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ABSTRACT: In this article, we aimed to develop a unique
treatment approach to cure cervical cancer without harming
healthy normal cells and overcome the limitations of currently
available therapies/treatments. Recently, chemotherapeutics based
on metal oxides have gained attention as a promising approach for
treating cancer. Herein, ZnO nanoparticles were synthesized with
the leaf extract of Azadirachta indica. These green synthesized ZnO
nanoparticles were used for a cytotoxic study on the cervical
squamous carcinoma cell line SiHa and murine macrophage cell
line RAW 264.7. Moreover, a hemolytic assay was performed to
check the biocompatibility of ZnO nanoparticles. The biosynthesized ZnO nanoparticles were labeled as L1, L2, L5, and L10
nanoparticles. Various assays like crystal violet, MTT assay, and AO/PI dual staining method were performed to assess the
anticancer potential of ZnO. The concentration of ZnO nanoparticles was taken in the range of 100−250 μg/mL in the in vitro
anticancer study on SiHa cancer cell lines. The findings of the MTT assay revealed that biosynthesized ZnO nanoparticles exhibited
significant cytotoxicity against SiHa cancer cell lines dose-dependently at two incubation times (24 and 48 h). Also, a decrease in cell
viability was observed with an increased concentration of ZnO. The IC50 values obtained were 141 μg/mL for L1, 132 μg/mL for
L2, 127 μg/mL for L5, and 115 μg/mL for L10 nanoparticles. In addition, cisplatin drug (10 μg/mL) was also used to compare the
anticancer activity with the biosynthesized L1, L2, L5, and L10 nanoparticles. The results of the crystal violet assay and AO/PI dual
staining method revealed that morphological changes like cell shrinkage, poor cell adhesion, and induction of apoptosis occurred in
the SiHa cancer cell lines. Furthermore, the stability of the ZnO nanoparticles at physiological pH has been assessed by recording the
UV−visible spectrum at various pH values. Hence, the overall findings suggested that biosynthesized ZnO nanoparticles can be
utilized for cervical squamous cancer treatment in addition to the current treatment strategies/techniques.

1. INTRODUCTION
A root cause of mortality worldwide today is cancer. Cancer,
which is the world’s biggest health issue, has an equal impact
on both developing and undeveloped countries. Globally, the
second most frequent cancer among females is cervical cancer.
Every year, about 400,000 new cases of this cancer are
detected, and nearly half of them will be fatal.1 The majority
(80−90%) of cervical malignancies are squamous cell
carcinomas, whereas adenocarcinomas account for the
remaining 20% of cervical cancer occurrences.2 High-risk
variants of human papillomaviruses (HPV) are the leading
causes of the overwhelming majority of cases of cervical cancer.
There are currently a variety of therapies available for cancer
treatment, including hormonal therapy, immunotherapy,
radiation therapy, and chemotherapy. The choice of therapy
selection is made depending on the patient’s physical
condition, location, status, and stage of cancer. But many of
the treatments/therapies discussed above are associated with
serious adverse effects. As a result, there is an urgent need to

develop novel therapeutic strategies with enhanced theranostic
potential and minimal side effects.

A new field of research in cancer therapeutic strategies has
been made possible by major developments in nanotechnol-
ogy.3,4 Various metal oxide nanoparticles have been studied
and reported in the literature for their anticancer potential.5−8

However, zinc oxide nanoparticles (due to their unique
properties) have been considered very significant among the
numerous metal oxide nanoparticles.9 ZnO nanoparticles are
potent multifunctional wide band gap n-type semiconductors.
As a result of a suitable band gap, ZnO nanoparticles can easily
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generate reactive oxygen species (ROS). The tendency of ZnO
nanoparticles to generate ROS makes them suitable for
anticancer studies. Moreover, the higher selective anticancer
activity of ZnO nanoparticles toward tumor cells at
physiological pH is another important reason that makes
them a preferable candidate for anticancer studies. These
nanoparticles show a cytotoxic behavior toward cancer cells,
and no effects have been observed against normal cell lines.
The literature survey depicted that ZnO nanoparticles exhibit
selective in vitro cytotoxic potential against various cancer cell
lines.29−31 Hence, the unique properties of ZnO nanoparticles
such as biocompatibility, ease of fabrication, nontoxicity,
excellent selectivity, and improved cytotoxicity are responsible
for making ZnO nanoparticles a better candidate for anticancer
studies.32

