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Abstract. Inorganic metal oxide nanoparticles of zinc, copper and iron have been widely studied for their use in biomedical
research due to their novel physical, chemical and biological properties. Present work involves studies on copper oxide
nanoparticles for their antibacterial activity. Copper oxide (CuO) nanoparticles were synthesized by template-free hydrother-
mal synthesis using different precursors of copper (nitrate, acetate, chloride and sulphate). The samples were characterized by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) analysis, ultraviolet—visible (UV-Vis) absorption
spectroscopy, scanning electron microscopy (SEM) and zeta potential analysis. The XRD patterns of the synthesized samples
show presence of (—111) and (111) planes, which can be assigned to the monoclinic phase of CuO with the average crystallite
size ranging between 43 and 49 nm. The SEM reveals rod-shaped morphology of the samples with a broad size distribution.
The optical band gap calculated by UV-Vis absorption study ranges between 1.35 and 1.38eV. The highly negative zeta
potential values of the CuO synthesized with nitrate (—23.78 £ 0.95mV), acetate (—11.86 £ 1.06 mV) and sulphate (—22.33
=+ 0.85mV) precursors of copper reveal the good colloidal stability of the synthesized particles. While CuO synthesized
with copper (II) chloride shows intermediate stability with the zeta potential as 9.40 £ 1.86mV. The antibacterial activity
of the synthesized CuO was studied against human pathogens like Escherichia coli (E. coli) and Staphylococcus aureus
(8. aureus) bacterial strains, which are proved to be efficient and precursor-dependent. The minimum inhibitory concentra-
tion of CuO against E. coli and S. aureus were found to be 0.15 and 0.1 mg ml~!, respectively. CuO nanoparticles exhibit

good antibacterial activity, hence, it has potential for biomedical applications in preventing and treating infections.
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1. Introduction

Copper oxide (CuO) nanoparticles are known to be stable,
robust and have a longer shelf life; hence, they were effec-
tively used for purification of water, textile industry, water
disinfection, medicine, food packaging, etc. Recently, it was
used as an antibacterial agent against various bacterial species.
The bactericidal property of nanoparticles depends on their
size, stability and concentration of nanoparticles added to the
growth medium [1-3]. It was reported that the use of CuO
reduces the existence of hospital-acquired infections and the
cost of health care facilities. One of the most interesting inno-
vations in the medical care (hospital textile) is the bed sheets
containing CuO nanoparticles, which reduce the microbial
attachment and thus, it helps in preventing the microbial infec-
tions within hospitals [4].

The properties of various metal oxide nanoparticles are
reported to be affected by the method of preparation as well as
the type of precursors used [4—16]. Various methods were used
to synthesize copper oxide. The critical reaction conditions
such as temperature, reaction time, pressure, template assis-
tance and structure directing agent are subjects of paramount
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concern in these methods [2,17-25]. Among various methods
of synthesis, hydrothermal method is one of the popularly
used method due to its simplicity, low temperature and pres-
sure, template-free and cost-effective synthesis. Azimirad
et al [9] have synthesized CuO by hydrothermal method using
various precursors of copper in presence of CTAB as a struc-
ture directing agent. Synthesis of copper oxide nanosheets
was reported by Zhao et al and Outokesh et al [26,27].

The present work focusses on the template-free hydrother-
mal synthesis of copper oxide nanoparticles using different
copper precursors (nitrate, acetate, chloride and sulphate).
Different analytical techniques such as Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD) anal-
ysis, ultraviolet—visible (UV-Vis) absorption spectroscopy,
scanning electron microscopy (SEM) and zeta potential mea-
surements were used to confirm the product formation and
to characterize the materials. The antibacterial performance
of the synthesized copper oxide nanoparticles was investi-
gated using Escherichia coli (E. coli; Gram negative) and
Staphylococcus aureus (S. aureus; Gram positive) bacteria.
The process of cell damage could be observed wih the help
of SEM.
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The present work gives first hand report on precursor-
dependent antibacterial activity of template-free hydrother-
mally synthesized copper oxide nanoparticles against the
human pathogens (E. coli and S. aureus) and the cytotox-
icity of the copper oxide nanorods (for HeLa cell lines) is
significant as observed from the results.

