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This study revealed the effective production of nickel oxide nanoparticles

(NPs) using chelating agents derived from the leaves of Paulownia tomentosa

plants and nickel (II) chloride hexahydrate (NiCl2�6H2O) as the precursor.

Nickel oxide NPs (NiO NPs) have been successfully prepared by a green syn-

thesis method using extracts of P. tomentosa leaves in water. The morphology

and crystallinity of the NPs were investigated via X-ray diffraction (XRD),

scanning electron microscopy (SEM), UV–visible spectroscopy (UV–vis),
energy-dispersive X-ray analysis (EDX), Fourier transform infrared spectros-

copy (FT-IR) and thermogravimetric analysis (TGA). The formation behaviour

of NiO NPs and the microstructural and physical properties of the resulting

particles were studied. This study additionally investigated the antimicrobial,

antibiofilm and cytotoxic effects of NiO NPs. Microstructurally uniform NiO

NPs with a nanometre diameter were consistently produced using an eco-

friendly processing approach and exhibited a visible-range transparency of

89%. The obtained SEM images confirmed the octahedral shape of the NPs.

The NiO NPs acquired were found to have potent antimicrobial efficacy

against all the other bacterial strains. As a result of their antibiofilm effects on

pathogenic Escherichia coli and Pseudomonas aeruginosa bacteria, NiO NPs

strongly inhibited these bacteria in a concentration-dependent manner. In the

cytotoxicity study of NiO NPs, a decrease in cell viability was shown to occur

depending on the concentration of the cell lines used.
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1 | INTRODUCTION

Nanotechnology, which combines many disciplines, such
as physics, material science, chemistry, medicine and

biotechnology, has become popular for many studies
worldwide. Nanotechnology is basically concerned with
the production, characterisation and application of nano-
scale materials.1,2 Nanoparticle (NP) production is a very
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important element of nanotechnology. NPs are consid-
ered basic building blocks with different properties owing
to their small dimensions and large surface area-
to-volume ratio.3 Due to their small size and diverse
shapes, NPs exhibit different properties than their bulk
counterparts with larger surface areas.4 NPs are generally
synthesised by physical and chemical methods, but these
methods have many disadvantages.5–7 Plants have been
used in many different ways from past to present. In this
process, plants mostly play a role in the prevention and
treatment of diseases.8 Green synthesis is a method that
provides an alternative to other methods and overcomes
the limitations of traditional methods. In the green syn-
thesis method, microorganisms or extracts of various
plant parts are used.9 Synthesising metal NPs via plant
extracts is cost-effective, making it a useful and affordable
alternative for large-scale metal NP production.10 NPs
created through an environmentally friendly synthesis
technique have advanced biomedical properties. More-
over, these materials are biodegradable and nontoxic,
making them safe options for use.11 Several studies have
investigated the antioxidant and antibacterial properties
of NiO NPs.12 NiO NPs obtained from the stem of the
Berberis balochistanica plant were evaluated for their
antibacterial, cytotoxic, stimulant and antifungal activi-
ties.13 In another study, Sageretia thea (Osbeck.) Leaf
extracts were used to acquire NiO NPs, the antibacterial
activities of the obtained NiO NPs were studied, and min-
imum inhibitory concentrations (MICs) were calcu-
lated.14 Gold, silver and zinc oxide NPs obtained from
different fruit extracts and leaves have been shown to
have inhibitory effects on the gram-positive bacteria
Staphylococcus aureus and Bacillus subtilis, as well as the
gram-negative bacteria Pseudomonas aeruginosa and
Escherichia coli and different fungal species.15–17 Antimi-
crobial agents are typically used as a main strategy for
treating infections caused by biofilms.18 The various com-
ponents of the biofilm structure contribute to the devel-
opment of antimicrobial resistance, and microorganisms
within the biofilm exhibit strong resistance to antimicro-
bial agents.19 Therefore, new treatment strategies are
needed to overcome bacterial resistance and eliminate
biofilm-forming bacteria.

In the literature, the mechanical and physical proper-
ties of wood were examined. The bark and blossoms of
the Paulownia tree are utilised in traditional Chinese
medicine to treat inflammatory and infectious ill-
nesses.20,21 Additionally, it is acknowledged for its effec-
tiveness in treating conditions such as haemorrhoids,
traumatic bleeding, bacteriological diarrhoea, hyperten-
sion and dysentery.22 The antimicrobial, antioxidant and
cytotoxic effects of extracts of the flowers, petals, bark,
leaves and wood parts of P. tomentosa were investigated.