A vast number of applications are reported for zinc oxide
nanoparticles in various fields.10−13 As reported by Dhawan
and Chadha, zinc deficiency promotes the growth of
malignancy, whereas zinc supplementation inhibits and
prevents cancers of the colon, pancreas, and esophagus.14

The synthesis of zinc oxide nanoparticles from various
medicinal plants and their effectiveness against various cancer
cell lines have both been investigated and reported in several
literature reports.15−19 The cytotoxic effect of Candelabra
cactus flower extract-mediated zinc oxide nanoparticles against
MCF-7 cells has been studied.20 Herein, zinc oxide nano-
particles showed excellent apoptosis. In addition, cell viability
declined with an increment in the concentration of zinc oxide
nanoparticles. Naser et al. have reported the cytotoxic effect of
Phoenix dactylifera root hair extract-mediated zinc oxide
nanoparticles.21 In this article, the cytotoxicity of ZnO
nanoparticles was found to be more than that of the anticancer
drug doxorubicin (DOX) against breast cancer cells (TNBC).
ZnO nanoparticles obtained nearly 45% higher cytotoxicity
than doxorubicin (DOX). Furthermore, the cytotoxic effect of
this ZnO was 82.26% on human lung cancer (A549) cells. Wu
and Zhang studied the anticancer effect of chitosan-assembled
zinc oxide nanoparticles against human cervical carcinoma
(HeLa) cancer cell lines.22 The cytotoxicity was determined
based on the reactive oxygen species (ROS).

In this study, our goal is to investigate an alternative and
better therapeutic agent that could enhance the efficiency of
treatment for cervical cancer cells. In this article, we have
presented the in vitro cytotoxic study of biosynthesized ZnO
using the leaf extract of Azadirachta indica. The cervical
squamous carcinoma (SiHa) cancer cell line was utilized to
observe the cytotoxic effect. In addition, the cisplatin drug was
also used for comparative in vitro anticancer studies with green
synthesized ZnO nanoparticles.

2. EXPERIMENTAL SECTION
2.1. Leaf Extract Mediated Biosynthesis of ZnO NPs.

Rani et al. have already reported the experimental procedure
for the biosynthesis of zinc oxide nanoparticles using an
aqueous leaf extract of Azadirachta indica .23−25 The as-
synthesized zinc oxide nanoparticles were labeled as L1, L2,
L5, and L10 corresponding to the volume of leaf extract taken
as 1.0, 2.0, 5.0, and 10.0 mL, respectively.
2.2. Cytotoxic Study. 2.2.1. Materials Required. DMSO

and methyl alcohol were acquired from SRL, India. SiHa
(cervical squamous cancer) cell lines and murine macrophage
(RAW 264.7) cell lines were purchased from the National Cell
Repository of Animal Cells NCCS (Pune), India. MTT and

DMEM were obtained from Sigma Aldrich, USA. FBS was
procured from Invitrogen. PI, RNase, AO, and CV were
acquired from Bangalore Genei.
2.2.2. SiHa Cancer Cell Culture. SiHa cancer cells were

cultivated in DMEM containing 10% (v/v) heat-inactivated
FBS. After that, all cultures were incubated at 37 °C in the
presence of 5% CO2 and a humid environment. Following that,
the SiHa cells were passaged once every 2 to 3 days, and a
logarithmic growth phase of SiHa cancer cell lines was taken to
conduct various assays. The various experiments/assays such as
the MTT assay, CV assay, and AO/PI assay were performed
with different concentrations of ZnO (L1, L2, L5, and L10)
and cisplatin drug at incubation times of 24 and 48 h,
respectively.
2.2.3. Assessment of Viability Using the MTT Assay. The

