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Abstract
Background: The most prevalent pediatric cancer is acute lymphoblastic leukemia (ALL). It 
is exceedingly challenging to treat recurrent diseases, and there aren’t many new medications 
available for children with disease resistance. The size-dependent anticancer effect of zinc oxide 
nanoparticles (ZnONPs) on T-cell acute lymphoblastic leukemia (T-ALL) cell line MOLT 3 is the 
central theme of this study. 
Methods: The leaf and bark extracts of Diospyros montana were subjected to nanoparticle (NPs) 
synthesis and characterized analytically to acquire ZnONPs. The ZnONPs were characterized 
using UV-Vis spectra, DLS, XRD, EDX, SEM, and TEM analysis. Then the ZnONPs were 
separated into two groups having <50 nm and 50-100 nm NPs sizes. In addition, MTT assay, dual 
staining, autophagy, DNA damage, and oxidative damage measurement were done to find out the 
anti-cancer effect of the ZnONPs on MOLT 3 cells.  
Results: The ZnONPs exhibited a size-dependent anticancer effect against MOLT 3 cells. The IC50 
of ZnONPs of < 50 nm was found to be ~75 µg/mL while the IC50 of ZnONPs of 50-100 nm size 
was found to be ~102 µg/mL. Treatment with ZnONPs of <50 nm size decreased mitochondrial 
membrane potential, more than that with 50-100 nm ZnONPs. On the other hand, autophagy was 
found to be more prevalent in 50-100 nm treated ZnONPs when compared with < 50 nm size. 
However, treatment with both sizes of ZnONPs reduced cell proliferation markers such as ki67 
positive cells while increasing 8-OHG and HDCF-DA positive cells. 
Conclusion: The obtained results portrayed that different-sized ZnONPs induce different modes 
of T-ALL cell death. Small-sized ZnONPs revealed higher efficacy, highlighting the size-dependent 
property. Further, this finding denotes that ZnONPs could be an effective anticancer agent against 
dreadful diseases like T-ALL, warranting further investigation. 
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Introduction
Acute lymphoblastic leukemia (ALL) is an extremely 
heterogeneous disease. Immature lymphoid cell growth 
and accumulation in the bone marrow, peripheral blood, 
lymphoid organs, and other extra-nodal locations are 
hallmarks of ALL. The World Health Organization 
(WHO) defines ALL as either B-cell ALL (B-ALL) or 
T-cell ALL (T-ALL).1 Mature or precursor T-cells are equal 
contributors to T-cell malignancies, which may occur in 
children (below 18 years) or young adults (19-26 years).  
However, they are generally clustered into two classes 
namely (i) T-ALL & T-cell lymphoblastic lymphoma 
(T-LBL), and (ii) Peripheral T-cell lymphomas (PTCL). 
The most common T-cell malignancy in children is T-ALL. 
This type of T-cell malignancy accounts for around 15% of 
all pediatric ALL cases2 and of all pediatric cases of non-
Hodgkin lymphoma. T-ALL needs more attention because 

of its greater propensity to invade extra-lymphatic spaces, 
including the central nervous system.

Different types of T-cell leukemia are distinguished based 
on the level of bone marrow participation. In T-ALL, bone 
marrow contribution is more, which is 25%, however it 
may still exist with lymph node participation. On the other 
hand, other T-cell leukemia have 5-25% bone marrow 
contribution, which is much lower than that of T-ALL.3,4 
Irrespective of different T-ALL origins, the treatment 
method is coordinated with other T-cell leukemia such 
as T-LBL. Different modes of treatment such as radiation, 
stem cell transplantation, etc, in T-ALL, show better 
outcomes, but relapse patients’ cure rates are lower than 
30%,5 and outcomes for relapsed T-LBL are even worse.6

The three phases of the treatment strategy used to manage 
ALL patients are remission induction, consolidation, and 
long-term maintenance, as well as central nervous system 
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prophylaxis.  Standard chemotherapy is the frontline 
treatment for induction therapy. In all three strategies, 
chemotherapy or targeted drug candidates can be used as 
such or in combination with chemotherapy.7 At present, 
80-90% survival rates in children and adolescents up to 19 
years were achieved because of the dedicated contributions 
of different researchers over the past 40 years.8-10 However, 
the long-term remission is around 30-40% in adult 
patients.8,11,12 Recently, endogenous T cell-mediated 
immunotherapies have been developed as a novel approach 
to manage ALL patients and evade cancer drug resistance.13 
Therefore, innovative treatment agents are timely in need 
to avoid relapse in patients and also to manage adolescents 
and children with T-ALL. Hence, researchers are exploring 
deeply effective compounds and innovative treatments free 
of these problems.

