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ABSTRACT 

Background: Nanoparticle-mediated cancer therapies have gained increasing attention due to their 

targeted action and reduced side effects. Piperlongumine (PPLM), a natural alkaloid, has shown 

anticancer potential, and its combination with nanotechnology could enhance therapeutic outcomes. 

Dalton’s Lymphoma Ascites (DLA) cells serve as a reliable model for evaluating antineoplastic agents. 

Objective: To evaluate and compare the cytotoxic and apoptotic potential of biosynthesised silver 

nanoparticles (P-AgNPs), chemically synthesised silver nanoparticles (C-AgNPs), piperlongumine 

(PPLM), and the standard chemotherapeutic agent 5-fluorouracil (5-FU) against DLA cells, and to 

elucidate the probable underlying mechanisms of cell death. Materials and Methods: The cytotoxicity 

of test compounds was assessed using the MTT assay, and IC₅₀ values were calculated. Trypan blue dye 

exclusion assay was performed to evaluate cell viability after 3 hours of exposure. Apoptotic changes 

were observed through Acridine Orange/Ethidium Bromide (AO/EB) dual staining after 24-hour 

treatment with IC₅₀ concentrations. Mechanistic studies included DCF-DA assay for intracellular ROS 

levels, JC-1 staining for mitochondrial membrane potential, DNA fragmentation assay for DNA damage, 

and qRT-PCR for gene expression analysis of Caspase-3, p53, and Bcl-2, using GAPDH as reference. 

Results: P-AgNPs showed the highest cytotoxicity with an IC₅₀ of 1.25 µg/mL, outperforming PPLM 

(4.028 µg/mL), 5-FU (326.20 µg/mL), and C-AgNPs (743.60 µg/mL). Trypan blue assay indicated an 

average reduction in cell viability to 49.07% across all treatments. AO/EB staining revealed late 

apoptosis in P-AgNP- and PPLM-treated cells, early apoptosis with 5-FU, and minimal apoptotic effect 

from C-AgNPs. Mechanistic assays showed that P-AgNPs induced a marked increase in ROS and 

significant mitochondrial membrane depolarisation. DNA fragmentation confirmed apoptosis. Gene 

expression analysis showed upregulation of Caspase-3 and p53, and downregulation of Bcl-2 in P-

AgNP-treated cells. Conclusion: Biosynthesised silver nanoparticles (P-AgNPs) demonstrated superior 

cytotoxic and apoptotic effects in DLA cells compared to chemically synthesised nanoparticles and 

conventional agents. The enhanced efficacy is attributed to ROS generation, mitochondrial dysfunction, 

and regulation of apoptotic genes, highlighting P-AgNPs as a promising candidate for anticancer 

therapy.        

Keywords: Silver nanoparticles, Piperlongumine, Cytotoxicity, Apoptosis, DLA cells.  

 
INTRODUCTION 

Cancer is currently among one of the leading causes of death worldwide. Current treatments include 

chemotherapy, radiation and surgery, but all these procedures may damage not only the tumour tissue 

but also normal tissue. Current problems in the treatment of cancer include low specificity, rapid drug 

clearance, biodegradation and limited targeting. So new molecules with selective toxicity and potency 

for cancer treatment have to be investigated.  

Nanomedicine, using the treatment with agents of size between 1 and 100 nm is an emerging method for 

treating cancer. Nanoparticles have many properties such as small size and large surface area that 

increase the absorption and bioavailability [1]. Green synthesis (biosynthesis) method is gaining great 

attention in current research and development of nanoparticles. Among the available green methods, 

utilisation of plant extracts is a rather simple and easy process to produce nanoparticles at large scale 

relative to bacteria and/or fungi mediated synthesis. The phytochemicals in various plant extracts, 

especially flavones, amides, alkaloids, terpenoids, carboxylic acids, phenols etc. are capable of reducing 

metal salts into metal nanoparticles and stabilising them [2]. 

