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Abstract Here, we have synthesized Zinc Oxide (ZnO)

nanorods at room temperature using zinc acetate and

hexamethylenetetramine as precursors followed by char-

acterization using X-ray diffraction (XRD), fourier trans-

form infra red spectroscopy, scanning electron microscopy

(SEM) and transmission electron microscopy. The growth

of the synthesized ZnO was found to be very close to its

hexagonal nature, which is confirmed by XRD. The

nanorods were grown perpendicular to the long-axis and

grew along the [001] direction, which is the nature of ZnO

growth. The morphology of the synthesized ZnO nanorods

was also confirmed by SEM. The size of the nanorod was

estimated to be around 20–25 nm in diameter and

approximately 50–60 nm in length. Our biocompatibility

studies using synthesized ZnO showed no significant dose-

or time-dependent increase in the formation of free radi-

cals, accumulation of peroxidative products, antioxidant

depletion or loss of cell viability on lung epithelial cells.

1 Introduction

Nanotechnology has extraordinary potential to change our

lives by improving existing products and enabling new

ones. Manufactured nanoparticles (NPs), whose structural

elements have dimensions in the range of 1–100 nm,

exhibit unique properties compared to the bulk material

due to small size and large surface area relative to volume

[1]. Due to their unique physical and chemical character-

istics, these nanomaterials are being investigated for use in

an increasing number of applications such as microelec-

tronics, sensors, semiconductors and cosmetics as well as

medical applications such as tissue engineering and drug

delivery vehicles [2]. At the same time, these novel prop-

erties possessed by the materials at the nanoscale can lead

to unpredictable outcomes in terms of their interactions

with biological systems. This has been confirmed by a

several studies in past few years concerning the undesirable

side effects of nanoparticles exposure [3–5].

One class of nanostructures that has received recent

attention is slender cylinders, variously referred to as

nanoposts, nanorods and nanocolumns [6, 7]. Unintended

exposure to nanomaterials may occur in occupational

workers and end product users via inhalation, dermal

absorption, or gastrointestinal tract absorption. Our previ-

ously published studies and other researchers have reported

the adverse effects of nanomaterials with various compo-

sitions and properties on human health in vitro and in vivo

settings [8–11].

Zinc oxide (ZnO) has unique properties; hence, it is used

in a number of well-established biomedical applications.

For example, ZnO nanorods grown on high electron

mobility transistors devices have been shown to be highly

sensitive for glucose detection [12], while ZnO has long

been used as a dental filling materials [13], and sunscreens

[14]. Because of the indiscriminate use of ZnO nanopar-

ticles, it is important to look at their biocompatibility with

biological system. Recently, studies on ZnO have shown

that it induces much greater cytotoxicity than non-metal
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nanoparticles on primary mouse embryo fibroblast cells

[15], and induces apoptosis in neural stem cells [16]. A

study on human aortic endothelial cells showed up-regu-

lated mRNA levels of inflammatory markers on acute

exposure of ZnO nanoparticles. Additionally, cell type-

specific results have been reported [17]. Zinc oxide was

reported to be nontoxic to cultured human dermal fibro-

blasts [18], and T-cells [19]. Whereas, it induced toxicity in

neuroblastoma cells [20], BEAS-2B cell lines [21], and

vascular endothelial cells [19], leading to the generation of

reactive oxygen species (ROS), excitation of inflammation,

and cell death.

In recent years, there has been an escalation in the

development of techniques for synthesis of nanorods and

subsequent surface functionalization. ZnO nanorods exhi-

bit characteristic electronic, optical, and catalytic proper-

ties significantly different from other nano metals. Keeping

in view, the unique properties and their extensive use of

ZnO in many fields and also contradictory results on ZnO

toxicity from both in vitro and in vivo, this study was

performed. We present here the synthesis of ZnO nanorods

at room temperature, characterization and biocompatible

evaluation on lung epithelial cell line with no formation of

free radicals, accumulation of peroxidative products, anti-

oxidant depletion and the loss of cell viability.

