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Abstract 35 

Zinc oxide nanoparticles (ZnONPs) have gained considerable attention as potential nanotherapeutic agents due 36 

to their ability to modulate cellular pathways involved in tumour progression. In the present study, ZnONPs 37 

were biosynthesized using Azadirachta indica (Neem) and physicochemically characterized. Their anticancer 38 

activity was evaluated against the human breast cancer cell line MDA-MB-231. Cytotoxicity was assessed using 39 

the MTT assay, while cell cycle progression and apoptosis were investigated by flow cytometry using 40 

propidium iodide (PI) and Annexin V-FITC staining, respectively. Cell migration was evaluated using a cell 41 

migration assay. The molecular mechanism of ZnONP mediated cytotoxicity was investigated by quantitative 42 

PCR analysis of Caspase 3 and p53, followed by western blotting. ZnONPs exhibited pronounced cytotoxicity, 43 

producing 88.92% inhibition of cell viability at 10 µg/mL, compared with 77.60% for doxorubicin at 10 µM. 44 

Flow-cytometric analysis revealed cell cycle arrest with accumulation of cells in the G0/G1 and G2/M phases. 45 

ZnONPs also induced apoptosis, reducing viable cells to 22.33% and increasing early apoptotic cells to 31.88%. 46 

Wound closure decreased from 93.48% in controls to 58.49% following ZnONP treatment, compared with 47 

37.81% for doxorubicin. ZnONPs significantly upregulated Caspase-3 (2.48-fold) and p53 (1.56-fold) 48 

expression. Western blot further confirmed increased Caspase 3 levels in Doxorubicin (3.25 fold) and ZnONPS 49 

(2.95 fold) and p53 levels in Doxorubicin (1.8 fold) and ZnONPs (1.66 fold) treated cells. Collectively, these 50 

findings demonstrate that green synthesized ZnONPs suppress MDA-MB-231 cell proliferation through cell 51 

cycle arrest, apoptosis induction, and inhibition of cell migration, supporting their potential as candidates for 52 

breast cancer nanotherapeutics. 53 
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1.0 Introduction 75 

Nanoparticles (NPs) have emerged as promising tools in cancer diagnosis and treatment [1]. Compared with 76 

conventional therapeutic approaches, NPs offer several advantages, including improved drug delivery 77 

efficiency, enhanced targeting capability, and reduced systemic side effects [2]. Their versatility allows them to 78 

be engineered for targeted therapy in different types of cancers [3]. Furthermore, nanoparticle systems can be 79 

designed to respond to tumor-specific conditions, such as the acidic microenvironment and interactions with 80 

intra and extracellular proteins [4]. Drugs can also be incorporated into nanometric matrices that regulate 81 

controlled release, thereby improving pharmacodynamic properties [5]. 82 

ZnONPs have been widely reported to exhibit significant antiproliferative activity against various cancer cell 83 

lines, including human neuroblastoma [6], epidermoid carcinoma [7], cervical cancer [8], gastric cancer [9], and 84 

breast cancer [10]. Recent research has also focused on integrating plant extracts and bioactive compounds of 85 

biological origin with anticancer potential into nanoparticle formulations, thereby expanding their biomedical 86 

applications [11,12]. ZnONPs have been reported to induce multiple cellular toxicity mechanisms in different 87 

cell types. ZnONPs trigger intracellular Ca²⁺ flux, reduce mitochondrial membrane potential, and cause loss of 88 

membrane integrity in BEAS-2B cells and RAW264.7 murine macrophages [13]. Cellular uptake studies 89 

indicate that ZnONPs enter BEAS-2B cells through caveolae-mediated endocytosis, whereas in RAW264.7 90 

macrophages they accumulate primarily in lysosomes. Additionally, iron-doped ZnONPs exhibit reduced Zn²⁺ 91 

dissolution rates and lower cytotoxicity compared with pure ZnO nanoparticles. In A549 lung epithelial cells, 92 