Imbibed multifunctional properties of nanoparticles 
(NPs) have been significantly explored in the 
pharmacological field.14-16 These pharmacological 
applications could be hindered if NPs were contaminated 
with even traces of toxic substances. NPs synthesized 
through chemical processes cause undesirable effects when 
subjected to biological applications. This disadvantage 
could be due to the constituents used in the synthesis of NPs. 
Generally, NPs synthesized by plant extract are reported to 
be non-toxic and hazard-free, further, this procedure has 
been proven to be eco-friendly, and in addition, it is a one-
step process.17-19 Because of their surface-to-volume ratios, 
the NPs display different physical and chemical properties. 
Active phytochemicals present in medicinal plants 
were reported to suppress the growth and advancement 
of tumors in diseased patients.20 Further, different 
phytochemicals are responsible for the development of NPs, 
when plant extracts are used to manufacture NPs. Trace-
level attachments of these phytoconstituents to NPs are not 
ruled out. As raw phytochemical extracts themselves could 
diminish the progression of cancer cells,21 the attachment 
of these compounds to NPs will have an added advantage, 
when NPs are aimed for an anticancer effect.  Based on the 
revival of ancient medicine, researchers are now focusing 
more on plant-derived green NPs for cancer treatment 
because they require less time and money. Furthermore, 
green synthesized NPs are conjugated to make targeted 
delivery, which is also less expensive when compared to 
conventional synthetic compounds.22,23

Diospyros montana Roxb. (D. montana) is one of 
the medicinally important plants that possess effective 
pharmacological properties and therapeutic value in 
traditional systems of medicine.24 It is found in deciduous 
forests and is broadly spread around India. D. montana 
contains multiple bioactive constituents such as tannins, 
alkaloids, flavonoids, terpenoids, etc.24-26 Reports reveal its 
imperatively potent pharmacological activities and its use, 
in the treatment of snake-bites, ulcers, hypersensitivity, 
and cough.27,28 Recently, D. montana has been used in the 
biosynthesis of silver and selenium NPs.27,29

Zinc oxide nanoparticles (ZnONPs) are synthesized 

using nanotechnology and are widely used in different 
disciplines such as beauty products, biosensors, 
optical devices, ceramics, used in solar cells, and drug 
delivery.30-32 Reports indicate that cancerous cells are killed 
by ZnONPs, whereas normal cells remain unaffected in 
the same concentration.33,34 Literature indicates that the 
cell response to ZnONPs is dynamic. Premanathan et al.35 
stated that the final effective concentration depends on 
multiple challenging factors which include, intersecting 
signals in the microenvironment of cancer cells. Further, 
they have reported that ZnONPs were more hazardous 
to HL60 cancer cells than to normal human peripheral 
blood mononuclear cells. By green synthesized ZnONPs, 
different investigators have shown their anticancer 
effect on several in vitro and in vivo cancer cells/models. 
However, to our knowledge, there is no literature on the 
effect of different-sized ZnONPs on T-ALL cells.   In the 
context of the above discussion, the current investigation 
aims to synthesize ZnONPs by green route, characterize, 
and differentiate their size distribution, and evaluate their 
anti-leukemic properties size dependently along with the 
potential mechanism of action.

Materials and methods
Chemicals 
(Zn (NO

3
)

2
).6H

2
O of 99% purity was obtained from Sigma-

Aldrich, India. 10x phosphate buffered saline (PBS) and 
dimethyl sulfoxide (DMSO), were procured from Himedia. 
All other essential chemicals were obtained from Himedia 
companies and Merck India Private Limited which were 
of high purity and analytical grade. Deionized water was 
used for all the experiments.

Plant collection
D. montana (F. Ebenaceae) were collected and authenticated 
as explained in Kokila et al.,27 however, the current batch 
obtained via document no: BSI/SRC/21/11/2019/
Tech/1791. Fresh healthy leaves and bark were handpicked, 
dusted, and washed thoroughly with distilled water. Leaves 
and barks were shade-dried and made into a fine powder 
using a blender. Methanol leaf extracts (MeLE) and 
methanol bark extracts (MeBE) were prepared by Soxhlet 
extraction (72 hours of consecutive running) with 200g of 
plant sample and 300 mL of methanol until the solution 
became colorless. Whatman No.1 paper was used to filter 
the extract to obtain clean and clear MeLE and MeBE. The 
concentrated crude extracts were stored at 4° C for further 
experiments.