Piperlongumine, a naturally occurring alkaloid isolated from Piper longum, has shown promising 

anticancer potential in previous studies due to its selective cytotoxicity against cancer cells [3]. However, 

its therapeutic efficacy can be further enhanced by converting it into nanoparticles.   
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Dalton’s Lymphoma Ascites (DLA) cells were used in this study as a 

suitable in vitro tumour model. DLA is an established transplantable 

tumour line that is well-characterised, reproducible, and capable of 

growing in both solid and ascitic forms [4]. 

The present study aimed to evaluate the in vitro antineoplastic 

potential of silver nanoparticles (AgNPs) synthesised using 

piperlongumine (P-AgNPs) and to compare their effects with 

chemically synthesised silver nanoparticles (C-AgNPs), pure 

piperlongumine (PPLM), and a standard chemotherapeutic drug, 5-

fluorouracil (5-FU) in Dalton's Lymphoma Ascites (DLA) cells.    

MATERIALS AND METHODS 

Sample preparation 

The nanoparticle (biosynthesised) powders were resuspended in 

distilled water, piperlongumine and 5-FU (M/s Sigma-Aldrich 

Chemical Co. St. Louis, M O, USA) in PBS, at concentration of two 

mg/mL, further this stock solution was diluted with RPMI medium to 

required concentrations [5].  

Cytotoxicity studies in DLA cell line 

MTT (3- (4, 5- dimethylthiazol- 2- yl)- 2, 5- diphenyltetrazolium 

bromide assay 

The 3- (4, 5- dimethylthiazol- 2- yl)- 2, 5- diphenyltetrazolium 

bromide (MTT) assay was done [6]. Cell viability was determined by 

MTT colorimetric assay capable of detecting viable cells by the 

reduction of the yellow tetrazolium salt to purple formazan. The DLA 

cells aspirated from the peritoneal cavity of tumour bearing mice were 

washed thrice with PBS and seeded at a density of 5x103 cells per well 

in 100 µL medium and were treated with PPLM and P-AgNP (@1.25 

µg/mL, 2.5 µg/mL, 5 µg/mL, 10 µg/mL), C-AgNP and 5-FU (@160 

µg/mL, 320 µg/mL, 640 µg/mL,1280 µg/mL) for a period of 24 h. 

After the treatment, 10 µL of MTT (five mg/mL) was added and 

incubated at 37°C for four hours. Then the media with MTT was 

removed and the formed purple formazan crystals were dissolved in 

200 µL of DMSO and read at 570 nm in ELISA plate reader 

(Varioskan Flash, M/s Thermo Fisher Scientific, Finland). The effect 

of test compounds on cell viability was assessed by comparing the 

viability of treated cells with that of control cells. Percentage of 

inhibition was calculated by the formula: 

 

IC50 value was obtained from the percentage of inhibition by plotting 

the concentration against per cent cell inhibition using Graph pad 

prism. A non-linear regression analysis with a sigmoidal dose–

response (variable slope) curve fitting model was employed to 

interpolate the IC₅₀ values. 

Trypan blue dye exclusion assay 

Trypan blue dye exclusion assay was done as per the modified method 

of Strober (2001) [7]. The DLA cells aspirated from the peritoneal 

cavity of tumour bearing mice were washed thrice with PBS. The cells 

(5×105 cells/mL) were added to tubes containing IC50 of 

biosynthesised piperlongumine AgNPs, 5-FU, chemically synthesised 

AgNPs and volume was made up to one millilitre using PBS. Tubes 

were incubated for three hours at 37˚C. After incubation, cell viability 

was assessed by staining one part of cell suspension (10 µL) with one 

part (10 µL) of trypan blue dye. Using automated cell counter (M/s 

Invitrogen Life Technologies USA), viable and nonviable cells were 

counted. All the experiments were carried out in triplicates. 

