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Abstract: The sixth most common cancer in the world,
esophageal cancer, requires aggressive treatment such as
surgery, chemotherapy, radiotherapy, and immunotherapy.
Phytochemicals and medicinal plants are being used in the
green synthesis of nanoparticles. Our study aimed to synthe-
size ZnO–SnO2 nerolidol nanocomposite and study its effects
on esophageal squamous cell carcinoma cells. UV spectro-
scopy showed significant absorbance at 288 nm, transmis-
sion electron microscopy and DLS showed spherical shapes,
and transmission electron microscopy also showed 108 nm
average diameters. The ZnO–SnO2 nerolidol nanocomposite
was also investigated using energy-dispersive X-ray analysis,
Fourier transform infrared spectroscopy, photolumines-
cence, and field emission scanning electron microscopy. A
cytotoxic effect was observed against KYSE-150 cells with
an IC50 concentration of 14.9 μg/mL. The ZnO–SnO2 nero-
lidol nanocomposite inhibited cancer cell proliferation in
KYSE-150 cells and enhanced apoptosis by altering its
mitochondrial membrane potential. The ZnO–SnO2 nero-
lidol nanocomposite also enhanced oxidative stress, leading
to a decrease in superoxide dismutase, catalase, and glu-
tathione and an increase in lipid peroxidation. Ultimately,
ZnO–SnO2 nerolidol nanocomposite enhanced the caspase

cascade by inducing caspases 3, 8, and 9 in KYSE-150 cells.
On the whole, we suggest that the ZnO–SnO2 nerolidol
nanocomposite can be an effective treatment strategy
against esophageal squamous cell carcinoma in KYSE-
150 cells. However, understanding molecular circuits is still
warranted.
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1 Introduction

Esophageal cancer (EC) is ranked the ninth most prevalent
cancer worldwide and is the sixth leading cause of death
worldwide. It is a highly aggressive malignant tumor and
comprises two different diseases, esophageal adenocarci-
noma and esophageal squamous cell carcinoma, affecting
more than 400,000 people worldwide every year [1,2]. Among
them, esophageal squamous cell carcinoma is themost common
histological type of EC, constituting 85.79%, while esophageal
adenocarcinoma comprises 11% and others include 3.21% [3].
The therapeutic strategy for early-stage EC is surgery, and the
other conventional treatment methods include chemotherapy,
radiotherapy, neoadjuvant chemotherapy, and chemora-
diotherapy. The 5-year survival rate for EC is around
20% [4].

Additionally, the combination of immune checkpoint
inhibitors with chemotherapy is the treatment for advanced
esophageal squamous cell carcinoma. However, the therapy
response for combination therapy ranges from 16.7 to 58.3%
[5]. Thus, several treatment strategies are inadequate or lead
to several side effects. The alternative treatment strategy
that is receiving much interest is the use of phytochemicals,
which show activity against various metabolic diseases and
cancers. Despite their efficacy, the requirement of nano-
sized, green-synthesized nanoparticles (NPs) using phyto-
chemicals or medicinal plants has been of keen interest to
scientists [6].

Nerolidol (peruviol, 3,7,11-trimethyl-1,6,10-dodecatrien-
3-ol), a sesquiterpene alcohol, is found in the essential oils
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of various plants [7] and reported to possess various anti-
oxidant, anti-microbial, anti-inflammatory and anti-tumor
potentials [8]. Nerolidol was reported to show poor oral
bioavailability, hydrophobicity, and failure to get steady-
state plasma concentration [9]. Thus, the development of
efficient NPs might be a promising strategy to facilitate effi-
cient delivery and enhanced bioavailability against cancer
and is essentially needed [8].

