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Abstract The present study aims to study the cytotoxicity of ZnO-TiO2-Chitosan-Amygdalin

nanocomposites (ZnO-TiO2-Chitosan-Amygdalin) on T lymphoblast cancer cells (MOLT-4). In a

study, nanocomposites containing 2.5 to 15 mg/ml MTT were screened for their anticancer activity.

Its anticancer properties were significantly higher than those of other nanocomposites with an IC50

value of 10.34 mg/ml. We studied the mechanism of action for cytotoxic cell death by fluorescence

microscopy using Acridine Orange/EtBr (AO/EtBr) and Rhodamine 123 staining procedures. Using
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DCFH-DA, ZnO-TiO2-Chitosan-Amygdalin nanocomposites were analyzed to determine ROS

production. The change in apoptotic protein expression for the 24 h following treatment with

MOLT-4 cells for Caspase-3, 8, and 9. Nanocomposites containing ZnO-TiO2-Chitosan-

Amygdalin increased the number of early and late apoptotic cells in MOLT-4 cells. ZnO-TiO2-

Chitosan-Amygdalin nanocomposites also enhanced mitochondrial apoptosis through Caspase cas-

cade signaling. MOLT-4 cells phosphorylated Caspase cascade in response to ZnO-TiO2-Chitosan-

Amygdalin nanocomposites. Compared to the control group, the cancer cells treated with ZnO-

TiO2-Chitosan-Amygdalin nanocomposites significantly arrest the proliferation and induces cleav-

age of pro-apoptotic proteins which leads to apoptotic cell death. Accordingly, ZnO-TiO2-

Chitosan-Amygdalin nanocomposites might be effective against T lymphoblast cancer.

� 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) results from abnormal white

blood cells that begin to grow in your bone marrow, which is the soft,

inner part of your bones. The immune system relies on these white

blood cells, which develop from immature lymphocytes (Chang

et al., 2021; Terwilliger and Abdul-Hay, 2017). The most common

childhood cancer is acute lymphoid leukemia, which peaks between 2

and 5 years of age (Kato and Manabe (2018)). The cure rate for this

disease has increased to over 90% due to improved management and

treatment, but disease relapse and resistance to treatment persist as sig-

nificant clinical challenges (Balsat et al., 2020). When combined cyto-

toxic chemotherapy is used to treat ALL, most adults and about 20%

of children relapse within five years (Inaba and Mullighan, 2020). The

identification of the genes and biological pathways responsible for

chemoresistance is essential to the development of new therapeutic

approaches to improve patient survival. The prevalence of ALL in chil-

dren is about 80%, but in adults, it is a devastating disease (Inaba and

Pui, 2021). A report from the National Cancer Institute estimates that

ALL is found in 1.6 out of every 100 000 Americans. According to the

American Cancer Society, more than 1400 deaths were linked to ALL

in 2016 (Siegel et al., 2021). All types of leukemia appear to be dis-

tributed bimodally, with a peak in childhood and another peak around

the age of 50. After dose intensification strategies, pediatric outcomes

have significantly improved, but the elderly continue to have a very

poor prognosis (Dai et al., 2021). Although induction chemotherapy

is very successful in remission adult patients with ALL, only 30–40%

of these patients will live for more than five years (Jung et al., 2010).

Many physicians diagnose the patient with locally advanced or

metastatic disease due to the lack of distinctive symptoms in the early

stages and the lack of available biomarkers (Aberuyi et al., 2020). To

improve the clinical prognosis of ALL patients, more effective strate-

gies for early detection and more effective treatment options are neces-

sary. A significant challenge in ALL research is not only the fact that it

is a rare tumor, but also the difficulty in obtaining human tissue sam-

ples and the lack of experimental models. Current cancer treatments

use alkylating agents and antimetabolites, which can have adverse

effects and are notorious for causing systemic toxicity. Among the

most cutting-edge methods in cancer treatment is the use of nanoma-

terials and nanostructured devices to deliver anticancer medications

(Javed et al., 2020).

A variety of industries use Chitosan, including food, textiles, agri-

culture, water treatment, cosmetics, and pharmaceuticals. In addition

to its biodegradability and non-toxicity, it also has antimicrobial prop-

erties that make it an effective wound healing agent. The use of chitosan

in combination with zinc oxide (ZnO), titanium dioxide (TiO2), and sil-

ver nanoparticles (NPs) is essential to improve its performance (Bui

et al., 2017; Tatarinov et al., 2021). The use of metal nanocomposites

in cancer biology is being investigated for diagnostic and therapeutic

purposes. A variety of chemical functional groups can be used to alter

metal and metal oxide nanocomposites as necessary (Kustiningsih
et al., 2019). Recently, a lot of attention has been paid to ZnO-TiO2-

Chitosan-Amygdalin nanoparticles as a potential cancer treatment. In

particular, the underlying mechanisms of ZnO-TiO2-Chitosan-

Amygdalin-induces apoptosis in cancer cells have not been explored

due to the lack of ZnO-TiO2-Chitosan-Amygdalin treatment. In this

study, we performed the anti-cancer activity of human ALL cancer cell

lines using ZnO-TiO2-Chitosan-Amygdalin nanocomposites.