The results showed that the best antimicrobial activity was
achieved by the extract of the flower part of P. tomentosa
against S. aureus.23 In studies on the leaves and flowers of
P. tomentosa, antioxidant properties were analysed, and
catechin was found to have the highest phenolic content.
This plant species therefore has potential for use in phy-
totherapy, pharmacology, modern medicine and the ani-
mal feed industry.24 Paulownia leaves were found to
contain a compound called catechin. Catechin, a colour-
less compound, has become a natural antioxidant of great
interest because of its antioxidant, anticarcinogenic and
antiobesity properties. Considering these properties, it can
be concluded that the leaves of the Paulownia plant are a
rich source of antioxidants. Considering these findings,
plants can be used for medicinal purposes in the fight
against many diseases, especially cancer. Based on this
information, it has been observed that Paulownia leaves
possess characteristic features that can serve as a preser-
vative in animal feed and beverages. In the Paulownia
trees, the leaf extract exhibited a higher concentration of
β-carotene (7716 μg/g). Carotenoids found in nature typi-
cally possess potent antioxidant activity. Furthermore,
β-carotene has been shown to have multiple beneficial
medical effects, including antioxidant, provitamin A and
anticancer effects. The results indicated that the Paulow-
nia tree possesses medicinal properties with antioxidant
content that aligns with the content analysis.25

In the present study, NiO NPs were synthesised via
the green synthesis method using P. tomentosa leaf
extract. The synthesised NiO NPs were characterised
structurally and morphologically using appropriate
methods. After the characterisation process, the antimi-
crobial, antibiofilm and cytotoxic properties of the NiO
NPs were investigated. In this study, NiO NPs were pre-
ferred because efficient results can be obtained through
biological activities due to their large surface area. For
this purpose, NiO NPs have the potential to be superior
to other materials when produced by green synthesis; in
this research, their potential as therapeutic agents was
elucidated for the first time.

2 | MATERIALS AND METHODS

2.1 | Preparation of NiO NPs using an
extract of P. tomentosa

Leaves of P. tomentosa plants were collected from parks
and gardens in the Kahramanmaraş region. These
Paulownia leaves were dried at 50�C for 24 h to remove
all moisture. The dried leaves were ground using a
grinder. The Paulownia leaves were pulverised into pow-
der and stored in sterile glass. Approximately 2 g of the
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herbal powder was mixed with 40 mL of distilled water at
45�C for 30 min. The aqueous extract was filtered with
Whatman 1 filter paper, and the resulting solution was
prepared. Nickel (II) chloride hexahydrate salts (Afg-
Bioscience 399218-250G) (1.6 g) were slowly added to
50 mL of the herbal solution; at this point, a substantial
colour change was observed. The solution was then stirred
at 75�C for 24 h. After the reaction, the reduction of Ni2+
to Ni0 was observed by the change in colour from greenish
to yellowish-brown, indicating the formation of nickel
oxide NPs. After reducing the metal salts to NPs, the sam-
ples were centrifuged for another 15 min at room tempera-
ture (5000 rpm). The centrifuged powders were left to dry
at room temperature, annealed at 400�C for 2 h to form
pure nickel oxide NPs and stored at 4�C until further use.
The experimental steps of NiO NPs prepared by green syn-
thesis are shown schematically in Figure 1.

2.2 | Characterisation of NiO NPs

Characterisation measurements included analysing the
particle shape, size distribution, degree of aggregation,
surface charge and surface area. An X-ray diffractometer
(XRD) (Philips X'Pert PRO, the Netherlands, Cu Kα radi-
ation, wavelength 1.54Â, 2θ, 20� to 80�) was used to

investigate the structural properties of the NPs obtained
using green synthesis. A scanning electron microscopy
(SEM) (EVO40-LEO, Carl Zeiss, UK) image was used to
determine the surface morphology and microstructure of
the NPs. A UV–vis spectrophotometer (PG-T60, PG
Instruments Ltd., UK) was used to record the absorbance
spectra of the film samples in the wavelength range of
650–1100 nm. Thermogravimetric analysis (TGA) was
performed with a Perkin Elmer Pyris 1, whereas differen-
tial thermal analysis (DTA) was performed using a
Perkin Elmer DSC 4000. Fourier transform infrared
(FTIR) spectroscopy was carried out at wavelengths rang-
ing from 4000 to 400 cm�1 (Perkin Elmer Spectrum
400, Shimadzu, Japan).

The grain sizes of the NPs were calculated using the
data obtained from the XRD diffraction pattern and
the Debye–Scherrer formula. According to the Debye–
Scherrer formula, the relationship between the crystal size
and the half-intensity width is given by the Equation 1.

