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A B S T R A C T   

Silver nanoparticles (AgNPs) were prepared using a one-step reduction of silver nitrate (AgNO3) 
with sodium borohydride (NaBH4) in the presence of polyvinylpyrrolidone (PVP) as a capping 
agent. Plant extracts from D. sissoo (DS) and A. calamus L. (AC) leaves were incorporated during 
the synthesis process. The crystalline nature of the AgNPs was confirmed through X-ray diffrac
tion (XRD), confirming the face-centered cubic structure, with a lattice constant of 4.08 Å and a 
crystallite size of 18 nm. Field Emission Gun Transmission Electron Microscopy (FEG-TEM) 
revealed spherical AgNPs (10–20 nm) with evident PVP adsorption, leading to size changes and 
agglomeration. UV–Vis spectra showed a surface plasmon resonance (SPR) band at 417 nm for 
AgNPs and a redshift to 420 nm for PVP-coated AgNPs, indicating successful synthesis. Fourier 
Transform Infrared Spectroscopy (FTIR) identified functional groups and drug-loaded samples 
exhibited characteristic peaks, confirming effective drug loading. The anti-cancer potential of 
synthesized NPs was assessed by MTT assay in human adenocarcinoma lung cancer (A549) and 
lung normal cells (WI-38) cells. IC50 values for all three NPs (AgPVP NPs, DS@AgPVP NPs, and 
AC@AgPVP NPs) were 41.60 ± 2.35, 14.25 ± 1.85, and 21.75 ± 0.498 μg/ml on A549 cells, and 
420.69 ± 2.87, 408.20 ± 3.41, and 391.80 ± 1.55 μg/ml respectively. Furthermore, the NPs 
generated Reactive Oxygen Species (ROS) and altered the mitochondrial membrane potential 
(MMP). Differential staining techniques were used to investigate the apoptosis-inducing proper
ties of the three synthesized NPs. The colony formation assay indicated that nanoparticle therapy 
prevented cancer cell invasion. Finally, Real-Time PCR (RT-PCR) analysis predicted the expres
sion pattern of many apoptosis-related genes (Caspase 3, 9, and 8).  
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1. Introduction 

The second-most lethal kind of cancer in the world is lung cancer [1]. In 2022, 1, 30, 180 projected fatalities and 2, 36,740 
additional cases were predicted [2]. Small-cell lung cancer, which accounts for 20 % of cases diagnosed, and non-small-cell lung 
cancer, which accounts for 80 % of cases diagnosed, are the two forms of lung cancer. There are several therapies for lung cancer, 
including radiation, chemotherapy, and surgical removal, but sadly they all have a lot of adverse effects. Drug resistance in cancer cells 
has become a significant factor recently. To trigger apoptosis in lung cancer with fewer side effects and at a reasonable price, a new 
medication with biocompatible treatment methods is desperately needed [3,4]. 

With the least amount of expenditure and side effects, nanotechnology provides tools and resources to diagnose and treat a range of 
malignancies [5,6]. Production of green nanoparticles is affordable, secure, non-toxic, and ecologically responsible [7]. Silver (Ag) is 
the most commercially successful nano-compound, according to the Woodrow-Wilson database on nano-products, due to its physi
cochemical properties, antibacterial activity and treatments, bimolecular recognition, biolabeling, catalysis, and microelectronics [8]. 
Various consumer goods, including electronics, cosmetics, household appliances, textiles, food processing, and medical supplies, use 
silver nanoparticles (AgNPs). Numerous plant extracts are thought to be effective natural reducing agents with strong antioxidant 
activity [9,10]. When compared to other metal nanoparticles, AgNPs are less toxic to humans [11]. Due to the development of 
implantable biomaterials, molecular imaging, wound healing, and drug administration, to name just a few of the growing number of 
biomedical applications, green production of nanoparticles with a restricted range of toxicity has become a hot study topic [12–15]. In 
particular, the use of silver nanoparticles for cancer detection and treatment has increased, not only as ideal platforms for targeted 
therapeutic administration or as early cancer screening probes but also as a potential therapeutic molecule on its own [16–18]. Silver 
nanoparticles showed potential cytotoxicity when tested on a variety of cancer cell lines (A549, MCF-7, HT29, HeLa), as well as 
Dalton’s lymphoma ascites tumor [19–23]. 

The leaves of D. sissoo and A. calamus L. have been shown to contain a variety of secondary metabolites, including phenols, tannins, 
alkaloids, anthraquinones, saponins, and flavonoids, as determined by Gas Chromatography-High-Resolution Mass Spectrometry (GC- 
HRMS) [24,25]. They also exhibit strong cytotoxic action against A549 cells. Therefore, to create a new treatment strategy, we chose to 
synthesize DS@AgPVP NPs and AC@AgPVP NPs. Using multiple spectroscopic techniques and microscopic inspection, we have 
developed stable nanoparticles with a limited size distribution for the current investigation. We then investigated the anticancer 
properties of our green-synthesized NPs on A549 cells in vitro. 

2. Experimental section 

2.1. Chemicals and materials 

Silver nitrate (AgNO3), sodium borohydride (NaBH4), and PVP40 (C6H9NO)n were used for the synthesis of AgNPs. Silver nitrate 
extra pure was purchased from SRL (94118, India), and Sodium borohydride was purchased from Merck (106371, India) and utilized 
without any further purification. Polyvinylpyrrolidone (PVP) with an average F.M. 40,000 ≥ 99 %, High Purity (K30), was purchased 
from Fisher Scientific (Amresco, 0507-500G), USA. Milli-Q water was used throughout the experimentation. 

2.2. Preparation of plant extracts 

Plant extracts were prepared from D. sissoo (DS) and A. calamus L. (AC) leaves, as mentioned previously [24,25]. The extracts were 
stored at 4 ◦C until further use. 

