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Abstract

In this manuscript, the grown and annealed strontium-doped nickel oxide nanoparticles (STNiONPs) were synthesized
using a precipitation method with nickel nitrate and strontium nitrate as precursor agents with trisodium citrate. Various
characterization techniques, including X-ray diffraction pattern (XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), UV—-visible, and zeta sizer, were used to
thoroughly examine the samples. The XRD pattern (21 nm) was used to calculate the size, phases, and crystallinity of the
material (StNiONPs). In addition to characterization, the material was tested for cytotoxicity in lung cancer cells (A549).
The viability test in A549 cells was performed using [3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide] (MTT)
and Neutral Red Uptake (NRU) assay with STNiONPs concentration ranging from 1 to 100 pg/mL. According to the MTT
and NRU data, the toxicity studies are dose-dependent. STNiONPs also increased reactive oxygen species (ROS) and were
involved in apoptosis (A549 cells). Furthermore, quantitative PCR (qPCR) data revealed that the mRNA levels of apoptotic
genes marker like p53, bax, and caspase-3 were upregulated, whereas bcl-2, an anti-apoptotic gene, was downregulated. As
a result, apoptosis was mediated by the p53, bax, caspase3, and bcl-2 pathways, implying a potential mechanism by which
SrNiONPs mediate their toxicity.
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Introduction

Strontium is an alkaline earth metal that is extremely reac-
tive in nature. In the periodic table, strontium is represented
by the symbol Sr and has the atomic number 38. Because of
its high reactivity, strontium turns yellow when it comes into
contact with air and produces strontium nitride when burned
in air. It has a face center cubic (FCC) structure in its crystal
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geometry and has paramagnetic properties in nature [1].
Another highly reactive inorganic material that has received
a lot of attention is nickel oxide (NiO) nanoparticles, which
have unique electrical, magnetic, and catalytic properties
when compared to bulk material [2]. NiO is a p-type semi-
conducting material with wide band gap value (3.6—4.0 eV)
that has many applications due to its high band gap and
good physicochemical properties, such as electrochromic
films, catalysts, solar cells, lithium batteries, light-emitting
diodes (LEDs), resistive random access memory, and elec-
trochemical sensors and biosensor gas sensor [3—7]. A vari-
ety of methods have been used to prepare NiONPs, including
thermal decomposition [8], simple liquid phase process [9],
sol-gel method [10], and sonochemical method [11]. Among
the various methods, the co-precipitation solution method
has clear advantages such as simplicity, low cost, and ease
of production of mass collection of samples [11]. The size,
morphology, and shape of NPs depend on their synthesis
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procedures, precursor concentration, surfactant, and calcina-
tion temperature [8—11].

As aresult, the increasing use of NiONPs necessitates a
better understanding of their potential impact on the envi-
ronment and human health. Furthermore, the toxic effects of
NiONPs have been studied in various human cell systems,
with a focus on liver and airway cells [12]. Oxidative stress,
defined as the difference between reactive oxygen species
production (ROS) and antioxidants that favor a ROS excess,
has long been recognized as a common mechanism for cell
damage and death. This imbalance can be exacerbated by
aging, smoking, diseases, and certain foods [13]. ROS are
primarily formed during oxidative stress by the electron
transport chain in mitochondria. Furthermore, NPs have
been shown to produce more free radicals and ROS than
larger particles, most likely due to their larger surface area
[13]. The inverse relationship between cell viability and
ROS level demonstrated that oxidative stress is most likely
a key mechanism by which NPs induce cytotoxicity [13].
In this study, nickel and strontium were co-precipitated to
form strontium-doped nickel oxide nanoparticles (termed
SrNiONPs) and characterized with various instruments
such as an X-ray diffraction pattern to determine the size,
phases, and crystallinity of the material. The SEM was used
to determine the general morphology of the prepared mate-
rial, which was equipped with energy dispersive X-ray anal-
ysis (EDX), which revealed the elemental proportion of the
SrNiO NPs. A structural examination was also performed
using TEM. FTIR and UV-visible spectroscopy were used
to investigate the material’s chemical functional and optical
properties. Microscopy was used to examine the morphology
of the cells, while MTT and NRU assays were used to assess
cytotoxicity. The study of reactive oxygen species (ROS),
which is a key factor in cancer (A549) cells, was also carried
out. A possible discussion was explained here based on the
obtained results and their analysis.