D¼ 0:9λ
βcosθ

: ð1Þ

Here, D is the crystal size, λ is the wavelength of the
X-ray used (1.5418 A�A), β is the half-intensity peak
width (FWHM) and θ is the Bragg angle.

FIGURE 1 Experimental process for NiO nanoparticles (NPs) produced by green synthesis.
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2.3 | Determination of the antimicrobial
activity of NiO NPs

The antimicrobial activity of NiO NPs synthesised by
the green synthesis method was established by the agar
well diffusion method on gram-negative and gram-
positive bacteria. In the analysis, E. coli ATCC 25922,
Enterococcus faecalis ATCC 29212, Listeria monocyto-
genes ATCC 19115, Acinetobacter baumannii ATCC
17978, P. aeruginosa ATCC 27853, S. aureus ATCC
25923, Bacillus cereus ATCC 14579, Staphylococcus epi-
dermidis ATCC 12228, Shigella dysentery ATCC 13313,
Klebsiella pneumoniae ATCC 13883 and Enterobacter
aerogenes ATCC 13048 were used to determine the
activity of the NPs. Pathogenic bacteria were cultured
overnight on brain heart infusion agar (BHIA) (Merck,
Germany). Then, 100 μL of NiO NPs was added to each
well, and the samples were incubated at 37�C for 1 day.
The experiments were performed in triplicate. Antimi-
crobial activity was determined by measuring the diam-
eter of the inhibition zone (mm).

2.4 | Determination of the minimum
inhibitor (MIC) concentration

The minimal inhibitory concentration (MIC) was deter-
mined using a modified standard of the Clinical and Lab-
oratory Standards Institute (CLSI) liquid microdilution
method. E. coli ATCC 25922, E. faecalis ATCC 29212,
L. monocytogenes ATCC 19115, A. baumannii ATCC
17978, P. aeruginosa ATCC 27853, S. aureus ATCC 25923,
B. cereus ATCC 14579, S. epidermidis ATCC 12228,
S. dysentery ATCC 13313, K. pneumoniae ATCC 13883
and E. aerogenes ATCC 13048 were used. The MIC deter-
mination was performed in 96-well plates using tryptic
soy broth (TSB) medium. After overnight incubation at
37�C, the cultures were diluted to 1 � 106 CFU/mL, and
50 μL of bacteria was inoculated into each well. NiO NPs
were added to 50 μL of solution in 96-well plates at differ-
ent concentrations (256–0.5 μg/mL). The plates were
incubated at 37�C for 18 h. The minimum concentration
without visible bacterial growth was defined as the MIC.
Gentamicin (Sigma-Aldrich, USA), a broad-spectrum
antibiotic, was used as a positive control.26

2.5 | Determination of the antibiofilm
activity of NiO NPs

To determine the antibiofilm activity of NiO NPs obtained
by the green synthesis method with P. tomentosa, biofilm-
producing E. coli ATCC 25922 and P. aeruginosa ATCC
27853 strains were used. After serial dilutions, 100 mL of

test compounds (0.625–10 mg/mL) and 100 mL of bacte-
rial culture (OD600 = 0.132) activated in TSB medium at
37�C were transferred to 96-well polystyrene microtiter
plates. After 24 h of incubation at 37�C, the cells adhering
to the wells were carefully rinsed with distilled water and
allowed to air dry. Staining was performed under aseptic
conditions with 0.4% (w/v) crystal violet, followed by rins-
ing with distilled water. Ethanol (200 mL) was used to dis-
solve the crystal violet solution. TSB medium (100 mL)
was used as a negative control, and compound-free bacte-
rial cultures were used as a positive control. The absor-
bance of the wells was measured at 595 nm (BioTek
Epoch 2 Microplate Spectrophotometer, USA). The anti-
biofilm activity (%) was determined by the following for-
mula. The study was repeated three times. The study was
repeated three times. The antibiofilm activity was deter-
mined by the is given by the Equation 2.

