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A B S T R A C T

Background: In recent years, biosynthesized nanoparticles has shown a promise as alternative avenue for 
improving the effectiveness of conventional chemotherapy. Despite, there is a significant gap in existing liter
ature concerning the comprehensive study of biogenic silver nanoparticles derived from terrestrial fern species 
and their potential effects on cancer cells. This study is aiming to investigate effects of biogenic silver nano
particles synthesized using aqueous extract of bracken fern Pteridium revolutum on inhibiting cell proliferation 
and inducing apoptosis in HCT-15 cells.
Methods: Biogenic silver nanoparticles synthesized using aqueous extract of Pteridum revolutum followed by their 
characterization (UV–Visible spectroscopy, TEM, XRD and FTIR). The impact on cell proliferation of HCT-15 cells 
was assessed by MTT assay while induction of apoptosis was demonstrated via DNA fragmentation, caspase-3 
assay, cell cycle arrest, FITC V- Annexin assay and evaluation of expression of apoptotic genes using real time 
PCR and western blotting techniques.
Results: Results of UV–Vis spectrum of colloidal solution of CW-AgNPs showed surface plasmon resonance peak at 
430 nm. TEM and XRD results confirmed synthesis of spherical shaped, 20–40 nm sized nanoparticles. The results 
elucidate cytotoxic effect of PR-AgNPs against HCT-15 cells in time and dose dependent manner with IC50 
observed at 5.79 ± 0.58 µg /mL after 24 h of exposure. Furthermore, PR-AgNPs induce significant alterations in 
cellular morphology, elevate DNA DNA fragmentation and enhance expression of p53 and caspase-3 in HCT10 
cells.
Conclusion: The findings from this study address the noteworthy antiproliferative effects of PR-AgNPs in cancer 
cells primarily mediated through activation of intrinsic apoptosis pathway by inducing p53 and caspase-3 genes.

1. Background

In recent years, nanomedicine has revolutionized biomedical sci
ence, paving the way for innovative therapeutic strategies and the cre
ation of new pharmaceuticals. Extensive research has highlighted the 
immense potential of metallic nanoparticles across various sectors, 
including industrial, healthcare, and biomedicine sectors.1,2

Particularly, silver and gold nanoparticles have been extensively studied 
for their synthesis methods and diverse applications.3,4 Development of 
cancer is characterized by uncontrolled cell proliferation and tumor 
formation, has traditionally been treated with conventional chemo
therapy, which often results in unwanted toxicities and drug resistance 
due to non-specific targeting. However, nanotechnology has revolu
tionized cancer therapeutics by enhancing the efficiency and 
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effectiveness of both conventional and novel chemotherapy drugs.5,6

Nanoparticles have emerged as promising alternative anticancer agents 
owing to their unique attributes such as non-toxicity, natural antioxi
dant properties, biocompatibility, multi-targeting capabilities and their 
ability to modulate biological processes involved in anticancer effi
cacy.7,8 Among these, silver nanoparticles have garnered considerable 
attention for their biogenic synthesis and biomedical applications, 
showing anticancer activity in various cancer models, both in vitro and in 
vivo.9–11 The phytosynthesized silver nanoparticles using extracts 
different parts of various medicinal plants have gained considerable 
attention for their anticancer properties. Various studies have demon
strated that AgNPs synthesized from plant extracts exhibit significant 
cytotoxicity against a wide range of cancer cells.12–14 The biogenically 
synthesized silver nanoparticles demonstrate anticancer effects by 
modulating cellular processes, including cell cycle, signaling pathways, 
and apoptosis induction through the mechanisms such as oxidative DNA 
damage, mitochondrial degradation, and cellular shrinkage.15,16

Although information regarding silver nanoparticles synthesized 
from various sources and their applications is available in literature, the 
studies on their effects on cancer cell growth, cytotoxicity, and gene 
expression at very low concentrations of biogenic AgNPs synthesized 
using fern species are limited. Further efforts are required to evaluate 
their efficacy against cancer cells. Therefore, this research aims to 
explore the potential anticancer properties of silver nanoparticles syn
thesized from wild terrestrial fern Pteridium revolutum, (Blume) Nakai 
(Family: Dennstaedtiaceae) also known as bracken fern. Various sec
ondary metabolites, such as tannins, triterpenoids, alkaloids, flavonoids, 
phytosterols, and phenols, present in different fern species,17,18 which 
are known to enhance their antioxidant potential.19–21 Although some 
research has been done on using other terrestrial ferns to synthesize 
metallic nanoparticles and their applications,22–24 there is little knowl
edge about creating silver or other nanoparticles from P. revolutum. This 
gap highlights the need for more studies to explore their biological 
potential.

The mechanism of action underlying the inhibition of cancer cell 
proliferation in response to biogenic nanoparticles synthesized using 
P. revolutum is not well understood. The current research is concentrated 
on the biosynthesis of silver nanoparticles using the aqueous leaf extract 
of P. revolutum (PR-AgNPs) and assessing their impact on modulating 
cell proliferation and apoptosis pathways in the colon carcinoma (HCT- 
15) cell line. Apoptosis pathway is being investigated to understand the 
expression of various genes, including p53, and caspase-3.25,26 Simi
larly, the role of heat shock proteins in protecting the cells from 
oxidative stress and inhibiting cell proliferation in response to nano
particle exposure remains unexplored. In this study cell proliferation 
inhibition, indicative of metabolic disturbances affecting cell viability, 
was assessed via MTT assay. The real-time PCR (RT-PCR) was used to 
measure the mRNA levels of p53, caspase-3, and HSP-70 genes to study 
changes in genes related to the apoptosis pathway. Protein levels of 
selected apoptosis markers were checked with western blotting. Addi
tionally, we investigated the potential mechanism of apoptotic cell 
death using the caspase-3 assay, cell cycle arrest assay, FITC-Annexin V 
assay, and DNA fragmentation assay.