Green synthesis uses environmentally compatible mate-
rials like bacteria, fungi, and plants to synthesize NPs, such
as zinc oxide nanoparticles (ZnO NPs) [10]. These NPs are
easily prepared, inexpensive, and safe and are used in var-
ious biomedical sectors due to their high electron mobility,
wide band gap, and elevated exciton energy [11]. ZnO NPs
have been used as anti-cancer agents due to their cytotoxic
activity against various cancers, including triple-negative
breast cancer, MCF7 breast cancer, lung adenocarcinoma,
bladder cancer, oral cancer, liver cancer cells, and chronic
myeloid leukemia [12,13]. However, there are limited studies
on the bio-activity of chemically synthesized ZnO NPs on
A431 cells and the effect of time of NaOH addition in the
reaction mixture [14,15]. In recent years, the tendency to use
NPs with anticancer properties is increasing. Among these,
tin oxide (SnO2) NPs have been identified as one of the most
effective anticancer compounds due to their appropriate
efficacy and potential compatibility at low concentrations
[16,17]. For example, it has been shown that SnO2 NPs
show potential albumin binding and anticancer effects
activity against MCF-7 cells. Also, it has been shown that
SnO2 NPs can be developed as promising anticancer plat-
forms against cervical carcinoma [18].

The novelty of the study shows that ZnO/SnO2 and
nerolidol nanocomposite are a promising treatment for
esophageal squamous cell carcinoma, particularly against
KYSE-150 cells. It enhances anticancer efficacy, improves
drug delivery, and increases cellular uptake, reducing
side effects and providing a versatile treatment platform.
The small size and surface modification of the nanocom-
posite facilitate better penetration and uptake by cancer
cells.

The study aims to establish a novel nanocomposite
system for the effective delivery of nerolidol and evaluate
its potential as a therapeutic agent against esophageal car-
cinoma. The synthesized nerolidol-loaded zinc oxide and
tin oxide NPs were fabricated and characterized for effi-
cient delivery. However, much research was not focused
on understanding the effect of nerolidol NPs against EC.
Thus, the objective of our study is (1) to synthesize and
characterize the nerolidol nanocomposite using zinc oxide
and tin(II) nitrate hexahydrate and (2) to investigate eso-
phageal carcinoma.

2 Materials and methods

2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3)2)·6H2O; MW: 297.48;
99%), tin(II) chloride (SnCl2; Mw: 189.6; 98%), and NaOH
were obtained from Sigma Chemicals (USA). Fetal bovine
serum (FBS), nerolidol (MW: 222.37: 98%), penicillin/strepto-
mycin, and RPMI-1640 medium were acquired from Merck
Chemical Company (Germany). Dimethyl sulfoxide (DMSO)
and other chemicals were acquired from Sigma (USA).

2.2 Synthesis of the nerolidol
nanocomposite

The process involves dissolving 0.1M of zinc nitrate (Zn(NO₃)₂)
and 0.1M of tin(II) nitrate hexahydrate (Sn(NO3)2·6H2O) in
100ml of deionized water. A 0.1M NaOH solution was added
dropwise to the metal mixture, followed by precipitation. The
solution was heated with magnetic stirring for 4 h at around
80°C. The white precipitate formed was dried at 100°C. The
ZnO–SnO2 nanopowder was calcined at 600°C for 5 h to con-
vert into ZnO–SnO2 NPs.

Then, 500 mg of ZnO–SnO₂ NPs was dispersed in 5 mL
of ethanol and then sonicated for 1 h. Next, 100 mg of ner-
olidol was added to the homogeneous ZnO–SnO₂ solution.
The ZnO–SnO₂–nerolidol solution was stirred for 24 h at
room temperature. The solution was centrifuged at 4°C
for 15 min at 16,000 rpm. The solid ZnO–SnO₂–nerolidol
was washed several times with distilled water and 100%
ethanol to remove the unreacted materials. Finally, the
ZnO–SnO₂–nerolidol solution was dried at 200°C for 2 h
and used for further studies [19].

Zinc oxide and tin oxide intercalated with the bioactive
compound nerolidol-based nanocomposite were character-
ized using various techniques, including UV–Vis spectro-
scopy, Fourier-transform infrared (FT-IR) spectroscopy, and
scanning electron microscopy (SEM) [20].