Materials and Methods
Synthesis of SrNiONPs

The strontium-doped nickel oxide nanoparticles were pre-
pared using strontium nitrate (Sr(NO;),.4H,0), trisodium
citrate dihydrate (C4HsNa;0,.2H,0), and nickel nitrate hexa
hydrate (Ni(NO3),.6H,0) procured from Sigma-Aldrich
Chem corporation and used as received. In a typical experi-
ment, about equimolar ratios of Ni(NO;),.6H,0 (0.35 M)
and Sr(NO;),.4H,0 (0.35 M) were dissolved in 100 ml of
methanol (MeOH) with constant stirring. Trisodium citrate
dihydrate (C4H;Na;0,.2H,0) was gently poured into this
mixture to reduce metal salts. The pH of the final solution
was determined to be 9.73. The solution was transferred to a

refluxing pot and refluxed for 3 h at 80 °C. After the reflux-
ing was completed, the semi-aqueous solution was centrifuged
(4000 rpm for 3 min) to remove the ionic impurities before
being transferred to glass petri dishes and dried in an oven at
60 °C. The oven dried powder was further annealed at 250 °C
for 1 h before being cooled at room temperature for further
chemical, physical, and biological analysis.

Material Characterization of SYNiONPs

The crystallinity, phases, and size of the grown and annealed
powder samples were determined using an X-ray powder dif-
fractometer (XRD) (PANalytical XPert Pro, USA) with Cug,
radiation (1=1.54178 /o\) in the range of 20-80° and a scan-
ning speed of 6°/min. The morphology of the synthesized
powder was determined using SEM (JSM-6380, Japan). The
prepared powder was squirted on carbon tape and fixed to the
sample (StTNiONPs) holder for morphological analysis at room
temperature using SEM. The elemental analysis was also com-
pleted using an EDX equipped with a SEM. The powder struc-
tural examination was also carried out using TEM (JEOL, JSM
2010, Japan). Regardless of the functional groups of the chem-
icals used, FTIR spectroscopy was used in the 4004000 cm ™
range. The optical property of the material was also analyzed
via UV-visible (UV-visible, Shimazu) spectroscopy with
ranges from 200 to 800 nm, at room temperature.

To evaluate the dynamic light scattering (DLS) and zeta
(&) potential, the STNiONPs were dissolved in double deion-
ized water (DDW, 10 mg/mL) and further diluted to achieve
a concentration of 50 pg/mL. The diluted solution was then
sonicated in a bath sonicator (40 W) for 15-20 min to ensure
complete NP separation. The hydrodynamic particle size of
SrNiONPs and zeta ({) potential in an aqueous suspension
was examined using dynamic light scattering (DLS) with a
ZetaSizer (Malvern, UK).

Reagents and Consumables for the Biological Study

The MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetra-
zolium bromide] was procured from Sigma Chemical Com-
pany Pvt. Ltd. St. Louis, MO, USA, and used without any
further modification except dilution; additionally, the Dul-
becco’s Modified Eagle Medium (DMEM) and MEM cul-
ture medium, antibiotic—antimycotic and fetal bovine serum
(FBS), were purchased from Invitrogen, USA. Nunc, Den-
mark, supplied the plastic wares and other consumables for
the cell culture.

Cell Culture of Lung (A549) Cancer Cells
with Treatment of SrNiONPs

Lung cancer cells (A549) were cultured in a specified
medium (DMEM/MEM) with 10-12% fetal bovine serum
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(FBS), 0.2% sodium bicarbonate, and antibiotic—anti-
mycotic solution (100X, 1 mL/100 mL of medium) with
humid atmosphere (5% CO, & 95% O,) at 37 °C. Previ-
ously, for the experiments, the cell viability was evaluated
using trypan blue dye according to the protocol [14], and
cells with viability greater than 95% were only used in
the study. The cells were treated with nano powder over
a period of 10 to 12 passages. For the treatment of cancer
cells, the material was initially used at high concentra-
tions and then diluted at desired and different concentra-
tions. According to the experiment, the cells were grown
in 6-well or 96-well plates.

