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ABSTRACT: The present work demonstrated a novel Cleome simplicifolia-
mediated green fabrication of nickel oxide nanoparticles (NiO NPs) to explore in
vitro toxicity in Bm-17 and Labeo rohita liver cells. As-fabricated bioinspired NiO
NPs were characterized by several analytical techniques. X-ray diffraction (XRD)
revealed a crystalline face-centered-cubic structure. Fourier transform infrared
spectroscopy (FTIR), ultraviolet−visible diffuse reflectance spectroscopy (UV-
DRS), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS)
confirmed NiO formation. The chemical composition was confirmed by energy-
dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy.
Brunauer−Emmett−Teller (BET) revealed the mesoporous nature. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
revealed the formation of 97 nm diameter nanospheres formed due to the
congregation of 10 nm size particles. Atomic force microscopy (AFM) revealed
the nearly isotropic behavior of NiO NPs. Further, a molecular docking study was
performed to explore their toxicity by binding with genetic molecules, and it was found that the docking energy was about −9.65284
kcal/mol. On evaluating the in vitro toxicity of NiO NPs for Bm-17 cells, the study showed that when cells were treated with a high
concentration of NPs, cells were affected severely by toxicity, while at a lower concentration, cells were affected slightly. Further, on
using 50 μg/mL, quick deaths of cells were observed due to the formation of more vacuoles in the cells. The DNA degradation study
revealed that NiO NPs are significantly responsible for DNA degradation. For further confirmation, trypan blue assay was observed
for cell viability, and morphological assessment was performed using inverted tissue culture microscopy. Further, the cytotoxicity of
NiO NPs in L. rohita liver cells was studied. No toxicity was observed at 1 mg/L of NiO NPs; however, when the concentration was
30 and 90 mg/L, dark and shrank hepatic parenchyma was observed. Hence, the main cause of cell lysis is the increased
vacuolization in the cells. Thus, the present study suggests that the cytotoxicity induced by NiO NPs could be used in anticancer
drugs.

■ INTRODUCTION

Bioinspired nanomaterials have attracted incredible attention
in the field of nanoscience and nanotechnology and have been
employed in several applications including biomedical, drug
delivery, clinical, bioengineering, cosmetics, agriculture,
catalysis, aerospace engineering, energy storage, solar cells,
environmental remediation, and textiles.1,2 Despite their vast
utilization in various fields, some bioinspired nanomaterials
have shown toxic effects on human beings, insects, aquatic life,
and the environment, which led to the origin of a new
discipline called ″Nanotoxicology″. Currently, more attention
is paid to the toxicity of nanoparticles that could have been
generated from civilization and industrialization. The different
industrial processes result in the production of toxic nanoma-
terials like heavy metal nanoparticles, metal oxide nano-
particles, nanocomposites, nanopolymers, and carbon-based

nanomaterials that harm the environment, aquatic life, insects,
zooplankton, microorganisms, human health, and so forth.3−8

At present, metal NPs, carbon materials, and carbon-based
nanomaterials have attracted large attention and are being
applied in various fields including biomedical applications.9−13

But the carbon-based nanomaterials are the ones that are
strongly ruining the atmosphere by aerial emission, spills, and
storm-water runoff from land to surface waters that cause
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toxicity to aquatic life. Moreover, some metal oxide nano-
particles (NPs) are also more hazardous materials, and their
toxicity is measured based on the concentration, particle size,
structural morphology, surface area, and porosity.14,15

Primarily, the lower the concentration of toxic materials in
the aqua system is, the higher is the growth of aquatic
organisms,16 while a higher concentration induces toxicity to
the aquatic life.17 There are several toxic metal oxide NPs like
Li2O, BeO, PbO, Al2O3, SnO, As2O4, Tl2O3, PoO2, CrO3,
Fe2O3, CuO, CdO, HgO, and NiO. These have no biological
role in human/organism life; instead, these are noxious to the
life cycle of all the organisms. Therefore, these are not
recommended for medical appliances. However, due to their
ultra-small sizes, they can easily enter the human body, insects,
and aquatic animals and may rapidly contact with the most
sensitive organs like the liver, kidney, lungs, hearts, brain,
spleen, etc. Among metal oxide NPs, NiO NPs are one of the
highly toxic nanomaterials that can be synthesized by
conventional and green-assisted methods. Several reports
were published on NiO NPs by various groups using
conventional techniques; however, only few reports were
published by phytosynthesis method. For instance, the leaf
extract of Geranium wallichianum was reported by Abbasi et
al.,18 fresh leaf extract of Rhamnus triquetra by Iqbal et al.,19 leaf
extract of Rhamnus virgata by Iqbal et al.,20 leaf extract of
Berberis balochistanica by Uddin et al.,21 Hordeum vulgare by
Din et al.,22 extract of tragacanth by Sabouri et al.,23 Pinus
roxburghii by Mirza et al.,24 seed extract of Lactuca serriola by
Ali et al.,25 peel-waste of rambutan by Yuvakkumar et al.,26 okra
plant extract by Ghazal et al.,27 Zingiber officinale/Allium
sativum by Haider et al.,28 extract of Agathosma betulina by
Thema et al.,29 Arabic gum by Sabouri et al.,30 and leaf extract
of Aegle marmelos by Ezhilarasi et al.31 According to the
literature study, this is the first report of Cleome simplicifolia-
mediated phytosynthesis of NiO NPs. Moreover, our group
has reported various bioinspired metal/metal oxide-based
nanomaterials for different biomedical applications.32−35

NiO NPs are one of the highly toxic nanomaterials that can
alter the water quality and ultimately are hazardous to
organisms and human beings, too. Also, NiO NPs are rated
as a human carcinogen by the World Health Organization.
Recently, few reports on NiO NPs revealed their high toxicity
especially for bacteria, aquatic life, and maize seedlings.36−42

