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Cancer is considered as one of the relatively high mortality diseases to humankind and the search for
newer strategies to combat the disease is a never-ending process. In view of the same the present study
was designed to biosynthesize zinc oxide nanoparticles (ZnO-NPs) from the aqueous leaf extract (ALE) of
medicinally important plant Sphagneticola trilobata L. for the first time and to evaluate its efficacy in
inducing cancer against HT-29 cells apart from identifying their biocompatible potential. The as-
prepared StZnO-NPs were characterized by different techniques that signified the properties of the
nanoparticles, which included an absorption peak at 298 nm, bandgap energy of 3.43 eV with a size
of � 29.83 nm. The scanning electron microscopic images confirmed the particles were agglomerated
and the energy dispersive spectroscopic analysis confirmed the particles were of 98.23% purity. The
Fourier transform infrared spectroscopy revealed that the metabolites of the ALE act as reducing/ stabi-
lizing agents during the synthesis process which was confirmed by the presence of absorbance peak
between 400 cm�1 to 600 cm�1. The StZnO-NPs also offered potential antioxidant and genotoxic potential
with an IC50 value of 0.7 mg mL�1. In addition, the cytotoxic ability of the StZnO-NPs against the HT-29
colon cancer cells and human erythrocytes revealed that the particles were cytotoxic towards HT-29
cells, while insignificant effect against the human erythrocytes. Further, a detailed investigation on the
interaction with cells and their inherent toxicity may be enhanced through in vivo methods before their
therapeutic usage as the StZnO-NPs evaluated during the study offered antioxidant, genotoxic and cyto-
toxic properties is biocompatible.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nanotechnology is one of the many fields that have brought
remarkable development over the 21st century in science and
technology and nanomaterials are termed the wonder of modern
medicine (Kasinathan et al., 2016; Kaviyarasu et al., 2017;
Magdalane et al., 2018). The key to the success of nanotechnology
greatly relies on the eco-friendly strategies employed for the
development of nanoparticles (Alam, 2021; Bisht and Rayamajhi,
2016; Demchenko, 2012). It is well noted that the conventional
methods (physical and chemical) require less time to synthesize
bulk amounts of nanoparticles, but the chemicals involved tend
to cause toxic implications on the environment (Ansari et al.,
2020). Thus, eco-friendly strategies have been developed to over-
come the toxic effects of the conventionally developed nanoparti-
cles using biotic sources (plants and microorganisms) as the
primary source for synthesizing nanoparticles (Yusof et al., 2019;
Murali et al., 2021). Many biological sources employed in the syn-
thesis of nanoparticles, extracts of plant materials (leaf, stem,
roots, flowers, etc.) have been extensively used for the synthesis
of nanoparticles wherein the active metabolites/enzymes act as
reducing and capping agents, thereby helping in the bulk produc-
tion of the particles which is economically advantageous
(Agarwal et al., 2017; Udayshankar et al., 2021). In addition, the
usage of plant sources cuts down the potential toxicity of the syn-
thesized particles and can also be produced with the required mor-
phology (size, shape, etc.) (Ahmed et al., 2017; Murali et al.,
2021a). Among the metallic and non-metallic nanoparticles, atten-
tion has been focused on zinc oxide nanoparticles (ZnO-NPs) due to
their broad applications in different fields of science that start from
optical to biocontrol to mainly the pharmaceutics due to their sta-
bility, non-toxic and cost-effective nature (Mahendra et al., 2020;
Lakshmeesha et al., 2020). These nanoparticles have also been
‘‘generally recognized as safe” (GRAS) by the US FDA
(21CFR182.8991).