viability of SiHa cells was determined with L1, L2, L5, and L10
nanoparticles and cisplatin drug by the MTT assay. Yellow-
colored soluble MTT is converted into purple-colored
insoluble formazan through the breaking of the tetrazolium
ringby enzymes (mitochondrial dehydrogenase) present in the
living cells. Hence, this assay reflects the proportion of viable
cells. This activity is not expressed by dead cells. In brief, 96-
well plates were inoculated with 5 × 104 cells per well,
incubated overnight, and then allowed to acclimatize in
DMEM (5% CO2) at 37 °C. After that, these SiHa cells
were exposed to various concentrations (100, 150, 200, and,
250 μg/mL) of L1, L2, L5, and L10 nanoparticles in the
incubator (CO2) for incubation times of 24 and 48 h at 37 °C.
After that, the culture media were discarded for 4 h prior to the
completion of the experiment and substituted with fresh
medium (180 μL) and 20 μL (5 mg/mL in PBS) of MTT
solution. After that, the incubation of the 96-well plates was
done at 37 °C for the remaining 4 h in the dark with CO2 and
a humidified atmosphere. Finally, after the removal of media,
the as-formed formazan crystals were dissolved by adding 100
μL per well of DMSO. The optical density (OD) value was
recorded at 570 nm with a microplate spectrophotometer
(BIO-TEK, USA). The IC50 value was obtained by the linear
regression of the dose- and time-dependent curve. Further-
more, the % cell viability was determined using the equation
below:

=
×

%Cell viability (OD value of treated sample

/OD value of control sample) 100

2.2.4. Assessment of Morphology Using the CV Assay.
The crystal violet assay was performed for determining the
shapes and sizes of SiHa cell lines. The IC50 dose of green
synthesized ZnO nanoparticles was determined with the MTT
assay and utilized to treat the abovementioned cell lines
throughout the experiments. In brief, SiHa cell lines were
plated in a six-well plate and kept overnight for sticking
without disturbance. After that, the adhered cells were exposed
to the corresponding IC50 dose of green synthesized L1, L2,
L5, and L10 nanoparticles for an incubation time of 48 h. After
that, the medium was discarded, and cell lines were rinsed by
PBS three times. Following that, SiHa cell lines were fixed for 1
min duration in the presence of 100% methanol. After that, the
SiHa cell lines were stained with CV for 50−55 s duration.
Later on, the plate was rinsed with normal water three times
and left for drying in the air. Finally, stained SiHa cell lines
were observed and imaged at 200× magnification through a
Nikon microscope. The difference in shapes and sizes of SiHa
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cell lines was determined and compared with the control cells
that were not treated with green synthesized nanoparticles.
2.2.5. Assessment of Apoptosis Using the AO/PI Staining

Method. To determine how ZnO nanoparticles impacted the
viability of SiHa cells to undergo apoptosis, a twofold AO/PI
staining analysis approach was performed. In brief, SiHa cell
lines were plated in six-well plates, and incubation was done
overnight for adhering. Following that, the SiHa cell lines were
incubated with L1, L2, L5, and L10 nanoparticles at the
relevant IC50 dose for 48 h. The SiHa cell lines were washed
after incubation by PBS two times. Afterward, centrifugation
was done at 1500 rpm for 3 min. After that, the cell lines were
suspended again in PBS (cold) and centrifuged one more time
to get clean and fresh cell pellets. After that, these fresh and
cleaned pellets were mixed with an equal volume of AO and PI
fluorescent dye staining solution made in PBS. The freshly
stained cell suspension was dropped onto a clean glass slide
and covered with a coverslip for the uniform distribution of
cells. The stained SiHa cell lines with AO and PI fluorescent
dye were imaged within 30 min before the fluorescence faded
off through the UV-fluorescence microscope.
2.2.6. Assessment of Cytotoxic Studies Using Statistical

Analysis. The analysis of all cytotoxic outcomes of SiHa cell
lines was performed by one-way ANOVA that was followed by
Dunnett’s multiple comparison tests. For further analysis, the
GraphPad Prism 6 version software was utilized. A statistically
significant value was determined to be p < 0.05.
2.2.7. Assessment of the Biocompatibility of Synthesized

ZnO (L1, L2, L5, L10) Using the Hemolytic Assay. To assess
the biocompatibility of ZnO nanoparticles (L1, L2, L5, and
L10) with blood cells, a hemolytic assay was performed.2

Blood samples were collected from healthy individuals in
EDTA-coated vials. The blood was then transferred to 15 mL
Falcon tubes and diluted with sterile PBS (1:2). The Falcon
tubes were then centrifuged at 3000 rpm for 15 min, and the
isolated erythrocytes were washed with PBS. Finally, the
erythrocytes were suspended in a 10 mL PBS solution. After
that, 200 μL of the cell suspension was taken and treated with
different concentrations of ZnO nanoparticles (100−250 μg/
mL) for 1 h at 37 °C and kept for incubation. The cell
suspension treated with PBS and with 0.2% Triton X-100 was
used as a negative and positive control, respectively. After
incubation, the suspension was centrifuged at 3000 rpm for 5
min, and the absorbance of each cell supernatant was taken at
577 nm using the microplate spectrophotometer (BIO-TEK,
USA). Percent hemolysis was calculated using the equation
below:

= ×A A A APercent hemolysis ( )/( ) 100T NC PC NC

In the above equation, the terms used were as follows: AT,
absorbance of the test sample; ANC, absorbance of the negative
control; and APC, absorbance of positive control.