Moreover, in mammalian systems, the toxic effects of NiO NPs
have been explored mainly on the airway cells,43−45 lung, liver,
and inflammation in tracheal instillation in rats.46,47 As per the
toxicity mechanism of NiO NPs, nanoparticles can bind with
the cell components like sulfhydryl, carboxyl, or imidazole
groups of proteins and alter their activities. Interference with
cellular processes often causes redox imbalances and stress in
metal-exposed organisms. The ability of NiO NPs to cause
genotoxic effects in DNA damage by generating reactive
oxygen species (ROS) is a key factor. ROS includes the singlet
oxygen (O2), hydroxyl radical (OH·), superoxide radical
(O2

·−), hydroperoxyl radical (HO2
·), hydrogen peroxide

(H2O2), and carbonyl (RO). ROS can attack virtually all
macromolecules, which results in serious damage to cellular
components. ROS is also considered as the main underlying
chemical process in nanotoxicology, leading to secondary
processes that can cause cellular damage and eventually cell
death. Indeed, there are several reports on the cytotoxicity and
apoptosis induced by NiO NPs on the life cycle of human
beings, plants, insects, fishes, and so forth.41,48 Nevertheless,

vacuolization is also one of the causes of cells death, which is
induced by an overload of toxic endocytosis.49 Ultimately,
DNA and many other cellular organelles could be damaged by
more vacuolization.50 Many insects and fish are daily becoming
a victim of the cytotoxic effects of NiO NPs that are released
from industries, electronic products, waste garbage, and
domestic wastewater.
Several insects and fishes are very precious for economic

development and as human food sources. One of them is silk
moth (Bombyx mori), and another is the Labeo rohita fish. B.
mori is an economically important insect. B. mori is a domestic
silk moth, an insect from the moth family Bombycidae. It is the
closest relative of Bombyx mandarina, the wild silk moth. The
silkworm is the larva or caterpillar of a silk moth. It is an
economically important insect, being a primary producer of
silk. Domestic silk moths are entirely dependent on humans for
reproduction as a result of being commercially viable in the
production of silk.51 Insect cells are now routinely used to
produce higher eukaryotic proteins using baculovirus ex-
pression systems, as they can modify the proteins co-
translationally and post-translationally including glycosylation,
phosphorylation, and protein processing, similar to mammalian
cells. Currently, there are two baculovirus-based expression
systems used for producing recombinant proteins: the
Autographa californica multicapsid nucleopolyhedrovirus,
which infects Sf9/Sf21 cells and Trichoplusia ni larvae, and
the B. mori nucleopolyhedrovirus (BmNPV), which infects B.
mori cells and larvae. Recent reports indicated that protein
expression using silkworm or its pupae is 10- to 100-fold higher
than that using B. mori cells.52 However, efficient and BmNPV-
susceptible B. mori cell lines are required to generate a large
quantity of resulting recombinant viral stocks to inoculate
silkworm larvae for protein production.53 Although several B.
mori cell lines derived from embryos and larval and pupal
ovaries54−56 are available, there is a constant need to develop
newer cell lines to replace the commonly used cell lines
because the macula-like virus has been identified in BmN
cells.56

Likewise, L. rohita (Rohu fish) is extensively utilized in
aquaculture and is a common food of northern, central, and
eastern countries like Nepal, Bangladesh, Pakistan, Sri Lanka,
Myanmar, Vietnam, and India. Rohu fishes are abundantly
found in India in several water bodies like wetlands, puddles,
canals, streams, ponds, lakes, rivers, oceans, seas, etc. But the
release of toxic ultra-small nanoparticles due to increasing
industrialization demolishes insect and aquatic life. Keeping
this perspective, to probe the toxicity of nanoparticles on the
life cycle of insects and aquatic, we had selected Bombyx mori (
B. mori) and Labeo rohita (L. rohita) fishes in the present study
to investigate the toxicity of bioinspired NiO nanospheres.
Furthermore, as per the literature survey, there are no reports
available on the toxicity of NiO nanospheres on L. rohita and
B. mori.
In the present work, we have studied the in vitro toxicity of

bioinspired NiO NPs on the proliferation of the B. mori cell
line (Bm-17 cells) and liver cells of L. rohita fish. Further, cell
viability was determined by trypan blue assay, necrotic cell
morphology, and DNA damage by agar gel-electrophoresis.
Astonishingly, we are reporting for the first time a massive
vacuolization induced by NiO NPs on the insect cell line (Bm-
17 cells). To the best of our knowledge, this is the first report
that demonstrates the cytotoxicity of NiO NPs via single
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oxygen DNA degradation, which induced cytotoxicity in
DZNU-Bm-17 cells and liver cells of L. rohita fish.

■ RESULTS AND DISCUSSION
Structural Confirmation of Biosynthesized NiO NPs.

An XRD study was performed to investigate the crystallinity
and structure of biosynthesized NiO NPs, and the obtained

XRD pattern is shown in Figure 1a. The XRD pattern of NiO
NPs exhibited sharp peaks at 2θ = 37.1, 43.1, 62.7, and 75.2°
that correspond to (111), (200), (220), and (311) crystal
planes, respectively. The hkl plane values revealed that NiO
NPs have a face-centered-cubic (FCC) structure (JCPDS file
no. 65-2901).57,58 A well-defined sharp peak indicates the
higher crystallinity of the synthesized NiO NPs. Hence,

Figure 1. (a) XRD pattern, (b) FTIR spectrum, (c) DRS with band gap, and (d) Raman spectrum of NiO NPs.