2. Methods

2.1. Biosynthesis, purification and characterization of silver nanoparticles

Biosynthesis, purification and characterization of silver nano
particles were conducted through series of steps. Initially, silver nano
particles were biosynthesized by reacting 10 mL of aqueous extract of 
bracken fern P. revolutum with 90 mL of 1 mM silver nitrate (AgNO3) 
solution. The reaction mixture was then incubated at 80 ◦C in the dark 
with continuous agitation, and monitored for the change in color of 
reaction mixture. Subsequently, the PR-AgNPs nanoparticle mixture was 
centrifuged at 15,000 rpm for 10 min, followed by multiple washes with 

distilled water to remove unwanted contaminants. Reduction of silver 
nitrate by the plant extract was monitored for up to 3 h at 30-minute 
intervals during the formation of biogenic PR-AgNPs. The initial char
acterization of biogenic silver nanoparticles was carried out using 
UV–Visible spectroscopy, where the bioreduction of silver ions to 
nanoparticles was confirmed by scanning the spectrum of the reaction 
mixture within the range of 300 to 800 nm. Further characterization of 
the biosynthesized PR-AgNPs was performed using Transmission Elec
tron Microscopy (TEM), X-ray diffraction (XRD), and Fourier Transform 
Infrared Spectroscopy (FTIR), dynamic light scattering (DLS) and Zeta 
potential analysis at the Sophisticated Analytical Instrument Facility 
located at the Sophisticated Test and Instrumentation Centre, Cochin 
University, Kerala.

2.2. In vitro evaluation of cell viability and cell proliferation

Cell Line & Cell Culture: The inhibitory effects of PR-AgNPs were 
investigated using the HCT-15 cell line. The HCT-15 cell line obtained 
from the cell repository of National Centre for Cell Sciences (NCCS), 
Pune, India. These cells were cultured in T-25 culture flasks with RPMI- 
1640 medium supplemented with 10 % heat-inactivated fetal bovine 
serum (FBS) and Penicillin (100 U/mL)-Streptomycin (100 μg/mL). 
Culture conditions were maintained at 5 % CO2, 95 % humidity, and a 
temperature of 37 ◦C. The primary fibroblasts cells obtained from breast 
tissue were cultured in DMEM/F12 media supplemented with contain
ing FBS (10 %), Pen-strep100 (U/mL), EGF (10 ng/mL), insulin (5 µg/ 
mL), Pitutary extract (50 ng/mL), hydrocortisone (0.5 µg/mL).

2.3. Cell viability/cell proliferation assay (MTT assay)

The MTT colorimetric assay was employed to evaluate the inhibitory 
effect of biogenic PR-AgNPs on the proliferation of HCT-15 cells by the 
method as prescribed earlier by Al-Qasmi.27 Initially, 1x104 cells/well 
were seeded in a 96-well plate with complete RPMI-1640 medium 
containing 10 % FBS and incubated at 37 ◦C with 5 % CO2 for 24 h for 
recovery. Subsequently, the cells were treated with varying concentra
tions (ranging from 2.5 to 15 µg/mL) of PR-AgNPs in culture medium 
and further incubated for 24 h at 37 ◦C with 5 % CO2. After treatment, 
the cells were washed with Hanks Balanced Salt Solution (HBSS) me
dium. Then, 10 Âµl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide) solution at a concentration of 5 mg/ml was 
added to each well and incubated at 37 ◦C with 5 % CO2 for 4 h. 
Following incubation, 200 μL of DMSO was added to dissolve the for
mazan crystals, and the absorbance of the developed purple color was 
measured at 560 nm wavelength using a UV–Vis 1800 spectrophotom
eter (Shimadzu). The percentage inhibition of growth for treated and 
untreated cells was determined where the inhibition of cell proliferation 
induced by PR-AgNPs was expressed as the percentage growth inhibition 
using the formula: Percentage (%) inhibition = 100- (A560 nm of treated 
cells / A560 nm of control cells) × 100 %. The experiments were con
ducted in triplicates to ensure the reproducibility and reliability of the 
results.

2.4. Cell morphology

HCT-15 cells were seeded at a density of 1x106 cells/well in a 6-well 
plate with RPMI-1640 medium without FBS. Subsequently, the cells 
were treated with various concentrations of PR-AgNPs, ranging from 2.5 
to 15.0 µg/mL. After a 24-hour exposure to the AgNPs, alterations in cell 
morphology were examined using a phase-contrast microscope (Pri
movert, Carl Zeiss).

