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ABSTRACT

Green synthesis of nanoparticles has received a lot of attention from scientists globally because it is eco-friendly, relatively rapid,
and a cost-effective method. This work presents a method for the green synthesis of nickel oxide nanoparticles (NiO-NPs) using
leaf extracts of Populus ciliata as a reducing and stabilising agent. The synthesised NiO-NPs were characterised by ultraviolet-
visible spectroscopy, Fourier transform infrared spectroscopy, powder X-ray diffraction, scanning electron microscopy, and
transmission electron microscopy. It was found that the synthesised NiO-NPs shapes varied, were highly crystalline, and
had a face-centred cubic geometry. The calculated crystallite size of the synthesised nanoparticles was 44 nm. Moreover, the
antibacterial activity of the synthesised NiO-NPs was also conducted against Gram-positive bacteria (Bacillus subtilis, Bacillus
licheniformis) and Gram-negative bacteria (Escherichia coli and Klebsiella pneumoniae). Bacillus subtillus showed a maximum
inhibition zone of 28.1+1.6 mm, whereas Klebsiella pneumonia showed a minimum inhibition zone of 9.2+0.5 mm. It was also

found that the antibacterial activity increased with an increase in the concentration of NiO-NPs.
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1. Introduction

Recently, the synthesis or fabrication of metal oxide
nanoparticles (NPs) has received a great amount of attention
from scientists globally.”> These NPs bear unique properties
(e.g. biological, mechanical, thermal, electrical, catalytic, and
optical properties) compared to bulk materials with similar
chemical compositions. Metal oxide NPs are often used in
biomedical sciences, optics, drug delivery, optoelectronic
devices, bio-sensing, catalysis, antimicrobial activities, and
chemical sensors.*”

Several research groups are working on the synthesis of metal
oxide NPs. Different synthesis procedures have been reported in
the literature to synthesise NiO-NPs, including; hydrothermal,
solvothermal, microwave-assisted, thermal decomposition,
precipitation-calcination, chemical precipitation, and thermal
decomposition.*!' These synthetic methods have certain
limitations, such as using toxic chemicals, long reaction times,
and production of hazardous byproducts. Moreover, the toxic
chemicals used during such synthetic procedures remain on
the surface of NPs, and such NPs cannot be used for biomedical
applications. Green synthesis can use bacteria, fungi or plant
extracts to synthesise metal-based NPs.">** Plant extract-based
methods are usually low-cost and require less time to synthesise
NPs. These methods usually involve one-step reaction
procedures and are environmentally friendly. Such attributes
make these methods the preferable choice for the synthesis of
NPS'IS—IS

The research community has reported widely on the use of
NiO-NPs in different biomedical applications. TheseNPs have
been used as an antifungal and as antibacterial agents. They are
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also used in different cancer cell lines."*** These applications of
NiO-NPs are due to their cytotoxic activity and useful biological
properties. It has been found that NiO-NPs release Ni** ions,
which causes oxidative stress in bacterial cells and results in
cell death.®% The antibacterial properties of the NiO-NPs are
also attributed to the slow release of Ni** and its stability in an
aqueous medium. Generally, the smaller-sized NiO-NPs are
more effective against pathogens, and their pathogen-killing
activity depends on the medium used to synthesise the NPs.
In terms of antibacterial activity, NiO-NPs are effective against
both Gram-positive and Gram-negative bacterial species. NiO-
NPs have also shown good anti-inflammatory properties in
human cells.®

A few reports have been found on the use of certain plant
materials for the synthesis of NiO-NPs. The extracts of plants
such as Aegle marmelos, Ocimum sanctum, Calotropis gigantean,
Tamarix serotina, hibiscus, Annona squamosa, and Rambutan
(Nephelium lappaceum) have been used for the synthesis of NiO-
NPs with variable sizes and morphologies.?* The successful
synthesis of NiO-NPs using the aforementioned extracts has
also shown the potential of these plants’ phytochemicals to
stabilise the synthesised NPs.*=*Populus ciliata belongs to the
Salicaceae family, and this plant is native to Indo-Pak and is
commonly known as Himalayan poplar.=® This woody plant
may attain a height up to 50 m. The wood of this plant is used
for making furniture, and its bark has many medicinal uses.”-
However, the leaves of this plant mostly remain as bio-waste but
could be used beneficially to fabricate metal-based NPs. To the
best of our knowledge, the extracts from the leaves of this plant
have not yet been employed to synthesise NiO-NPs.”-* The
present work describes the use of Populus ciliata to synthesise
small-sized NiO-NPs, their subsequent characterisation, and
antibacterial properties.
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2. Materials and Methods

