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Abstract Metal oxide nanoparticles have been found to selectively target the tumor cells while

non-toxic to the normal cells. Leukemia is one of the widespread and deadly cancers in adults,

as well as the most common cancer in children. Recently, the nanoparticles have evolved as a sim-

ple, economic, effective, and ecologically sound strategy among the known nanoparticle synthesis

techniques. In the present study, the structural, optical, and antibacterial effects of nickel cobalt-
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Green Synthesis;

Psidium guajava;

SnNiCoO2 NPs
codoped Tin oxide nanoparticles (SnNiCoO2 NPs) formulated by the green process and the anti-

cancer potential of SnNiCoO2 NPs in Molt-4 cells have been studied. The cytotoxic potential of

the NPs against Molt-4 cells was estimated by MTT assay. The ROS and MMP levels were mea-

sured using fluorescent dyes and the changes in morphology and nuclei were noted using AO/EB

staining. CAT, SOD, MDA, and GSH), and Proinflammatory Cytokines (TNF-a and IL1b) were
also studied. The activity of caspase-3, �9, and �8 levels was examined to analyze the apoptotic

mechanism. The XRD patterns of SnNiCoO2 NPs revealed a tetragonal structure. The SnNiCoO2

NPs was revealed a diameter of 126 nm by the DLS study. The morphology and elemental compo-

sition were studied using FESEM and EDAX spectra. In the FT-IR study, the O-sn-O stretching

band was found to be 615 and 542 cm-1. The antimicrobial potential of the SnNiCoO2 NPs was

examined against S. aureus, E. coli, and C. Albicans strains. A tremendous reduction in the viability

of MOLT-4 cells at concentration-dependent mode witnessed the cytotoxic potential of the formu-

lated NPs. The augmented ROS accumulation, depletion of MMP status, depleted antioxidants,

and increased proinflammatory cytokines (TNF-a and IL1b) were noted on the NPs exposed cells.

Furthermore, the increased expressions of caspase-3, �9, and �8 was also noted in the NPs treated

MOLT-4 cells. Hence, the outcomes suggest that the formulated SnNiCoO2 NPs had remarkably

potent antimicrobial and anticancer properties and could potentially prove beneficial in cancer

treatment. Induces mitochondrial oxidative stress with nickel–cobalt-codoped tin oxide nanoparti-

cles from Psidium guajava, which is a potential drug candidate for the antibiotic, antifungal, and

anticancer activities of plant-based nanoparticles.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acute lymphoblastic leukemia (ALL) is a blood tumor characterized

by lymphatic tissue propagation and aberrant differentiation in the

peripheral blood, bone marrow, and several other tissues (Iyappan

et al., 2021). It impacts both children and adults, with a peak incidence

between the ages of 2 and 5 (Nikbakht et al., 2017). Despite significant

advancements in treatment for ALL patients, recurrence continues to

be a major concern for these individuals (Bahmani et al., 2018). The

currently available therapeutic medications used to treat ALL have a

variety of side effects, including peripheral neuropathy, drug resis-

tance, and immune system suppression (Chao et al., 2015). As a result,

searching for alternative anti-cancer medicines that are both safe and

effective is a critical importance.

Nanotechnology has evolved into a influential and innovative area of

study over the last few decades, focusing on the application of nanoma-

terials in areas such as health care, biomedicine, and drug delivery

(Ahmed et al., 2017). The development of semiconducting metal oxide

nanoparticles is potentially essential because of their peculiar physi-

cal–chemical features and applicability in areas such as nanoelectronics,

catalysis, optoelectronics, photonic devices, storage devices, and

biomedical technology (Chavali et al., 2019; Pal et al., 2021; Khan

et al., 2021). In addition to having a wide n-type bandgap, SnO2

nanoparticles exhibit high clarity, high carrier density, chemical stabil-

ity, and thermal stability at 300 K, making them a key n-type semicon-

ductor (Srinivas et al., 2009; Agrahari et al., 2015; Pascariu et al., 2016).