MTT Assay

The viability of cells was determined using the MTT assay
for control and treated samples according to the previously
established protocol [15]. In brief, the cells were initially
cultured in specialized 96 well plates (at a rate of 1x 10%/
well) and incubated for 24 h at 37 °C in a humidified envi-
ronment. The cells were treated with prepared Sr-NiO-NPs
of concentration 2—100 pug/mL, for 24 h. Once the cells
were completely mixed in the well plates, stock solution
of MTT (5 mg/mL in PBS) was amalgamated at a rate of
10 pL/well in 100 pL of cell suspension, and further incu-
bated for 4 h. After the incubation period, the well solu-
tion was washed with PBS, and ~200 uL. of DMSO was
added to aspirate the formazan product and gently mixed.
The optical analysis of the solution was performed using
multiwall micro-plate reader at 550 nm (Multiskan Ex,
Thermo Scientific, Finland). The control cells were used
as a reference and were run under the same conditions as
the test cells. The maximum absorbance is determined by
the solvent used in the sample solution, and the % of cell
viability was calculated using the following equations:

% viability = [(total cells — viable cells)/total cells] x 100

NRU Assay

The assessment of toxicity for control and treated STINiONPs
cancer cells was also performed via NRU assay as described
previously [16, 17]. Both cancer cells were seeded (10,000/
well) in 96 well plates. When the cells had fully grown
(after 24 h), they were exposed to the material at the desired
concentration (2-100 g/mL) and placed in an incubator for
24 h. Following the exposure, the cells were incubated in NR
medium (100 g/mL) for 3 h before being washed and the dye
extracted in a 1% acetic acid and 50% ethanol solution. The
developed color was analyzed at 540 nm.
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Reactive Oxygen Species Generation Assay

The reactive oxygen species (ROS) generation was inves-
tigated using a fluorescent agent, 2, 7-dichloro dihydro-
fluoresce in diacetate dye (DCFH-DA; Sigma-Aldrich,
USA). This was analyzed in accordance with the previously
described protocol [18]. After being exposed to the pro-
cessed material for 24 h, the cells were washed thoroughly
with PBS and incubated for 30 min in DCFH-DA (20 uM)
in dark medium at 37 °C. Once the reaction of DCFH-
DA with control and treated cells was completed, it was
examined with a fluorescence microscope for intracellular
fluorescence.

Isolation of Total RNA and Real-Time PCR

RNA was purified from 3 x 10° cells/well of A549 cells
untreated and treated with STNiONPs (100 pg/ml) for 24 h
using Qiagen RNeasy mini kit according to the manufac-
turer’s protocol. Total RNA purity was verified by using
Nanodrop spectrophotometer 8000 (Thermo Scientific,
USA) and the integrity of RNA was visualized on 2% aga-
rose gel using the documentation system (Universal Hood
II, BioRad, USA). The cDNA was synthesized using the
MLYV reverse transcriptase (GE Health Care, UK) accord-
ing to the kit instruction, taking 2 pg of RNA and 100 ng of
oligo(dT),_;5 primer. The set of primers for apoptotic and
anti-apoptotic genes was quantified using a Roche® Light-
Cycler®480 (96-well block) according to the recommended
cycling program [19]. A 20 ul reaction mixture was made
up of a combination of 100 ng of the cDNA and 7.5 pM of
each primer with 2 X of SYBR Green in I Roche Diagnos-
tics. The real-time PCR (RT-PCR) cycling conditions were
95 °C for 10 min of denaturation, followed by 40 cycles of
95 °C for 15 s of annealing, 60 °C for 20 s of annealing,
and 72 °C for 20 s of elongation. GAPDH was used as an
internal housekeeping control gene to normalize the data
from expressed genes.

