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a b s t r a c t

The present study fabricates biogenic zinc oxide nanoparticles (ZnO NPs) with the aqueous leaf extract of
Annona muricata (Am) plant collected from semi-evergreen forests of Odisha, India. The synthesized Am-
ZnO NPs were physicochemically characterized. The ultraviolet/visible spectrum showed the maximum
optical absorbance of Am-ZnO NPs at 355 nm. High-resolution transmission electron microscopy analysis
presented the nearly spherical shape of Am-ZnO NPs with an average particle size of 80 nm. The net
surface charge and hydrodynamic size of Am-ZnO NPs were measured to be ~�2.59 mV and ~417 nm,
respectively. Am-ZnO NPs were found to be biocompatible and hemocompatible nature. Furthermore,
Am-ZnO NPs displayed strong anticancer effects on both 2D and 3D tumor models. We observed a dose-
dependent toxicity on both A549 and MOLT4 cells and observed a size reduction in the A549 tumor
spheroids. Subsequently, we observed a depolarization in mitochondrial membrane potential of Am-ZnO
NPetreated cancer cells leading to the apoptosis induction in cancer cells.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In 21st century, the nanoparticle (NP) research is emerging
globally with unique properties. These particles have multiple
applications in the different fields of scientific community.
Nanoparticles are either organic or inorganic nature, and they
have been synthesized by different physical, chemical, and bio-
logical methods [1]. The organic NPs are polymeric NPs, lipid NPs,
protein NPs, and carbohydrate NPs while the inorganic NPs are
metal-oxide NPs, carbon structuresebased NPs, and mesoporous
silica NPs [1]. Among inorganic NPs, metals and metal
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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oxidesebased NPs contribute a significant role in various fields
such as drug delivery, bioimaging, biosensing, bioelectronic, and
tissue engineering applications [2]. The metal-oxide NPs also
display the strong antibacterial, antifungal, antimalarial, anti-
cancer, and photocatalytic activities [3,4]. Usually, the synthesis of
metal-oxide NPs via the green approach is more favorable than
their chemical synthesis because the chemical approach requires
the excess use of organic solvents and toxic chemicals. In addi-
tion, high temperature and pressure are required during the
chemical synthesis. Therefore, the green synthesis is a valuable
alternative of chemical synthesis and leads to the production of
non-toxic metal-oxide NPs [5e7]. In recent years, the use of
phytocompounds received more attention for the green synthesis
of metal-oxide NPs. These natural compounds are traditionally
well-known for their medicinal uses without any side-effects. In
fact, phytocompounds play a major role in cancer prevention and
treatment [8].

Amongst metal-oxide NPs, ZnO NPs could be easily fabricated
using phytoextracts. These stabilized and capped NPs are non-toxic
and ecofriendly in nature. These NPs exhibit strong antifungal,
antibacterial, antidiabetic, antioxidant, anticancer and photo-
catalytic activities [9,27]. In 2015, the Food and Drug Administra-
tion approved ZnO NPs as a safer material. Annona muricata (Am) is
a small evergreen tree, commonly known as Graviola belongs to
Annonaceae family. It is an important herbal medicine of medicinal
science. This plant has a long history of traditional uses such as
antimicrobial, anticancer, and anti-inflammatory activities [10]. In
2014, Pieme et al. reported the antiproliferative and pro-apoptotic
activity of Am-extract against human cancer cells [11]. In 2018,
Chamcheu et al. displayed the antiproliferative and anti-
colonogenic effect of Am-extract against human non-melanoma
skin cancer [12].

In recent years, various studies reported the biogenic synthesis
of ZnO NPs using plant extracts and displayed their excellent ac-
tivity in biomedical and environmental applications [40e42,45]. In
2021, Ramesh et al. [40] fabricated biocompatible ZnO NPs using
Cassia auriculatacan leaf extract and showed their high bactericidal
activity against Bacillus subtilis, Klebsiella pneumonia, Pseudomonas
aeruginosa, and Proteus mirabilis. In 2021, Vinayagam et al. [41]
prepared ZnO nanoflowers (ZnONFs) using the pd extract of Pel-
tophorum pterocarpum and showed the photocatalytic role of these
nanoflowers to remove the inorganic pollutants like methylene
blue in solar light. Also, in 2021, Pachaiappan et al. [42] synthe-
sized ZnO NPs using the leaf extract of Justicia adhatoda plant, and
they found the growth inhibition of different bacterial and fungal
strains by the release of Zn ions and production of reactive oxygen
species (ROS) which could kill these microbes. In previous studies,
Am-extract has been used to fabricate silver NPs and lipid NPs
[13,14] but no reports are available on Am-extracteassisted ZnO
NP's synthesis. Moreover, the anticancer therapeutic effect of Am-
ZnO NPs has not investigated so far. Thereby, in this study, the
synthesis of Am-ZnO NPs has been reported for the first-time to
the best of our literature knowledge. These biocompatible and
hemocompatible Am-ZnO NPs have been physicochemically
characterized via Fourier transform infra-red (FTIR), ultraviolet
(UV)evisible, X-ray diffractometer (XRD), high-resolution trans-
mission electron microscopy (HR-TEM) and dynamic light scat-
tering (DLS) analysis in detail. Furthermore, we have investigated
the anticancer effects of Am-ZnO NPs on 2D (A549, MOLT4) and 3D
(A549) tumor models. In addition, the mechanism of cancer cell
death induced by Am-ZnO NPs is investigated and understood in
detail which is going to open many new avenues in caner
nanotechnology.
2