The ability to synthesize nanostructured materials with small

dimensions and precise structures is potentially critical for biomedi-

cal applications. Recent decades have witnessed extensive research

on the medical characteristics of SnO2 NPs semiconductors. The

optical characteristics of the material change as the size of the mate-

rial reduces and the bandgap widens, allowing it to be utilized in

novel biomedical applications. The changes in the optical properties

of the metal oxide semiconductor, employed by impurity atoms, or

doping is a extensively established technique (Bhuvana et al., 2017;

Mostafa et al., 2020). Divya et al. (2020) highlighted that Cu and

Ni-doped SnO2 NPs were improved by magnetic and electrical con-

ductivity (Divya et al., 2020). The anti-bacterial property of Ni, Fe,

and Ni–Fe co-doped SnO2 NPs was enhanced as compared with the
SnO2 NPs, which can be ascribed to ROS generation and the

nanoscale dimension of the particles (Amutha et al., 2019). Though,

in best of our understanding, optical and antibacterial effects have

not been found for SnNiCoO2 NPs.

Recently, nanoparticles (NPs) have received great interests

owing to their potential applications in cancer treatment

(Prashanth et al., 2018). Among all the available methods of

nanoparticle synthesis, the biological approach is highly favored

over other approaches as it is a simple, environmentally friendly,

sustainable, and reproducible procedure that often leads to a stable

nanoparticle formation (Chakravarty et al., 2016; Mittal et al.,

2014). A significant amount of research into employing various

portions of plants for NPs synthesis has increased, as plants are

readily accessible, provide a greater yield, and encompass a range

of phytochemicals that can reduce a range of metal oxides and

lead to NP formation in a brief period (Abdelghany et al., 2018;

Khan et al., 2021; Ghramh et al., 2019). Moreover, various reports

have linked the role of secondary metabolites like phenols, carbo-

hydrates, saponins, tannins, flavonoids, and terpenoids as both

reducing and stabilizing agents in the formation of metallic NPs

(Basnet et al., 2018).

Psidium guajava L. (P. guajava) is a popular herbal plant

spread throughout Asia and belongs to the Myrtaceae family

(Wang et al., 2018). The plant leaves possess several pharmacolog-

ically active substances such as gallic acid, catechin, and kaemp-

ferol (Suwan et al., 2019). Moreover, they exhibit numerous

significant biological effects including anti-inflammatory activity,

hepatoprotective effect, antimicrobial and antioxidant activity,

anti-hyperglycemic, and anti-hyperlipidemic effects (Barbalho

et al., 2012; Nguyen et al., 2020).

The purpose of this investigation is to assess the structural, optical,

and antibacterial effects of nickel–cobalt-codoped Tin oxide nanopar-

ticles produced via a green approach and to examine the anti-cancer

potential of SnNiCoO2 NPs in human leukemic cells. The cytotoxic

potential of the NPs against Molt-4 cells was estimated by MTT assay.

The MMP and ROS levels were detected using fluorescent dyes. The

alterations in nuclei and morphology was observed using AO/EB stain-

ing. The activity of caspase-3, �9, and �8 levels was examined to ana-

lyze the apoptotic mechanism.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Experimental methods

2.1.1. Green synthesis of SnNiCoO2 NPs

The SnNiCoO2 NPs were fabricated by the green route
approach. First, the 0.002 M of nickel nitrate solution and
Cobalt nitrate solution of 0.002 M was added into an aqueous

tin chloride solution of 0.094 M. Then, 100 mL of Psidium
guajava leaf extract was mixed to the solution, and magneti-
cally agitated for 20 min to produce a homogenous green solu-
tion. The resulting solution was then microwaved at 800 W for

10 min in autoclave bottles with polypropylene caps and then
cooled to 37 �C and cleansed many times using deionized water
and ethanol. The obtained residue was dehydrated at 120 �C,
and a light white powder was obtained. Finally, SnNiCoO2

NPs were calcinated at 800 �C for 5 h and then used for further
analysis.