Results
X-Ray Diffraction Pattern

The grown and annealed prepared powders were using an
XRD pattern at room temperature (Fig. 1). The XRD pattern
depicts several peaks that show the crystalline and phase
structure of the material. The spectroscopy shows the pres-
ence of indexed and assigned peaks that are very similar to
the formation of nickel oxide (NiO) [JCPDS 75-0197] and
strontium oxide (SrO) and SrO; [JCPDS no 00-006-0520],
and in accordance with the information available [20].
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Fig.1 XRD pattern of the prepared SrNiO: As grown (a) and
annealed (b) via solution process, where * shows the unidentified
peaks

The XRD defines the phases, peak positions, FWHM, and
crystallite size; and the average diameter of the crystallite
(nm) of the grown powder was calculated using well-known
Scherrer formula as previously described in literature [20].
The particle size is estimated to be 21 nm using the Scher-
rer equation, as described in previous published work [20].
The annealed powder has a high crystallinity of the prepared
material and sharp and intense peaks, indicating that the
processed powder particles have a high crystallinity, whereas
the FWHM or wide width of the peaks indicates that the size
of each crystallite is very small.

Scanning Electron Microscopy Results

The structural identification of annealed nanocomposite of
strontium-doped nickel oxide nanoparticles (StNiONPs)
powder was analyzed with scanning electron microscopy
(SEM) and the obtained images are illustrated in Fig. 2.
According to the low-resolution images (Fig. 2a—b), per-
forated sheet-like structures with dense morphology can
be seen, with particles arranged and embedded with the
accumulation of several minute particles and agglomerated
in nature. Furthermore, a more detailed explanation of an
individual particle size morphology was confirmed by high
magnification images (Fig. 2c—d). The particles appeared
to be merged as a result of annealing, and several plate-like
structures with nanoscale structures appeared (Fig. 2d). The
obtained information from SEM and their material analysis
is well justified and in consistent with the XRD analysis
(Fig. 1).

In addition to this observation, the elemental analysis
of the prepared composite material was observed using
EDX spectroscopy in conjunction with a SEM micro-
graph (Fig. 2e). The EDX spectrum reveals that the highest

atomic mass ratio percentages of strontium (26.47%), nickel
(17.84%), and oxygen (19.39%) appeared in the spectrum,
indicating that the formed structures were made with
strontium, nickel, and oxygen elements. The carbon value
(34.35%) could be due to the annealing conditions of the
processed material, whereas the surface impurities could
be molybdenum (0.83%) and phosphorous (1.12%). The
spectrum and percent mass ratios confirm that the material
synthesized is pure StNiO (Fig. 2e).

Transmission Electron Microscopy Results

The annealed nanocomposite powder was also examined
with transmission electron microscopy (TEM) for more
structural observations, as described in the materials
and methods section, and the obtained result is shown in
Fig. 2f. According to the observations recovered from the
SEM images, the TEM image is also consistent with the
SEM images and shows the structural detail of SINiONPs.
The SrNiONPs are interconnected with the other particles;
the average size of each NP is 201 nm; they are very clear,
spherical and cubic in shape, with smooth surfaces that are
consistent with SEM observations (Fig. 2f).

FTIR Results

The functional properties of the prepared materials are
defined by FTIR spectroscopy. Figure 3(a) shows that an
O-H stretching mode is represented by a peak range of
3200-3600 cm~!. A very small curved was observed at
3462 cm™~! which is due to the particles annealed at 250 °C
for 1 h and it eliminated the O—H contents form the processed
material. A sharp and intense peak assigned at 1465 cm™! is
related to the asymmetric stretching mode of C—O molecule
(Fig. 3(a)). The peak obtained at 1093 cm™' and 858 cm™!
is related to the asymmetric and symmetric stretching sig-
nal of NO;™! group [20], whereas the band at~441 cm™! is
related to the metal and oxygen bands (SrNiO), respectively
[20]. The spectrum shows that no other band was observed
in relation to any other functional group in the spectrum,
demonstrating the material’s purity [20, 21].