2. Material and methods

2.1 Synthesis of copper oxide

All the chemicals used for experimental purpose were of
analytical grade and were used without further purification.
Copper (II) nitrate trihydrate (Cu(NO3),-3H,0, 99.5%) and
Copper (II) chloride dihydrate (CuCl,-2H,0, 99.0%) were
from Merck. Cupric sulphate (CuSO4-5H,0, 99.5%) was
from Qualigens and Cupric acetate monohydrate ((CH3;COO),
Cu-H,0, 99.0%) was from Loba Chemie, India. Potassium
hydroxide (KOH) extra pure pellets were from Sisco Research
Laboratory (SRL). Double-distilled water was used wherever
necessary.

Hydrothermal method was employed for the synthesis of
copper oxide. For this, 1 mmol of cupric nitrate was dissolved
in ~10ml of double-distilled water and mixed properly to
obtain a homogeneous solution. The solution was then heated
on a hot plate at 80°C for few minutes to obtain a dry mass
followed by the addition of 5 mmol of KOH as a hydrolysing
agent. To this, appropriate volume of water was added and
the mixture was transferred to a Teflon-lined stainless steel
autoclave and subjected to hydrothermal activation at 140°C
under autogenous pressure for 6 h. After 6 h, the autoclave was
allowed to cool to room temperature naturally. The product
obtained as a black precipitate was centrifuged and washed
repeatedly with distilled water to remove water-soluble impu-
rities and then with methanol and dried at room temperature.
The powder was heated in a muffle furnace (Kumar, Fourtech
Lab Furnace) at 350°C for 2 h to obtain pure phase product.

Similar procedure was adopted for the synthesis of copper
oxide using other precursors; copper acetate, chloride and sul-
phate. The products thus obtained using different precursors
of copper are represented as follows:

Sample a: Copper oxide synthesized with cupric nitrate
as precursor.

Sample b: Copper oxide synthesized with cupric
acetate as precursor.

Sample c: Copper oxide synthesized with cupric chlo-
ride as precursor.

Sample d: Copper oxide synthesized with cupric sul-
phate as precursor.

All the products were characterized by FTIR spectroscopy,
XRD analysis, UV-Vis absorption spectroscopy, SEM and
zeta potential analysis.
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2.2 Characterization of materials

FTIR spectra were recorded on a Shimadzu 8400 infrared
spectrophotometer using KBr as a reference material in the
frequency range of 4004000 cm~'. The crystal phase and
crystallite size of the products were determined by XRD anal-
ysis on a Bruker D8 Advance Diffractometer using Ni-filtered
CuKa radiation (1 = 1.5406 A) in 26 range of 20-80° at
room temperature, silicon was used as an external standard for
correction due to instrumental broadening. The average crys-
tallite size of the powder was estimated by Scherrer formula.
Crystal phases were identified by comparing the analysis data
with JCPDS (Joint committee on powder diffraction system)
database. The UV-visible absorption spectra of the samples
were recorded using UV-3600, UV-visible spectrophotome-
ter in the wavelength ranging from 200 to 2500 nm using
BaSOy as a standard. The theoretical band gap of the pure
phase products was calculated from the absorption spec-
tra. The morphological characteristics of the samples were
assessed with the help of SEM (JEOL, JSM-6360A electron
microscope). Images of the samples were recorded by coating
the samples with a thin film of Ag—Pd alloy by vapour depo-
sition technique. Zeta potential of the samples was measured
using Brookhaven’s NanoBrook 90 Plus PALS zeta poten-
tial analyzer by dispersing the CuO particles in milli Q water
followed by ultrasonication for 3—5 min.

