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fluence of the size and the morphology of ZnO nanoparticles
 cell viability
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ntroduction

Nanostructured materials have received increased
ntion due to their good and improved physical and
mical properties. Currently, nanostructured metal
des are extremely used; their possible applications
lude catalysts [1,2], sensors [3], environmental remedi-
n applications [4–6], medicine [7], solar cells [8,9],

metics, and personal care products [10,11].
A promising approach is the use of metal oxide
oparticles for applications in health care (hyperther-
, drug delivery) [12]. The interest in the study of
ostructured materials is mainly due to the ease of

modifying the physical properties by varying the shape
and size of the particle. The properties of a material are
controlled by the physical interactions and chemical
composition, structure and method of synthesis [13].

Despite the many advantages of the wide applications of
ZnO particles, nanomaterials may cause serious environ-
mental and health problems [14–17], and as a consequence,
the risk of human exposure increases [18].

Several studies report on ZnO material-mediated
cytotoxicity. ZnO nanomaterials used in different pro-
ducts are identified in several organs after usage. The
cytotoxicity of ZnO is also due to its increased solubility,
and, as a consequence, high concentrations of nanoparti-
cles in the environment and food chain may affect human
health.

Some of these studies indicated that the toxicity of ZnO
nanoparticles may be partially due to their induced cellular
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A B S T R A C T

Zinc oxide has attracted wide research interest due to its unique properties. Its band gap

width, high refractive index, high electrical conductivity, and high optical transmission in

the visible, etc., have made it suitable for a variety of applications, such as gas sensors,

varistors, optoelectronic devices, etc. The first part of the paper presents three methods for

the synthesis of zinc oxide nanoparticles: sol–gel, polyol, and hydrothermal methods.

Then, we report on the characteristics of the powders in terms of structure, composition

and morphology as well as of in-vitro testing on cell cultures. The influence of the

nanoparticles on cell viability was evaluated by the lactate dehydrogenase method. It

turns out that all ZnO powders tested present high cytotoxicity. Also, it is found that the

synthesis method significantly influences cell viability, the lowest one being obtained for

nanopowders synthesized by the sol–gel method.
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oxidative stress through the generation of free radicals and
reactive oxygen species (ROS). ROS are derived from
mitochondria and endoplasmic reticulum. Lactate de-
hydrogenase is a cytoplasmic enzyme found in all cells
that can be released into the extracellular medium when
the cell membrane is damaged. It has been proved that
LDH distribution was significantly altered by metabolic
stress and that ZnO nanoparticles increase LDH activity
in cells [19]. More LDH was released from cells when
they were exposed to higher concentrations of ZnO NPs
[20].

The release of Zn+ ions from the nanoparticles, due to
the instability of ZnO NPs [21] in the acidic compartment of
lysosomes, increases ROS generation [22,23].

Regarding the toxicity of Zn ion, nano-ZnO and bulk
ZnO, some studies showed that added soluble Zn
exhibited greater toxicity, while the adversely effects
of nano-ZnO and bulk ZnO were caused by soluble Zn
resulting from particle dissolution. In this way, soluble
Zn was more toxic than nano-ZnO, while nano-ZnO was
more toxic than bulk ZnO in all tested biological
reactions [24].

However, contradictory results have been noted in
recent studies, due to the possibility of size-dependent
toxicity, distinct from adverse effects associated with the
presence of dissolved ions. Metal ions released by ZnO
material contributed to toxicity, but did not cause the main
lethal mechanism of ZnO NPs and bulk ZnO material [15].

One study shows that ZnO NPs toxicity on normal cells
was lower than on the corresponding tumour cells and that
LDH leakage reflected the damage of the cell membrane
and the degree of cell necrosis. It has been revealed that the
toxicity of 40-, 150-, and 350-nm ZnO particles had a
smaller effect in osteoblast cancer cells (MG-63), while
ZnO microparticles had been less toxic. Likewise, ZnO
particles of different sizes induced slightly different
toxicity, so the particles’ shape may influence the
material’s toxicity. Also, dissolved Zn2+ plays an important
role in the toxic effect of ZnO particles [25].