The per cent of viable cells was calculated using the formula:  

 

Acridine orange / Ethidium bromide (AO/EB) staining 

A concentration of 5 x 105 DLA cells were seeded into a six well cell 

culture plate and treated with IC50 of test compounds and standard 

drug for 24 h. The acridine orange / ethidium bromide (AO/EB) 

staining procedure was followed to differentiate the live, apoptotic 

and necrotic cells. Twenty-five microlitres of the treated or untreated 

cells were stained with five microlitres of acridine orange (10 µg/mL) 

and ethidium bromide (10 µg/mL) and analysed under Trinocular 

Research fluorescence microscope, DM 2000 LED, Leica with blue 

excitation (488 nm) and emission (550 nm) filters at 20X 

magnification [8]. 

Dichlorofluorescein-diacetate (DCF-DA) staining  

Intracellular ROS generation was measured by 2’, 7’ 

dichlorofluorescein-diacetate (DCF-DA) staining method using the 

redox sensitive CMH2 DCF-DA fluorescent probe. The DLA cells 

were seeded along with IC50 of test compounds and standard drug into 

a 96 well cell culture treated plate and incubated for 24 h. After this, 

cells were incubated with 10 µM DCF-DA at 37˚C for 30 min. The 

intracellular reactive oxygen species (ROS) mediated oxidation of 

DCF-DA to the fluorescent compound 2,7- dichlorofluorescein (DCF) 

was measured using an excitation of 485 nm and emission of 535 nm, 

in a fluorescence microplate reader [9]. 

The percentage increase in fluorescence per well was calculated by 

the formula:  

 
where Ft30 -fluorescence at time 30 min and Ft0 - fluorescence at time 

zero. 

JC-1 staining 

Mitochondrial transmembrane potential (MMP) was analysed by JC-1 

staining. The DLA cells were plated at a seeding density of 5×104 

cells/well in a 12-well plate and treated with test substances and 

standard drugs at IC50. After 24 h of treatment, cells were incubated 

with five millimolar JC-1 for 30 min at room temperature in the dark. 

The cells were analysed directly in the culture medium with filters 

having excitation/emission of 540/570 nm) and red 

excitation/emission of 590/610 nm filters using fluorescent 

microscope (DM 2000 LED, Leica) [10]. 

DNA fragmentation assay 

Deoxyribonucleic acid fragmentation in DLA cells was assayed by the 

modified method [11]. The DLA cells treated with IC50 of test 

compounds and standard drug for 24 h were collected and washed in 

PBS. Centrifuged and collected the cell pellet. To the pellet, added 

one millilitre lytic buffer and vortexed vigorously. Centrifuged at 

14,000xg for 10 min at 4˚C. Transferred the supernatant carefully and 

collected the pellets.  Added one millilitre of 25 per cent 

Trichloroacetic acid (TCA) to tubes containing supernatant and pellet 

and vortexed vigorously. Allowed precipitation to proceed overnight 

at 4˚C. After incubation, centrifuged at 14,000xg for 15 min at 4˚C. 

The obtained supernatant contained fragmented DNA while the intact 

DNA was present in the pellet. Blank solution used was 25 per cent 

TCA alone. The amount of DNA in both the supernatant and pellet 

was estimated using NanoDrop™ 1000 Spectrophotometer. 

Percent of fragmented DNA = Amount of DNA in supernatant x 100 

                                           Amount of DNA in both the supernatant and pellet  

Statistical Analysis  

The results were analysed using repeated measures ANOVA using 

SPSS V 24 and post hoc analysis was done by Latin Square Design. 

Data on cell viability was analysed using student ‘t’ test. 
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RESULT 

Cytotoxicity studies in DLA cell line 

MTT (3- (4, 5- dimethylthiazol- 2- yl)- 2, 5- diphenyltetrazolium 

bromide) assay 

The per cent cell viability of DLA cells after 24 h treatment with each 

of the test compounds and standard drug was determined by MTT 

reduction assay. The data of MTT reduction assay are presented in 

Table 1. Dose-response curve of the per cent cell viability plotted with 

per cent cell viability of DLA cells against various concentrations of 

test compounds are depicted in Figure 1-3. The percentage of 

inhibition was calculated and IC50 value was obtained from the 

percentage of inhibition using Graph pad prism (Figure 4-7). 