Green synthesis of ZnONPs
10 mL of MeLE and MeBE were added with 100 mL 
of deionized water separately and heated at 50-60° C 
with constant stirring for about 30 mins to obtain a 
homogeneous solution. The various concentrations (0.5-
10 mM) of metal precursor (Zn (NO

3
)

2
).6H

2
O were added 

to the methanol homogeneous solution of MeLE and 
MeBE separately. S o lut ions  were stirred continuously 
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for 4-6 hours at a temperature of 80° C. By centrifuging 
at 10000 rpm for 15 mins the formed precipitate was 
separated. Then the precipitate was allowed to dry at room 
temperature (RT) ranging between 25-27° C. The powder 
material was calcinated in a muffle furnace at 400° C for 
1 hour. ZnONPs were obtained as a fine powder from the 
MeLE (MeLE-ZnONPs) and MeBE (MeBE-ZnONPs). They 
were stored in an airtight container for further experiments.

Characterization techniques
The synthesized MeLE-ZnONPs and MeBE-ZnONPs 
were subjected to various spectral studies such as UV-Vis 
spectroscopy, dynamic light scattering (DLS), Fourier 
transforms infrared (FT-IR) spectroscopy, X-ray diffraction 
(XRD), scanning electron microscope (SEM), energy-
dispersive X-ray spectroscopy (EDX) and transmission 
electron microscopy (TEM) analysis. The synthesized 
ZnONPs absorption maxima were identified by scanning 
the nanoparticle at 200-800 nm range at a scanning speed 
of 480 nm/min in a UV-VIS-NIR spectrophotometer 
(Shimadzu, Model-3600, North America). The active 
functional groups of MeLE-ZnONPs and MeBE-ZnONPs 
were examined by FT-IR spectroscopy (Thermo Nicolet, 
Model-6700, US) using about 2 mg of MeLE- ZnONPs 
and MeBE-ZnONPs with KBr pellets (100mg) that were 
read at the range of 400 to 4000 cm-1 wavelength with a 
resolution of 1 cm−1. X-ray diffractometer (PAN analytical, 
The Netherlands) was used to study the crystalline nature, 
size, and purity of MeLE-ZnONPs and MeBE-ZnONPs. 
The source of X-ray was Cu-Kα radiation (λ =1.541 Å) 
and Scherrer’s equation (D≈0.9λ𝛽cosθ) was employed to 
detect the size of MeLE-ZnONPs and MeBE-ZnONPs. The 
average hydrodynamic size of MeLE-ZnONPs and MeBE-
ZnONPs was analyzed by using the Malvern-Zetasizer 
instrument which was equipped with a 4mW He-Ne 
laser. Huang and Zhu36 method was adopted to calculate 
the percent NPs production yield. The morphological 
characteristics of the MeLE-ZnONPs and MeBE-ZnONPs 
were observed under scanning electron microscopy (SEM, 
Hitachi, Model-S-3400N, USA) and High-resolution 
transmission electron microscopy (HRTEM, Tecnai G2 
F30 S Twin, USA) analysis. The elemental composition 
of MeLE-ZnONPs and MeBE-ZnONPs was investigated 
using EDX analysis.

Separation of NPs using double-phase separation method
The separation of MeLE-ZnONPs was achieved by a 
double-phase separation method using chloroform, a 
hydrophobic organic solvent, and water.37 Initially, this 
mixture was centrifuged at 10000 rpm for 10 mins. The 
additional excess solvent present in the supernatant was 
removed, and the pellet was re-suspended in water. Again, 
chloroform was added and was vortexed for 5-10 seconds. 
After whirling, the organic and aqueous phases separated 
immediately into two distinct phases showing a clear 
boundary of interface. In addition, the flakes which were 
then recognized to be MeLE-ZnONPs aggregates, were 

found to move across the separation instantly and settled 
at the bottom of the chloroform phase. The total settling 
of MeLE-ZnONPs occurred in around 30 minutes. Along 
with this, centrifugation was done to facilitate the settling 
and collection of two phases. A pipette was used to collect 
the water phase and the NPs pellets were washed. The 
collected chloroform phase from the bottom was rewashed 
with chloroform. Finally, this two-phase NPs pellet was 
dried and used for further analysis.

Anticancer activity
The human ALL cell line, MOLT-3 was obtained from 
NCCS Pune, India. The cells were cultured in RPMI 1640 
medium supplemented with fetal bovine serum (10 % 
FBS), 2 mM L-glutamine 1.5 g/L sodium bicarbonate, 0.1 
mM sodium pyruvate, and 0.1 mM non-essential amino 
acids. Cells were maintained at 37° C in a 100% humidified 
incubator equipped with 5 % CO

2. 