2. Materials and methods

2.1. Materials

2.1.1. Chemical reagents and glasswares
Chemical reagents like sodium hydroxide, zinc acetate dihy-

drate, doxorubicin hydrochloride (DOX-HCl), and organic solvents
were procured Merck, India. Glassware was acquired from Borosil,
India.

2.1.2. Cell culture reagents and plasticwares
3T3 cells (mouse fibroblast cells), MOLT4 cells (human T

lymphoid cells), and A549 cells (human lung cancer cells) were
purchased from National Centre for Cell Science, India. These cells
were maintained in 10% fetal bovine serum (FBS) containing Dul-
becco's Modified Eagle Medium (DMEM) and Roswell Park Me-
morial Institute (RPMI) media (Gibco, USA) in a humidified CO2
incubator (Thermo Scientific, USA) at 37 �C. The Annexin-V FITC/PI
stain and JC-1 stain were purchased from Abcam, UK. The cell
culture plastics were procured from Corning, USA.

2.2. Methods

2.2.1. Preparation of Am leaf extract
Fresh leaves of Am were collected from the Ganjam area of

Ganjam District, Odisha, India. These leaves were cleaned with
water and dried for 5 days at room temperature. Then, leaves were
grinded in an electric blender and prepared the fine powder.
Furthermore, 5 g leaf powder was suspended in 50 mL distilled
water. The prepared aqueous extract was boiled for 4 h at 100 �C.
After 15 min, the aqueous solution was filtered using the Whatman
(No. 1) paper and the collected filtered solution stored at 4 �C for
further use [15].

2.2.2. Fabrication of Am-ZnO NPs
Zinc acetate dihydrate is the starting compound for ZnO NP's

synthesis as described previously in a report [16]. Briefly, 0.02 M
concentration of zinc acetate dihydrate was added into 50 mL of
distilled water and kept under constant stirring. Then, 1 mL
aqueous leaf extract of Am plant was mixed in the zinc acetate
dihydrate solution. Later, 2 MNaOHwas added in the same solution
to reach the solution pH ¼ 12 and continuously allowed for stirring
for 2 h. The resulting pale white precipitate was obtained after
centrifugation at 15,000 rpm and washed with ethanol for
removing the impurities. The obtained white precipitate was kept
in an empty vial and dried at 60 �C in hot air oven for overnight.
Finally, the powdered form of Am-ZnO NPs was stored for further
use.

2.2.3. Physicochemical characterizations of Am-ZnO NPs
The optical properties of Am-ZnO NPs were analyzed by JASCO

V-630 UV/visible spectroscopy (JASCO, USA) in a wavelength range
of 200e800 nm. Next, the crystalline nature of dried Am-ZnO NPs
was determined using powder XRD (Bruker, Germany). The X-ray
diffraction patternwas recorded between 20⁰ and 80⁰. Furthermore,
the phytocompounds present on synthesized Am-ZnO NPs were
analyzed by FTIR spectroscopy (JASCO, USA) using the KBr pellet
technique. The FTIR spectra was recorded between 500 and
4,000 cm�1. The HR-TEMwas used to calculate the particle size and
shape in the dry state. The field-emission scanning electron mi-
croscopy (FE-SEM) was used for the surface analysis of Am-ZnO
NPs. The particle size of Am-ZnO NPs were analyzed by Image J
software (NIH, USA), and a particle size distribution graph of Am-
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ZnO NPs was plotted using the Gaussian fitting curve. The selected
area electron diffraction (SAED) pattern analysis was used to
analyze the structural information of Am-ZnO NPs. Then, the
Zetasizer Nano ZS instrument was used to calculate the average
zeta potential (net charge on NP's surface), average hydrodynamic
size (ZAverage), and polydispersity index (PDI) values of Am-ZnO NPs
in aqueous solution. Next, the stability of Am-ZnO NPs were studied
with respect to time for 15 days in 10% serum containing DMEM
media simulating the internal environment of the human body. At
each 5 days' time-interval, the Zetasizer Nano ZS instrument was
used to calculate the average hydrodynamic size and PDI values of
the incubated Am-ZnO NPs.