3. RESULTS AND DISCUSSION
3.1. Viability of SiHa Cell Lines on Treatment with

ZnO (L1, L2, L5, and L10) and Cisplatin Drug. The
viability of SiHa cell lines was determined to investigate the
impact of green synthesized (L1, L2, L5, and L10) nano-
particles and cisplatin drug using the MTT assay. The
microplate reader was used to record the OD (optical density)
value at 570 nm. In this study, viable numbers of cell lines were

Figure 1. (a, c) Optical density (OD) values of SiHa cells treated with different concentrations of L1 and L2 nanoparticles, respectively, at time
intervals of 24 h and 48 h. Data are depicted in triplicate by performing three separate experiments. (b, d) The corresponding cell viability graphs of
SiHa cells treated with L1 and L2 nanoparticles, respectively. Data are shown as mean ± SD.
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determined at 24 and 48 h, respectively. A higher percentage of
living cells was indicated by a high OD value. The OD values
of the SiHa cell lines are shown in Figure 1a,c. Herein,
concentrations of L1 and L2 nanoparticles varying from 100 to
250 μg/mL and 10 μg/mL of cisplatin drug were used at up to
48 h time intervals, respectively. The cell viability of SiHa cell
lines with L1 and L2 nanoparticles is given in Figures 1b,d,
respectively. It is clear from these cell viability data that the
cytotoxic effect of the cisplatin drug is found to be more than
the L1 and L2 nanoparticles.

Similarly, the OD values of the SiHa cell lines are shown in
Figures 2a,b, respectively. In this study, the SiHa cell lines were
treated with green synthesized L5 and L10 nanoparticles.
Concentrations of these nanoparticles varying from100 to 250
μg/mL and 10 μg/mL of cisplatin drug were utilized at a 48 h
time period. The cell viability is shown in Figures 2b,d,
respectively, with green synthesized L5 and L10 nanoparticles.

It is noticeable that the viability of SiHa cell lines diminishes
as the concentration of ZnO (L1, L2, L5, and L10) increases.
Herein, the viability of these cell lines depends on dose and
time, respectively, with all synthesized nanoparticles. Addi-
tionally, the 48 h incubation time results in a considerable
reduction in cell viability at the numerous utilized concen-
trations (100, 150, 200, and 250 μg/mL) of green synthesized
nanoparticles. As compared to cisplatin, the concentration used
for synthesized ZnO nanoparticles is too much because the
criterion for the selection of dose amount corresponds to the

IC50 value. Furthermore, we selected the IC50 dose for ZnO
nanoparticle (L1, L2, L5, and L10) treatment after performing
the dose kinetics. IC50 is a quantitative measure that shows
how much of a particular inhibitory drug is needed to inhibit a
given biological process by 50% in vitro in pharmacological
research. In the case of cisplatin, a high dose is avoided because
it leads to several side effects such as systemic toxicity, renal
toxicity, vomiting, gastrointestinal toxicity, and many more.33

Our ZnO nanoparticles were synthesized using the aqueous
leaf extract of Azadirachta indica; so, comparatively, they are
less toxic than cisplatin. Moreover, several studies reported that
ZnO nanoparticles synthesized using plant materials/extracts
are safe, biocompatible, and nontoxic.34,35 The IC50 values of
all the synthesized ZnO are given in Table 1. From the IC50
values, we can conclude that as the amount (volume) of leaf
extract increases for the green synthesized nanoparticles, % cell
viability decreases accordingly. Furthermore, the cytotoxic

Figure 2. (a, c) Optical density (OD) values of SiHa cells treated with different concentrations of L5 and L10 nanoparticles, respectively, at time
intervals of 24 h and 48 h. Data are depicted in triplicate by performing three separate experiments. (b, d) The corresponding cell viability graphs of
SiHa cells treated with L5 and L10, respectively. Data are shown as mean ± SD.

