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Abstract

Cancer chemotherapy remains a serious challenge, and new approaches to therapy are urgently needed
to build novel treatment regimens. The methanol extract of the stem of Tinospora Cordifolia was used to
synthesize biogenic zinc oxide nanoparticles (ZnO-NPs) that display anticancer activities against
colorectal cancer. Biogenic ZnO-NPs synthesized from methanol extract of Tinospora Cordifolia stem
(ZnO-NPs TM) were tested against HCT-116 cell lines to assess anticancer activity. UV-Vis, FTIR, XRD,
SEM, and TEM analysis characterized the biogenic ZnO-NPs. To see how well biogenic ZnO-NPs fight
cancer, cytotoxicity, AO/EtBr staining, Annexin V/PI staining, mitochondrial membrane potential (MMP),
generation of reactive oxygen species (ROS) analysis, and caspase cascade activity analysis were
performed to assess the anticancer efficacy of biogenic ZnO-NPs. The IC50 values of biogenic ZnO-NPs
treated cells (HCT-116 and Caco-2) were 31.419 + 0.682ug/ml and 36.675 £ 0.916ug/ml, respectively.
qRT-PCR analysis showed that cells treated with biogenic ZnO-NPs Bax and P53 mRNA levels increased
significantly (p < 0.001). It showed to have impaired MMP and increased ROS generation. In a corollary,
our in vivo study showed that biogenic ZnO-NPs have an anti-tumour effect. Biogenic ZnO-NPs TM
showed both in vitro and in vivo anticancer effects that could be employed as anticancer drugs.

Keywords: Anticancer, Apoptosis, biogenic ZnO-NPs, Caspase cascade, Colorectal cancer, Cytotoxicity, Green synthesis, in vivo,
MMP, ROS

1. Introduction

Colorectal cancer (CRC) is the third most
common cause of new cancer cases (1.93 million cases)
in 2020, trailing only breast and lung cancer. It was the
second leading cause of death (916,000 deaths) in
2020, next to lung cancer [1]. Colorectal cancer is a
complex and aggressive disease that poses significant
challenges for researchers and  healthcare
professionals. The incidence of colorectal cancer is on
the rise, particularly among young adults,
highlighting the urgent need for effective treatment
options and prevention initiatives [2]. While
conventional cancer therapies, such as chemotherapy

and radiation, have been crucial in managing the
disease, they often come with significant side effects
and limited efficacy [3, 4]. Although several
anticancer chemotherapies are currently available,
they fail to produce a complete anticancer response
due to drug resistance or their inability to differentiate
between healthy and cancerous cells accurately, and
they often require large amounts of drug administra-
tion [5]. Traditional chemotherapy kills rapidly
proliferating cancer cells by interfering with their
ability to synthesize DNA. The chemicals are not
discriminating, so they could cause harm to normal
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tissues as well as cancerous ones, leading to serious
unwanted side effects, including nausea and weight
loss.

In recent years, nanoparticles have emerged as a
promising avenue for cancer treatment, offering
targeted delivery of therapeutic agents and enhanced
treatment efficacy. Numerous studies have explored
the use of various types of nanoparticles, such as gold
nanoparticles, Carbon-based NPs, Lipid-based NPs,
Polymeric NPs, cobalt oxide nanoparticles, Ag NPs,
CuO NPs, ZnO NPs, MgO NPs, CaO NP, Fe NPs etc,
in the treatment of cancer [6, 7, 8, 9, 10]. These
nanoparticles have shown potential in improving the
bioavailability of polyphenols, protecting and
delivering medicine to the colon, and integrating
controlled release mechanisms for enhanced
chemotherapy efficacy [11]. Their unique properties,
such as small size and large surface area, allow for
efficient and precise delivery of drugs to cancer cells
while minimizing damage to healthy tissues [12].
Furthermore, in order to boost safety and efficacy,
NPs may enhance the stability and solubility of
encapsulated cargos, facilitate transport across
membranes, and extend circulation times [13, 14].

Because of their biocompatibility, zinc oxide
nanoparticles (ZnONPs) are one of the metal oxide
nanoparticles that are gaining popularity as a
semiconductor nanomaterial with a wide variety of
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applications in photocatalysis, cosmetics, electrical
and optoelectronic devices, and most crucially,
biomedicine. They do have large band-gap, high
exciton energy, and rapid electron mobility, that
allows it to have special physical and chemical
properties [15]. ZnO-NPs have specific cytotoxicity
towards cancer cells, as demonstrated by several in
vitro studies [16-17]. In comparison to normal cells,
Hanley proposed that they exhibit 28-35 times more
selective toxicity against cancer cells [18]. By
specifically directing ZnO-NPs toward cancer cells, it
is possible to further capitalize on this selective
cytotoxicity in cancer cells in an in vitro setting.
ZnO-NPs have been shown in several studies to
exhibit selective cytotoxicity against cancer cells;
nevertheless, the precise mechanism behind this
selectivity remains unknown. Thus, the objective of
this research paper is to provide an in-depth analysis
of the effect of biogenic ZnO-NPS on colorectal cancer
and evaluate its potential as a medical intervention.
The green synthesis of ZnO-NPs was discovered
to significantly reduce the need for metal ions,
expensive chemicals, and time-consuming experi-
mental techniques. Tinospora Cordifolia (T. Cordifolia) is
a medicinal plant that is a genetically varied, large,
deciduous climbing shrub with greenish-yellow
flowers that grow at higher altitudes. This plant is
common in India and has various therapeutic benefits
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Figure 1: Schematic representation of the possible mechanism of biogenic ZnO-NPs-induced apoptosis.
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traditionally [19]. However, a review of research
findings showed that the T. Cordifolia plant extract has
never been employed to synthesize ZnO-NPs.

Over the last two decades, substantial research
efforts have been made toward developing
eco-friendly and cost-effective nanomaterials [20].
Herbs are the most widely utilized sources for NP
synthesis because of their availability, accessibility,
and rich source of reducing agents [20, 21]. In this
article, we hypothesize that eco-friendly and
cost-effective biogenic ZnO-NPs can be synthesized
from the local medicinal plant T. Cordifolia extract and
this synthesized biogenic ZnO-NPs can kill colorectal
cancer cells via ROS-induced mitochondrial
membrane potential disruption mechanism. This
study was evaluated by conducting both in vitro and
in vivo experiments. We conducted cytotoxicity,
apoptosis induction, ROS imbalance, mitochondrial
potential disruption as well as the tumor reduction,
both in volume and weight in mice, in our in vivo
study. we seek to provide valuable insights into the
promising role of biogenic ZnO-NPs as an alternative
therapy in the management of colorectal cancer.

2. Materials and Methods

2.1. Chemicals and instruments

The Zinc nitrate hexahydrate [Zn (NOs); 6HO]
was purchased from Sigma-Aldrich, (CAS #:
10196-18-6, Sigma-Aldrich, USA); whereas methanol
(CAS #: 67-56-1) and Acridine orange (CAS #:
10,127-02-3) were purchased from SRL; Cellular ROS
assay kit (red) (CAS #: ab186027, Abcam, UK) and
JC-1-mitochondrial membrane potential assay kit
(CAS #: abl113850, Abcam, UK) purchased from
Abcam; Annexin V-FITC apoptosis detection kit (Cat
#: 1001K) was purchased from Abgenex for apoptotic
and necrotic studies ( Abgenex Plc, Bhubaneswar,
India ); and sodium hydroxide (CAS #: 1310-73-2)
were obtained from Merck. Cellular ROS Assay Kit
(Red) (ab186027) and JC-1 - Mitochondrial Membrane
Potential Assay Kit (ab113850) were purchased from
Abcam (Abcam plc, Cambridge, United Kingdom). To
analyse qualitative and quantitative the assessments
the following technologies are used: Gas chromato-
graphy-mass spectrometer (GC-MS) (Agilent 7890A,
United States), UV-visible spectroscopy (Cary 100
UV-Vis Spectrophotometer, United States), FTIR (100
Spectrum, Perkin Elmer, Germany), XRD (Rigaku
Smart Lab 8A Series, Japan), high-resolution TEM
(JEM-2100, HRTEM, JEOL, JAPAN), bench top
fluorescence microscopy (FLoid™ Cell Imaging
Station, United States), BD FACS Canto II flow
cytometer (BD Biosciences, United States), and
centrifuge  (5804/5804R  Eppendorf  benchtop
centrifuge, United States).
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2.2. Cell Culture

The National Center for Cell Science (NCCS) in
Pune, India, supplied the cell lines (colorectal cancer
cell lines Caco-2 and HCT-116 as well as control cells
HEK-293). In DMEM, which contains 10%
heat-inactivated FBS, 1% 1-glutamine, and 1%
antibiotics (Penicillin/Streptomycin), the cells were
cultured for 24 hours in a humidified 37°C (5% COy)
incubator.