UV-Visible Spectroscopy

The optical characteristics of the material can be observed
via UV-visible spectroscopy and signifies the band gap
energy of the formed material. Figure 3(b) shows a flat peak
at 298 nm wavelength of the prepared material. The band
gap energy of the material increases due to the mixing of
other material. The observed band gap energy is analogous
to and very similar to values documented in the literature
[20, 21].
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Fig.2 SEM images of StNiO:
a-b shows the low magnifica-
tion images whereas c—d shows
the high magnification image
with size and surface structures
of nanoparticle. e Shows the
energy dispersive X-ray analysis
(EDX) of SrNiONPs, which
shows the elemental composi-
tions rations of Sr, Ni, O, and
other respective elements,
respectively, and f displayed
TEM image and it shows the
average size (diameter and
length) of each nanoparticle
is~21 nm

Hydrodynamic Particle Size and Zeta Potential

The aggregation and merging of particles are a common
occurrence in all NPs. Small NPs are aggregated, merged
together, densely packed, and form aggregation in this
experiment. The dynamic light scattering (DLS) of NPs
was investigated, and the size of particulate matter was
determined to be approximately 347.94 nm (Fig. 4(a)). The
large size of the NPs is due to the high annealing condi-
tions, which aggregated and merged the particles together.
The DLS is used to determine particle size in suspension
solutions. The particles in suspension solution have a
tendency to colloid and form aggregation in an aqueous
medium, expressing the primary and secondary sizes of
the prepared nanostructures. The size of the NPs grows as
they collide/interact with other molecules. Our findings
were also consistent with previous published literature [22,
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23]. The zeta potential of STINiONPs in aqueous solution
was determined to be — 15.75 mV (Fig. 4(b)).

MTT Assay with SrNiONPs

The cytotoxicity of cancer cells, A549 cells, was investi-
gated using the MTT assay, as previously described, with
different concentration ranges of material ranging from 1 to
100 pg/ml for a 24 h incubation. According to the results, the
viability of cancer cells was reduced by the prepared SrNi-
ONPs, and the data was concentration/dose-dependent. The
viability of A549 cells was reduced by MTT assay at 24 h to
102.7%, 101.3%, 95%, 86%, 73%, 69%, and 62% (Fig. 5(a))
for concentrations of 1, 2, 5, 10, 25, 50, and 100 pg/mL with
control (p <0.05 for each). According to the data obtained,
the cytotoxicity of cancer cells was greatly influenced when
the concentration of STNiONPs was increased.
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NRU Assay Cancer Cells with SrNiONPs

Similar findings were made in the NRU assay, as described
in the materials and methods section. Cancer cells exposed
to StNiONPs were not significantly affected at first, but as
concentrations or doses increased, cells were reduced and
the effect was dose-dependent. For the A549 cells, NRU
assay decreased at 24 h by 101%, 100%, 97%, 93%, 88%,
77%, and 65% for concentrations of 1, 2, 5, 10, 25, 50, and
100 g/mL, respectively (p <0.05 for each). The NRU assay
yielded similar results to the MTT assay, indicating that
cytotoxicity is greatly influenced at high concentrations of
nanostructures doses.
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Fig.4 a Represents the dynamic light scattering (DLS) size distribu-
tion (347.94 nm) of SINiONPs whereas b shows the zeta potential
(-15.75 eV) of material

Induced ROS Generation in Cells with SYNiONPs

When A549 cancer cells were exposed to STINiONPs at 10, 25,
50, and 100 pg/mL concentrations for 24 h (Fig. 6), a sequen-
tial trend in ROS generation was observed (Fig. 6). As shown
in the graph (Fig. 6), ROS levels rise as the concentration
of StNiONPs increases when compared to control cells. The
ROS levels at 10 pg/mL, 25 pg/mL, 50 pg/mL, and 100 pg/
mL increased by 120, 145, 160, and 190%, respectively, when
compared to the control (100%) (Fig. 6).

Quantitative Real-Time PCR Induced by SrNiONPs

For the study of mRNA level using quantitative RT-
PCR, the A549 cells were treated with the STNiONPs
for 24 h at a concentration of 100 pg/ml, and quantita-
tive qPCR was performed to evaluate the mRNA level
of fold changes for genes bax (1.9), p53 (2.9), casp3
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Fig.5 Percent cell viability by 120.0 -

MTT (a) and NRU (b) assay
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exposure of various concentra- 100.0 -
tions of SINiONPs for 24 h. 5 MITT assay
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(2.8), and bcl-2 (0.45), with control (1.0), respectively. Discussion