2.1.2. Characterization techniques

A model X’PERT PRO PANalytical X-ray diffractometer was
used to characterize the SnNiCoO2 NPs. Using a monochro-

matic wavelength of 1.54 Å, the diffraction patterns of SnNi-
CoO2 NPs were recorded over the range of 25�-80�. FE-
SEM (Carl Zeiss Ultra 55 FESEM) with EDTA (model: Inca)

was utilized to examine the morphology of the samples.
Perkin-Elmer spectrometers were utilized to determine FT-IR
spectrum at 400–4000 cm-1 ranges. JASCO spectrofluorometer
FP-8200 was utilized to investigate the photoluminescence

emission spectrum.

2.1.3. Antibacterial assays

In the diffusion method, the antibacterial property of the
SnNiCoO2 NPs was investigated against bacterial species
i.e., E. coli and S. aureus in agar plates. By spreading
100 mL of a freshly cultured bacterium that contained

1 � 108 CFU/mL onto agar plates, the bacteria were character-
ized. SnNiCoO2 nanoparticles dispersed in dimethyl sulphox-
ide (DMSO) were examined at 1, 1.5, and 2 mg/ml dosages

on the perti plate. We determined the zone of inhibition levels
(mm) for 24 h at 37 �C. Amoxicillin (10 mg disc) was utilized as
standard.

2.1.4. Antifungal assays

C. Albicans was tested using potato dextrose agar with a good
diffusion method to determine antifungal activity. After the

strains were spread over PDA plates, it was incubated at
30 �C for 30 min. After that, the test samples (SnNiCoO2
NPs) were loaded into sterile forceps and subsequently incu-

bated under visible light at 30 �C for 24 h. 24 h was measured
at 37 �C for the zone of inhibition (mm). For the positive con-
trol, amphotericin B was used.

2.2. Chemicals

Trypsin-EDTA, Streptomycin, Penicillin, FBS, buffered saline,
20-70dichlorofluorescin diacetate (DCFH-DA), Rhodamine-

123 (Rh-123) dye, and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) was acquired from Sigma-
Aldrich (USA).
2.3. Cell culture

Human ALL (Molt-4) cells were obtained from American
Type Culture Collection, USA and grown on a DMEM media
enriched with 10 % FBS and sustained at 37 �C with 98 %

humidity in CO2 incubators.

2.4. MTT cytotoxicity assay

An approach developed by Mosmann, (1983) was used to

assess the cytotoxicity of the NPs on Molt-4 cells. The cells
were loaded onto the 96-well plates and exposed for 24 h with
SnNiCoO2 NPs (10–60 mg/ml). Then, 20 mL MTT dye

(2.5 mg/ml) was added and left for 4 h. DMSO (150 ml) was
then mixed to the solution and the crystals were suspended
in it and then the absorbance was tested at 570 nm. It was

determined that viability was 50 % at an inhibitory concentra-
tion (IC50).

2.5. H2DCF-DA ROS detection assay

The Molt-4 cells were used to measure ROS, and the method
used was Chen et al. (2013) with minimal changes. In a 96 well
plate, cells were grown at 6X104 cells per well and sustained for

24 h. Later, cells were administered with 40 and 50 g/ml con-
centrations of green Nickel cobalt-co-doped Tin oxide
nanoparticles (SnNiCoO2 NPs). Following a 24-hour incuba-

tion period, 10 mM H2DCF-DA was mixed for 30 min in the
dark. The fluorescence at 485 and 535 nm for excitation and
emission, respectively was measured and fluorescent images

were taken using a fluorescent microscope.

2.6. Measurement of MMP

In a 6-well plate, the cells were left for incubation for 24 h with
SnNiCoO2 NPs (40 and 50 mg/ml). Rh-123 is a fluorescent dye
that is employed to assess MMP depolarization. The dye was
added to the wells at 37 �C for 30 min then cleansed with

PBS and viewed under a fluorescent microscope. Image J soft-
ware was employed to investigate the fluorescence strength of
the recorded images and a blue filter (450–490 nm) was utilized

to capture the intensity.