2. Material and methods

2.1. Chemicals

We purchased zinc oxide dispersion, sodium alginate, and
polyethylene glycol from Sigma Aldrich in the USA, and an

Amygdalin compound also from Sigma Aldrich in the USA.

2.2. Synthesis of ZnO-TiO2-Chitosan-Amygdalin
nanocomposites

The chemical precipitation process synthesized ZnO-TiO2-
Chitosan-Amygdalin. In an aqueous medium, 0.1 M of zinc
(NO3)2 6H2O was added with 500 mg of TiO2 NPs, and

500 mg of chitosan was dissolved in 50 mL of 1% acetic acid.
A 50 mg phytocomponent solution of Amygdalin in ZnO-
TiO2-Chitosan is added to this. In the end, the white residue

was obtained by dropping 0.1 M of NaOH solution into the
ZnO-TiO2-Chitosan-Amygdalin solution several times. An
electric stirrer was used to heat the residue for 3 h at room tem-

perature. Different times of deionized water and ethanol solu-
tions were used to wash the obtained Nanopowder. After
centrifugation for 40 min at �3 �C, the resultant solution
was centrifuged at 15,000 rpm for 15 min. This was followed

by 2 h of drying at 200 �C.

2.3. The characterization of ZnO-TiO2-Chitosan-Amygdalin
nanocomposites:
2.3.1. Fourier transform infrared analysis

FTIR spectroscopy was conducted to study the ZnO-TiO2-

Chitosan-Amygdalin nanocomposites for possible reducing
agents. Following the drying of the ZnO-TiO2-Chitosan-Amyg
dalinnanocomposites powder, they were powdered and pel-

letized, and the spectra were measured in diffuse reflectance
mode using Perkin-Elmer spectra (wavelength range between
4000 cm�1 and 400 cm�1).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3.2. Photographic luminescence spectroscopy (PLS)

Fluorescence spectrophotometers were used to obtain photolu-

minescence spectra. Eclipse (Varian) using a slit width of 5 nm,
the scan rate of 120 nm/min, the interval of 1 nm (average time
0.5 s), the voltage of 600 V, and wavelength of 325 nm of exci-

tation. A time-resolved photoluminescence technique was per-
formed using a laser coupled to an optical parametric
oscillator (OPO) at a frequency of 10 Hz to excite the sample

at 325 nm. ICCD Instaspec V ICCD detector and Hg lamp cal-
ibration were used to analyze the sample emission with an
Oriel f-125 monochromator graded at 400 grooves/mm.

2.4. Measuring SEM with EDAX

An XL 30 Philips scanning electron microscope was used to
examine the structure of the ZnO-TiO2-Chitosan-Amygdalin

nanocomposites, and an Inspect 50 FEI microscope was used
for high-resolution scanning electron microscopy (FEG-
SEM). To prepare the SEM samples, ZnO-TiO2-Chitosan-

Amygdalin nanocomposites were dispersed in isopropyl alco-
hol, then drop coated on Al2O3, and then dried in an oven
at 80 �C for 30 min. ZEISS GeminiSEM was used to analyze

the nanocomposites film.

2.5. Dynamic light scattering (DLS) and X-ray diffractive
imaging

The ZnO-TiO2-Chitosan-Amygdalin nanocomposites were
analyzed using an XRD diffractometer with a copper tube
mounted on a Bruker D8 Advance. We used DIFFRAC and

EVA V3.1 to analyze our diffractograms, and the COD2013
(Cristallography Open Data � 2013) database to analyze the
data. We calculated the crystal size based on the XRD results

using the Scherrer equation. Based on Brownian motion, the
size distribution of ZnO-TiO2-Chitosan-Amygdalin nanocom-
posites was evaluated using the dynamic light scattering (DLS)

technique and a Malvern ZEN3600 Zetasizer. Following dis-
solving 1 mg of ZnO-TiO2-Chitosan-Amygdalin nanocompos-
ites particle, a stir was performed for 2 min using the
Ultronique disruptor ultrasonic probe. The solution was vor-

texed for 15 min, ultrasonically (25 kHz), and ultrasonically
(25 kHz) for 15 min.

2.6. Cell culture of MOLT-4 cells

Using a Human MOLT-4 cell line obtained from the ATCC,
USA, we cultured them in 10% FBS and Eagle’s Minimum

Essential Medium containing 1% penicillin–streptomycin.
Incubation of the cells at 37 �C was accompanied by CO2 addi-
tion of 5% every 48 h. The experiments were performed with

cells subcultured at 80% confluency using a trypsin-EDTA
solution with 0.25 percent trypsin.

2.7. MTT assay

MOLT-4 cells were seeded and exposed to 5% CO2 for 24 h
before plating into 96-well plates. Different concentrations of
ZnO-TiO2-Chitosan-Amygdalin nanocomposites were applied

to the cells after 24 h of incubation (2.5, 5, 7.5, 10, 12.5, and
15 mg/ml). An MTT assay was performed on the cells, and
the medium was discarded. We incubated the cells at 37 �C
in the dark for 3 h after adding a serum-free culture medium

to each well. After adding the 150 ml MTT solution to each
well after incubation, plates were wrapped in foil and shook
for 15 min. A UV spectrophotometer from Shimadzu was used

to measure the optical density of the solution at 595 nm and
calculate the percentage of viable cells (Subbarayan et al.,
2016).