2.3. Synthesis of colloidal PVP-coated silver nanoparticles 

Silver nitrate (AgNO3) was reduced with sodium borohydride (NaBH4) in one step to produce the colloidal silver solution. Silver 
nanoparticles (AgNPs) were produced by adding a 2 mM reducing agent (NaBH4) drop-by-drop to a 1 mM silver salt (AgNO3) at room 
temperature. For 30 min, the mixture was regularly stirred, and during that time, the solution quickly became yellow. As a capping 
agent, 0.1 % PVP was added to the AgNO3 solution to create the PVP-coated silver nanoparticles. Next, NaBH4 was added drop by drop, 
and the mixture was vigorously stirred for 30 min. Then, add drop-by-drop plant extracts (DS and AC) to a different tube mixer and 
swirl for 40–45 min at 500 rpm. The PVP Ag nanoparticles that had been coated with extract were ready after 45 min. TEM, UV, 
particle size analysis, zeta potential analysis, and FTIR analysis characterized the NPs. 

2.4. Characterization of synthesized PVP-coated silver nanoparticles 

The crystalline phases of the samples were analyzed using a Rigaku Ultima diffractometer equipped with a Cu(kα) radiation source 
(λ = 1.546 Å) through powder X-ray diffraction technique. The morphology of AgPVP NPs was characterized using a transmission 
electron microscope (TEM) (Tecnai 20, Philips, and Holland). Particle size and zeta potential were determined using a particle size 
analyzer with a zeta potential measuring system (HORIBA, SZ100) at a scattering angle of 173◦ and a temperature of 25 ◦C using 
samples. The Fourier transform infrared spectra (Spectrum GX, PerkinElmer, and U.S.A.) at a resolution of 0.15 cm− 1 were used to 
estimate the structural features of nanoparticles in the 400–4000 cm− 1 range using KBr pellets. 
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2.5. In-vitro anticancer studies 

2.5.1. Cell lines 
The National Centre for Cell Sciences (NCCS) in Pune, India, has a repository of human adenocarcinoma lung cancer (A549) and 

Lung Normal cells (WI-38), which were obtained and preserved as per following previous instructions mentioned [26]. 

2.5.2. Cell viability assay 
To study the cytotoxic capability of all NPs (AgPVP NPs, DS@AgPVP NPs, and AC@AgPVP NPs) on A549 and WI-38 cells, an MTT 

test was performed [27]. 

2.5.3. Detection of morphological alteration in A549 cells 
An inverted fluorescent phase contrast microscope was used to examine the morphological changes within NP-treated A549 cells. 5 

X 104 cells were incubated overnight in a 96-well plate at 37 ◦C with 5 % CO2 before being treated for 24 h with the IC50 concentrations 
of NPs. Morphological changes were seen and photographed using a 40× inverted fluorescence phase-contrast microscope (Carl Zeiss, 
Axio observer A1). 

2.5.4. Estimation of intracellular reactive oxygen species (ROS) in A549 cells 
ROS production was analyzed using the fluorescent marker 2,7-dichlorodihydrofluorescein diacetate in diacetate (DCFH-DA) 

probe, as previously described [28]. 

2.5.5. Estimation of mitochondrial membrane potential in A549 cells 
The activity of NPs on 3 X 104 A549 cells/well was determined using mitochondrial membrane potential (MMP) by using JC-10 dye 

(Sigma Aldrich, MAK159). After 24 h of the incubation period, cells were stained with JC-10 dye for 30–35 min. Then, the cells were 
washed with 1× PBS. The fluorescence intensity of control and treated cells was analyzed using a microplate reader (Molecular De
vices, USA, SpectramaxM2e) at 485 nm excitation and 530 nm emission, respectively. 

2.5.6. Nuclear assessment in A549 cells by 4-6-diamidino-2-phenylindole staining 
Nuclear morphology was identified by 4-6-diamidino-2-phenylindole (DAPI) staining (HiMedia, India) in (1.5 X 104) A549 cells 

with the capacity to create fluorescence in DS-DNA after treatment with IC50 doses of NPs respectively. After 24 h, cells were washed 
2–3 times with 1× PBS, stained with 50 μl of DAPI dye, and incubated in a CO2 incubator for 30 min. Following incubation, the cells 
were rinsed with 1× PBS to remove excess dye. A fluorescence-inverted phase-contrast microscope with a DAPI filter was used to 
investigate the cells [29]. 

2.5.7. Live/dead cell differentiation in A549 cells by double fluorescence staining with Acridine Orange/Ethidium Bromide (AO/EB) 
A549 cells (2 X 105) were seeded in 6-well plates overnight at 37 ◦C in a CO2 incubator. After 24 h, they were treated with the IC50 

concentration of NPs and re-incubated for 24 h. Cells were fixed with ice-cold methanol for 15–20 min at room temperature, then 
washed 2–3 times with 1× PBS. Cells were stained with 10 μg/ml AO/EB in each well and then incubated for 15 min at 37 ◦C in a CO2 
incubator. After incubation, cells were washed with 1× PBS and visualized by a fluorescence inverted microscope (40× magnification, 
Axio Observer A1, Carl Zeiss) under Fluorescein Isothiocyanate (FITC) and Tetramethylrhodamine Isothiocyanate (TRITC) filters [29]. 

2.5.8. Estimation of apoptosis in A549 cells by Giemsa staining 
2 X 104 cells were seeded in a 6-well culture plate for 24 h. After 24 h, cells were treated with their IC50 concentrations of NPs 

respectively. After 24 h of incubation, the culture media was removed, and the cells were washed with 1× PBS. For the fixation of the 
cells, ice-cold methanol was used. Giemsa staining was used to determine the morphology of proliferative and apoptotic cells. 

2.5.9. Assessment of clonogenic assay in A549 cells 
To determine the Anti-invasion effects on in vitro cell proliferation, the colony formation assay was performed [30,31]. 