2 Materials and methods

2.1 Chemicals

Zinc acetate anhydrous [Zn(O2CCH3)2] and Hexamethy-

lenetetramine (C6H12N4) were purchased from Alfa Aesar

(MA, USA), DMEM, Phosphate Buffered Saline (PBS),

Fetal Bovine Serum (FBS), Hank’s Balanced Salt Solution

(HBSS), penicillin and streptomycin were obtained from

Atlanta Biologicals, Inc. (Atlanta, GA). Glutathione

(GSH), 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyl tetrazo-

lium bromide (MTT), dimethylformamide (DMF), b-actin

(Cat #A5441) and glutathione assay kit were obtained from

Sigma Chemical Co. (St. Louis, MO). 2, 7-Dichlorofluo-

rescein diacetate (DCF-DA) and Quick Apoptotic DNA

ladder kit (Cat #: SKU-KHO1021) was purchased from

Molecular Probes (Invitrogen Corporation, Carlsbad, CA).

Lipid peroxidation assay kit was purchased from Cayman

Chemicals (cat # 705002; Ann Arbor, MI). Superoxide

Dismutase Kit was purchased from Trevigen, Inc. Gai-

thersburg, MD, USA (Cat # 7500-100-K). Coomassie plus

protein assay reagent was purchased from Thermo fisher

(cat # 1856210). Superoxide dismutase (SOD)-1 (sc 11407)

antibody was obtained from Santa Cruz Biotechnology Inc.

(Santa Cruz, CA, USA).

2.2 ZnO nanorod synthesis

The ZnO nanorods were synthesized as described earlier

with a slight modification [22]. In a typical procedure, the

aqueous zinc–hexamethylenetetramine (HMT) precursor

was prepared by ultrasonicating Zn(CH3COO)2�2H2O and

HMT in 1:1 molar ratio, with the concentration of zinc ions

being 0.1 mol/l, for about 20 min. After the mixture was

mixed well, it was heated at 80�C in water bath for 90 min,

during which white precipitates were deposited at the

bottom. Next, hexamethylenetetramine was heated, where

it decomposes into aldehyde and ammonia [23], which also

produces OH- ions. Following that Zn2? was combined

with OH- to form Zn (OH)4
2- where it decomposed into

ZnO after heating. The reaction formula is illustrated:

C6H12N4 þ 6H2O! 6CH2Oþ 4NH3

NH3 þ H2O ! NHþ4 þ OH�

Znþ2 þ 4OH� ! Zn OHð Þ2�4 toZnO

The reaction mixture was incubated for 35 min on ice

cold water to terminate the reaction followed by several

washes (until the pH becomes 7.0) using deionized water

and alcohol to remove any by-product and excess

hexamethylenetetramine. Finally, the purified ZnO

nanorods were collected and dried at room temperature

for 48 h. The white precipitated ZnO were used for further

characterization. The commercially available ZnO (bulk

ZnO from Sigma cat # 96479) was used as the standard for

comparison with the prepared ZnO nanorods.

2.3 ZnO nanorods characterization

The microscopic characterization of ZnO nanorods was

performed using transmission electron microscopy (TEM,

JEM-2100, JEOL Instrument, Inc., Japan) and the scanning

electron microscopy (SEM, JEOL JSM 5610LV). Nano-

rods of ZnO were suspended in ethanol and exposed to

ultrasonic waves. For TEM method, one drop of the sus-

pension was placed on 300 mesh copper grip, which was

coated with holey carbon film followed by dehydration at

40�C. In case of SEM, the solution was dropped on a

carbon tape followed by dehydration at 50�C. The struc-

tural characterizations were performed using a ‘‘Rigaku

D-max’’ X-ray diffractometer (XRD) equipped with Cu Ka
radiation (k = 1.541 Å, 40 kV at 40 mA). The structural

and molecular composition of nanorods was evaluated by

Fourier transform infrared spectroscopy (PerkinElmer,

FT-IR system spectrum GX) absorbance spectra. Samples

were analyzed using an attenuated total reactance attach-

ment from 500 to 4,000 cm-1.
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2.4 Cell culture and treatment

Rat Lung Epithelial (LE) cells (RL 65, CRL-10354) were

purchased from American Type Culture Collection

(Manassas, VA) and cultured in DMEM with 10% FBS,

100 IU/ml of penicillin, and 100 lg/ml of streptomycin

and incubated at 37�C with 5% CO2. For all the experi-

ments, ZnO stocks (5 mg/ml) were prepared by dissolving

in phosphate buffer saline (PBS) pH 7 and Single wall

carbon nanotubes (SWCNT-1 lg/ml) was used as positive

control. For control experiments, cells were treated with an

equivalent volume of PBS.