The tumor is considered one of the most infectious diseases to
humankind, leading to 10 million deaths in 2020. Among the dif-
ferent types of cancer, colon cancer is the third highest in cases
reported and stands second in terms of death caused in the last
year (2020) (https://www.who.int/news-room/fact-sheets/de-
tail/cancer). Many therapies like chemotherapy, nutrition therapy,
stem-cell therapy, targeted drug therapy, gene therapy, etc., have
been employed to treat the disease, but an effective treatment/
drug is still required for their inhibition has both advantages and
disadvantages. Nowadays, the employment of nanoparticles for
the inhibition of tumours is gaining importance due to their size
and effectiveness (Yao et al., 2020; Murali et al., 2021b). From
the literature, it is noted that both metallic and non-metallic
nanoparticles have also been employed in the inhibition of tumor
cells, including ZnO-NPs (Blanco et al., 2015; Kaviyarasu et al.,
2017; Khan et al., 2019; Satish et al., 2019; Murali et al., 2021a).
To date, the plant-mediated ZnO-NPs have been known to effec-
tively induce tumors related to the colon, breast, renal, etc., to date
(Yao et al., 2020). Sphagneticola trilobata L. of the family Asteraceae
is a commonly available plant that is widely used for its bio-
potentialities viz., anti-inflammatory, antioxidant, antimicrobial
activities (Lakshmeesha et al., 2020; Mani et al., 2021a; Mani
et al., 2021b; Mani et al., 2021c). They also offer wound healing,
antihelmintic and anticancer pharmacological activities as it has
been noted that the plant is rich in phytoconstituents (such as fla-
vonoids, saponins, phenol, tannins, alkaloids, and cardiac glyco-
sides) and also contains acetylenes and derivatives of kaurenic
acid (Sandra et al., 2012; Balekar et al., 2014) and no reports are
available to date on the biosynthesis of ZnO-NPs from any of the
Sphagneticola spp. Due to the strong pharmacological properties
of the Sphagneticola trilobata L., the synthesis of ZnO-NPs was car-
2

ried out to evaluate their efficacy in inducing tumor (HT-29 cells)
in vivo, including antioxidant, genotoxic and biocompatible nature
by using human erythrocytes.

2. Materials and methods

2.1. Plant collection, synthesis, and characterization of ZnO-NPs

Healthy leaves of Sphagneticola trilobata L. were collected from
Mysuru, Karnataka, India. The collected leaves were subjected to
extraction with sterile water (1:1) to obtain the extract (ALE).
The biosynthesis of ZnO-NPs from the ALE was performed follow-
ing our previous studies (Murali et al., 2017). The particles
obtained (StZnO-NPs) were subjected to the physico-chemical
characterization that included UV–Vis spectroscopy [to determine
the optical density and bandgap energy by Tauc’s equation (ahv = D
(hv - Eg)n], X-Ray Powder Diffractometer (XRD) (for size and struc-
ture), scanning electron microscopic (SEM) analysis (for morphol-
ogy), Energy Dispersive Spectroscopic (EDS) analysis (for
detection of elements) along with Fourier Transform Infrared Spec-
troscopic (FT-IR) analysis for both ALE and StZnO-NPs to determine
the binding properties of biosynthesized nanoparticles using stan-
dard procedures.

2.2. Evaluation of biological properties of biosynthesized StZnO-NPs

2.2.1. Antioxidant activity
The radical scavenging activity (RSA) of biosynthesized StZnO-

NPs was carried out by the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
scavenging method, according to Murali et al. (2020). A range of
StZnO-NPs concentrations (0.25–1 mg mL�1) and respective con-
trol samples were evaluated for radical scavenging activity using
0.1 mM of DPPH. Each of the selected concentrations of StZnO-
NPs was subjected to sonication (15 min) before evaluation. The
percent RSA of the nanoparticles was determined by measuring
the absorbance using a UV–Vis spectrophotometer.

RSA ð%Þ ¼ Abs517 nm of Control � Abs517 nm of Sample
Abs517 nm of Control

X 100

2.2.2. Genotoxic analysis
Allium cepa root tip assay was used to evaluate the genotoxic

nature of biosynthesized StZnO-NPs along with respective control.
The established roots of healthy onion bulbs were removed and
placed upon the glass vials containing sterile distilled water. When
the fresh roots reached about 20 to 30 mm long, the onion bulbs
were moved to fresh glass vials with the sonicated StZnO-NPs
(0.25–1 mg mL�1) samples, which were further subjected to incu-
bation (24 h). The StZnO-NPs treated root tips were carefully cut
out and placed in 1 N HCl (2–3 min) for cell wall hydrolysis, fol-
lowed by repetitive rinses in distilled water. Further, the excised
root tips were stained with propidium iodide (nucleic acid-
specific staining) (10 mg mL�1 in phosphate buffer) for 10 min
(Hemanth Kumar et al., 2020) and squashed on a clean glass slide
before observing the same under a fluorescence microscope for any
chromosomal abnormalities and the percent mitotic index was
calculated.