2.3 UV-Vis spectroscopy

The synthesized nerolidol nanocomposite (intercalated with
zinc oxide and tin oxide) was measured by UV−VIS spectro-
photometer (UV-2000 PC spectrometer) at a wavelength ran-
ging from 200 to 1,000 nm at a resolution of 0.5 nm. An
absorption spectrum of synthesized nerolidol nanocompo-
site was obtained, which was plotted with the wavelength
(at the x-axis) vs absorbance (at the y-axis) [8].
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2.4 FT-IR analysis

The synthesized nerolidol nanocomposite was analyzed by
FTIR (Perkin Elmer, Frontier, USA), which showed the pre-
sence of functional groups. The NPs were scanned from
4,000 to 400 cm−1 wavenumber in the transmission mode,
and the spectrum was obtained from 50 scans with a reso-
lution of 4 cm–1 [21].

2.5 X-ray diffraction (XRD)

XRD is a tool for characterizing the structural features of
nerolidol nanocomposite, and XRD measurement was car-
ried out using a Cu-Kα radiation source, and the instru-
ment was operated at a voltage of 10 kV with a current of
30 mA with a scanning rate of 2°/min for 2θ between 0 and
40. The presence, crystalline nature, phase variety, and
grain size of the synthesized nanocomposite were analyzed
using XRD spectroscopy [22].

2.6 SEM

To obtain the morphology of the synthesized nanocompo-
site, a field emission scanning electron microscope (FESEM,
CARL ZEISS SIPRA 55VP) coupled with an energy-dispersive
X-ray (EDAX) analyzer (Oxford Instruments X-MAX (20mm²))
was operated at various voltages (5–20 kV). The shape, sizes,
and atomic weight composition of the synthesized nanocom-
posite were analyzed [23].

2.7 Transmission electron microscopy (TEM)

TEM measurements were analyzed using a high-resolution
TEM (JEOL 2010) with an accelerating voltage of 200 kV,
and exposure was changed from 0 to 120 s [24].

2.8 Dynamic light scattering analysis

Dynamic light scattering was used to measure the surface
charge, size, and also stability of the nanocomposite
using Zetasizer Pro (Malvern Panalytical, UK). The data
on the polydispersity and Z-average size of silver NPs
were obtained. The images were captured using a Gatan
Ultrascan digital camera [25].

2.9 Photoluminescence (PL)

PL emission spectra of the samples were recorded using a
Shimadzu RF-5301 PC spectrofluorometer [25].

2.10 MTT assay

KYSE-150 (6000 cells) were cultured in 96-well plates in a
culture medium maintained for 24 h. Then, the KYSE-150
cells were treated with different concentrations (2, 4, 8,16,
32, 64, and 128 μg/ml) of ZnO–SnO2–nerolidol nanocompo-
site and exposed for 24 h in a CO2 incubator at 37°C. Then,
cells were mixed with 20 μL/mL MTT solution in each well
carefully and incubated for 4 h at 37°C. To each well, 200 μL
of 10% DMSO was added and allowed to mix for 30min in a
shaker until the formazan purple color precipitate was dis-
solved. The precipitation was measured at 595 nm absorbance
using a VersaMax ELISA Microplate Reader (Molecular
Devices Inc., Sunnyvale, CA, USA). Independent experi-
ments were performed in triplicate [26].

2.11 Apoptosis analysis

2.11.1 Mitochondrial membrane potential

The morphological analysis of apoptotic cell death was
performed by analyzing the alteration in intra-cellular mito-
chondrial membrane potential (ΔΨm) using Rhodamine 123
in KYSE-150 cells. The cells were treated with IC50 doses of
the nerolidol nanocomposite for 24 h. Rhodamine 123 was
used to stain the cells for 5min after washing with PBS.
Again, the cells were washed with PBS, and the fluorescence
microscope was used for examination of the stained cells
using Nikon Eclipse Ti (Nikon Instruments Inc., NY, USA),
and the effect of ZnO–SnO2–nerolidol nanocomposite was
compared with the untreated control [27].

2.11.2 Measurement of biochemical parameters

Superoxide dismutase (SOD), glutathione (GSH), and cata-
lase (CAT) were determined using the colorimetric assay
kits (Biovision Incorporation, CA, USA). Lipid peroxidation
in the serum was evaluated by calculating the malondial-
dehyde (MDA) level after retorting MDA with thiobarbi-
turic acid at wavelengths of 520–540 nm. SOD, CAT, and
GSH were measured at 490 nm using a microplate reader
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(Multiskan FC, Thermo Fischer Scientific; USA), and all
these enzymatic antioxidants were expressed as units
(U)/mg of protein [27].