Nickel nitrate hexahydrate (NiNO,:6H,O) was purchased
from BDH England and was used without further purification.
Fresh and healthy leaves of Populus ciliata were collected from
the University of Azad Jammu and Kashmir, main campus,
Muzaffarabad, Pakistan.

2.1. Preparation of leaf extract

The collected leaves of Populus ciliata were washed with tap
water, followed by washing with doubly distilled water to
remove the associated debris prior to their use. The washed
leaves were dried at ambient temperature. These leaves were
finely chopped. Then 10 g of these chopped leaves were added
to 100 ml of distilled water, and the resulting mixture was heated
(to boiling) for 2 hours. During this heating, the transparent
mixture changed to a light brown-coloured mixture (Figure 1).
The extract obtained was filtered using Whatmann® filter paper
and then stored in a refrigerator (4 °C) until further use.

2.1.1. Synthesis of NiO-NPs

The salt, NiNO,"6H,O, was used as a precursor to fabricate
the NiO-NPs. A 1 mM salt solution was prepared by dissolving
291.0 mg of NiNO,'6H,O in 100 ml of distilled water. For the
synthesis of NiO-NPs, 30 ml of 1 mM nickel salt solution and
20 ml of the extract from the plant leaves were heated at 80 °C
for 4 hours. During this heating, the colour changed from light
brown to dark brown, which indicated the formation of NiO-
NPs. The synthesised NPs were purified by centrifugation at
25000 rpm. The purified NiO-NPs were dried at 60 °C.

2.1.2. Characterisation

The synthesised NiO-NPs were characterised using different
techniques. Fourier transform infrared (FTIR)-spectra were
obtained (in the range of 400-4000 cm™) using a Shimadzu
8400S spectrophotometer. Powder XRD analysis was done
using a D8 Advance X-ray diffractometer using Cu K o radiation
(A= 15418 A). Scanning electron microscopy (SEM)/energy
dispersive X-ray (EDX) analysis of the NiO-NPs was carried out
using an FEI NOVA nano SEM 450 equipped with an Oxford
EDX detector. Transmission electron microscopy (TEM) was
carried out using Field Electron and Ion Company (FEI) Tecnai
G2 F20 S-Twin microscope.

2.1.3. Antibacterial Activities

Agar well diffusion method was used for the investigation
of the antibacterial activities of the NiO-NPs. For this purpose,
NiO-NPs solutions of three different concentrations (2 mg ml,
4 mg ml" and 8 mg ml™') were prepared in water. Then 50 ul
of each solution was applied on bacterial strain plates in the
presence of a control drug (bacitracin). Incubation was done at
37 °C for 24 hours. The zone of inhibition (ZOI) was measured in
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Figure 1. Graphical representation of the synthesis of NiO-NDPs.

millimetres (mm). One-way ANOVA, with Dunnett’s multiple
comparison test software, was employed for statistical analysis.

3. Results and Discussion
3.1. The mechanism for the formation of NiO-NPs

It has been reported that the phytochemicals present in
the extracts from the leaves are responsible for the reduction
of metals ions into neutral metal atoms (Figure 2).** The good
reduction potential of chloride, nitrate, and sulphate salts of the
metals, including nickel salts, has been reported. This reduction
potential is due to the attachment of the metal centres with
these electron-donating anions.** Consequently, the electron
density on the conjugate salts of the metals increases. As a
result, metals in the ionised form detach from their anions and
are reduced into the stable form using phytochemicals from
the leaf extracts®. The phytochemicals from plant extracts such
as terpenoids, alkaloids, flavonoids and polyphenols act as
chelating agents to reduce the metals into the zero oxidation
state. Since the synthesis was carried out in the air, the neutral
Ni atoms were oxidised to NiO.*