2.3. Preparation of plant extract

Fresh stems of Tinospora cordifolia were collected
from the Balasore district of Odisha State, India. The
stem was thoroughly washed with tap water and
deionized water three times before being chopped
and dried in the shade away from direct sunlight for
seven days. The dried chopped stems were ground to
a powder using an electric grinder. As per previous
extraction techniques, one gram of the finely
powdered stem of T. cordifolia was immersed in 100 ml
of 90% methanol and placed in a hot water bath for 3-
4 h [21]. After filtering through a 0.45-pm Whatman
filter paper, the extract was concentrated in a rotary
flash evaporator at temperatures between 35 and 40
°C. Once the extract was concentrated, it was placed
in airtight bottles and kept at 4°C until required.

2.4 Analysis using Gas Chromatography-Mass
Spectrometry (GC-MS)

Tinospora cordifolia has been reported to have a
wide range of compounds, including polysaccharides,
alkaloids, cadinene sesquiterpenes, and phenylpro-
panoid glycosides [19]. The phytoconstituents of a
methanol extract of Tinospora cordifolia stems were
looked at with an Agilent 7890A gas chromatograph
connected to a mass spectrometer (GC-MS) with an
autosampler and a fused silica column with an
Elite-5MS capillary column (30 m x 0.25 mm L.D. x 25
m). The carrier gas was 99.99 % pure helium gas,
flowing at a steady rate of 1 ml/min with an average
velocity of 36.445 cm/s throughout the experiment's
32-minute duration [22]. For GC-MS spectrum
detection, an electron mode at 70 eV and a scan time
of 0.2 seconds with fragments ranging from 40 to 600
m/z were used. One liter of mobile phase was
injected at a temperature of 250 degrees Celsius (a
split ratio of 10:1). After being held at 50 degrees
Celsius for 1.3719 minutes, the temperature in the
column oven was increased by 10 degrees every
minute until it reached 250°C. Next, the temperature
was increased to 325°C for 32 minutes. The
phytoconstituents in the plant extract were compared
with the spectra database of authenticating
compounds held by the National Institute of
Standards and Technology (NIST) 08 Mass Spectral
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Library, looking for retention time, peak height, peak
area, and mass spectra patterns.

2.5. Synthesis of biogenic Zinc Oxide
Nanoparticles (ZnO-NPs)

Biogenic ZnO-NPs were synthesized as
described in earlier works [23]. In a 250-ml flask, 100
ml of 1 mg/ml plant extract was dissolved in 100 ml
of zinc nitrate hexahydrate. 100 ml of 200 mM NaOH
aqueous solution was driped into the mixture with a
burette and constantly stirred for 3 hours on a
magnetic stirrer (70°C). The mixture was then left to
settle down overnight. After discarding the
supernatant, the light yellow-colored pellet was kept.
The pellet was centrifuged at 10,000 rpm for ten
minutes after being flushed with deionized water
three times. The precipitates generated were then
dried in a hot air oven at 100 °C overnight to obtain a
creamy paste of ZnO-NPs. Dry ZnO-NPs were
powdered using a mortar and pestle.

2.6. Characterization of biogenic ZnO-NPs

A UV-visible absorption spectrophotometer,
FT-IR, XRD, SEM, and TEM were used to characterize
the biogenic ZnO-NPs synthesized from methanolic
extract of Tinospora cordifolia stem.

2.6.1. UV—Visible Analysis

To assess the presence of synthesized ZnO-NPs,
their optical absorbance was analyzed using a Cary
100 UV-vis spectrophotometer.

2.6.2. Fourier transform infrared spectroscopy
(FT-IR)

FT-IR was used to investigate the interaction of
functional groups of plant extract compounds
conjugated with ZnO nanoparticles. The lyophilized
nanoparticle sample was combined with a potassium
bromide pellet and exposed to pressure as per the
standards, and the range was established at 1 cm™
progress [24]. IR spectra in the frequency range of
4000-400 cm were acquired at RT.

2.6.3. X-Ray Diffraction (XRD) Analysis

The crystalline structure of dried powder of
biogenic ZnO nanoparticles was characterized by
XRD. The spectra were determined to be 40 kV at 30
mA. The diffraction pattern was registered over a 20
range of 5°-90°. The Debye-Scherrer technique was
used to compute the average size of the green
synthesized ZnO-NPs (Dp = 0.9\/Cos0), where D is
the average crystallite size, 3 denotes the line
broadening the value of FWHM of a peak, A is the
wavelength of the irradiation X-rays (A =0.15406 nm),
K is the shape factor typically taken as 0.9, and 0 is the
maximum peak position value. The obtained
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diffractogram was similar to (JPCDS card number:
36-1451) the XRD reference data for ZnO-NPs of the
International Center for Diffraction Data (ICDD) [25].

2.6.4. Scanning Electron Microscopy (SEM)

The morphology of biogenic ZnO-NPs was
assessed using SEM (Carl ZEISS Supra 55, Germany).

2.6.5. Transmission Electron Microscopy (TEM)

TEM was used to view the morphology of green
synthesized ZnO-NPs. The biogenic ZnO-NPs were
analyzed using HRTEM (HRTEM—JEOL JEM-2100
PLUS, Japan). The ZnO-NPs were diluted in sterile
deionized water, and then the suspension was
subjected to a carbon-coated copper grid and allowed
to dry [26].

2.7. Cell cytotoxicity (MTT assay)

The cytotoxicity of biogenic ZnO-NPs on the
colorectal cancer cell lines (Caco-2 and HCT-116 cell
lines) was assessed using MTT assay. In a 96-well
plate, cells were seeded (2 x 104 cells/well in 100 pl of
DMEM) and then kept at 37°C in a humidified
environment (5% CO») for 24 hours. After 24 hours of
incubation, the cells were treated with different
concentrations (5, 25, 50, 100, and 200 pg/ml) of plant
extract and their respective synthesized ZnO-NPs.
After incubation for 24 hours after treatment, a
solution of 0.5 pg/ml MTT was spiked to each well
with the cells, the plate was covered with aluminum
foil, and the cells were kept at 37°C 5% CO» for 4 hrs.
The medium was taken out, and the purple MTT
formazan crystals were dissolved with a solubili-
zation solution following the metabolically active cells
converting the substrate into a chromogenic product.
Before absorbance was evaluated using a microplate
reader, the plate was kept on a rocker for 15 minutes.
The measurement was taken at 570 nm wavelength
[27]. The proportion of cell viability to absorbance was
reported as a relative decrease in comparison to the
absorbance from the control, which was thought to
contain 100% of viable cells.

2.8. Acridine Orange (AO)/Ethidium Bromide
(EtBr) staining

Acridine orange (AO) stain conjugates with all
cells and emits green fluorescence. Ethidium Bromide
(EtBr) staining will interact with cells lacking
cytoplasmic membranes; the nucleus will look red
when interpolating with DNA. Live cells have green
nuclei, while cells undergoing early apoptosis have
intense green fluorescence observed via benchtop
fluorescence microscopy. Condensed chromatin is
observed as green patches, while late apoptotic cells
are regarded as red-to-orange-coloured cells. Based
on previous experience and with some modification
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of the work done previously [24, 25], the morphology
of apoptotic cells was examined using AO/EtBr
double staining. The HCT-116 cell lines were seeded
in a 6-well plate 24 hours before treatment with crude
methanol extract of T. cordifolia and biogenic
ZnO-NPs. After incubation for 24 hours after the
treatment, the wells with the cells were washed with
500 pl of PBS. Further, a double staining solution of
50pl containing 100g/ml AO and 100g/ml of EtBr was
added to the wells with cells, and then, after 5-10
minutes, the cells were again washed with 500 pl of
PBS. The morphology of apoptotic cells was observed
using benchtop fluorescence microscopy (FLoid™
Cell Imaging).

