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ZnO nanorods produced sonochemically prevented microbial growth, biofilm formation and were non-
toxic to mammalian cells.
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In this study, we present a simple, fast and cost-effective sonochemical growth method for the synthesis
of zinc oxide (ZnO) nanorods. ZnO nanorods were grown on glass substrates at room temperature without
the addition of surfactants. The successful coating of substrates with ZnO nanorods were demonstrated by
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and
energy dispersive X-ray spectroscopy (EDS). Antimicrobial properties of ZnO nanorods against the
planktonic Bacillus subtilis and Escherichia coli and their respective biofilms were investigated. The
cytotoxicity of ZnO nanorods were evaluated using the NIH 3T3 mammalian fibroblast cell line.
Moreover, to understand the possible mechanisms of ZnO nanorod toxicity, glutathione oxidation,
superoxide production, and release of Zn®* ions by the ZnO nanorods were determined, and the
LIVE/DEAD assay was employed to investigate cell membrane damage. The results showed that
sonochemically grown ZnO nanorods exhibited significant antimicrobial effects to both bacteria and
prevented biofilm formation. ZnO nanorods did not present any significant toxicity to fibroblast cells. The
main anti-microbial mechanisms of ZnO nanorods were determined to be H,O, production and cell
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membrane disruption.
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1. Introduction

Materials at the nanometer scale in the size range of 1-100 nm
possess extraordinary physical, chemical and biological
properties that are far different from those in the bulk form. These
properties give nanomaterials a great potential to revolutionize
the fields of electronics, materials science and medicine. Since
the size of the nanomaterials and biomolecules differ by only one
order of magnitude, they are able to interact with each other in
complex biological systems. This unique property of
nanomaterials opens a new window for novel biomedical
applications including prevention, diagnosis and treatment of
many diseases.'

In the past few years, ZnO nanomaterials have been attracting
a significant amount of attention due to its wide band gap (3.37
eV), large exciton binding energy (60 meV), transparency and
high luminescence at room temperature that allow application in
different engineering, medical, and materials science fields. For
instance, the possibility of growing ZnO nanostructures on
surfaces has been showing great potential for applications in the
optoelectronic and biomedical industry, such as photo detectors
and drug delivery for cancer cell therapy.>® Moreover, the high-
sensing capability and high electron mobility of ZnO

nanostructures have been widely explored for various

45 applications, such as biosensors for intracellular measurements as
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well as gas, pH and temperature sensors.*”

Recent studies have shown that ZnO is known to exhibit
antimicrobial properties toward both Gram-negative and Gram-
positive bacteria, as well as bacterial spores, which are resistant
to high temperatures and pressures.*'® Due to its antimicrobial
properties, ZnO nanoparticles have great potential for use in the
manufacture of anti-microbial cotton fabrics and food packaging,
as well as medical devices to prevent antimicrobial infection.'! 2
For example, a recent study reported that the use of ZnO
nanorods on paper prevented its deterioration and suggested that
these nanomaterials could be used to produce facemasks, tissues,
wallpapers and writing papers with antimicrobial properties."
This study, yet of great relevance, has not, however, used a
systematic investigation to understand the anti-microbial
mechanisms of ZnO nanorods on surfaces and their potential
human toxicity for application in medical devices.

Other studies involving ZnO nanorods synthesis demonstrated
that it was possible to synthesize well-aligned, single crystalline
0-D and 1-D nanostructures of ZnO with different morphologies
and diameters for different applications. These studies used
various techniques including both top-down approaches by wet
etching and bottom-up such as chemical vapor deposition (CVD),
vapor liquid solid (VLS), metal-organic chemical vapor
deposition (MOCVD), pulse laser deposition (PLD) and
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hydrothermal techniques.'*'® More recently, the sonochemical
growth method of metal oxides, such as ZnO nanostructures, has
received a lot of interest from different researchers because it has
been shown to be a suitable technique to coat any substrate that is
stable in alcohol or in aqueous solutions at room temperature.
Furthermore, sonochemistry has been showing to be the most
suitable method for substrates that are not resistant to high
temperatures.zo’ 2