Cell viability assay and dual staining
The cytotoxicity of ZnONPs was assessed in MOLT-3 cells 
(1×106 cells per well) treated with ZnONPs (5 to 160   µg/mL 
and incubated for 48 hours). The cytotoxicity of ZnONPs 
was evaluated as a percentage of cell viability using 
colorimetric 3-(4,5-dimethyl-2- thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay as previously 
described by Ezhuthupurakkal et al.38 The cytotoxic IC

50 
values of ZnONPs were calculated using graphical method 
by curve fitting analysis. The dual ethidium bromide/
acridine orange (EtBr/AO) staining38 was also performed 
to differentiate the normal live cells, apoptotic cells, and 
necrotic cells that validated the apoptosis process in the 
MOLT-3 cells.39 In detail, 1 µL of EtBr/AO staining solution 
(100 µg/mL EtBr & 100 µg/mL AO) was added to the cell 
suspensions. Cell morphology was observed through an 
Olympus (CX 40) fluorescent microscope. Around 200 
cells were counted in randomly selected areas for statistical 
analysis. 

The mitochondrial membrane potential (MMP) resolved 
by JC-1 staining
The MOLT-3 cells (1× 106) cells were treated with 
IC

50 concentration of ZnONPs for 48 hours at 37° C, 
subsequently cells were incubated with JC-1 (Cayman 
Chemical Company, MI, USA) stain (1 μg/mL) with 
the nuclear stain DAPI (1 μg/mL) (4082S, Cell Signaling, 
Beverly, MA) for 30 mins at 37° C. MMP was determined 
through JC-1 staining as explained in Smiley et al.40 
After the incubation, the medium was discarded and the 
cells were washed with 1×PBS. Then, it was resuspended 
in 30–50 μL of PBS and the MMP was examined under 
the fluorescence microscope (Olympus CX 40). Further, 
fluorescence intensity was quantified by Image J software.

Detection of acidic vacuole by acridine orange (AO) 
staining
AO has been used as an autophagy detection probe. The 
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cells were treated with the IC50 concentration of ZnONPs 
for 48 hours, the medium was discarded and washed with 
PBS.  Autophagy was examined through AO staining as 
explained in Damas-souza.41 Further, AO (5 µg/mL) was 
added, after 15 mins incubation, washed with PBS, and 
images were taken with a fluorescence microscope.

Immunofluorescence staining
The MOLT-3 cells were treated with IC

50 concentration of 
ZnONPs for 48 hours after the cells were fixed with 4% 
formaldehyde and permeabilized with 0.1% Triton X-100, 
further, the experiment was carried out as mentioned in 
Ezhuthupurkkal et al.38 For 8-OHdG, cells were treated with 
25 ng/mL RNase A for 1 hour at 37° C, then 4 mol/L HCl 
was used for hydrolyzation for 7 mins, further neutralized 
with 50 mmol/L Tris base for 2 mins. Subsequently, cells 
were blocked with 1% bovine serum albumin (BSA) and 
incubated with anti-8OHdG antibody (1:1000; GTX41980;  
GeneTex, Irvine, CA), and Ki-67 (1:200, BD pharmingenTM, 
USA) at 4° C for overnight with shaking. After rinsing with 
PBS, the cells were incubated with secondary antibody IgG, 
peroxidase-conjugated goat anti-mouse (A3682; Sigma) 
for 1 hour, and DAPI for 10 mins. Images were taken with 
a fluorescence microscope.

Cytosolic ROS generation evaluated by HDCF-DA 
staining
2, 7- dichlorodihydrofluorescein diacetate (HDCF-DA) 
is a sensitive, fastest, easiest, and commonly employed 
method for the detection of intracellular reactive oxygen 
species (ROS). MOLT-3 (1× 105) cells were treated with 
IC

50 concentration of ZnONPs and the experiment was 
carried out as explained in Wojtala et al.42 At the end of the 
experimental period, cells were incubated with HDCF-DA 
for 10 mins. After the incubation, the cells were washed 
with PBS, resuspended in 30–50 µL of PBS containing 20 
µg/mL bis-benzimide trihydrochloride (Hoechst 33258), 
and incubated at room temperature for 15 mins. The 
images were captured by a  fluorescence microscope 
Olympus CX 40. The fluorescence intensity was measured 
using Image J software. 

Statistical analyses
Results obtained in triplicates were presented as mean ± 
SD (standard deviation). Variances were considered to be 
significant at P≤ 0.05 against control and ZnONPs treated 
groups. For statistical analyses, ANOVA and Tukey’s 
multiple tests were used. Origin software was used for the 
analysis of the data.

Results
Synthesis and characterization of ZnONPs
ZnONPs were developed (Figure S1) from MeLE and 
MeBE. The color change indicated the development of NPs. 
The formation of ZnONPs was preliminarily confirmed 
by UV-visible spectra as shown in Figure S2. MeLE alone 
showed (Figure S2a) absorbance at 259 nm and 379 nm. 