2.9. RT-qPCR analysis

Real-time qPCR was used to analyze the
apoptotic gene markers Bcl-2 and Bax genes. Trizol
reagent (Invitrogen) was used to extract total RNA
from 6-wells of plates which were treated with crude
methanol extract of T. Cordifolia and biogenic
ZnO-NPs 24 hours prior. Gel electrophoresis was
done to affirm the presence and integrity of the RNA.
Furthermore, NanoDrop analysis was done to
determine the isolated RNA's concentration and
purity. cDNA was synthesized according to the
instructions of the manufacturer using a Verso cDNA
synthesis kit by running it in PCR (Thermo Fisher
Scientific). Then the gene of interest was amplified
using the synthesized cDNA, specific primers, and as
directed by the manufacturer using DyNAmo
ColorFlash SYBR Green qPCR Kit (Thermo Fisher
Scientific). The GAPDH housekeeping gene was used
as a normalizer [23]. Relative expressions were
determined by applying the 2-2ACT method. The data
were presented as the mean + SEM.

2.10. Assessment of reactive oxygen species
(ROS)

HCT-116 colorectal cancer cell lines were seeded
in a 96-well plate to measure the cellular ROS levels.
After cells were treated with crude methanol extract
of T. cordifolia and biogenic ZnO-NPs, they were kept
in an incubator for 24 hours. After treatment with
biogenic ZnO-NPs, cells were stained with 100uL ROS
red working solution per well according to the
manufacturer's instruction (Abcam, 186027) and kept
for 60 minutes at 37°C. Finally, cells detected the
fluorescence signal wusing a microplate reader
equipped with an Ex/Em= 520 nm/605 nm filter and
a microplate spectrophotometer [28].

2.11. Assessment of Mitochondrial Membrane
Potential (MMP)

The JC-1 MMP assay (Abcam, 113850) was used
to detect mitochondrial membrane potential. When
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the cell's membrane stays intact, the dye will be
retained inside the cells and give high fluorescence. In
contrast, when the membrane potential is altered,
there will be reduced fluorescence that indicates
compromised mitochondrial membrane integrity [29].
JC-1 is added to the cells at a predetermined
concentration and incubation time. The dye
accumulates in the mitochondria. The red aggregate
form of JC-1 is an indicator of healthy, polarized
mitochondria, while the green monomeric form
represents depolarized mitochondria. To assess the
impairment of mitochondrial membrane potential
(MMP), cells were seeded 24 hours before treatment
in a 6-well plate and incubated with biogenic
ZnO-NPs, the corresponding crude methanol extract
plant, and an untreated control for 24 hours. Cells
were re-suspended in fresh media containing 5 g/mL
JC-1 (Abcam, 113850) for 30 minutes at 37°C. Cells
were then centrifuged at 800 rpm for 5 minutes before
re-suspending in 1m of 1x PBS and evaluated with
FACS analysis [30].

2.12. Annexin V/PI assay analysis using flow
cytometric

The Annexin V/ Propidium iodide (PI) assay
was used to assess cells that have undergone
apoptosis. The annexin V protein linked to FITC
recognized phosphatidylserine externalization as a
marker of early-stage apoptosis. In contrast, the
binding of PI to nuclear DNA revealed membrane
damage. Cells were prepared in 6-well plates (4 x 105
cells/well); 24 hours post-treatment, the cells were
extracted and washed with PBS. Per the
manufacturer's  instruction, the pellet was
resuspended with 100 pl 1X Binding Buffer. Then,
cells were stained with Annexin V (5pl) and PI (5ul)
and kept for 20 minutes at RT in the dark. A further
1X Binding Buffer volume of 400 pl was spiked to each
tube. Analysis was done using a BD FACS Canto 1I
flow cytometer (BD Biosciences, USA).

2.13. In vivo anti-cancer studies

The BALB/c mice that were 5-7 weeks old were
obtained from the animal house and research facility
of KSBT, Bhubaneswar, India. CT-26 cell lines (1.5 x
10¢ cells suspended in 1ml solution of matrigel and 1x
PBS in 1:1 ratio per mouse) were subcutaneously
injected into the right flank of mice to induce
colorectal cancer tumor [31]. After a palpable solid
tumor was revealed (volume around 100 mm?3), mice
were randomly grouped into four groups (each n = 5).
The groups were, control set (group one), treated with
PBS only (group two), treated with methanol extract
of T. cordifolia stem (group three), and treated with
biogenic ZnO-NPs synthesized from T. cordifolia
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methanol extract stem (group four). Treatment was
given subcutaneously near the tumor area every other
day. Tumor volume was measured and calculated
using the formula [V= (W x L)/2], where V is volume,
L is the longest diameter, and W is the shortest
diameter. After 10 days of treatment, mice were
sacrificed to elucidate the post-mortem examination.

2.14. Statistical Analysis

A one-way analysis of variance (ANOVA) was
used for statistical data analysis. A mean and
standard deviation were used to express the values.
Origin, Image], and GraphPad prism software are also
used to analyze data. Each experiment was repeated
thrice.

3. Results
3.1. GC-MS Analysis

According to different retention times, peak
areas, peak heights, and mass spectral patterns in the
chromatogram, GC-MS analysis of a 90% methanol
extract of T. cordifolia stem revealed the presence of 29
compounds (Figure S1 and Table S1). 4-((1E)-3-
Hydroxy-1-propenyl)- 2-methoxy, n-Hexadecanoic

OH

2,2,6,7-tetramethyl-10-
oxatricyclo[4.3.1.0(1,6)]decan-5-ol

HO

HO

Cyclopropaneoctanoic acid, 2-[
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acid, 8-Pentadecanone, 4-Hydroxy-2-methyl aceto-
phenone, 1-Eicosanol, Cyclo propaneoctanoic acid,
Z-8-Methyl-9-tetradecenoic  acid, 2,3-dihydro-3,5-
dihydroxy, 4H-Pyran-4-one, and 2-[[2-[(2-eth, 2,2,6,7-
Tetramethyl-10-oxatricyclo[4.3.1, are the prominent
phytoconstituents present in the extraction and their
structure is shown in Figure 2. The result was
compared to those in the spectra database of
authenticating compounds maintained by the
National Institute of Standards and Technology
(NIST) 08 Mass Spectra Library.

3.2. UV-Visible Spectrophotometer Analysis

Surface plasmon resonance, a collection of
excitations on the surface of nanoparticles, was
utilized to assure the synthesis, size, and shape of
NPs. The biogenic ZnO-NPs diluted in water were
identified using a UV-Vis spectrophotometer. At 374
nm, the typical absorption peak of biogenic ZnO-NPs
was observed, as shown in Figure 3. The absorption
spectrum of ZnO-NPs runs from 200 to 800 nm. The
band gap value of the biogenic ZnO-NPs derived
from the synthesis data was 3.12 eV.

0]
o
HO OH
o \

o)
2,3-Dihydro-2,5-dihydroxy-6-methyl-
4H-pyran-4-one

OH
HO
/ N

Z-8-Methyl-9-tetradecenoic acid

4-Hydroxy-2-methylacetophenone

/\/\/\/\/\/\/\)J\oH

n-Hexadecanoic acid

4-((1E)-3-Hydroxy-1-propenyl)-
2-methoxyphenol

Figure 2: Chemical structure of the main phytocompounds in the methanol extract of stem of Tinospora cordifolia identified by GC-MS analysis.
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Figure 3: UV-Visible spectra showing the biogenic ZnO-NPs peak located at 374 nm.

3.3. FTIR Analysis

As shown in Figure 4, the principal peaks in the
FTIR spectra are arrayed in the wave number region
of 4000 to 400 cm’. The bands for functional groups in
the spectra of biogenic ZnO-NPs were found at
3118.07 cm!, 1882.68 cml, 1390.76 cm-!, 832.52 cm1,
and 41225 cm?. The vibration of C-H stretching
groups causes the wide range peak in the upper area
at 3118.07 cm, which corresponds to the alkene
compound classes. The carbonyl compound with the
stretching of the C-H bending group peaks at 1882.68
cm™. At 1390.76 cm!, the C-H bending vibration
appears that corresponds to aldehyde compounds on
the surface of the the NPs.