2.5.10. RT-PCR studies in A549 cells 
Around 1 X 105 lung cancer cells were treated with the IC50 concentrations of NPs in 6-well plates for 24 h at 37 ◦C in a CO2 

incubator, followed by total RNA extraction using the TRIzol reagent method. 2 μg of extracted RNA was further used for cDNA 
synthesis by using the Thermo Fisher cDNA synthesis kit as per the protocol. The primer sequences (0.5 μM each of forward and reverse 
primers) used in this gene expression study are listed below, as described previously [24]. Furthermore, an RT-PCR assay was per
formed using the Biorad SYBR Green qPCR Kit following the manufacturer’s instructions. 

2.6. Brine shrimp lethality assay 

Brine prawn (Artemia salina) eggs were hatched in artificial seawater with 38 g/L of table salt. A lamp was placed above the tank’s 
open side to lure freshly born prawns near the tank wall. The prawns were ready for the test after 24 h of development into nauplii 
(Artemia salina). The nanoparticles were subjected to the usual brine shrimp lethality bioassay [32]. To get concentrations ranging 
from 10 to 100 μg/ml, all nanoparticles (1 mg) were dissolved in 1 ml of 1 M NaOH (pH 8). A Petri plate containing 1 M NaOH (pH 8) in 
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5 ml of salt water was used as the negative control. As a positive control, potassium dichromate was dissolved in 1 M NaOH (pH 8) and 
serially diluted to concentrations of 5 mg/ml. A suspension of larvae (0.1 ml), containing about 10 larvae, was added to each Petri plate 
and incubated for 24 h. The Petri plate was then examined, and the number of dead larvae in each bottle was counted after 24 h. The 
death percentage was calculated as per the following equation:  

Percent of Death= (Total shrimp-Alive shrimp) / (Total Shrimp) X 100 ————                                                           (Equation No. 1)  

Fig. 1. XRD analysis of AgNPs.  

Fig. 2. FEG-TEM Analysis 
(A) TEM and (B) High-resolution TEM image of AgNPs (inset shows lattice fringers) (C) selected area diffraction pattern of AgNPs. TEM images of 
the (D) AgPVP NPs (E) AC@AgPVP NPs (F) DS@AgPVP NPs. 
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2.7. Statistical analysis 

All reported data are expressed as the mean ± SEM of three individual experiments performed in triplicates. Statistical analysis 
among different treatment groups was determined using a one-way ANOVA followed by Tukey as a post-assay through GraphPad 
Prism 9.4.1. Significance: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.001. 

3. Results and discussion 

3.1. Characterization of nanoparticles 

3.1.1. XRD analysis 
The powder X-ray diffraction (PXRD) pattern of the AgNPs is presented in Fig. 1. The obtained diffraction pattern was analyzed and 

indexed using Powder-X software. The XRD pattern of the AgNPs exhibited distinct and prominent peaks at 2θ angles of 38.12◦, 44.28◦, 
64.39◦, 77.49◦, and 81.56◦, which corresponded to the crystal planes (111), (200), (220), (311), and (222), respectively. These peaks 
matched well with the face-centered cubic crystal structure, confirming the crystalline nature of the sample, and agreed with the 
reference data from the JCPDS card (04–0783). The lattice constant (a) was determined using the formula 

a= d
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(Equation No. 2)  

where d represents the interplanar spacing. The calculated lattice parameter for the sample was found to be 4.08 Å. The crystallite size 
(D) of the samples was calculated using the Debye-Scherrer formula, as reported in Ref. [33]. The calculated value for the crystallite 
size was determined to be 18 nm. 

3.1.2. Field emission Gun transmission electron microscope (FEG-TEM) analysis 
The shape and size of the particles were determined using a FEG-TEM investigation. A carbon-coated copper grid was utilized to 

contain dilutions of an Ag nanoparticle solution, which was then allowed to dry naturally while FEG-TEM pictures were captured. The 
FEG-TEM micrographs indicated that the produced AgNPs were spherical and agglomerated less (Fig. 2A). The average diameter of 
AgNP was determined to be between 10 and 20 nm. The clear and consistent lattice fringes visible in the inset FEG-TEM image (Fig. 2B) 
show the crystalline nature of the produced AgNPs. The observed distance between lattices is around 0.23 nm, which is attributable to 
the (111) planes of a silver crystal lattice. 

Furthermore, it implies that the prominent faces of silver nanoparticles are in good agreement with the face-centered cubic 
structure’s lattice fringe (111). Approaching the electron beam perpendicular to one of the AgNPs spheres resulted in the selected area 
electron diffraction (SAED) pattern (Fig. 2C). The diffraction spot pattern’s strong symmetry suggests that the produced AgNPs are well 
crystalline. Fig. 2D shows a slight increase in particle size, significant agglomeration, and noticeable morphological alterations, 
indicating that PVP was successfully adsorbing onto the surface of AgNPs. Conspicuous changes in color intensity are seen in Fig. 2(E) 
and (F), with separate areas showing considerable blackness and brightness between two individual particles. This contrasting color 
disparity signifies the effective encapsulation and loading of a drug onto the PVP-coated AgNPs. 

Fig. 3. UV–Vis spectra analysis.  
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3.1.3. UV–Vis spectra 
Visual examination of the solution was used to monitor the reduction of Ag ions (Ag+) to Ag nanoparticles. The color shift from 

colorless to yellow in the AgNO3:NaBH4 solution during the NPs synthesis was the first sign that AgNPs were effectively created. Silver 
nanoparticles look bright yellowish in an aqueous solution because of the surface plasmon resonance (SPR) of metal nanoparticles, 
according to Ref. [34]. The surface plasmon resonance (SPR) of metal nanoparticles is widely understood to be created by numerous 
excitations of electrons near the nanoparticle’s surface in resonance with a light wave. 