The regulation of apoptotic genes A549 cells (p < 0.05
for each gene) was significantly altered. The qPCR
results show that the tumor suppressor gene p53 and
the pro-apoptotic gene bax were both upregulated.
In SrNiONPs-treated cells, we also found increased
expression of the caspase-3 gene. The expression of
bcl-2 (0.45), an anti-apoptotic gene, was downregulated
in cells treated with SINiONPs (Fig. 7).
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In the current study, the material was first synthesized
via solution process using strontium, nickel salt, and
trisodium citrate dihydrate. Various techniques, includ-
ing XRD, SEM, and TEM, were used to classify the
crystallinity, size € 20 + 1 nm), and structure of the syn-
thesized STNiONPs, as well as EDX elemental study.
The functional identification was confirmed via FTIR
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Fig.6 ROS generation induced 250.0
by StNiONPs in A-549 cancer
cells exposed for 24 h. The
yalues are mean + SE of thiee ROS genera tion
independent experiments. *Sta- 200.0
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spectroscopy whereas the optical characteristic was
examined via UV-visible spectroscopy. The hydrody-
namic dynamics and zeta potential were confirmed and
defined the size and potential of the processed material
in liquid medium. In addition to this, the cytotoxic study
was also investigated with lung A549 cancer cells at
different doses (1, 2, 5, 10, 25, 50, and 100 pg/mL) of
nanostructure material. The MTT assay was employed
with and without STNiONPs to check the cytotoxicity
against cancer cells for 24 h. The viability of cancer cells

Fig.7 For mRNA quantifica- 354
tion levels, fold change of
apoptotic genes (p53, bax, bcl2,
and casp3) was analyzed. Cells
treated 100 pg/mL of SINiONPs
for 24 h. For the normalization,
an internal control of GAPDH
was used. The values are

mean + SE of three independ-
ent experiments. *Statistically
significant difference compared
to control (p <0.05)

RNA Expression

~
]
L

Fold Change
in

*
ES
*
10 ug/ml 25 ug/ml 50 ug/ml 100 ug/ml
Concentrations

against the processed material was accessed and it was
dose reliant and the recovered results are in accordance
with the previously published literature on cytotoxic
activity [24, 25]. A similar pattern was also observed
in the NRU assay. To learn more about the cytotoxic-
ity of cancer cells and the role of SINiONPs in their
mechanism, we measured the ROS, which played a key
role in the cytotoxicity in A549 cells after 24 h of expo-
sure. The NPs have a proclivity to generate ROS in the
culture solution and are responsible for the toxicological

Control

Casp3 BCI2
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effects [26]. Various components of cells, such as DNA,
protein, and lipids, can be disrupted in their functions by
ROS generation and are responsible for cell death [27].
It is also evident from gene expression, which reveals
apoptosis in cells and has a significant influence on the
processed nanostructures. The study recapitulates that cell
death was induced by SrNiONP interaction, which resulted
in increased ROS generation when exposed to STINiONPs.
Based on the findings and possible explanations, we can
conclude that cytotoxicity is dose-dependent and is greatly
influenced at higher SrNiONP concentrations. In compari-
son to our previous research, NiO is more toxic [28].

Conclusion

The current work summarizes that the nanostructured
material was prepared using a solution process and was
thoroughly characterized. The average diameter of the
crystallite was found to be ~21 nm (as observed from
SEM and TEM). The % elemental ratios of strontium
(26.47%), nickel (17.84%), and oxygen (19.39%) in the
prepared material were revealed by EDX. The FTIR anal-
ysis also reveals that the formed material is pure SrNi-
ONPs devoid of any chemical scum. The hydrodynamic
size and zeta potential reveal that the particles in the lig-
uid medium are colloidal in nature. The STINiONPs were
tested for cytotoxicity against lung (A549) cancer cells
using the MTT and NRU assays, and it was discovered
that there was initially no effect, but that as doses were
increased, the cytotoxicity was greatly influenced. Cell
cytotoxicity is also confirmed by RT-PCR and ROS gen-
eration in A549 cells treated with STNiONPs. Because
of the unique structural organization of nanostructures,
it enables an outstanding improvement in the eradication
of cancer cells. When compared to other existing drugs,
the tiny and unique geometry allows a passage to enter
easily and quickly to the cancer cell organelles, allowing
for the possibility of cancer cell reduction.
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