Likewise, the MeBE (Figure S2b) exhibited at 362 nm. The 
UV-Vis absorption spectra revealed that the maximum 
absorbance for MeLE-ZnONPs (Figure S2c) was at 280 
nm and for MeBE-ZnONPs (Figure S2d) was at 282 
nm. Further, the band gap of MeLE-ZnONPs and MeBE-
ZnONPs are 3.4 eV (Figure S3a) and 4.2 eV respectively 
(Figure S3b) indicating the formation of ZnONPs. Figure 
S4 shows the size distribution of ZnONPs in both MeLE 
(Figure S4a) and MeBE (Figure S4b) analyzed through 
DLS.

The IR spectra of the synthesized MeLE-ZnONPs 
have been depicted in Figure S5a. Absorption bands 
at 3408 cm-1, 1580 cm-1, 1502 cm-1, 1380 cm-1, 1377 cm-

1, 1046 cm-1,   935 cm-1, 834 cm-1, 673 cm-1and 417 cm-1 

were observed. Figure S5b displays the IR spectra of the 
synthesized MeBE-ZnONPs indicating the broad and 
strong absorption bands at 3409 cm-1, 1578 cm-1, 1384 cm-

1, 1488 cm-1, 1331 cm-1, 1032 cm-1, 942 cm-1, 830 cm-1, 666 
cm-1 and 456 cm-1.

The crystalline nature of the green synthesized MeLE-
ZnONPs and MeBE-ZnONPs was investigated using 
XRD analysis as illustrated in Figure 1A (a, b). Both 
the XRD spectra of MeLE-ZnONPs and MeBE-ZnONPs 
exhibited sharp intense diffraction peaks (2θ) at 31.96º, 
34.61º, 36.88º, 47.71º, 56.73º, 62.94º, 66.47º, 68.06º, 
69.31º, 72.68º, 77.10º, 81.52º & 89.66º and 31.96º, 
34.43º, 36.38º, 47.54º, 56.73º, 62.12º, 66.47º, 68.06º, 
69.39º, 72.68º, 77.10º, 81.52º & 89.93º respectively. The 
zeta potential (ξ) was found to be -4.34 mV and -9.63 mV 
corresponding to MeLE-ZnONPs and MeBE-ZnONPs 
respectively. Normally, NPs in colloidal solution are said 
to be stable when ξ is ± 30 mV, further ξ ± 40 mV denotes 
good stability. The percentage yield of prepared NPs was 
calculated and found to be 67.3% and 76.9% for MeLE and 
MeBE respectively.

The surface morphology of the bulk green synthesized 
ZnONPs was characterized using SEM analysis. Figure S6a 
and Figure S6b reveal the spherically agglomerated pattern 
of green synthesized MeLE-ZnONPs and MeBE-ZnONPs.
 
Double-phase separation of synthesized NPs
The separation of MeLE-ZnONPs was accomplished 
by mixing an organic solvent, chloroform which is 
hydrophobic to the NPs dispersed in water. The TEM 
images of the chloroform phase and water phase ZnONPs 
are shown in Figure 2. The separated ZnONPs are low 
agglomeration and uniform spherical shape NPs. The TEM 
figure demonstrated a  spherical shape in the chloroform 
phase with particle sizes ranging <50 nm whereas the 
water phase distribution of ZnONPs had particle sizes 
ranging between 50-100 nm, which was further confirmed 
using DLS.

Anticancer activity
Figure 3 represents the cytotoxic effect of <50 nm and 50-
100 nm ZnONPs against MOLT 3 cells by MTT assay. 
From the in vitro experiments, the cytotoxicity levels 



ZnO Nanoparticles Attenuates Acute Lymphoblastic Leukemia

  Pharmaceutical Sciences, 2024, 30(2), x-x   | 5

of ZnONPs were taken after 48 hours of incubation with 
different concentrations of <50 nm and 50-100 nm ZnONPs 
ranging from 5 to 160 µg/mL. ZnONPs of <50 nm showed 
statistically significant inhibition of cell growth at 10 µg/
mL (P≤0.05) whereas, ZnONPs of size 50-100 nm showed 
inhibition of cell growth ~40 µg/mL concentrations. The 
IC50 of <50 nm ZnONPs and 50-100 nm ZnONPs were 
found to be ~75 µg/mL and ~102 µg/mL, respectively.

In the current investigation, AO/EtBr staining displayed 
a higher number of apoptotic cells on treatment with 
<50 nm and 50-100 nm ZnONPs compared with control 
(Figure 4 A-C). JC-1 staining assay showed that both 
the sizes of the NPs could decrease MMP, however, this 
decrease is more in <50 nm treated cells than that of 50-
100 nm (Figure 4 D-F). The effect of autophagy can be seen 
in Figure 4 G-I, which is higher in 50-100 nm than that of 
<50 nm treated cells. In Figure 5, it can be observed that 
treatment with ZnONPs induces DNA damage (Figure 5 
A-C), decreases cell proliferation marker ki 67 (Figure 5 
D-F), and increases oxidative stress (Figure 5 G-I) when 
compared to control cells. Here, we did not observe any 
statistically significant difference between the two different 
sizes of IC

50 dose of ZnONPs treated cells.