ZnONPs have been shown to decrease mitochondrial activity, damage cell membranes, and stimulate the 93 

production of interleukin-8 (IL-8) and reactive oxygen species (ROS).  Furthermore, ZnONPs exposure induces 94 

time and concentration dependent cytotoxicity in BEAS-2B cells, accompanied by increased lactate 95 

dehydrogenase (LDH) release, oxidative stress, elevated intracellular Ca²⁺ levels, and activation of the p53 96 

signaling pathway [13]. ZnONPs have also been reported to stimulate IL-8 mRNA expression in both primary 97 

human bronchial epithelial cells and BEAS-2B cells [15]. Green synthesis represents an eco friendly approach 98 

for the fabrication of metallic nanoparticles by utilizing plant-derived reducing and stabilizing agents. These 99 

agents are rich in phenolic compounds and other phytochemicals containing hydroxyl groups that facilitate 100 

nanoparticle formation [10,16]. Additionally, several studies have reported that the bioactive properties of plant-101 

derived compounds can be enhanced when incorporated into nanometric matrices [18]. Therefore, the present 102 

study evaluated the anticancer potential of plant mediated ZnONPs nanoparticles synthesized using the crude 103 

extract of Azadirachtaindica (Neem). The results demonstrated that these ZnONPs exhibit significant 104 

antiproliferative effects against Human breast cancer cell line MDA-MB-231 (ATCC-HTB-26). Furthermore, 105 

the nanoparticles inhibited colony formation and promoted apoptosis mediated cell death in MDA-MB-106 

231breast cancer cells. 107 

108 

2.0 Materials and Methods: 109 

2.1 Synthesis of ZnONPs 110 

Azadirachtaindica (Neem) leaves were collected from the campus SJCE, Mysore, India. The freshly collected 111 

leaves were washed thoroughly 2-3 times with tap water to remove dust and impurities. The cleaned leaves were 112 

then chopped into small pieces and spread on aluminium foil to dry under shade for 2-3 days. After complete 113 

drying, the leaves were ground into a coarse powder. Approximately 20 g of the powdered plant material was 114 
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mixed with 500 mL of distilled water and heated with continuous stirring at 50-60 °C for 1 hour to prepare the 115 

plant extract. The mixture was then allowed to cool to room temperature and filtered using Whatman filter paper 116 

to obtain a clear filtrate. 1 mM Zinc nitrate solution was added drop wise to the filtrate while continuously 117 

stirring at 50 °C. The gradual change in colour to brownish black indicated the formation of ZnONPs. The 118 

synthesized nanoparticles were purified by centrifugation at 7000 rpm for 20 minutes. The collected precipitate 119 

was then dried in a hot air oven for 24 hours. Further purification and crystallization were achieved through 120 

calcination in a muffle furnace at 500 °C for 3 hours under limited air supply. Finally, the obtained ZnONPs 121 

were ground using a mortar and pestle to obtain uniformly sized nanoparticle powder and subjected to physio-122 

chemical characterization (Not reported in this paper) . 123 

124 

2.2 Cell culture and cytotoxicity assay 125 

Human breast cancer cell line MDA-MB-231 cell lines were obtained from the American Type Culture 126 

Collection (ATCC). The stock cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) medium 127 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 IU/mL), and streptomycin 128 

(100 μg/mL). Cells were maintained in humidified incubator with 5% CO₂ at 37 °C until confluent [19, 20,21]. 129 

Cell viability was assessed and single cell suspension containing 5.0 × 10⁵ cells/mL was prepared. Standard 130 

anticancer drug Doxorubicin was prepared in the concentrations ranging from 3.125, 6.25, 12.5, 25, 540 and 100 131 