The UV–Vis spectra of silver nanoparticles (Fig. 3) at room temperature indicate a prominent surface plasmon resonance (SPR) 
band at 417 nm, confirming the synthesis of AgNPs. Whereas λmax of the surface plasmon absorption peak for PVP-coated silver 
nanoparticle appears at 420 nm, which exhibits redshift. This red shift of the surface plasmon absorption in PVP-coated silver 
nanoparticles can be attributed to the presence of PVP as a capping agent. Experimentally, it is reported that the intensity of the surface 
plasmon resonance depends on the particle size, shape, capping agent, and environment of the particle [35,36]. The UV–Vis spectra 
can be used to determine the size distribution of nanoparticles in a colloidal solution. Sharma and his colleagues suggest that the full 
width at half maximum (FWHM) of the UV–Vis absorption peaks can serve as an indicator of the extent of nanoparticle aggregation 
[37]. In the present study, a narrower peak broadening (FWHM) in the UV–Vis absorbance spectra of silver nanoparticles is correlated 
with a decrease in nanoparticle polydispersity. In addition, UV–Vis absorbance spectra of AC@AgPVP NPs and DS@AgPVP NPs dis
played strong absorption peaks at 314 nm and 293 nm, respectively. The existence of particular chromophores or phytochemical 
elements inside the leaves can explain these different peaks. 

3.1.4. Particle size distribution and zeta potential 
The size of the particles created had to be determined to prove their nanoscale nature. As a result, using a Zeta sizer, the Z-average 

size, particle size distribution, and polydispersity index (PDI) of drug-loaded Ag NPs were measured. 
DLS was utilized to investigate the average nanoparticle diameter and size distribution profile of colloidally produced materials. 

The average diameter of nanoparticles was calculated using the Stokes-Einstein equation. 

dH =
KBT
3πηD

(Equation No. 3) 

Fig. 4. Dynamic light scattering size distribution graph of the (A) AgNPs (B) AgPVP NPs (C) DS@AgPVP NPs and (D) AC@Ag PVPNPs.  

Table 1 
Average nanoparticles size.  

Sample Average Particle size (nm) PDI D50 (nm) D95 (nm) 

Ag Nps 23.06 ± 3.62 0.157 24 32.51 
AgPVP NPs 66.04 ± 16.02 0.242 67 84.41 
DS@AgPVP NPs 66.15 ± 58.70 0.887 69 101.62 
AC@AgPVP NPs 81.16 ± 70.02 0.864 95 135.89  
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where dH is the hydrodynamic diameter, KB is Boltzmann’s constant, T is the absolute temperature, η is the viscosity of the medium, 
and D is the diffusion coefficient [38]. In terms of intensity-weighted particle size distribution, Fig. 4 (A-D) depicts the DLS size 
measurement for AgNPs, AgPVP NPS, DS@AgPVP NPs, and AC@AgPVP NPs. The calculated average particle size was found to be 
23.06 ± 3.62 nm for AgNPs, whereas PVPAg NPs had a particle size of 66.04 ± 16.02 nm. Both sizes acquired by DLS were somewhat 
larger than those obtained by HRTEM. This might be because HRTEM is based on physical size, but DLS is based on hydrodynamic size. 
As a result, the DLS has a greater size portion. Table 1 demonstrates that with the addition of PVP and drug, the average size of AgNPS 
rises, confirming the adherence of PVP and medication to the surface of AgNPs. Another essential statistic for measuring particle size 
heterogeneity in the medium is the PDI. The PDI scale is from 0 to 1. Where 0 implies a restricted size distribution and 1 denotes a 
relatively broad size distribution with the possibility of big particles or aggregates. The estimated PDI value for AgNPS and AgPVP NPs 
confirms the nanoparticles’ monodispersity. Furthermore, the significant PDI values in AgNPS samples containing pharmaceuticals 
show that biological molecules also ensure drug loading to the surface of the NPs, which is consistent with prior findings. 

3.1.5. Fourier Transform Infrared Spectroscopy (FTIR) 
Fig. 5 presents the FTIR spectra results spanning the 500-4000 cm− 1 range, utilized for the identification of functional groups on 

NPs. The peak observed at 862 cm− 1 indicated the presence of C–C stretching vibrations, while the peak at 1037 cm− 1 represented the 
C–N stretching vibrations originating from the PVP polymer backbone. Furthermore, the peak observed at 1083 cm− 1 was associated 
with the C–O stretching vibrations of the PVP molecule. The peaks at 1236 cm− 1 and 1384 cm− 1 corresponded to the C–O and C–N 
stretching vibrations, respectively, arising from the amide groups within the PVP structure. Soni et al. suggest that a strong, sharp peak 
at 1642 cm− 1 can be attributed to C––O stretching vibration, which exhibits shift when compared to pure PVP [39]. This wavenumber 
shift in the C––O bond could be caused by bond weakening induced by the partial donation of lone pair electrons from oxygen in PVP to 
the vacant orbital of Ag. The presence of an intense peak at 2373 cm− 1 indicated a C–––C triple bond stretching vibration. Additionally, 
the peaks at 2934 cm− 1 and 3426 cm− 1 were attributed to the asymmetric and symmetric stretching vibrations of the O–H groups 
present in the PVP polymer. The peak centered at nearly 1384 cm− 1 can be assigned to C–H bending from CH3 hydrocarbon groups 
which are likely to be present in all samples. In the spectra obtained after drug loading, a distinct and broadband was observed at 

Fig. 5. FTIR analysis of Nanoparticles.  
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approximately 3445–3459 cm− 1, indicative of the stretching vibration associated with hydroxyl (-OH) groups. This characteristic band 
confirms the presence of hydroxyl groups, which are essential constituents of diverse phenolic phytochemical compounds, including 
flavonoids, phenolic acids, and polyphenols. The detection of this band further confirms the presence of these bioactive compounds in 
the drug-loaded samples. The weak peak at 1074 cm− 1 appearing in drug-loaded spectra corresponded to the C–O–C stretching of 
alkyl-substituted functional units. The prominent peak (Fig. 5) region around 650-750 cm− 1 belongs to C–H out of a plane from 
mononuclear aromatic benzene, which suggests the presence of a Flavonoid derivative with a Quercetin-like structure [40]. Moreover, 
the overall intensity shift and additional absorption peaks in the FTIR spectra further confirmed the presence of the drug on the PVP-Ag 
NPs surface. 