2.2.4. Biocompatibility
The biocompatible nature of Am-ZnO NPs was analyzed by the

MTT test on 3T3 cells. During this experiment, 3T3 cells were
incubated with different concentrations (between 7.81 mg/mL and
500 mg/mL) of Am-ZnO NPs till 72 h along with a negative control.
Thereafter, all the steps of the MTT test were followed in a similar
way as reported in our earlier studies [17,18]. The cell viability was
calculated, and the cytotoxic effects of Am-ZnO NPs were examined
on 3T3 cells.

2.2.5. Hemocompatibility
The hemocompatible nature of ZnO and Am-ZnO NPs was

analyzed on 2% red blood cell (RBC) suspension of human blood
collected from the blood bank of Sharda Hospital, Greater Noida,
India. During this experiment, RBCs were incubated with different
concentrations (between 0.62 mg/mL and 10 mg/mL) of Am-ZnO
NPs till 4 h along with a positive and negative control. Next, all the
steps of the hemocompatibility test were followed in a similar way
as reported in our earlier studies [17,18]. The percentages of he-
molysis were calculated, and an image of the collected superna-
tants was captured with a camera (Nikon, Japan).

2.2.6. Anticancer effects on 2D and 3D tumor models
The anticancer effects of ZnO NPs and Am-ZnO NPs on 2D tumor

models were studied by the MTT test. The experiment was carried
out on both 2D culture of A549 and MOLT4 cells. During the
experiment, 5000 A549 cells and 10,000 MOLT4 cells were seeded
Fig. 1. Schematic representation of the preparation of Am leaf extract and the fabrication

3

in each well of a 96-well plate and then treated with different
concentrations (between 7.81 mg/mL and 500 mg/mL) of ZnO NPs
and Am-ZnO NPs. In this experiment, DOX-HCl was used as a pos-
itive control. Both cells were also treated with different concen-
trations (between 1.56 mg/mL and 100 mg/mL) of DOX-HCl. After
treatment, all the steps of MTT test were followed in a similar way
as reported in our earlier studies [17,18]. The treated cells were
incubated for 12, 24, and 48 h. Then, the cell viability was calcu-
lated, and the half-maximal inhibitory concentration (IC50) values
of both treatments were calculated at 24 h by plotting their dose-
responsive graphs.

The anticancer effect of Am-ZnO NPs on 3D tumor models was
studied by calculating the average diameter of treated A549 tumor
spheroids [18]. These uniform diameter spheroids were treated
with IC50 values of both Am-ZnO NPs and DOX-HCl. After treatment,
all the steps of ex vivo test were followed in a similar way as re-
ported in our earlier study [18]. The untreated spheroids were kept
as negative control during the experiment. The images were
captured by phase contrast microscope at 4� magnification till
72 h. In addition, the diameter of these spheroids was measured
using Image J software (NIH, USA).

2.2.7. Evaluation of cancer cell death mechanism by apoptosis assay
The cancer cell deathmechanismwas studied through apoptosis

assay using Annexin-V FITC/PI staining kit by flow cytometry in-
strument. In this experiment, 5000 A549 cells were treated with ½
IC50 and IC50 values of both Am-ZnO NPs and DOX-HCl and incu-
bated for next 24 h. After treatment, all the steps of apoptosis assay
were followed in a similar way as reported in our earlier study [17].
The total percentages of live cells, apoptotic cells, and necrotic cells
were calculated in both treatments using the scatter plot data. The
histogram was plotted between the cell populations and apoptotic
phases.

2.2.8. Mitochondrial membrane potential (MMP) assay by JC-1
staining

The change in the MMP is a pre-apoptosis event. Such changes
were measured by flow cytometry using JC-1 dye. In this experi-
ment, 5000 A549 cells were treated with ½ IC50 and IC50 values of
both Am-ZnO NPs and DOX-HCl and incubated for next 24 h. After
of Am-ZnO NPs. Am, Annona muricata; NaOH, Sodium hydroxide; ZnO, Zinc oxide.