Mitotic Index ð%Þ ¼ Number of DividingCells
TotalNumber of Cells

� 100
2.3. Cytotoxic analysis

2.3.1. MTT assay of cell inhibition
The anticancer properties of biosynthesized StZnO-NPs were

evaluated on HT-29 cell lines procured from NCCS, Pune by 3-(4,

https://www.who.int/news-room/fact-sheets/detail/cancer
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5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay (Selvakumaran et al., 2003). A total of four different concen-
trations of StZnO-NPs (0.25–1mgmL�1) were evaluated along with
respective control during the study. Each well of the Microtitre
plate (96 well plate) was seeded with Dulbecco’s modified Eagle’s
medium (DMEM) (0.1 mL) containing 5 � 105 HT-29 cell suspen-
sion and incubated in a humidified atmosphere containing 5%
CO2 for 24 h at 37 �C. The incubated samples were trypsinized/
aspirated, and fresh DMEM (0.1 mL) containing StZnO-NPs and
respective control with 10% fetal bovine serum were loaded and
incubated at the above-said conditions. The incubated samples
were again trypsinized/ aspirated and MTT solution (0.1 mL) pre-
pared in phosphate buffer saline was added to the wells and sub-
jected to incubation for 4 h before their removal and addition of
DMSO (0.1 mL) to rapidly solubilize formazan. Further, the optical
density of the final samples in the microtitre plates was measured
using a Microtitre reader to note the percent cell viability. The
experiments were carried out in triplicates.

Cell Viability %ð Þ ¼ Abs590 nm of Sample
Abs590 nm of Control

� �
X100
2.3.2. Cell cycle analysis
The HT-29 cells were separately seeded in a 6-well plate at

a density of 5 � 105 and were cultured in a water-saturated
incubation chamber having 5% CO2 at 37 �C. The growth media
was aspirated after the stipulated time and the cells were
exposed to St-ZnO-NPs (1 mg) to a final volume of 3 mL
well�1 for 24 h. At the specified time, the nanoparticle exposed
cells were trypsinized and centrifuged for 10 min at 2000 rpm
for pellet collection. The cell pellet was fixed with ethanol
(0.7 mL) and incubated at �20 �C for 60 min. The fixed cell
samples were subjected to washing with ice-cold PBS by cen-
trifugation. The ensuing cell pellet was resuspended in 1 mL of
PBS solution containing propidium iodide and RNase A
(0.05 g mL�1) and Triton X-100 (0.1%) and incubated for
30 min in the absence of light. The resultant cell suspension
was analyzed using a flow cytometer (Cell Lab QuantaTM, SC,
Beckman Coulter, USA).
2.3.3. Apoptosis/ necrosis analysis
In addition, the St-ZnO-NPs treated HT-29 cells along with

control sets as mentioned above were analyzed using Annexin
V-FITC staining by using Annexin V-FITC Apoptosis Detection
Kit (Invitrogen, USA) as per the manufacturer’s instructions. In
brief, the StZnO-NPs treated and control HT-29 cells were washed
using PBS and resuspended in binding buffer (1X, 0.2 mL).
Approximately 0.05 mL of Annexin V-FITC was added to
0.195 mL of cell suspension, thoroughly mixed and subjected to
incubation for 10 min at room temperature. At the stipulated
time, the cell suspension was washed using the binding buffer
(0.2 mL) and resuspended in 0.19 mL of the same buffer and
0.1 mL of propidium iodide was added, mixed thoroughly, incu-
bated for 5 min under the absence of light and analyzed under
a flow cytometer.
Fig. 1. Ultraviolet–visible spectroscopic analysis (A) and Bandgap energy (B) of
biosynthesized StZnO-NPs of S. trilobata.
2.3.4. Cellular morphology assay
The StZnO-NPs treated and control HT-29 cells in DMEM were

incubated for 24 h under the absence of light were, trypsinized,
centrifuged, washed with ice-cold PBS, and resuspended in PBS.
The cell suspension was fixed on glass slides with a coverslip and
observed using a Phase contrast microscopy at 20X magnification
(Zeiss Axio Vert. A1, Germany).
3