2.3 SEM studies for antibacterial activity

The morphological changes taking place in the E. coli and
S. aureus bacteria upon treatment with the copper oxide nano-
materials (samples a—d) were studied with the help of SEM.
The treated and control bacterial cells were incubated at 37°C
for 24 h. After 24 h, the bacterial cells were harvested, fixed
in glutaraldehyde (3% v/v, phosphate buffer, pH 7) and dehy-
drated by sequential treatment with 50, 60, 70, 80, 90 and
95% ethanol for 20 min and then, the cells were kept in abso-
lute ethanol for 1h. The dried cells were sputter-coated with
platinum for SEM imaging.

2.4 Test for antibacterial activity

2.4a Bacterial culture: The antibacterial effect of hydro-
thermally synthesized copper oxide nanoparticles was tested
using two common bacterial stains: Gram negative (E. coli)
and Gram positive (S. aureus). The E. coli and S. aureus were
cultivated in Luria—Bertani (LB) nutrient broth at 37°C for
24h to achieve the exponential growth phase. The cells were
collected by centrifugation and washed with saline solution
(0.85% NaCl, pH 7) and then re-suspended in physiological
saline solution (0.85% NaCl) to maintain the concentration
of 107-10% colony-forming units (CFU) per ml (CFU ml™}).
The optimal density of bacterial cells was adjusted to 0.5
McFarland standards. All the glass apparatus and solutions
used in the experiments were autoclaved at 121°C for 20 min
to maintain sterile conditions.
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2.4b  Determination of MIC: The E. coli and S. aureus
bacterial cultures were used initially to determine the min-
imum inhibitory concentration (MIC) of the nanomaterials.
The MIC is defined as the lowest concentration of mate-
rial that inhibits the growth of an organism. The MIC for
both the bacteria were determined as follows. The copper
oxide samples were dispersed in milli Q water by ultrason-
ication. Different concentrations of samples a—d (0.05-0.7
mg ml~') were added in 2ml LB broth. The density of
E. coli and S. aureus cells were adjusted to 107-10% CFU
ml~! and inoculated into the above suspension followed by
incubation at 37°C. Bacterial growth was observed by mea-
suring the optical density (absorbance) after every 1h time
interval at 600nm wavelength. The lowest concentration of
CuO at which no observable bacterial growth is seen is con-
sidered as the MIC value. The experiments were carried out
in three replicates. Cultures of medium without the nanopar-
ticles under similar growth conditions were used as a control.
The experiments also included a positive control (a flask
containing the nanoparticles and nutrient media, devoid of
inoculums) and a negative control (flask containing inocu-
lums and nutrient media, devoid of the nanoparticles).

2.4c  Cell viability tests and percentage of inhibition: The
colony count method was adopted for cell viability tests of
E. coli and S. aureus bacterial cells. Ten microlitres of bac-
terial cells were added to 2ml of the test solution containing
different concentrations of the nanoparticles in a test tube.
Cell viability is an assay to determine the ability of cells to
maintain or recover viability. These tubes were incubated at
37°C for 4 and 6h, respectively, for E. coli and S. aureus
under shaking conditions. The viability of the bacterial cells
was evaluated by the colony count method as follows: after
suitable dilution with saline, the above mixture was spread
on LB agar plates. The plates were then incubated at 37°C
for 24 h. Corresponding controls were run simultaneously as
above. Bacterial growth inhibition was calculated by counting
colonies and compared to those on control plates as shown in
equation (1). All treatments were carried out in duplicate and
repeated thrice to check the reproducibility.

-C
Bacterial growth inhibition % = > % 100. €))]

where C. and C represent colony count of control (untreated)
and samples (treated), respectively.

All assays were repeated three times in dupicate to ensure
uniform results. Standard deviation (S) was calculated in
terms of standard error using equation (2).
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where (x1, X2, X3,..., X;) are the observed values of the sample
and x is the mean value of these observations, (N — 1) is
known as Bessel’s correction [28]. The growth profiles were
obtained by measuring the absorbance of the incubated (37°C
for 24h) solutions containing fixed concentration (107-10%
CFU ml™") of cells (E. coli and S. aureus) as control and with
CuO nanoparticles as a function of time at 600 nm wavelength.