Based on the toxicological aspects of bio-nanotechnol-
ogy in relation to the presence of nanoscale entities in the
human body and the consequences of transporting and
interacting with tissues and organs [26], we report in the
present study the synthesis of zinc oxide nanoparticles by
hydrothermal, sol–gel and polyol methods. The obtained
powders were characterized in terms of thermal stability,
structure, composition and morphology, through thermal
analysis (TA), X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM). To investigate the impact of synthesized ZnO NPs
on cell membrane integrity, lactate dehydrogenase leakage
was assessed after cells had been incubated with synthe-
sized ZnO samples. The results indicated that exposure to
ZnO NPs increases LDH leakage as a function of concen-
tration and time [16].

By comparing all three synthesized ZnO powders, our
toxicity results indicated that ZnO NPs high toxicity on
tumoral cells is also induced by particle size, which argues
that the dissolution of Zn2+ ions is dependent on the size of
the particles, since it increases with the size of the particles
[27,28].

2. Materials and methods

2.1. Synthesis methods

The present study was performed on ZnO nanoparticles
that had been synthesized using three different techni-
ques: sol–gel, polyol, and hydrothermal methods.

2.1.1. Sol–gel method for ZnO nanoparticles synthesis

The synthesis of zinc oxide nanoparticles using the sol–
gel method was carried out as it follows: 13.5493 g zinc
acetate (C4H6O4Zn�2H2O � 98%, Sigma-Aldrich) were used
as a precursor for zinc oxide. The precursor’s salt was
dissolved in 31.51 mL of deionized water. Over the
dissolved salt, 11.8592 g of citric acid (C6H8O7� 99.5%
Riedel–de Haën) were added, with a molar ratio of 1:1 with
respect to the cation. For gel formation, 4.5616 g of
ethylene glycol was added to the precursor solution as
20 wt% in respect to the whole amount of precursors
quantities used. The mixture thus obtained was stirred,
allowed to gel, and then dried in an oven at 110 8C for 24 h.
The obtained powders were heat treated at 460 8C in order
to remove the organic residue.

2.1.2. Polyol method for the synthesis of ZnO nanoparticles

Polyol synthesis of ZnO nanoparticles was carried out as
described by Chieng et al. [29]. ZnO nanoparticles were
prepared by refluxing 13.5493 g of zinc acetate
(C4H6O4Zn�2H2O � 98%, Sigma–Aldrich) in 100 mL of
ethylene glycol (EG) (C2H6O2� 99.8%, Sigma–Aldrich) at
160 8C for 24 h. The suspension was then centrifuged at
4000 rpm for 15 min in order to obtain a white precipitate
of ZnO. Afterwards, zinc oxide was washed two times with
ethanol; this was followed by another centrifugation. The
resulting powder was dried in an oven at 80 8C and heat
treated at 380 8C.

2.1.3. Hydrothermal method

For the synthesis of ZnO using the hydrothermal
method, 60 mL of an aqueous solution of zinc acetate
(C4H6O4Zn�2H2O � 98%, Sigma–Aldrich) 0.5 M (6.5850 g)
were added to 100 mL of a solution of sodium hydroxide
2 M (NaOH � 99%, Merck) (3.2 g). The mixture thus
obtained was stirred for 15 min while maintaining the
pH at 12. Then, the solution was placed in an autoclave
where it was kept at a constant temperature of 90 8C for
24 h. After the hydrothermal treatment, the obtained
precipitate was filtered, washed with ethanol and water,
and finally dried in an oven at 90 8C [30].

2.1.4. Toxicity

The experimental procedure for the toxicity test is as
follows: the MG-63 line monolayer used for the test was at
an approximately 70–80% confluence, this being achieved
after having seeded the plates for 24 h.