2.4. Biocompatibility of StZnO-NPs

The biocompatibility of the synthesized StZnO-NPs was eval-
uated by hemolytic assay (Saraswathi et al., 2017). In concise,
about 10 mL blood sample was drawn from healthy volunteers
with consent and subjected to centrifugation (3 min at
3000 rpm). The collected erythrocytes were repeatedly washed
with Dulbecco’s phosphate buffer saline (D-PBS) solution and
the final concentration of the resultant sample was adjusted
with to D-PBS to get 5% hematocrit (pH 7). The known concen-
tration of StZnO-NPs (0.25–1 mg mL�1) was placed in centrifuge
tubes and approximately 3 mL of the erythrocyte suspension
was added and mixed gently before incubating at 37 �C for
1 h. The free hemoglobin content in the supernatant was deter-
mined by measuring the absorbance at 540 nm using a UV–Vis
spectrophotometer.

%Haemolysis

¼ Absorbanceof Test sample �Absorbanceof DPBS
Absorbanceof 1%TritonX� 100�Absorbanceof DPBS

X100
2.5. Statistical analysis

The experiments of the study were performed with three repli-
cates and subjected to statistical analysis using SPSS, version 17
(SPSS Inc., Chicago, IL) and the significant differences among the
treatment mean values were affirmed by Honestly Significant Dif-
ference (HSD) attained by Tukey’s test at p � 0.05 levels.
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3. Results and discussion

3.1. Plant collection, synthesis, and characterization of ZnO-NPs

The biosynthesized StZnO-NPs were subjected to evaluation for
their physico-chemical characters using various techniques. The
spectral analysis of the StZnO-NPs evaluated using a spectropho-
tometer had an absorption peak at 298 nm (Fig. 1A), and the
energy bandgap was calculated through Tauc’s equation (ahv = D
(hv - Eg)n was found to be 3.6 eV (Fig. 1B). The obtained results
are in affirmation with other studies wherein it is noted that the
ZnO-NPs have possessed an absorption peak in long (UV-A) and
short wave (UV-B) regions that fall between 280 and 400 nm
(Murali et al., 2017; Ansari et al., 2020). In addition to the spectral
analysis, it is well noted that the ZnO-NPs have bandgap energy
between 3.2 eV and 3.5 eV (Song et al., 2011) and our results also
corroborate the findings. Stiff narrow peaks without any notable
shift indicate that the crystalline product was observed upon eval-
uation of StZnO-NPs under XRD, signifying that the particles were
pure with a � 29.83 nm, which was estimated using Scherrer’s for-
mula (Fig. 2A). The stiff narrow peaks were well matched to JCPDS
No. 80–510 and in accord with other analyses on ZnO-NPs biosyn-
thesized using plant extracts (Kavya et al., 2020). The absorption of
infra-red radiations ALE of the plant at various wavenumbers
showed spectrum bands at 3356.13 cm�1 [(O–H stretch) Alcohol/
phenol group], 1718.78 cm�1 [(C = O) esters group],
1634.55 cm�1[(N–H) ester group], 1523.59 cm�1 [(N-O) nitro
group], 1446.96 cm�1 [(C–C) aromatic group], 1367.30 cm�1 [(C–
H) alkane group] and 655.59 [(-C�C-H) alkyne group]. In addition,
Fig. 2. X-ray diffraction (A) and FTIR spectroscopic analysis of biosynthesized
StZnO-NPs of S. trilobata.

4

absorbance peak between wavenumber 400 cm�1 to 600 cm�1 was
observed with St-ZnO-NPs and not in the case of ALE which affirms
metal oxide bond formation, thereby asserting that the phytocon-
stituents of the plant extract act as stabilizing and reducing agents
during the synthesis of nanoparticles (Fig. 2B). The morphology
and elemental analysis of the nanoparticles showed that the
biosynthesized particles were agglomerated (Fig. 3A) and of
98.23% purity (Fig. 3B) when analyzed through EDS. Accordingly,
from the literature, it may be noted that the physico-chemical
characterization through various methods (UV, XRD, SEM, EDS,
FT-IR, etc.) is important in identifying the properties of the biosyn-
thesized nanoparticles (Basnet et al., 2018; Kumar et al., 2019).