Antibiofilm activity %ð Þ¼ 1�ODsample=ODcontrol
� ��100:

ð2Þ

2.6 | Cell culture cytotoxicity activity
(MTT assay)

HT-22 and MCF-7 cells were placed in 96-well plates
with 100 μL of the cell suspension at a density of 1 � 105

cells/mL per well and incubated for 24 h (HT-22; High
glucose DMEM (Capricorn, Cat. No: DMEM-HA,
Germany), MCF-7; RPMI (Capricorn, Cat. No:RPMI-A,
Germany). After incubation, NiO NPs were applied to the
cells at specified concentrations (0–500 μg/mL). After
the application, the cells were again incubated for 24 h at
37�C in a 5% CO2, 95% humidity environment. After the
24-h period, the chemical solution in the wells was
removed, and 100 μL of fresh cell medium and 10 μL of
MTT were added to each well and incubated for 4 h.
After incubation, the MTT (Cayman, 21795, USA) solu-
tion was removed from the wells, 100 μL of DMSO
(Dimethyl sulfoxide; Emplura, Merck, M1.16743.1000,
Germany) was added, and the mixture was incubated for
approximately half an hour. The absorbance (OD, optical
density) at a wavelength of 570 nm was measured with a
microplate reader (Eon, Biotec). In the experiments, the
groups were studied in triplicate.

2.7 | Statistical analysis

The chi-square test was used for statistical analysis of all
the descriptive statistics. The significance value was set as
p = 0.01. The Statistical Package for Social Sciences
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(SPSS) for Windows (Version 23.0; SPSS, Inc., Chicago,
IL) was used for all analyses. The statistical analyses for
the cytotoxicity studies were performed using GraphPad
Prism 9. All the experiments were performed in triplicate,
and the data are expressed as the mean ± standard devia-
tion (mean ± SD). Control comparisons were made using
one-way analysis of variance (ANOVA), and Tukey's test
was used as a post hoc test. A p value < 0.001 was consid-
ered to indicate statistical significance.

3 | RESULTS AND DISCUSSION

3.1 | Characterisation

XRD was carried out to ascertain and explore the crystal
structure of the NiO target materials. Finally, diffraction
patterns were obtained at room temperature with a scan
rate of 4�/min for NiO NP target materials between dif-
fraction angles (2θ) of 20� and 90�. The crystal structure
of the NiO NPs was analysed using an XRD, as illus-
trated in Figure 2. The Paulownia NiO NPs produced a
foam cubic crystalline structure (a:b:c: 3.52400 Å;
density = 8.91 g/cm3). The XRD pattern analyses of the
NiO NPs are given in Table 1 (JCPDS card no 3-065-2865).
Using the Debye–Scherrer equation, the average crystal
size of the films was calculated to be 29.64 nm.

The X-ray diffraction peaks at 37�, 43�, 62�, 76� and
79� confirm the presence of cubic nickel oxide on the
(111), (200), (220), (311) and (222) lattice planes, respec-
tively. In addition, Figure 2 displays the X-ray diffraction
patterns of the NiO NPs within the 2θ range of 42�–45�.
The obtained patterns correspond to JCPDS card

no. 04-0835. The NiO peaks, including the primary char-
acteristic peak at 43�, are distinguishably wider than the
other peaks and exhibit sharper peaks that can be attrib-
uted to the lower crystalline structure of the particles
with smaller grain sizes.27,28 The particle size–density
graph indicates that all the powders are polydisperse,
with peaks present in multiple regions ranging from the
nanometre scale to the submicron scale. The peak density
of large particles is greater than that of small particles
because large particles scatter much more light than
smaller particles.29

The sample surface morphology of the powder target
material was assessed using SEM at magnifications of 1�x
and 10.00�x. Analysis of the images indicates that the par-
ticles exhibit a high degree of agglomeration. The NiO
powder SEM images are shown in Figure 3. As shown in
the SEM images, NPs were formed in the nanowire foam
structure. Large particles are observed due to the collection
and agglomeration of smaller particles. A uniform distri-
bution of small, randomly distributed grains is evident, as
are homogeneous spherical particles.30

A UV–vis spectrophotometer was used to determine
the characteristic light absorption bands of the NiO NPs
obtained from the Paulownia leaves (Figure 4). The
absorption of NiO NPs synthesised with leaf extracts was
determined at a wavelength of 322 nm (Figure 4a). The
highest absorptance curves were exhibited in the absor-
bance spectra at a wavelength of approximately 302 nm.
These herbal extract, which mostly absorbsance in the
UV range.

The Paulownia extract transmittance data are dis-
played in Figure 4b, with 81.51% of the NPs at 500 nm
and 81.51 89.44% at 700 nm. These spectra exhibit the

FIGURE 2 X-ray diffraction patterns of the biosynthesised NiO

nanoparticles (NPs).

TABLE 1 Structural properties of Paulownia NiO NPs.