3.4. XRD Analysis

The XRD patterns of biogenic ZnO-NPs from the
methanol extract of T. cordifolia stem were ascribed to
hexagonal Wurtzite. As shown in (Figure 5), the
analysis revealed that the peaks (20) at 31.774°,
34.440°, 36.263°, 47.544°, 56.589°, 62.858°, 66.362°,
67.938°, 69.058°, 72.66°, and 76.607° for (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and
(202) planes of the crystal lattice, respectively. Bragg's
equation computed values of the d-spacing values for
the main peaks and the lattice parameters for the
hexagonal crystalline structure were (a =b = 0.328 nm
and ¢ = 0.522 nm). The average crystallite size of
biogenic ZnO-NPs was 46.431 nm.

3.5. Scanning Electron Microscopy (SEM)
Analysis

SEM analysis was conducted to examine the
surface morphology and particle size of the biogenic
ZnO-NPs. As shown in Figure 6, the particles have a
sphere-shaped morphology with a high degree of
aggregation and a spongy-like appearance
topographically.

3.6. Transmission Electron Microscopy (TEM)
Analysis

The structure and size distribution of biogenic
ZnO-NPs were analyzed using TEM, as shown in
Figure 7. The analysis showed that the average
particle size is 29.5 nm.

3.7. Cytotoxicity activity of biogenic ZnO
nanoparticles

The cytotoxic activity of biogenic ZnO-NPs was
performed per the MTT assay protocol. As shown in
(Figure 8), HCT-116 and Caco-2 as well as a control
cell line HEK-293 were treated with different
concentrations of biogenic ZnO-NPs (5, 25, 75, 150 and
300 pg/ml) for 24 hours. The biogenic ZnO-NPs
showed high efficacy compared with the
corresponding crude 90% methanol extract of the
stem of T. cordifolia. The 1Csy of biogenic ZnO-NPs for
HCT-116 and Caco-2 cell lines were 31.419 * 0.682
pg/ml and 36.675 + 0.916 pg/ml, and the control cell
line (HEK-293) was 231.867 + 40200 pg/ml,
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respectively. The result showed that the ICsy for the
crude 90% methanol extract of T. cordifolia stem is
significantly higher than its corresponding biogenic
ZnO-NPs. The ICso for HCT-116 and Caco-2 cell lines
was 260.151 + 1.257 pg/ml and 286.399 + 12.387

Transmittance (%)

) /

3118.07 cm'), 93.18%T

319

pg/ml, and the control cell line (HEK-293) was
303.860 = 8.473 pg/ml, respectively. The IC50 of
positive control doxorubicin for HCT-116 and Caco-2
cell lines was 3.132 = 0.35 pg/ml and 3.304 + 0.523
pg/ml.

\
412.25 cm!

\ "~ 832.52 cml, 93.69%T
1390.76 cm}, 94.99%T

1882.68 cm-1, 90.70%T

T T T T

T T T
4000 3500 3000 2500

2000

T

T T T T T

T
1500 1000 500

Wavelength (cm1)

Figure 4: Fourier transform infrared (FTIR) spectra of biogenic ZnO-NPs.
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Figure 5: X-Ray Diffraction (XRD) spectra of biogenic ZnO-NPs.
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Figure 6: SEM spectra of biogenic ZnO nanoparticles.
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EHT = 523kV WD = 3.1 mm Mag= 40.00K X Signal A = InLens

Figure 7: HR-TEM spectra of biogenic ZnO nanoparticles.

3.8. Biogenic ZnO-NPs' apoptotic effect

3.8.1. Double staining with AO/EtBr

AO/EtBr double staining was used to check the
morphological changes in HCT-116 cell lines 24 hours
post-treatment with biogenic ZnO-NPs. As shown in
(Figure 9), the untreated cells showed no significant
change. Biogenic ZnO-NPs treated HCT-116 cell lines
showed substantial red-pale color due to apoptotic
cell death, resulting in highly condensed nuclear
content. Further cells in the early apoptotic stage
showed a change in shape and bubbling.

3.8.2. Flow Cytometry Analysis of the Annexin/PI
Assay

Annexin V/ Propidium iodide assay analysis
was carried out using flow cytometry to investigate
the biogenic ZnO-NP's ability to induce apoptosis.
After 24 hours of post-treatment incubation at 37°C
and 5% CO,, HCT-116 cell lines were stained and
analyzed per the manufacturer's protocol. As shown
in (Figure 10), either early or late apoptosis was
activated.

https://lwww.ntno.org



Nanotheranostics 2024, Vol. 8 321

A
100
*kk
Prey
80 1 T
T *kk ™
HrE B ZnO-NPs TM
N I
.':, 60 1 T *%
g .
S 404
Q
201
0
Spg/ml 25pg/ml 75ng/ml 150pg/ml 300pg/ml
Concentrations
B
100
* * %k
80 1 T HkE
1 T *kk
=:\: 60 1 sk
2 ! ™
-
= 401 B ZnO-NPs TM
Q
N J I
0
Spg/ml 25ug/ml 75ng/ml 150pg/ml 300pg/ml
Concentrations
C
ns ns ns 1N ns
1004 = — — — -
80
- 4
Z 60+
=
= ™
-
= 40+ MW ZnO-NPs TM
&)
20
0
Sug/ml 25pg/ml 75png/ml 150png/ml 300png/ml
Concentrations

Figure 8: Relative viability percent of colorectal cancer cell lines (HCT-116 and Caco-2) and control cell line HEK-293 after 24 h incubation with various concentrations of
methanol extract of Tinospora cordifolia stem, biogenic ZnO-NPs, and ZnO-NPs, as determined by MTT assays. The data represent the mean values + SD of three independent
experiments performed in triplicate. Statistical values were calculated using ANOVA: single factor. *p < 0.05, **p < 0.01, ***p < 0.001, ns P > 0.05. The results were presented
as the mean standard deviation of three independent experiments. TM, methanol extract of T. cordifolia stem; ZnO-NPs TM, biogenic ZnO-NPs conjugated with methanol extract

of T. cordifolia stem.
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HCT-116

Figure 9: AO/EtBr double staining of HCT-116 cell lines. Live cells are uniformly green, whereas apoptotic cells are stained orange-red due to chromatin condensation and loss
of membrane integrity. Pictures were taken at magnification of x40. TM, methanol extract of T. cordifolia stem; ZnO-NPs TM, biogenic ZnO-NPs conjugated with methanol
extract of T. cordifolia stem.
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Figure 10: Flow cytometric analysis of Apoptosis. (A) Apoptosis analysis by Annexin-V/Pl double staining of untreated HCT-116 cells, HCT-116 treated with biogenic ZnO-NPs
and crude extract TM for 24 h. The bottom right quadrant represents Annexin V-FITC-stained cells (early-phase apoptotic cells) and the top right quadrant represents Pl-and
Annexin V-FITC-dual-stained cells (late-phase apoptotic/necrotic cells). (B) Bar graph representing percentages of viable cells (Annexin-V negative, Pl negative), early-apoptotic
cells (Annexin-V positive, Pl negative) and late-apoptotic dead cells (Annexin-V positive, Pl positive) as measured by flow cytometry. TM, methanol extract of T. cordifolia stem;
ZnOTM, biogenic ZnO-NPs conjugated with methanol extract of T. cordifolia stem. Data are shown as means * s.d. At least three independent experiments were performed.,
*p <0.05.
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Figure 11: Relative mRNA fold change determined by quantitative real-time PCR (qQRT-PCR) analysis of apoptotic markers (BCL-2, BAX, and P53). Data were normalized with
GAPDH expression. HCT-116 cell lines were treated with methanol extract of the stem of T. cordifolia (TM) and biogenic ZnO-NPs (ZnO-NPs TM) for 24 hours. The results
were analyzed by One-way Analysis of Variance (ANOVA) and Tukey’s post-hoc-test to determine a significant difference between the treatments (P < 0.05). *p < 0.05, *p <

0.01, ¥*p < 0.001, ns P > 0.05 were used to represent all data.