2.7. Determination of caspases �8, �9, and �3 activities

The treatment of SnNiCoO2 NPs with Molt-4 cells was carried
out and incubated for 24 h. The caspase activities were
detected using a assay kits as per the manufacturer’s guidelines

(Invitrogen, USA). Each kit provides a particular substrate for
caspases �3, �8, and �9: Ac-DEVD (acetyl-AspGlu-Val-
Asp), IETD (Ile-GluThr-Asp), and LEHD (Leu-Glu-His-
Asp), which was tagged with the chromophore p-nitroanilide

(pNA), which gets liberated when active caspases cleave them
and further quantified in a spectrophotometer at 405 nm (Bio-
tek Instruments EL800, USA).

2.8. Statistical analysis

The data are revealed as a mean ± SD of triplicates. The SPSS

V 17 software was utilized to determine the statistical tests
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(SPSS Inc, 2008). The significance was determined using one-
way ANOVA and the DMRT test. If p < 0.05, the results
are deemed statistically significant.

3. Results

3.1. Characterization of green SnNiCoO2 NPs

The XRD pattern of green SnNiCoO2 NPs is depicted in

Fig. 1a. The SnNiCoO2 NPs diffraction peaks at
2h = 26.05, 33.31, 37.42, 38.39, 51.21, 54.21, 57.34, 61.36,
64.27, 65.37, 70.71 and 78.20 respectively. Which correspond-

ing hkl planes are (110), (101), (200), (111), (211), (220),
(002), (310), (112), (301), (202), and (321) for SnNiCoO2

NPs. The prepared SnNiCoO2 NPs exhibit a rutile structure.

It is perfectly matched with standard diffraction peaks of
SnO2 NPs (JCPDS 77–0450). The Scherrer equation (D = K
k/(bcosh)) was used to compute the average size, where k-is
the X-ray wavelength, D is the grain size, K is the constant

0.89, b-is the full-wave half-maximum width of the diffraction
peak and h is the diffraction angle (Naje et al., 2013).
SnNiCoO2 NPs exhibited an average crystalline size of 65 nm.

Fig. 1b illustrates the particle size distribution of the
SnNiCoO2 NPs, which is investigated by DLS study. The
SnNiCoO2 NPs revealed average size of 126 nm. However,

DLS particle size was increased than the XRD results owing
to the reason that SnNiCoO2 NPs were enclosed by an aque-
ous medium.
Fig. 1 XRD Pattern of SnNiCoO2 NPs (a). Number-we
3.1.1. The morphology and elemental mapping of SnNiCoO2

NPs:

The surface morphology and elemental mapping were investi-
gated by EDAX spectrum, and FESEM are revealed in
(Fig. 2a, 2b, and 3). The FE-SEM images of SnNiCoO2 NPs

were found to be spherical with uniformly sized particles and
an average size of 65 nm. From the EDAX spectra, the atomic
percentage of Sn, Ni, Co, and O were observed at 19.53 %,

0.60 %, 0.55 %, and 79.32 %, respectively. The element map-
ping observed for SnNiCoO2 NPs and uniform distribution of
elements was (Sn, Ni, Co, and O) throughout the material.(See
Fig. 3).

3.1.2. Spectral analysis of SnNiCoO2 NPs

FTIR spectra of the SnNiCoO2 NPs are revealed in Fig. 4a.

The functional groups of the biomolecules are important for
reducing SnNiCoO2 NPs. The broad OAH stretching bands
were noted at 3423 cm�1, corresponding to the re-adsorption
of water from the ambient atmosphere (Khojasteh et al.,

2022). The symmetric and asymmetric peak was observed for
CAH at 2920 cm-1 and a small peak for sn-OH at 1092 cm-
1. It was found that the broad metal oxide (M�O�M) stretch-

ing bands were 615 and 542 cm-1 that is due to the sn-O-Sn
stretching mode of the surface-bridging oxide generated upon
compression of neighboring hydroxyl groups present on the

surface (Rani et al., 2021).
Fig. 4b demonstrates the photoluminescence spectra of

SnNiCoO2 NPs. Excitation peaks were noted at 325 nm,
ighted particle size distribution, obtained by DLS (b).