2.8. ROS staining

DCFH-DA staining was performed using 24 well plates in our

cell culture system. Incubation with ZnO-TiO2-Chitosan-
Amygdalin nanocomposites in 7.5 and 10 mg/ml concentra-
tions at 37 �C in 5% CO2 was followed by 24 h of incubation.
Following incubation with DCFH-DA stain, 30 min were

required for staining with this stain. Using an fluorescence
microscope (Labomed, USA), we examined the cells twice in
PBS to seek out the fluorescent emitters.

2.9. Rhodamine-123 staining

ZnO-TiO2-Chitosan-Amygdalin nanocomposites treated and

untreated cells were compared for mitochondrial membrane
permeability using Rhodamine 123 staining. To 24 well plates
containing MOLT-4 cells, 7.5 and 10 mg/ml of ZnO-TiO2-
Chitosan-Amygdalin nanocomposites were added. Incubation

of the cells was completed after incubating them for 30 min
with 1mMol Rhodamine 123 after twice rinsing them in
PBS. The stained cells were viewed under a fluorescence micro-

scope (Labomed, USA) after 15 min of incubation in the dark.

2.10. Acridine orange/ethidium bromide staining (AO/EtBr)

Nanocomposites used double staining, AO/EtBr, induced the
death of human acute lymphoblastic leukemia (ALL). We
incubated MOLT-4 cells at 37 �C alongside ZnO-TiO2-

Chitosan-Amygdalin nanocomposites (7.5 and 10 mg/ml) solu-
tions for 24 h. After washing the cells with PBS, the cells were
stained with Acridine Orange and Ethidium Bromide (1:1).
The cells were examined under a fluorescence microscope

(Labomed, USA), stained cells were examined after 30 min
of incubation in the dark.

2.11. Caspase-3, 8, and 9 activity assay

We purchased Caspase-3 Assay Kit (Colorimetric) (ab39401),
Caspase-8 Assay Kit (Colorimetric) (ab39700), and Caspase

9 Assay Kit (Colorimetric) (ab65608) from abcam. As per
the manufacturer’s instructions, the activity of caspase-3, 8,
and 9 was measured using a colorimetric assay kit (ab39401,

ab39700, ab65608; abcam Boston, USA). 200 mg of cell lysate
from treated MOLT-4 cells with nanocomposites of
ZnO + TiO2-Chitosan-Amygdalin. Three independent cell
cultures were used for each assay. Microplate readers BioTek

SynergyMx were used to measuring the absorbance at
405 nm. This formula was used to calculate caspase activity
in arbitrary units: absorbance of (sample*control)/control.
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2.12. Statistical analysis

SPSS 20.0 was used to conduct the statistical analyses (SPSS
Inc., USA). The values are expressed in mean + SD, and
the statistical comparison methods were Student’s t-test and

one-way analysis of variance (ANOVA), with a Tukey’s test
conducted for additional validation. The value p < 0.05 was
considered statistically significant.

3. Results

3.1. Physicochemical characterization of ZnO-TiO2-Chitosan-
Amygdalin nanocomposites

ZnO-TiO2-Chitosan-Amygdalin nanocomposites containing

ZnO-TiO2-Chitosan-Amygdalin were analyzed using FT-IR
to determine their various functional groups. The FTIR spec-
trum of ZnO-TiO2-Chitosan-Amygdalin nanocomposites is

exhibit in Fig. 1a. Based on the results of this study, we deter-
mined that ZnO, TiO2, chitosan, and Amygdalin are the func-
tional groups for the Nanocomposites. On the chitosan peaks,

the broad peaks at 3786 cm�1, 3418 cm�1, and 1632 cm�1,
which have AOH and ANH peaks with hydrogen bonds, indi-
cate amide I groups (CAO stretching and NAH deformation).
As a result, the peak at 1383 cm�1 corresponds to the stretch-

ing vibration of CAOAC in the glucose circle, whereas the
peak at 1076 cm�1 and 1019 cm�1 corresponds to COOA a
group in the carboxylic acid salt (Karthikeyan et al., 2021).

However, the Amygdalin characteristics peaks: The asymmet-
ric and symmetric peaks detected at 2925 cm�1 and 2862 cm�1,
due to the ACAH(CH2) group, alkane stretching peaks found

to 2426 cm�1, CAO stretching peak for 1144 cm�1 and
AHC‚CH out of plane bending peak at 911 cm�1 respectively
(Yang et al., 2021). The metal–oxygen stretching vibration like

ZnATiAO is identified at 724, 672, and 547 cm�1 (Priyanka
et al., 2021). The FTIR spectrum results confirmed that
Fig. 1 Spectral analysis of CuO-TiO2-Chitosan-Berbamine nanocomp

Chitosan-Amygdalin nanocomposites derived from infrared analysis (

nanocomposites at room temperature (b).
ZnO-TiO2-Chitosan-Amygdalin nanocomposites that chitosan
and productively interacted with chitosan and Amygdalin in
the ZnO and TiO2 of the ZnO-TiO2-Chitosan-Amygdalin

nanocomposites and these exchanges are due to the electro-
static interaction between ZnO-TiO2-Chitosan-Amygdalin
nanocomposites surface matrix.