Discussion
Our earlier reports reveal the leaf extract of D. 
montana possesses various phytoconstituents27 including 

flavonoids, terpenoids, phenols, tannins, etc., The bark 
extract studied currently also shows the presence of 
alkaloids, steroids, phenols, terpenoids, flavonoids, and 
tannins.43 These phytochemicals present in the natural 
resource could facilitate nanoparticle formation by its 
inherited characteristics such as reducing/oxidizing etc. 
Further, NPs synthesized through plant extract are value-
added and may be stable at a neutral solution because 
of the capping property of active principles present in 
it.  In addition, bioactive constituents present in the plant 
extracts are proficient at multi-functioning which makes 
them the most suitable candidate for anticancer drug 
development.44 Hence, MeLE and MeBE were used for 
the efficient synthesis of ZnONPs. Bioactive constituents 
namely phenolic, tannins, and flavonoids present in MeLE 
and MeBE act as reducing and stabilizing agents, by the 
presence of OH groups, for NPs formation.45,46 Most of the 
active bio-constituents do not possess adverse effects in 
vivo. Further, it is reported that they efficiently reduce the 
metal ions and produce NPs of different shapes, sizes, and 
dimensions.47

The IR spectra of the synthesized MeLE-ZnONPs 
show a wide band at 3408 cm-1 corresponding to O-H 
stretch, H-bonded. The strong band at 1580 cm-1 is due 
to N-H bend in alkenes. The small band was noticed 
at 1502 cm-1 confirming C-C stretch due to (in-ring) 
aromatics. The sharp and small bands obtained at 1380  

Figure 1. Fig. 1A XRD spectra of nanoparticles (Aa) MeLE-ZnONPs and (Ab) MeBE-ZnONPs. Fig. 1B. EDX mapping image of nanoparticles 
(Ba) MeLE-ZnONPs and (Bb) MeBE-ZnONPs.
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cm-1, and 1377 cm-1 show the N-O and -CH3 stretching 
bonds. The medium absorption bands that occur in 
the region of 1046 cm-1, 935 cm-1, and 834 cm-1, were 
attributed to the wagging of C-O stretch, O-H bend, and 
C-Cl in alcohol, acids, and alkyl halides. The prominent 
sharp peak at 673 cm-1 and 417 cm-1 confirms the presence 
of Zn-O vibration in the synthesized green ZnONPs which 
is the characteristic of Zn-O bond formation. The IR 
spectra of the synthesized MeBE-ZnONPs display (Figure 
S5b) broad and strong absorption bands at 3409 cm-1 
could be ascribed to O-H stretch, H-bonded in alcohol 
and phenol group. The peak at 1578 cm-1 corresponds to 
the N-H bend in alkenes and 1384 cm-1 attributes to SO2 
in sulphur compounds. The strong peak at 1488 cm-1 

and 1331 cm-1 responds to the N-O asymmetric and 
symmetric stretching vibration of nitro compounds. The 
bands were found to be the region 1032 cm-1, and 942 cm-1, 
which causes C-O stretching of alcohol, acids, and esters. 
The medium absorption peak of 830 cm-1 is the result of 
C-Cl stretching vibration (alkyl halides). The medium 
sharp peak observed at 666 cm-1 and 456 cm-1 confirms 
the occurrence of Zn-O vibration in the synthesized 
green ZnONPs which is the characteristic of Zn-O bond 

Figure 2. (a) TEM image of ZnONPs in chloroform phase (<50 nm), (b) selected area electron diffraction patterns of ZnONPs in chloroform 
phase, (c) particle size distribution of ZnONPs in chloroform phase using DLS, (d) TEM image of ZnONPs in water phase (50-100 nm), (e) 
selected area electron diffraction patterns of ZnONPs in water phase and (f) particle size distribution of ZnONPs in water phase using DLS.