2.5 Oxidative stress assay

The generation of ROS was measured using real time assay

as described earlier [24]. The level of intracellular ROS

was measured by the alteration of fluorescence resulting

from oxidation of DCFH-DA. Briefly, LE cells

(1 9 105 cells/well) were seeded in a 96-well plate and

grown overnight at 37�C in a humidified chamber with 5%

CO2. The cells were then incubated with 10 lM of H2DCF-

DA with HBSS and incubated at 37�C for 3 h. Following

incubation, cells were washed with PBS and treated with

various concentrations of ZnO nanorods. At different time

intervals, the intensity of fluorescence was measured at

excitation and emission wavelengths of 485/527 nm,

respectively, and the values were expressed as fluorescence

units.

2.6 Cytotoxicity assays

The assay for cytotoxicity was performed using MTT, a

tetrazole dye, as described earlier with slight modification

[9]. Equal numbers of LE cells (2,000 cells/well) were

seeded in a 96-well plate and grown overnight at 37�C in a

humidified chamber with 5% CO2. Briefly, following

overnight growth, the cells were treated with different

concentrations of ZnO nanorods and incubated for 48 h at

37�C. Thereafter, the cells were washed with PBS and

MTT was added to a final concentration of 125 lg/ml and

incubated for another 3 h at 37�C. The formazan formed

inside the cells were extracted using acidic methanol and

the absorbance was measured at 570 nm.

To reconfirm the cell viability results, a live-dead cell

assay was performed essentially as described earlier [9].

Briefly, following treatment with 10 and 20 lg/ml of ZnO

nanorods, approximately 105 cells were stained with Live/

Dead reagent (5 lM ethidium homodimer, 5 lM calcein-

AM, Molecular Probes, Eugene, OR) and incubated at 37�C

for 30 min. The stained cells were analyzed under fluores-

cent microscope and photographed (Zeiss, Germany).

2.7 Lipid peroxidation assay

Lipid peroxidation level was measured using a kit from

Cayman Chemicals as described earlier [10]. Equal num-

bers of LE cells (4 9 105 cells/well) were seeded in a

6-well plate and grown overnight at 37�C in a humidified

chamber with 5% CO2. Following incubation, cells were

washed with PBS and treated with 10 and 20 lg/ml of ZnO

nanorods and incubated for 24 h at 37�C. The cells were

then centrifuged and proteins were estimated using coo-

massie plus protein assay reagent. Fifty micrograms of cell

lysate was mixed with equal volume of pre-chilled meth-

anol-chloroform mixture and centrifuged at 1,5009g for

10 min. The hydroperoxides present in the supernatant

were collected and used for the estimation of LPO indicator

malondialdehyde (MDA). Finally, freshly prepared chro-

mogen was added and absorbance was measured at

500 nm.

2.8 Glutathione (GSH) assay

The concentration of intra cellular GSH was measured as

described earlier [11]. In brief, equal numbers of LE cells

(4 9 105 cells/well) were seeded in a 6-well plate and

grown overnight at 37�C in a humidified chamber with 5%

CO2
. The cells were then treated with 10 and 20 lg/ml of

ZnO nanorods and incubated for 24 h at 37�C. Then, the

cells were scraped and homogenized using PBS. Fifty

microgram of protein was deproteinized using 5% 5-sul-

fosalicylic acid dihydrate solution and sodium carbonate

(400 mM) followed by 1:8 dilutions with phosphate–

EDTA buffer and incubated for 10 min at room tempera-

ture. The supernatant was then treated with 5, 5-di-thiobis

(2-nitrobenzoic acid; DTNB) and incubated again at room

temperature for 10 mins. The GSH activity was measured

at 415 nm absorbance.