In this study, ZnO nanorods were grown by a cost-efficient
sonochemical growth method at room temperature using zinc
nitrate tetrahydrate and hexamethylenetetramine (HMT). The
successful synthesis and coating of glass surfaces with ZnO
nanorods were determined by structural, elemental and surface
morphological analyzes. Additionally, the anti-microbial property
of these coatings against bacteria was also probed to determine
whether this new method produces anti-microbial coatings. The
mechanisms of anti-microbial properties of the nanorods were
investigated using the Ellman’s, XTT (2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide), the Zn*
release from the ZnO nanorods and LIVE/DEAD assays. The
safety of the nanomaterial was also determined using NIH 3T3
mammalian fibroblast cells.

2. Experimental
2.1. Preparation and characterization of the ZnO nanorods

The ZnO nanorods were grown on glass substrates by
employing a sonochemical growth method. The glass substrates
were first cleaned using a solution of isopropyl alcohol, acetone
and distilled water, respectively, in an ultrasonic bath for 20
minutes, then dried using nitrogen gas. Before the growth of ZnO
30 nanorods, a seed layer of ZnO nanoparticles was deposited on the
glass substrates to serve as nucleation sites and to guide the
orientation and morphology of the ZnO nanorods.?? Deposition of
the seed layer was performed using zinc acetate dehydrate
(C4H¢Zn-2H,0). A solution of 0.005 M zinc acetate dihydrate in
isopropyl alcohol was prepared at room temperature. Clean glass
substrate was then immersed into the solution and sonicated for
30 min at 50% of the maximum amplitude of the 400 W
ultrasonic probe working at 24 kHz. After deposition of the seed
layer, the ZnO nanorods were grown using an aqueous solution of
0.04 M zinc nitrate tetrahydrate (Zn(NO;),"4H,0) and 0.04 M
hexamethylenetetramine ((CH,)¢N4). Equal volumes of the
solutions were mixed with a magnetic stirrer at 750 rpm for 5
min. The substrate was then immersed in the solution and
sonicated for 60 min at 400W amplitude with a 24 kHz ultrasonic
probe. Fig. 1 shows the steps involved in the sonochemical
synthesis of ZnO nanorods.

The Raman scattering characterization was performed by a
confocal Raman spectroscopy with an excitation wavelength of
488 nm (2.54 eV) at room temperature. The chemical
composition of ZnO nanorods was determined using an energy
dispersive X-ray spectroscopy (EDS) module attached to the
scanning electron microscope (SEM) (FEI Quanta 250 FEG). X-
ray photoelectron spectroscopy (XPS) characterization was
performed using PHI 5700, which was equipped with an
electronic supplementary material for chemical communication
with the monochromatic Al KaX-ray source (hv = 1.4867 keV)
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incident at 90° relative to the axis of a hemispherical energy
analyzer.
Suspensions of sonochemically grown ZnO nanorods were

60 also prepared. For this aim, the same ZnO nanorods synthesis

protocol was followed, but no seed layer step was included. After
getting the suspension of ZnO nanorods, a lyophilisation step was
employed at -80°C to obtain powder nanorods. For all
experiments with the ZnO nanorods in solution, the powder ZnO

¢s nanorods were weighed, suspended in water, and homogenously

dispersed using a tip sonicator for 15 min prior to use. These ZnO
nanorod solutions were used in the glutathione oxidation and
XTT reduction assays (see SI ).