Fig. 2. UVeVisible spectral analysis of Am-ZnO NPs in the wavelength range of 200e800 nm.
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treatment, all the steps of MMP assay were followed in a similar
way as reported in our earlier study [17]. The depolarization of
MMP was quantitatively measured by flow cytometry. The histo-
gramwas plotted between the doses of treatments and percentage
changes in MMP.
Fig. 3. FTIR spectral analysis of Am-leaf extract and Am-ZnO NPs in the wavenumber

4

2.3. Statistical analysis

All experimental data were analyzed using Origin 8 and
GraphPad Prism 9.0 software. The obtained data represented as
mean ± SD. All experiments were performed three independent
range of 4,000e500 cm�1. Am, Annona muricata; FTIR, Fourier transform infra-red.



Fig. 4. XRD pattern of Am-ZnO NPs in the diffraction angle range of 20�e80� . XRD, X-ray diffractometer.

Fig. 5. (A) HR-TEM images of Am-ZnO NPs showing their size and shape, (B) Selected area electron diffraction analysis of Am-ZnO NPs, (C) The particle size distribution graph was
plotted using the Gaussian Fitting curve to calculate the average particle size of Am-ZnO NPs. HR-TEM, high-resolution transmission electron microscopy.
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times in triplicates (n ¼ 3). *p/a<0.05 considered significant, **p/
b<0.01, ***p/c<0.001, and ****p/d<0.0001.
3. Results and discussion

3.1. Fabrication and physicochemical characterizations of Am-ZnO
NPs

The leaf extract of Amwas prepared (Fig.1), and, after adding the
leaf extract solution to pale yellow solution of Zn(CH3COO)2$2H2O,
the white precipitate was obtained. This indicated the successful
synthesis of Am-ZnO NPs (Fig. 1) [19,39].

The UVevisible spectral analysis presented a strong peak of Am-
ZnO NPs at 355 nm which features the intrinsic band gap of ZnO
absorption (Fig. 2). In 2012, Talam et al. [20] reported a highest
absorption peak of ZnO NPs at 355 nm in UVeVisible spectrum. As,
in our study, the obtained absorption peak of Am-ZnO NPs is on
similar position which supports the presence of ZnO NPs.

FTIR spectral analysis showed the possible functional groups
which are responsible for the efficient stabilization of Am-ZnO NPs.
In addition, it helped in determining the role of aqueous leaf extract
5

of Am that reduced the zinc acetate into Am-ZnO NPs. The func-
tional groups involved in the synthesis of Am-ZnO NPs showed
different vibrational peaks in the range of 4,000e500 cm�1 (Fig. 3).
In the FTIR spectrum of Am-ZnO NPs, two intense peaks were
observed at 3,470 and 3,405 cm�1 corresponding to the OH group
stretching. Next, two less intense peaks were seen at 2,976 cm�1

and 2,927 cm�1 attributing the CH group stretching of alkanes and
OH group stretching of carboxylic group respectively. The vibra-
tional peaks at 1,639 cm�1 and 1,563 cm�1 were assigned to the
C¼C stretch of alkane group and C¼C stretch of aromatic rings,
respectively. Next, the peaks at 1,465 cm�1 and 1,426 cm�1 repre-
sented the C¼O group stretching of polyphenols. Furthermore, the
emergence of peaks at 1,373 cm�1 and 1,300 cm�1 attributed to the
eCO stretching andeCH bending of the alkane group. In addition, a
peak at 1,073 cm�1 indicated the stretching of the eCN group
(Fig. 3). These FTIR results were corroborated with the FTIR spectra
of other plant extractebased ZnO NPs [21,22]. Our FTIR results
confirmed that Am-ZnO NPs have functional groups of amines, al-
cohols, alkanes, and carboxylic acid. This suggested that phyto-
compounds present in Am leaf extract which could possibly act as
the hydrolyzing agent for the ZnO NP's synthesis.



Fig. 7. Biocompatible nature of Am-ZnO NPs analyzed by MTT test on 3T3 cells.

Fig. 6. (A) DLS experiment calculated the average hydrodynamic size and PDI value of Am-ZnO NPs; (B) Average zeta potential of Am-ZnO NPs calculated using Zetasizer Nano ZS
instrument.