Material

Observed values

2θ (�) FWHM d (Å) (hkl) D (nm)

NiO 16.12 0.25619 5.49 (220) 31.31

18.57 0.10536 4.77 (311) 76.40

20.33 0.23848 4.36 (222) 33.84

20.89 0.12571 4.24 (001) 64.26

32.92 0.89978 2.71 (100) 9.20

37.29 0.56054 2.40 (111) 14.95

43.40 0.34870 2.08 (200) 24.52

53.20 0.39620 1.72 (200) 20.20

62.96 0.43487 1.48 (220) 21.42

75.45 0.51919 1.26 (311) 19.34

79.50 0.97012 1.20 (222) 10.65

Abbreviations: FWHM, half-intensity peak width; NPs, nanoparticles.
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characteristics of a Paulownia extract, which mostly
trancmittance visible and infrared region range.

Fourier transform infrared spectroscopy (FTIR) was
used to evaluate functional groups of reducing agents in
water extract of Pauolownia (Figure 5a) and green
synthesised NiO nanowire foam (Figure 5b) as shown in
the Figure 5. The FTIR spectrum exhibited peaks
between 1050 and 1300 cm�1 attributed to C–O bonds;
between 1630 cm�1 attributed to C=O, C=C and C=N
bonds; and between 3289 cm�1 assigned to O-H bonds
(Figure 5a). The peak for NiO is observed at 743.8 cm�1

and corresponds to the stretching mode of the NiO NPs.
The FTIR spectra of the NiO NPs show that the broad
absorption bands at 3329 and 1621 cm�1 are assigned to
O–H stretching and bending modes of water, respectively
(Figure 5b). In the FT-IR spectrum of green synthesised
NiO NPs, the broad band near 3329, 1621 cm�1 and
1233 cm�1 is due to the presence of effective biological
reduction agents in the NiO NPs and is also assigned to
the O–H stretching mode of the interlayer and adsorption
water in Paulownia leaves extract (Figure 5b).31,32 On the
other hand, biological molecules may be involved in
the stabilisation and reduction processes, which would
explain the peaks' decreasing strength in the NiO NPs
spectrum in comparison to the extract spectrum.

TGA was used to study the thermal characteristics of
the NiO NPs. The typical TGA curve of the vanguard pro-
duce is shown in Figure 6. Weight loss clearly occurred
in two temperature zones, 40–210�C and 456–737�C. The
primary weight loss occurs between 40�C and 210�C,
which is ascribed to the evaporation of the absorbed
water. The second weight loss occurs between 456�C and
737�C, which can bind to the converted Ni(OH)2 to NiO.
Above 737�C, the TG curve remains constant, indicating
no change in the weight of the NPs. This information can
guide the selection of calcination temperature. The total
weight loss reached 40.08% at 737�C, and the weight loss
occurred in two stages.

The DTA curve shows a wide endothermic response
in the temperature range of 50–595�C, with an extensive
peak occurring at 337�C. A large endotherm refers to the
absorption of external heat to decompose a material. This
is attributed to the release of energy that can be used for
phase formation. The peak in the DTA curve implies that
an event, such as combustion caused by impurities, has
taken place within the structure. The Ni(OH)2 structure
changes to NiO between 50�C and 595�C, while the con-
stant region above 595�C signifies the completion of the
transformation to NiO.33 The thermal dissociation and
steadiness observed from the TGA-DTA curve can be
strongly associated with the XRD data used for research

FIGURE 3 Scanning electron microscopy (SEM) micrograph

of NiO nanopowders obtained after annealing at 450�C for 2 h.
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on the phase transmutation of specimens tempered
between 400�C and 700�C.

3.2 | Antimicrobial activity and MIC

The antibacterial activity of the newly synthesised
Paulownia-mediated NiO NPs was evaluated against
11 different reference bacterial strains. The results
obtained showed that the NiO NPs exhibited very strong

antimicrobial activity and were effective against all the
tested bacteria, as indicated in Table 2 (Figure 7). Nota-
bly, NiO NP complexes had low MICs for microorgan-
isms. When the results of the compounds tested with
gentamicin, which was used as a positive control in the
present study, were compared, the MIC values were
similar.