D)) D

Zinc Nitrate + HMT + DI Water + Sonication

\ \

Zn0 Seed Layer

ZnO Nanorods

(a) (b)

70 Fig. 1 Flow chart of sonochemical synthesis of a) ZnO seed layer b) ZnO

nanorods on the glass slides.
2.2. Microorganisms and growth conditions

E. coli MG 1655 and B. subtilis 102 were used for the
antimicrobial investigations. Both microorganisms were grown in
tryptic soy broth (TSB) (Oxoid) at 37°C under 150 rpm shaking
for 16 h prior to each experiment. After cultivation, cells were
harvested by centrifugation at 10,000 rpm for 10 min, and washed
trice with phosphate buffered saline solution (PBS, 0.01M,
pH=7.4) (Fisher Scientific) to eliminate the culture media
components. Cells were resuspended in PBS to an optical density
(OD) of 0.5 at 600 nm, which corresponds to 107 colony forming
units per millilitre (CFU/mL).**

2.3. Toxicity of ZnO nanorods to bacterial cells

Pieces of glass slides (1 cm x 1 cm) with sonochemically
grown ZnO nanorods were used in all toxicity assays. Bare slides
of similar sizes were used as negative controls in all experiments,
unless indicated otherwise. All experiments were performed in
triplicate. In order to understand the effect of time on the anti-
microbial properties of the coated surfaces, cells were exposed to
nanorods for 2 hand 5 h.

2.3.1. Short term exposure asssays

Aliquots of 2 mL of bacterial suspension at 0.5 ODgqg 5 in PBS
were incubated at 37°C for 2 h and 5 h without shaking with a
piece of glass coated or not with ZnO nanorods. After 2h and 5 h
exposure times, the glass pieces were removed using sterile
tweezers and their uncoated sides were carefully cleaned to
prevent contamination by bacteria that were not exposed to
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nanomaterials. The control slides also had one of their sides
cleaned prior to analyses. The glass pieces were then placed in a
sterile Petri dish for washing with 1 mL of sterile PBS solution in
a Petri dish. For washing, a bath sonicator was used for 1 min.
The effective cell removal by the slide wash procedure was
determined by microscopy. The washing solution was diluted
serially in PBS (10'7, 10,107, 10*, and 107). The dilutions were
plated in tryptic soy agar (TSA) plates and incubated overnight at
37°C. The live bacteria after exposure to the nanomaterial was
quantified as CFU mL"' in each plate®* The assays were
performed in triplicates in three different days to ensure
reproducibility of the results. The results of the experiments were
averaged out and their respective standard deviations were
calculated. The percent toxicity was expressed as the percent of
the ratio of the dead cells exposed to the ZnO nanorods to the
control cells as described by Mejias et al.”

2.3.2. Long term exposure

A 12-well plate containing glass pieces with or without ZnO
nanorods was inoculated with 10% cell solutions in 4 mL of TSB.
The well-plates were incubated at 37°C without shaking for 48 h
and at the end of the incubation period, the glass pieces were
removed with sterile tweezers. The biofilms on the surfaces were
fixed, stained, and analyzed with SEM as previously described.”

2.4. Cytotoxicity of ZnO nanorods to mammalian cells

Suspensions of sonochemically grown ZnO nanorods with
concentrations between 0.1 to 40 ppm were investigated for their
cytotoxicity against the NIH 3T3 mammalian fibroblast cell line
using the CellTiter 96® AQ,¢0us One Solution Cell Proliferation
Assay (Promega). The fibroblast cells were obtained from MD
Anderson Cancer Center, Houston, Texas. All incubations with
fibroblasts were completed at 37°C in a 5% CO, humidified
incubator (NuAire), unless indicated otherwise. All assays were
performed in triplicates and repeated at least three times.