μM and ZnONPs and neem leaf powder in the concentrations ranging from 5, 10, 20, 40, 80, 160, 320 μg/mL 132 

was prepared. 100 μL of the cell suspension was seeded into each well of a 96 well microtiter plate and 133 

incubated at 37 °C in 5% CO₂ for 24 h. Following incubation, the supernatant was removed and the cell 134 

monolayer was rinsed with fresh medium. Subsequently, 100 μL of ZnONPs at different concentrations were 135 

added to the designated wells and incubated for 24 h. Following treatment, the test solutions were discarded and 136 

100 μL of MTT reagent was added to each well. The plates were incubated for 4 h at 37 °C in 5% CO₂. The 137 

supernatant was removed and 100 μL of DMSO was added to dissolve the formazan crystals and absorbance 138 

was measured at 590 nm using a multimode microplate reader (SpectraMax i3X, Molecular Devices). The 139 

percentage of cell inhibition and IC₅₀ values were determined from dose response curves using GraphPad Prism 140 

version 5.0. 141 

142 

2.3 Cell cycle Arrest analysis of MDA-MB-231 by flow cytometry 143 

The human breast cancer cell line MDA-MB-231 was procured from the American Type Culture Collection 144 

(American Type Culture Collection). The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 145 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 IU/mL), and streptomycin 146 

(100 µg/mL). Cells were maintained in a humidified incubator containing 5% CO₂ at 37 °C until confluent. 1 × 147 

10⁶ cells were seeded into a 6-well plate containing 2 mL of complete medium and incubated for 24 h at 37 °C 148 

in 5% CO₂ incubator [19, 20,21]. Standard Doxorubicin concentration of 10 μM. ZnONPs in the concentration 149 

of 5 and 10 µg/mL and neem leaf powder in the concentration of 80 and 160 µg/mL were used for treatment and 150 

incubated for 24 h. The cells were harvested by centrifuging at 2000 rpm for 5 min at room temperature and the 151 

supernatant was carefully discarded while retaining the cell pellet. The pellet was washed and resuspended in 2 152 

mL of 1x PBS and centrifuged again to remove the supernatant. Cells were fixed by resuspending the pellet in 153 

300 µL of sheath fluid followed by the drop wise addition of 1 mL chilled 70% ethanol with gentle vortexing. 154 
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The fixed cells were stored at 4 °C overnight. Following fixation, the cells were centrifuged at 2000 rpm for 5 155 

min and the pellets were washed twice with 2 mL cold 1x PBS and resuspended in 450 µL sheath fluid 156 

containing propidium iodide (PI) (0.05 mg/mL) and RNase A (0.05 mg/mL) and incubated for 15 min in the 157 

dark. Cell cycle distribution was analyzed using the BD FACSLyric Flow Cytometer (BD Biosciences, San 158 

Jose, CA, USA). A total of 10,000 events were acquired for each sample, and the percentage of cells in different 159 

phases of the cell cycle (G0/G1, S, and G2/M) was determined by gating the events using PI-area versus width 160 

parameters. 161 

162 

2.4 Apoptosis detection using Propidium Iodide (PI) and Annexin V-fitc staining of MDA-MB-231 cells by 163 

flow cytometry 164 

24 h prior to induction of apoptosis, 1 × 106 of MDA-MB-231 cells/well was plated in a 6 well plate using 165 

DMEM media with 10% FBS and 1% penicillin and streptomycin and incubated overnight at 37˚C at 5% CO2. 166 

The media was replaced with standard Doxorubicin concentration of 10 μM.  ZnONPs concentration of 5 and 10 167 