Figure 3. Cell viability through MTT assay of ZnONPs at <50 nm 
size and 50-100nm size. Statistical analysis, ANOVA, and Tukey’s 
multiple tests were used. *p<0.05, **p<0.01, ***p<0.001 Vs control.
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formation. The results infer that the alcohols, phenols, 
alkenes, carboxylic acids, esters, and aldehydes were bound 
to the surface of ZnONPs enhancing the stabilization of the 
NPs.48 This study concludes that the secondary metabolites 
(Phenolic and flavonoid compounds) could be attributed 
to twin processes such as synthesis and stabilization of 
the NPs. Both the MeLE-ZnONPs and MeBE-ZnONPs 
diffraction peaks correspond to the diffraction planes of 
(100), (002), (101), (102), (110), (103), (200), (112), 
(201), (004), (202), (106) and (203). The reflection lines 
of MeLE-ZnONPs and MeBE-ZnONPs indicated the 
hexagonal phase. The diffraction planes were in good 
agreement with the JCPDS card no. 36- 1451 and strong 
narrow diffraction peaks indicated that the ZnONPs are 
well-crystalline structured particles.29 Scherrer formula 
D = 0.9 λ/β cos θ, (where λ is the wavelength of X-ray 
source (Cu Kαline – 0.1541 nm), β is the full width at 

half maximum in radians and θ is Bragg’s diffraction 
angle) was used to determine the average particle size 
(D) of synthesized NPs. The D values of MeLE-ZnONPs 
and MeBE-ZnONPs were found to be 35 nm to 61 nm. 
Polarity and electrostatic attraction of the ZnO NPs may 
be attributed to its agglomeration. EDX spectra of MeLE-
ZnONPs and MeBE-ZnONPs show the presence of peaks 
between 1kV and 10kV conforming to the presence of Zn 
and O as depicted in Figure 1B (a,b). These elements are 
present in a stoichiometric ratio which indicates there are 
no impurities in synthesized materials. The ZnONPs were 
efficiently synthesized from both MeLE and MeBE. They 
were characterized by sophisticated analytical tools and 
we found the results of MeLE and MeBE showed almost 
similar intensity of phytochemicals, formation of NPs, 
crystalline nature, shape, and purity of the nanoparticle 
synthesized. Hence, the MeLE was randomly chosen and 

Figure 4. Different sizes of ZnONPs treated with IC50 concentration. Images show the AO/EtBr staining (A-C, and J), mitochondrial 
membrane potential (D-F, and K), and Autophagy (G-I, and L) through acidic vesicular organelles (AVO)of control and ZnONPs treated 
cells. (A, D, and G)-MOLT-3 cells without treatment, (B, E & H)- Treated with <50 nm ZnONPs and (C, F&I)- Exposed 50-100nm ZnONPs. 
Arrow mark (→) represents ‘a’-live (Orange), ‘b’-apoptotic (Pink), and ‘c’-necrotic cells. D-I White arrow shows the positive cells (MMP 
or AVO). J, K, and L represent the bar diagram of respective experiments. ‘a’ Vs control; ‘b’ Vs ZnONPs treated 50-100 nm.  @p<0.001, 
*p<0.05.
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subjected to size-separation of ZnONPs based on the 
double phase separation method followed by the TEM and 
DLS analysis to confirm the size of the separated ZnONPs. 
The double-phase separation method is used to separate 
different sizes of NPs. It is a physical phenomenon in which 
the particles are transported between two immiscible 
solvents. The phase transfer allows NPs to be dispersed in 
both hydrophobic and hydrophilic solvents, where both 
the physical and chemical properties are maintained as in 
the original NPs.49 Phase transfer plays an important role 
in facilitating reactions where the reactants exist in two 
immiscible phases, such as when NPs are to be enclosed in 
an organic matrix as in the case of applications involving 
molecular electronics, etc. Phase transfer of NPs in biphasic 
water/organic systems has been practiced in NP synthesis 
to achieve controlled sizes, defined morphologies, and 
desired surface functionalities, where the advantages 

offered by aqueous and organic media are unified.50 For 
example, magnetic NPs synthesized by nonpolar organic 
liquids have better-controlled sizes and size distributions.51 
Another study, conducted by Wei et al.,52 demonstrated 
that the phase transfer of gold NPs of different sizes 
and shapes from an aqueous to organic solution can be 
accomplished using an ionic liquid medium.53 This method 
facilitates the transfer of NPs maintaining chemical 
and physical properties. Preserving the size, shape, and 
chemical properties of the NPs is of utmost importance as 
they reflect their efficiency in application-oriented studies.  
Based on this, we used chloroform water to separate 
different sizes of NPs. We obtained low-ranging NPs in the 
chloroform phase and 50-100nm size of NPs dispersed in 
the water phase. 