2.9 Superoxide dismutase assay

The concentration of intracellular total SOD was measured

as described earlier [25]. Briefly, equal numbers of LE cells

(4 9 105 cells/well) were seeded in 6-well plates and

grown overnight at 37�C in a humidified chamber with 5%

CO2
. The cells were then treated with 10 and 20 lg/ml of

ZnO nanorods and incubated for 24 h at 37�C. Fifty

microgram of protein extracts were used to assay total SOD

activities using the manufacturer’s protocol. Briefly, SOD

reaction buffer was mixed with xanthine solution followed

by NBT solution and then the sample proteins were added

and the absorbance set to zero at 550 nm. Finally, XOD

solution was added to each sample and readings were taken

at 550 nm every 30 s for a period of 5 min. The total SOD

J Mater Sci: Mater Med (2011) 22:2301–2309 2303

123



activity was measured according to the manufacturer’s

instruction.

2.10 Western blot analysis

Whole cell extracts were prepared from different time

points of 15 lg/ml ZnO nanorods treated LE cells. Fifty

microgram of proteins was separated using 10% SDS-

PAGE and electro transferred to polyvinylidene difluoride

membrane. Immunoblotting was performed by blocking

overnight with 5% nonfat milk in PBS-0.1% NP40, probed

with appropriate primary antibody followed by secondary

antibody conjugated with horse radish peroxidase and

developed using chemiluminescence reagent (GE Health-

care, Buckinghamshire, UK).

2.11 DNA fragmentation assay

DNA ladder analysis was performed as described earlier

[26]. Genomic DNA was isolated from control and LE cells

treated with 10 and 20 lg/ml of ZnO nanorods for 24 h

using Quick Apoptotic DNA ladder kit. Briefly, treated and

control LE cells were homogenized in TE buffer followed

by mixing with buffered Tris-NaCl solution and incubated

at 37�C for 10 min. Lysis buffer was added to the enzyme

A mix and incubated for 30 min at 50�C water bath. To

this, 1/10th volume of ammonium acetate and 2.5-fold cold

ethanol were added and precipitated at -20�C for 15 min

followed by centrifugation to get the DNA pellet. The

pellet was washed with 70% cold ethanol and centrifuged

again. Finally, the DNA was air-dried and resuspended in

DNA suspension buffer and analyzed on 1.2% agarose gel.

2.12 Statistical analysis

For significant changes, data were analyzed by student’s

t test. A P value less than 0.05 was considered statistically

significant.

3 Results

3.1 Characterization of ZnO nanorods

A typical powder XRD pattern of the synthesized ZnO

nanorods is shown in Fig. 1. All of the peaks could be

indexed to hexagonal Wurtzite-structured ZnO and close to

the reported date (Joint Committee on Powder Diffraction

Standards, Powder Diffraction File No. 36-1451; space

group: P63mc (186); a = 0.3249 nm, c = 0.5206 nm).

Figure 2a, b shows a representative SEM morphology of

the ZnO nanorods synthesized by the typical procedure. It

can be seen that most of the ZnO nanorods have an average

diameter range around 20–25 nm and a length of

50–60 nm, which shows the uniformity of the products.

The morphology of ZnO from the individual crystalline

nucleus was further confirmed by TEM image as shown in

Fig. 2c, d. Figure 3 shows the Fourier transform infra red

(FTIR) spectrum of synthesized ZnO nanorods with

hexamethylenetetramine at room temperature. The char-

acteristic absorbance was collected in the IR range from

4,000 to 400 cm-1. A peak at *418 cm-1 is the stretching

vibration of the Zn–O bond in ZnO particles. The peaks at

2,857 cm-1 are assigned to the vibration of the C–H bond

of the precursor.