Figure 2. XPS of NiO NPs: (a) survey, (b) C 1s, (c) O 1s, and (d) Ni 2p of NiO NPs. Furthermore, the surface area and porosity of biosynthesized
nanomaterials were investigated by BET (Figure 3b). The specific surface area of the NiO powder was found to be 44 m2/g, while its average pore
diameter was found to be 4.7 nm; therefore, it was found to be a mesoporous type material. Moreover, the pore size distribution curve revealed the
monodispersed nature of particles. Hence, these properties advocated that the material could be used as a good adsorbent and in a toxicity study.
The obtained results were perfectly matched with the previously reported study.66
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crystallite sizes of NPs were estimated using the Debye−
Scherrer formula. The average crystallite size of NPs was
estimated to be 7 nm.
Further, chemical bonding was validated using FTIR

spectroscopy, and the spectrum obtained is shown in Figure
1b. The band at 589 cm−1 can be assigned to Ni−O chemical
bonding. A weak peak was observed in the spectrum at 549
and 3033 cm−1, which can be ascribed to H−O−H bending
and −OH stretching vibrations that can be due to the presence
of atmospheric water during analysis. The peak positioned
around 2833 cm−1 was spotted for the −CH2 group, which
might be due to plant extract residue.59

Then the sample was examined by UV-DRS spectroscopy to
seek out the electronic property (Figure 1c). The NiO NPs
exhibited an absorption band at 275 nm that indicated the
formation of NPs; hereafter, the absorbance decreases around
280−320 nm, indicating the nucleation, growth, and reduction
of particle sizes because of the biogenic surfactant. The band
gap energy of biosynthesized NiO NPs was estimated by a
Kubelka−Munk (K−M) plot (Figure 1c inset). The NiO
material corresponds to p-type semiconductors, and therefore
its bandgap (Eg) was found to be high. The estimated bandgap
Eg = 4.38 eV was equivalent to that of reported NiO NPs.60

The augmentation in Eg might be due to the reduction in
particle sizes of NiO.61

The chemical and structural bonding was studied by Raman
spectroscopy. The Raman spectrum of NiO NPs (Figure 1d)
exhibited three second-order phonon modes and one 2M
mode. The second-order phonon modes were observed at
730.8, 905.8, and 1094.3 cm−1, which can be attributed to
2TO, LO + TO, and 2LO modes, respectively (where TO is
transverse optical and LO is longitudinal optical). A peak with
the highest intensity observed in the spectrum at 1486 cm−1 is
attributed to the 2M (double magnon scattering) mode.
Considering the Raman shift difference that is inferred to size
or strain/stress effects, the position and relative intensities of
the peaks are in good agreement with the reported values of
the NiO phase.62,63 Moreover, the chemical composition and
oxidation state of the prepared NiO NPs sample were explored
by the XPS (Figure 2a−d). The XPS survey spectra of the
sample showed the peaks for the nickel (Ni), oxygen (O), and
carbon (C) atoms confirming the presence of main elements as
Ni, O, and C (Figure 2a). In the C 1s spectrum, the analogous
peak obtained at 285.1 eV can be attributed to the presence of
adventitious carbon contamination (Figure 2b), while the peak
observed at 531.7 eV in the O 1s core spectrum corresponds to
the M−O bonding, which confirms the existence of O2−

(Figure 2c). In the Ni 2p core spectrum, the peaks observed

at 850.0 and 871.0 eV confirmed the formation of NiO, while
two discrete strong satellites peaks were observed at 857.2 and
977.3 eV that corresponded to Ni 2p3/2 and Ni 2p1/2 spin−
orbit components, which revealed that Ni is in a +2 oxidation
state (Figure 2d). Thus, these XPS results confirmed the
synthesis of biosynthesized black color NiO.64 Next, the
presence of elements, chemical composition, and purity of the
sample were verified by EDS (Figure 3a). Noteworthily, EDS
spectra show the existence of NiO and contain peaks for Ni, O,
and C elements. However, no traces of other elements were
found except carbon, thus confirming the purity of NiO NPs.
As well, it was in good agreement with the XRD study, and this
confirmed the purity of NiO NPs.65

Morphology Investigation of NiO NPs. The surface
morphology, particle sizes, and structure of cubic phase NiO
NPs were investigated by SEM, TEM, and AFM techniques.
The SEM images (Figure 4) displayed the spherical shape of

particles like a nanoball with a diameter in the range of 97 nm.
All nanospheres were nearly identical in shape and size. These
nanospheres were developed by the congregation of numerous
nanoscale particles with a size of 10 nm (Figure 4).67

The nanocrystals preferred to aggregate into a nanospherical
shape. Figure 4 shows the presence of numerous nanospheres
on the surface of a nanoball that were observed due to aging
time. With the increase of aging time, the size of the

Figure 3. (a) EDS spectrum and (b) nitrogen adsorption−desorption isotherm of NiO NPs with pore size distribution curve as the inset.