3.2. Antioxidant activity

The DPPH radical scavenging potentiality of StZnO-NPs evalu-
ated with different concentrations revealed a dose-dependent
increase with a half-maximal inhibitory concentration (IC50) of
0.7 mg mL�1 (Fig. 4A). The study results specify that the synthe-
sized particles due possess radical scavenging ability and it is a sig-
nificant factor that helps to inhibit lipid peroxidation and DNA
damage within the cells that are directly linked to the complica-
tions that arise due to cancer (Lobo et al., 2010). From the available
Fig. 3. Scanning Electron Microscopic (A) and EDS (B) analysis of biosynthesized
StZnO-NPs of S. trilobata.



Fig. 4. Representative images of genotoxicity of StZnO-NPs observed in onion root
meristem cells.
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literature, it is noted that during the synthesis of nanoparticles
using biotic agents, the phytoconstituents of the source will act
as a possible capping agent that might result in possessing the
antioxidant ability of the particles (Basnet et al., 2018; Murali
et al., 2021b). In accordance, the synthesis of nanoparticles without
using ALE of the plant at the above said concentrations didn’t offer
significant antioxidant potentiality (data not shown) in the present
study.
3.3. Genotoxic analysis

The genotoxicity of the StZnO-NPs was evaluated on onion root
tips as the plant species (Allium cepa) is identified as a bio-indicator
plant by the UN Environmental Programme (UNEP) and the US
Environmental Protection Agency (USEPA) (Mesi et al., 2013). The
model plant employed in the study is a broadly approved method
to evaluate the potential anticancer properties of newer com-
pounds/ metabolites before evaluating the same under in vitro,
in vivo and animal studies along with investigation on factors
affecting environmental pollution factors along with toxicity of
chemical compounds (Mahendra et al., 2017; Hemanth Kumar
et al., 2020; Murali et al., 2021b). The studies noted that the
biosynthesized StZnO-NPs could significantly affect the mitosis
process within the cells. The synthesized nanoparticles were able
to inhibit the mitosis in cells in a concentration-dependent manner
with maximum inhibition in the mitotic index of 43.47% at the
maximum concentration evaluated with an IC50 concentration of
0.72 mg mL�1 (Fig. 4B), thereby signifying their efficacy in inhibit-
5

ing the cell division. It was also noted that the positive (methotrex-
ate) and negative [(sterile distilled water (SDW)] treated root tips
mitotic index of 10.36% and 92%, respectively. Also, the micro-
scopic evaluation of StZnO-NPs treated onion root tips upon
nuclear staining revealed chromosomal abnormalities in a signifi-
cant number of cells, while the untreated root tip cells showed
usual cell division (Fig. 5). The inhibition in the mitosis process is
mainly related to the interaction of the particles with the cells that
results in the generation of reactive oxygen species leading to dis-
ruption in membrane morphology, electron transport chain and
spindle apparatus resulting in DNA damage and cell arrest in mito-
sis that eventually results in cell apoptosis (Kavya et al., 2020;
Murali et al., 2021b). The results of the study denote that the par-
ticles possess the ability to inhibit mitosis within the cells leading
to apoptosis by signifying their genotoxic potential, which is in
conformity with the results of Mahendra et al., (2017) and Heam-
nath Kumar et al., (2020) in which they noted genotoxic potential-
ity in plant-based ZnO-NPs upon treatment.