2.5 Determination of cytotoxicity

2.5a Cell culture: HeLa cell line was obtained from the
National Centre for Cell Science, Pune, India. Approximately
1x10° mI~" cells (HeLa cell lines) in their exponential growth
phase were seeded in a flat-bottomed 96-well polystyrene-
coated plate and were incubated for 24h at 37°C in a CO,
incubator.

2.5b MTT assay: Cell viability was evaluated using 3-
(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
(MTT). This assay is based on the metabolic reduction of
soluble MTT by the mitochondrial enzyme activity of viable
cells into an insoluble coloured formazan product, which
can be measured spectrophotometrically after dissolution in
Dimethyl sulfoxide. HeLa cancer cell lines were seeded in
well-type tissue culture plates and kept in CO, incubator for
24 h. Stock solutions of the copper oxide nanoparticles (sam-
ples a—d) were prepared in sterile distilled water and diluted
to the required concentration using a cell culture medium and
finally, nanoparticles were passed through sterile 0.2 pM fil-
ter to avoid contamination. A series of dilutions (6.25, 12.5,
25, 50, 100 and 200 g ml~") of copper oxide nanoparticles
were added to the cultures to obtain respective concentrations
of nanoparticles, which were further incubated for 24 h in CO,
incubator. After 24 h of incubation, 10 ml of MTT reagent was
added to each well and further kept for 4h incubation. The
purple coloured formazan formed after 4 h in each well were
dissolved by the addition of 150 w1 of detergent for 5 min and
the plates were read immediately on a microplate reader at
570nm and the viability was calculated. The amount of for-
mazan product was determined by measuring the absorbance,
which is directly proportional to the number of living cells in
the culture. Data were collected for three replicates.

3. Results and discussion

3.1 FTIR and XRD analyses

Figure 1A shows the FTIR spectra of copper oxide samples
obtained by using nitrate (figure 1A; a), acetate (figure 1A;
b), chloride (figure 1A; ¢) and sulphate (figure 1A; d) precur-
sors. The spectra were analysed by correlating the observed
peaks with the characteristic peaks for CuO. Each spectrum
shows three intense bands around 526, 605 and 675 cm™!
corresponding to metal oxide bond [29]. The strong absorp-
tion bands positioned at around 526 and 605 cm~' can be
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Figure 1. (A) Fourier transform infrared spectra and (B) X-ray
diffraction patterns of copper oxide obtained using various precur-
sors of copper (a) nitrate, (b) acetate, (c) chloride and (d) sulphate.

correlated to the Cu—O asymmetric stretching and wagging
vibrations, respectively, confirming the formation of pure
phase CuO [30-33].

The XRD patterns of copper oxide samples obtained using
various precursors; nitrate (sample a), acetate (sample b),
chloride (sample c) and sulphate (sample d) are shown in
figure 1B. The sharp peaks located at 26, 35.50 and 38.73° in
the XRD represent the (—111) and (111) planes that can be
indexed to the pure monoclinic phase of copper oxide (CuO;
JCPDS card no. 80-1917) nanoparticles with a high degree
of crystallinity as indicated by the peak intensities and peak
widths [26,34].

A comparison of the diffractograms of the copper oxide
samples shows the following order of crystallinity with refer-
ence to the precursors nitrate > acetate > chloride > sulphate.
The three most intense peaks observed in the diffraction pat-
tern of each sample were selected to calculate the average
crystallite size by using the Scherrer equation (equation (3))
[27].

kA

1= eost’ )
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where d is the crystallite size, A the wavelength of the CuK«
used, B the full-width at half-maximum of the diffraction
peak, k the shape factor and 6 the angle of diffraction. The
crystallite size obtained for the samples using different precur-
sors (a—d) are found to be 49, 47, 45 and 43 nm, respectively.
The lowest crystallite size is obtained for copper oxide synthe-
sized using sulphate precursor (d) while, the nitrate precursor
(a) yields CuO with largest crystallite size.