3.2. Cell culture studies 

3.2.1. Anti-proliferative study 
To estimate the cytotoxic or anticancer effects of NPs on A549 cells, an MTT assay was performed. A549 cells were treated with 

different concentrations of NPs for 24 h. The IC50 of DS@AgPVP NPs, AC@AgPVP NPs, and AgPVP NPs against A549 cells were found 
to be 14.25 ± 1.85, 21.75 ± 0.49, and 41.60 ± 2.35 μg/ml. The IC50 values DS@AgPVP NPs, AC@AgPVP NPs, and AgPVP NPs against 
WI-38 cells were 420.69 ± 2.87, 408.20 ± 3.41, and 391.80 ± 1.55 μg/ml respectively. The standard drug methotrexate (positive 
control) showed an IC50 value of 10.20 ± 1.82 μg/ml on A549 cells and 26.21 ± 1.14 μg/ml on WI-38 cells. NPs treatments 

Fig. 6. A. Concentration-response curve of cytotoxicity bioassay in A549 cells treated with Different concentration Nanoparticles and Methotrexate 
drug 
Treated with (A) DS@AgPVP NPs (B) AC@AgPVP NPs (C) AgPVP NPs (D) Methotrexate (positive control/standard drug) and Vehicle (DMSO) is 
used as a negative control. B. Effect of Nanoparticles on the Morphology of Lung Adenocarcinoma Cells (A549) 
Morphology of (A) untreated A549 cells (B) A549 cells treated with DS@AgPVP NPs (C) A549 cells treated with AC@AgPVP NPs (D) A549 cells 
treated with AgPVP NPs (D) A549 cells treated with Methotrexate. The treatment period is 24 h. Arrows indicate the changes. The scale bar indicates 
10 μm. 
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significantly reduced the cell viability of A549 cells, as shown in Fig. 6A (A-D), compared to untreated cells. The well-known 
chemotherapy drug methotrexate has some serious negative side effects. Low dosages are therefore ideal for the patient’s therapy. 
The NPs employed in this investigation demonstrated cytotoxicity exclusively against lung cancer cells, not toward healthy lung cells. 
It is because of the natural plant extract being embedded. Natural plant extracts have a reputation for being non-toxic to the body’s 
natural cells. The toxicity of methotrexate against Human Embryonic Kidney Cells (HEK 293T) was also documented by Patel et al., in 
2011 [41], indicating that the medicine might have negative effects on healthy human cells as well. The formation of nanoparticles 
increased the efficacy as evidenced by a reduction in IC50 values. DS and AC hydromethanolic crude extracts showed IC50 values of 
90.56 ± 2.32 μg/ml and 92.83 ± 1.98 μg/ml respectively [24,25]. These lower IC50 values of nanoparticles of identical chemicals 
imply that the AgPVP NPs have a more cytotoxic impact than crude extracts. Akter et al. [42] also reported a link between particle size 
and toxicity, demonstrating that smaller particle sizes induce greater toxicity. It is crucial to note that the capping material can alter the 
bioactivity of coated AgNPs since it helps the maintenance of AgNP surface chemistry by stabilizing, giving a clear shape, and reducing 
Ag+ [43,44]. This section investigates the possible effects of AgNP coatings on toxicological phenomena. The kind of coating materials 
utilized can influence the cytotoxicity of AgNPs. 

Typically, the processes that lead to the induction of toxicity include ROS generation, the depletion of antioxidant defense systems, 
and the loss of mitochondrial membrane potential. The surface coating of AgNPs can influence their aggregation, dissolution ratio, and 
shape. The types of coatings utilized and their characteristics are critical in determining the cytotoxicity of AgNPs. Fig. 6B depicts the 
concentration-response curve of the cytotoxicity experiment in A549 cells treated with NPs, methotrexate (positive control), and 
vehicle (hydromethanol). The vehicle has no discernible influence on the cytotoxic activity of A549 cells. In control and vehicle, the 
percentage of cell proliferation remains the same. The increased efficacy of NPs is corroborated by contemporary reports. Venugopal 
et al. [45] reported that AgNPs have good cytotoxicity activity against MCF-7 and A549 cells with IC50 values of 60 and 50 μg/ml. Tian 
and his [14] team discovered that AgNPs also have cytotoxicity with IC50 values of 50 μg/ml against A549 cells. Vivek et al. [46] 
reported that AgNPs have good cytotoxic activity against MCF-7, with IC50 values of 50 μg/ml for 24 h and IC50 values of 30 μg/ml for 
48 h treatment. Hublikar et al. [47–49], reported that Green synthesis AgNPs from different extracts have good activity against A549 
cells (IC50 value of 85.47 μg/ml, and 49.52 g/ml) and also have good antibacterial properties towards the bacteria E. coli. 

3.2.2. Effect of nanoparticles on the morphology of A549 cells 
The morphological changes were observed in NPs treated A549 cells when compared with the control cells (Fig. 6B (A)). The loss of 

membrane integrity, reduced cell development, and cytoplasmic condensation resulted in polygonal or bigonal-shaped lung cancer 
cells being transformed into round-shaped cells, which was the most notable morphological alteration of NPs-treated cells seen in this 
work (Fig. 6B (B-E)). 