Figure 4. SEM images of NiO NPs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06544
ACS Omega 2022, 7, 6869−6884

6872

https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06544?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nanospheres gradually decreases (Figure 4). The development
of uniform minimally agglomerated spheres is because of
homogeneous nucleation with constant and prolonged heating
at a higher temperature. In contrast, in the conventional
heating mode, the time for nucleation might be sufficient but
varied heat zones led to the formation of bigger particles and
wider distribution. Hence, owing to the reliable uniformity in
size, shape, and mass, the biosynthesized materials are called
homogenized nanomaterials. The homogenization or near
monodispersity in the nanospheres might be due to the role of
the biogenic surfactant and stabilizing agents during the
synthesis.68 Subsequently, the biosynthesized NiO sample was
explored by TEM to estimate the particle sizes and shapes
(Figure 5a−d). TEM micrographs clearly show that the
nanoparticles are of nearly uniform size with a spherical shape
and an average diameter of 10 nm (Figure 5a). Moreover, from
the TEM micrographs, it was revealed that the crystalline

nanoparticles appeared to be quantum dot sized and associated
with bio-extract sheets. Most significantly, we succeeded in
generating uniform single-crystalline nanoparticles. According
to earlier reports, researchers also succeeded in developing
single-crystalline nanoparticles with a spherical shape.
In the present study, we were successful in fabricating single-

nanocrystalline spheres of NiO, and further, these NPs
aggregated to generate a single sphere of a larger size.
Homogeneity particularly in shape and sizes was attained, and
the distinctive lattice fringes were examined in the HR-TEM
image (Figure 5c−e).69 The SAED pattern shown in Figure 6f
shows bright spots that confirm the crystallinity of as-
synthesized NiO NPs, supporting the XRD results. The
average crystalline size of cubic NiO NPs was estimated to be
around 6 nm by the Debye−Scherrer equation using XRD
data. Importantly, in the present work, the capping and
reducing agent, which was a plant extract, played a key role in

Figure 5. (a−e) TEM micrographs and (f) SAED pattern of NiO NPs.

Figure 6. NiO NP images: (a) 3D AFM, (b) 2D AFM, and (c) AFM histogram graph.
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the formation of nearly uniform sized NPs. Moreover, atomic
force microscopy (3D and 2D images) of the material
suggested a fine surface roughness, while the AFM histogram
shows a nearly monodisperse nature and particle sizes of
around 12−14 nm (Figure 6a−c). XRD and AFM study
revealed nanoscale materials with a nearly isotropic behavior of
particles. After the structural and morphological evaluation of
the biosynthesized nanomaterial, it was employed to evaluate
cytotoxicity interaction with insect cells and liver cells of L.
rohita fishes owing to its high specific surface area with a
mesoporous structure. It is coherent to state that the binding
of particles to microorganisms depends on the nano/micro
sizes and their surface. NPs have a larger surface area with a
mesoporous structure, which could enhance the interaction
with biological motifs; therefore, the bactericidal effect is
enhanced due to the nanoscale sizes and higher surface area
than the bulk one; hence, they impart more cytotoxicity to
microorganisms.
Molecular Docking of NiO NPs. After the complete

structural and morphological investigation of NiO NPs, an
attempt is made to seek out the drug efficiency and inhibition
ability of the newly biosynthesized material. It is one of the
most important aspects to know the molecular interactions
between materials (ligand) with a cell wall and organelles.

Moreover, inhibition information between the ligand and
receptor enzyme is most essential for the calculation of the
probable binding energies. According to the literature reports,
different metal oxide nanoparticles having better cytotoxicity
activity with high binding energies were utilized as biomedicine
for the treatment of various tumors and cancer cells and for the
elimination of pathogens.45,70,71 Keeping this perspective, in
the present study, molecular docking of nanosphere NiO NPs
was performed by replacing a natural inhibitor, 4-hydroxy-3-
nitro-5-({[4-(trifluoromethyl) phenyl]carbamoyl}amino)-
benzene-1-sulfonamide, to inhibit an enzyme, i.e., PDB ID
6EDA.72,73 Herein, a well-designed inhibitor (nanosphere NiO
NPs) was docked with protein crystal structure PDB ID 6EDA
(Figure 7). The finalized 3D structure of an inhibitor or ligand
was tested for global minima by ascertaining the minimum
energy values, and the calculated docking energy was about
−9.65284 kcal/mol. From the calculated docking energy, it
was revealed that considered NPs were more effective to
explore their toxicity by binding with genetic molecules.
Besides, different amino acid residues were docked with a
ligand and showed good hydrogen bonding distances of 2.0 Å
(Table 1). Thus, the docking investigation supported that
bioinspired nanosphere NiO NPs can be utilized for in vitro
cytotoxicity.

Figure 7. The molecular docking investigation of NiO NPs: (a) 3D ball and stick model of nanosphere NiO NPs, (b) 3D ball/stick model of
nanosphere NiO NPs fitted at the center of the protein (PDB ID 6EDA), and (c, d) ligand docked with the protein surrounded with different
hydrogen bonding residues.
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Evaluation of In Vitro Toxicity of NiO NPs. To examine
in vitro cytotoxicity, the cells were treated with NiO NPs. The
MTT assay was executed to determine the optimal dose, cell
viability, and cytotoxicity of nanoparticles on Bm-17 cells
(Figure 8a).74,75 Normal B-17 cells were used as a control
(Figure 8b). The Bm-17 cells’ morphology was observed at
different times and concentrations of NiO NPs. To examine
the effect of NiO NPs on Bm-17 cells, an inverted tissue
culture microscope with an attached high-resolution camera
was used to observe the morphological changes (Figure 8c−i).
Initially, the cells were treated with a lower concentration (0.5
μg/mL) of NiO NPs; next, the concentrations used were 1.0,
1.5, and 2.0 μg/mL for 1 h and then 3 μg/mL for 120 and 240
min. The lysis of cells was found to be between 22.33 ± 1.52
and 88.33 ± 3.511% (Table 2). As shown in Figure 8b, it refers
to the proliferation of cells at zero hour or control cells. The
cells were treated with a high concentration of NiO NPs and
were affected severely by toxicity, while at a lower
concentration, cells were affected slightly. A concentration of
2 μg/mL of NiO NPs caused a significant decrease in cells’

viability (Figure 8h). The prominent reason for cell lyses may
be the number of vacuoles formed in the cells (Figure 8c−h).
As the number of vacuoles increases, the cells changed their
shapes, cells shrinkages, blebbing, DNA fragmentation, and
mRNA degradation, and wound to cytoplasmic organelles.
Eventually, cytoplasmic organelles were evacuated from the
cells. Hence, it was a programmed cell death, i.e., apoptosis.
The second well-known reason responsible for cells’ death is
apoptosis. Extensive apoptosis of cells at 3 μg/mL of NiO NPs
was about 92.000 ± 1.182% (Figure 8b−h). Thus, NiO NPs
can be considered as an effective nanotoxic material, and
hence, the property of apoptosis in the cells by the NiO NPs
shows that they can be exploited as anti-cancer candidates.76