NIH 3T3 cells (cells of passages 2 and 9) were grown for 48 h
35 in Dulbecco’s Modified Eagle’'s Medium (DMEM) (Catalog
#D6546, Sigma Aldrich) with additional L-glutamine and fetal
bovine serum to a final 10% concentration. Next, the spent
medium was aspirated, and 4 mL of TrypLE was added and
incubated for 10 min. Afterwards, centrifugation was achieved at
300 g for 2 min and the cell solution was prepared by suspending
the cells in fresh DMEM and quantifying with a hemocytometer
to have a cellular density of 3x10* cells per 100 uL. A sterile 96-
well plate (Falcon) was prepared by placing 100 uL of cell
solution into each well and incubating the plate for 24 h to
achieve optimum cell growth. After 24 h, the spent medium was
aspirated from each well, and all wells were gently rinsed three
times with sterile PBS. The wells were then, ready for the
cytotoxicity assay, and 100 pL of fresh media and 100 uL of ZnO
nanorods solution were added to each well. In order to confirm
the specific chemical interference of ZnO nanorods solution, a
control was prepared as follows; 100 pL of nanorods solution and
100 pL of media were mixed in wells with no cells. To eliminate
the background effect of the assay, the absorbance of this control
was subtracted from the absorbance of the samples. Furthermore,
PBS with no ZnO nanorod solution in the wells containing
fibroblast cells was used as negative control, while the positive
control was PBS containing 0.02% of benzalkonium chloride
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(BAC). The 96-well plate was gently mixed once and incubated
for 12 h. After incubation, the growth medium was aspirated from

« the wells, and the wells were rinsed with PBS three times. Next,

the detection reagent of the assay, MTS [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium], and fresh DMEM were added to all wells (with and
without cells) with a ratio of 1:5, respectively, and the plate was
incubated for another 3 h. The quantity of formazan product
formed, as measured by the absorbance at 490 nm, is directly
proportional to the number of living cells in culture; hence the
absorbance at 490 nm was recorded using a microplate reader
(FLUOstar Omega, BMG Labtech). The results were expressed in
terms of percentage of the living cells compared to the negative
control and the calculation was done as follows:

Cell Vlablhty (%) = [ (Asample - Abackground) / (Anegative control —
Abackground) ] x 100

2.5. Toxicity mechanisms
2.5.1. GSH oxidation assay

The production of reactive oxygen species (ROS) are known to
cause oxidative stress in cells and have been reported in previous
studies to explain the possible mechanisms of toxicity of diverse
nanomaterials.”® Oxidation of glutathione  (y-L-glutamyl-L-
cysteinyl-glycine, GSH), a thiol containing polypeptide present in
prokaryotic and eukaryotic cells and known to protect the cells
from stress caused by ROS, is commonly used as an indirect
method to quantify the ROS production in aqueous solutions with
the presence of nanomaterials.”’ The ROS production due to the
sonochemically grown ZnO nanorods on glass substrates was
investigated according to the Ellman’s assay.”® ZnO nanorod
solutions with different concentrations (1-200 ppm) were
incubated with the GSH solution in a bicarbonate buffer using a
12-well plate. The plate was incubated at room temperature for 2
h in the dark to prevent any photochemical reaction. After 2 h, the
Ellman’s reagent [5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB)]
was added into each well to react with the GSH. The resultant
yellow solutions were filtered using 0.22 pum syringe filters
(VWR) to remove any particles from the solutions. A volume of
200 pL of the solution was placed in a 96-well plate to read the
absorbance at 412 nm with the Synergy MIX Microtiter plate
reader (BioTek, USA). The negative control did not contain any
ZnO nanorods, whereas the positive control contained 30% of
H,O0, for the GSH oxidation. The results were expressed in terms
of percentage of the GSH loss and the calculation was done as
follows:

GSH loss (%) = [ (Anegative control — Asample ) / Anegative control ] x 100

2.5.2. LIVE/DEAD assay

To understand the toxicity mechanism of sonochemically
grown ZnO nanorods and to see the cell membrane disruption,
LIVE/DEAD Baclight bacterial viability kit (Invitrogen) was
used to stain the cells on the glass slides containing ZnO
nanorods as described earlier.”® The kit has two nucleic acid dyes:
SYTO9 and propidium iodide (PI). SYTO9 stains all cells on the
glass slide in green, while PI stains only dead cells in red when
there is cell membrane disruption. The fluorescent images were
taken using BX 51 Olympus Fluorescent Microscope equipped
with a DP72 digital camera under 100X objective and a

This journal is © The Royal Society of Chemistry [year]
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fluorescinisothiocyanate (FITC) filter.