Flow cytometry analysis results of HCT-116
treated with ICsp concentration for both biogenic
ZnO-NPs and crude plant extract, as well as
non-treated cells in a 6-well plate. According to the
flow cytometry results, the average cell percentage of
live, apoptotic and necrotic cells after treatment were
analysed. ZnO-NPs treated cells showed that early
apoptosis was 0.97%, late apoptosis was 28.43 %, and
necrosis was 33.47 respectively. The early apoptotic,
late apoptosis, and necrotic cell percentages for crude
plant-only treated cell lines were 5.20%, 8.47% and
4.07%, respectively. Whereas for untreated HCT-11
cell lines were 4.30%, 9.1% and 6.80%, respectively.
There was a significant difference between the control
and biogenic ZnO-NPs treated cells (<0.005). The
findings showed that biogenic ZnO-NPs induce
apoptotic death in HCT-116 cell lines.

3.8.3. Gene expression analysis/ qRT-PCR

The expression level of proapoptotic genes and
antiapoptotic gene mRNA levels determines
apoptosis. Bax is essential for cytochrome C release
and subsequent caspase activation [38]. Hence, to
determine the apoptotic efficacy of biogenic
ZnO-NPs, cells were collected using triazole after 24
hours of exposure to biogenic ZnO-NPs and crude
plant extract at an 1Cso concentration. To determine
the change in the mRNA level of the proapoptotic
(Bax) and antiapoptotic (Bcl-2) markers, quantitative
RT-PCR was used. As shown in Figure 11, the fold
change in mRNA level for Bax and P53 was 1.273 and
1.629, respectively, while Bcl-2 was 0.556fold for

biogenic ZnO-NPs compared to crude plant extract
treated cells. The result revealed that expression of
Bax and P53 was significantly enhanced (p <0.001) 24
hours post-treatment of HCT-116 cell lines.

3.9. Measurement of ROS generation

HCT-116 cells treated with biogenic ZnO-NPs
displayed elevated ROS formation compared to cells
treated with crude plant extract and non-treated
controls. The result is a fold increase over non-treated
HCT-116 cell lines. In comparison to control cells,
biogenic ZnO-NPs treated cells increased ROS
production by a factor of 2.261. Contrarily, cells
treated with crude extract exhibited just a 1.283-fold
increase in ROS formation.

3.10. Effect of ZnO-NPs on Mitochondrial
Membrane Potential

The result showed that HCT-116 cells treated
with biogenic ZnO-NPs showed a significant decrease
in JC-1 staining (17.63 %), which was confirmed to
reflect the loss of the mitochondrial membrane
potential, in comparison with cells treated with crude
plant extracts and untreated/ control cells (39.4% and
83.2% respectively). Untreated cells form aggregate
and emits red fluorescence, indicating increased
mitochondrial membrane potential, whereas cells
treated with biogenic ZnO-NPs exhibited low green
fluorescence, as shown in (Figure 13). This suggests
that biogenic ZnO-NPs induce cell death through the
mitochondrial-mediated mechanism.
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Figure 13: Mitochondrial membrane potential analysis of HCT-116 cell lines. The percentage of MMP of cells were assessed by flowcytometry. The mitochondrial membrane
potential (MMP) of untreated HCT-116 cells, HCT-1 16 treated with biogenic crude extract TM and ZnO-NPs after 24 h of treatment. (A) Untreated cells (B) HCT-116 cell lines
were treated with crude methanol extract of stem of T.cordifolia and (C) Biogenic ZnO-NPs treated cells for 24 hours. (D) Graph of MMP % of treated cell lines in relation to
control. The X-axis (FL-1channel) of flow cytometry results indicated the green fluorescence intensity (JC-1 monomers) and the Y-axis (FL-2channel) was used to detect the red
fluorescence (JC-laggregates). The P2 (region 2) encloses the low MMP cell population. The mitochondrial depolarization is indicated by a decrease in the red/green fluorescence

intensity ratio. The ratio of the red/green fluorescence intensity was recorded to determine the MMP level of each sample. Data are shown as means * s.d. At least three
independent experiments were performed., *p < 0.05.
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Figure 14: qRT-PCR analysis of caspase activities (Caspase-3, Caspase-8, and Caspase-9; data were normalized with GAPDH expression) determined relative mRNA fold
change. HCT-116 cell lines were treated with methanol extract of the stem of T. cordifolia (TM) and biogenic ZnO-NPs (ZnO-NPs TM) for 24 hours. The results were analyzed
by One-way Analysis of Variance (ANOVA) and Tukey’s post-hoc-test to determine a significant difference between the treatments (P <0.05). All data were represented

mean £ SD, *p < 0.05, *p < 0.01, **p < 0.001, ns P > 0.05.

3.11. Biogenic ZnO-NPs induced
caspase-dependent apoptosis

The apoptosis analysis determined by RT-qPCR
showed that the expression level of mRNA of
caspase-3 and caspase-9 significantly increased by
2.078 and 141 folds, respectively, in biogenic
ZnO-NPs treated HCT-116 cell lines compared to only
crude extract treated cells (Figure 14). Meanwhile, the
expression level of mRNA of caspase-8 was 1.039,
which does not show any significant change. The data
were presented as the mean + SEM.

3.12. Biogenic ZnO-NPs inhibit tumor growth
in vivo.

The tumor growth slows down on treating
biogenic ZnO-NPs compared to other groups. After
two weeks of treatment, the excised tumor size and
weight were reduced in the biogenic ZnO-NPs treated
mice group. Figure 15 shows a significant reduction in
tumor weight and volume in mice treated with
biogenic ZnO-NPs compared to their corresponding
crude plant extracts (p < 0.001). The Mice group
treated with biogenic ZnO-NPs synthesized from the
extract of T. cordifolia stem decreased by 1.499-fold in
volume and 1.528 in weight compared to the crude
extract of T. cordifolia stem treated group. These data
suggest an anti-tumor growth effect of biogenic
ZnO-NPs synthesized from T. cordifolin methanol
extract stem in vivo studies.

4. Discussion

Methanol (90%) extract of Tinospora cordifolia
stem was used to synthesize ZnO-NPs successfully.

We demonstrate the promising potential of this
traditional medicine for the safer, more economical,
and more eco-friendly synthesis of ZnO-NPs. Plants
were thought to be an unrivalled source of a new drug
in the future, and this value was linked to their active
biocomponents [32]. The green synthesis of NPs
depends on plants' ability to store metal ions and use
active phytoconstituents as bio-reductants and
stabilizers [33]. Several spectroscopy and microscopy
techniques, such as UV-Vis, FTIR, XRD, SEM, and
TEM, were used to study and describe the biogenic
ZnO-NPs made from the methanol extract of the T.
cordifolia stem. These spectroscopy and microscopy
techniques offer valuable insights into materials'
properties, composition, and structure [34]. UV-vis
spectroscopy is a widely used tool for assessing the
optical properties of synthesized NPs. So, the strong
absorption spectrum of biogenic ZnO-NPs at 374 nm
suggests the presence of ZnO-NPs with distinct peaks.
This shows that the biomolecules in the plant extracts
were used to reduce and stabilize the synthesis of
pure biogenic ZnO-NPs. A similar result was also
reported by Selim et al. 2020 [35]; green ZnO-NPs
synthesized using an aqueous Deverra tortuosa
extract displayed a distinctive absorption spectra
peak at 374 nm. Previous studies have indicated that
ZnO-NPs display an absorption peak between 330
and 460 nm [36, 37].

The presence of phytochemicals in the extract, as
well as the purity and makeup of the synthesized
nanoparticles, were both determined using FTIR. The
ZnO-NPs surface can interact with the plant's
phytochemicals, such as alcohols, phenols, amines,
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Figure 15: In vivo anti-tumor efficacy of biogenic ZnO-NPs and its corresponding crude plant extracts. (A) The photo of excised tumors at the end of the test. (B) Tumor weight
at the end point of the treatment. (C) The volume of the harvested tumor (For interpretation TM= T. cordifolia stem methanol extracts, ZnO-NPs TM= biogenic ZnO-NPs
synthesized from T. cordifolia stem methanol extracts. (*p < 0.05 and **p < 0.01, and **p <0.001).

carboxylic acids, and others that help to stabilize the
nanoparticles. The peaks signify the functional groups
that are conjugated with ZnO-NPs. The spectra of
synthesized biogenic ZnO-NPs correspond with
previous findings [38, 21].