µg/mL and neem leaf powder in the concentration of 80 and 160 µg/mL along with 10% FBS. The treated cells 168 

were incubated for 24 h at normal culture conditions. The cells were harvested and well contents were 169 

completely transferred to the sterile Fluorescence Activated Cell Sorting  (FACS) tubes and centrifuged at 2000 170 

rpm for 5 min and supernatant was discarded. Cells were washed twice with cold PBS following centrifugation 171 

and resuspended in 1 mL 1x binding buffer at a concentration of ~1 x 106 cells/mL. Cell suspension of 500 μL 172 

was transferred (~5 x 105 cells) to a new FACS tube and 5 μLof Annexin V and 10 μL PI was added to the 173 

tubes, cells were gently mixed and incubated for 15 min at room temperature in a dark condition and analysed 174 

by flow cytometry immediately [22]. 175 

176 

2.5 Wound Healing Assay  177 

Cells were detached by trypsinization using 0.25% trypsin and EDTA solution. The cells were centrifuges and 178 

the supernatant was resuspended in culture media (DMEM).  105 cells were plated in a 6 well plate and 100% 179 

confluent cells were picked for analysis. With a help of 200μl micro pipette tip, a 2 mm scratch was made 180 

swiftly on top of the tissue culture plate through the cell monolayer.  The cell debris were carefully removed and 181 

enough media was added against the walls of the well to avoid detachment of any other cells. Initial observation 182 

was noted and the plates were incubated at 370 C with 5% CO2. For every 24 h, image was captured under an 183 

inverted microscope to assess the migration of the cells and the distance from the point of wound was measured 184 

on both sides using ImageJ software.  185 

The wound closure was calculated in percentage using the formula: 186 

187 

𝑊݀݊ݑ݋ ݁ݎݑݏ݋݈ܥ (%) = ݊݋݅ݐܽݎ݃݅ܯ ݁ܿ݊ܽݐݏ݅݀ ݐܽ 0 ℎ − ݊݋݅ݐܽݎ݃݅ܯ ݁ܿ݊ܽݐݏ݅݀ ݐܽ ݁݉݅ݐ ݊݋݅ݐܽݎ݃݅ܯ′ݐ′ ݁ܿ݊ܽݐݏ݅݀ ݐܽ 0 ℎ
× 100188 

189 

2.6 Gene expression study of Caspase 3 and P53 gene using MDA-MB-231 190 

Cells density at 1 × 10⁶ cells/mL were added to culture medium and incubated for 24 h at 37 °C in a humidified 191 

atmosphere containing 5% CO₂. Following incubation, the culture medium was carefully removed and the cells 192 
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were treated with doxorubicin of 10 μM concentration, ZnONPs at concentrations of 5 µg/mL and 10 µg/mL, 193 

and neem leaf extract at concentrations of 80 µg/mL and 160 µg/mL. The treated cells were further incubated 194 

for 24 h at 37 °C in a CO₂ incubator. 195 

196 

2.61 RNA Isolation 197 

Cells were dissociated, rinsed with sterile 1X PBS, and centrifuged. The supernatant was discarded and 0.4 mL 198 

of TRIzol reagent was added and mixed gently. The samples were added with 0.25 mL chloroform per 0.4 mL 199 

of TRIzol and incubated at room temperature for 5 min. The samples were then centrifuged at 12,000 rpm for 15 200 

min at 4 °C. The upper aqueous phase was carefully transferred to a new sterile microcentrifuge tube, and 0.5 201 

mL of isopropanol was added. The mixture was incubated at -20 °C for 20 min and subsequently, centrifuged at 202 

12,000 rpm for 10 min at 4 °C. The supernatant was discarded and the RNA pellet was washed with 70% 203 

ethanol, followed by centrifugation at 12,000 rpm at 4 °C [23]. The supernatant was carefully removed and the 204 

pellet was air dried and resuspended in 20 µL of Diethyl pyrocarbonate (DEPC) treated water, and the total 205 

RNA concentration was quantified using Spectra Drop (SpectraMax i3x, Molecular Devices, USA). 206 

207 

2.62 cDNA synthesis 208 

The cDNA was synthesized from 500 ng of RNA using the cDNA synthesis kit from Prime script RT reagent kit 209 

(TAKARA) with oligo dT primer. The reaction volume was set to 20μl and cDNA synthesis was performed at 210 

50oC for 30min, followed by RT inactivation at 85oC for 5 min using applied biosystems, Veritii. The cDNA was 211 

further used for real time PCR analysis. The PCR mixture (final volume of 20 µl) contained 1.4 µl of cDNA, 10 212 