2.12 Analysis of apoptotic proteins

The levels of caspases 3, 8, and 9 in cells were measured via
ELISA (Biospes, China), according to the manufacturer’s
instructions. Briefly, the KYSE-150 cells were treated with
an IC50 dose of the nerolidol nanocomposite and lysed
according to the ELISA kit’s instructions. The cell lysate con-
tained caspases 3, 8, and 9 proteins, which were specifically
bound to their primary antibodies and were detected using
horseradish peroxidase (HRP)-conjugated secondary antibo-
dies by measuring the absorbance at 450 nm using a micro-
plate reader (Multiskan FC, Thermo Fischer Scientific,
USA) [28].

2.13 Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 6.01). The results are presented as mean ± SD. To
determine if there were any differences between the groups,
an ANOVA and the Tukey post-hoc tests were employed.
Differences betweenmeans were considered statistically sig-
nificant if p < 0.05.

3 Results

3.1 Characterization analysis

The UV-visible absorbance spectrum of the synthesized
ZnO–SnO2–nerolidol nanocomposite is shown in Figure 1.
The absorption spectrum of the ZnO–SnO2–nerolidol nano-
composite occurred at 288 nm. The FTIR spectra of the
nerolidol nanocomposite are shown in Figure 2. In the
synthesized nerolidol nanocomposite, peaks were observed
at 570, 629, 960, 1,158, 1,454, 1,642, 2,922, and 3,397 cm−1. The
main characteristic peaks were found at 1,158, 1,454, 1,642,
and 3,397 cm−1 and were attributed to the amino group (C–N)
and CH2 bend, the carboxylate group (COO–), the secondary
amine group (NH2), and the amine and hydroxyl stretch,
respectively. Specifically, the nerolidol hydrocarbon chain
peak was found at 2,922 cm−1. The band between 945 and

968 cm−1 was assigned to the OH vibration, and the peaks at
570 and 629 cm−1 were assigned to zinc-tin oxide-O stretching
vibration. XRD is an important analytical parameter in under-
standing the molecular nature of nanocomposites, as shown in
Figure 3. XRD patterns, which are indexed to the (110), (101),
and (211) planes, confirmed the tetragonal structure of the
synthesized nanocomposite and also indicated the presence
of ZnO, SnO2, and Ne. The diffraction peaks in the XRD patterns
are of high intensity, which indicates the high crystallinity and
high purity of the samples. The morphology of the ZnO–SnO2–

nerolidol nanocomposite was determined by FESEM analysis,
as shown in Figure 4a. It showed cube crystalline agglomerate
morphologies, and no rod orwire-shaped imageswere observed.
EDAX analysis showed the presence of ZnO, SnO2, C, and O in
the ZnO–SnO2–nerolidol nanocomposite, as shown in Figure 4b.
The TEM analysis of the ZnO–SnO2–nerolidol nanocomposite
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Figure 1: The UV-visible absorbance spectrum of the synthesized
ZnO–SnO2–nerolidol nanocomposite.
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Figure 2: FTIR spectra of the ZnO–SnO2–nerolidol nanocomposite.
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revealed the microsphere structure (Figure 5a–e), and
SAED analysis revealed that the nanocomposite was polycrys-
talline in structures with irregular, partial, and incomplete
rings (Figure 5f). The formation and particle size distribution
of the ZnO–SnO2–nerolidol nanocomposite was confirmed by
dynamic light scattering, which revealed that the size of the
nanocomposite was found to be 108.50 nm (Figure 6). PL
spectra were used to investigate the electronic, optical,
and photochemical properties of the NPs. Figure 7 shows
that the PL spectra exhibit a sharp peak around 361 nm,
indicating UV emission, and a broad spectrum around
425–478 nm, showing blue emission for the synthesized
ZnO–SnO2–nerolidol nanocomposite.