 

Figure 1: Dose-response curve of the per cent cell viability of DLA cells 

against various concentrations of PPLM and P-AgNPs 

 

Figure 2: Dose-response curve of the per cent cell viability of DLA cells 

against various concentrations of 5-FU  

 

Figure 3: Dose-response curve of the per cent cell viability of DLA cells 

against various concentrations of C-AgNPs 

 

Figure 4: IC50 of P-AgNPs 

 

Figure 5: IC50 of PPLM 

 

Figure 6: IC50 of 5-FU 

 

Figure 7: IC50 of C-AgNPs 
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All treatments exhibited concentration dependent cytotoxicity after 24 

h of treatment with least viability at high concentration. Per cent cell 

inhibition of DLA cells after 24 h treatment with various 

concentrations of test compounds is depicted in Table 1. The half 

maximal inhibitory concentration (IC50) of P-AgNP was calculated as 

1.25 µg/mL Figure 4. Piperlongumine inhibited 50 per cent cells 

(IC50) at 4.028 µg/mL (Figure 5). The standard drug, 5-FU and C-

AgNPs imparted minimal cytotoxicity after 24 h treatment, with IC50 

values calculated as 326.2 (Figure 6) and 743.6 µg/mL (Figure 7) 

respectively. 

Table 1: Per cent cell inhibition of DLA cells after 24 h treatment 

with various concentrations of test compounds determined by MTT 

Conc.  

µg/mL 

Cell inhibition 

(%) 

Conc.  

µg/mL 

Cell inhibition 

(%) 

PPLM P-AgNP 5-FU C-AgNP 

1.25 
2.50 ±2.03  

49.73 ± 2.01 
 

160 48.43 ± 2.08 
12.77 ± 2.14 

2.5 
8.43 ± 4.20  

80.45 ± 0.51 
 

320 75.50 ± 0.93 
17.90 ± 1.40 

5 
70.42 ± 5.04  

96.77 ± 0.49 
 

640 80.86 ± 0.62 
21.35 ± 2.97 

10 
93.48 ± 3.75  

97.95 ± 0.11 
 

1280 86.72 ± 0.11 
50.58 ± 1.16 

Values expressed as mean ±SEM (n=3) 

Trypan blue dye exclusion assay 

Trypan blue exclusion assay showed that all test compounds reduced 

cell viability to an average of 49.07% within three hours (Table 2), 

highlighting their potential to induce cell death in DLA cells. 

Table 1: No of viable cells and per cent cell viability on DLA cells 

after three hours treatment with IC50 of test compounds determined by 

trypan blue dye exclusion assay  

Test compounds No of viable cells after 3 h (x105) Cell viability (%) 

Control 4.80 ± 0.05a 95.93 ± 1.07a 

PPLM 2.32 ± 0.04de 46.45 ± 0.72de 

P- AgNP 2.24 ± 0.02e 44.82 ± 0.43e 

5-FU 2.52 ± 0.04c 50.33 ± 0.78c 

C- AgNP 2.71 ± 0.04b 54.23 ± 0.78b 

  F-value 

(P-value) 

492.80** 

(<0.001) 

492.80** 

(<0.001) 

Values expressed as mean ± SEM, n=3, Means bearing similar superscript within each 

column do not differ significantly at p<0.05 

PPLM (Piperlongumine), P- AgNP (Piperlongumine Nanoparticle), 5-FU (5-Fluorouracil), 

C-AgNP (Chemically synthesised Nanoparticle) 

Microscopic studies using Acridine orange / Ethidium bromide 

(AO/EB) staining 

The AO/EB dual staining was done to detect the live, early apoptotic, 

late apoptotic and necrotic cells after treatment with IC50 

concentration of test compounds and synthesised AgNPs. The 

representative images of cells of various treatments are given in figure 

8 (A-G). 

 

Figure 8: AO/EB staining of DLA cells (20X magnification); A- control cells; 

B, C, F, G- cells treated with IC50 of C-AgNPs, 5-FU, PPLM, P-AgNPs 

respectively  

In control (A), all the cells were live showing greenish fluorescence 

with circular nucleus uniformly distributed in the centre of the cell. 