3. Results and discussion

Homogeneous surface coatings with ZnO nanorods were
successfully synthesized by ultrasonic irradiation of zinc nitrate
tetrahydrate and hexamethylenetetramine (HMT). Surface
morphology characterization revealed the formation of well
coated surfaces with rod-like structures. Elemental analysis also
confirmed that the structures were made purely of Zn and O.

3.1. Raman spectroscopy results

The micro-crystalline structures of the sonochemically grown
ZnO nanorods were investigated by Raman spectroscopy. ZnO
has a hexagonal (wurtzite) crystal structure, which belongs to the
C'6, point group symmetry with two formula units per primitive
cell. 4; + 2E, + E; are the Raman active optical phonon modes
predicted by the group theory, among which 4; and E; are the
polar phonons, which can split into transverse optical (TO) and
longitudinal optical (LO) modes. E, is the non-polar mode, which
is composed of two modes frequency E,™&" associated with the
vibration of oxygen atoms and E,'™ is associated with the
vibration of Zn sub-lattice.” *°

Fig. 2 shows the representative Raman spectra of ZnO
nanorods grown on glass substrate using the excitation energy of
488 nm (2.54 eV). The Raman spectrum of ZnO nanorods
exhibited six prominent peaks at 210, 446, 495, 654, 1350, and
1450 cm™ in addition to the glass substrate related peaks. The
Raman spectrum of ZnO nanorods was quite different than that of
the bulk material due to multiphonon modes that occurs in
nanorods and nanotubes. The modes at 210, 446, and 654 cm !
are assigned to the second order acoustic mode (2TA), E,0ieh)
and the acoustic overtone, respectively, and are in agreement with
previously reported values.’' The E,"" mode exhibited a
symmetric prominent Lorentzian line shape; thus, it is a good
indication of good local ordering (or microscopic crystallinity) of
ZnO layers. The mode observed at 495 cm™' is assigned to be a
A,(LO) peak position, but the peak position was shifted to lower
frequencies (red shifting) from that of the bulk ZnO value due to
oxygen deficiency and/or increase in the lateral grain size of the
structures.

ZnO/Glass
}\, =488 nm
E:(high)

> 210cm’
> 495 cm’
> 654 cm’

1450 cm’

T T . ¢ —" i e 2 e =

> 1350 cm'

>

S . e =

‘l“ 7nO/Glass|
‘\-J
L~ A Glass

200

S
‘.

Raman Intensity (arb. u)

400 600

Raman Shift (cm™)

800 1000 1200 1400 1600

40 Fig. 2 Raman spectrum of sonochemically grown ZnO nanorods on glass

substrate.
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3.2. XPS results

The XPS measurements were performed to investigate the
long-range ordering of the sonochemically grown ZnO
nanostructures. The XPS survey spectrum exhibited well-
resolved Zn and O elemental lines, which demonstrated
successful synthesis of ZnO nanostructures. The inset of the Fig.
3 shows detailed analysis of the Zn 2ps, photoelectron spectrum.
The deconvolution of the Zn 2p;, photoelectron spectrum
revealed three Zn peaks centered at 1021.6, 1022.7, and 1023.7
eV with full-width half maximum of (FWHM) 1.8, 1.28, and 0.77
eV, respectively. The main peak, centered at 1021.6 eV with peak
width 1.8 eV, is in agreement with the literature value obtained
from bulk Zn.*> The two Zn 2p;, peaks (blue) shifted to 1022.7
and 1023.7 eV and may be attributed to (i) charge redistribution
in process of chemical binding or (ii) different photoemissions of
various Zn species (radicals).** **
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Binding Energy (eV)

Fig. 3 Photoelectron spectrum of sonochemically grown ZnO
nanostructures and inset shows deconvolution of Zn 2p3/2 photoelectron
spectrum.