Fig. 8. Hemocompatible nature of Am-ZnO NPs analyzed by in vitro hemolysis test on
2% RBC suspension of collected blood. During the experiment, both distilled water and
1� PBS solution were used as positive and negative control, respectively. RBC, red
blood cells.
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Next, XRD analysis was carried out to analyze the crystalline
nature of Am-ZnO NPs. The eleven peaks were observed at
2q ¼ 31.68�, 34.37�, 36.17�, 47.54�, 56.51�, 62.79�, 66.38�, 67.88�,
68.93�, 72.52�, and 77.00� values in the XRD pattern of Am-ZnO
NPs. These peaks were corresponding to the (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), and (202) crystal lattice
planes of the hexagonal wurtzite structure of Am-ZnO NPs,
respectively (JCPDS card no. 36-1451) (Fig. 4). In 2018, Jamdagni
et al. [16] reported the highest diffraction peak of Nat-ZnO NPs with
similar crystal plane (101) that was observed in our XRD result. In
addition, the XRD pattern of Am-ZnO NPs did not show any
diffraction peaks for zinc acetate indicating their purity without
any contamination (Fig. 4). Furthermore, the average crystallite size
of Am-ZnO NPs was calculated using the DebyeeScherrer equation
[16] which was approximately 16.79 nm.
6

The size and shape of Am-ZnO NPs were analyzed by HR-TEM
and FE-SEM. The Am-ZnO NPs were found to be nearly spherical
in shape (Figs. 5A, S3). Some NPs were transparent, and some were
found to be thick due to the overlapping of NPs [21]. The average
particle size of these NPs was calculated to be 80.00 ± 17.38 nm
(Fig. 5C). Furthermore, SAED analysis displayed the bright spots
containing ring-like diffraction patterns corresponding to the



Table 1
IC50 values of Am-ZnO NPs, ZnO NPs, and DOX-HCl calculated by plotting their dose-
responsive graphs. Am, Annona muricata; ZnO, zinc oxide; NPs, nanoparticles; DOX-
HCl, doxorubicin hydrochloride; IC50, half maximal inhibitory concentration; A549,
lung cancer cells; MOLT4, acute lymphoblastic leukemia cells.

Tested Compounds IC50 values at 24 h (mg/mL)

A549 cells MOLT4 cells

Am-ZnO NPs 96.67 ± 10.75 60.13 ± 7.13
DOX-HCl 0.48 ± 0.03 1.97 ± 0.45
ZnO NPs 116.91 þ 2.06 150.70 ± 6.40
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different crystal lattice planes of Am-ZnO NPs. This analysis
concluded the crystalline nature of Am-ZnO NPs (Fig. 5B). These
similar observations were reported in the previous study by
Nagajyothi et al. [23] and Rajiv et al. [24].

The average hydrodynamic size (ZAverage) and PDI values of Am-
ZnO NPs were calculated to be 417.26 ± 44.58 d nm and
0.886 ± 0.213, respectively (Fig. 6A). The average hydrodynamic
size of Am-ZnO NPs was calculated by the DLS experiment. Those
values are always higher compared to the average particle size
calculated using the transmission electronmicroscopy (TEM) image
because the size of NPs measured during TEM analysis in the dry
state however, in DLS, the size of NPsmeasured in the aqueous state
which makes a hydration layer around the surface of NPs [25]. The
average hydrodynamic size of Am-ZnO NPs was found to be higher
because of the aggregation or agglomeration of NPs [26]. Prior to
their use in biomedical applications, the Am-ZnO NPs were probe
sonicated at 30 Hz for 30 min to obtain their less aggregated state.
Next, the average zeta potential of Am-ZnONPswas calculated to be
e 2.59 ± 1.20 mV (Fig. 6B). According to the DLVO theory, the less
zeta potential value indicates a weak repulsive force between the
NPs and promotes aggregation [25]. The net negative charge on the
Fig. 9. Anticancer effects of Am-ZnO NPs and DOX-HCl analyzed against A549 and MOLT4 ce
of both treatments were calculated by plotting their dose-responsive graphs.
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surface of Am-ZnO NPs is due to the strong binding affinity of
phytocompounds with NPs. This conferred the stability of Am-ZnO
NPs [27].

The stability of Am-ZnO NPs was studied in 10% serum con-
taining DMEM media for 15 days. During the experiment, the
average hydrodynamic size and PDI values of these NPs were
calculated at each 5 days’ time interval. We observed no significant
differences in the Zaverage and PDI values with respect to time
indicating Am-ZnO NPs are stable in nature (Figure S4). As it is well
known that most of the serum proteins possess the net negative
charge on their surface. When they come in contact with Am-ZnO
NPs then these NPs might arise repulsions which prevents the
formation protein corona around these NPs [44].
3.2. Biocompatibility and hemocompatibility

The biocompatible nature of Am-ZnO NPs was studied by MTT
test on 3T3 cells. The cell viability of treated 3T3 cells was found to
be more than 80% on different concentrations of Am-ZnO NPs
(Fig. 7). This test concluded the improved biocompatibility of Am-
ZnO NPs [28]. The IC50 value of Am-ZnO NPs could not be calculated
as the treated 3T3 cells did not display 50% cell death in 72 h (Fig. 7).
However, the cytotoxic effects of these NPs depend upon various
factors such as, shape, size, and synthesis methods of NPs, and the
type of cell lines used [29].