The photoluminescence spectrum of ZnO-TiO2-Chitosan-
Amygdalin nanocomposites with an excitation wavelength of
325 nm is shown in Fig. 1b. As expected, peaks of emission

were observed at 377 nm, 394 nm, 418 nm, 442 nm, 457 nm,
473 nm, and 509 nm in the ZnO-TiO2-Chitosan-Amygdalin
nanocomposites sample. As a result of the radiation recombi-
nation of the free exciton–exciton collision process (Lequn

et al., 2021), UV emissions were observed at 377 nm and
394 nm. This is due to an electron transition from the zinc
interstitials (Zni) surface to the top level of the valence band

at 418 nm (Karthikeyan et al., 2021). During the blue emission
bands observed at 442 nm, 457 nm, and 473 nm, the Zn vacan-
cies (VZn) are recorded (Karthikeyan et al., 2021). To study the

oxygen vacancies (Ov) associated with green emission, a
509 nm wavelength was selected (Karthikeyan et al., 2021).

Functional groups in zinc oxide nanocomposites are indi-

cated by the peaks. As a result, 3786 cm�1, 3418 cm�1, and
1632 cm�1 are determined as absorption peaks in the samples.
The absorption peak at 614 cm-1 is associated with metal–oxy-
gen stretching vibrations (ZnO-TiO2-Chitosan-Amygdalin). At

1109 cm-1, a stretch vibration of either the C-N or C-O bonds
of the primary alcohol is responsible for the peak. Molecular
vibration modes of aromatic nitro compounds and alkyl are

responsible for the peak at 1650 cm-1. Stretching vibrations
of hydroxyl compounds are responsible for peaks at
2855 cm-1 and 3443 cm-1. An FTIR spectrum of ZnO-TiO2-

Chitosan-Amygdalin nanocomposites is shown in Fig. 1b. It
is possible to observe the vibrations of individual atoms or
groups of atoms using FTIR analysis. The ZnO-TiO2-

Chitosan-Amygdalin bonds were found to be prevalent in all
samples tested, including the commercial sample, which
osites. FTIR Transmittance vs wavenumber chart of ZnO-TiO2-

a). Photoluminescence spectra for ZnO-TiO2-Chitosan-Amygdalin
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showed similar behavior. Fig. 1b illustrates the effect of adding
ZnO-TiO2-Chitosan-Amygdalin nanocomposites to ZnO-
TiO2-Chitosan-Amygdalin nanocomposites, which shows a

distinct band at approximately 473 nm which is centered on
the graph of the photoluminescence spectrum. Additionally,
there is a reduction of absorption when ZnO-TiO2-Chitosan-

Amygdalin nanocomposites contain ZnO-TiO2-Chitosan-
Amygdalin.

3.2. Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM and EDS)

Structural analysis of ZnO-TiO2-Chitosan-Amygdalin

nanocomposites is shown in Fig. 2a and b. The surface topog-
raphy and the Chemical composition of the ZnO-TiO2-
Chitosan-Amygdalin nanocomposites were employed by
FESEM/TEM/EDAX spectrum, and they are shown in Figs. 2

(a–b) and 3(a–d). FESEM and TEM images indicate that the
ZnO-TiO2-Chitosan- Amygdalin nanocomposites exhibit a
nano rod-like structure. The results (TEM image 3c) show that

the nanorod formation edge (Metal oxide is encapsulated with
biopolymer chitosan and Phyto-compounds Amygdalin
observed in nanorod top). In accordance with the XRD

results, the average particle size was found to be
�65 ± 5 nm. Fig. 3d shows that the TiO2 Amygdalin and chi-
tosan nanomaterial exhibit ZnO Wurtzite hexagonal crystal
structure in the selected area of electron diffraction pattern

(SAED). In Fig. 4c, the EDAX spectrum for ZnO-TiO2-
Fig. 2 SEM micrographics of the ZnO-TiO2-Chitosan-Amyg-

dalin nanocomposites: Lower magnification of surface (a), Lower

magnification of surface (b), elements, weight %, and atomic % of

the composition obtained by EDX (c).
Chitosan-Amygdalin is displayed. The atomic percentages of
the ZnO-TiO2-Chitosan-Amygdalin nanocomposites were:
20.33 % (C), 15.23 % (N), 14.80 % (Zn), 4.89 % (Ti), and

44.72% (O).
At the magnification used, structures appeared more iso-

lated and clustered as they were homogenous and well dis-

persed. By incorporating particle dispersion into our DLS
calculation (Fig. 3b), we get a larger particle size as a result.
ZnO-TiO2-Chitosan-Amygdalin nanocomposites EDAX result

is shown in Fig. 2c. Based on stoichiometric calculations, the
weight percentages of carbon, nitrogen, and oxygen present
in the samples should be 7.10%, 52.60%, 2.06%, and
38.25%, respectively. As determined by the Zn, C, N, and O

percentages measured in the samples, ZnO-TiO2-Chitosan-
Amygdalin nanocomposites are chemically similar to these
amounts (d).