Majority of the cells treated with C-AgNPs (B) were live showing 

green fluorescence and only few cells were there with orange nucleus. 

Cells exposed to 5-FU (C). On exposure to PPLM (F) and P-AgNPs 

(G), numerous cells were in late apoptotic stage with condensed and 

asymmetrically localised orange-stained nucleus.    

Intracellular Reactive Oxygen Species (ROS) generation assay 

As shown in the Table 3, an increasing trend in fluorescent intensities 

of 165.38 per cent, 177.75 per cent, 240.68 per cent, 352.07 per cent 

were observed in the order C-AgNPs, 5-FU, PPLM and P-AgNPs 

respectively, as compared with untreated control (100 per cent). 

Fluorescent intensity corresponds to levels of ROS generated. Thus, a 

significant (p>0.05) induction in ROS generation was measured in 

DLA cells exposed to P- AgNPs and PPLM. 

Table 3: Effect of treatments on intracellular ROS generation after 24 

h treatment with IC50 of test compounds determined by DCF DA 

assay 

Test compounds Relative fluorescence intensity 

Control 100 

5-FU 177.75 ± 4.45c 

PPLM 240.68 ± 1.48b 

P-AgNP 352.07 ± 6.41a 

C-AgNP 165.38 ± 4.63d 

F-value 

(P-value) 

484.08** 

(<0.001) 

Values expressed as mean ± SEM, n=3, Means bearing similar superscript within each 

column do not differ significantly at p<0.05 

PPLM (Piperlongumine), P- AgNP (Piperlongumine Nanoparticle), 5-FU (5-Fluorouracil), 

C-AgNP (Chemically synthesised Nanoparticle) 

DNA fragmentation assay 

The result of DNA fragmentation assay is depicted in Table 4. The 

amount of intact and fragmented DNA estimated using NanoDrop™ 

1000 Spectrophotometer revealed a significant (p<0.05) increase of 

DNA fragmentation in treated cells compared to untreated cancer 

control cells. Among the treatments, 5-FU and P-AgNPs treated cells 

showed an extensive DNA fragmentation than PPLM. The C-AgNPs 

exposed cells exhibited least per cent of DNA fragmentation. 
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Table 4: Effect of treatments on DNA fragmentation in DLA cells 

after 24 h treatment with IC 50 of test compounds, % 

Test compounds DNA fragmentation (%) 

Control  10.71 ± 0.61f 

C-AgNP 42.64 ± 0.71e 

PPLM 88.12 ± 0.70b 

P-AgNP 95.40 ± 0.45a 

5-FU 96.88 ± 0.63a 

F-value 

(P-value) 

2705.13** 

(<0.001) 

Values expressed as mean ± SEM, n=3, Means bearing similar superscript within each 

column do not differ significantly at p<0.05 

PPLM (Piperlongumine), P- AgNP (Piperlongumine Nanoparticle), 5-FU (5-Fluorouracil), 

C-AgNP (Chemically synthesised Nanoparticle) 

Analysis of mitochondrial transmembrane potential (MMP)  

The technique of 5,5,6,6'-tetrachloro-1,1',3,3'tetraethylbenzimi-

dazoylcarbocyanine iodide (JC-1) staining illustrates the change in the 

mitochondrial membrane potential level. Figure 9 (A-E) depicts the 

change in the MMP level. A remarkable change in the fluorescence 

from red to green was observed when DLA cells were exposed to IC50 

of test compounds. In untreated tumour control cells, JC-1 dye 

accumulated in the mitochondria as aggregates and was visualised as 

red fluorescent cells under fluorescent microscope. In cells exposed to 

treatment, as the MMP declined, the dye was dispersed throughout the 

cell as monomers and was observed as green fluorescent cells.   

 

Figure 9:  JC 1 staining of DLA cells (20X magnification); A- control cells; B, 

C, D, E- cells treated with IC50 of C-AgNPs, 5-FU, PPLM, P-AgNPs 

respectively 

DISCUSSION 

In the present study cytotoxicity of test compounds and nanoparticles 

on DLA cells was determined by MTT reduction assay. The MTT 

could be converted into a purple formazan product with an absorbance 

near 570 nm by live cells with active metabolism only [12]. So, the 

purple colour formation served as a useful and convenient marker of 

the viable cells.  