3.2 Cytotoxic effect of the
ZnO–SnO2–nerolidol nanocomposite
against esophageal squamous cell
carcinoma KYSE-150 cells

The cytotoxicity effect of the ZnO–SnO2–nerolidol nano-
composite in KYSE-150 cells was tested using the MTT
assay. Figure 8 shows the cell viability assay for KYSE-150
cells, which were treated with different concentrations of
the ZnO–SnO2–nerolidol nanocomposite ranging from 2 to
128 μg/mL. We observed a dose-dependent effect of the
ZnO–SnO2–nerolidol nanocomposite, and the IC50 concen-
tration was found to be around 14.9 μg/mL. For further
studies, IC25 and IC50 concentrations were selected to
investigate apoptotic and oxidative stress potentials.

3.3 Effect of the ZnO–SnO2–nerolidol
nanocomposite on apoptosis

The KYSE-150 cells were stained using Rhodamine 123 stain
andwere observed under a fluorescencemicroscope to inves-
tigate the proapoptotic effect of the ZnO–SnO2–nerolidol
nanocomposite against KYSE-150 cells (Figure 9b). The apop-
totic cells were dose-dependently enhanced in the ZnO–
SnO2–nerolidol nanocomposite-treated cells compared to
the control KYSE-150 cells (Figure 9a). Additional dual staining
provided information on various stages of apoptosis, such as
necrosis, late apoptosis, and early apoptosis in the ZnO–
SnO2–nerolidol nanocomposite. The early-stage apoptotic
cells indicated a granular pattern with yellow–green acridine
orange nuclear stain, and the late-stage apoptotic cells exhib-
ited orange nuclear EtBr stain; in addition, necrotic cells were
distinguished with uneven orange-red fluorescence in the
ZnO–SnO2–nerolidol nanocomposite-treated KYSE-150 cells
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Figure 3: XRD patterns of the ZnO–SnO2–nerolidol nanocomposite.

Figure 4: The morphological analysis via FESEM (a) and elemental analysis via EDAX of the ZnO–SnO2–nerolidol nanocomposite (b).
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dose-dependently. In this study, the cells were stained with
Rhodamine 123 to investigate the mitochondrial membrane
potential (Figure 9b). Upon treating the cells with the
ZnO–SnO2–nerolidol nanocomposite in KYSE-150 cells, the
green fluorescence was enhanced dose-dependently, which
depicted the depolarization of the mitochondrial membrane
potential of the ZnO–SnO2–nerolidol nanocomposite com-
pared to that of control KYSE-150 cells.

3.4 Effect of the ZnO–SnO2–nerolidol
nanocomposite on lipid peroxidation and
enzymatic antioxidants

The KYSE-150 cells treated with the ZnO–SnO2–nerolidol
nanocomposite were analyzed for lipid peroxidation, MDA
(Figure 10a) level, and antioxidant enzyme activity (Figure 10b–d).

Figure 5: TEM analysis of the ZnO–SnO2–nerolidol nanocomposite (a)–(e) and SAED analysis (f).

Figure 6: DLS analysis of the ZnO–SnO2–nerolidol nanocomposite.
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Figure 7: PL spectra of the ZnO–SnO2–nerolidol nanocomposite.
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There was a dose-dependent increase in the level of MDA in
KYSE-150 cells treated with the ZnO–SnO2–nerolidol nano-
composite, which indicated that the nanocomposite induced
oxidative stress that leads to enhanced lipid peroxidation
status. On the other hand, the antioxidant enzyme activities
were tested, and we observed that SOD, CAT, and GSH were
dose-dependently decreased in KYSE-150 cells treated with
the ZnO–SnO2–nerolidol nanocomposite when compared to
control. The study investigates the effect of a ZnO–SnO2–

nerolidol nanocomposite on lipid peroxidation and enzy-
matic antioxidants in KYSE-150 cells.

The results suggest that an increase in MDA levels may
indicate a defense response to oxidative stress, as increased
free radicals cause oxidative damage (Figure 10a). The study
also found that the nanocomposite caused dose-dependent
decreases in SOD and GSH but increased CAT in KYSE-150
cells compared to the control group. These findings can

indicate the nanocomposite’s medicinal or toxicological
aspects (Figure 10b–d).