3.3. SEM and EDS results

The surface morphology and chemical composition analyses of
the sonochemically grown ZnO nanostructures were investigated
by SEM and EDS, respectively. As seen in Fig. 4, the SEM
image showed that ZnO nanostructures covered completely and
homogenously the glass substrate. The EDS spectrum indicated
the presence of Zn, O, and Si atoms. The Zn and O are commonly
found in ZnO nanorods. It is worth point out that the expected
stoichiometric ratio for the ZnO nanorods was 1:1 between Zn
and O atoms, instead, a ratio of 1:2 was observed in the EDS
results. This unexpected ratio for the ZnO nanorod and the
presence of Si atoms in the EDS spectrum can be explained by
the fact that the coated substratum was a glass slide, which
typically contains both Si and O atoms.*

3.4. Antimicrobial properties of ZnO nanorods

The anti-microbial properties of the ZnO nanorods were
investigated over diverse time periods. The short-term microbial
inactivation of Gram-positive and Gram-negative bacteria was
investigated for 2 h and 5 h (Fig. 5). The long-term inactivation,
to determine the ability of the ZnO nanorods to inhibit biofilm
formation, was determined after 48 h (Fig. 5).
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Fig. 4 Surface and cross-section SEM images of sonochemically grown ZnO nanorods on glass substrate and EDS spectrum of the coated slides.

10 In Fig. 5, the results show that bare glass slides (control) did
not present any toxicity toward bacterial cells, whereas ZnO
nanorods coated samples presented over 90% cell inactivation.

Among the different microorganisms investigated, B. subtilis
was more sensitive to the presence of ZnO nanorods than E. coli,
1s with 100% and 95% cell inactivation after 2 h of exposure to the
ZnO nanorods, respectively. This result is similar to previous
findings where nanostructures of ZnO were reported to exhibit
higher toxicity toward Gram-positive than Gram-negative
bacteria, which was attributed to structural differences in the cell

2 wall.*® As the incubation period increased, the toxicity of ZnO
nanorods increased slightly, but was not statistically significant,
as previously observed for other nanomaterials, such as graphene,
graphene oxide, and carbon nanotubes.? 3738
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B. subtilis

2h ;S;E; control
E. coli

25 Fig. 5 Short term exposures of bacterial cells to sonochemically grown
ZnO nanorods.

Our anti-microbial results for E. coli were further compared with
the results from other studies with different ZnO nanomaterials
and ZnO nanorods prepared through different methods
30 (sonochemistry, hydrothermal, and sol-gel combustion) (Fig. 6).
We selected E. coli for this comparison, since this microorganism
is commonly used in anti-microbial investigations with ZnO
nanomaterials. The results show that our method resulted in much

higher microbial inactivation than most commercially produced

35 ZnO nanomaterials. Furthermore, our sonochemical method of
synthesis generated slightly higher anti-microbial properties than
other sonochemical methods.

Our Study
Y. Lietal. (2014)
Adams et al. (2006)
] Dasari et al. (2013)
[[I17] Applerot et al. (2009)
M. Li et al. (2011)
Azam et al. (2012)
=] Jansson et al. (2012)

E. coli inactivation (%)

‘ Different ZnO nanomaterials
types and synthesis methods
‘ for ZnO production

Comparative results of different studies

Fig. 6 Comparative results of ZnO nanomaterials antibacterial activity
40 against E. coli. In this graph, the percent E. coli inactivation of ZnO in
our study was compared with other studies '"2%27 342,

The long-term investigation of cell growth inhibition on the ZnO
coated and uncoated surfaces were also investigated. Fig. 7
shows the SEM images of glass slides with and without ZnO

4s nanorods after microbial growth for 48 h in Tryptic Soy Broth
(TSB). The results show that the glass slides containing ZnO
nanorods inhibited biofilm formation, as opposed to uncoated
glass slides. Clearly, the ZnO coated glass surfaces created an
unfavourable environment for biofilm formation. These results

s0 suggest that coated surfaces with ZnO can inhibit microbial
growth and prevent biofilm formation.

