zetasizer nano ZS (Malvern
nstruments, Malvern, UK).

The morphology of the SAGA-ZnO NPs was determined by trans-
ission electron microscopy (TEM). The samples for TEM were

repared by placing a drop (20–25 �l) of the solution onto a
00 mesh copper grid coated with carbon. About 1 min  after depo-
ition, the grid was tapped with a filter paper to remove surface
ater and then examined under transmission electron microscope

JEOL 100) with high contrast imaging mode at an acceleration of
00 KV.

.1. Cell culture

A mammalian Vero (African green monkey kidney) cell line
as obtained from the Veterinary Type Culture Collection (VTCC),
RCE, Hisar and maintained in Eagle’s minimum essential medium

EMEM) supplemented with HEPES 10 mM,  l-glutamine 2 mM,
odium bicarbonate 25 mM and 1% antibiotics-antimycotic solution
penicillin 10000 units/ml, streptomycin–10 mg/ml, amphotericin

 25 �g/ml) at 37 ◦C in 5% carbon dioxide (CO2).

.2. Determination of lipid peroxidation induced by ZnO NPs and
AGA-ZnO NPs

Levels of malondialdehyde (MDA) were determined as thio-
arbituric acid-reactive substances (TRABS) in the supernatants of
ultures of the ZnO NPs, SAGA-ZnO NPs, blank hydrogel, treated
nd untreated Vero cell line as described previously [28]. Briefly, to
00 �l of supernatant, 80 �l of 15% trichloroacetic acid (TCA) and
60 �l of 0.67% thiobarbituric acid (TBA) were added and were vor-
exed. After incubation at 95 ◦C in a water bath for 20 min, 600 �l
f butanol was added and mixed gently. The quantity of 200 �l
f butanol phase was added to 96 well plate in designated wells
nd optical density (OD) of each well was measured at 535 nm in
V spectrophotometer (Biotek instruments, powerwave X2, USA).
DA  concentration in the sample was calculated by using the molar

bsorption coefficient � = 1.56 × 05 M−1 cm−1 in Beer- Lambert law

s per the formula

 = �.c.l,
gical Macromolecules 101 (2017) 967–972

where, A – OD value of the sample, � – Molar absorption coef-
ficient, l – Path length of 96 well plate, c is MDA/hydroperoxide
concentration.

3.3. Effect of ZnO NPs, SAGA-ZnO NPs on horse RBC

3.3.1. Hemolytic activity of ZnO NPs
We  assessed the effect of ZnO NPs, SAGA-ZnO NPs, blank hydro-

gel, positive control (distilled water), solubilising buffer (negative
control) on horse RBCs by hemolytic assay and phase contrast
microscope [24,28,29]. The RBC pellets obtained from the blood of
adult Marwari horses after centrifugation and subsequent wash-
ings with phosphate buffered saline (PBS, pH 7.2) was suspended
in equal volume of PBS. The two-fold serial different concentra-
tions from 10 mg/  ml  to 0.625 mg/ml  of test samples were prepared
in solubilising buffer i:e PBS containing 10% dimethylformamide
(DMF). The RBC suspension was  added to the test samples in the
ratio of 1:10 in designated wells of 96 well plate and incubated at
37 ◦C for 90 min  followed by centrifuging at 3000 rpm for 5 min.
The supernatants were transferred to new 96 well plate in the
designated wells. The absorbance of the samples was measured at
543 nm using UV spectrophotometer (Biotek instruments, power-
wave X2, USA). The percentage of hemolysis of ZnO NPs, SAGA-ZnO
NPs, blank hydrogel along with positive and negative controls at a
given concentration was  calculated by following formula

H = {(ODS − OD0)/(OD100 − OD0)} × 100

Where H is the percentage of hemolysis; ODS, OD0, OD100 are opti-
cal densities of test, negative and positive samples respectively.
To ascertain the hemolysis of RBC by phase contrast microscopy,
RBC suspension was  further diluted 20 times in solubilising buffer,
treated with ZnO NPs, SAGA-ZnO NPs, blank hydrogel (final concen-
tration: 2 mg/ml  to 0.25 mg/ml) along with positive and negative
controls and incubated at 37 ◦C for 3 h. Blood smears were then
prepared and examined under phase contrast microscope.

3.4. Statistical analysis

All experiments were performed in triplicate, and the results
were exhibited as a mean ± standard deviation. Statistical dif-
ferences among groups were determined using the Student’s
t-test (two-tailed, equal variances) using online graphpad software
(http://www.graphpad.com/quickcalcs/ttest1.cfm). The statistical
significance was accepted at a level of p < 0.05.

4. Results and discussion

4.1. Characterization of ZnO NPs and SAGA-ZnO NPs

Particle size analysis was performed by photon correlation spec-
troscopy (PCS). The PCS yields the mean diameter (z-average) of the
bulk population of the particles and additionally a polydispersity
index (PdI) as a measure for the width of the distribution. The PdI
ranges from 0 (monodisperse) to 0.500 (very broad distribution).
The particle diameter (z-average) of SAGA-ZnO NPs were 180 nm.
The representative figures showing particle size as 139.2 nm with
PdI 0.265 for SAGA-ZnO NPs (Fig. 1A). The TEM micrographs show
ovoid SAGA-ZnO NPs of approximate 58.95 nm (Fig. 1B)