3.5 Effect of the ZnO–SnO2–nerolidol
nanocomposite on apoptotic proteins

Figure 11 shows the levels of apoptotic proteins in both the
control and the ZnO–SnO2–nerolidol nanocomposite-treated
KYSE-150 cells. Our ELISA data revealed that the pro-apoptotic
proteins (caspases 3, 8, and 9) were found to be enhanced
dose-dependently in the ZnO–SnO2–nerolidol nanocomposite-
treated KYSE-150 cells (Figure 11a–c) when compared to that
of control cancer cells.

4 Discussion

Recently, nanomedicine has played a crucial role in the
field of biomedicine, especially in the diagnosis and treatment
of cancer. In our study, we synthesized the ZnO–SnO2–nerolidol
nanocomposite and characterized it using various techniques,
including FTIR, FESEM, XRD, and EDAX. Next, the anticancer
effect of the nanocomposite was found to be enhanced via
stimulating lipid peroxidation and pro-apoptotic protein and
by decreasing antioxidants in EC cells.

The UV-vis absorption spectra showed an absorption
peak at 288 nm for the synthesized ZnO–SnO2–nerolidol
nanocomposite. In a previous study, it was reported that
nerolidol-loaded chitosan–alginate NPs exhibited a broad
peak between 230 and 280 nm; in addition, it was reported
that diluting the nerolidol sample with a solvent like
ethanol showed a band at 280 nm, which was consistent

Figure 8: The cell viability assay for KYSE-150 cells treated with different
concentrations of the ZnO–SnO2–nerolidol nanocomposite ranging from
2 to 128 μg/mL.

Figure 9: KYSE-150 cells stained using Rhodamine 123. (a) Control cancer cells and (b) the ZnO–SnO2–nerolidol nanocomposite treatment at IC50
concentration.
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with our study [8]. Moreover, the absorption in the near UV
region is due to the electronic transitions occurring in the
sample [29]. FTIR spectroscopy helps to understand the
interaction between functional groups and exhibit various
peaks. In the synthesized nerolidol nanocomposite, we
observed FTIR peaks at 570, 629, 960, 1,158, 1,454, 1,642,
2,922, and 3,397 cm−1. The peaks confirmed that nerolidol
successfully interacted with ZnO and SnO2 oxide and it
could be due to electrostatic interactions [30], and new

peaks could be due to the weak physical and van der Waals
interactions [31]. Our XRD data showed distinct character-
istic peaks for the synthesized ZnO–SnO2–nerolidol nano-
composite, and it showed that nerolidol is converted into
the nanocomposite in the presence of ZnO and SnO2 oxide,
and sharp and strong peaks reflected well-ordered crystal
structures of the synthesized nanomaterials. Consistent
with our data, the crystalline nature of the NP showed char-
acteristic peaks at 25.3°, 37.7°, 47.5°, 54.9°, 63.7°, 68.7°, 70.6°,
and 75.5° [32]. Our FESEM data revealed that the ZnO–SnO2–

nerolidol nanocomposite exhibited spherical and cuboidal-
shaped structures. In support of our results, in another
study, it was shown that nerolidol-loaded chitosan–alginate
NPs exhibited spherical-like particle morphology [8]. In our
study, EDAX showed the elemental composition of the
ZnO–SnO2–nerolidol nanocomposite and confirmed the
presence of ZnO, SnO2, C, and O. Similar to our results,
nerolidol gold NPs exhibited elemental composition upon
EDAX analysis [33]. Morphology was assessed using TEM, and
our data showed spherical-shaped ZnO–SnO2–nerolidol nano-
composite, whichwas consistent with the results of Baldissera
et al. [34], who reported that nerolidol formed a nanosphere
and suppressed hepatic cellular damage and modulated bioe-
nergetics. Moreover, SAED data of the ZnO–SnO2–nerolidol
nanocomposite were in agreement with the XRD data,

Figure 10: KYSE-150 cells treated with the ZnO–SnO2–nerolidol nanocomposite and analyzed for lipid peroxidation, MDA level, and SOD, CAT,
and GSH.
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Figure 11: KYSE-150 cells treated with the ZnO–SnO2–nerolidol nano-
composite and analyzed for pro-apoptotic proteins, caspases 3, 8, and 9.
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indicating the crystalline nature and the ring formation due
to themerging of diffraction spots that are formed from a large
number of layers in the nanocomposite samples [35]. Our DLS
showed the average diameter of the ZnO–SnO2–nerolidol
nanocomposite as 108 nm. Similar to our data, in another
study, vesicles carrying nerolidol showed average diameters
of 132.3 nm, while the vesicles were 185.46 nm [36].