3.2.3. Detection of intracellular ROS 
An important study focuses on the ROS formation in cancer cells that is caused by oxidative stress reactions that are induced by 

drugs [50]. When the IC50 concentrations of various NPs were used to treat A549 cancer cells in our investigation, higher ROS levels 

Fig. 7. Qualitative and Quantitative determination of reactive oxygen species (ROS) 
(A) The typical image indicates no generation of ROS in untreated A549 cells. A549 cells treated with (B) DS@AgPVP NPs (C) AC@AgPVP NPs (D) 
AgPVP NPs. The scale bar represents 10 μm. (E) Quantification of fluorescence intensity in terms of corrected total cell fluorescence (CTCF) of 
untreated and treated A549 cells (with DS@AgPVP NPs, AC@AgPVP NPs, and AgPVPNPs). 
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were observed in the cancer cells than in normal cells. The ability of the NPs to stimulate the creation of ROS would prevent the 
continued progression of the cell cycle, including cellular proliferation, attachment, and maturation, which elevate the genes for 
apoptosis and necrosis [51]. Because of the oxidation process, the NPs produced ROS in Lung cancer cells after the appropriate time 
interval, and these ROS accumulated on the DNA granules. The DNA then lost its capacity to transfer and prevented the synthesis of the 
polymerase enzyme [52]. Immature colonies were seen outdoors where the surrounding membrane was destroyed. Using 
DCFH-fluorescent DA’s dye, the oxidation potential was found. Condensed immature DNA was released and bound to a specific 
DCFH-DA fluorescent dye when the DNA ability was destroyed, resulting in a sparse cell shape. In comparison to cells that weren’t 
treated, treated cells displayed a severely condensed shape and necrotic structure (Fig. 7 B-D). While the clumped colonies of untreated 
cells revealed their smooth shape (Fig. 7A). It was undeniably proven that the AgNPs’ effects on A549 cells caused the ROS to be 
produced intracellularly [53]. Furthermore, the activator genes were silenced, and the cells’ continuous production of ROS entered a 
decline phase, resulting in cell death. As a result, the current findings show that NPs have a stronger ability to suppress cancer cell 
proliferation due to oxidative stress-mediated ROS formation. According to experimental research, AgNP-generated ROS triggers the 
cancer cells’ intrinsic apoptotic mechanism. The chemical conversion of Ag◦ to Ag+, Ag–O–, and Ag–S– increases the generation of 
ROS in cells. Overproduction of ROS within cells causes lipid peroxidation, protein oxidation, and DNA damage, all of which can 
trigger the cell’s intrinsic apoptotic pathway. When cellular damage is high, the intrinsic apoptotic pathway is triggered by 
up-regulating pro-apoptotic Bcl-2 family members and down-regulating anti-apoptotic proteins [54,55]. 

According to Naveen Kumar [56], ROS is a crucial target for cancer cell suppression, and AgNPs significantly boosted oxidative 
stress responses in A549 cells. Bhakya [52] obtained a similar result against A549 cells by using a higher concentration of AgNPs. 
Furthermore, the oxidative stress response blocked the activation of apoptosis-related genes and resulted in programmed cell death 
due to intracellular breaches in the mitochondrial membrane. Padmini et al. [57] reported that Allium sativum silver nanoparticle with 
an IC50 value of 22 μg/ml induced ROS-mediated apoptosis in A549 cells. The results showed conclusively that the increased levels of 
ROS production are directly related to the enhanced apoptotic effectiveness of nanoparticles. Recent research has linked the pro
duction of reactive oxygen species (ROS) within cells to the cytotoxic effect of AgNPs [58,59]. 

3.2.4. Detection of MMP 
After 24 h of incubation, the fluorescent dye JC-10 was absorbed, permitting viewing of the mitochondrial membrane from cy

tochrome c leakage under a fluorescence microscope (Fig. 8). The dye JC-10 is quite useful for determining the form of a damaged 
cancer cell membrane. It interrupts the intrinsic route of the cancer cell cycle. Because they are connected to wounded cells, they can 
cling to torn mitochondrial membranes. When cells were harmed, apoptosis and necrotic cells were constantly created, and they 
appeared in a variety of hues ranging from orange to green. It is critical to keep an eye on the depolarized membrane of the mito
chondria due to the dysfunction of responsive genes. When the mitochondrial membrane is disturbed, caspases are activated, and Bcl-2 
suppressive genes are expressed less frequently. Following the passage of the JC-10 through the mitochondrial membrane, the internal 
leakage materials were lost and changed color from red to green, suggesting apoptosis [60]. Our results were consistent with the 
guidelines and inhibited A549 cells at IC50 NP concentrations. It triggered a cascade of apoptotic cell receptors in A549 cells, resulting 

Fig. 8. Determination of mitochondrial membrane potential (MMP) in A549 cells 
Loss of mitochondrial membrane potential after treatment with DS@AgPVP NPs, AC@AgPVP NPs, and AgPVP NPs on A549 cancer cells. * Indicates 
the significance. 
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in repeated life cycle arrests due to increased responsive gene activation. It is the first step in initiating apoptosis. This technique was 
most effective in treating cancer cells, similar to how mitochondrial membrane damage induced by instability and functional change 
promotes mortality. Our findings agree with Du et al., 2017 [61], who stated that mitochondria are essential for cell differentiation, 
death, and cell cycle growth control. 

3.2.5. Effect on the integrity of nuclei by DAPI staining 
Nuclear fragmentation was caused by NPs, as detected by DAPI, a prominent nuclear counter-stain. Untreated cells had normal 

nuclei (smooth nuclear), but A549 cells treated with NPs had apoptotic nuclei (condensed or fragmented chromatin), as illustrated in 
Fig. 9 (A-D). In the A549 cells, nuclear morphology studies revealed typical apoptotic alterations such as chromatin condensation, 
nucleus fragmentation, and the production of apoptotic bodies. Surprisingly, recent research has found that AgNPs might cause DNA 
damage and death in cancer cells [62]. The number of apoptotic cells rose as NP concentration increased, suggesting that nanoparticles 
might trigger cell death (Fig. 9 B-D). The cells’ characteristics, which included spikes, shrinkage, and other signs of DNA 

Fig. 9. Identification of Apoptosis by DAPI staining 
(A) Untreated A549 cells (B) A549 cells treated with DS@AgPVP NPs (C) A549 cells treated with AC@AgPVP NPs (D) A549 cells treated with AgPVP 
NPs. Arrows show the chromatin changes. The scale bar indicates 10 μm. 