Table 1. Values of IC50 with Various Green Synthesized
Nanoparticles Obtained from the MTT Assay

s. no. ZnO nanoparticles IC50 (μg/mL)

1 L1 141
2 L2 132
3 L5 127
4 L10 115
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effect of L10 nanoparticles has been found to be more
pronounced than the used standard drug cisplatin.

Similarly, other research groups have published comparable
experiments on various cancer cell lines by utilizing
biosynthesized ZnO nanoparticles.26−28 Table 2 depicts the
comparative study with the reported nanomaterials for cervical
squamous carcinoma (SiHa) cell lines in the literature.
3.2. Morphological Changes in SiHa Cells upon

Treatment with Green Synthesized L1, L2, L5, and
L10 Nanoparticles and Cisplatin Drug. The impact of
biosynthesized ZnO and cisplatin drug on the morphology of
SiHa cells was evaluated using a crystal violet (CV) assay.
These cell lines stained with CV dye were imaged through a
Nikon microscope at 200× magnification. Obtained images of
the abovementioned cell lines are shown in Figure 3a,b after
treating with green synthesized L1 and L2 nanoparticles,
respectively. Figure 4a,b depicts the images of CV-stained SiHa
cell lines treated with L5 and L10. The SiHa cell lines have
been exposed to the ZnO at their corresponding IC50 dose (as
mentioned in Table 1), respectively, for 48 h. The obtained micrographs revealed the morphological

changes such as the shrinking of cells followed by the rounded
shape of cells, decline in cell number, and weak cell adherence
that resulted from the treatment with L1, L2, L5, and L10
nanoparticles. Similar morphological changes happened in the
SiHa cell lines that were treated with the standard drug
cisplatin. In addition, the number of SiHa cell lines remained
the same after treatment with the cisplatin drug. But the
number of SiHa cell lines has decreased on exposure to green
synthesized L1, L2, L5, and L10 nanoparticles. Moreover, it is
clear from the results that the toxic effect of L10 nanoparticles
on the morphology of SiHa cell lines has been obtained the
highest among all the synthesized nanoparticles.
3.3. Morphological Changes in Murine Macrophage

Cell Line RAW 264.7 upon Treatment with Green
Synthesized L1, L2, L5, and L10 Nanoparticles and
Cisplatin Drug. To test the effect of green synthesized ZnO
nanoparticles on normal cell lines, we utilized the murine
macrophage cell line RAW 264.7. An alteration in the
morphology is the key characteristic of macrophages that
changes in accordance with their polarization. Inactivated
macrophages show round, more or less spherical morphology,

Table 2. Comparative Study with Reported Nanomaterials for Cervical Squamous Carcinoma (SiHa) Cell Lines in the
Literature

s.
no. nanomaterials used synthesis method

cancer cell
lines used size and morphology incubation time/IC50 references

1 1,10-phenanthroline coupled
ZnO nanoparticles

sol−gel and precipitation
method

SiHa cervical hexagonal tube-shaped and
sphere-like particles

48 h 36

2 zinc oxide nanoparticles biosynthesis method
(Lantana aculeata L.)

SiHa cervical spherical 24 h/48.16 μg/mL 37

3 chitosan nanoparticles biosynthesis method SiHa cervical spherical 24 h/102.17 μg/mL 38
4 silver nanoparticles biosynthesis method

(Withania coagulans)
SiHa cervical spherical 48 h/13.74 μg/mL 39

5 vanadium nanoparticles biosynthesis method
(Calendula of f icinalis)

SiHa cervical spherical 72 h/259 μg/mL 40

6 tin oxide nanoparticles biosynthesis method
(Limonia acidissima)

SiHa cervical quasi-spherical 24 h/35 ± 0.03 μg/mL 41

7 silver nanoparticles biosynthesis method (Delonix
regia)

SiHa cervical nonuniform 48 h/15.96 μg/mL, 42

8 platinum nanoparticles biosynthesis method (tea
polyphenol)

SiHa cervical flower-shaped 24 h/18.34 μg/mL 43

9 zinc oxide nanoparticles biosynthesis method
(Azadirachta indica)

SiHa cervical rod- and sheet-shaped present
work

Figure 3. (a, b) Morphology of SiHa cell lines after treatment with L1
and L2 nanoparticles, respectively. (A) Control group (without
treatment), (B) standard drug cisplatin-treated SiHa cell lines, and
(C) SiHa cell lines treated with green synthesized L1 and L2
nanoparticles (at IC50) at 200× magnification.