Our PL data on the ZnO–SnO2–nerolidol nanocompo-
site showed UV emission, which could be due to the recom-
bination of the free excitons through an exciton–exciton
collision process, and the blue emission band showed oxygen
vacancies. Koshy et al. [37] reported that the band edge-free
excitons are involved in the formation of the visible emission
peaks at 418, 449, 485, 513, and 532 nm, while Kang et al. [38]
reported that PL data in the range of 400–550 nm are due to
surface oxygen vacancies. The intercalation of nerolidol with
the ZnO–SnO2 NPs can be confirmed through various char-
acterization techniques. FTIR can detect changes in the vibra-
tional modes of functional groups, such as shifts in nerolidol’s
characteristic peaks and new peaks or changes in the peak
intensity. XRD can reveal changes in the crystalline structure
of the ZnO–SnO2 NPs upon intercalation, such as changes in
the diffraction patterns or structural modifications. SEM and
TEM can provide morphological evidence and insights into
the distribution of nerolidol within the NPs. DLS analysis can
measure the particle size distribution and surface charges,
indicating nerolidol incorporation. These techniques provide
comprehensive evidence of successful intercalation and the
formation of the nerolidol-loaded ZnO–SnO₂ nanocomposite.

The study explores environmentally friendly synthesis
methods for MgO NPs coated with chitosan using crab and
shrimp shells. The resulting NPs exhibit varying particle
sizes and shapes, with 89% efficient photocatalytic activity,
strong radical scavenging capacity, and high total antioxidant
capacity [39]. NPs have shown potential in wound healing by
promoting antibacterial, anti-inflammatory, and angiogenic
activities and their effectiveness as carriers for therapeutic
compounds [40]. A fast method for removing DOX from aqu-
eous samples was developed using ZnO/Ce-LDH as an efficient
adsorbent, achieving amaximum capacity of 1,297mg g−1 [41].
Hospital pharmaceutical waste, including antibiotics, che-
micals, and hormones, poses health concerns. NPs like
nanomaterials, carbon nanotubes, and nanofillers are being
investigated for waste removal effectiveness [42]. The
damaged mitochondrial membrane potential is the earliest
event of apoptosis, followed by the activation of apoptotic
caspases that eventually lead to DNA fragmentation [43]. In
colorectal cancer cells, nerolidol-loaded solid lipid NPs
rapidly internalized and also retained inside the cells
and subsequently enhanced apoptosis via activating the
caspase cascade [44] (Table 1).

The study of nanocomposites, particularly ZnO–SnO2–

nerolidol, focuses on their impact on oxidative stress mar-
kers and apoptosis-related proteins. The nanocomposite
may reduce MDA, a marker of lipid peroxidation, and
upregulate SOD activity, suggesting enhanced antioxidant
defense mechanisms [56,57]. Increased catalase activity
suggests the nanocomposite’s role in mitigating oxidative

Table 1: Studies evaluating the use of ZnO/SnO2 NPs in anticancer research along with other catalysts

Combination Mechanism/effect Key findings

ZnO/SnO₂ and gold
nanoparticles (AuNPs)

Enhanced ROS generation and improved cellular
uptake

Improved photothermal and photodynamic therapy and
increased cytotoxicity toward cancer cells [45]

ZnO/SnO₂ and silver
nanoparticles (AgNPs)

Increased ROS production and enhanced apoptosis
induction

Significant anticancer activity with combined
antimicrobial and anticancer properties [46]

ZnO/SnO₂ and graphene
oxide (GO)

High surface area, enhanced drug loading, and ROS
generation

Improved anticancer efficacy and increased cytotoxicity
toward cancer cells [47]

ZnO/SnO₂ and carbon
nanotubes (CNTs)

High mechanical strength, conductivity, enhanced
delivery, and ROS levels

Better targeting and killing of cancer cells, potential in
anticancer applications [48]

ZnO/SnO₂ and chitosan Biocompatibility, targeted drug delivery, and
sustained release