2.5. Study of apoptosis

2.5.1. Caspase- 3 assay
The control and PR-AgNP (IC50: 5.79 µg/mL) treated cells were 
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harvested and washed with ice-cold PBS. Caspase-3 activity in HCT-15 
cells was assessed using a caspase-3 assay kit (Sigma Aldrich USA) 
following the manufacturer’s protocol. Cell lysis was performed using 
100 μL of lysis buffer (composed of 50 mM HEPES (pH 7.4), 5 mM 
CHAPS, and 5 mM DTT) for 30 min at 4 ◦C, followed by centrifugation 
at 12,000 X g for 20 min to collect protein extracts. Equal volumes (10 
μl) of protein extracts were combined with assay buffer (containing 20 
mM HEPES (pH 7.4), 0.1 % CHAPS, 10 mM DTT, and 1 mM EDTA), 
and incubated with the caspase-3 substrate (acetyl-Asp-Glu-Val-Asp p- 
nitroanilide (Ac-DEVD-pNA)) and caspase-3 inhibitor (Ac-DEVD-CHO) 
for 4 h. Absorbance was then measured at 405 nm using a double-beam 
UV–Vis spectrophotometer. Comparative analyses were performed with 
non-induced cells and in the presence of a caspase-3 inhibitor. The assay 
for caspase-3 was repeated in triplicates to ensure the repeatability and 
consistency of the results.

2.6. DNA fragmentation assay

To assess apoptosis, a DNA fragmentation assay was conducted. 
Approximately 1x105 cells were seeded in 6-well plates and treated with 
PR-AgNPs (IC50: 5.79 µg/mL), alongside untreated control cells, and 
then incubated at 37 ◦C in a 5 % CO2 environment for 24 and 48 h. 
Subsequently, the cells were harvested and lysed in 0.3 mL of cell lysis 
buffer containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.2 % Triton X- 
100, and 0.5 % sodium dodecyl sulfate (SDS). Following incubation of 
the cell lysate with 0.5 mg/mL of RNase A at 37 ◦C for 1 h and 0.2 mg/ 
mL of proteinase K at 55 ◦C for 1 h, DNA was precipitated by adding 1/ 
10th volume of 5 M sodium chloride and an equal volume of isopropanol 
at − 20 ◦C for 16 h, followed by centrifugation at 12,000 x g for 30 min at 
4 ◦C. The resulting DNA pellet was washed with 70 % ice-cold ethanol, 
air-dried, and then resuspended in T10E1 buffer (pH 8.0). The DNA 
samples were analyzed using a 1.5 % (w/v) low EEO agarose gel con
taining 1 μg/mL ethidium bromide, visualized, and photographed using 
a gel documentation system (BioRad Laboratories, USA). The experi
mental procedure for DNA fragmentation was repeated three times for 
the confirmation of the results.

2.7. Annexin-V-FITC/ PI assay

In vitro ability of PR-AgNPs to induce apoptotic cell death in HCT-15 
cells was studied by the FITC-Annexin-V assay as described earlier by 
Vafaei and coworkers.28 A total of 1 × 105 HCT-15 cells were seeded in a 
6-well plate and treated with PR-AgNPs at 5.79 µg/mL concentration, 
alongside untreated control cells. After 24 h of incubation, the cells were 
collected and rinsed with ice-cold phosphate-buffered saline (PBS). 
Subsequently, apoptosis was assessed using the FITC-Annexin V/Dead 
Cell Apoptosis Kit (Invitrogen). The cells were suspended in 1X annexin- 
binding buffer and then stained with FITC-Annexin V and propidium 
iodide (PI) at room temperature for 15 min. The stained cells were 
analyzed using Attune NxT flow cytometer at 488 nm dual wavelength 
with the Ex/ Em (499/521). Detection of the green fluorescence of 
Annexin V-FITC through the FITC channel (FL1 or BL1) detection.

2.8. Cell cycle arrest assay

A total of 1 × 105 HCT-15 cells were exposed to PR-AgNPs at con
centrations of 5.79 µg/mL. Following a 24-hour incubation period, the 
cells were detached using trypsinization and rinsed with 1X PBS. Sub
sequently, the cell pellet was briefly vortexed with 70 % ethanol for cell 
fixation at 4 ◦C for 30 min. After fixation, the cells were washed with 1X 
PBS to eliminate ethanol residues. Next, the cells were treated with 
RNase A and then stained with propidium iodide (PI) for 30 min. The 
fluorescence intensity was assessed and recorded using Attune™ NxT 
Flow Cytometer, blue/red; Make: Thermo Fisher Scientific) in FL-2 or 
BL2 channels with the Ex/ Em 499/521.

2.9. Western blot analysis

To investigate mechanistic apoptosis induction by PR-AgNPs, west
ern blot analysis was conducted on HCT-15 cells. Cells were seeded at 1 
x 105 in 6-well plates with RPMI-1640 medium supplemented with 10 % 
FBS and grown for 24 h hours at 37 ◦C in a 5 % CO2, 95 % humidity. 
Subsequently, the cells were treated with PR-AgNPs (IC50: 5.79 µg/mL) 
in RPMI-1640 for 24 h. After treatment, cells were harvested, lysed, and 
centrifuged at 12000Xg for 30 min. Protein concentration was deter
mined, and equal amounts of protein (50 µg/lane) were resolved on 10 
% SDS-PAGE. Proteins were transferred to a nitrocellulose membrane, 
blocked with Tris buffer saline with Tween-20 (TBST) containing 5 % 
casein for 1 h, and incubated with primary antibodies (anti-p53, anti- 
caspase-3, anti-HSP70, and anti-Actin) for 1 h. After washing with 
TBST, the membrane was incubated with secondary antibodies (horse
radish peroxidase-conjugated goat anti-rabbit IgG and rabbit anti-mouse 
IgG) for 1 h and immunoreactive bands were detected using chem
iluminescence Western BrightTm ECL detection system (Advansta). 
After standardization of the western blotting protocol, final confirma
tion of the results was checked by repeating the experiment thrice three 
times to ensure the consistency of the results.