Figure 4. (a, b) Morphology of SiHa cells after treatment with L5 and
L10 nanoparticles, respectively. (A) Control group (without treat-
ment), (B) standard drug cisplatin-treated SiHa cells, (C) SiHa cell
lines treated with green synthesized L5 and L10 nanoparticles (at
IC50) at 200× magnification.
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whereas activation or inflammatory conditions induce them to
become more flattened with an expanded cytoplasm. Figure 5

depicts the morphology of murine macrophage cell lines
(RAW 264.7) after treatment with ZnO nanoparticles. We
observed a round cell morphology in the control group as well
as in the group treated with green synthesized ZnO
nanoparticles (L1, L2, L5, and L10), whereas macrophages
looked more flattened with more phagocytic extensions in the
cisplatin-treated group, showing the activated state of macro-
phages. Furthermore, AO/PI staining also showed signs of cell
death such as secondary necrosis (SN) and early necrosis
(EN).
3.4. Apoptosis Induction in SiHa Cells upon Treat-

ment with L1, L2, L5, and L10 Nanoparticles and
Cisplatin Drug. The induction of apoptosis can be ensured by
examining carefully the particular changes that happened in the
morphological description of the SiHa cell lines. These
particular changes include chromatin condensation, shrinking
of the cells, and nuclear or cytoplasmic fragmentations.
Acridine orange (AO) and propidium iodide (PI) dual staining
studies have been carried out for validating the induction of
apoptosis in SiHa cell lines. The dead cell lines are revealed by
PI staining, whereas nonmalignant cell lines or early apoptotic
cells with fragmented DNA are displayed through AO staining.
Fluorescent (AO/PI) images of SiHa cell lines are presented in
Figure 6a,b, respectively. These cell lines interacted with IC50
doses of 141 μg/mL for L1 and 132 μg/mL for L2
nanoparticles, respectively. Similarly, the fluorescent (AO/PI)
images of SiHa cell lines are shown in Figure 7 a,b,
respectively. Herein, the treatment of these cell lines was
done with IC50 doses of 127 μg/mL for L5 and 115 μg/mL for
L10 nanoparticles.

Following that, SiHa cell lines were examined for
determining various phases of cells like viable cells and
early/late apoptotic phases through the fluorescent micro-
scope. We found signs of cell death such as secondary necrosis
(SN), chromatin condensations (CC), and early apoptosis
(EA) in SiHa cell lines after treatment with L1, L2, L5, and
L10 nanoparticles, respectively. The presence of green-colored
unbroken nuclei in the SiHa cell lines indicates viable cells
after 48 h incubation time. This indicates that no apoptosis

took place in these cell lines. Furthermore, EA and SN stages
were observed in all other cases at their corresponding IC50
doses of green synthesized nanoparticles. The changes in
shapes and sizes ensured the initiation of apoptosis in SiHa cell
lines after exposure to L1, L2, L5, and L10 nanoparticles.
Figure 8 depicts the AO/PI stained shape and size
determination of murine macrophage (RAW 264.7) cell
lines: (A) control group (without treatment), (B) standard
drug cisplatin-treated cells, (C) cells treated with IC50 dose
(141 μg/mL) of L1, (D) cells treated with IC50 dose (132 μg/
mL) of L2, (E) cells treated with IC50 dose (127 μg/mL) of
L5, and (F) cells treated with IC50 dose (115 μg/mL) of L10
ZnO nanoparticles.

The primary determining cause of apoptosis in many tumors
is believed to be oxidative stress. Mostly, oxidative stress
caused by ROS formation is considered to be a potent
mechanism of cytotoxic activity exhibited by biogenic zinc

Figure 5. Morphology of the murine macrophage cell line (RAW
264.7) after treatment with ZnO nanoparticles. (A) Control group
(without treatment), (B) standard drug cisplatin-treated cells, (C)
cells treated with IC50 dose (141 μg/mL) of L1, (D) cells treated with
IC50 dose (132 μg/mL) of L2, (E) cells treated with IC50 dose (127
μg/mL) of L5, and (F) cells treated with IC50 dose (115 μg/mL) of
L10 at 200× magnification.