µL of SyBr green master mix and 1 µM of complementary forward and reverse primers specific for GAPDH, 213 

Caspase 3 and p53 genes. The reaction was carried out with enzyme activation at 95oC for 2 minutes followed by 214 

two step reaction with initial denaturation, annealing and extension at 95°C for 5 seconds, annealing for 30 215 

seconds was given at specific temperature for all 3 genes and amplified for 39 cycles followed by secondary 216 

denaturation at 95 °C for 5 seconds. One cycle melt curve analysis was done at temperature from 65°C to 95°C 217 

for 5 seconds each [23]. The obtained results were analysed to calculate the fold expression of gene regulation. 218 

219 
2.7 Protein Expression of Caspase 3 and p53 by SDS PAGE and Western blotting220 

221 
Cells treated with doxorubicin, ZnONPs and neem extract were harvested and washed with 1X PBS. The cells 222 

were gently suspended in 300 µl Radioimmunoprecipitation assay buffer (RIPA) buffer with protease inhibitor. 223 

The cells were incubated for 30 min at 40 C with intermittent mixing every 5 mins once and centrifuged at 224 

10,000 RPM for 15 mins. The protein lysates in the supernatant was collected for further analysis.  225 

For SDS PAGE, the protein concentration was quantified and 25 μg protein was mixed with 5X loading dye and 226 

heated for 2 min at 950 C. The SDS PAGE separation of protein was done using three different gels (8%, 10% 227 

and 15%) using Mini Protean Tetra Cell, Bio-Rad. 0.2 μm nitrocellulose membrane was equilibrated with a 228 

transfer buffer for 10 mins at room temperature (RT). The protein transfer was done for 15 min in Turbo 229 

Transblot, Bio-Rad at 2.5 A and 25 V. The blot was blocked using 3% BSA Tris Buffer Saline with Tween 230 

(TBST) for 1 hour and subsequently treated with primary antibodies against caspase-3 (31 kDa) and p53 (53 231 

kDa) overnight at 40 C and GAPDH (36 kDa) was used as the loading control. Following incubation, the blot 232 

was washed three times with TBST at room temperature and treated with Peroxidase AffiniPure® Goat Anti-233 
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Rabbit IgG [H+L] secondary antibody for 1 hour at RT. The blot was again washed with TBST and developed 234 

using two component with Enhanced Chemiluminescence Regent (ECL) for 1 min in dark and image was 235 

captured between 0.5 sec to 15 secs exposure in Chemidoc XRS+ imaging system (Bio-Rad).  236 

Caspase 3 and p53 expression was normalized against the house keeping gene GAPDH to check for any 237 

variations in the expression levels. The normalized expression was calculated by the formula 238 

݀݁ݖ݈݅ܽ݉ݎ݋ܰ 239 ݊݅݁ݐ݋ݎܲ ݊݋݅ݏݏ݁ݎ݌ݔ݁ =
݀݊ܽܤ ݕݐ݅ݏ݊݁ݐ݊ܫ ݂݋ ℎ݁ݐ ܪܦܲܣܩݐݏ݁ܶ ݀݊ܽܤ  240ݕݐ݅ݏ݊݁ݐ݊ܫ

The normalized value of the untreated sample was assigned a fold regulation of 1.0 and the fold regulation of 241 

each sample was calculated and compared relative to the the control using the formula 242 

݈݀݋ܨ 243 ݊݋݅ݐ݈ܽݑܴ݃݁ =
݀݁ݖ݈݅ܽ݉ݎ݋ܰ ݁ݑ݈ܸܽ ݂݋ ݀݁ݖ݈݅ܽ݉ݎ݋ܰݐ݊݁݉ݐܽ݁ݎܶ ݁ݑ݈ܸܽ ݂݋  244݈݋ݎݐ݊݋ܥ