Gram-positive bacteria differ from Gram-negative
bacteria in that they have a thick cell wall that is more
porous and has higher permeability, and they do not

FIGURE 4 (a) Absorbance spectrum of

Paulownia leaf extract and (b) UV–vis
transmittance spectrum of the leaf extract.
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have an outer lipid membrane. Gram-negative bacteria
have a thin peptidoglycan layer and an outer lipid mem-
brane. This difference in cell wall components results in
different adhesion pathways for NPs. NiO NPs can

adhere to both cell walls and membranes, which may
affect their structure, transport activity and permeability.
The nanoscale-sized outer cell membrane of bacteria
results in good reactivity towards NPs. Because Gram-

FIGURE 5 (a) Fourier transform infrared (FTIR) spectrum of Paulownia leaf extract and (b) FTIR spectrum showing the infrared

vibrational modes of the biosynthesised NiO nanopowder.
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negative bacteria have thinner cell walls and less peptido-
glycan, NiO NPs generally exhibit greater antibacterial
activity against Gram-negative bacteria than Gram-
positive bacteria.34,35 In our study, its effectiveness on
Gram-negative bacteria is given in Table 2.

The high antibacterial activity of NPs can be attrib-
uted to their size, morphology, chemical composition,
ability to release metal ions for trans-membrane electron
transfer, penetration, oxidation of cell organelles and pro-
duction of some secondary products (reactive oxygen spe-
cies, ROS), which cause cell damage. The antibacterial
activities of NiO NPs may result from attractive electro-
static forces between the negatively charged cell mem-
brane and positively charged Ni 2+ ions. Ni 2+ released
from NiO NPs can penetrate the cell wall and damage
DNA, mitochondria, protein and disrupt electron trans-
port, resulting in cellular death.35

3.3 | Antibiofilm activity

The E. coli ATCC 25922 and P. aeruginosa ATCC 27853
strains were used to determine the antibiofilm activity of
compounds containing NiO NPs. NiO NPs were found to
have strong biofilm inhibitory effects on both types of
strains, which increased with increasing concentration.
At a concentration of 10 mg/mL, the NiO NP compound
inhibited 64.27% of the E. coli ATCC 25922 strain biofilms
and 72.14% of the P. aeruginosa ATCC 278533 strain bio-
films (Figure 8). NiO NP compounds were found to have
greater biofilm inhibitory effects on P. aeruginosa. Due to
the strong antibacterial and antibiofilm activities of these
newly synthesised compounds, they can be used as
potential alternatives in both biomedical applications and
industry.

3.4 | Cytotoxic activity

In Figure 9, cell viabilities in the mouse hippocampal
neuronal cell line (HT-22) at different concentrations of
NiO NPs are given as percentages compared with those
in the control group. The study groups were as follows: a
sham group (supplemented with ethanol at a dose of
500 μg/mL) and specified dose groups, with a minimum
of 0.1 and a maximum of 500 μg/mL. Cell viability was
found to be 92.82% in the sham group, based on the
amount of ethanol used at a dose of 500 μg/mL.
The small decrease in vitality was not statistically signifi-
cant compared with that in the control group (p > 0.05).
Cell viability showed a change between 99.16% and
92.46% at the doses of 0.1, 1 and 10 μg/mL chosen to
determine the effect of low doses, but these partial
changes were not significant compared to those in the
control group (p > 0.05). At a concentration of 50 μg/mL,
the cell viability exhibited a critical change and decreased
to 75.80%. The change in viability at this dose was found
to be significant compared to that in both the control
group and the sham group (compared to the sham group;
p < 0.005; compared with the control group; p < 0.001).
The significant change in the sham group determined
according to the high dose clearly demonstrated the effect
of NiO NPs. With increasing concentrations, the effect of
NiO NPs on cell viability became more evident, and the
viability was 41.14% at 100 μg/mL and 9.82% at 500 μg/
mL. In particular, concentrations above 100 μg/mL had
toxic effects by causing a significant decrease in the via-
bility of HT-22 cells (Figure 10). The dramatic decrease
in viability was found to be statistically significant com-
pared to that of the control and sham groups
(p < 0.001). The concentration at which 50% of the cells
were inhibited (IC50) in HT-22 cells was determined to
be 92.93 ± 2.6 μg/mL.

Figure 11 shows the effect of the determined doses of
sham and NiO NPs on the viability of human breast can-
cer cells (MCF-7). The application groups for MCF-7 cells
consisted of a sham treatment (the amount of ethanol
applied at the maximum dose used for NiO NPs) and dif-
ferent doses of NiO NPs. As a result of the application in
the sham group, cell viability was determined to be
88.66%. This decrease in viability was statistically signifi-
cant compared with that of the control group (p < 0.05).
On the other hand, low doses of NiO NPs (e.g., 0.1, 1 and
10 μg/mL) did not cause a significant change in cell via-
bility (p > 0.05). After treatment with 50 μg/mL, the
viability of the MCF-7 cells was 78.36%, but this decrease
was significant (p < 0.001) compared with that of the
control group but not significantly different from that of
the sham group (p > 0.05). However, determining the
activity of the NiO NPs was difficult. After treatment with

FIGURE 6 Thermogravimetric analysis (TG and differential

thermal analysis [DTA]) curves of the NiO nanoparticles (NPs).