2.10. Real time PCR analysis for apoptotic gene expression

The expression changes of p53, caspase-3, and HSP-70 mRNA were 
analyzed by real-time PCR using cDNA synthesized from RNA extracted 
from control and PR-AgNPs-treated HCT-15 cells. RNA was extracted 
from control and PR-AgNPs (IC50: 5.79 µg /mL) treated HCT-15 cells 
using Trizol reagent, and cDNA was synthesized from 5 µg of total RNA 
using a cDNA synthesis kit. Real-time PCR was performed with primers 
(Table 1) SYBR green PCR Master mix, and cycling conditions included 
an initial denaturation at 95 ◦C for 10 min followed by 40 cycles of 
amplification at (95 ◦C for 15 sec, 55 ◦C for 60 sec. Ct values were 
extracted for each gene, and ΔΔCt values were determined to compare 
gene expression between samples. The results of the experiments were 
confirmed by repeating the assay procedures three times.

2.11. Statistical analysis

Statistical analyses were conducted on all assays performed in trip
licate, and the results are presented as mean ± SEM of three indepen
dent experiments. The IC50 values with 95 % confidence intervals are 
reported as Mean ± SEM of three independent experiments. Student’s t- 
test was employed to determine the significance of the difference be
tween the means of gene and protein expression levels in control and PR- 
AgNPs treated samples, with ***p < 0.005 considered statistically sig
nificant. All statistical analyses were conducted using SPSS (IBM Version 

Table 1 
List of Primer sequences of apoptotic genes used for expression studies by RT- 
PCR in response to PR-AgNPs treatment.

Sr. 
No.

Gene Oligonucleotide Sequence Tm 
(0C)

Amplicon 
size (bp)

1 P53 FP 5′-ACTAAGCGAGCACTGCCCAA- 
3′RP 5′-ATGGCGGGAGGTAGACTGAC- 
3′

5456 175

2 Caspase3 FP 5′-GTG GCA TTG AGA CAG ACA 
GTG G-3′RP 5′-GCCAAG AAT AAT AAC 
CAG GTG C-3′

5754 110

3 HSP70 FP 5′-ACC ACT TCG TGG AGG AGT 
TCA AGA − 3′ 
RP 5′-ACG TGT AGA AGT CGA TGC 
CCT CAA − 3′

5757 171

4 Actin FP 5′-TCT GGC ACC ACA CCT TCT ACA 
ATG-3′ 
RP 5′- AGC ACA GCC TGG ATA GCA 
ACG − 3′

5756 200
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20.0) software.

3. Results

3.1. Biosynthesis and characterization of PR-AgNPs

The alteration of silver nitrate solution color, from colorless to a 
brown, was observed after incubation at 80 ◦C in the absence of light, as 
depicted in Fig. 1A. This transformation, prompted by the aqueous 
extract of P. revolutum, confirmed the conversion of metallic silver to 
silver nanoparticles. It was supported by the evidences from literature 
that the active secondary metabolites including phenols, alkanes, ke
tones, alcohols, alkaloids, terpenoids and flavonoids present in plants 
can act as capping agents and help in bioreduction of silver ions into 
nanosilver during the formation of silver nanoparticles. Additionally, 
UV–visible spectroscopy was utilized to characterize the formation of 
PR-AgNPs by measuring absorption spectra within the 300–800 nm 
range. The reduction of silver ions into PR-AgNPs over time was tracked 
through UV–Visible spectra taken at 30-minute intervals. Notably, the 
presence of an absorption peak at 430 nm indicated the synthesis of 
silver nanoparticles of varying sizes, as illustrated in Fig. 1B. The results 
indicated that the bioreduction of AgNO3 commenced within 30 min of 
incubation, with complete formation of silver nanoparticles observed 
after 120 min. Further characterization of the morphology, size, and 
shape of the biosynthesized PR-AgNPs was conducted using trans
mission electron microscopy (TEM), revealing spherical particles within 
the 20–40 nm size range (Fig. 2A). Structural analysis of the biogenic 
PR-AgNPs was performed using XRD, which revealed characteristic 