The XRD diffraction pattern of the biogenic
ZnO-NPs demonstrated the purity of ZnO-
nanocrystalline synthesis. The NPs appeared well
crystallized and hexagonal in a structure that agrees
with the worldwide standard JCPDS No. 00-036-1451
[24]. The average crystallite size of ZnO-NPs was
similar to results reported by Tiwari et al., [39]; the
average crystalline size of ZnO-NPs synthesized
chemically and biologically were 47 nm and 55 nm,
respectively. Furthermore, Faisal et al., [40] reported
that the green synthesized ZnO-NPs from aqueous
extracts of Myristica fragrans fruit had an average
crystallite size of 41.23 nm.

Microscopy analysis of biogenic ZnO-NPs was
conducted to determine the surface morphology of
the biogenic ZnO-NPs. The shape of NPs plays a
crucial role in their efficacy [41]. Both the analysis
(SEM and TEM) demonstrated that ZnO-NPs were
synthesized. SEM analysis revealed that the particles
have a sphere-shaped morphology with a high degree
of aggregation and a spongy-like appearance
topographically. The particle size varies, as shown in
figure 6. Other researchers reported similar results
[41]. The TEM analysis showed that ZnO-NPs were
synthesized at different magnifications by
demonstrating the hexagonal plane.

Furthermore, the prominent bright rings are
visible in the selected area of electron diffraction, as
shown in Figure 7. These findings align with previous
results [42]. The analysis showed that the average
particle size is very small compared to XRD's average

crystalline size. The parameters we used to figure out
how biogenic ZnO-NPs are made show that the
structure and shape of the synthesized nanoparticles
match what has been found before [43].

Previous findings showed that green-
synthesized ZnO-NDPs are effective in treating colo-
rectal cancer. Due to their capping of phytochemicals,
plant-mediated ZnO-NPs have shown promising
anticancer efficacy, such as colon, cervical, breast, and
lung cancer [44, 45]. This study examined how well
biogenic ZnO-NPs made from a methanol extract of T.
cordifolia stems could treat colorectal cancer cell lines.
The cancer cell cytotoxicity test revealed that biogenic
ZnO-NPs had a high cell inhibition efficacy for
HCT-116 and Caco-2 cell lines, which is consistent
with previous results reported [35, 46]. In line with
our findings, Berehu et al, [23] reported that
ZnO-NPs synthesized from methanolic and ethanolic
extracts of Swertia chirayita leaves showed cytotoxic
activities against colorectal cancer cell lines.

A study claimed by Selim et al., [35] investigated
the anticancer efficacy of green synthesized ZnO-NPs
from D. tortusa against Caco-2 and A549 cell lines. The
cytotoxic effects of the crude plant extract and
synthesized ZnO-NPs were much stronger on the
cancer cell lines Caco-2 and A549 than on the normal
cell line WI38. But the ICsy values of synthesized
ZnO-NPs for A549 and Caco-2 cell lines are 83.47
g/mL and 50.81 g/mL. Similarly, Dulta et al., [47]
reported that ZnO-NPs synthesized by rhizome
extract of Bergenia ciliata showed an ICs value of 124.3
pg/mL against HT-29 cell lines. These results
indicated that biogenic ZnO-NPs synthesized from
plant sources have cytotoxic activity against cancer
cell lines.
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Apoptosis is directly linked to the regulation of
the cell cycle. If the apoptotic mechanism is absent,
uncontrolled cell proliferation will be there, which
promotes cancer progression. Thus, in this study, we
conducted an Annexin V/propidium iodide assay,
AO/EtBr staining, and evaluated the mRNA levels of
Bax, Bcl-2, and P53 to determine the ability of
synthesized biogenic ZnO-NPs to induce apoptosis in
HCT-116 cell lines. The initial stages of apoptosis
include shrinkage of cell detachment and bubbling of
cells deemed to undergo apoptosis [23]. AO/EtBr
double staining was used to check the morphological
changes in HCT-116 cell lines. Biogenic
ZnO-NP-treated HCT-116 cell lines showed
significant red-pale color due to apoptotic cell death,
resulting in highly condensed nuclear content.
Further cells in the early apoptotic stage showed a
change in shape and bubbling. Several findings
showed the same result when cells undergo
apoptosis: the cells' DNA becomes thick, fragmented,
and condensed into chromatin [48, 49].

In a related study, annexin V-FITC/PI FACS
analysis showed that ZnO-NPs-treated cells showed
relatively high apoptosis percentage. The apoptotic,
cell percentages for crude plant-only treated cell lines
were low. In our annexin V-FITC/PI FACS analysis
study, the percentage of HCT-116 cell lines entering
early apoptosis was higher in ZnO-NDPs-treated cells
compared to the control and crude extract-treated
cells. However, the percentages of necrotic cells were
elevated in control and crude extract-treated cells
compared to ZnO-NPs-treated HCT-116 cell lines. The
cytoplasmic and lysosomal membranes are
maintained during apoptosis [50]. On the other hand,
necrosis results in unregulated inflammatory cellular
responses characterized by cell swelling and
membrane permeabilization. Apoptosis during cancer
treatment has drawn much attention because it is
thought to be a regulated and controlled process.

Furthermore, we quantified the mRNA level
using qRT-PCR for Bax and Bcl-2 mRNA levels. As
shown in Figure 11, the fold change in mRNA level
for Bax and P53 were high, while Bcl-2 was reduced
for biogenic ZnO-NPs compared to crude plant
extract-treated cells. Our findings indicated that the
expression of Bax and P53 was significantly elevated
24 hours post-treatment of HCT-116 cell lines. Other
studies that saw results similar to these indicated a
significant rise in the levels of Bax in Osteosarcoma
cell lines (MG-63) treated with synthesized ZnO-NPs
from Rehmanniae Radix [24]. Similar findings showed
that laryngeal cancer cells (Hep-2) treated with
synthesized ZnO-NPs from Marsdenia Tenacissima
expressed a higher Bax and a lower Bcl-2 level of
mRNA [51, 52].
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Numerous studies have demonstrated that ROS
generation causes ZnO-NPs to be cytotoxic. During
apoptosis, MMP is lost, which depolarizes the
membrane. An increase in ROS generation causes a
higher incidence of apoptosis in cancer cells [53, 54].
Our study showed that cells treated with biogenic
ZnO-NPs generated ROS more than untreated cells. In
contrast, ROS production was increased by just
1.283-fold in cells treated with the crude extract.
Different authors reported similar results [25].
Biogenic ZnO-NPs treated cells trigger ROS
generation consecutively, leading to impairment of
MMP. Previous research found that altered ROS
homeostasis harmed proteins, DNA, and lipids. As a
result, any interventions that promote ROS generation
may result in greater mitochondrial damage and an
increased apoptosis rate [55]. In line with this, our
findings showed that HCT-116 cells treated with
biogenic ZnO-NPs showed a significant decline in
JC-1 staining, which was confirmed to reflect the loss
of the MMP, in comparison with cells treated with
crude plant extracts and untreated/ control cells. The
result corresponds with the findings of research
conducted by Cheng et al, [24] suggested that
ZnO-NPs from Rehmanniae Radix (RR) induce
apoptosis on MG-63 cells through stimulation of ROS
generation., which disrupts the MMP [56].

According to different studies, targeting the
apoptotic pathways is the most important therapeutic
approach for cancer treatment. Apoptosis happens
through several mechanisms, including an alteration
in the internal mitochondrial membrane that activates
the caspase cascade. There are two main apoptotic
pathways, intrinsic and extrinsic. Each pathway
triggers caspase initiators (caspase-8 and caspase-9),
activating caspase-3, the executioner [57]. Caspase-8
activates when the extrinsic pathway is induced,
resulting in the activation and cleavage of caspase-3.
The intrinsic pathway, in contrast, prerequisites the
mitochondrial membrane alteration and cytochrome c
release. The activation of Bax and Bcl-2 serve as
triggers for cytochrome C release, consecutively
activating caspases. Apoptosis is initiated when
cytochrome c is released and interacts with the Apaf-1
protein, which activates caspase-9 and promotes the
activation and cleavage caspase-3. These results
indicated the potent activation of caspase-3 and
caspase-9 by biogenic ZnO-NPs. Wang et al.,, [52]
published data showing that ZnO-NPs synthesized
from M. tenacissima promote the over-expression of
Bax, caspase-3, and caspase-9 and the
down-regulation of Bcl-2 in Hep-2 cell lines. Similar
studies were reported in different articles [58].