Enhanced anticancer activity and improved therapeutic
outcomes against cancer cells [49]

ZnO/SnO₂ and polyethylene
glycol (PEG)

Improved biocompatibility, prolonged circulation
time, and better tumor accumulation

Enhanced anticancer activity with reduced toxicity to
normal cells [50]

ZnO/SnO₂ and iron
oxide (Fe₃O₄)

Magnetic properties for targeted delivery and
enhanced ROS generation

Significant anticancer effects and apoptosis induction in
cancer cells using external magnetic fields [51]

ZnO/SnO₂ and copper
oxide (CuO)

Synergistic ROS production and improved drug
delivery

Enhanced anticancer activity through combined
cytotoxic effects [52]

ZnO/SnO₂ and doxorubicin Improved drug delivery, increased intracellular
accumulation, and ROS-mediated damage

Enhanced cytotoxicity towards cancer cells and better
therapeutic effects [53]

ZnO/SnO₂ and curcumin Synergistic ROS production, anti-inflammatory, and
anticancer properties of curcumin

Enhanced overall therapeutic potential against cancer
cells and improved anticancer properties [54,55]
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stress by decomposing hydrogen peroxide. Enhanced levels
of GSH indicate improved cellular redox status and detox-
ification capability [58,59]. Caspase 3, a key apoptotic pro-
tein, may induce apoptosis in cells, potentially targeting
cancer cells. Caspases 8 and 9 are involved in the extrinsic
and intrinsic apoptotic pathways, potentially due to mitochon-
drial damage or stress [60,61]. The nanocomposite’s effectsmay
bemediated through antioxidant properties, enzymemodifica-
tion, and apoptotic pathways. The ZnO–SnO2–nerolidol nano-
composite may reduce MDA levels, enhance antioxidant
defense by increasing SOD, CAT, and GSH activities, and
induce apoptosis through increased caspases 3, 8, and 9,
potentially targeting esophageal squamous cell carcinoma
of KYSE-150 cells.

In anti-cancer research, apoptosis is one of the crucial
mechanisms that receive a lot of attention as it is necessary
for the eradication of cancerous cells via modulating anti-
apoptotic and proapoptotic proteins [60]. In the current
study, our MTT assay showed the cytotoxic effect of the
ZnO–SnO2–nerolidol nanocomposite in a dose-dependent
manner. Additionally, Rhodamine revealed that the ZnO–
SnO2–nerolidol nanocomposite stimulated oxidative stress
and apoptosis in KYSE-150 cells. Caspases are crucial pro-
teins involved in the regulation of programmed cell death;
however, inadequate activation of caspases can lead to
carcinogenesis. In this regard, caspases are categorized
into initiator caspases (caspases 8 and 9) and killer cas-
pases (caspases 3, 6, and 7) [61]. Thus, in our study, we
expect that our nanocomposite can internalize and form
agglomeration that would kill cancer cells and additionally
might activate the caspase cascade to induce apoptosis
against EC cells.

5 Conclusion

In conclusion, we synthesized the ZnO–SnO2–nerolidol
nanocomposite and characterized it using various techni-
ques, including FESEM, FTIR, XRD, UV, and PL. The spectral
analysis of the synthesized ZnO–SnO2–nerolidol nanocom-
posite indicates the presence of zinc–tin oxide bonding
patterns. The XRD diffraction pattern confirms the tetra-
gonal structure of the synthesized nanocomposite and the
presence of ZnO, SnO2, and Ne molecules. The nanocompo-
site ZnO–SnO2–nerolidol was observed to have a molecular
architecture and contained ZnO, SnO2, C, and O. We tested
the efficacy of the ZnO–SnO2–nerolidol nanocomposite
against esophageal squamous carcinoma and found that
nanocomposites effectively inhibited proliferation and
induced apoptosis via the mitochondrial pathway and ulti-
mately enhanced the caspase cascade that eventually leads

to DNA fragmentation. Based on our data, we suggest that
it could be used as an effective treatment strategy against
esophageal carcinoma. However, understanding molecular
circuits targeting apoptosis needs to be investigated and
also detailed analysis under in vivo conditions is still
warranted.
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