peaks at 2θ values of 38.176◦, 46.373◦, 64.574◦, and 77.403◦ corre
sponding to 111, 200, 220, and 311 lattice planes of silver, confirming 
the crystalline structure of the biogenic PR-AgNPs (Fig. 2B). The FTIR 
spectra of both P. revolutum and PR-AgNPs were analyzed within the 
range of 500–4000 cm-1 to identify the functional groups responsible for 
the bioreduction of silver ions into silver nanoparticles. The aqueous 
extract of bracken fern exhibited two major peaks at 3445.91 cm-1 and 
1668.53 cm-1, while the PR-AgNPs displayed distinct peaks at 3452.96 
cm-1 and 1636.41 cm-1. The peaks at 3445.91 cm-1 and 3452.96 cm-1 
corresponded to the stretching vibration of the O–H group of alcohol/ 
phenol, while the peaks at 1668.53 cm-1 and 1636.41 cm-1 corre
sponded to the stretching vibrations of carbonyl (C = C) groups of am
ides/alkynes during the formation of biogenic PR-AgNPs (Fig. 2C). The 
results of FTIR indicated the presence of O–H, C = C and CH groups 
which confirmed the presence of hydroxyl and carboxyl groups of fla
vonoids of plant extract. This indicated the role of phytoconstituents 
present in P. revolutum in bioreduction of metallic sliver to silver 
nanoparticles. Further, size distribution of PR-AgNPs was additionally 
assessed and verified using dynamic light scattering (DLS) analysis, 
revealing the presence of smaller nanoparticles (20–40 nm) as well as 
medium-sized ones (50–70 nm) (Fig. 3A). Similarly, the zeta potential 
measurement was used to evaluate the surface charge and stability of the 
colloidal PR-AuNPs solution. The biosynthesized AgNPs exhibited a zeta 
potential of − 13.8 mV, indicating that the nanoparticles carried a 
negative charge (Fig. 3B). The relatively low zeta potential of PR-AgNPs 
may be attributed to the polar functional groups of organic compounds 
found in the aqueous extract of P. revolutum. The biosynthesized PR- 
AgNPs remained stable for over three months, showing no signs of 

Fig. 1. Biosynthesis and characterization of silver nanoparticles using Pteridium revolutum leaf extract. (A) Time dependent color change of colloidal solution of silver 
nitrate and aqueous extract of Pteridium revolutum. (B) The absorption spectrum of colloidal solution of AgNO3 and aqueous extract of P. revolutum at different time 
intervals during the formation of PR-AgNPs. The surface plasmon resonance of biogenic PR-AgNPs exhibited a strong peak at 430 nm.
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color change or aggregation and absorption peak at 430 nm. This sta
bility is likely due to the steric effects created by the phytoconstituents 
adsorbed onto the nanoparticle surface.

3.2. Biogenic PR-AgNPs inhibit cell proliferation in colon cancer HCT-15 
cells

In vitro studies were conducted to evaluate the inhibitory effects of 
biogenic PR-AgNPs on the proliferation of colon cancer (HCT-15) cells. 
The findings revealed significant cytotoxicity against HCT-15 cells in a 
dose-dependent manner (2.5 – 15.0 µg/mL), with cell viability 
decreasing as the concentration of PR-AgNPs increased (Fig. 4A). The 
results of the MTT assay clearly demonstrated that biogenic PR-AgNPs 
effectively suppress cell proliferation in HCT-15 cells after 24 h of 
exposure. The fifty percent inhibitory concentration (IC50) and IC90 of 
PR-AgNPs necessary to inhibit cell growth in HCT-15 cells after 24 h 
were 5.79 ± 0.58 µg/mL and 13.82 ± 1.38 µg/mL, respectively. Com
plete inhibition of cell growth in HCT-15 cells was achieved at a con
centration of 15 µg/mL of PR-AgNPs. The cytomorphology of HCT-15 
cells exhibited noticeable morphological abnormalities, including a 
shrunken appearance, upon treatment with PR-AgNPs at concentrations 
ranging from 10 to 15 µg/mL (Fig. 4B), contrasting with the healthy 
appearance of untreated control cells. Biosynthesized PR-AgNPs 
prompted intracellular suicide in HCT-15 cells, resulting in alterations 
in cell morphology characterized by compromised cell membrane 
integrity, cellular shrinkage, cytoplasm condensation, growth arrest, 
and ultimately, apoptotic cell death. The normal fibroblast cells derived 
from adjacent breast cancer tissue were exposed to PR-AgNPs in order to 
demonstrate the cytotoxicity results which indicated comparatively low 
toxicity on fibroblast cells. When we exposed fibroblast cells to 
2.5–––20 μg/mL PR-AgNPs, we observed that even higher concentration 
i.e, 15 μg/mL inhibits less than 40.70 ± 11.83 percentage cell growth in 
fibroblast cells after 24 h exposure. (Supplementary Fig. 1).