GÜRSOY ET AL. 9 of 15

 10990739, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aoc.7492 by A

hi E
vran Ü

niversitesi, W
iley O

nline L
ibrary on [21/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TABLE 2 Antimicrobial zone diameters of pathogenic strains affected by NiO NPs and compounds with different compositions.

Antimicrobial zone diameter
Gram-negative

E. coli
ATCC 25922

P. aeruginosa
27853

A. baumannii
ATCC 17978

K. pneumoniae
ATCC 13883

E. aerogenes
ATCC 13048

S. dysenteriae
ATCC 13313

NiO NPs 21 ± 0.7 21 ± 1.4 22 ± 0.9 24 ± 0.7 23 ± 1.8 23 ± 0.4

MICa (uM)

NiO NPs 8 2 4 0.5 8 4

CNb 0.5 1 0.5 1 1 0.5

Abbreviations: MIC, minimum inhibitory concentrations; NPs, nanoparicles.
aMinimum inhibitory concentration (256–0.5 μg/mL) was determined as the lowest concentration inhibiting bacterial growth determined in three independent
experiments performed in triplicate.
bCN: Gentemycin.

TABLE 2 (Continued)

Antimicrobial zone diameter

Gram pozitive

S. aureus
25923

B. cereus
ATCC
14,579

E. faecalis
ATCC 29,212

S. epidermidis
ATCC 12228

L. monocytogenes
ATCC 19115

NiO NPs 23 ± 0.6 26 ± 1.3 20 ± 1.4 24 ± 1.4 30 ± 0.8

MICa (uM)

NiO NPs 8 2 4 4 0.5

CNb 0.5 1 0.5 0.5 0.5

Abbreviations: MIC, minimum inhibitory concentrations; NPs, nanoparicles.
aMinimum inhibitory concentration (256–0.5 μg/mL) was determined as the lowest concentration inhibiting bacterial growth determined in three independent
experiments performed in triplicate.
bCN: Gentemycin.

FIGURE 7 Inhibition zone

diameters of green synthesised NiO

nanoparticles (NPs, 256 μg/mL

concentration) on various pathogenic

strains.
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200 μg/mL NiO NPs, cell viability decreased to 66.1%,
and the change in viability was determined to be signifi-
cant compared with that in both the control group and
the sham group (p < 0.001). This effect was clearly visible
at this concentration. Moreover, at other concentrations,
the extract had a destructive effect on MCF-7 cells, and a
sudden decrease in viability of up to 17% was observed
(Figure 12). For MCF-7 cells, the IC50 was calculated to
be 206.75 ± 10.9 μg/mL.

Antimicrobial activities and minimal inhibitory con-
centrations were determined against E. coli ATCC 25922,
P. aeruginosa ATCC 27853, S. aureus ATCC 25923,
B. cereus ATCC 14579, E. faecalis ATCC 29212 and

S. epidermidis ATCC 12228 bacteria using the agar well
diffusion method. Additionally, antibiofilm activities
were detected against the E. coli ATCC 25922 and
P. aeruginosa ATCC 27853 strains that produce biofilms.
The antimicrobial activities of NPs differ according to
their size, synthesis conditions and strain type. Thus, the
therapeutic potential of NiO NPs synthesised from
Paulownia plant extract on biological and especially
drug-resistant microorganisms was determined. Various
researchers have previously reported the successful crea-
tion of NiO NPs using plant extracts via an environmen-
tally friendly method.36–39 This study indicated that the
NiO particles produced have significant potential for

FIGURE 8 Antibiofilm activity of different concentrations of NiO nanoparticles (NPs) on the E. coli ATCC 25922 and P. aeruginosa

ATCC 27853 type strains. The statistical significance values ***, ** and * denote significance at p < 0.0001, p < 0.01 and p < 0.05,

respectively—whereas ns denotes nonsignificance.