For incubating the cells with the synthesized ZnO
powders, the culture medium was embedded with UV-
sterilized nanoparticles, at a concentration of 1 mg/mL. The
medium was placed over the cells in the plate and left to
incubate for 24 h in a 24-well culture plate. After the
incubation period, 50 mL of the supernatant from the plate
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re taken for the LDH measurements, then transferred
 a 96-well plate and mixed with a reagent according to

 following protocol: first, 50 mL of substrate mix
onstituted with assay buffer solution were added and
ubated at room temperature in the dark for 30 min.
erwards, a second volume of 50 mL of stop solution was
ed in order to measure spectrophotometrically at a

velength of 450 nm.
When calculating viability, it is necessary to take into
ount the positive control and calculate cell viability
ues for each powder tested, based on LDH activity, as

 measured absorbance of the cells incubated with the
thesized powders divided by lysed cell activity
rcentage of positive control).
The results are expressed as the mean value � SD of
e individual experiments.

The positive control that was used was the MG-53 line
s incubated in the same conditions as the cells upon
ich the materials of interest are tested. They were
ubated in a DMEM medium without FBS in order to

inate interferences, and then they were incubated for
h along with the groups of cells treated with the
thesized ZnO samples.

esults and discussion

The obtained powders were first characterised in terms
hermal stability. We searched for the optimum heat-
tment temperature, at which all the organic residue is
oved. Then the powders were characterized by means
-ray diffraction (XRD), scanning electron microscopy

M) and transmission electron microscopy (TEM).
ally, the synthesized nanoparticles were tested for cell
bility against MG-63 cell line.

 Thermal analysis

In Fig. 1 are presented the TG-DSC curves for the ZnO-
taining powders synthesized by sol–gel (1), polyol (2),

 hydrothermal (3) methods.
For the powder synthesized by sol–gel method, the TG
ve (Fig. 1.1) indicates a good thermal stability up to

 8C. At this temperature, the powder starts to decom-
e in a rapid succession of reactions accompanied by an

exothermic peak on the DSC curve. In the 200–360 8C
interval, the decomposition reactions are predominant, the
exothermic peaks on DSC curve being small. In the
360–460 8C interval, the combustion of the organic
residues takes place, the mass change being associated
with a broad, strong exothermic peak on the DSC curve.
The removal of the organic part is complete at 460 8C when
a ZnO nanopowder is obtained (residual mass 24.41%). The
low output is typical of sol–gel syntheses where a large
percentage of the compound is made of an organic part.

The powder obtained by the polyol method (Fig. 1.2)
presents a mass loss of 4% up to 140 8C accompanied by a
weak endothermic effect on the DSC curve. This mass loss
was attributed to the elimination of water and of the
solvent molecules trapped into the compound network.
The resulting compound is stable up to 280 8C when a
second decomposition step begins. The mass loss in this
second stage is 16.61% and corresponds to the combustion
of the organic part, as seen from the exothermic peak
accompanying the process on the DSC curve.

The residual mass (78.22%) obtained at 380 8C consists
of ZnO nanoparticles.

As it can be observed from the TG curve (Fig. 1.3), the
powder obtained by the hydrothermal method is thermal-
ly stable up to 600 8C (experimental mass loss of less than
1%). Therefore, we concluded that the ZnO nanoparticles
are obtained directly by this method with no further
thermal treatment needed.

3.2. X-ray diffraction

X-ray diffraction (XRD) analysis was carried out on a
PANalytical Empyrean Diffractometer using Cu Ka radia-
tion (l = 1.541874 Å), equipped with a programmable
divergence slit on the incidence side and a programmable
anti-scatter slit mounted on a PIXcel3D detector. The scan
was done by using the Bragg–Brentanno geometry with a
step size of 0.028 and a counting time per step of 25 s.

The XRD patterns for ZnO nanopowders obtained by
sol–gel, hydrothermal and polyol methods are shown in
Fig. 2.

All XRD patterns present peaks, which are very close to
the diffraction lines for ZnO (lines (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and (202), PDF card

1. (Color online.) Thermal analysis of the ZnO powders obtained by sol–gel (1), polyol (2) and hydrothermal (3) methods starting from zinc acetate as a
ursor.
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#01-080-7099). Therefore, ZnO with a hexagonal structure
is identified as a single crystalline phase in all samples.