Fig. 10. Live and Dead cells differentiation by Acridine Orange/Ethidium Bromide (AO/EB) staining 
Under the TRITC filter, a bright orange color nucleus with a contrasting red color cytoplasm was seen in the picture due to the loss of cell integrity in 
the dead cells. Live cells exhibit green fluorescence when seen through a FITC filter because their cell membranes are intact. (A) Untreated A549 
cells observed in FITC filter (B) Untreated A549 cells observed in TRITC filter (C) DS@AgPVP NPs treated A549 cell observed in FITC filter (D) 
DS@AgPVP NPs treated A549 cell observed in TRITC filter (E) AC@AgPVP NPs treated A549 cell observed in FITC filter (F) AC@AgPVP NPs treated 
A549 cell observed in TRITC filter (G) AgPVP NPs treated A549 cell observed in FITC filter (H) AgPVP NPs treated A549 cell observed in TRITC 
filter. Arrows indicate the changes due to the treatment of Nanoparticles compared to the untreated cells. The scale bar indicates 10 μm. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

A.B. Thakkar et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e24400

12

fragmentation, were comparable to those previously reported as indicators of apoptosis in cells [63–67]. In agreement with these 
results, cancer cells have been shown to undergo DNA damage and apoptosis when exposed to AgNPs [21]. 

3.2.6. Detection of apoptosis by AO/EB staining 
The induction of apoptosis after treatment with IC50 concentrations of NPs was assessed by fluorescence microscopy after staining 

with AO/EB. AO penetrates the cell membrane, and the normal cells have green fluorescence, while in apoptotic cells, apoptotic bodies 

Fig. 11. Assessment of Apoptosis by Giemsa staining 
(A) Untreated A549 cells 
(B) DS@AgPVP NPs treated A549 cells 
(C) AC@AgPVP NPs treated A549 cells 
(D) AgPVP NPs treated A549 cells. Arrows represent the changes. The scale bar indicates 10 μm. 

Fig. 12. Colony formation assay 
Nanoparticles treatment significantly decreased colony formation in A549 cells 
(A) Colony formation in DS@AgPVP NPs, AC@AgPVP NPs, and AgPVP NPs treated and untreated A549 cells. 
(B) Quantification of the crystal violet from DS@AgPVP NPs, AC@AgPVP NPs, and AgPVP NPs treated and untreated A549 cells. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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are formed because of nuclear shrinkage, blebbing that is observed as orange-colored bodies. Necrotic cells were observed as red 
fluorescence due to their loss of membrane integrity when viewed under the TRITC filter in an inverted fluorescence microscope 
(Fig. 10 (A-H)) [68]. Venugopal et al. [45] reported that AgNPs synthesized from Syzygium aromaticum produced live and dead cells in 
MCF-7 cells confirmed by the AO/EB staining method. 

3.2.7. Detection of morphological changes in cells by Giemsa staining 
The early morphological markers of apoptosis were identified using Giemsa staining. Cell shrinkage, loss of membrane asymmetry 

and attachment, and plasma membrane blebbing are the key features associated with morphological alterations. Cells treated with NPs 
had the most morphologically altered cells when compared to untreated cells (Fig. 11 A). Under a phase-contrast microscope, Giemsa 
staining allows normal and treated cells to be distinguished, indicating that nanoparticles were more detrimental to A549 cells than to 
normal cells (Fig. 11 A-D). 

Fig. 13. Gene expression Studies 
(A) After the DS@AgPVP NPs (IC50) treatment in A549 cells affects the gene’s expression in the apoptosis process (A) Bax (B) Bcl-2 (C) Caspase 3 (D) 
Caspase 8 (E) Caspase 9 (F) DR4 (G) DR5 (H) Fas (I) TNF-α 
(B) After the AC@AgPVP NPs (IC50) treatment in A549 cells affects the gene’s expression in the apoptosis process (A) Bax (B) Bcl-2 (C) Caspase 3 (D) 
Caspase 8 (E) Caspase 9 (F) DR4 (G) DR5 (H) Fas (I) TNF-α 
(C) After the AgPVP NPs (IC50) treatment in A549 cells affects the gene’s expression in the apoptosis process (A) Bax (B) Bcl-2 (C) Caspase 3 (D) 
Caspase 8 (E) Caspase 9 (F) DR4 (G) DR5 (H) Fas (I) TNF-α. Images represent the value of mean ± std. error of three independent experiments with n 
= 3. * Indicates the significance. 
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3.2.8. Colony formation assay 
A cell splits from the original tumor site and spreads to different locations of the body during the metastasizing process. To measure 

cell adhesion, a colony formation assay is utilized. Colony formation was significantly reduced in cells treated with NPs. Within the 
NPs-treated and untreated groups, the number of colonies varied greatly. However, their size has not changed (Fig. 12A). A reduced 
colony number in the treatment group demonstrated the extract’s anti-proliferative efficacy. The proportion of dye uptake in cells 
treated with the extract was significantly lower, according to dye quantification (Fig. 12B). NPs significantly reduced colony numbers 
when compared to untreated cells (p < 0.0001). Bendale et al. [30] reported that platinum nanoparticles with an IC50 value of 200 
μg/ml reduced colony formation in A549 cells. 