Moreover, the apoptosis and morphological behavior of cells
were observed by the treatment with 3 μg/mL NiO NPs at 10,
20, 30, 40, 50, 60, and 80 min, and the result shows a spike-like
membrane, vesicle appearance in the cells, and changes in the
cell shape (Figure 9). Trypan blue exclusion assay and
morphological assessment under a phase contrast inverted
microscope at different time intervals were performed, and the
percentage (%) inhibition in growth was quantified. The

Table 1. Docking Study of Selected Amino Acids by NiO
NPs

amino acid residues hydrogen bond (Å)

613 VAL, 92 GLN, 199 THR 2.247175, 2.347442, 2.319003
121 VAL, 120 LEU, 199 THR 2.260512, 2.3715
92 GLN, 91 ILE 2.2343
119 HIS, 117 GLU 2.42946
118 LEV, 197 SER 2.24859
143 VAL, 142 ALA 2.247178

Figure 8. (a) Larva of Bombyx mori silk moth; (b) control cells of Bm-17; the vacuolization formation and cell lyses was occurred in Bm-17 cells due
to (c) 0.5 μg mL/1 h; (d) 1.0 μg mL/1 h; (e) 1.5 μg mL/1 h; (f) 2.0 μg mL/1 h; (g) 3.0 μg mL at 120 min; and (h) 3 μg/mL at 240 min of NiO
NPs; and (i) high resolution of 3 μg/mL at 240 min (it was observed under a phase contrast microscope, 10×).

Table 2. Dose-Dependent Response to NiO NPs by MTT
Colorimetric Assay

sr. no dose of NiO NPs (μg) MTT test mortality (mean ± SE)

1 0.5 23.6667 ± 1.201
2 1.0 44.6667 ± 1.881
3 1.5 74.333 ± 1.763
4 2.0 84.777 ± 1.154
5 3.0 92.000 ± 1.182
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formation of vacuoles started in the cells after 10 min. The
formations of numerous vacuoles by procaine and procaina-
mide have also been reported earlier.77 Endocytosis in
eukaryotic cells is characterized by the continuous and
regulated formation of membrane vesicles at the plasma
membrane, and each of these vesicle types results in the
delivery of its contents to lysosomes for degradation. The
plausible mechanism of cell lyses by NiO NPs is shown in
Figure 12.
It is assumed that the large cytoplasmic vacuoles developed

due to the external pressure generated by NiO nanoparticles or
membrane fusion of vesicles formed by the active endocytosis
of NiO NPs. Further, the cells were treated with 3 μg/mL NiO
NPs for 240 min, and an enhanced effect of nanoparticles’
toxicity was detected (Table 3). Most of the cells were lysed at
higher concentrations. However, when the cells were treated
with 50 μg/mL, quick cell lyses were observed due to the more
vacuoles formed in the cells (Figure 10).14,15,49 Overall, the
rapid death of the Bm-17 cells was caused by the vacuolization
formed by NiO NPs.78 Moreover, the observed toxicity could

also be due to Ni cations leaching from the nanoparticles, but
the current investigation did not explore this in detail.
Furthermore, to verify the protoplasmic degradation, a DNA

degradation study was performed using NiO NPs. The DNA
degradation by NiO NPs is shown in Figure 11a. The study
revealed that NiO NPs are significantly responsible for DNA
degradation. From Figure 11a, it is observed that there is no
DNA degradation in lane 1 (control), lane 2 (DNA +
supernatant + DMSO), and lane 3 (DNA + 25 μg NiO NPs).
Similarly, in lane 4 (DNA + 4 mM sodium citrate), there is no
DNA degradation observed. However, in lane 5 (DNA + 50 μg
NiO NPs), lane 6 (DNA + 100 μg NiO NPs), lane 7 (DNA +
150 μg NiO NPs), and lane 8 (DNA + 200 μg NiO NPs),
strong DNA degradation is observed in 2 h at 37 °C in the
phosphate buffer saline solution maintained at pH 7.5. In lane
9 (DNA + 400 μg NiO NPs), a complete DNA degradation
due to the high concentration of NiO NPs is observed. Hence,
this study strongly revealed that NiO NPs are responsible for
DNA degradation, and it may be due to the single oxygen
mediated DNA damage.6 Hence, it is confirmed that Bm-17
cells were lysed due to vacuolization developed by NiO NPs.
Moreover, the effects of different concentrations of NiO NPs
on vacuolization in Bm-17 cells were examined under an
inverted tissue culture microscope (Figure 11b). Further,
viability plots were drawn that reveal that treated Bm-17 cells
were unexpectedly lysed in 4 h (Figure 11c). The percent
inhibition in growth was quantified based on trypan blue dye
exclusion assay at different times.

Cytotoxicity in Liver Cells of L. rohita. The cytotoxicity
in liver cells of L. rohita fishes (Figure 13a) was also studied

Figure 9. (a) Normal Bm-17 cells; and after a shot of 3 μg/mL NiO NPs in Bm-17 cells, apoptosis and morphological behaviors were observed at
(b) 1 min, (c) 10 min, (d) 20 min, (e) 30 min, (f) 40 min, (g) 50 min, and (h) 80 min; (i) high-resolution image at 80 min (lyses of cell).