3.3. Biogenic PR-AgNPs induced apoptosis in HCT-15 cells through cell 
cycle arrest, caspase-3 activation and DNA damage

The induction of apoptosis in HCT-15 cells upon exposure to PR- 
AgNPs was demonstrated through caspase-3 assay. The findings 
revealed activation of caspase-3 activity as a contributing factor to 
apoptotic cell death following 24-hour exposure to PR-AgNPs. Specif
ically, when HCT-15 cells were treated with 5.79 ± 0.58 µg/mL and 
13.82 ± 1.38 µg/mL of PR-AgNPs, a significant increase in caspase-3 
activity was observed in treated cells (p < 0.005) compared to un
treated control cells, as illustrated in Fig. 5A. Moreover, the induction of 
apoptosis in colon cancer cells was further investigated through the 
analysis of DNA fragmentation patterns in cells exposed to PR-AgNPs. 
DNA damage within cells in response to stressors is a distinctive hall
mark of the apoptosis process, or programmed cell death. Upon treat
ment of HCT-15 cells with PR-AgNPs, apoptotic cells displayed 
characteristic extensive double-strand breaks in cellular DNA, resulting 
in a ladder-like appearance (Fig. 5B, Lane 3–4), whereas DNA from 
untreated control cells did not exhibit significant DNA fragmentation 
(Fig. 5B, Lane 2) when examined through agarose gel electrophoresis. 
Thus, the extensive DNA damage observed in PR-AgNPs exposed cells 
provides evidence of apoptosis induction in HCT-15 cells. Furthermore, 
flow cytometry analysis alongwith Annexin-V-FITC/PI dual staining 
validated the presence of apoptotic cells. HCT-15 cells treated with 5.79 
µg/mL of PR-AgNPs exhibited a concentration-dependent increase in 
both early and late apoptotic cells compared to untreated controls 
(Fig. 6A). The flow cytometry results revealed that after 24 h of PR- 
AgNPs treatment, HCT-15 cells experienced both early and late 
apoptosis, with 20.24 % of cells undergoing early apoptosis and 23.72 % 
undergoing late apoptosis compared to untreated control cells. These 
findings suggest that PR-AgNPs induce cell death in colon cancer cells 
primarily through early apoptosis. Moreover, cell cycle analysis results 
indicated apoptotic cell death in HCT-15 cells following PR-AgNPs 
exposure was associated with cell cycle arrest. Specifically, HCT-15 
cells treated with a concentration of 5.79 µg/mL of PR-AgNPs for 24 h 
and stained with PI showed cell cycle arrest at the G2/M phase (Fig. 6B).

Fig. 2. Characterization of PR-AgNP nanoparticless: (A) TEM micrograph of PR-AgNPs. (B) XRD pattern of PR-AgNPs (C) FTIR spectra of (a) PR-AgNPs and (b) 
aqueous extract of Pteridium revolutum.
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3.4. Biogenic PR-AgNPs altered expression of p53, caspase-3 genes in 
HCT-15 cells

In this research, we investigated the protein-level expression of 
apoptotic pathway genes such as p53, and caspase-3 in HCT-15 cells 
following exposure to biogenic PR-AgNPs using western blotting. The 
results demonstrate a notable increase in the levels of p53 proteins in 
HCT-15 cells after 24-hour exposure to the IC50 dose of biogenic PR- 
AgNPs. Furthermore, the presence of PR-AgNPs led to an elevation in 
caspase-3 enzyme levels, signifying the activation of the apoptosis 
pathway in HCT-15 cells via the caspase-3 pathway. Significant differ
ences were observed in the protein expression levels of p53, and caspase- 
3 in HCT-15 cells treated with PR-AgNPs for 24 h compared to untreated 
controls (p < 0.005) (Fig. 7A-D). Actin served as a loading control, 
showing consistent intensity bands across all samples, indicating uni
form protein concentration (Fig. 7B, D, F). The expression pattern of 
apoptosis pathway genes at the mRNA level was observed in the results 
of real-time PCR. Relative expression levels of each control and treated 
group were determined after normalizing cycle threshold (Ct) values of 
p53, and caspase-3 genes to the mRNA levels of the housekeeping actin 
gene. The real-time PCR results were presented as fold changes in mRNA 
expression levels, indicating a statistically significant increase of 3–4 
fold in p53, and caspase-3 mRNA expression levels in PR-AgNPs treated 
HCT-15 cells (Fig. 8A-B). The mRNA expression levels of apoptotic genes 
were significantly up-regulated (p < 0.005) in PR-AgNPs treated HCT-15 
cells compared to untreated cells. Furthermore, the results demonstrated 
a consistent correlation between caspase-3 mRNA expression and p53 
mRNA expression in response to biogenic AgNPs treatment (Fig. 8A-D).

3.5. Biogenic PR-AgNPs altered expression of HSP-70 mRNA and protein 
in HCT-15 cells

Heat shock protein 70 (HSP-70) acts as a molecular chaperone, 
playing a vital role in maintaining cellular homeostasis by binding to 
and stabilizing other proteins to prevent denaturation or aggregation 
under stressful conditions. Our investigation involved assessing the 
expression levels of both HSP-70 protein and mRNA using western 
blotting and real-time PCR, respectively. It was evidenced from our re
sults of western blot analysis showed significant up-regulation of HSP-70 

Fig. 3. (A) Dynamic light scattering image for measuring size distribution of 
PR-AgNPs. (B) Zeta potential pf PR-AgNPs.

Fig. 4. Representative histogram showing in vitro dose dependent cytotoxicity of biogenic PR-AgNPs on HCT-15 cells. (A) Inhibition of cell proliferation at different 
concentrations (2.5, 5, 7.5,10, 12.5 and 15 µg/ml) of PR-AgNPs was measured by MTT assay. The results represent the means of three independent experiments, and 
error bars represent the standard error of the mean. (B) Cell morphology of HCT-15 cells treated with PR-AgNPs. All images are taken at 20X magnification with Carl 
Zeiss phase contrast microscope, Scale bars, 100 µm.
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in PR-AgNPs treated HCT-15 cells (p < 0.005) over the unexposed 
control cells (Fig. 7 G-H). Additionally, a statistically significant increase 
in the expression of HSP-70 mRNA was observed in HCT-15 cells treated 

with biogenic AgNPs (p < 0.005) compared to the control cells (Fig. 8G). 
Results of both western blot analysis and real time PCR revealed sig
nificant difference of 3–5 fold change of HSP70 protein as well as mRNA 

Fig. 5. (A) Representative histogram showing illustration of caspase-3 activity in HCT-15 cells. Error bars denote the standard error of the mean (SEM) derived from 
three independent experiments (n = 3). Significant differences in caspase-3 activity (µmolpNA/min/ml) between control and PR-AgNPs exposed samples were 
assessed using Student’s t-test, with the significance levels marked as (***p < 0.005). (B) The agarose gel images presented are representative illustrations of DNA 
fragmentation observed in HCT-15 cells treated with PR-AgNPs. Lane 1 exhibits 100 bp DNA marker, while Lane 2 displays DNA from control cells. Subsequently, 
Lane 3 corresponds to DNA from cells treated with 5.79 µg/ml of PR-AgNPs, and Lane 4 represents the DNA from cells treated with 13.82 µg/ml of PR-AgNPs. Lane 5 
indicates the 1Kb DNA marker.