3.2.9. Investigation of the mechanism of apoptosis by gene expression studies 
To investigate the mechanism of apoptosis induction during 24 h incubation of A549 cells treated with NPs, qRT-PCR was used to 

evaluate the expression of several apoptosis genes, including Bcl-2, Bax, Cas-3, Cas-9, Cas-8, Fas, TNF-α, DR4, and DR5. Treatment of 
the A549 cells with IC50 concentrations of NPs significantly decreased the mRNA level of Bcl-2 (Fig. 13A (A-I), 13B (A-I), 13C (A-I)). In 
addition, the mRNA levels of Bax, Cas-3, Cas-9, Cas-8, Fas, TNF-α, DR4, and DR5 were significantly increased after 24 h (p < 0.05). 
Additionally, after 24 h, the NPs were found to significantly reduce the levels of Cas-3, Cas-9, and Cas-8 in A549 cells by around 2.5- 
fold in comparison to the control (Fig. 13). This finding demonstrates that NPs cause apoptosis by disrupting mitochondrial membrane 
potential. This decrease in mitochondrial membrane potential may have triggered the apoptotic cascade in A549 cells exposed to NPs. 
Activation of the DR4, DR5, Fas, and TNF-α receptors is lethal to cancer cells [69,70]. According to various researchers, AgNPs interact 
with cell membrane proteins, activate signaling pathways, and produce ROS, which damage proteins and nucleic acids and ultimately 
lead to apoptosis and cell proliferation inhibition. The action of AgNPs on mitochondrial membrane permeability causes the release of 

Fig. 13. (continued). 
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ROS, resulting in oxidative stress, interruption of ATP production, and DNA damage, which may affect JNK-mediated caspase-de
pendent apoptosis in human cell lines. JNK belongs to the MAPK family and contributes to apoptosis by phosphorylating Bcl-2, 
resulting in Bcl-2 inactivation. When cytochrome c enters the cytosol, it initiates a cascade that includes caspases 3 through apaf-1 and 
caspase 9. The whole picture suggests that AgNPs induce apoptosis in cancer cells via ROS-mediated activation of the intrinsic pathway 
[71–75]. The activation of TRAIL receptors activates the caspase 8 channels, the extrinsic route, and the mitochondrial cascade, which 
signals the activation of caspase 9 (intrinsic pathway). Both caspases activate the common executioner (Caspase 3) in A549 cells, 
causing apoptosis [76–78]. Throughout this process, the anti-apoptotic gene Bcl-2 is downregulated, which greatly raises the Bax/Bcl-2 
ratio and initiates apoptosis in A549 cells [79,80]. As a result, in this study, we proposed a mechanism of action of NPs on A549 cells 
(Fig. 14). In their study, Bethu et al. (2018) [81] observed that the administration of RS-AgNPs resulted in the induction of apoptosis in 
cancer cells. This phenomenon was attributed to the upregulation of many proapoptotic proteins, including caspase-3, caspase-8, 
caspase-9, p53, and Bax. Additionally, the downregulation of Bcl-2 was seen, suggesting the activation of both intrinsic and 
extrinsic pathways of apoptosis. According to earlier research, AgNPs induce apoptosis in A549 cells via the intrinsic pathway, whereas 
DS and AC, both crude extracts, induce apoptosis in A549 cells via the intrinsic and extrinsic pathways. Only AgNPs, DS, and AC crude 
extract nanoparticles activate apoptotic pathways internally or extrinsically in human lung adenocarcinoma cells (A549), according to 
gene expression analysis. 

3.3. Brine shrimp lethality assay 

Brine shrimp cytotoxic activities of all AgNPs determine their different pharmacological properties [82]. In this study, ten different 
concentrations; 10–100 μg/ml of synthesized nanoparticles were used to determine their cytotoxicity using a brine shrimp lethality 
assay. The LD50 value of DS@AgPVP NPs was found to be 40 μg/ml which is less than AC@AgPVP NPs (70 μg/ml) and AgPVP NPs (80 

Fig. 13. (continued). 
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Fig. 14. Probable Molecular Mechanism of Action of Nanoparticles on Non-small cell lung cancer (A549) Cells.  

Table 2 
Evaluated % Death of Shrimp and LC50 values for the synthesized NPs.  

Particles Concentration of NPs (μg/ml) % Death LD50 value (μg/ml) 

DS@ Ag PVP NPs 10 10 40 μg/ml 
20 20 
30 40 
40 50 
50 60 
60 70 
70 70 
80 80 
90 90 
100 100 

AC@ Ag PVP NPs 10 0 70 μg/ml 
20 5 
30 10 
40 10 
50 20 
60 30 
70 50 
80 60 
90 60 
100 70 

Ag PVP NPs 10 0 80 μg/ml 
20 10 
30 20 
40 30 
50 30 
60 40 
70 40 
80 50 
90 60 
100 70  
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μg/ml) (Table 2). The lowered LD50 value suggested the cytotoxic nature of DS@AgPVP NPs and AC@AgPVP NPs compared to AgPVP 
NPs due to the presence of crude extracts capping the surface of AgPVP NPs. This enhanced cytotoxicity of the nanoparticles, having an 
LD50 of 40 μg/ml to brine shrimp revealed the presence of toxic constituents. The Cytotoxic effects of nanoparticles on shrimp larvae 
can be linked with anticancer activity, and nanoparticles could be an alternative source of anticancer drugs [82]. These days, much 
attention is being given to metallic nanoparticles and their anticancer activity. The toxicity of these AgNPs and the mechanism of 
action cannot be explained in detailed [82]. 

4. Conclusion 

The use of plant extracts from D. sissoo (DS) and A. calamus L. (AC) leaves in the synthesis of silver nanoparticles (AgNPs) resulted in 
the formation of well-characterized face-centered cubic structured nanoparticles. The crystalline nature, shape, and effective inclusion 
of polyvinylpyrrolidone (PVP) as a capping agent were validated by a thorough various techniques including X-ray diffraction (XRD), 
Field Emission Gun Transmission Electron Microscopy (FEG-TEM), UV–Vis spectra, and Fourier Transform Infrared Spectroscopy 
(FTIR). MTT assay findings revealed considerably lower IC50 values on human adenocarcinoma lung cancer (A549) cells compared to 
lung normal cells (WI-38), indicating the anti-cancer potential of the nanoparticles (AgPVP NPs, DS@AgPVP NPs, and AC@AgPVP 
NPs). Nanoparticles induced the production of reactive oxygen species (ROS), changed mitochondrial membrane potential (MMP), and 
displayed apoptosis-inducing capabilities along with the prevention of cancer cell invasion. Notably, This study provides a compre
hensive understanding of the synthesis process, characterization, and therapeutic potential of silver nanoparticles functionalized with 
plant extracts, opening avenues for further research and development in nano-medicine and cancer treatment. 
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