3.2 UV-visible analysis

Optical absorption properties of the copper oxide were deter-
mined by using UV-visible spectroscopy. The UV-visible
spectra of copper oxide samples exhibit a broad absorption
peak in the range of 400-600nm as shown in figure 2A. The
plot of absorbance vs. wavelength shows a shift in the spectra
towards longer wavelength as a function of decreasing parti-
cle size (quantum size effect), these results are in agreement
with those of XRD analysis discussed earlier [35,36]. The
Kubelka—Munk method was employed to estimate the theo-
retical band gap energies of the copper oxide nanoparticles
[37]. The optical band gap of copper oxide nanoparticles was
calculated according to the Tauc expression (equation (4))
[22,38].

B _ n
oo BUv—E) @
hv

where hv is the incident photon energy, « the absorption coef-
ficient, B the material-dependent constant and E, the optical
band gap. The value of n depends on the nature of transi-
tion, it takes the values as 1/2, 3/2, 2.0 or 3.0 depending on
whether the transition is direct allowed, direct forbidden, indi-
rect allowed and indirect forbidden, respectively.

Optical band gap was determined from the plot of (whv)
vs. photon energy (hv) (figure 2B). The value of E, is found
to vary between 1.35 and 1.38¢V, the values are observed to
be close to the reported value for CuO nanoparticles (1.4eV)
[2,22]. As the crystallite size of the copper oxide samples
decreases, the band gap energy is seen to increase due to quan-
tum confinement effect [31,32,34,35]. These results indicate
that CuO nanoparticles could be used in optoelectronics and
photovoltaic applications [23]. Further, figure 2C exhibits the
plot of absorption coefficient (o) as a function of wavelength
for the copper oxide nanoparticles. The absorption coefficient
tends to decrease exponentially as a function of wavelength.
This behaviour is typical for semiconductors and can arise due
to various reasons such as internal electric fields within the
crystal, deformation of lattice due to strain caused by imper-
fections and inelastic scattering of charge carriers by phonons
[22,23].

172

3.3 SEM analysis

Figure 3 shows the scanning electron micrographs of cop-
per oxide samples obtained using (a) nitrate, (b) acetate, (c)
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Figure 2. (A) UV-visible absorption spectra, (B) Kubelka—Munk
plot and (C) variations of absorption coefficient as a function of
wavelength of copper oxide samples a—d.

chloride and (d) sulphate precursors. The samples show the
presence of rectangular-shaped particles and rods. In case of
copper oxide synthesized with nitrate and chloride precursors,
the edges are distinct (figure 3a and c¢) while, the samples
obtained with sulphate (figure 3d) and acetate (figure 3b)
precursors exhibit diffused structure. All the samples show
the formation of nanorods with diameter and length varying
between 0.3—1.5 and 0.9-2.5 wm, respectively (figure 3).
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3.4 Zeta potential analysis

The zeta potential values of the CuO nanoparticles syn-
thesized with nitrate, acetate and sulphate precursors of
copper were observed to be —23.78 £ 0.95, —11.86 *
1.06 and —22.33 £+ 0.85mV, respectively. The negative
zeta potential value observed for CuO nanoparticles syn-
thesized with nitrate, acetate and sulphate precursors con-
firms good colloidal stability of the synthesized nanopar-
ticles preventing agglomeration [39-45]. However, CuO
obtained with chloride precursor had positive zeta poten-
tial (9.40 + 1.86mV) implying relatively lower stability of
the particles in the colloidal solution as compared to other
samples [46].

3.5 Antibacterial activities

The antibacterial activity of copper oxide nanoparticles was
investigated by studying the growth profile and by colony
count method using human pathogenic bacteria such as
E. coli and S. aureus.

Figure 4 shows the growth profiles of (A) E. coli and (B)
S. aureus in terms of absorbance at different time intervals
and concentrations of the nanoparticles, 0.05-0.3mg ml~!
for E. coli and 0.01-0.7mg ml~! for S. aureus. As noted
from figure 4, a significant inhibition in the growth of bac-
teria is observed in presence of copper oxide nanoparticles
when compared with control. To study the growth profiles,
the concentrations of CuO nanoparticles were varied between
0.05-0.3 and 0.01-0.7 mg ml~! for E. coli (figure 4A) and S.
aureus (figure 4B), respectively.