Figure 6. Shape and size determination of SiHa cell lines (AO/PI
stained). (a) The treated SiHa cell lines with an IC50 dose of L1
nanoparticles (141 μg/mL) for 48 h. (A) SiHa cell lines without
treatment, (B) SiHa cell lines treated with cisplatin, and (C) SiHa cell
lines treated with L1 nanoparticles. (b) The treated SiHa cell lines
with an IC50 dose of L2 nanoparticles (132 μg/mL) for 48 h
incubation time. VC: viable cells; EA: early apoptosis; and SN:
secondary necrosis.

Figure 7. Shape and size determination of SiHa cell lines (AO/PI
stained). (a) The treated SiHa cell lines with an IC50 dose of L5
nanoparticles (127 μg/mL) for 48 h. (A) SiHa cell lines without
treatment, (B) SiHa cell lines treated with cisplatin, and (C) SiHa cell
lines treated with L5 nanoparticles. (b) The treated SiHa cell lines
with an IC50 dose of L10 nanoparticles (115 μg/mL) for 48 h. VC:
viable cells; EA: early apoptosis; and SN: secondary necrosis.
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oxide nanoparticles on cancerous cells. Numerous typical
metabolic processes are strongly influenced by oxidative stress.

The ROS generated by ZnO nanoparticles would interact
with macromolecules like proteins, enzymes, and lipids and
with DNA also. These interactions could result in variations,
denaturation, and oxidations that would ultimately cause the
degradation and dysfunction of different cellular organelles.
Furthermore, DNA damage can inhibit healthy cells from
performing their usual functions, which can lead to tumors or
induction of apoptosis. Figure 9 depicts the schematic
representation of mechanistic pathways for anticancer activity
shown by ZnO nanoparticles.

3.5. Assessment of the Stability of Green Synthesized
ZnO (L1, L2, L5, and L10) Nanoparticles at Different pH
Values. The UV−visible spectra of ZnO nanoparticles (L1,
L2, L5, and L10) were recorded to determine the stability at
different pH values. Figure 10 a−c depicts the various UV−vis
spectra recorded at pH 3, 5, and 7.4, respectively. At pH 3,
there was no absorbance peak observed, whereas at pH 5 and
7.4, all the synthesized ZnO nanoparticles (L1, L2, L5, and

L10) exhibited absorbance maxima. The λmax values are listed
for all the synthesized ZnO nanoparticles in Table 3.
3.6. UV−Visible Spectroscopic Analysis. UV−visible

spectra for the synthesized ZnO (L1, L2, L5, and L10) at pH =
7.4 in PBS are shown in Figure 10c. As the amount of the
extract increased for the synthesis of ZnO nanoparticles, we
observed that the band gap energy decreased. The band gap
energy for the various synthesized ZnO nanoparticles was
obtained as 2.86 eV for L1, 2.80 eV for L2, 2.34 eV for L5, and
2.28 eV for L10, respectively (as given in Figure 11 and Table
4). We have observed that the cytotoxic effect increased as the
band gap decreased for the synthesized ZnO nanoparticles
(L1, L2, L5, and L10) nanoparticles. Similarly, Arakha et al.
have also reported that the cytotoxic effect of ZnO nano-
particles increased with the decreased band gap energy
values.44

3.7. Assessment of In Vitro Hemolytic Effect of Green
Synthesized ZnO (L1, L2, L5, and L10) Nanoparticles on
Erythrocytes. Hemolysis is an important screening test to
ascertain the biocompatibility of compounds. A high degree of
hemolysis by a compound means massive breakage of
erythrocytes and thus represents low compatibility of that
compound with blood. In the present study, we were interested
to assess the blood compatibility of green synthesized ZnO
nanoparticles (L1, L2, L5, and L10). We performed the
hemolytic assay wherein erythrocytes were treated with
different concentrations of L1, L2, L5, and L10. We used
erythrocytes suspended in sterile PBS as negative control and
in 0.2% Triton X-100 as positive control. The inset of Figure
12 a,b represents the photographs showing no significant
hemolysis even at higher concentrations of L1 and L2, i.e., at
250 μg/mL, and was comparable to the negative control group.
Hemolysis is determined by the presence of hemoglobin
content reflected by the red color in the supernatant. In our
study, with different concentrations of L1 and L2, hemoglobin
content was found to be comparable to the negative control
group in the supernatant. In contrast, the positive control
group showed complete lysis of erythrocytes resulting in the
release of hemoglobin in the supernatant. Bar graphs in Figure
12 a,b represent the corresponding percent hemolysis with
different concentrations of L1 and L2, which was found to be
less than 1% compared to the positive control group wherein
we observed 100% hemolysis. Similarly, the inset of Figure 13
a,b represents the photographs showing no significant
hemolysis even at higher concentrations of L5 and L10, i.e.,
at 250 μg/mL, and was comparable to the negative control
group. Bar graphs of Figure 13 a,b represent the corresponding
percent hemolysis with different concentrations of L5 and L10,
which was found to be less than 1% compared to the positive
control group wherein we observed 100% hemolysis. Our
results revealed that green synthesized (L1, L2, L5, and L10)
nanoparticles are nontoxic even at their higher concentrations.