245 

3.0 Results  246 

3.1 Cytotoxicity studies Cell Cycle Study on MDA-MB-231 cells using Flow Cytometer 247 

The MDA-MB-231 cells treated with neem leaf extracts and ZnONPs exhibited dose dependent inhibition of 248 

cancer cell (Fig 2). The standard Doxorubicin at a concentration of 10 µM exhibited an inhibition of 76.66% 249 

with an IC50 of 15.99 µg/mL (Fig 1a)  while the ZnONPs at a concentration of 320 µg/mL showed an inhibition 250 

of 88.92% with an IC₅₀ value of 37.9 µg/mL. The neem leaf extracts exhibited comparatively low cytotoxicity 251 

when compared to standard and ZnONPs treated cells with an inhibition of 52% and an IC₅₀ value of 307.6 252 

µg/mL (Fig 1b).  253 

254 

3.2 Cell Cycle Arrest analysis of MDA-MB-231  255 

The results on cell cycle arrest indicated that control group had maximum 58.86% cells in G0/G1 phase, 9.43% 256 

in the S phase, and 18.55% in the G2/M phase. This indicated that the majority of cells were in the resting or 257 

quiescent stage (G0/G1), while a relatively smaller population of cells was actively progressing through DNA 258 

synthesis and mitosis (S and G2/M phases). The positive control, doxorubicin treated cells, exhibited 29.43% of 259 

cells in the G0/G1 phase, 8.2% in the S phase, and 25.88% in the G2/M phase. Compared to the control group, 260 

doxorubicin treatment resulted in a marked reduction in the G0/G1 population and an increase in the G2/M 261 

phase, suggesting cell cycle arrest predominantly at the G2/M phase. Treatment with Neem extract  262 

demonstrated a dose-dependent effect on cell cycle progression. At 160 μg/mL, 50.63% of cells were observed 263 

in G0/G1 phase, 8.68% cells in S phase and 20.52% cells in G2/M phase indicating a possible G2 phase arrest 264 

induced by Neem extract. ZnONPs similarly exhibited a dose-dependent influence on cell cycle distribution. At 265 

10 μg/mL, 39.62% of cells were observed in the G0/G1 phase, 5.71% in S phase and 19.95% cells in G2/M 266 

phase (Fig 3a). These results indicate cellular stress and DNA damage caused by the ZnONPs. This arrest 267 

prevents the cell from further undergoing mitosis followed by apoptosis. One way ANAOVA was performed to 268 

compare the all the test samples with control which indicated that there was a significant different with control 269 

compared with standard drug and ZnONPs with a p<0.0001 which indicated that the ZnoNPs and doxorubicin 270 

had deleterious effect on the DNA of the cells.  The ZnoNPs were comparable to standard drug doxorubicin 271 
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indicating that high accumulation of cells in G2/M phase than in G0/G1 and S phase exerting anticancer activity 272 

partly through modulation of cell cycle progression and subsequent induction of apoptosis (Fig 3b).  273 

274 

3.3 Apoptosis detection using PI and Annexin V-FITC staining of MDA-MB-231 cells by flow cytometry 275 

The result of apoptosis analysis using PI and Annexin V–FITC (Annexin V - Fluorescein isothiocyanate) by 276 

flow cytometry on MDA-MB-231 cells is shown in Fig 4a. The control showed 76.59% viable cells, 5.95% 277 

early apoptotic cells, 0.53% late apoptotic cells, and 0.55% necrotic cells, which served as the baseline for 278 

comparison. The positive control showed a marked induction of apoptosis with only 11.78% viable cells, while 279 

early apoptosis increased to 46.47%, late apoptosis to 1.46%, and necrosis was 0.18%. This indicates the strong 280 

apoptosis inducing capability of the standard drug. Treatment with Neem extract at 80 µg/mL slightly reduced 281 

the percentage of viable cells (69.09%) compared to the control, with a minor increase in early apoptosis 282 