Fig. 6. (A) Confirmation of apoptosis by Annexin-V-FITC/PI staining assay. (a) Control HCT-15 cells (b) HCT-15 cells treated with IC50: 5.79 µg/ml PR-AgNPs for 24 
h. The cells were stained with Annexin-V-FITC and propidium iodide and the percentage of apoptotic cell population was analyzed by flow cytometry. (B) Cell cycle 
arrest assay where (a) control cells and (b) HCT-15 cells were treated with 5.79 µg/ml PR-AgNPs for 24 h and the cell cycle distribution was analyzed by 
flow cytometry.
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expression in HCT-15 cells after exposure with PR-AgNPs suggesting the 
role of HSP-70 in mitigation of AgNP induced stress.

4. Discussion

Plant extract mediated bio-synthesis of nanoparticles is an advanced 
and forthcoming approach in the field of nanoscience research with an 
intention to develop therapeutic regimen in management of malignant 
ailments. Terrestrial pteridophytes, are group of lower plants enriched 
with wide range of phytoconstituents including alkaloids, flavonoids 
and polyphenols and are known for their bio-potential activities. 
Considering the biomedical potential of terrestrial ferns, we explored the 
potential of aqueous extract of P. revolutum for synthesizing silver 
nanoparticles and evaluated their anti-proliferative and apoptotic 

effects on cancer cells. Several studies demonstrated biosynthesis metal 
nanoparticles using bio-components of plant extracts,29–32 but there 
remained insufficient knowledge about use of lower cryptogams in 
biosynthesis of silver nanoparticles.22,33,34 This study marks the initial 
endeavor to comprehend the biosynthesis of silver nanoparticles utiliz
ing bracken fern, along with exploring the potential mechanism behind 
the inhibition of cell proliferation and induction of apoptosis by biogenic 
PR-AgNPs. The reduction of silver ions to nanoparticles was identified 
by the alteration in color of the reaction mixture from colorless to 
reddish-brown (observed at 120 min) and confirmed through UV–Vi
sible spectroscopy within the range of 300–800 nm. The surface plasmon 
resonance, with a peak maximum at 430 nm resembling silver nano
particles, was observed, consistent with findings from previous 
studies.35,36 The FTIR analysis elucidated involvement of probable 

Fig. 7. (A) The histogram provided is a representation of the relative levels of p53, caspase-3, and HSP70 proteins derived from HCT-15 cells, as resolved in western 
blot analysis and quantitated through densitometric analysis. Error bars signify the standard error of the mean (SE) across three independent experiments (n = 3). 
Significant differences, determined via Student’s t-test (***) with a threshold of p < 0.005, indicate a notable increase in samples treated with PR-AgNPs (5.79 µg/ml) 
collected at 24 h post-exposure compared to the control group. The results represent the means of three independent experiments, and error bars represent the 
standard error of the mean. (B) A representative western blot is provided to illustrate the expression of p53, caspase-3, and HSP70 proteins from HCT-15 cells treated 
with the IC50 concentration (5.79 µg/ml) of PR-AgNPs at 24 h (N = 3). Lane-1 depicts the control, while lane-2 shows cell protein extracts from samples exposed to 
PR-AgNPs for 24 h.
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functional chemical groups (O–H, C = C) of phytoconstituents in bio
reduction and stabilization of PR-AgNPs. The FTIR peaks of PR-AgNPs at 
3452.96 cm− 1 and 1636.41 cm− 1 (O–H group of alcohol and C = C group 
of alkynes) were similar to 3445.91 cm− 1, 1668.53 cm− 1 peaks obtained 
for aqueous extract of bracken fern. Thus, in line with prior research, the 
results of FTIR analysis provided strong evidence for the involvement of 
active phytochemical components in reducing metallic silver ions to 
silver nanoparticles.37,38 Likewise, the confirmation of PR-AgNPs by 
TEM certified 20–40 nm sized spherical silver nanoparticles and XRD 
peaks of 38.176◦, 46.373◦, 64.574◦ and 77.403◦ indicated the crystalline 
nature of biosynthesized PR-AgNPs.