Table 3. Growth Inhibition of Bm-17 Cells in 2 and 3 μg/
mL of NiO NPs in DMSO

duration (min) control 2 μg 3 μg

in min 240 min 120 min 240 min 120 min 240 min

initial 104 50.25 155.5 25.25 64.75 62.25
final 104 33.5 57.5 14.2 52.25 9.25

difference% 66.66 63.03 44.32 19.31 85.15
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using NiO NPs. The cells were treated with different
concentrations of NiO NPs and were observed to be shrunk
and broken (Figure 13c−e), while control liver cells show
fresh, healthy, and hepatic parenchyma seen with very distinct
nuclei (Figure 13b). The treated cells were expanded and
rectangular in shape because of more vacuolization formation
in the cells. The cells treated with 1 mg/L of NiO NPs were
not affected severely; however, treatment with 30 and 90 mg/L
of NiO NPs resulted in dark and shrunken hepatic parenchyma
that indicated the disintegration and disappearance of the cells.
At a high concentration of nanoparticles, the cytoplasm breaks

and forms a striping arrangement. Moreover, the sap between
cells becomes very large because these cells expands and
breaks. Figure 13d shows the local congestion in the hepatic
parenchyma and maximum cell lyses due to more vacuole
formation.
Results from Figure 14 show that the SOD values were

found to be higher in treated fishes as compared to controls;
these suggested that there were significant increases in
superoxide dismutase activity that lead to cell damages.
Moreover, oxidative stress may be one of the mechanisms
underlying NPs-mediated toxicity. Oxidative stress causes a

Figure 10. (a) Control Bm-17 cells and (b) DZNU-Bm cell line treated with 50 μg/mL of NiO NPs for 1 h showing the whole distortion of
cytoplasm with lyses of cells.

Figure 11. (a) Singlet oxygen mediated DNA degradation by NiO NPs: lane 1: control DNA; lane 2: DNA + supernatant; lane: 3 DNA + 25 μg
(NiO + DMSO); lane 4: DNA+ 4 mM sodium citrate; lane 5: DNA + 50 μg NiO; lane 6: DNA + 100 μg NiO; lane 7: DNA + 200 μg NiO; lane 8:
DNA + 300 μg NiO; lane 9: DNA + 400 μg NiO (for 2 h at 37 °C in phosphate buffer saline (PBS) maintained at pH 7.5). (b) Effect of different
concentrations of NiO NPs on vacuolizaiton in Bm-17 cells under an inverted tissue culture microscope and (c) effect of NiO NPs on the viability
of Bm-17 cells. Percent inhibition in growth was quantified based on trypan blue dye exclusion assay at different times.
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wide variety of physiological and cellular events including
stress, inflammation, and DNA damage.79 In general, an
increase in the activities of both these enzymes was observed in
all the tested cell lines when exposed to NiO NPs. The
generation of free radicals such as peroxide, superoxide, and
hydroxyl ions by NiO NPs was reported to exert lipid
peroxidation and damage membrane integrity.

■ CONCLUSIONS
In conclusion, the present study demonstrated a novel Cleome
simplicifolia-mediated green synthesis of NiO NPs, and
synthesized bioinspired NiO NPs were characterized. XRD
revealed a crystalline face-centered-cubic structure. FTIR, UV-
DRS, Raman, and XPS spectroscopy confirmed NiO
formation. The chemical composition was confirmed by XPS
and EDS. BET revealed a mesoporous nature, while SEM and

Figure 12. A plausible mechanism of cell lyses due to vacuole formation by NiO NPs.

Figure 13. (a) L. rohita fish and (b) control. Effect of different concentrations of NiO NPs on liver cells of L. rohita fish: (c) 1 mg/L, (d) 30 mg/L,
and (e) 90 mg/L.
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TEM revealed a nanosphere structure with a diameter size of
97 nm, which was formed due to the congregation of 5 and 10
nm average nanoparticles. Moreover, SEM and AFM
exploration revealed the nearly monodispersed nature of NiO
NPs. Further, the molecular docking study estimated docking
energy to be about −9.65284 kcal/mol. Hence, the present
study advocated that bioinspired NiO NPs are more effective
to explore their toxicity toward binding with genetic molecules.
An enhanced cytotoxicity influence of synthesized NiO NPs
was explored on the Bm-17 cells of Bombyx mori and liver cells
of Labeo rohita fish. The lyses of Bm-17 cells were additionally
investigated by the DNA degradation technique, while liver
cells of Labeo rohita fishes were probed by the SOD method.
An extreme influence of NiO NPs was assessed on cell
proliferation at a different dose of concentration. The Bm-17
cells that were treated with 3 μg/mL NiO NPs for 240 min
showed an enhanced effect of toxicity; however, when the cells
were treated with 50 μg/mL, quick death of cells was observed
due to the more vacuole formation in the cells. Noteworthily, it
was revealed that if the concentration of NiO NPs increases at
the micro-level, unexpected cell lyses occurred. Furthermore,
when the liver cells of Labeo rohita fishes were treated with 1
mg/L of NiO NPs, toxicity was not observed; however, when
the concentration was 30 and 90 mg/L, dark and shrunken
hepatic parenchyma was observed. Hence, the main culprit of
the cell lyses was more vacuolization in the cells, which was

formed by the fusion of NiO NPs with the membrane vesicles
during the endocytosis. Thus, the result suggested that the
cytotoxicity induced by NiO NPs could be used in anticancer
drugs.