In the present study, after 24 h treatment, the IC50 value for PPLM 

was 4.028 µg/ mL while the value reduced to 1.25 µg/ mL for AgNPs 

synthesised from PPLM (P- AgNPs). In both HepG2 and MCF-7 

cells, the IC50 of paclitaxel and PPLM coloaded nanoparticles were 

lower than that of free paclitaxel and free PPLM [13]. From this it 

could be assumed that nanonisation could improve the solubility and 

thus bioavailability [14]. It can also alter the pharmacokinetics and 

improve drug efficacy. 

The trypan dye exclusion test was employed in the current study to 

determine the number of viable cells present in the cell suspensions 

incubated with test compounds. This method which is based on the 

principle that viable cells exclude trypan blue, whereas dead cells 

stain blue due to trypan blue uptake gives an accurate number of 

viable and dead cells [15]. 

All test compounds in the current study showed an average of 49.07 

per cent cell viability in three hours. After three hours of exposure to 

IC50 of zinc oxide nanoparticles prepared from hydroethanol 

Turbinaria conoides extract, 55 per cent cell viability in DLA cells 

was observed [16].  

Biosynthesised P-AgNPs and PPLM treated cells showed 

morphological changes like orange fluorescence and condensed 

nuclei. These results by AO/EB double staining confirmed that P-

AgNPs and PPLM could induce cell death through late apoptosis. 

However, early apoptotic changes were noticed in 5-FU treated cells. 

In contrast, the untreated tumour control cells and C-AgNP treated 

cells were live showing intact nuclear architecture with light green 

fluorescence.  

Morphological features of apoptosis such as nuclear fragmentation, 

chromatin condensation, alterations in the shape and size of cells, as 

revealed by fluorescence microscopic analysis were observed after 

treatment with Anthocephalus cadamba on DLA cells [17]. They 

observed that healthy cells had green nuclei and uniform chromatin 

with intact cell membrane while the cells undergoing apoptosis had 

orange nuclei with condensed chromatin and the necrotic cells had red 

nuclei with damaged cell membrane.  

The live cell nucleus presented a green fluorescence, while the 

apoptotic cell nucleus (PPLM treated human osteosarcoma 

cells) showed an orange fluorescence and the structure became 

condensed [18]. 

 To investigate the potential role of biosynthesised AgNPs to induce 

oxidative stress in DLA cells, intracellular ROS generation was 

assessed by DCF-DA dye. The DCF-DA, a nonfluorescent dye which 

diffuses through cell membranes get hydrolysed by intracellular 

esterases to DCFH. In the presence of ROS, DCFH is oxidised to 

fluorescent DCF and its level is proportional to the level of generated 

ROS [19].  

The AgNPs induced ROS formation that could mediate oxidative 

stress and cell death in mouse lymphoma cells [20]. In a previous study, 

it was demonstrated that plant-synthesised (Nepeta deflersiana) 

AgNPs had the capacity to induce ROS generation, lipid peroxidation 

along with a decrease in mitochondrial membrane potential (MMP) 

and glutathione (GSH) levels [21].  

The intensity of DCFH-DA fluorescence (representing the ROS level) 

in the primary bone marrow mononuclear cells was 

significantly(p>0.05) increased at 24 h of PPLM treatment, in a dose-

dependent manner [22].  

An increase in the fluorescence intensity in biosynthesised AgNPs 

treated cells observed in the present study established that 

biosynthesised AgNPs induced more ROS generation, which led to 

oxidative stress and cancer cell death. 