3.3. XRD and DLS

X-ray diffraction patterns of ZnO-TiO2-Chitosan-Amygdalin

nanocomposites are shown in Fig. 4a. XRD patterns of
ZnO-TiO2-Chitosan-Amygdalin nanocomposites, ZnO appear
the predominant face observed at angles (2h) 31.74�, 34.41�,
36.25�, 47.45�, 56.54�, 62.90�, 66.53�, 67.95�, 69.24� corre-
sponding hkl values are (1 0 0), (0 0 2), (1 0 1), (1 0 2),
(1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4), and (2 0 2)
for ZnO (wurtzite hexagonal) phase formation, which closely

matched with JCPDS card No. 36-1451. To observe TiO2

peaks angle 2h at 24.35�, 29.59�, 29.96�, and 44.125�, 48.36�,
which revealed that the anatase TiO2 phase (JCPDS card

No: 21-1272). However, the typically non-crystalline chitosan
are peaked, observed at 10.52� and 19.62�. Moreover, Amyg-
dalin diffraction peaks were found to be 15.84� and 16.20�.
According to the results, the ZnO-TiO2-chitosan-Amygdalin
phase’s formation is the result of steric effects, as well as
hydrogen bonds between the ZnO-TiO2-chitosan-Amygdalin

molecules. Using the Debye-Scherrer formula, the ZnO-
TiO2-Chitosan-Amygdalin matrix had an average crystallite
size of 63 nm (Ocakoglu et al., 2015).

Dynamic Light Scattering (DLS) spectrum of synthesized

ZnO-TiO2-Chitosan- Amygdalin nanocomposites were
�139.40 nm. In addition, DLS particle size was increased com-
pared to the XRD and TEM results because the nanocompos-

ites were surrounded by a water medium; this is known as
hydrodynamic size (Fig. 4b).
3.4. ZnO-TiO2-Chitosan-Amygdalin nanocomposites cause
cytotoxicity in MOLT-4 cells

Study on cytotoxicity of ZnO-TiO2-Chitosan-Amygdalin

nanocomposites with the following concentrations: 2.5, 5,
7.5, 10, 12.5, and 15 mg/ml. Upon administration of ZnO-
TiO2-Chitosan-Amygdalin nanocomposites to MOLT-4 cells,
a dose-dependent reduction in cell viability is observed with

an IC50 concentration of 10.34 mg/ml. Treatment with 7.5
and 10 mg/ ml resulted in above 40% of cell death. So, we uti-
lized both 7.5 mg and 10 mg ZnO-TiO2-Chitosan-Amygdalin

nanocomposites in further cellular studies(Fig. 5).



Fig. 3 TEM micrographics of the ZnO-TiO2-Chitosan-Amygdalin nanocomposites: Lower and Higher magnification TEM image (a-c)

and SAED pattern of ZnO-TiO2-Chitosan-Amygdalin nanocomposites (d).

Fig. 4 XRD Pattern of ZnO-TiO2-Chitosan-Amygdalin nanocomposites (a). Number-weighted particle size distribution, obtained by

DLS (b).
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3.5. The MOLT-4 cell line is apoptotic in response to ZnO-
TiO2-Chitosan-Amygdalin nanocomposites

ZnO-TiO2-Chitosan-Amygdalin nanocomposites and doxoru-

bicin treated AO/EtBr stained MOLT-4 cells. Green fluores-
cence is greater in control cells with intact nuclei, while green
fluorescence is greater in 7.5 mg/ml ZnO-TiO2-Chitosan-
Amygdalin nanocomposites-treated cells, indicating early
apoptotic cells. We observed an increase in the proportion of
orange-fluorescent late apoptotic cells in cells treated with

10 mg/ml of ZnO-TiO2-Chitosan-Amygdalin nanocomposites
(Fig. 6). The control cells showed green fluorescence that indi-
cates living cells without apoptosis. The ZnO-TiO2-Chitosan-

Amygdalin nanocomposites tested cells showed yellow and
orange fluorescence, which indicates early and late apoptotic
cell death, respectively with condensed or fragmented nuclei



Fig. 5 ZnO-TiO2-Chitosan-Amygdalin nanocomposites cause

cytotoxicity in MOLT-4 cells. MOLT-4 cell lines were treated

with different concentrations (2.5 – 1.5 mg/ml) of ZnO-TiO2-

Chitosan-Amygdalin nanocomposites 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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and necrotic cells. Apoptosis was detected by AO/EtBr stain-

ing, with an increase of 25–40% apoptosis by 24 h at concen-
trations of 10 mg/ml when compared to 7.5 mg/ml (Fig. 6).
Fig. 6 Effect of ZnO-TiO2-Chitosan-Amygdalin nanocomposites on t

Acridine orange and ethidium bromide (1:1), was used to stain the cells

control cells showed green fluorescence that indicates living cells withou

tested cells showed yellow and orange fluorescence, which indicates e

fragmented nuclei and necrotic cells. Panel A; Control (a) (untreated ce

7.5 mg/ml concentration (b) and 10 mg/ml concentration (c). Panel B; A

treated cells incubated at 37 �C were measured by a fluorescence mic

**p < 0.005 compared to the ‘‘Control” group. Scale Bar = 25 mm.
3.6. ZnO-TiO2-Chitosan-Amygdalin nanocomposites induce
ROS generation in MOLT-4 cell line