The degree of crystallinity and the average crystallite
size can be estimated from the broadening of the peaks and
in this case varies with the synthesis method. Thus, the
highest degree of crystallinity is achieved by using
hydrothermal synthesis and the lowest one for polyol
synthesis.

The average crystallite size was estimated using
Rietveld’s full-pattern fit method. The results are pre-
sented in Table 1. The Rietveld refinement was carried out
with manual background fitting and with the pseudo-Voigt
profile function. The least-square refinement was con-
verged with the Rexpected, Rprofile, weighted Rprofile and
goodness-of-fit values presented also in Table 1, which
confirm a good fit of the calculated profile function with
the observed diffraction data.

The obtained data indicate that all samples have very
close crystallite sizes, the biggest one being obtained for
the hydrothermally synthesized one.

3.3. Scanning electron microscopy

Scanning electron microscopy images obtained on ZnO
nanoparticles synthesized using sol–gel, hydrothermal and
polyol methods are shown in Fig. 3 and were obtained
using a Quanta inspect F Scanning electron microscope
with a resolution of 1.2 nm, equipped with an EDX
spectrometer from FEI (The Netherlands).

By analysing the SEM images obtained on all three
samples, we can clearly see that the synthesis method has

a very interesting effect on the morphology of the ZnO
nanopowders starting from the same precursor. Thus,
using the sol–gel method, we obtained a heterogeneous
powder in terms of grain size, with very fine grains with an
average size of 10–15 nm and grains of an average size of
100–150 nm. The morphology of the nanoparticles varies
from small spherical particles to big polyhedral nano-
particles and even nanorods. For the hydrothermal
method, a plate-like morphology of the nanoparticles is
achieved, with a width of approximately 18 nm in average
and a length ranging from 150 to 400 nm. The most
interesting aspect of the nanopowders synthesized
through the hydrothermal method is that the nanoplates
are in fact transparent. Finally, using the polyol method, we
obtained a very homogenous nanopowder in what
concerns particle size and morphology; thus, we have
synthesized spherical nanoparticles with an average grain
size of approximately 15–20 nm.

3.4. Transmission electron microscopy

Transmission electron microscopy images of the ZnO
nanopowders were obtained using a Tecnai G2 F30 S-TWIN
Transmission Electron Microscope with 1-Å resolution,
fully analytical, equipped with EDX and EELS spectrome-
ters and with a STEM detector. The operating voltage of the
microscope was 300 kV. The bright-field (BFTEM), high-
resolution (HRTEM) images with the selected area electron
diffraction patterns (SAED) and particle size distribution
are presented in Figs. 4 and 5.

Bright-field transmission electron microscopy images
(BFTEM) for the sol–gel synthesized nanopowder reveal
particles with various shapes and sizes, with spherical to
rod-like shapes. The average particle size is of
38.77 � 1.67 nm, as it can be observed in Fig. 4g. The particle
size distribution for the sol–gel-synthesized nanopowder is
monomodal, with a maximum at around 33 nm. Also, by
analysing the BFTEM images, we can see that the particles
have the tendency to form hard agglomerates, due to the
calcinations. As regards the hydrothermally synthesized
nanopowder, we can see that the particles have a plate-like
shape, with a diameter of 161.77 � 7.71 nm as it can be seen
in Fig. 4h and a thickness of 10–18 nm. These nanoparticles,
synthesized using the hydrothermal method, are obtained
individually, there is no agglomeration present.

For the polyol-synthesized nanopowder, the BFTEM
images presented show nanoparticles with an average
particle size of 23.31 � 0.07 nm, with a monomodal
distribution, with a maximum at 22.5 nm. The polyol method
induces the formation of polyhedron-shaped nanoparticles,
with almost no agglomeration. The insets in the BFTEM
images represent the selected area diffraction patterns
obtained on synthesized ZnO nanoparticles. All images show
the formation of ZnO with a wurtzite crystal structure.