3.2. UV-Visible spectroscopy

The synthesised NiO-NPs were characterised by UV-visible
spectroscopy (Figure 3). The reduction of the nickel nitrate
solution to NiO-NPs was analysed by UV-visible spectroscopic
studies in the range of 400-800 nm. The absorption peak
observed at 333 nm clearly indicated the successful formation
of NiO-NPs. The sample exhibited a strong absorption peak
in the UV region, which was blue-shifted from the absorption
edge of bulk NiO. Other researchers have also reported
similar absorption peaks.* The UV-Visible spectra and surface
plasmon resonance (SPR) wavelengths were sensitive to the
characteristics of the NiO-NPs. UV absorption studies have also
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Figure 2 Proposed mechanism for the formation of NiO-NDPs.*
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Figure 3. The UV-Visible spectrum of NiO-NDPs.
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been reported by various other researchers.?#*32 Nasseri et al.>!
observed the peak maxima at 296 nm and have attributed this
peak to the Ni-O bond. The position of the exciton absorption
for NiO-NPs depends on several factors such as temperature,
synthetic method, size and shape of NPs. Din et al. have studied
the UV-Visible spectra of NiO-NPs, and have found the peak
maxima at 400 nm.*

3.3. FT-IR spectroscopy

The FT-IR spectroscopy was performed to analyse the
functional groups present on the biomolecules in the leaf
extract of Populus ciliata (Figure 4). The prominent peaks were
observed at 3438, 2958, 1612, 1381, 1093, 1022 and 623 cm™. The
peak at 3438 cm™ represented the hydroxyl group of alcohols
or phenols. The absorption peak at 2958 cm™ could be assigned
to the -CH stretching vibrations of -CH, and -CH, groups.
Another peak at 1381 cm™ represented the NO,™" group. The
peak at 1612 cm™ indicated the C=0 group of tertiary amides.
The peak at 623 cm™ could be attributed to nickel oxide (NiO).
The reduction of precursor salt by plant biomolecules under
mild conditions led to the formation of NiO-NPs. The results
showed that these moieties (especially the OH group) helped
to stabilise the NPs. Similar functional groups have also been
reported in the FT-IR spectrum of synthesised NiO-NPs using
different synthetic procedures.?’?2231323

3.4. X-Ray Diffraction Microscopy

The powder XRD patterns of the synthesised NiO-NPs
presented in Figure 5 showed diffraction peaks at 20 values
of 37.2°, 43.2°, 62.8°, 75.4°, and 79.3°, which correspond to hkl
values of (111), (200), (220), (311), and (222). These diffraction
peaks matched the face-centred cubic (fcc) crystal system
(reference card No. 04-0835). The narrow and rather sharp
diffraction peaks confirmed the synthesis of crystalline NiO-
NPs, whereas the average crystallite size of NPs, calculated
using the Debye-Scherrer equation, was 44 nm. No other peaks
were observed in the XRD pattern, which showed the purity of
the synthesised NPs. Our results match those already reported
in the literature.? %3

3.5. SEM and TEM analysis

The structural features of the synthesised NiO-NPs were
investigated through electron microscopy. The SEM image
(Figure 6a) showed that the NPs were mostly interconnected,
while a small fraction of the NPs merged to form larger
particles (Figure 6b). Such behaviour of particles was due to the
agglomeration of the small-sized particles. Normally, small-sized
particles agglomerate, decrease their surface energy and hence
become more stable. TEM image (Figure 6c) showed the formation
of reasonably spherical particles at low resolution. However,
high-resolution TEM images (insert in Figure 6c) revealed that
the size and shape of the NPs varied. Although most of the
particles were interconnected, some NPs with visible boundaries
could be seen clearly. The agglomeration of the smaller particles
might be due to several factors, for example, low surface energy.
In addition, the NP scan also interconnect through weak van der
Waals forces. Also, a huge amount of heat produced during TEM
measurements can result in the combination of the smaller NPs.
Several researchers have already reported such agglomeration of
the NPs during TEM measurement.®**%3! The average particle
size estimated from TEM image analysis and presented in the
histogram (Figure 6d) is around 58 nm.