The absorbance of the control is highest while, in pres-
ence of CuO nanoparticles, there is a significant decrease in
absorbance as a function of concentration of nanoparticles.
Hence, the antibacterial effect of copper oxide nanoparticles
increases with concentration. The concentration of nanopar-
ticles at which maximum decrease in the slope value of
the growth profile is observed is called as the MIC, once
achieved, the observed growth of bacteria is to be termi-
nated. All the samples exhibit a minimum lag phase of
around 2h.

3.5a MIC: The MIC of copper oxide samples for E. coli
and S. aureus ranges between 0.15-0.3 and 0.1-0.65 mg ml !,
respectively. In case of E. coli, the MIC follows the order as
(a:0.3mgml™") > (b:02mgml™!) > (c: 0.15mgml~!) =
(d: 0.15mg ml~"), while the sample shows the sequence as:
(sample a: 0.65mg ml~! > sample b: 0.3mg ml~! > sam-
ple c: 0.2mg ml~! > sample d; 0.1 mg ml~! for S. aureus
(table 1).

The higher MIC values for S. aureus compared to E. coli
can be attributed to the thicker peptidoglycan layer of bacterial
cells, which makes it hard for CuO particles to penetrate the
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Figure 3. Scanning electron micrographs of copper oxide obtained using various precursors of copper (a) nitrate, (b) acetate, (¢) chloride

and (d) sulphate.

cell layer [47,48]. Contrary to this, the cell walls of E. coli are
relatively thin, mainly consisting of peptidoglycan and outer
layers of lipopolysaccharide, lipoprotein and phospholipid.

Further, differences are also observed in the MIC values
for CuO samples obtained using different precursors. Sam-
ple d (sulphate precursor) exhibits lowest MIC concentration
and highest antibacterial activity for both E. coli as well as
S. aureus compared to other samples. This could be due to
smaller size of the particles as a result of which the nanopar-
ticles are able to interact with larger number of bacterial
cells at a given concentration [29]. Also, during the synthesis
of nanoparticles as the polarities and properties of different
anions such as nitrate (NO3'), acetate (CH3COO™), chloride
(C17) and sulphate (SOﬁ*) vary, they lead to different types
of interactions in the reaction bath, hence, the properties of
the copper oxide nanoparticles are seen to be different so also,
the antibacterial efficacy [5].

Itis worth mentioning here that all the MIC values obtained
in the present work are observed to be lower compared to those
reported in the literature [2,28,49]. Hence, the CuO nanopar-
ticles synthesized in the present work seem to possess high
antibacterial potency.

3.5b Viable cell count and percentage of inhibition: The
viable cell count was calculated by diluting the sample solu-
tion so as to obtain a measurable cell count and then the
solution was spread on the LB agar plates (colony count
method). The viable cell count of the treated cells grown on
the plates was observed to decrease with increase in the con-
centration of nanoparticles as compared to control. For viable
cell counts, the optical images of the Petri plates with the
growth of bacterial colonies of E. coli and S. aureus after an
exposure time of 4 and 6 h, repectively, in presence of copper
oxide samples are shown in figure SA and B.

The number of colonies of both the cells were counted
after the treatment with nanoparticles. From figure 5SA and
B, it is observed that the number of colonies decreases sig-
nificantly after the treatment with nanoparticles. By fixing
the MIC values of CuO samples, the percentage of inhibi-
tion was calculated by counting the viable cells (living cells)
with reference to control by colony count method as shown
in figure 5C and D. The control sample exhibits the highest
number of bacterial colonies of E. coli and S. aureus, whereas
samples treated with CuO show almost 95 to 98 + 2% growth
inhibition (figure 5C and D) of bacteria.
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Figure 4. Growth profiles of (A) E. coli and (B) S. aureus as control and in presence of different concen-
trations of copper oxide samples a—d.
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3.5¢  Study of morphological changes in bacteria in presence
of CuO nanoparticles: The morphological changes in the
bacterial cell wall after treatment with copper oxide nanopar-
ticles were observed by SEM. Figures 6 and 7A represent
the SEM of control bacteria of E. coli and S. aureus strains,
repectively, while figures 6 and 7B-I show the micrographs
of bacteria treated with copper oxide samples. The micro-
graphs of control samples show an integrated and undamaged
structure of cell wall. The E. coli (figure 6A) bacterium cell
shows a smooth rod-shaped structure with intact surface,