■ EXPERIMENTAL SECTION

Materials and General Methods. Materials. Nickel
nitrate hexahydrate (Ni(NO3)2·6H2O) was procured from
Himedia Laboratories Ltd., India. Leaves of Cleome simplicifolia
plant were collected from the Nagpur district area. The cell line
of DZNU-Bm-17 cells and fresh liver cells of L. rohita fishes
were used to check the in vitro toxic effect of bioinspired NiO
NPs.

Preparation of the Plant Extract. The plant extract was
prepared as per the earlier method reported with slight
modifications.80 Initially, plant leaves were washed several
times with distilled water to remove the dust. The leaves of the
Cleome simplicifolia plant were shade dried for 3 days and then
machine-ground into a fine powder. Then in a 250 mL conical
flask, 10 g of leaf powder was soaked in 150 mL of deionized
water; further, the crude mixture was stirred on the hot-
magnetic stirrer keeping a constant temperature of 40 °C for
10 min. Finally, the plant extract was continuously centrifuged
at 4000 rpm for 10 min to separate plant debris, and it was
stored at 4 °C for further experiments.

Cleome simplicifolia-Mediated Green Synthesis of NiO
NPs. In a typical synthesis of NiO NPs, 30 mL of leaf extract of
Cleome simplicifolia (CS) was mixed with 100 mL of 0.1 mM
Ni(NO3)2·6H2O in a beaker and stirred continuously on a
magnetic stirrer at a constant 1080 rpm for 3 h, with strict
monitoring of the mixture color every hour. The formation of
NiO colloidal dispersion was deduced when the color changed
from greenish to reddish-black. Further, the mixture was
filtered and centrifuged at 4000 rpm for 30 min; the obtained
solid was washed several times with ethanol and acetone to
remove impurities. Then the as-obtained solid material was
calcined in a muffle furnace at 800 °C to remove impurities,
and finally, black NiO NPs were obtained (Figure 15).

Figure 14. The SOD and peroxidase activities for the elucidation of
the toxicity on liver cells of L. rohita.

Figure 15. Schematic illustration of the Cleome simplicifolia-mediated synthesis of NiO NPs.
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B. mori Cell Culture Preparation. DZNU-Bm-17 cells were
isolated from the ovarian cell of B. mori and maintained at the
Center for Sericulture and Biological Research (CSBR),
Rashtrasant Tukadoji Maharaj Nagpur University, Nagpur,
according to the previously described method.55 It is the cell
line (DZNU-Bm-17 cells) of the silk moth insect; therefore,
ethical committee permission was not taken as it is not part of
any animal related experiment or human tissue/organ samples.
Several primary cultures were set up using 10−15 female larvae
for each culture. The primary cultures initiated in the MGM-
448 medium were later maintained in a half MGM-448 and
half TNM-FH (supplemented with 10% FBS) medium by
replenishment once per week.
Passaging. Primary cultures with proliferating cells were

suspended using a flushing medium over the monolayer with a
Pasteur pipette, and the cells were split into two flasks. The
cells were passaged routinely with a split ratio of 1:2 using
culture flasks.
Growth Analysis. Primary cultures with proliferating cells

were suspended by a flushing medium over the monolayer with
a Pasteur pipette, and the cells were split into two flasks. The
growth rate of the cells in MGM-448 and TNM-FH media was
analyzed by seeding each culture flask with 4.5 × 105 and 5.5 ×
105 cells/mL in the respective medium. On alternate days, the
cell suspension was sampled from the two culture flasks, and
the cell number was counted using a hemocytometer. Viability
was determined by trypan blue stain.
In Vitro Cytotoxicity: MTT Assay. The effects of different

concentrations (0.5 to 3.0 μg/mL) of NiO NPs were examined
on Bm-17 cells using the MTT assay. Initially, 4 × 103 cells
were seeded into each well containing 200 μL of the cell
culture medium in well plates and incubated for 24 and 48 h.
The control experiments were maintained under a similar
condition without the addition of the NiO NPs. MTT (100 μL
of 5 mg/mL) was added to each well and incubated at 37 °C
for 4 h. The dark blue crystals were dissolved by adding 1000
μL of 0.04 M HCl/isopropanol, and after overnight incubation
in the dark, the optical density (OD) was measured at a
wavelength of 570 nm using a spectrophotometer (ELICO SL-
177). The OD values of the experiment were divided by those
of the untreated control, and results were presented as the
percentage cell viability.
Morphological Assay of Cells Treated with NiO NPs.

About 5 × 105 Bm-17 cells of B. mori in the culture flask were
treated with 0.5, 1.0, 1.5, 2.0, and 3.0 μg/mL concentrations of
NiO NPs, and the cell culture was incubated for 24 h at 28 °C.
After the treatment, cells were observed under a phase contrast
microscope (Vision Plus-5000-PCT, Metzer, India).
Trypan Blue Exclusion Assay. The cell morphology and

viability were assessed by the trypan blue dye exclusion assay.81

The cells were trypsinized with the 0.25% trypsin−EDTA
solution, resuspended in the PBS buffer, and stained with the
0.4% trypan blue dye solution (v/v in PBS). Within 2 min, the
cells were loaded on the hemocytometer Neubauer chamber,
and the numbers of viable and non-viable cells per 1 × 1 mm
square were counted under a phase contrast microscope. The
dead cells lost the semi-permeability of the membrane, retained
the blue dye, and hence were colored, whereas viable or live
cells that remained unstained were counted. The % cell
viability was determined as [{no. of viable cells/(total no. of
viable + non-viable cells)} × 100].
DNA Damage Study. The genomic DNA from the cell line