4.2. Oxidative stress induced by ZnO NPs and SAGA-ZnO NPs
Oxidative stress was shown to be one of the predominant ways
of nanoparticle toxicity and stress in various cell lines. Litera-
ture suggests numerous metallic elements are nephrotoxicants
that preferentially accumulate and produce cellular injury in the

http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm
http://www.graphpad.com/quickcalcs/ttest1.cfm
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Fig. 1. A. Particle size analysis of SAGA-ZnO NPs showing polydispersity index. B

idneys [30]. Human kidney cells have been used to assess the
oxicity profile of ZnO NPs [30]. Kidney Vero Cell Line has been
escribed as a suitable model to study the toxicity of microcystins
31]. We thought pertinent to evaluate SAGA-ZnO NPs and ZnO NPs
n Vero cell line derived from African monkey kidney. Lipid perox-
dation by TBA assay using SAGA-ZnO NPs and ZnO NPs showed
oncentration-dependent oxidative stress in our study. It was sig-
ificantly higher in ZnO NPs treated cells at higher concentration
ompared to SAGA-ZnO NPs (P < 0.001). In lower concentrations
lso, it was significantly higher in ZnO NPs treated cells (P < 0.05).
alondialdehyde is a breakdown product of lipids which can be

uantified as a measure of lipid hydroperoxides [28]. Oxidative
tress based on malondialdehyde (MDA) production is shown in
ig. 2. The observation on concentration dependent oxidative stress
orroborates with the findings of researchers performing on liver
issue homogenate, human neuronal cells and cardiac cells [32–34].
he results of our study demonstrate that ZnO NPs induce cytotox-
city in Vero cell line and this effect is likely to be mediated through
OS generation and oxidative stress. In SAGA-ZnO NPs treated Vero

ells significantly reduced oxidative stress was  noticed due to the
ustained release mechanism of ZnO NPs.

ig. 2. A. Photomicrograph of Vero cells cultured in EMEM medium (400x) B. Hydroperox
nd  SAGA-ZnO NPs. Percent fold increase in hydroperoxide levels in response to differen
ero  cells. Error bars show the standard deviation.
es of in SAGA-ZnO NPs viewed under Transmissible electron microscope (TEM).

4.3. Erythrocyte morphology and hemolytic assay

We assessed the hemolytic impact of ZnO NPs and SAGA-ZnO
NPs on horse erythrocytes. The general morphology of the erythro-
cytes treated with ZnO NPs and SAGA-ZnO NPs by phase-contrast
microscopy is shown in Fig. 3A. The suspension of RBC was  treated
with different concentrations of ZnO NPs, SAGA-ZnO NPs and blank
hydrogel and subsequent spectrophotometric evaluation revealed
none of the nanoformulations was toxic to RBC even at higher con-
centration. The hemolytic pattern of different concentration of ZnO
NPs, SAGA-ZnO NPs and blank hydrogel along with positive and
negative control are shown in Fig. 3B.

Hemolytic potential of ZnO NPs must be evaluated before their
clinical application due to the possible occurrence of hemolytic
jaundice and anemia. Hemolysis as an expression of nanoparticles
induced cytotoxicity in red blood cell by spectrophotometer eval-
uation revealed none of the nanoformulations was toxic to RBC
except the distilled water control in our study. TiO2 nanoparticles
after 24 h incubation with erythrocyte showed clustered RBC under

a microscope [35]. Erythrocyte suspension treated with different
concentrations of ZnO NPs and SAGA-ZnO NPs were analyzed under
phase contrast microscope to detect any changes in the morphol-
ogy. After 3 h incubation of RBC with different concentrations of

ide levels produced by Vero cells in response to different concentration of ZnO NPs
t concentration of ZnO NPs and SAGA-ZnO NPs is expressed relative to untreated
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Fig. 3. A. Morphology of the red blood cells of horse after incubation with ZnO NPs, SAGA-ZnO NPs and blank hydrogel at different concent rations a. Positive control (distilled
water)  b. Untreated erythrocytes (Negative control), c. ZnO NPs at 1.6 �g/�l  d. SAGA-ZnO NPs 1.6 �g/�l e. ZnO NPs 0.8 �g/�l, (f) SAGA-ZnO NPs 0.8 �g/�l, g. ZnO NPs 0.2 �g/�l
h.  SAGA-ZnO NPs 0.2 �g/�l i. ZnO NPs 0.4 �g/�l, j. SAGA-ZnO NPs 0.4 �g/�l. B. Hemolytic assessment of QS-NPs on horse RBCs. Suspension of horse erythrocytes was  treated
with  different concentrations of ZnO NPs, SAGA-ZnO NPs. Percentage of hemolysis caused by ZnO NPs and SAGA-ZnO NPs is shown. Error bars show the standard deviation.
*Statistically significant difference compared with controls (p < 0.05).
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Fig. 3. 

nO NPs, SAGA-ZnO NPs and blank hydrogel, aggregation of RBC
as observed at higher concentrations (1.6 �g–0.4 �g/�l) of ZnO
Ps treated blood sample, but at lower concentrations, no toxic
ffect was observed. Interestingly, there was an intact RBC popula-
ion noticed at all the concentration of SAGA-ZnO NPs. Comparative
ffect of ZnO NPs and SAGA-ZnO NPs over RBC was  shown in Fig. 3A.
ompatibility testing of the SAGA-ZnO NPs on equine erythro-
ytes revealed decreased hemolytic rate as compared to ZnO NPs.
he hemolysis was significantly lower at different concentrations
p < 0.5) as shown in Fig. 3b.

Our study provides a better understanding of the hemolytic and
xidative effects of interaction of ZnO NPs and ZnO NPs released
rom polymeric hydrogels with the biological system. It can be
nferred from this study that normal horse erythrocytes when
reated with ZnO NPs in in vitro condition undergo oxidative dam-
ge, and may  be a contributing factor in augmenting the toxicity.
e demonstrated implicitly SAGA-ZnO NPs reduced the undesir-

ble effects provoked by ZnO NPs on mammalian cells.
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