3.2 Effect of ZnO on oxidative stress induction

Here, we examined the alteration of oxidative stress in LE

cells. The cells were treated with different concentration

(0.5, 1.0, 2.0, 2.5, 5.0, 10, and 20 lg/ml) of ZnO nanorods

for 3 h and no significant induction of ROS was observed

at concentration as high as 20 lg/ml as compared with the

control (Fig. 4a). The time kinetics were also performed to

check the formation of ROS and showed that ZnO nano-

rods induce no oxidative stress in a time- and dose-

dependent manner in LE cells (Fig. 4b). No significant

increase in ROS level was found even after 120 min. Next,

we investigated the level of lipid peroxidation in ZnO

nanorod exposed LE cells; another possible player for

oxidative stress induction. As shown in Fig. 5, we observed

no increase in lipid peroxidation level with 10 and 20 lg of

ZnO nanorods, respectively as compared to control.

3.3 Inhibition of antioxidant levels in ZnO exposed

cells

To evaluate the effect of ZnO nanorods on antioxidant,

GSH level was checked on ZnO nanorod exposed LE cells

(Fig. 6a). At 24 h, we observed no dose dependent deple-

tion of GSH level as compared to control cells. In addition,

Fig. 1 X-ray diffraction patterns of ZnO nanorods
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we also observed no alteration of superoxide dismutase

(SOD) levels in these cells as showed in Fig. 6b. Our

immunoblot analysis from 15 lg ZnO exposed cells

showed no change in the level of SOD-1 proteins even after

24 h (Fig. 6c).

3.4 ZnO effect on cell viability

Since, we observed no induction of oxidative stress and

reduction of antioxidant levels in ZnO nanorod exposed LE

cells, further we confirmed the biocompatibility of ZnO

nanorods with LE cells using cell viability assay. MTT

assay showed no concentration and time dependent cyto-

toxicity effect on ZnO exposed LE cells (Fig. 7a). To

reconfirm the biocompatibility effect, live dead cell assay

was performed. Fig. 7b shows there is no time dependent

inhibition of cell viability in cells treated with 10 or 20 lg

of ZnO nanorods as compared to control cells.

3.5 ZnO effect on DNA fragmentation

The DNA fragmentation is a key feature of programmed

cell death and the process is characterized by the activation

of endogenous endonucleases with subsequent cleavage of

chromatin DNA into inter nucleosomal fragments of 180

base pairs and multiples thereof. Here we observed no

fragmentation of DNA in cells treated with ZnO nanorods

(Fig 8).

4 Discussion

Research on the biocompatibility of nano-sized structures

requires appropriate characterizations of the material and

their basic physiochemical information. Here, we report the

synthesis of ZnO nanorods at room temperature using zinc

acetate and hexamethylenetetramine as the precursors. The

crystal structure of ZnO nanorod was measured with XRD.

As seen in Fig. 1, the strongest detected (h k l) peaks are at

2h� values of 31.7�, 34.4�, 36.2�, 47.5� and 56.6� corre-

sponding to the following lattice planes: (1 0 0) (0 0 2) (1 0

1) (1 0 2), and (1 1 0), respectively. No characteristic peaks

of impurity phases such as Zn or Zn(OH)2 were observed in

our synthesis. Also, no diffraction peaks except ZnO were

found. The XRD pattern indicate a (0 0 2)-preferred ori-

entation, which suggests that the rods are quasi-aligned

with the optical c-axis which is oriented perpendicularly to

the substrate surface. The morphology and size of the ZnO

nanorods were characterized by SEM and TEM. The SEM

Fig. 2 Scanning Electron Micrograph of ZnO nanorods (a, b). Transmission Electron Micrograph of ZnO nanorods (c, d)

Fig. 3 FT-IR spectra of ZnO nanorods
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micrograph clearly shows that the nanorod was grown

perpendicular to the long-axis of the matrix rod and grew

along the [001] direction, which is the nature of ZnO

growth, Fig. 2a, b). We have examined the TEM micro-

graphs of samples prepared by the methods. As seen in

Fig. 2c, d, most of the rods have a diameter of about

20–25 nm and a length of about 50–60 nm, which shows

that products are uniform. The nanorod pointed by white

arrow in Fig. 2a shows the general uniform hexagonal

prismatic growth morphology of ZnO nanorods. The end

surfaces should be {0 0 1} facets, which implies that [0 0 1]

might be the growth direction. A similar morphology of

ZnO was previously observed by [22].