FIGURE 9 Viability percentages of

HT-22 cells after application of NiO

nanoparticles (NPs) at different

concentrations. The results are

presented as the percentage of the

control and mean ± SD. Statistical data

ns: not significant, **p < 0.005 and

***p < 0.001.
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antibacterial activity and can effectively combat gram-
positive bacteria.36,40

It has been reported that factors such as metal ions
released from the surface of metal NPs, which have vari-
ous antimicrobial activity properties, reportedly induce
the vast majority of bacteria to cause infection and anti-
microbial activity.41

The use of plant extracts has the potential to replace
traditional chemical and physical methods for NP pro-
duction. In particular, plant-mediated biosynthesis has
become increasingly important due to its flexibility and
environmentally friendly nature. Plant extract-mediated
synthesis is a rapid and straightforward process that
avoids the use of toxic or unnecessary chemicals and

FIGURE 10 Inverted microscope images at 40� magnification after 24 h of NiO nanoparticles (NPs) application in the HT-22 cell line:

(a) control, (b) 500 μg/mL sham, (c) 1 μg/mL sham, (d) 10 μg/mL sham, (e) 100 μg/mL sham and (f) 500 μg/mL sham.

FIGURE 11 Effect of NiO

nanoparticles (NPs) on the viability of

MCF-7 cells. The results are presented

as the percentage of the control and

mean ± SD. Statistical data ns: not

significant, *p < 0.05 and ***p < 0.001.
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aligns with the principles of green synthesis. The pres-
ence of phytochemicals in plants is responsible for reduc-
ing metal ions during the process. The plant extract can
be obtained from various parts of the plant, including the
leaves, flowers, bark or seeds. In some cases, the extract
is capable of reducing and stabilising the agent, as
reported in a recent study.10

NPs are materials used to treat cancer cells due to
their structure, easy conjugation with targeted biomole-
cules and drugs, biocompatibility and important surface
modifiability.42,43 When NPs contact cancer cells, they
enter the cell and trigger oxidative stress and the forma-
tion of ROS with intracellular ion release, causing cell
death. ROS formation can cause a loss of function of the
mitochondrial membrane and damage cellular DNA,
leading to cell apoptosis.44 In a study conducted with
NiO NPs obtained from Areca catechu leaf extract, the
NPs were shown to have significant cytotoxic effects on a
human lung cancer cell line (A549). In this study, the
IC50 dose was 93.349 μg/mL.45 In another study of NiO
NPs obtained from Calotropis gigantea (a crown flower),
it was reported that the NPs had significant anticancer
effects on the liver cancer (HepG2) cell line.44 In the
study of NiO NPs obtained by a different method, it was
stated that NiO NPs could be effective anticancer agents
for three different cancer cell lines.46

4 | CONLUSIONS

We present first-hand reports on the development of
novel, green and environmentally friendly NiO NPs from
Paulownia plant extracts. NiO NPs were successfully
synthesised in a green manner by a simple method at low
temperature. XRD analysis revealed that the NiO NPs

were in the cubical phase. The broad peak in the XRD
pattern indicates the nanocrystalline behaviour of the
particles. The SEM images confirmed that the NiO NPs
had a spherical shape. Current study on the biological
activities of NPs shows that NiO NPs have antibacterial
effects. In addition, the study reveals the cytotoxic prop-
erties of NiO NPs in healthy and cancer cells. The charac-
terisation results showed NiO NPs with a particle size of
29.64 nm. NiO NPs synthesised by green synthesis were
tested against various bacteria, and the results showed
antibacterial and antibiofilm effects against a broad spec-
trum of these materials. The results of this study high-
light that Paulownia-based NiO NPs have bioactivities
that may be useful as potential antibacterial agents and
antibiofilms in the biomedical field. These NPs can be
considered effective alternatives to standard antibiotic
therapy. Green synthesis technology could pave the way
for a new range of antibacterial agents.

Studies on the anti-cancer effects of NiO NPs
obtained from different plant extracts on cancer cells
indicate dose-dependent anti-cancer activity. However,
most of these studies did not report any data on its
effects on healthy cells. Our study also pointed out this
deficiency and examined its effects on two groups:
healthy and cancer cell lines. With our results, the NiO
NPs obtained by green synthesis show a dose-dependent
cytotoxic effect on the health cell line HT-22 and
MCF-7 breast cancer cells. On the other hand, the IC50

dose value determined for the HT-22 used in the study
was lower than that determined for MCF-7 cells. This
suggests that when determining the anti-cancer activi-
ties of the NPs obtained, examining their effects on
healthy cells and different cancer cell lines and per-
forming detailed cellular analyses will pave the way for
more accurate evaluations.

FIGURE 12 Inverted microscope images at � 100 magnification after 24 h of NiO nanoparticle (NP) application in the human breast

cancer cell line: (a) control, (b) 500 μg/mL sham, (c) 1 μg/mL sham, (d) 10 μg/mL sham, (e) 100 μg/mL sham and (f) 500 μg/mL sham.
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