A DCFH-DA staining of MOLT-4 cells was used to evaluate
the reactive oxygen species generated by ZnO-TiO2-

Chitosan-Amygdalin nanocomposites. In the control, cells
show no fluorescent, 7.5 mg/ml of ZnO-TiO2-Chitosan-
Amygdalin nanocomposites treated cells fewer fluorescent
were observed while the 10 mg/m of ZnO-TiO2-Chitosan-

Amygdalin nanocomposites treated samples showed more flu-
orescent cells (Fig. 7). Control cells showed a low intensity of
green fluorescence that indicates poor ROS generation. The

ZnO-TiO2-Chitosan-Amygdalin nanocomposites (7.5 and
10 mg/ml) treated cells showed a bright green fluorescence,
which confirms the increased ROS production in MOLT-4

cells (Fig. 7).

3.7. The mitochondrial membrane permeability in MOLT-4 cells
is impaired by ZnO-TiO2-Chitosan-Amygdalin nanocomposites

Apoptosis was believed to be triggered by an increase in mito-
chondrial membrane permeability. So we performed Rho-
damine 123 staining on treated and untreated cells to
he apoptotic cell death in the blood cancer MOLT-4 cells for 24 h.

, then analyzed by fluorescence microscopy (Labomed, USA). The

t apoptosis. The ZnO-TiO2-Chitosan-Amygdalin nanocomposites

arly and late apoptotic cell death, respectively with condensed or

lls), ZnO-TiO2-Chitosan-Amygdalin nanocomposites-treated cells;

rbitrary Units (a.u.) of fluorescent Intensity from the control and

roplate reader. *p < 0.05 compared to the ‘‘Control” group and



Fig. 7 Effect of ZnO-TiO2-Chitosan-Amygdalin nanocomposites on the intracellular ROS generation in the blood cancer MOLT-4 cells.

The MOLT-4 cell line is subjected to oxidative stress induced by ZnO-TiO2-Chitosan-Amygdalin nanocomposites were 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 ZnO-TiO2-Chitosan-Amygdalin nanocomposites (7.5 and 10 mg/ml) treated cells

showed a bright green fluorescence, which confirms the increased ROS production in MOLT-4 cells. Panel A; Control (a) (untreated cells),

ZnO-TiO2-Chitosan-Amygdalin nanocomposites-treated cells; 7.5 mg/ml concentration (b) and 10 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. Scale Bar = 25 mm.
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examine the mitochondrial membrane permeability. 7.5 mg/ml
of ZnO-TiO2-Chitosan-Amygdalin nanocomposites-treated
cells have fewer fluorescent cells in comparison with 10 mg/
ml of ZnO-TiO2-Chitosan-Amygdalin nanocomposites cells

and control cells showed greater fluorescence (Fig. 8). Control
cells showed a bright fluorescence that indicates a higher MMP
level. The ZnO-TiO2-Chitosan-Amygdalin nanocomposites

(7.5 and 10 mg/ml) treated cells showed a dull or decreased
green fluorescence, which indicates the reduced MMP level
in MOLT-4 cells (Fig. 8).

3.8. Induction of apoptosis in MOLT-4 cells was by ZnO-TiO2-

Chitosan-Amygdalin nanocomposites

In untreated Molt-4 cells, apoptotic nuclei were observed at
varying times 24 h after treatment with ZnO-TiO2-Chitosan-
Amygdalin nanoparticles. Nuclei that undergo apoptosis
increase in a time-dependent manner with clear condensation

fragmentation. Which was confirmed by measuring the acti-
vate the pro-apoptotic proteins, caspases. NPs of ZnO-TiO2-
Chitosan-Amygdalin were studied in 24 hr experiments and

evaluated for caspase activation. As determined by colorimet-
ric assay, ZnO-TiO2-Chitosan-Amygdalin NPs significantly
increased the caspase-3, 8, and 9 activity compared to
untreated cells (p < 0.05). A caspase-3, 8, and 9 activation
assay demonstrated that ZnO-TiO2-Chitosan-Amygdalin NPs
induced these activities in Molt-4 cells. Induction of apoptosis

by ZnO-TiO2-Chitosan-Amygdalin NPs is accompanied by
caspase activation (Fig. 9).
4. Discussion

The disorders of hematopoietic stem cells are lymphoblastic
leukemia (ALL) and lymphoblastic lymphoma (LBL). Chil-

dren with acute leukemia make up 30 percent of all childhood
cancers (Marison et al., 2021). Malignant tumors with unique
biological features, such as human ALL, are extremely aggres-

sive and difficult to diagnose. According to the WHO classifi-
cation system (Kaseb et al., 2022), these diseases are classified
as precursor lymphoid neoplasms. The disease’s surgical resec-

tion, chemotherapy, and radiotherapy are all unsatisfactory. It
is necessary to develop novel adjuvant medicines, prospective
anticancer drugs, and human ALL that can be treated using
molecularly targeted therapies based on a thorough investiga-

tion of biological characteristics and metastatic mechanisms.