(3.22%), along with small increases in late apoptosis (1.46%) and necrosis (0.18%). When the concentration 283 

was increased to 160 µg/mL, a further reduction in viable cells (68.01%) was observed, accompanied by a slight 284 

rise in early apoptosis (3.61%), a more noticeable increase in late apoptosis (7.17%), and necrosis (5.13%). 285 

These results suggest that neem extract induces apoptosis and necrosis in a concentration dependent manner, 286 

although the effect is less pronounced compared to the standard drug. ZnONPs showed a stronger apoptotic 287 

effect, at 5 µg/mL, the percentage of viable cells decreased to 27.24%, while early apoptosis significantly 288 

increased to 31.76%, with minimal changes in late apoptosis (0.48%) and necrosis (0.56%). Increasing the 289 

concentration to 10 µg/mL further reduced viable cells to 22.33%, while early apoptosis remained relatively 290 

similar (31.88%), with slight increases in late apoptosis (1.23%) and a decrease in necrosis (0.24%) (Fig 4b). 291 

These findings indicate that ZnONPs effectively induce apoptosis in MDA-MB-231 cells, predominantly 292 

through early apoptotic pathways, suggesting their potential cytotoxic and anticancer activity. 293 

294 

3.4 Cell Migration Assay  295 

The cell migration assay demonstrated a strong inhibitory effect of the test sample on cellular migratory ability 296 

when compared with the control. While the untreated cells exhibited a 68.59% migration at 24 hours and 297 

increased to 93.94% at 48 h showing an increased wound healing activity with increasing incubation time, the 298 

ZnONPs at 10 µg exhibited a stronger antimigratory activity reducing the wound closure to 15.33% at 24 h and 299 

58.49% at 48 h. The neem extract had comparatively lower antimigratory activity than ZnONPs with a reduced 300 

wound closure of 43.00% at 24 h and 78.90% at 48 h. The Doxorubicin showed the highest inhibitory activity 301 

with a drastic reduction in wound closure to 9.15% at 24 h and 37.81% at 48 h. Table 1 shows comparison of 302 

untreated group with ZnONPs which inhibited migration by 77.65% at 25 h and 37.74% at 48 h, while 303 

Doxorubicin inhibited migration by 88.66% at 24 h and 59.75% at 48 h (Fig 5). The statistical analysis by two 304 

way ANOVA comparing the test samples with control indicated that ZnoNPS had a significant reduction in 305 

migration with P<0.0001**** 306 

307 

3.5 Gene Expression study of Caspase 3 and P53 gene using Breast cancer cells (MDA-MB-308 

231) 309 

The RT-PCR analysis of the target genes Caspase-3 and p53 in MDA-MB-231 cells was performed and fold 310 

regulation was determined in comparison to control cells. The cells treated with Doxorubicin showed an up- 311 
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regulation of Caspase 3 gene level with an appreciable 3.09 fold increase at a concentration of 10 µM, while 312 

ZnONPs showed a 2.48 fold increase at a concentration of 10 µg/mL and 1.38 fold increase at a concentration of 313 

5 µg/mL. The cells treated with neem extract exhibited 1.29 fold increase at a concentration of 160 µg/mL and 314 

1.10 fold increase at a concentration of 80 µg/mL. (Table 2) The statistical analysis performed by one way 315 

ANOVA indicated that there was significant difference between the control group and the ZnONPs treated 316 

samples with a P <0.0001 (Fig 6). The expression of p53 in doxorubicin treated cells also showed an up-317 

regulation with 2.25 fold increase in gene level at a concentration of 10 µM, while the ZnONPs treated sample 318 

showed a slightly decrease in the gene level compared to standard drug with 1.56 fold increase at 10 µg/mL and 319 