3.6. EDX Analysis

The elemental composition of the NiO-NPs was confirmed
using EDX analysis. The EDX spectrum revealed the presence
of predominantly nickel and oxygen peaks along with traces of
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Figure 4. FT-IR spectrum of synthesised NiO-NPs.
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Figure 5. XRD pattern of the synthesised NiO-NDPs.
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Figure 6. SEM images (a & b), TEM image (inset is high-resolution TEM
image) (c), and particle size distribution (d) of the synthesised NiO-NPs.

calcium (Ca) and sodium (Na) (Figure 7). The Si peak in the EDX
spectrum was due to the silicon from the sample grid holder. As
the synthesis was conducted in ambient air, the Ni species were
oxidised, thus forming NiO nanoparticles. The peaks in the
EDX spectrum from 0 to 2 keV revealed the successful synthesis
of NiO-NPs, as reported in the literature.*® The prominent
peaks observed for Niand O showed the successful synthesis of
the NiO-NPs.* Behera et al. characterised NiO-NPs using EDX
and reported the percentage of Ni and O as 77.65% and 22.35%,
respectively.®
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Figure 7. EDX spectrum of the synthesised NiO-NPs.

3.7. Antibacterial Assay

Previously, biosynthesised NiO-NPs were used to assess
antifungal, anticancer and many other biological applications.*
NiO-NPs have also been reported for their cytotoxic activities
against different cells such as; human airway epithelial cell line
(HEp-2). The notable cytotoxic activity of NiO-NPs against cell
lines (colon cancer) was attributed to their smaller size (9.69 nm)
and greater surface area.* Helen et al. have used Moringa
oleifera leaf extract to synthesise NiO-NPs. They also studied
antibacterial activities against Gram-negative bacteria (E. coli)
and Gram-positive bacteria (S. pneumonia and S. aureus). The
inhibition zones observed were 15 mm with S. aureus, 12 mm
with S. pneumonia, and 10 mm with E. coli. It was observed
that the NiO-NPs were more effective in killing Gram-positive
bacteria than Gram-negative bacteria. This observation revealed
that the Gram-negative bacteria possess greater tolerance than
the Gram-positive bacteria.?’

Similarly, another study disclosed the antibacterial potential
of NiO-NPs, which were synthesised from Aeglemarmelos leaf
extracts.3 Din et al. explored the antibacterial potential of Ni
and NiO-NDPs. They found that the activity of these NPs against
bacterium P. auruginosa was comparable to that of a standard
antibiotic drug (Chloramphenicol).” Stevia leaf extract has also
been used to synthesise NiO-NPs that were then subjected
to antibacterial studies. This study reported on antibacterial
activity and noted zones of inhibition of 16 mm against E. coli.
For bacterial species B. sublitis and S. pneumonia, the inhibition
zones were 15 mm and 16 mm, respectively.”® Behera et al.*
studied the antibacterial potential of NiO-NPs against different
bacteria. They also found that NiO-NPs have higher activity
against Gram-positive bacteria than Gram-negative bacteria.
These researchers concluded that releasing reactive oxygen
species (ROS) at the NiO-NDPs interface was the most probable
mechanism for killing bacteria. Backlight assay was used
to find the effect of reactive oxygen species on the bacterial
membrane.**Helan ef al. synthesised the NiO-NPs using Neem
leaf extract. These researchers applied the NiO-NPs against the
S. aureus and E. coli and found the inhibition zones as 13 mm
and 15 mm, respectively.”

Table 1. Antibacterial activities of the synthesised NiO-NDPs.

In the present study, NiO-NPs were used against Gram-
negative (E. coli and K. pneumonia) and Gram-positive bacteria
(B. subtilis and B. lichenifermia). The synthesised NiO-NPs
showed their inhibitory effect against both stains, and very
clear inhibition zones were observed (Figure 8).

The results of antibacterial activity are presented in Table 1.