4. CONCLUSIONS
In the current reported work, the in vitro cytotoxicity of green
synthesized nanoparticles (L1, L2, L5, and L10) has been
examined on SiHa cervical cancer cell lines via assays like CV,
MTT, and acridine orange/propidium iodide assay. In
addition, the standard anticancer drug cisplatin has also been
used to compare the anticancer effect. Also, the cytotoxic effect
has been evaluated on the murine macrophage cell line RAW
264.7 (normal cell lines). The IC50 values for all the
biosynthesized ZnO nanoparticles have been obtained from

Figure 8. Shape and size determination of murine macrophage (RAW
264.7) cell lines (AO/PI stained). (A) Control group (without
treatment), (B) standard drug cisplatin-treated cells, (C) cells treated
with IC50 dose (141 μg/mL) of L1, (D) cells treated with IC50 dose
(132 μg/mL) of L2, (E) cells treated with IC50 dose (127 μg/mL) of
L5, and (F) cells treated with IC50 dose (115 μg/mL) of L10 for 48 h
incubation time. VC: viable cells; EA: early apoptosis; and SN:
secondary necrosis.

Figure 9. Schematic representation of mechanistic pathways for
anticancer activity shown by ZnO nanoparticles.
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the MTT assay. The results of the MTT assay have determined
the IC50 values as 141 μg/mL for L1, 132 μg/mL for L2, 127
μg/mL for L5, and 115 μg/mL for L10 nanoparticles. The
anticancer activity of the leaf extract of Azadirachta indica
increases as the amount of extract increases (as evidenced by

the lower value of IC50 of L10 nanoparticles in this instance).
In addition, the anticancer effect of L10 (at 250 μg/mL) has
been observed to be more than that of the standard drug
cisplatin (at 10 μg/mL). The biocompatibility of biosynthe-
sized ZnO nanoparticles has been assessed using a hemolytic
assay. Thus, biosynthesized ZnO (L1, L2, L5, and L10)
nanoparticles have excellent potential to be used as promising

Figure 10. UV−visible absorbance spectra recorded at various pH values�(a) pH =3, (b) pH = 5, and (c) pH = 7.4�for the synthesized ZnO
(L1, L2, L5, and L10) nanoparticles.

Table 3. λmax Values of Various Green Synthesized ZnO
Nanoparticles (L1, L2, L5, and L10) at Different pH Values

s.
no.

ZnO
nanoparticles

λmax (nm)
(pH = 3)

λmax (nm)
(pH = 5)

λmax (nm)
(pH = 7.4)

1 L1 370 370
2 L2 370 370
3 L5 369 369
4 L10 368 368

Figure 11. Tauc plots of synthesized ZnO NPs with the green
method.

Table 4. Band Gap Energy (Eg in eV) Obtained from Tauc
Plots of Synthesized ZnO NPs with the Green Method

s. no. ZnO nanoparticles band gap energy Eg (eV)

1 L1 2.86
2 L2 2.80
3 L5 2.34
4 L10 2.28

Figure 12. (a, b) Hemolytic effect of ZnO nanoparticles (L1 and L2)
on erythrocytes. The representative photographs (inset) show the
presence of hemoglobin in the supernatant of erythrocytes treated
with L1 and L2, respectively, at different concentrations (100−250
μg/mL) for 1 h. Bar graphs in panels a and b represent the
corresponding percent hemolysis with different concentrations of L1
and L2, respectively. NC: negative control (erythrocytes incubated
with PBS) and PC: positive control (erythrocytes incubated with
0.2% Triton X-100). Data are shown as mean ± SD.
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clinical therapeutic agents for cervical cancer. In conclusion, for
the clinical use of green synthesized ZnO nanoparticles for
cancer treatment, an extensive in vivo study is needed for
enhancing economic efficiency.
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