Fig. 2 FESEM micrographics of the SnNiCoO2 NPs: Lower and Higher magnification FESEM image (a). Elements, weight %, and

atomic % of the composition were obtained by EDX (b).

Fig. 3 Elemental mapping spectrum of SnNiCoO2 NPs.
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399 nm, 421 nm, 436 nm, 454 nm, 479 nm, 489 nm, 522 nm,

and 527 nm, and emission peaks were noted at 367 nm,
399 nm, 421 nm, 436 nm, 454 nm, 479 nm, 489 nm, 522 The
recombination of the electron from the Sn 4p conduction band
to the hole in the O 2p valance band is responsible for the two

UV emission peaks at 367 nm and 399 nm (Sephra et al., 2016).
The intrinsic states localized on the SnO6 octahedral are
responsible for the violet emission peak at 421 nm (Toloman



Fig. 4 Spectral analysis of SnNiCoO2 NPs. FTIR Transmittance vs wavenumber chart of SnNiCoO2 NPs derived from infrared

analysis (a). Photoluminescence spectra for SnNiCoO2 NPs at room temperature (b).

Fig. 6 SnNiCoO2 NPs cause cytotoxicity in MOLT-4 cells.

MOLT-4 cell lines were treated with different concentrations (10 –

60 mg/ml) of SnNiCoO2 NPs for 24 h. The cells were subjected to

an MTT assay and the values were depicted as ± SD of three

individual experiments.
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et al., 2020). The tin interstitials or dangling SnO2 nanoparti-
cles are responsible for the violet-blue emission peaks at

436 nm. At 454 nm, 479 nm, and 489 nm, the blue emission
peaks correspond to an oxygen vacancy. Green emission peaks
at 522 and 527 nm have been attributed to oxygen vacancy

with trapped electrons (Sephra et al., 2016; Toloman et al.,
2020).

3.2. Antimicrobial activity of the SnNiCoO2 NPs

The antibacterial property of SnNiCoO2 NPs was confirmed
against S. aureus and E. coli bacteria, as well as C. Albicans
fungi (Fig. 5). In comparison to conventional antibiotics,

SnNiCoO2 NPs have the highest antibacterial activity. Amox-
icillin has a lot of antibacterial power. As the concentration of
SnNiCoO2 NPs increased, so did the zone of inhibition.

3.3. Impact of SnNiCoO2 NPs on the cell viability

The cytotoxicity of SnNiCoO2 NPs on Molt-4 cells are

revealed in Fig. 6. The cells treated with SnNiCoO2 NPs
Fig. 5 Antimicrobial activity of SnNiCoO2 NPs. NMs of CeO2 i
exhibited considerable reduction in the viability at dose-

dependent manner. A bright-field phase-contrast microscope
was employed to determine the morphological changes in
nhibit the growth of S. aureus, K. Pneumonia, and C. albicans.
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Molt-4 cells. At the 40 mg/ml dose, SnNiCoO2 NPs exposure
led to a considerable depletion of cell viability and distracted
morphology, and with higher dosages, increased alterations

in the morphology was noted. With the 50 mg/ml of SnNiCoO2

NPs (IC50) substantially reduced the viability after 24 h. As a
result, 40 and 50 mg/ml of SnNiCoO2 NPs were selected for

additional studies.

3.4. Impact of SnNiCoO2 NPs induced apoptosis

The dual (AO/EtBr) staining approach was performed to study
the apoptosis in the SnNiCoO2 NPs administered MOLT-4
cells. The control cells showed higher green fluorescence; how-

ever, the SnNiCoO2 NPs treated cells showed a strong orange
fluorescence stained by EtBr, indicating that they were apop-
totic (Fig. 7). As a result, it became obvious that SnNiCoO2

NPs could induce apoptosis in blood cancer cells.