Next, RBCs were incubated with different concentrations of Am-
ZnO NPs along with the positive and negative controls. No hemo-
lysis or release of hemoglobin in the solution was observed except
the positive control during the hemocompatibility test. The per-
centages of hemolysis for the negative control, positive control,
0.62, 1.25, 2.50, 5.0, and 10.0 mg/mL concentrations of Am-ZnO NPs
were calculated to be 0.00 ± 0.00%, 98.94 ± 1.49%, 0.63 ± 0.06%,
0.72 ± 0.11%, 0.82 ± 0.23%, 1.78 ± 0.49%, and 2.78 þ 0.39%,
respectively (Fig. 8). These observations could be seen due to the
lls (2D tumor models) in a dose-dependent manner for 12, 24, and 48 h. The IC50 values



Fig. 10. Anticancer effects of Am-ZnO NPs and DOX-HCl analyzed on A549 tumor spheroids (3D tumor model) for 24, 48, and 72 h. The diameter of each A549 tumor spheroid was
calculated using Image J software (NIH, USA) in both negative control (untreated A549 spheroids) and other treatments. The histogramwas plotted between the average diameter of
A549 spheroids and time (h).
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presence of similar negative charges on the surface of NPs and
RBCs. In result, these NPs could not interact with RBCs due to
repulsive forces thus prevented RBC lysis and hemoglobin did not
release in the PBS solution [29]. If the percentage of hemolysis
is� 5%, then the tested compound is hemolytic in nature; however,
if the percentage of hemolysis is <5% then the tested compound is
non-hemolytic. Thereby, the Am-ZnO NPs have good hemo-
compatibility even at its higher concentration, and it has been
considered safe for intravenous injection with enough safety for
clinical application [30]. Similarly, we also tested the hemo-
compatibility of ZnO NPs, and it was also found to be hemocom-
patible in nature (Figure S1). Based on these results, Am-ZnO NPs
are highly biocompatible and hemocompatible in nature and can be
used in various biomedical applications.

3.3. Anticancer effects on 2D and 3D tumor models

The anticancer effects of ZnO NPs and Am-ZnO NPs were
investigated primarily on 2D tumor models such as A549 and
MOLT4 cells. During the experiment, the DOX-HCl treatment to
both cancer cells were kept as the positive control. The anticancer
study was carried out using the MTT test in a dose-dependent
manner till 48 h. In case of Am-ZnO NPetreated A549 and MOLT4
cells, the percentages of cell viability were calculated for negative
8

control, 7.81, 15.62, 31.25, 62.50, 125, 250, and 500 mg/mL concen-
trations of NPs at 12, 24, and 48 h. The obtained results are showed
in Table S1 and S2 (as given in Supplementary information). Simi-
larly, the percentages of cell viability were also calculated only at
24 h in ZnO NPetreated A549 and MOLT4 cells on the given
aforementioned concentrations. The obtained results are given in
Table S5 and S6 (as given in Supplementary information). Next, we
calculated the cell viability for DOX-HCl on negative control, 1.56,
3.12, 6.25, 12.50, 25, 50, and 100 mg/mL concentrations at similar
time-intervals (12, 24, and 48 h) in DOX-HCletreated A549 and
MOLT4 cells. The obtained results are showed in Table S3 and S4 (as
given in Supplementary information). From these results, the IC50

values of ZnO NPs, Am-ZnO NPs, and DOX-HCl were calculated at
24 h as shown in Table 1. In this test, DOX-HCl treatment was used
to analyze the anticancer effects of both ZnO NPs and Am-ZnO NPs.
The IC50 values of DOX-HCl were calculated to be very low as
compared to the IC50 values of ZnO NPs and Am-ZnO NPs as given in
Table 1.

This observation could conclude that DOX-HCl is highly toxic to
both cancer cells on different concentrations (Fig. 9B, D). Further-
more, the anticancer effect of Am-ZnO NPs was seen higher against
MOLT4 cells compared to A549 cells (Fig. 9A, C). In addition, the
different concentrations of Am-ZnO NPs displayed the significant
toxicity to both cancer cells (Fig. 9A, C). Similarly, ZnO NPs showed