When an infrared beam crosses a particle, the trans-

mitted beam contains information not only on the inter-

atomic bonds constituting the bulk, but also on the chem-

ical groups at the particle surface. Though the latter are a

minority by far, when the size of the particle is sufficiently

decreased down to the nanometer scale, the concentration

of the surface groups relative to that of the bulk interatomic

bonds significantly increases and the contribution of these

surface groups to the overall infrared absorption becomes

no longer negligible [27]. The FTIR spectra of the syn-

thesized ZnO nanorods with hexamethylenetetramine at

room temperature were collected in the IR range from

4,000 to 400 cm-1 (Fig. 3). A broad absorption band at

3423 cm-1 in the IR spectra of ZnO particles can be seen,

and these are attributed to the hydroxyl groups. Because

the samples were immersed in the water during the growth

of ZnO nanorods, the oxygen adsorbed to the surface

would rather become O–H.

When investigating the biocompatibility of nanoparti-

cles their size and shape are usually considered. Generally,

the biological activity of particles increases as the particle

size decreases. Smaller particles occupy less volume,

resulting in a larger number of particles with a greater

surface area per unit mass and increased potential for

biological interaction [28]. Previous studies have demon-

strated that particle size had no effect on toxicity of ZnO

particles. Lin et al. found that the toxicity of 70 nm ZnO

particles was similar to 420 nm ZnO particles [29]. Deng

et al. showed 10, 30, 60 and 200 nm ZnO particles had

similar toxicity to mouse NSC (C17.2) [16]. Yuan et al.

also found 20, 30 and 40 nm ZnO particles had compara-

tive toxicity in human embryonic lung fibroblasts (HELF)

cells [30]. However, Nair et al. revealed that the toxicity of

40, 150 and 350 nm ZnO nanoparticles had a little differ-

ence in osteoblast cancer cells [31]. Thus; we inferred there

may be a critical size, which could cause toxic effect to the

living cells. Further studies are needed to prove this

inference.

At present, there are few reports about the impact of

ZnO particle shape on toxicity. One study has shown that

Fig. 4 Effect of ZnO nanorods on oxidative stress. Equal numbers of

1 9 105 LE cells/well were grown for 18 h. a The grown cells were

incubated with 10 lM of DCF for 3 h, and then treated with different

concentration of ZnO nanorods. Fluorescence was measured at

excitation and emission wavelengths of 485 and 527 nm, respectively,

at the end of 3 h. b Time kinetics of ROS formation by ZnO

nanorods. Overnight grown LE cells were treated with 2.5, 5, and

10 lg/ml of ZnO nanorods. Fluorescence was measured at excitation

and emission wavelengths of 485 and 527 nm, respectively, at

different time points. The values are expressed as DCF fluorescence

units, mean ± SD of eight wells and the figure is a representative of

three experiments performed independently

Fig. 5 Effect of ZnO nanorods on lipid peroxidation: 4 9 105 LE

cells were grown for 24 h. Cells were then treated with 10 and

20 lg/ml of ZnO nanorods and allowed to grow for 24 h at 37�C.

Lipid peroxidation levels were measured from chloroform–methanol

extracts. The results represent the mean SD of three independent

experiments
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10–30 nm ZnO particles were spherical and 30 nm,

100 nm, and fine-ZnO particles were rod shaped. The

10–30 nm spherical ZnO particles were slightly more toxic

than the three rod-like ZnO particles [32]. Thus, particle

shape may affect its toxicity. Yang et al. inferred that the

genotoxicity of different nanoparticles may primarily be

Fig. 6 Effect of ZnO nanorods on antioxidant levels (a, b). Equal

numbers of 4 9 105 LE cells/well were grown for 24 h and treated

with 10 and 20 lg/ml of ZnO nanorods and allowed to grow for

additional 24 h. Total glutathione level was measured at 412 nm and

the values were expressed in nanomoles and the superoxide dismutase

activity was measured at 550 nm. Values are mean ± SD of three

experiments performed independently. c Western blot showing SOD

1 protein in ZnO exposed LE cells. Cells were exposed to 15 lg of

ZnO nanorods for various time points as indicated and proteins were

resolved on SDS-PAGE and assayed for SOD1 using specific

antibodies. The blots were stripped off and re probed with b-actin

antibody for loading control

Fig. 7 Effect of ZnO nanorods

on cell viability. LE cells

(2,000/well in a 96-well plate)

were grown for 12 h and treated

with different concentration of

ZnO nanorods and incubated for

48 h. a Cell viability was

assayed by MTT dye uptake.