Fig. 8 Effects of ZnO-TiO2-Chitosan-Amygdalin nanocomposites on the mitochondrial membrane potential in the blood cancer MOLT-4

cells. MOLT-4 cells with ZnO-TiO2-Chitosan-Amygdalin nanocomposites 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 ZnO-TiO2-Chitosan-Amygdalin nanocomposites

(7.5 and 10 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), ZnO-TiO2-Chitosan-Amygdalin nanocomposites-treated cells; 7.5 mg/ml concentration (b) and

10 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. Scale Bar = 25 mm.
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Nanomedicine seeks to solve problems associated with bio-

logical molecules that exist, are formed, and perform most of
their functions at the nanoscale (Vinhas et al., 2017). Nan-
otechnology has improved the in vivo efficacy of anti-cancer

therapies by regulating the release of their drugs. Nanocom-
posites are recognized for their inherent anticancer properties
due to their biological properties (Kemp and Kwon, 2021).
Molecularly synthesized nanocomposite materials have anti-

cancer properties due either to intrinsic characteristics, such
as antioxidant activity, or excessive heat generated by infrared
radiation or magnetic fields under external stimulation.

Nanocomposites can potentially interact with blood vessels
or stroma surrounding tumors, preventing them from growing
(Samir et al., 2015).

The functional groups of produced ZnO-TiO2-Chitosan-
Amygdalin NPs were investigated and determined using FTIR
(Fig. 1a). In FTIR spectrum analysis, a broad absorption band
was observed in 547–3786 cm�1 that features ZnO-TiO2-

Chitosan-Amygdalin stretching vibration. In earlier studies
of ZnO-TiO2-Chitosan-Amygdalin nanoparticles, FTIR with
a band at 3418 cm–1 was also observed at maximum. The

absorption peak was detected at 377, 394, 418,442,457,473,
and 509 nm, indicating that ZnO-TiO2-Chitosan-Amygdalin
absorption has an intrinsic band-gap in Photoluminescence

spectra (Fig. 1b). Previous studies also found a similar finding
for the absorption band that represents ZnO-TiO2-Chitosan-
Amygdalin NPs, with the range of absorption band being

355–380 nm. SEM analysis of the nanoparticles revealed that
they were clustered by shape, closely related in size, and dis-
tributed fairly (Fig. 2a and b). EDS analysis was beneficial in
controlling the stoichiometry and purity of nanocomposites.

EDS pattern that indicates the presence of Zn, C, N, and O ele-
ments, and no impurity peaks are visible (Fig. 2c and d). The
appropriate Ka line from the X-ray spectra was used to calcu-

late the dispersal of each element (C, O, N, and Zn). The EDS
mapping images show that the samples are mostly homoge-
neous, with some localized aggregation of nanocomposites

developing as the ZnO-TiO2-Chitosan-Amygdalin percentage
rises. The residual peaks are indexed to ZnO-TiO2-Chitosan-
Amygdalin’s hexagonal structure, which matches the standard
data. The XRD data showed that after calcination, the precur-

sors had completely transformed into ZnO-TiO2-Chitosan-
Amygdalin crystals. The well-ordered crystalline samples are
shown by the strong and sharp peaks (Fig. 4a).

These results are following other research that has found
ZnO-TiO2-Chitosan-Amygdalin NPs drastically enhance cyto-



Fig. 9 ZnO-TiO2-Chitosan-Amygdalin nanocomposites induced pro-apoptotic response Caspase-3, 8, and 9 in the MOLT-4 cell line. The

colorimetric quantification of active Caspase-3, 8, and 9 in MOLT-4 cell line after 24-h treatment of 7.5 and 10 mg/ml concentration of

ZnO-TiO2-Chitosan-Amygdalin nanocomposites. 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.
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toxicity and apoptotic cell death in Molt-4 cancer cells (Figs. 5

and 6), while normal cells are essentially unaffected. In-vivo
characterization of magnetic compounds coupled to nanopar-
ticles (NPs) could provide novel characteristics for the

nanocomposites that enhance site-directed cancer chemother-
apy. Previous studies have demonstrated the ability to synthe-
size ZnFe2O4@Ag nanocomposites using Scenedesmus

obliquus extract, and to characterize its antiproliferative capac-
ity against breast cancer cells (MCF-7) via caspase-3, 8, and
p53-mediated apoptosis. ZnFe2O4@Ag exhibits significant
cytotoxicity against the MCF-7 breast cancer cell line

(IC50 = 111 mg/mL) when compared to the HEK-293 (normal)
cell line (IC50 = 372 mg/mL) (Jodati et al., 2022). The study
synthesized and characterized TiFe2O4@Ag NPs silver

nanocomposites using Spirulina platensis and showed that it
was significantly more cytotoxic toward AGS gastric cancer
cells (IC50 = 69.6 mg/mL) than normal HEK293 cells