An in vivo study indicated visible anti-tumor
activity of biogenic ZnO-NPs compared to their crude
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plant extract in BALB/c mice. The growth of tumor
slows down on the treatment of biogenic ZnO-NPs
compared to other groups. After two weeks of
treatment, the excised tumor size and weight were
reduced in biogenic ZnO-NPs treated mice. There was
a significant reduction in tumor weight and volume in
mice treated with biogenic ZnO-NPs compared to
their corresponding crude plant extracts. (p < 0.001).
Mice group treated with biogenic ZnO-NPs
synthesized from the extract of T. cordifolia stem tumor
volume and weight decreased by 1.499 and 1.528
folds, respectively, compared to only crude extract of
T. cordifolia stem treated groups. According to the
findings, biogenic ZnO-NPs treatment was able to
limit tumor growth significantly. The in vivo findings
supported the in vitro findings that biogenic ZnO-NPs
exhibit preferential anticancer activity.

Our findings showed that biogenic ZnO-NPs
mediated apoptosis involves the intrinsic apoptotic
pathway. The caspase-dependent route was the
mechanism by which biogenic ZnO-NPs caused cell
death. Overall, we suggest that biogenic ZnO-NPs
mediated caspase-dependent apoptosis in HCT-116
cell lines is related to ROS-induced mitochondrial
membrane potential disruption.

5. Conclusion

Our findings show that biogenic ZnO-NPs
synthesized from methanol extract of Tinospora
cordifolia stem successfully generated ROS, altered
MMP, and qRT-PCR analysis confirmed the mRNA
level of Bax (proapoptotic gene) increased on treated
HCT-116 cell lines. In contrast, the mRNA level of
Bcl-2 (antiapoptotic gene) decreased. This implies that
cellular apoptosis was significantly induced. The
caspase-dependent route was the mechanism by
which biogenic ZnO-NPs caused cell death. Overall,
we suggest that biogenic ZnO-NPs mediated
caspase-dependent apoptosis in HCT-116 cell lines is
related to ROS-induced mitochondrial membrane
potential disruption. Considering all of this evidence,
green synthesized ZnO-NPs from the methanol
extract of Tinospora cordifolia stem could be an
alternative anticancer therapeutic regime in colorectal
cancer.

Supplementary Material

Supplementary figure and table.
https:/ /www.ntno.org/v08p0312s1.pdf

Competing Interests

The authors have declared that no competing
interest exists.

328

References

1.  Ferlay J, Colombet M, Soerjomataram I, et al. Estimating the global cancer
incidence and mortality in 2018: GLOBOCAN sources and methods.
International journal of cancer. 2019;144(8):1941-53.

2. Verma SK, Panda PK, Kumari P, et al. Determining factors for the
nano-biocompatibility of cobalt oxide nanoparticles: proximal discrepancy in
intrinsic atomic interactions at differential vicinage. Green Chemistry.
2021;23(9):3439-58.

3. ChenSL, Yu H, Luo HM, et al. Conservation and sustainable use of medicinal
plants: problems, progress, and prospects. Chinese medicine. 2016; 11:1-0.

4. Ceramella ], Mariconda A, Sirignano M, et al. Novel Au carbene complexes as
promising multi-target agents in breast cancer treatment. Pharmaceuticals.
2022;15(5):507.

5. Mokhtari RB, Homayouni TS, Baluch N, et al. Combination therapy in
combating cancer. Oncotarget. 2017; 8(23):38022.

6. Manuja A, Kumar B, Kumar R, et al. Metal /metal oxide nanoparticles: Toxicity
concerns associated with their physical state and remediation for biomedical
applications. Toxicology Reports. 2021; 8:1970-8

7.  Eram R, Kumari P, Panda PK, Singh S, Sarkar B, Mallick MA, Verma SK.
Cellular investigations on mechanistic biocompatibility of green synthesized
calcium oxide nanoparticles with Danio rerio. Journal of Nanotheranostics.
2021; 2(1):51-62.

8. Kumari S, Kumari P, Panda PK, et al. Biocompatible biogenic silver
nanoparticles interact with caspases on an atomic level to elicit apoptosis.
Nanomedicine. 2020;15(22):2119-32.

9. Verma SK, Nisha K, Panda PK, et al. Green synthesized MgO nanoparticles
infer biocompatibility by reducing in vivo molecular nanotoxicity in
embryonic zebrafish through arginine interaction elicited apoptosis. Science of
The Total Environment. 2020; 713:136521.

10. Kumari P, Panda PK, Jha E, et al. Mechanistic insight to ROS and apoptosis
regulated cytotoxicity inferred by green synthesized CuO nanoparticles from
Calotropis gigantea to embryonic zebrafish. Scientific reports. 2017; 7(1):16284.

11. Gasi¢ U, Ciri¢ 1, Pejci¢ T, et al. Polyphenols as possible agents for pancreatic
diseases. Antioxidants. 2020; 9(6):547.

12. Rosenblum D, Joshi N, Tao W, Karp JM, Peer D. Progress and challenges
towards targeted delivery of cancer therapeutics. Nature communications.
2018; 9(1):1410.

13. Kou L, Bhutia YD, Yao Q, et al. Transporter-guided delivery of nanoparticles
to improve drug permeation across cellular barriers and drug exposure to
selective cell types. Frontiers in pharmacology. 2018; 9:27.

14. Blanco E, Shen H, Ferrari M. Principles of nanoparticle design for overcoming
biological barriers to drug delivery. Nature biotechnology. 2015; 33(9):941-51.

15. Ruszkiewicz JA, Pinkas A, Ferrer B, et al. Neurotoxic effect of active
ingredients in sunscreen products, a contemporary review. Toxicology
reports. 2017; 4:245-59.

16. Wahab R, Dwivedi S, Umar A, et al. ZnO nanoparticles induce oxidative stress
in Cloudman S91 melanoma cancer cells. Journal of biomedical
nanotechnology. 2013; 9(3):441-9.

17. Hussain A, Oves M, Alajmi MF, et al. Biogenesis of ZnO nanoparticles using
Pandanus odorifer leaf extract: anticancer and antimicrobial activities. RSC
advances. 2019;9(27):15357-69.

18. Hanley C, Layne ], Punnoose A, et al. Preferential killing of cancer cells and
activated human T cells using ZnO nanoparticles. Nanotechnology.
2008;19(29):295103.

19. Yates CR, Bruno EJ, Yates ME. Tinospora Cordifolia: A review of its
immunomodulatory  properties.  Journal of dietary supplements.
2022;19(2):271-85.

20. Igbal J, Abbasi BA, Ahmad R, et al. Nanomedicines for developing cancer
nanotherapeutics: From benchtop to bedside and beyond. Applied
microbiology and biotechnology. 2018; 102:9449-70.

21. Kamil Hussain M, Saquib M, Faheem Khan M. Techniques for extraction,
isolation, and standardization of bio-active compounds from medicinal plants.
Natural Bio-active Compounds: Volume 2: Chemistry, Pharmacology and
Health Care Practices. 2019;179-200.

22. Casuga FP, Castillo AL, Corpuz M]J. GC-MS analysis of bioactive compounds
present in different extracts of an endemic plant Broussonetia luzonica
(Blanco)(Moraceae) leaves. Asian Pacific Journal of Tropical Biomedicine.
2016; 6(11):957-61.

23. Berehu HM, Khan MI, Chakraborty R, et al. Cytotoxic potential of biogenic
zinc oxide nanoparticles synthesized from swertia chirayita leaf extract on
colorectal cancer cells. Frontiers in bioengineering and biotechnology. 2021;
9:788527.

24. Cheng J, Wang X, Qiu L, et al. Green synthesized zinc oxide nanoparticles
regulate the apoptotic expression in bone cancer cells MG-63 cells. Journal of
Photochemistry and Photobiology B: Biology. 2020; 202:111644.

25. Duan X, Liao Y, Liu T, et al. Zinc oxide nanoparticles synthesized from
Cardiospermum halicacabum and its anticancer activity in human melanoma
cells (A375) through the modulation of apoptosis pathway. Journal of
Photochemistry and Photobiology B: Biology. 2020; 202:111718.