The synthesised NPs showed greater activities against
Gram-positive bacteria and less activity against Gram-negative
bacteria. The maximum activity (28.1 = 1.6 mm) was noted
against Bacillus subtilis when higher concentrations of NiO-NPs
(8 mg/ml) was used. When a similar concentration (8 mg/ml)
of a standard antibiotic (Bacitracin) was used against Bacillus
subtilis, the zone of inhibition was 25.3 + 2.0 mm. Hence, NiO-
NPs were more active against Bacillus subtilis when compared
to the antibiotic (Bacitracin). The minimum activity observed
was 9.2 = 0.5 mm when the NiO-NPs were tested against
Klebsiella pneumonia using a 2 mg/ml concentration. However,
an increase in the antibacterial activities of the NiO-NPs was
observed when increasing the concentration of the NPs (Table
1, Figure 8). Compared to the antibacterial results reported by
different researchers, the antibacterial activity of the NiO-NPs
against Populus ciliata was relatively high. This higher activity
could be attributed to the small NiO-NPs (44 nm) size and the
bonding of the bioactive molecules present in the leaf extracts
of Populus ciliata. Interestingly, the activity of the leaf extracts of
Populus ciliata was negligible against all the mentioned bacterial

with 4 mg/ml with 8 mg/ml

with 2 mg/ml

Figure 8. Images of antibacterial activities of the synthesised NiO-NPs.

. . Zpr}gs of Zones of inhibition Mean ?ctiv‘ity Zones of inhibition Mean. activity
Bacferlal Bacteria inhibition by (bacitracin) (mm) ofAbac1tracm (NiO-NPs) (mm) of. NiO-NPs
strains control (water) (with 95% CI) (with 95% CI)

(mm) 2mgml?! 4mgml? 8mgml! (mm) 2mgml™ 4mgml?! 8mgml! (mm)
Gram.  E-coli 0+0 14505 199+08 23517 193=10* 132+04 183+08 221=09 17807
negative K. preumoniae 0%0 122+02 249+13 27221 214=+12%** 092+x05 11.6=+02 159=+03 122+0.3
Gram-  B.subtilis 0£0  93=03 2L1+11 253=20 186=11 152+04 24108 281x16 225=0.9%**
positive B licheniformis 0=x0 13102 212%x15 242+18 195=*12 126 £0.1 185+09 263+0.7 19.1+0.6

Note: Each value= mean (=SEM) of four replicates. Positive control = bacitracin (antibiotic). Statistical icon: *** = p < 0.001.
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strains. Hence, it could be concluded that the higher activity
was solely attributed to NiO-NPs.

The high antibacterial activity of the NPs may be attributed to
their size, morphology, chemical composition, ability to release
metal ions for trans-membrane electron transfer, penetration,
oxidation of cell organelles, and production of some secondary
products (reactive oxygen species ROS) that cause cell
damage.* Gram-positive bacteria have a thicker cell wall with
greater porosity and higher permeability than Gram-negative
bacteria. The antibacterial activities of NPs depend on their size,
stability, and concentration of NPs. The nanoscale-sized outer
cell membrane of bacteria results in good reactivity towards
NPs.*#! The antibacterial activities of NiO-NPs may result from
attractive electrostatic forces between negatively charged cell-
membrane and positively charged Ni** ions. The Ni** released
from the NiO-NPs may penetrate the cell wall and damage
DNA, mitochondria, protein and interrupt electron transport,
resulting in cellular death. The accumulation and diffusion of
NiO-NPs in the cell membrane may change its permeability,
resulting in protein leakage.*

4. Conclusion

The current study describes the successful synthesis of
NiO-NPs by an eco-friendly and cost-effective technique
using Populus cilita leaf extract under mild conditions. Various
characterisation techniques confirmed the successful synthesis
of NiO-NPs; UV-Visible, FT-IR, XRD, SEM, EDX and TEM. The
antibacterial activities of these NPs were evaluated against
Gram-positive and Gram-negative bacteria. Higher activities
were observed against Gram-positive bacteria in comparison to
Gram-negative bacteria. With an increase in the concentration
of NiO-NPs, the antibacterial activity of the NPs increased
against all bacterial strains tested. Hence, this study highlights
the potential of Populus cilitata mediated synthesis of NiO-NPs
for applications against different bacterial species and could be
further extended for practical applications.
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