3.5. Detection of intracellular ROS accumulation in treated cells

DCFH-DA staining was performed to examine ROS accumu-

lation in Molt-4 cells exposed to SnNiCoO2 NPs (40 and
50 mg/ml). We measured ROS production in H2-DCFDA-
loaded cells using a fluorescent microscope after exposing

SnNiCoO2 NPs (40, 50 mg/mL) for 24 h. The outcomes
revealed that cells exposed to SnNiCoO2 NPs (40, 50 mg/mL)
for 24 h produced significantly more ROS when compared
Fig. 7 Effect of SnNiCoO2 NPs on the apoptotic cell death in the bl

bromide (1:1), was used to stain the cells, then analyzed by fluorescen

fluorescence that indicates living cells without apoptosis. The SnNiCoO

indicates early and late apoptotic cell death, respectively with conden

(untreated cells), SnNiCoO2 NPs-treated cells; 40 mg/ml concentration

of fluorescent Intensity from the control and treated cells incubated at 3

compared to the ‘‘Control” group and **p < 0.005 compared to the
with untreated cells. The bright green fluorescence revealed
the presence of ROS (Fig. 8). Molt-4 cells administered with
SnNiCoO2 NPs (40 mg/ml) demonstrated high fluorescence,

but those exposed with greater dose of SnNiCoO2 NPs
(50 mg/ml) revealed higher green fluorescence, signifying an
augmented ROS accumulation.

3.6. Determination of MMP level in the treated cells

Rh-123 staining was performed to monitor the MMP status in

the SnNiCoO2 NPs (40 and 50 mg/ml) exposed Molt-4 cells,
and the results are depicted in Fig. 9. It was discovered that
control cells exhibited a bright green fluorescence, but Molt-

4 cells exposed with SnNiCoO2 NPs exhibited the depleted
green fluorescence, which signifying the decrease in MMP.
This outcome exhibited that SnNiCoO2 NPs can deplete
MMP status in Molt-4 cells (Fig. 9).

3.7. Detection of caspase �3, �9, and �8 activities

The expression of pro-apoptotic proteins in untreated and

SnNiCoO2 NPs treated cancer cells is shown in Fig. 10.
Caspases-3, �8, and �9 expressions were all downregulated
in control cells. The SnNiCoO2 NPs exposed Molt-4 cells

exhibited higher expressions of caspase-3, �9, and �8 as than
untreated cells. SnNiCoO2 NPs considerably augmented the
expression of pro-apoptotic biomarkers.
ood cancer MOLT-4 cells for 24 h. Acridine orange and ethidium

ce microscopy (Labomed, USA). The control cells showed green

2 NPs tested cells showed yellow and orange fluorescence, which

sed or fragmented nuclei and necrotic cells. Panel A; Control (a)

(b) and 50 mg/ml concentration (c). Panel B; Arbitrary Units (a.u.)

7 �C were measured by a fluorescence microplate reader. *p < 0.05

‘‘Control” group.



Fig. 8 Effect of SnNiCoO2 NPs on the intracellular ROS generation in the blood cancer MOLT-4 cells. The MOLT-4 cell line is

subjected to oxidative stress induced by SnNiCoO2 NPs staining with DCFH-DA. Then the digital images were captured by a

Fluorescence microscope (Labomed, USA). Control cells showed a dull green fluorescence that indicates poor ROS generation. The

SnNiCoO2 NPs (40 and 50 mg/ml) treated cells showed a bright green fluorescence, which confirms the increased ROS production in

MOLT-4 cells. (a); Control (untreated cells), SnNiCoO2 NPs-treated cells; 40 mg/ml concentration and 50 mg/ml concentration. (b); ROS

levels in percentage from the control and treated cells incubated at 37 �C were measured by a fluorescence microplate reader using the

H2DCFDA dye. *p < 0.05 compared to the ‘‘Control” group and **p < 0.005 compared to the ‘‘Control” group.
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4. Discussion

Plant products have been popularly employed in nanobiotech-
nology in the past few years. A high number of phytochemicals
present in P. guajava extract has been reported to possess
excellent reducing power (Suwan et al., 2019; Antony et al.,

2013). Transition metal NPs are receiving immense popularity
owing to their excellent characteristics such as biocompatibil-
ity, minimal toxicity, and low ecological impact (Elango

et al., 2015; Alserihi et al., 2022; Tabrez et al., 2022(a)). More-
over, a few metal oxide NPs can specifically target tumor cells
with lesser toxicity than normal cells (Ahamed et al., 2018;