The difference observed for the crystallite size mea-
sured from XRD data and the particle size obtained from
TEM bright-field data can be attributed to the fact that the
particles are formed from more than one crystallite
[12]. The biggest difference can be seen in the case of
hydrothermally synthetized nanoparticles. For the case of
polyol synthetized nanoparticles, the average nanoparticle

Fig. 2. (Color online.) XRD patterns obtained on: (a) ZnO powders

synthesized using the sol–gel method; (b) ZnO powders obtained by the

hydrothermal method and (c) ZnO powders obtained by the polyol

method.

Table 1

Average crystallite size.

Synthesis method Sol-gel Hydrothermal Polyol

Crystallites average

size (nm)

19.70 � 3.05 22.20 � 1.85 18.59 � 0.64

Agreement indices

Rexpected 5.6913 3.3259 5.8003

Rprofile 6.4905 6.9711 4.6652

Weighted Rprofile 8.5204 9.1783 5.8541

Goodness of fit 2.2413 4.6155 2.0187
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 is almost the same as the crystallite size, which means
t the particles are monocrystalline.
High-resolution images (HRTEM) reveal, for all
thods, well-crystallized particles in which we can
rly identify the orientations with the Miller indices

2) and (100), corresponding to the interplanar distances
h d = 2.6 Å and d = 2.81 Å. Also, by analysing these
ges, we can observe that for the polyol-synthesized
oparticles, there is some amorphous phase present at

 edge of the particles.

 Cytotoxic evaluation of ZnO nanoparticles

The microscopic evaluation of the morphology and
bility of MG-63 cell line in the presence of the
thesized ZnO powders was performed using the

tate dehydrogenase method (LDH). Lactate dehydro-
ase is a cytosolic enzyme that is released into the

ture medium as a result of the loss of cellular
grity, which results either from apoptosis or necro-

 The LDH enzyme catalyses the conversion of pyruvic
d into lactic acid, this being the marker for cellular
icity in the biocompatibility test. LDH activity can be
d as an indicator of the integrity of the cell membrane

 serves as a general method for the assessment of

cytotoxicity resulting from chemical compounds or toxic
environmental factors. The cytotoxicity study was based
on a colorimetric method that measures the amount of
lactate dehydrogenase released into the environment by
the lysed cells, based on the study of the enzymatic
reaction, which takes 30 min. The result of the conver-
sion of the tetrazolium salt is a red formazan product.
The amount of dye formed is proportional to the number
of lysed cells (whose membrane has been rendered
permeable) [31,32]. In order to collect the absorbance
data at a visible wavelength, a 96-well Filter Max F5,
Multi-Mode Microplate reader from Molecular Devices
was used.

The results demonstrate that the exposure of the
MG-63 cell line to zinc oxide powders obtained from zinc
acetate using the sol–gel, hydrothermal and polyol
methods, at a concentration of 0.5 mg/mL for 24 h, leads
to an increase in the LDH activity by decreasing the
viability percentage in the range from 21 to 46%.

The images of phase-contrast microscopy at a 20 �
magnification show a decrease in the viability of the cells
treated with the ZnO powder and a modification of the cell
morphology in respect to the untreated ones, as displayed in
Figs. 6 and 7, and this is due to the presence of the ZnO
powder tested in the immediate vicinity.

3. SEM images obtained on: (a) ZnO powders synthesized using sol–gel method; (b) ZnO powders obtained by the hydrothermal method and (c) ZnO

ders obtained by the polyol method.



Fig. 4. (Color online.) TEM images (a), inset SAED, (b) and particle size distribution (g) obtained on a ZnO powder synthesized using the sol–gel method, TEM

images (c), inset SAED (d) and particle size distribution (h) obtained on a ZnO powder synthesized using the hydrothermal method, TEM images (e), inset

SAED (f) and particle size distribution (i) obtained on a ZnO powder synthesized using the polyol method.

O.R. Vasile et al. / C. R. Chimie 18 (2015) 1335–13431340
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The results confirmed that exposure of the MG-63 cell
 to the ZnO powder obtained using the hydrothermal

thod, with a concentration of 0.5 mg/mL, for 24 h leads

to an increased LDH activity, by decreasing the viability to
21% compared with untreated cells.