In the present study, exposure of DLA cells to IC50 of test compounds 

revealed a significant (p>0.05) increase in per cent of DNA 

fragmentation. The DNA fragmentation is considered as a 

characteristic feature of apoptosis [23]. The ROS can act as signal 

molecules that can induce oxidative DNA damage. The DLA control 

cells exhibited negligible fragmentation whereas a minimum 

fragmentation was noticed in C-AgNPs treated cells. The groups 

treated with 5-FU and P-AgNPs exhibited extensive fragmentation 

followed by PPLM. This implied that biosynthesised AgNPs possess 

apoptotic inducing effect by causing DNA damage.  
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The AgNPs could induce apoptosis by DNA fragmentation [24] and 

PPLM -induced ROS is responsible for DNA damage in pancreas 

cancer cells [25]. 

The JC-1 (5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolyl-

carbocyanine iodide) staining was carried out in DLA cells treated 

with IC50 of test compounds to investigate whether these compounds 

induced apoptosis via disruption of MMP. In the control, JC-1 

exhibited a red fluorescence and after DLA cells were exposed to test 

compounds for 24 h, JC-1 showed a gradual increase in green 

fluorescence (with little red fluorescence) which implies decrease in 

MMP.  A change from red to green fluorescence indicated a decrease 

in MMP following cisplatin treatment [26]. 

In the present study, a few cells with red fluorescence and a few with 

green fluorescence was found in the cells treated with 5-FU. But on 

PPLM and P-AgNPs treatment more green fluorescent cells were 

visualised. These findings are consistent with those of earlier research. 

co-treatment of apigenin with 5-FU lowered mitochondrial membrane 

potential and consequently promoted mitochondrial apoptosis in 

hepatocellular cancer [27]. A dose-dependent reduction in 

mitochondrial membrane potential was observed when melanoma 

cells were exposed to increasing concentrations of PPLM [28]. 

The JC-1, a lipophilic, cationic dye (naturally exhibiting green 

fluorescence) was able to enter into the cells with a normal MMP 

where it accumulates in the negatively charged mitochondria and 

spontaneously forms red fluorescent J-aggregates [29]. Therefore, in 

the present study, in cancer control cells, the negative charge 

established in the intact mitochondrial membrane potential might have 

allowed this cationic dye to enter the mitochondrial matrix where it 

accumulated as J-aggregates that were visualised as red fluorescent 

cells using fluorescent microscope. 

When there is an alteration in the permeability of the inner 

mitochondrial membrane, mitochondrial permeability transition 

(MPT) occurs [30]. So, in cells that undergone treatment, increased 

membrane permeability made mitochondrial matrix less negative 

which allow the entry of JC 1 stain only to a less degree. Since JC-1 

could not reach a sufficient concentration to trigger the formation of J-

aggregates, thus retaining its original green fluorescence in the 

apoptotic cells. These results suggested that the biosynthesised AgNPs 

and PPLM could reduce the membrane potential and induce 

mitochondrial dysfunction. Increase in ROS levels induced by AgNPs 

was accompanied by a reduction of MMP [31].  

The MPT released apoptogenic components into the cytosol, 

activating a caspase proteolytic cascade accelerated by a positive 

feedback loop involving the release of mitochondrial cytochrome c 

(Cyt-c) and ultimately inducing apoptosis [32]. Therefore, the results of 

present study demonstrated that test compounds induced a decrease in 

mitochondrial membrane potential and induced apoptosis in the DLA 

cells through a mitochondrial signal transduction pathway. 

CONCLUSION  

In our study, biosynthesised silver nanoparticles (P-AgNPs) exhibited 

superior cytotoxic and pro-apoptotic effects in Dalton’s lymphoma 

ascites (DLA) cells compared to chemically synthesised nanoparticles 

and conventional chemotherapeutic agents. The enhanced efficacy of 

P-AgNPs appears to be mediated through a mechanistic cascade 

involving elevated ROS generation, disruption of mitochondrial 

membrane potential, and modulation of apoptosis-related gene 

expression, particularly the downregulation of Bcl-2. This ROS-

driven, mitochondria-dependent pathway underscores the potential of 

P-AgNPs as a promising candidate for anticancer therapy. Further in-

depth mechanistic and in vivo studies are warranted to validate their 

therapeutic applicability and safety. 
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