The mean absorbance at 570 nm

is represented as cell viability

percentage of the control and is

mean ± SD of eight wells. b LE

cells were treated with 10 and

20 lg/ml of ZnO nanorods for

48 h. The percentage of live

cells is indicated below
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due to particle shape [15]. However in the study of Deng

et al., the toxicity of 10 nm spherical ZnO particles was

similar to 30 nm, 60 nm and 200 nm rod-like ZnO parti-

cles [16]. Therefore, the impact of particle size on the

toxicity of ZnO nanoparticles needs further research.

It has been considered that dissolved zinc ions could

play an important role in cytotoxicity [32]. ZnO is slightly

soluble, and can release zinc ions into the solution. In order

to study the effect of ZnO nanorods on LE cells, we

measured intracellular ROS after exposure to ZnO nano-

rods. Increased level of oxidative damage causes a net

stress on the normal body functions, leading to a gradual

loss of vital physiological functions. ROS are the byprod-

uct of normal cellular oxidative processes which has been

suggested to regulate the process involved in initiation of

apoptotic signaling [33]. Here, the time kinetics showed no

significant increase in the intracellular ROS levels after

exposure to ZnO nanorods which is in agreement with the

cell viability and lipid peroxidation results. As shown in

Fig. 5, we observed no increase in lipid peroxidation level

with 10 lg/ml of ZnO nanorods as compared to the control.

We observed no significant level of cell death even at the

concentration of 10 lg ZnO nanorods after 48 h which was

also confirmed by live dead cell assay (Fig. 7b). The pos-

sible reason for this condition could be that there is not

enough free dissolved Zn2? ions available to cause cyto-

toxicity. This result demonstrates that LE is biocompatible

with synthesized ZnO nanorods which are supported by

other findings. In contrast, previous studies have shown

cytotoxicity of ZnO nanorods on mesothelioma MSTO-

211H and HELF cells respectively [30, 34]. Also, 5 mM of

ZnO nanoparticles are shown to be less toxic to human T

cells [19]. Previous studies from our laboratory using sin-

gle and multiwalled carbon nanotubes on cells such as lung

epithelial, H1299, A549 and HaCaT cells showed the

inhibition of cell viability suggesting their cytotoxic effects

even at low concentration 5 lg/ml [9–11, 35].

ROS are known to react with DNA molecules causing

damage to both purine and pyrimidine bases as well as the

DNA backbone. Another important outcome of ROS pro-

duction is lipid peroxidation which generates a variety of

products reactive towards cellular macromolecules

including DNA. Here, our results also show no significant

induction of DNA fragmentation in ZnO exposed cells

(Fig. 8). But previously, study conducted by Dufour et al.

(2006) who have shown a concentration related increase in

chromosome aberrations on ZnO NPs exposure (\100 nm)

in CHO cells although at a very high concentration

(C105 lg/ml) [36].

Collectively, we have synthesized ZnO nanorods by

mixing zinc acetate and hexamethylenetetramine and

characterized using XRD; SEM, high resolution TEM, and

FTIR spectroscopy. XRD measurements indicate that the

synthesized nanorods are in the hexagonal wurtzite struc-

ture with high crystallinity and preferred growth direction

of the c-axis. Our biocompatibility study supports the view

that ZnO nanorods do not induce the formation of free

radicals, the accumulation of peroxidative products, anti-

oxidant depletion, the loss of cell viability and DNA

fragmentation in LE cells. In summary, we report here the

successful preparation of ZnO nanorods, characterization

and biocompatibility studies on LE cells and conclude that

ZnO nanorods could be a safe nanomaterial for biological

applications.
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