Previously, numerous studies have demonstrated the anticancer 
potential of biogenic nanoparticles against various cancer cell lines, 
including human breast cancer,39 cervical adenocarcinoma,35 hepato
cellular carcinoma,11,24 and lung cancer.40 However, insubstantial in
formation is available regarding biosynthesis of nanoparticles using 
lower ferns and their role in cytotoxicity.22,24 Furthermore, 

understanding of the mechanisms underlying the inhibition of cell 
proliferation process through the alteration of cellular pathways re
mains unclear. In this context, we aimed to understand the mechanism 
of action of PR-AgNPs in inhibiting cell proliferation and activating the 
apoptosis pathway in HCT-15 cells. The biosynthesized PR-AgNPs 
exerted strong anti-proliferative effect on colon carcinoma HCT-15 
cells with maximum cell growth inhibition (96.27 %) at 15 µg/mL and 
IC50 of 5.79 ± 0.58 µg/mL. The distinct changes in cell morphology, 
characterized by cell shrinkage, contraction, and loss of cell membrane 
integrity, were observed in HCT-15 cells upon exposure to concentra
tions of PR-AgNPs at 5 µg/mL and above. For instance, these results were 
similar to those reported in previous studies where biosynthesized 
AgNPs had cytotoxic effects against breast cancer MCF-7 and MDA-MB- 
231 and HCT15 cells.35,39 This could be because of nineteen different 
types of secondary plant metabolites present in Pteridium sp.40

Furthermore, PR-AgNPs exhibited minimal cytotoxicity against 
normal fibroblast cells with cell viability remaining above (%) at the 

Fig. 8. (A) Representative histogram showing the relative levels of p53, caspase-3, and HSP70 cDNA in HCT-15 cells. Significant differences in the levels of p53, 
caspase-3, and HSP70 (***p < 0.005) were observed, indicating a significant increase in samples obtained from the 24-hour post-exposure period compared to the 
control. The results represent the means of three independent experiments, and error bars represent the standard error of the mean. (B) Representative amplicons of 
p53, caspase-3, HSP70, and Actin genes from HCT-15 cells exposed to the IC50 concentration (5.79 µg/ml) of PR-AgNPs are depicted. Lane 1 represents the control, 
while lane 2 shows mRNA levels from PR-AgNPs exposed samples at 24 h exposure time.
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concentration of 20ug/ml tested.
This selective toxicity also suggests that the biogenic AgNPs may 

selectively target the cancer cells with higher metabolic activity and 
increased sensitivity of cancer cells towards oxidative stress.41 This 
selectivity is a crucial factor in reducing the adverse side effects on 
healthy cells which is a significant challenge in conventional chemo
therapy. Decreased cell proliferation and increased macromolecular 
damage including nuclear fragmentation exhibit cellular apoptosis. 
Upon treatment of HCT-15 cells with biogenic PR-AgNPs, extensive DNA 
damage in cellular DNA, resembling a ladder pattern, were observed, 
indicating the infiltration of AgNPs into the cell nucleus. Similar findings 
of DNA damage in various cancer cells upon exposure to silver nano
particles have been reported in previous studies.35,42 Consistently, our 
results demonstrate DNA fragmentation in HCT-15 cells following 
exposure to PR-AgNPs. In the present study, the results confirmed sig
nificant increase in caspase-3 expression in HCT-15 cells exposed to PR- 
AgNPs, indicating the induction of apoptosis. The distinctive changes 
observed in biological functions, such as inhibition of cell proliferation 
and induction of apoptosis, as crucial mechanisms governing cell sur
vival or cell death in response to unfavorable physiological conditions. 
The caspase-3 and p53 mediated pathway is known for its role in cell 
cycle arrest through activation of target genes concerned with 
apoptosis.43,44 On account of this, when HCT-15 cells were exposed to 
PR-AgNPs for 24 h, a notable increase in the expression of p53, and 
caspase-3 was observed, indicating the nanoparticles involvement in 
triggering apoptosis. Previous studies demonstrated that the AgNPs 
induce apoptosis through intrinsic mitochondrial pathway which 
correlated with our findings by activation of caspase-3.45 The flow 
cytometry analysis using Annexin V/PI revealed significant increase in 
apoptotic cells in response to PR-AgNPs treatment. For instance, 5.79 
µg/mL concentration of PR-AgNPs caused 20.24 % early apoptosis as 
well as 23.72 % late apoptosis as compared to 7.24 % early apoptosis 
and 0.10 % late apoptosis in untreated control cells. These results are 
consistent with previous findings showing biogenic AgNPs induce 
apoptosis in cancer cell lines.46 Furthermore, cell cycle analysis revealed 
that PR-AgNPs induced G2/M phase arrest in HCT-15 cells preventing 
the cells from further proliferating. Similar findings were reported 
prostate cancer cells, where AgNPs caused cell cycle arrest at G2/M 
phase highlighting the mechanism for inhibition of cell proliferation by 
biogenic AgNPs.47 Heat shock proteins are pivotal in safeguarding cells 
during instances of toxicity. Among them, HSP70 stands out as a widely 
researched stress biomarker, known for its resilience against various 
stressors like temperature fluctuations, radiation exposure, drug in
teractions, and nanoparticle exposure.48,49 Our results indicate a 
noticeable increase, approximately 3–4 folds, in the expression of HSP- 
70 in HCT-15 cells treated with PR-AgNPs compared to untreated cells. 
This suggests that HSP70 could be a stress biomarker in response to 
silver nanoparticles. However, more research is needed to see how it 
responds to other types of nanoparticles.

5. Conclusion

It is evident from the results obtained from our study that bio
synthesized PR-AgNPs inhibit cell proliferation in colon cancer cells by 
triggering the intrinsic apoptosis pathway. This mechanism is mediated 
through the activation of genes such as p53 and caspase-3, as confirmed 
by both real-time PCR and immunoblotting analysis.
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