Fig. 11. (A) Apoptosis study carried out by flow cytometry using Annexin V-FITC/PI staining kit on A549 cells. These cells were treated with ½ IC50 and IC50 values of DOX-HCl and
Am-ZnO NPs. BD FACSDIVA 8.0.1 software used to analyze the total percentages of live, early apoptotic, late apoptotic, and necrotic cells. (B) The X and Y axis in histogram indicate
the different phases of apoptosis and the percentages of cancer cell population, respectively.
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the anticancer effects against both cancer cells; however, these NPs
displayed higher cytotoxicity against A549 cells than MOLT4 cells
(Figure S2). Based on these observations, Am-ZnO NPs displayed
higher anticancer effects than ZnO NPs because of the bioactive
compounds present on the surface of Am-ZnO NPs. The similar
results for the anticancer effects of biogenic ZnO NPs were reported
previously in several other studies. In 2019, Hussain et al. [31]
fabricated ZnO NPs using the aqueous leaf extract of Pandanus
odorifer plant and evaluated its anticancer activity by MTT test at
different doses in MCF-7, HepG2, and A549 cells. The results
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suggested that the synthesized ZnO NPs inhibited the growth of
cancer cell, when applied a concentration from 50 to 100 mg/mL
[31]. In 2020, Nilavukkarasi et al. [32] synthesized nanosized ZnO
NPs using the leaf extract of Capparis zeylanica plant, and their
cytotoxic results displayed the antiproliferative property of ZnO
NPs against A549 cancer cells.

The 3D tumormodel (spheroids) is the best ex vivomodel for the
anticancer drug screening because their structure mimics with the
tumor microenvironment of a solid cancer. Such screening has
reduced the in vivo testing of anticancer drugs [33]. Thereby, we



Fig. 12. (A) The change in MMP (DJm) analyzed by flow cytometry using JC-1 dye in A549 cells. The cells were treated with ½ IC50 and IC50 values of DOX-HCl and Am-ZnO NPs. BD
FACSDIVA 8.0.1 software used to analyze the MMP data. (B) The X and Yaxis in the histogram indicate the different doses of DOX and Am-ZnO NPs treatment and the percentage loss
of MMP respectively.
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also investigated the anticancer effects of both Am-ZnO NPs and
DOX-HCl on A549 tumor spheroids (3D tumor model). A significant
reduction in the diameter of Am-ZnO NPs and DOX-HCletreated
A549 tumor spheroids was observed when compared with nega-
tive control (untreated spheroids) (Fig. 10). The average diameters
of Am-ZnO NPetreated A549 spheroids at 0, 24, 48, and 72 h were
calculated to be 453.33 ± 4.98, 383.33 ± 4.10, 373.33 ± 3.85, and
347.00 ± 6.16 mm, respectively. Similarly, the average diameters of
DOX-HCletreated A549 spheroids at 0, 24, 48, and 72 h were
calculated to be 456.00 ± 4.89, 356.66 ± 3.85, 339.00 ± 2.94, and
259.66 ± 4.49 mm, respectively. However, in control, the average
diameters of A549 spheroids at 0, 24, 48, and 72 h were calculated
to be 431.00 ± 8.28, 402.66 ± 6.12, 353.66 ± 5.79, and
340.66 ± 6.12 mm, respectively (Fig. 10). From these observations, it
was found that the Am-ZnO NPs have strong anticancer activity. In
this study, DOX-HCl was used to analyze the anticancer effect of
Am-ZnO NPs on A549 spheroids. In control, we also observed a
reduction in the average diameter of A549 spheroids which may be
due to the depletion of nutrients in the culture medium [34]. These
results corroborated the cell viability data of Am-ZnO NPs on 2D
tumor models. However, the observations of our ex vivo results will
be validated in future on in vivo tumor models. Previously, in 2017,
Wang et al. [35] fabricated ZnO/Dox NPs possessing excellent pH-
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responsive drug-release property. These NPs were effectively
penetrated in 3D tumor spheroids compared with free Dox and
displayed high cytotoxicity in tumor spheroids [35]. Similarly, in
2021, Dang et al. [36] synthesized ZnO spiky NPs. These
NPs exhibited superior anticancer activity on 3D tumor cell
spheroids.

3.4. Evaluation of cancer cell death mechanism

The mechanism of cancer cell death was investigated by the
apoptosis study. The percentages of apoptotic cells were analyzed
by flow cytometry in A549 cells (Fig. 11A). After the treatments of
Am-ZnO NPs and DOX-HCl, the total percentages of apoptotic cells
were analyzed at 24 h. The total percentages of live cells, apoptotic
cells, and necrotic cells in case of ½ IC50 and IC50 values of Am-ZnO
NPs were calculated to be 14.05%, 84.55%, 1.40% and 6.66%, 92.55%,
0.76%, respectively (Fig. 11B).