3.4. Cytotoxic analysis

3.4.1. MTT assay of cell inhibition
The cytotoxic efficacy of StZnO-NPs was examined by MTT

assay (Rai et al., 2018) on HT-29 cancer cells. The StZnO-NPs
revealed a concentration-oriented inhibition against the multipli-
cation of cancer cells after 24 h of treatment, wherein the viability
of the cells decreased from 86.46% to 39.42%, with an IC50 value of
0.79 mg mL�1 (Fig. 6). Nevertheless, the colchicine (standard drug)
was used against the HT-29 cell line as a positive control, which
offered more than 70% cytotoxicity at 100 lg mL�1. It has been
observed that the number of living cells in the culture proportion-
ally represents the total amount of formazan produced due to the
activity of mitochondrial dehydrogenase (Kaviyarasu et al., 2017;
Magdalane et al., 2018; Murali et al., 2021a). The elevated levels
of ROS production damage the DNA of the cells significantly and
seize the cell cycle leading to cell death (Singh et al., 2009; Wang
et al., 2019). In accordance, the biosynthesized StZnO-NPs offered
cytotoxicity towards highly proliferating HT-29 cells due to their
ROS production. Our results are consistent with the study reported
by Premanathan et al., (2011) wherein ZnO nanoparticles could
increase lipid peroxidation in the liposomal membrane by produc-
ing reactive oxygen species (ROS). In addition, studies have
reported that biosynthesized ZnO nanoparticles from plant
extracts have selective and high cytotoxicity towards cancer cells
of the colon, glioma, lung, breast, and prostate with less effect on
normal cells (Saranya et al., 2017; Amuthavalli et al., 2021;
Murali et al., 2021b).

3.4.2. Cell cycle analysis
The cell cycle phase consists of interphases (G1, S, and G2) and

mitosis (M) and each phase has its importance in the development
of the cell and arresting/ controlling of cell cycle is one of the
important approaches in developing anticancer therapeutics
(Schwartz et al., 2005). In the study, StZnO-NPs (1 mg mL�1,
selected based on maximum percentage cell inhibition in MTT
studies) caused G0/G1 cell cycle arrest in the HT-29 cell line, which
caused a significant decrease in the accumulation of cells at the S
phase after 24 h of treatment (Suppl. Table 2). The cell cycle anal-
ysis of untreated cells of the HT-29 cells revealed that 86.48% in
G0/G1 phase, 12.03% in S phase and 0.04% in G2 phase, wherein
cells treated with StZnO-NPs showed that 90.69%, 7.62% and
1.65% cells in G0/G1 phase, S phase and G2 phase, respectively.
The percentage of cells in the G0/G1 phase increased significantly
(p � 0.05) compared to the untreated cells, from 86.48% to
90.69% (Fig. 7). The results suggest that StZnO-NPs arrest at G0/
G1phase and the cell population increased, which may be respon-



Fig. 5. Representative images of genotoxicity of StZnO-NPs observed in onion root meristem cells.

Fig. 6. Effect of StZnO-NPs on HT-29 cells analyzed by MTT assay.
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sible for the anti-proliferation of HT-29 cancerous cell line. Further,
StZnO-NPs efficacy was comparable to the standard positive con-
trol colchicine (320 lg) used in the study. The inhibition process
of the cell cycle finally leading to cell death is directly correlated
to the generation of oxidative stress upon the interaction of the
particles on the cell membrane due to released Zn2+ ions (Ramus-
sen et al., 2010; Murali et al., 2021a), which is in confirmation with
the results obtained during the present study. In addition, Hanley
et al. (2008) have reported that enhanced permeability retention
(EPR) and electrostatic interaction properties of biosynthesized
particles (ZnO-NPs) towards the cancer cells are preferentially high
6

in the cancer cells compared to normal cells (Rasmussen et al.,
2010; Anandan et al., 2019). Further, many studies have indicated
that plant-based ZnO-NPs possess cytotoxic potentiality against
various cancer-causing cell lines indicating their anticancer prop-
erties (Singh et al., 2009; Premanathan et al., 2011; Rai et al.,
2018; Wang et al., 2019).
3.4.3. Apoptosis/ necrosis analysis
Annexin-V staining was used to identify early and late apopto-