3.5. Mechanisms of toxicity of ZnO nanorods

Previous studies have suggested that the microbial inactivation by
ZnO nanostructures could potentially be caused by the generation
ss of reactive oxygen species (ROS), notably H,0,.
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B. subtilis + ZnO e

Fig. 7 Biofilm formations on glass substrates with and without ZnO
nanorods

The produced ROS molecules can damage cell membranes and
s eventually cause cell death.*® Oxidative stress by ROS has also
been described to be responsible for microbial inactivation by
several nanomaterials.”® **** Since ZnO nanorods were found to
be toxic to bacterial cells in this study, the GSH oxidation assay
was employed to understand the toxicity mechanism of ZnO
10 nanorods. GSH is an intracellular antioxidant molecule found in
bacteria and diverse organisms. GSH has thiol groups that get
converted to glutathione disulfide in the presence of reactive
oxygen species, such as H,0,. This unique property of GSH
makes it suitable for the investigation of ROS production.* The
15 results of the comparison of GSH loss with different ZnO
concentrations is shown in Fig. 8.

100 (-) control: No ZnO
[ (+) control: 30% of H,0,
2 __80F
S I
® 60
o s
4
I 40
(2]
o s
20
0 TR Ie T eeeeees
25 40 20 10 1 01 (*) ()

ZnO nanorods (ppm)  Controls

Fig.8 GSH loss results in the presence of different concentrations of ZnO
nanorods suspensions.

30 In this study, the concentration of ZnO coating the slide was
determined to be 213 ppm/cm’ Therefore, the maximum
concentration of ZnO nanorods that could detach from the slide
during incubation would be 21£3 ppm. Hence, the concentrations
of ZnO nanorods used in this study were 0.1, 1, 10 and 20 ppm to

35 take into consideration a range of ZnO concentrations that could
detach from the slide, as well as the maximum possible ZnO
concentration that could be released from the coated surfaces.
The 40 ppm concentration was also included in the experiments
to investigate the H,O, trend with increasing concentrations of

40 ZnO nanorods. In the assay, the GSH loss (%) was calculated to

indicate H,O, production. H,O, was used as a positive control,
while the negative control was sodium bicarbonate. As seen in
Fig. 8, statistically significant GSH loss occurred in the positive
control above 20 ppm and no GSH loss was observed in the

ss negative control. The results also showed that increasing
concentrations of the ZnO nanorods led to increasing loss of
GSH. These results suggest that ZnO nanorods can produce ROS,
such as H,0, and that its toxicity is concentration dependent.

Another potential ROS produced by nanomaterials is

so superoxide anion (O,*"). The production of this oxygen species
can be investigated using the XTT reduction assay. In this assay,
TiO, was used as a positive control since this nanomaterial is
well known to produce superoxide anions.** The results
demonstrated that sonochemically grown ZnO nanorods did not

ss produce superoxide anion even at high concentrations of ZnO
nanorods and long exposure times (Fig. S17).

Penetration of ZnO nanostructures through the bacterial cell
wall, as well as the release of Zn>" ions from dissolution of ZnO
were also proposed as possible mechanisms for the antibacterial

o0 activity of ZnO.'* *® In the present study, we investigated the
release of Zn*" ions (see SI t) by employing atomic absorption
spectroscopy. The results show that the glass slides coated with
ZnO nanorods released 1.56£0.22 ppm Zn*" ions per cm? of glass
surface during the 5 h incubation period (Table-S17).