Similarly, the total percentages of live cells, apoptotic cells, and
necrotic cells in case of ½ IC50 values of DOX-HCl were calculated
to be 1.68%, 75.49%, and 22.75% and and for IC50 values were
5.88%, 27.2%, and 66.95%, respectively (Fig. 11B). Moreover, in the
negative control, the total percentages of live cells, apoptotic cells,
and necrotic cells were calculated to be 79.22%, 16.22%, and 4.54%,
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respectively (Fig. 11B). These results were validating the MTT data
on A549 cancer cells. From these observations, we concluded that
cancer cells were undergoing death because of apoptosis mecha-
nism. Like DOX-HCl, Am-ZnO NPs were also inducing the apoptosis
in cancer cells. Previously, in 2017, Bai et al. [37] used ZnO NPs and
studied the apoptosis inducing effects of these NPs in SKOV3 cells.
They showed the round and non-adhered cancer cells in the cul-
ture medium which exhibited the characteristic apoptotic feature,
and a depolarization in the MMP of ZnO NPetreated cancer cells
was observed. Furthermore, they observed an upregulation of p53
and LC3 genes which indicated the upregulation of both apoptosis
and autophagy mechanisms [37]. Similarly, in 2020, Wang et al.
[38] evaluated the molecular mechanism of cancer cell death
induced by ZnO NPs in Ca9-22 and OECM-1 cells. They showed
that ZnO NPs activated the cancer cell death by apoptosis through
caspase cascade. In addition, they observed a decrease in MMP of
both Ca9-22 and OECM-1 cells [38]. In 2021, Hadisaputri et al. [43]
prepared the ethanolic extract of Am leaves and evaluated its
antiproliferation and cytotoxic activity on MCF7 cells. They
observed an increased cytotoxic activity by changes in the
morphology of cancer cells and found the shrinkage of nucleus
and loss of cell membrane in MCF7 cells undergoing apoptosis.
The mechanisms that mediate the apoptosis in MCF7 cells through
a decrease in Bcl-2 mRNA expression and an increase in caspase-3
and caspase-9 mRNA expression. In general, Bcl-2 protein affects
the permeability of the mitochondrial membrane, and this will
result in the release of cytochrome c. Therefore, a decreased
expression of Bcl-2 will result in the induction of apoptosis as the
mitochondrial release of cytochrome c is no longer inhibited due
to which the depolarization can be seen in the MMP. This will
further activate the caspase pathways to produce caspase-3 as
apoptotic executors [43].

Next, the depolarization in MMP indicates the induction of
cellular apoptosis. Such changes were detected by flow cytometry
at 24 h in Am-ZnO NPe and DOX-HCletreated A549 cells (Fig. 12A).
The percentages of change inMMP of A549 cells treatedwith½ IC50
and IC50 values of Am-ZnO NPs were calculated to be 67.55 ± 1.91%
and 76.95 ± 0.78%, respectively. Similarly, the percentages of
change in MMP of A549 cells treated with ½ IC50 and IC50 values of
DOX-HCl were calculated to be 69.60 ± 1.41% and 83.50 ± 1.56%,
respectively (Fig. 12B). Moreover, in case of the negative control
(untreated cells), the calculated percentages of change in MMP
were 16.20 ± 0.85% and 25.05 ± 0.78%. These results concluded that
Am-ZnO NPs and DOX-HCl treatments displayed a larger change in
MMP of A549 cells than untreated A549 cells. In addition, Am-ZnO
NPs strongly induced the programmed cell death or apoptosis in
A549 cell populations when compared with the anticancer effects
of DOX-HCl taken as positive control. Previously, the similar results
were reported by other studies [37,38].

4. Conclusions

Zinc oxide NPs have been widely used in bioelectronics, bio-
sensing, bioimaging, drug delivery, and tissue engineering appli-
cations because of their non-toxic nature. In this study, we first-
time fabricated biogenic ZnO NPs using the aqueous leaf extract
of Am plant. The Am-ZnO NPs were physicochemically character-
ized by different spectroscopy and microscopy techniques. The
FTIR and UVevisible spectrum exhibited the preparation and op-
tical nature of Am-ZnO NPs, respectively. High-resolution trans-
mission electron microscopy analysis displayed the nearly
spherical shape of Am-ZnO NPs. The zeta potential measurement
presented the net negative charge on the surface of NPs. These NPs
can be used broadly because of their biocompatible and hemo-
compatible nature. Furthermore, the fabricated Am-ZnO NPs
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showed the strong anticancer activity on both 2D and 3D tumor
models. Subsequently, the Am-ZnO NPetreated cancer cells un-
derwent programmed cell death with depolarization in their MMP.
These results showed that biogenic ZnO NPs possess the excellent
property for their broader biomedical use. In future, this nano-
material will be tested for their subacute and system toxicity in a
rodent model.
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