From Figure 3 it can be seen that as the concentration 
increases, the cytotoxicity increases, and the percent 

Figure 5. Different sizes of ZnONPs treated with IC
50 concentration. Pictures show the ki67 (A- C, and J), 8-OHG (D-F, and K), and 

oxidative stress (G-I, and L) of control and ZnONPs treated cells. (A, D, and G)-MOLT-3 cells without treatment, (B, E & H)- Treated with 
<50nm ZnONPs and (C, F&I)- Exposed 50-100nm ZnONPs. D-I White arrow shows the ki67,8-OHG and oxidative stress-positive cells. 
J, K, and L represent the bar diagram of respective experiments. ‘a’ Vs control; ‘b’ Vs ZnONPs treated 50-100 nm.  @p<0.001; NS-Not 
statistically significant.
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viability decreases demonstrating a dose-dependent 
relationship.  Both sizes of ZnONPs exhibited significant 
anticancer activity in MOLT-3 cells, particularly, <50nm 
NPs exhibited potent anticancer activity. Our findings 
coincide with Xu et al.54 who also reported the potent 
anti-cancer activity of ZnONPs on the MOLT-4 cell line. 
On the other hand, the higher IC

50 of 50-100 nm NPs 
could be due to increased size, which may be due to the 
decreased diffusion in the plasma membrane of the cells.55 
Recent findings reported the IC

50 values at 175 μg/mL in 
HepG2 cells,56 121 μg/mL for MCF-7cells.57 The present 
study portrays that the spherical-shaped ZnONPs of <50 
nm size show ~75 μg/mL and ZnONPs of 50-100 nm size 
show ~102μg/mL IC50 values. This suggests that the greenly 
synthesized separated spherical ZnONPs may have the 
potential anticancer effect against T-ALL. To understand 
further the mode of action of cell death, we have used IC

50 
concentration of ZnONPs for both sizes. AO/EtBr staining 
showed a higher number of apoptotic cells on treatment 
with <50 nm and 50-100 nm ZnONPs compared with 
control. The results show that control cells are viable 
and uptake the AO whereas, the cells treated with 
NPs uptake the dye EtBr and appear red-orange with an an 
indication of cell death.38 The study showed that treatment 
of ZnONPs produced dose-dependent cytotoxicity, and 
apoptotic morphological changes indicating that <50 
nm ZnONPs show obvious advantages over 50-100 nm 
ZnONPs in MOLT 3 human cell lines as depicted in 
Figure 4 (A-C). As seen from the JC-1 staining assay 
(Figure 4 D-F) the decrease in MMP was more in <50nm 
treated cells than that of 50-100nm. Further, we tested its 
autophagy effect which was higher in the 50-100 nm NPs 
than that of <50 nm NPs treated cells. These results infer 
that different modes of cell death occur in ZnONPs of 
two different sizes. This difference could be due to the 
different sizes and morphologies of the NPs.56 Literature 
shows that NPs with different morphologies have different 
physical and chemical properties.57 We propose that the 
MMP alteration and autophagy-dependent pathway 
may be one of the mechanisms of ZnONPs-induced cell 
death. The results of the previous experiment show that 
IC

50 concentrations of two different-sized ZnONPs, have 
different modes of cell death. Following this, we intended 
to test the DNA  damage, cell proliferation, and oxidative 
stress markers in the cells. From Figure 5, it was found that 
treatment with ZnONPs induces DNA damage, decreases 
cell proliferation, and increases oxidative stress. These 
findings agree with Sharma et al.58 Ezhuthupurkkal et al.38 
in Huh7 and HepG2 cells respectively. Similar findings were 
also reported by Yin et al.59 in THP-1 cells, Zhao et al.60 in 
zebrafish embryos. To our knowledge, there are no reports 
on any cancer cells; different sizes of ZnONPs were tested 
and compared to elucidate their mechanism of action. All 
the findings confirm that phyto-mediated ZnONPs have 
excellent anti-leukemia effects against T-ALL.

Conclusion
MeLE and MeBE act as an efficient reducing agent to 
develop ZnONPs as evidenced by UV-Vis spectra and 
FTIR analysis. XRD patterns and SEM analysis of both 
NPs reveal a crystalline nature with a hexagonal phase 
structure and spherical shape of NPs.  EDX spectra show 
Zn and O elements are presented in both synthesized 
materials (MeLE-ZnONPs and MeBE-ZnONPs). Hence, 
MeLE-ZnONPs alone were separated based on their size 
and confirmed through TEM micrographs and DLS. 
Anticancer activity results demonstrated a size-dependent 
effect on MOLT-3 cells, as <50 nm ZnONPs show better 
activity than that of 50-100 nm ZnONPs. Lower particle 
sizes have a better anticancer effect as observed through 
low IC

50 than that of higher particle NPs tested in this 
study. As noticed through the MMP and autophagy 
assays, these sizes take different routes but end at the same 
point as observed in DNA damage, cell proliferation, and 
oxidative stress markers. In future studies, the safety of the 
synthesized ZnONPs should be taken into consideration in 
vivo, as the passage of those NPs through normal cells 
could potentially influence cell apoptosis, oxidative stress, 
and DNA damage. In a nutshell, these results suggest that 
the ZnONPs of <50 nm size would contribute a vital role 
in treating T-ALL cancer, warranting pre-clinical practices.
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