¢s  Zinc ion concentrations below 5 ppm are considered to be safe
by the EPAY, additionally plate count assays of cells exposed to
Zn*" (see SI t) presented no cell death when the zinc ion
concentrations were 10 ppm. Hence, the release of Zn*" ions was
disregarded as a possible mechanism of toxicity for ZnO

70 nanorods.

B. subtilis
*ZnO:nanorods

Fig.9 Representative images after cell staining of Bacillus subtilis through
LIVE/DEAD assay on glass slides containing ZnO nanorods.

Another potential mechanism of anti-microbial property of

75 ZnO nanorods could be the direct contact between bacterium and
the nanorods on the surfaces. Bacterial cells tend to naturally
deposit on surfaces during growth. After cell deposition
membrane stress could occur due to the sharp edges of ZnO
nanorods as seen in Fig. 9. This interaction between the nanorods
so and the cells could lead to cell membrane disruption and cell
death. In the presence study, fluorescence microscopy images
using the LIVE/DEAD staining in the presence or absence of
nanorods show that the higher numbers of dead cells (red cells)
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were observed on coated slides (Fig. 9.) However, in the control
images, where there were no ZnO nanorods, little or no dead cells
were observed.

Therefore, it can be concluded that the toxicity of ZnO
nanorods is not the result of superoxide anion production or zinc
ion released from nanorods. Instead, H,O, production (Fig. 8)
and membrane damage (Fig. 9) play an important role in the anti-
microbial properties of ZnO nanorods. It is, however, possible
that the antimicrobial properties of the ZnO nanorods can be the
10 effect of other mechanisms not investigated in this study.

o

3.6. Cytotoxicity of ZnO nanorods

The application of ZnO as anti-microbial coatings have recently
attracted attention for the biomedical sector.”® The safety and
human health effects of ZnO nanorods are, however, still not well
established. Therefore, in the present study, we investigated the
cytotoxicity of these ZnO nanorods to NIH 3T3 fibroblasts. The
mammalian cell viability was represented as percent cell viability
as shown in Fig. 10. The positive control contained
benzalkonium chloride and the negative control had no ZnO
nanorods. The results showed that the cytotoxicity increased with
increasing concentrations of ZnO nanorods. If all the
sonochemically grown ZnO nanorods were to detach from the
coated surfaces, the maximum concentration of nanorods in the
solution would be 21+3 ppm per 1 cm’ glass surface. The
cytotoxicity results show that 20 ppm ZnO nanorods present little
or no cytotoxicity (Fig. 10).
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Fig. 10 Cytotoxicity results of different concentrations of ZnO nanorods
against NIH 3T3 fibrolast cells.

s Conclusion

This work reports the successful synthesis of ZnO nanorods using
sonochemistry on glass surfaces. Raman and XPS studies
revealed the formation of hexagonal (wurtzite) crystal structures
of ZnO with a tensile stress on the Zn — O dative bond. SEM
so micrograph demonstrated homogenous coating with uniformly
shaped nanostructures. The nanomaterial was found to inactivate
over 90% of the microorganisms in the first 2 h. Gram-positive
bacteria were, however, more sensitive to ZnO nanorods than
Gram-negatives. The potential mechanisms of bacterial toxicity
ss were attributed to H,O, production and cell membrane damage.

ZnO nanorods coating was also found to prevent biofilm
formation. In the case of mammalian cell toxicity, the
concentration used to coat the slides was shown to be non-toxic
to fibroblast cells.

6  The results of the study suggest that sonochemical route for
antimicrobial coatings are fast, cost effective alternative to other
growth methods, which wusually require extreme vacuum,
temperature or time. Since ultrasound technology is already used
in industry, the application of the sonochemical growth technique

os show great promise for large scale manufacturing of
antimicrobial coatings for medical devices, medical implants and
textile industry.
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