Compared with zinc oxide powder obtained using the
sol–gel method, it is found that the percentage of viability
is only 5% lower; however, it appears that the toxicity of
the powder is greatly increased, the cells are largely
affected by apoptosis, and cell organelles debris is present
in the environment as a cluster.

Exposure for 24 h of the MG-63 cell line to zinc oxide
powder obtained using the polyol method, having a
concentration of 0.5 mg/mL, leads to an increased LDH
activity, by decreasing the viability to 46% compared to
untreated cells.

It is noted that in the case of cells treated with zinc
oxide obtained by the polyol method, the viability of the
cells is also reduced, indicating a reduced biocompatibility
of the powder, its cytotoxicity being higher compared to
that of cells treated with the previous materials.

A moderate toxicity of the tested ZnO powders is found
both in qualitative analysis microscopy, namely phase-
contrast and morphological changes of the treated cells.
The analysis was made by comparison the number of
viable cells when incubating with other materials of

Fig. 5. HRTEM images of ZnO powder synthesized using (a) sol–gel method, (b) hydrothermal method and (c) polyol method.

6. (Color online.) The microscopic images in phase-contrast for

osarcoma human cell culture corresponding to untreated cells.
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interest. The second one is quantitative analysis, since we
have obtained a moderate viability of the cell line that has
been subjected to testing.

The results of viability assays obtained for synthe-
sized and characterized ZnO powders are compared in
Fig. 8.

It appears that high toxicity on tumoral cells is similar
for all the ZnO powders tested. Also, it is found that this is
significantly influenced by the method of synthesis. Thus,
the highest cytotoxicity is obtained for cells incubated with
a powder synthesized by the hydrothermal method.

A possible explanation may be the presence of unreacted
precursors. By comparing all three synthesized ZnO
powders, from the viability assay it could be seen that
high toxicity is also induced by the type of the material.

From the images obtained through phase-contrast
microscopy, it was found that for a concentration of
0.5 mg/mL and a time of 24 h, viable cells are present, as
confirmed by quantitative analysis, but it is clear that
the remaining cells are also affected, as confirmed by the
sudden change in their morphology, starting from the
incubation with ZnO powders.

Fig. 7. (Color online.) Phase-contrast optical microscopy images for Human osteosarcoma cell culture treated with zinc oxide nanoparticles synthesized

using: (a) the sol–gel method; (b) the hydrothermal method, and (c) the polyol method.
Fig. 8. Viability assay obtained for the synthesized ZnO nanopowders.
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onclusion

The purpose of this study was to investigate the
otoxicity of zinc oxide nanopowders synthesized by
ee methods (sol–gel, hydrothermal and polyol) using
c acetate as a precursor.
The characterization of the obtained powders was
formed using X-ray diffraction, scanning electron
roscopy and transmission electron microscopy. The
ay diffraction spectra indicate that the hexagonal zinc
de is obtained as a single-crystal phase.
Scanning electron microscopy and transmission elec-

 microscopy showed that the obtained nanoparticles
e different shapes, depending upon the method of
thesis; therefore, there are small particles of spherical
pe in range of 10 to 12 nm, and large ones having a
yhedral shape. The hydrothermal method yielded
ticles in the form of nanostructured wafers.
The study included an evaluation of the interaction
ween nanoparticles and cell culture and a research of
 influence of nanoparticles on cell viability by using the
ate dehydrogenase method. By comparing all three
thesized ZnO powders, from the viability assay, it
ld be seen that high toxicity on tumoral cells is induced
particle size. This is due to the fact that, as stated by
rge et al. [33], ZnO toxicity is caused by the dissolution

 subsequent release of the Zn2+ ions, which are toxic,
 the aqueous culture medium. The dissolution of Zn2+

s is dependent on the size of the particles, increasing
h the size of the particles [34]. This effect is also seen in
 case, as the smallest particles obtained using the
yol method induced the lowest level of cytotoxicity,
ereas the hydrothermally obtained ZnO particles, with
er particle sizes, induced the highest level of

oxicity.
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