Ullah et al., 2022; Gowd et al., 2022). Consequently, the pur-
pose of this exploration was to assess the structural, optical,
and antibacterial activities of nickel–cobalt-codoped Tin oxide

NPs synthesized via a green approach and to examine the anti-
cancer potential of SnNiCoO2 NPs in human leukemic cells.
The impact of NPs administration on the cell viability, intra-
cellular ROS, MMP level, apoptotic cell death potential, and

caspases activities were analyzed and reported.
As a result, we tested the antioxidative and oxidative func-

tions of SnNiCoO2 NPs by exposing cells with diverse concen-

trations and measuring MDA and antioxidants (glutathione,
SOD, and Catalase). Exposure of Molt-4 cells to diverse con-
centrations of SnNiCoO2 NPs (40 and 50 mg/ml) increased

intracellular MDA levels while decreasing glutathione levels,
suggesting that SnNiCoO2 NPs may cause oxidative injury in
cells. SnNiCoO2 NPs also elevated MDA levels at dose depen-
dently. Furthermore, an elevation in the inflammatory media-

tors i.e., TNF-a and IL1b shows that SnNiCoO2 NP exposure
causes inflammation in Molt-4 cells.

From our results, the PL spectra of the SnNiCoO2NPs show

peaks at wavelengths 522 nm and 527 nm. More oxygen vacan-
cies were observed in the SnNiCoO2 NPs, resulting in a higher
amount of ROS. On the other hand, Ni2+/Co2+/Sn4+ ions
released by SnNiCoO2 NPs come in contact with microbial cell

membranes, and the cell membranes with a negative charge and
Ni2+/Co2+/Sn4+ ions with positive charge attract. As a result,
the Ni2+/Co2+/Sn4+ metal ions penetrate and hook onto the

cell membrane and react with sulfhydryl groups within the cell
membrane, which results in the cell death of the bacteria
(Pandimurugan et al., 2021; Torki et al., 2022).

The cell viability analysis is one of the most essential tools
for nanotoxicology investigation since it shows the cells’
response to the stimulants or toxicants and transfer signal on

cell survival and death rate (Kummara et al., 2016; Tabrez
et al., 2022(b); Tabrez et al., 2022(c)). The leukemic cells trea-
ted with SnNiCoO2 NPs revealed a considerable reduction in
the viability. The outcome is in agreement with an earlier

report on green un-doped and co-doped tin oxide NPs, where
it was observed that the cytotoxic nature of the co-doped NPs
was better than that of the un-doped NPs (Khan et al., 2018).

Also, Green AgNPs synthesized from Eucalyptus chapmaniana
leaf extract have been shown to have a notable cytotoxic
impact on human leukemia in previous investigations

(Sulaiman et al., 2013).



Fig. 9 Effects of SnNiCoO2 NPs on the mitochondrial membrane potential in the blood cancer MOLT-4 cells. MOLT-4 cells with

SnNiCoO2 NPs present have a decreased mitochondrial membrane permeability. Rhodamine 123 was used to stain the cells. The

fluorescent images were captured by a Fluorescence microscope (Labomed, USA). Control cells showed a bright fluorescence that

indicates a higher MMP level. The SnNiCoO2 NPs (40 and 50 mg/ml) treated cells showed a dull or decreased green fluorescence, which

indicates the reduced MMP level in MOLT-4 cells. Panel A; Control (a) (untreated cells), SnNiCoO2 NPs-treated cells; 40 mg/ml

concentration (b) and 50 mg/ml concentration (c). Panel B; Arbitrary Units (a.u.) of fluorescent Intensity from the control and treated cells

incubated at 37 �C were measured by a fluorescence microplate reader. *p < 0.05 compared to the ‘‘Control” group and **p < 0.005

compared to the ‘‘Control” group.