Table 1. MICs of copper oxide synthesized with different precur-
sors of copper for E. coli and S. aureus bacterial strains.

MICs (mg ml~1)

Samples E. coli S. aureus
a 0.3 0.65
b 0.2 0.3
c 0.15 0.2
d 0.15 0.1
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while S. aureus (figure 7A) appears as grape-like clusters
with large spherical structure. On the other hand, bacterial
cells treated with copper oxide nanoparticles show damaged
cell wall with complete disintegration of the cell (figures 6 and
7C, E, G, I). The results demonstrate that all the samples show
about 99.0% bactericidal property towards both the bacterial
strains.

The interaction between the nanoparticles and bacteria may
arise due to electrostatic force of attraction between oppo-
sitely charged surfaces of nanoparticles and the bacterial cells
or through generation of reactive oxygen species by the CuO
nanoparticles, which attack the bacterial cell wall, result-
ing in oxidative stress on cell wall followed by cell damage
[1,2,4,40,48,50]. In the present case, both the nanoparticles
as well as the bacteria bear identical surface charges, and
the generation of reactive oxygen species appears to be the
factor causing cell damage and death. The nanoparticles are
seen to accumulate on the bacterial cell membrane (figures 6
and 7B, D, F, H) followed by adhesion and subsequently
alteration/perforation of the cell membrane and finally, pene-
tration of the nanoparticles inside the cell leading to cell death
(figures 6 and 7C, E, G, I) [37,50,51].
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Figure 5. Viable cell count: (A) E. coli and (B) S. aureus and % inhibition count: (C) E. coli and (D) S. aureus for control and copper

oxide samples a—d by colony count method.
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Figure 6. Scanning electron micrographs for E. coli: (A) in presence of control and different
concentrations of copper oxide samples: a: (B and C), b: (D and E), c: (F and G) and d: (H
and I).
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Figure 7. Scanning electron micrographs for S. aureus: (A) in presence of control and different
concentrations of copper oxide samples: a: (B and C), b: (D and E), c: (F and G) and d: (H and I).
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Figure 8. Cell viability of different concentrations of copper oxide
samples a—d and control.

3.5d Cytotoxic activity: The cytotoxicity of copper oxide
nanorods was tested on HeLa cell lines in the presence of
untreated wells as control. An MTT assay was used to assess
the effect of copper oxide on the cytotoxicity of HeLa cell lines
[52]. Figure 8 summarizes the cell viability of HeLa cell lines
incubated with different concentrations (6.2-200 g ml™") of
copper oxide (samples a—d) for 24 h.

As depicted in figure 8, significant cell viability is observed
in the presence of CuO nanoparticles as compared to untreated
cell lines (control). The cell viability is found to be 90% even
in the presence of higher concentration of CuO nanoparti-
cles. These results indicate that copper oxide nanoparticles
are non-toxic to the HeLa cell lines. Thus, one can conclude
that the synthesized CuO nanoparticles appear to be promis-
ing candidates to be used as an effective antibacterial agent.

4. Conclusions

Copper oxide (CuO) nanoparticles bearing monoclinic struc-
ture and good colloidal stability were prepared using template-
free hydrothermal method and were evaluated for their
antibacterial activity. The results show that the copper precur-
sors used for synthesizing CuO influence the structural and
bactericidal properties of CuO nanoparticles. CuO obtained
using sulphate precursor shows the lowest MIC values and
highest antibacterial property. The antibacterial activity is
found to be concentration as well as precursor-dependent and
they do not show cytotoxicity.
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