was isolated using the standard protocol.82 After treatment

with 2 μg/mL of NiO NPs for 6−24 h, cells were collected,
washed with PBS, and lysed with a solution containing the
extraction buffer (100 mM Tris-HC1, pH 8.0, 50 mM NaCl,
50 mM EDTA, and 1% SDS) and Proteinase K (100 μg/mL)
was added to the ground tissue and incubated at 37 °C for 2 h
with occasional swirling. The DNA was extracted twice with
phenol−chloroform−isoamylalcohol (24:24:1) and once with
chloroform. The supernatant containing DNA was precipitated
using ethanol, resuspended in the TE (10 mM Tris-HCI, 1
mM EDTA, pH 8.0) buffer, and incubated at 37 °C for 1 h
after the addition of RNAase (100 mg/mL). DNA was re-
extracted using phenol−chloroform and ethanol and precipi-
tated as described earlier. The genomic DNA was quantified
on 0.8% agarose gels. The cell line genomic DNA was treated
with NiO NPs using increasing concentrations of 0.5 to 2 μg/
mL for 120 min at 37 °C in the phosphate buffer saline (PBS)
maintained at pH 7.4. Copper sulfate, sodium citrate, and the
supernatant of NiO NPs were also incubated along with DNA
as control.

Ligand Inhibitor and Receptor Enzyme for Docking
Investigation. In the present docking study, biosynthesized
NiO NPs were used as ligand inhibitors. The NiO NPs are the
replacement of 4-hydroxy-3-nitro-5-({[4-(trifluoromethyl)
phenyl]carbamoyl}amino)benzene-1-sulfonamide for the in-
hibition of enzyme, i.e., PDB ID 6EDA. The presently reported
NiO NP ligand is also an effective inhibitor for PDB ID 6EDA.
The 2D and 3D structures of NiO NPs (nanosphere NiO
NPs) were designed using ChemOffice software 12. The
process of 2D and 3D design is elaborately explained by
ChemOffice without any modification. The finalized 3D
structures of the ligand (nanosphere NiO NPs) were tested
for global minima by ascertaining the minimum energy values
of the molecule that were calculated as −9.65284 kcal/mol.
The present target enzyme is PDB ID 6EDA. The enzyme
structure is unique, having various active sites. Kollman charges
were assigned and solvation parameters were added to the final
macromolecule structure using the Addsol utility of AutoDock-
20, 21, 22. The place of the natural inhibitor in the enzyme was
selected as the active site of the enzyme for the docking
process to interact with the ligand (nanosphere NiO NPs) with
the receptor site of the enzyme. Autodock 20, 21 was used to
study the interactions of the ligand with the selected protein
PDB ID 6EDA. To perform docking, grid designed tools with
Autodock were used. At x, y, and z axis as 17.386544,
24.897425, and 23.536096 (Table 4).

Table 4. The Docking Grid Preparation and its Parameters

docking grid preparation parameters

grid resolution 0.4
converged when RMSD population fitness <1 kcal/mol
the total memory required for grids 17,971,200 bytes
van der Waals coefficient −0.00096
hydrogen bond coefficient neutral−neutral −0.38
the grid prepared and calculated possible
interactions

15,627,372 of 722,649,600
total

total memory required for bump grid 835,584 bytes
grid min (x, y, z) −14.3296, −101,456,

3.62814.
grid max(x, y, z) 3.29539, 14.9794, 27.2531
total memory required for fine grid 835,584 bytes
total memory required for first coarse grid 280 bytes
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Docking was performed using both genetic (GA) and non-
genetic (non-GA) algorithm techniques. The genetic algorithm
is a newly adopted conformational search technique and
provides very accurate and quality results in a very short
duration of simulation time. The controlled parameter and
settings, which were used for docking, are listed in Table 4.

G G G
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The obtained results of binding energy for non-GA and GA
docking for each set of experiments are listed in Table 4. The
negative values of binding energies favor the interaction
between the ligand and enzyme.
Toxicity in Liver Cells of Labeo rohita. The fingerling Labeo

rohita fishes (commonly called as Rohu fish) were obtained
from the College of Fishery Science, which is affiliated to
Maharashtra Animal and Fishery Science University, Nagpur,
and transported in well-aerated condition to the Department of
Zoology, Seth Kesarimal Porwal College, Kamptee. Rohu fish
is extensively utilized in aquaculture and is a common food;
therefore, ethical committee permission was not taken as it is
not part of any animal related experiment or human tissue/
organ samples. Further, fishes were kept for a week in an
aquarium to acclimatize to the laboratory environment. During
this period, they were fed four times a day at 10 a.m., 12 p.m., 2
p.m., and 4 p.m. by commercial pellets (28% protein). Next,
different concentration doses of biosynthesized NiO NPs were
administered in each aquarium except the control aquarium.
After 15 days, the experiments were performed to check the
toxicity of NiO NPs on the liver organ. Therefore, the fishes
were utilized for the experiment by giving chloroform doses,
and their length and weight were recorded during the
experiment. The liver of fishes was dissected and kept in
10% formalin. Tissues fixed in 10% formalin were washed in
running tap water. The tissues were dehydrated by passing
through a graded series of ethyl alcohol, cleaned in xylol, and
embedded in paraffin wax (58 to 60 °C). The sections were cut
at a thickness of 4 to 6 μm with the help of a rotary microtome
(Leica RM 2145). Further, for the histological study, the liver
section was stained with hematoxylin−eosin. The photomicro-
graphs were taken with a 35 mm Leica camera attached to a
microscope and enlarged to the required size. All microscopic
measurements were taken with the help of an eyepiece
micrometer calibrated to a stage micrometer scale. The fish
liver was removed and weighed by a Shimadzu electronic
weighing balance.
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