Fig. 10 SnNiCoO2 NPs induced pro-apoptotic response Caspase �3, 8, and 9 in the MOLT-4 cell line. The colorimetric quantification

of active Caspase-3 (a), Caspase-8 (b), and Caspase-9 (c) in MOLT-4 cell line after 24-h treatment of 40 and 50 mg/ml concentration of

SnNiCoO2 NPs. The data were presented as activity of caspase – 3, 8, and 9 enzymes and mean ± SEM. n = 6, *p < 0.05 compared to

the ‘‘Control” group and **p < 0.005 compared to the ‘‘Control” group.

Anticancer potential of Nickel cobalt-codoped Tin oxide nanoparticles from Psidium guajava 9
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The generation of intracellular ROS often leads to the ini-
tiation of oxidative stress that ultimately triggers apoptosis
(Ivanova et al., 2016). The free radical formation and the sub-

sequent build-up of oxidative stress is the fundamental process
of NP toxicity. The current results notably elevated the ROS
generation, which is agreement with an earlier study wherein

green gold NPs demonstrated potential anticancer activity
against colon cancer cells by enhancing ROS production
(Malaikolundhan et al., 2020).

The AO/EB staining technique was employed to evaluate
the morphological modifications concerning apoptosis to bet-
ter comprehend the process of cell death induced by NPs. It
was observed that the live cells exhibited green fluorescence

owing to the diffusion of acridine orange into the cellular
membranes whereas the apoptotic cells were represented as
orange entities owing to nuclear shrinkage, which is following

earlier studies conducted with green silver nanoparticles. The
apoptotic bodies were formed as a result of chromatin conden-
sation within the nucleus (Prasannaraj et al., 2016).

Mitochondria are the predominant source of intracellular
ROS, therefore a lack of anti-oxidants, along with an increase
in ROS levels, open up a mitochondrial transition pore, lower-

ing MMP and triggering a caspase cascade that finally results
in cell death (Nakkala et al., 2018). The level of MMP was
examined to elucidate the apoptotic mechanism in the NP-
treated leukemic cells. Increased ROS levels promoted mito-

chondrial membrane depolarization, which in turn activated
the apoptotic mechanisms. An earlier investigation associated
with the anticancer effect of SnO2-doped ZnO NPs in breast

cancer cells also revealed a similar MMP depletion trend in a
dose-dependent manner (Ahamed et al., 2021).

Apoptosis, being an essential regulator of cellular home-

ostasis, is induced by a controlled and coordinated action of
caspases (Czabotar et al., 2014; Tabrez et al., 2020(a);
Tabrez et al., 2020(b)). The caspase protein family is acti-

vated by caspase-3 that stimulates apoptotic cell death by
activating caspase-8 and �9 (Herr et al., 2018). SnNiCoO2

NPs remarkably augmented the expressions of caspase-3,
�8, and �9. Our outcomes indicate the cytotoxicity of

SnNiCoO2 NPs to the leukemic cells. The elevated ROS
level causes mitochondrial outer membrane pores to be dis-
rupted which decreases MMP, releasing apoptotic caspases

that ultimately lead to cell death (Chen et al., 2016).
Caspase-dependent apoptotic cell death facilitated by the
mitochondrial route has been observed in zinc oxide NPs

in squamous cancer cells (Wang et al., 2020).

5. Conclusion

Nanoparticles doped with green nickel and cobalt (SnNiCoO2) have

been investigated for their anticancer effects on Molt-4 cells. In addi-

tion to their cytotoxic effect, the NPs also significantly increased the

level of ROS and antioxidants, reduced MMP levels, and elevated

caspase-3, �9, and �8 expression. As a result of the increased

caspase-3, �9, and �8 expressions and the reduction of MMP, the

NPs triggered apoptosis in leukemic cells. Apoptotic induction via

mitochondria was found to mediate the cytotoxicity of NPs. Using

SnNiCoO2 nanoparticles as a model, we have found that using a dif-

ferent approach can enhance their properties and anticancer capabili-

ties. These findings indicate that nickel and cobalt-codoped tin oxide

nanoparticles from Psidium guajava induce mitochondrial oxidative

stress and may prove to be potential antibiotic, antifungal, and anti-

cancer candidates.
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