26. Umamaheswari A, Prabu SL, John SA, Puratchikody A. Green synthesis of
zinc oxide nanoparticles using leaf extracts of Raphanus sativus var.
Longipinnatus and evaluation of their anticancer property in A549 cell lines.
Biotechnology Reports. 2021; 29:e00595.

https://lwww.ntno.org



Nanotheranostics 2024, Vol. 8

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Schwartz-Duval AS, Konopka CJ, Moitra P, et al. Intratumoral generation of
photothermal gold nanoparticles through a vectorized biomineralization of
ionic gold. Nature communications. 2020;11(1):4530.

Yang H, Shen H, Li J, Guo LW. SIGMAR1/Sigma-1 receptor ablation impairs
autophagosome clearance. Autophagy. 2019;15(9):1539-57.

Sithara T, Arun KB, Syama HP, Reshmitha TR, Nisha P. Morin inhibits
proliferation of SW480 colorectal cancer cells by inducing apoptosis mediated
by reactive oxygen species formation and uncoupling of warburg effect.
Frontiers in Pharmacology. 2017; 8:640.

Wang H, Wang F, Ouyang W, Jiang X, Wang Y. BCAT1 overexpression
regulates proliferation and c-Myc/GLUT1 signaling in head and neck
squamous cell carcinoma. Oncology reports. 2021; 45(5):1-1.

Hosseini M, Baghaei K, Hajivalili M, et al. The anti-tumor effects of CT-26
derived exosomes enriched by MicroRNA-34a on murine model of colorectal
cancer. Life Sciences. 2022; 290:120234.

Verma SK, Jha E, Panda PK, Thirumurugan A, Suar M. Biological effects of
green-synthesized metal nanoparticles: a mechanistic view of antibacterial
activity and cytotoxicity. Advanced nanostructured materials for
environmental remediation. 2019;145-71.

Dar RA, Shahnawaz M, Qazi PH. General overview of medicinal plants: A
review. The journal of phytopharmacology. 2017; 6(6):349-51.

Algaheem Y, Alomair AA. Microscopy and spectroscopy techniques for
characterization of polymeric membranes. Membranes. 2020;10(2):33.

Selim YA, Azb MA, Ragab I, HM Abd El-Azim M. Green synthesis of zinc
oxide nanoparticles using aqueous extract of Deverra tortuosa and their
cytotoxic activities. Scientific reports. 2020;10(1):3445.

PP V. In vitro biocompatibility and antimicrobial activities of zinc oxide
nanoparticles (ZnO NPs) prepared by chemical and green synthetic route—a
comparative study. BioNanoScience. 2020;10(1):112-21.

Barzinjy AA, Azeez HH. Green synthesis and characterization of zinc oxide
nanoparticles using Eucalyptus globulus Labill. leaf extract and zinc nitrate
hexahydrate salt. SN Applied Sciences. 2020; 2(5):991.

Aljabali AA, Obeid MA, Bakshi HA, et al. Synthesis, characterization, and
assessment of anti-cancer potential of ZnO nanoparticles in an in vitro model
of breast cancer. Molecules. 2022; 27(6):1827.

Tiwari AK, Jha S, Singh AK, et al. Innovative investigation of zinc oxide
nanoparticles used in dentistry. Crystals. 2022; 12(8):1063.

Faisal S, Jan H, Shah SA, et al. Green synthesis of zinc oxide (ZnO)
nanoparticles using aqueous fruit extracts of Myristica fragrans: their
characterizations and biological and environmental applications. ACS omega.
2021; 6(14):9709-22.

Pan K, Zhong Q. Organic nanoparticles in foods: fabrication, characterization,
and utilization. Annual Review of Food Science and Technology. 2016;
7:245-66.

Iqbal J, Abbasi BA, Yaseen T, et al. Green synthesis of zinc oxide nanoparticles
using Elaeagnus angustifolia L. leaf extracts and their multiple in vitro
biological applications. Scientific Reports. 2021;11(1):20988.

Anjum S, Hashim M, Malik SA, et al. Recent advances in zinc oxide
nanoparticles (ZnO NPs) for cancer diagnosis, target drug delivery, and
treatment. Cancers. 2021;13(18):4570.

El-Belely EF, Farag MM, Said HA, et al. Green synthesis of zinc oxide
nanoparticles (ZnO-NPs) using Arthrospira platensis (Class: Cyanophyceae)
and evaluation of their biomedical activities. Nanomaterials. 2021;11(1):95.
Rajapriya M, Sharmili SA, Baskar R, et al. Synthesis and characterization of
zinc oxide nanoparticles using Cynara scolymus leaves: Enhanced hemolytic,
antimicrobial, antiproliferative, and photocatalytic activity. Journal of Cluster
Science. 2020; 31:791-801.

Ahlam AA, Shaniba VS, Jayasree PR, Manish Kumar PR. Spondias pinnata (If)
Kurz leaf extract derived zinc oxide nanoparticles induce dual modes of
apoptotic-necrotic death in HCT 116 and K562 cells. Biological Trace Element
Research. 2021; 199:1778-801.

Dulta K, Kosarsoy Aggeli G, Chauhan P, Jasrotia R, Chauhan PK. A novel
approach of synthesis zinc oxide nanoparticles by bergenia ciliata rhizome
extract: antibacterial and anticancer potential. Journal of Inorganic and
Organometallic Polymers and Materials. 2021; 31:180-90.

Gao Y, Arokia Vijaya Anand M, Ramachandran V, et al. Biofabrication of zinc
oxide nanoparticles from Aspergillus niger, their antioxidant, antimicrobial
and anticancer activity. Journal of Cluster Science. 2019; 30:937-46.

Yang N, Qiu F, Zhu F, Qi L. Therapeutic potential of zinc oxide-loaded
syringic acid against in vitro and in vivo model of lung cancer. International
Journal of Nanomedicine. 2020; 8249-60.

Verma SK, Jha E, Panda PK, et al. Mechanistic insight into ROS and neutral
lipid alteration induced toxicity in the human model with fins (Danio rerio) by
industrially synthesized titanium dioxide nanoparticles. Toxicology research.
2018;7(2):244-57.

Boroumand Moghaddam A, Moniri M, Azizi S, et al. Eco-friendly formulated
zinc oxide nanoparticles: induction of cell cycle arrest and apoptosis in the
MCE-7 cancer cell line. Genes. 2017;8(10):281.

Wang Y, Zhang Y, Guo Y, et al. Synthesis of Zinc oxide nanoparticles from
Marsdenia tenacissima inhibits the cell proliferation and induces apoptosis in
laryngeal cancer cells (Hep-2). Journal of Photochemistry and Photobiology B:
Biology. 2019; 201:111624.

Wiesmann N, Kluenker M, Demuth P, Brenner W, Tremel W, Brieger J. Zinc
overload mediated by zinc oxide nanoparticles as innovative anti-tumor
agent. Journal of Trace Elements in Medicine and Biology. 2019; 51:226-34.

54.

55.

56.

57.

58.

329

Wingett D, Louka P, Anders CB, Zhang ], Punnoose A. A role of ZnO
nanoparticle  electrostatic  properties in cancer cell cytotoxicity.
Nanotechnology, Science and Applications. 2016: 29-45.

Bin-Jumah M, Al-Abdan M, Albasher G, Alarifi S. Effects of green silver
nanoparticles on apoptosis and oxidative stress in normal and cancerous
human hepatic cells in vitro. International journal of nanomedicine.
2020;1537-48.

Li Y, Li F, Zhang L, et al. Zinc oxide nanoparticles induce mitochondrial
biogenesis impairment and cardiac dysfunction in human iPSC-derived
cardiomyocytes. International Journal of Nanomedicine. 2020; 2669-83.

An W, Lai H, Zhang Y, et al. Apoptotic pathway as the therapeutic target for
anticancer traditional Chinese medicines. Frontiers in pharmacology. 2019;
10:758.

Wang SW, Lee CH, Lin MS, et al. ZnO nanoparticles induced
caspase-dependent apoptosis in gingival squamous cell carcinoma through
mitochondrial dysfunction and p70S6K signaling pathway. International
journal of molecular sciences. 2020; 21(5):1612.

https://lwww.ntno.org