sis in StZnO-NPs treated HT-29 cells. It efficiently binds to phos-
phatidylserine externalized on the outer plasma membrane of
apoptotic cells binds to P.S. specifically (Elmore, et al., 2007) and
Flow Cytometry was employed to determine the apoptosis caused
quantitatively. The presence of P.S. on the cell surface is one of the
most important characteristics of apoptosis because of the nega-
tive charge phospholipid’s potential to change interactions with
other lipids that could disrupt the lipid supporting structures
(Demchenko, et al., 2012). The HT-29 cells treated with StZnO-
NPs induced late apoptotic (82.5%) at 24 h after treatment, whereas
colchicine (320 lg) showed an increase in early apoptotic cells
(89.06%) (Fig. 8, Suppl. Table 3). Likewise, many studies have
reported the cytotoxic potentiality of plant-based ZnO-NPs in
cancer-causing cell lines wherein Annexin-V staining was used to
detect apoptosis upon treatment (Wang et al., 2019; Murali et al.,
2021b). Researchers have demonstrated that, due to the presence
of a high percentage of phospholipids as well as specific groups
on their surface, cancer cells possess negative zeta potential, which
is electrostatically adsorbed by the positively charged zinc oxide
nanoparticles (Zn2+), thereby leading to programmed cell death
(Guo et al., 2013; Bisht et al., 2016; Wang et al., 2017).



Fig. 7. Cell cycle analysis of StZnO-NPs treated HT-29 cells analyzed on flow cytometry with Annexin-V staining. Each value is the mean of triplicates (n = 3) and vertical bars
indicates standard error.

Fig. 8. Apoptotic analysis of StZnO-NPs treated HT-29 cells analyzed on flow cytometry with Annexin-V staining. Each value is the mean of triplicates (n = 3) and vertical bars
indicates standard error.
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3.4.4. Cellular morphology assay
To validate the results obtained from the above-mentioned

cytotoxic analysis, the morphological changes in the cells were
conducted. The results showed that the HT-29 cells treated with
7

both StZnO-NPs and colchicine showed morphological changes
upon the incubation time that include the formation of apoptotic
bodies, membrane blebbing, nuclear fragmentation and shrinkage
of cells, which were not observed in control cells (Fig. 9). The



Fig. 9. Representative images of morphological changes observed in HT-29 cells
upon treatment with StZnO-NPs. (a) Apoptotic bodies; (b) membrane blebbing; (c)
nuclear fragmentation; (d) cellular shrinkage.
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changes in the morphological structures of the cell are highly cor-
related to the interaction of ZnO-NPs with the cancer cells that
have resulted in the generation of ROS, leading to the damage to
the cell membrane and cellular organelles, including DNA that
led to apoptosis (Song et al., 2011; Wang et al., 2015;
Vijayakumar et al., 2016).

3.5. Biocompatibility of StZnO-NPs

Given StZnO-NPs potential antioxidant, genotoxic and anti-
tumor properties, it becomes relevant to evaluate its cytotoxic nat-
ure against normal cells. The study is mainly based on evaluating
the release of hemoglobin from the red blood cells if the tested par-
ticles can rupture the cells (Elmore, 2007; Mesi and Kopliku, 2013;
Schwartz and Shah, 2005). Hence, we conducted the hemolytic
Fig. 10. Biocompatible nature of StZnO-NPs evaluated against the human
erythrocytes.
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assay against the normal human erythrocytes to confirm its bio-
compatible nature at different concentrations (0.25–1 mg mL�1)
compared to Triton X-100 (1%). The studies observed that the
StZnO-NPs offered insignificant hemolysis even at the maximum
concentration evaluated (Fig. 10). The haemolytic activity was
1.6% and 4.5% at the minimum and maximum dosage evaluated,
whereas Triton X-100 at 1% concentration offered 100% haemoly-
sis. It has been noted that up to 5% hemolysis is regarded as a tol-
erable limit (Abinaya et al., 2018; Alam et al.,2021).

4. Conclusion

The present work reports the first report of the synthesis of
ZnO-NPs from the aqueous leaf extract of Sphagneticola trilobata.
The synthesized StZnO-NPs demonstrated significant antioxidant,
genotoxicity (onion root tip method) and cytotoxic properties
(HT-29 cells) comparable with that of standard drugs used in the
study. In addition, the biocompatible nature of the synthesized
StZnO-NPs against the human erythrocytes offered insignificant
cytotoxic potential thereby indicating its effectiveness against
the cancerous cells. The finding of the study potentiates the effi-
cacy of StZnO-NPs as a good option for the cure of cancer due to
its strong antioxidant, genotoxic and cytotoxic properties and safe
as they offered no toxicity against the human erythrocytes thereby
proving its biocompatible nature.
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