(IC50 = 130 mg/mL), which showed apoptosis and higher
levels of Bax, p53, and Bcl-2 Gene expression (Tabassi et al.,
2021). ZnO-TiO2-Chitosan-Amygdalin nanoparticles were

found to be cytotoxic to human umbilical vein endothelial cells
(HUVECs), but not to normal human astrocytes (Kandile
et al., 2002; Schirinzi et al., 2017; Yan et al., 2021). Zn-based
NPs have been shown to selectively (or preferentially) trigger

apoptosis in cancer cells rather than normal cells on numerous
occasions and exhibit potent antimicrobial activity also (Bui
et al., 2017). Several kinds of literature have confirmed the link

between increased intracellular ROS and cytotoxicity of nano-
sized compounds. In both normal and stressful circumstances,
ROS can execute a variety of roles such as activator of cell

growth and development in normal conditions but under
stressful situations, it may lead to not only pathological abnor-

malities but also cell death (Pujalté et al., 2011; Suresh et al.,
2018; Ali et al., 2018). In our study, the apoptotic process is
triggered by high amounts of intracellular ROS by the action

of ZnO-TiO2-Chitosan-Amygdalin NPs (Fig. 7). Due to the
weakening of responsive genes, it is critical to keep an eye
on the depolarized membrane of mitochondria (Fig. 8).

When the mitochondrial membrane is disturbed, the sup-
pressive genes of the caspase family, are activated limiting
the production of cancer cell responsive genes. Intracellular
leakage materials were lost after Rhodamine 123 was infused

into the mitochondrial membrane, and their color changed
from red to green, indicating apoptosis (Fig. 8). Our results
showed that activation of apoptotic cell death via Caspases

dependent mitochondrial-mediated pathway when treated with
7.5 and 10 mg/ml ZnO-TiO2-Chitosan-Amygdalin nanocom-
posites when compared to control MOLT-4 cells (Fig. 9).

Apoptosis can be triggered by several genes, such as Bcl-2
and caspases (McIlwain et al., 2015). Our findings show that
Caspase-3, 8, and 9 do not cause apoptosis, however, it has

been shown that it reduces cellular resistance to apoptotic
stimuli, thus triggering apoptosis. Caspases, enzymes that
degrade aspartic acid, are primarily involved in apoptosis.
Apoptosis involves caspase-dependent and caspase-

independent processes. Caspase 3, 8, and 9 were activated by
ZnO-TiO2-Chitosan-Amygdalin nanoparticles as shown in
the present study. Accordingly, ZnO-TiO2-Chitosan-

Amygdalin NPs produce both caspase-dependent and
caspase-independent apoptosis in MOLT-4 cells. Using the
human leukemia cell line MOLT-4, we have shown the efficacy

of CuNPs derived from the C. Sinensis (Mendhulkar Vijay and
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Yadav, 2017) and CoII-quinalizarin, an anthracycline-based
anticancer agent analog (Sayantani Mukherjee et al., 2018).
Studies have shown that ZnO-C nanocrystals had significantly

lower cytotoxicity than synthetic ZnO-C nanocrystals against
HEp2 cells, suggesting they have greater therapeutic potential
(Dananjaya et al., 2018).

In addition to demonstrating ZnO-TiO2-Chitosan-
Amygdalin nanocomposite’s anti-cancer efficacy in its particu-
lar proof-of-concept study found that ZnO-TiO2-Chitosan-

Amygdalin nanocomposites had increased potency and speci-
ficity on the human MOLT-4 cell line when compared to
ZnO-TiO2-Chitosan-Amygdalin nanocomposites. Our findings
show that polymer conjugation can boost ZnO-TiO2-

Chitosan-Amygdalin nanocomposite’s inhibitory activity by
promoting apoptosis, lowering cellular growth, and perhaps
chemoresistance circumvention.

5. Conclusion

In our study, ZnO-TiO2-Chitosan-Amygdalin nanocomposites were

synthesized and studied using SEM, TEM, FTIR, and XRD measure-

ments. The synthesized ZnO-TiO2-Chitosan-Amygdalin nanocompos-

ites inhibited leukemia cell proliferation in a dose-dependent manner.

ZnO-TiO2-Chitosan-Amygdalin nanocomposites showed anticancer

activity by triggering apoptosis through the mitochondrial pathway.

In the treated cells with ZnO-TiO2-Chitosan-Amygdalin nanocompos-

ites, apoptosis was significantly increased with increases in caspase 3, 8,

and 9 activities (p < 0.001), as well as an increase in the number of

early and late apoptotic cells (p < 0.001). Nanocomposites of ZnO-

TiO2-Chitosan-Amygdalin characterized by cytotoxicity resulted in

significantly reduced polarized mitochondrial membranes as well as

increased depolarized mitochondrial membranes. Results showed that

ZnO-TiO2-Chitosan-Amygdalin nanocomposites promoted cytotoxic-

ity, caspase 3, 8, and 9 activity, depolarized mitochondrial membrane

potential, and ROS production as well as decreased cellular prolifera-

tion, ultimately supporting their high uptake and anticancer proper-

ties. In MOLT-4 human leukemia cells, we have demonstrated

mechanistically that ZnO-TiO2-Chitosan-Amygdalin nanocomposites

activate the intrinsic apoptotic pathway. Further studies are to be con-

ducted to determine whether ZnO-TiO2-Chitosan-Amygdalin

nanocomposites have cytotoxic properties against cancer cells. The

synthesized ZnO-TiO2-Chitosan-Amygdalin nanocomposites may

prove to be a real blessing for cancer patients since they show great

promise for providing a more effective, safer, cheaper, and most

importantly targeted cancer treatment.
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