1.13 fold increase at 5µg/mL. Treatment with neem extract did not show much change and indicated a 1.37 fold 320 

and 1.11 fold increase in gene levels at 160 µg/mL and 80 µg/mL respectively (Table 3). The one way ANOVA 321 

test indicated that there was significant difference between the control and standard drug and ZnONPS treated 322 

sample with value P <0.0001 (Fig 7). Overall, the results indicate that ZnONPs induced a stronger up-regulation 323 

of apoptosis related genes compared to neem extract, suggesting their potential role in promoting apoptotic 324 

pathways in MDA-MB-231 breast cancer cells. 325 

326 

3.6 Protein Expression of Caspase 3 and p53 by SDS PAGE and Western Blotting 327 
328 

Western blot analysis demonstrated a steep increase in the expression of Caspase 3 and p53 proteins with the in 329 

cells treated with doxorubicin and ZnONPs. The doxorubicin treated cells showed a 3.25 fold increase in the 330 

levels of Caspase 3 with a normalized value of 0.82 compared with a control value of 0.26.  The p53 levels also 331 

showed a considerable 1.8 fold increase with a noramalized value of 4.50 compared with a control value of 2.40.  332 

The ZnoNPS treated samples indicated that there was a significant 2.95 fold increase in the expression of 333 

Caspase 3 from 0.26 in untreated to 0.76 in 10 µg/mL ZnONPs treated cells. The p53 expression showed a 1.66 334 

fold increase in the expression level with untreated control showing a normalized value of 2.40 while the cells 335 

treated with 10 µg/mL ZnONPs had a value of 3.98. However, the neem extract did not have a significant effect 336 

on the expression levels and displayed 0.83 fold increase in Caspase 3 levels and 0.78 fold increase in p53 levels 337 

indicating that neem extracts were not highly effective under the given condition (Fig 8).  338 

339 
4.0 Discussion 340 

341 

In the present study, the potential cytotoxic effects of zinc oxide nanoparticles (ZnONPs) were evaluated and the 342 

mechanism of action of nanoparticles was studied through various evaluations like cell cycle arrest, apoptosis 343 

induction, cell migration and expression of apoptosis related genes which indicated that the zinc oxide 344 

nanoparticles exhibit cytotoxicity through various intermolecular mechanisms.  The cytotoxicity assay revealed 345 

a dose dependent reduction in the viability of cells following treatment with both neem extract and ZnONPs. 346 

The lower IC₅₀ value obtained for doxorubicin (15.99 µg/mL) confirms the established potency as a 347 

chemotherapeutic agent. But however, ZnONPs exhibited a considerably stronger cytotoxic effect than the crude 348 

neem extract, achieving 88.92% growth inhibition. The enhanced cytotoxicity of ZnONPs can be attributed to 349 

nanoscale properties like increased surface area, improved cellular internalization and physico chemical 350 

interaction, generation of reactive oxygen species (ROS) [24]. A study conducted by Aishwarya et.al 2022, also 351 

confirmed that the production of ROS molecules due to absorption of light enhances the cytotoxicity of the 352 

nanoparticles [25]. Cell cycle arrest determined by flow cytometric analysis further demonstrated that both 353 
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standard drug doxorubicin and ZnONPs have the potential to interfere with the cell cycle regulation. In the 354 

untreated control cells it was observed that the cells predominantly remained in the G0/G1 phase reflecting the 355 

normal growth and proliferation cycle. However, in the doxorubicin treatment, the cells were significantly 356 

concentrated in the G2/M phase, reducing the population in G0/G1 confirming the induction of DNA damage 357 

and activation of G2/M checkpoint. Similar results were seen in cells treated with ZnONPs where there was 358 

marked shift in the concentration of cells in G0/G1 phase and accumulation in G2/M phase [26]. This indicates 359 

the activation of G2/M checkpoint following extreme exposure to nanoparticles. DNA damage triggers the 360 

ATM/ATR signalling pathways, which subsequently phosphorylate the kinases (Chk1 and Chk2), leading to 361 

inhibition of cyclin B/CDK1 complexes and halts the cell progression at G2/M phase. This arrest prevents 362 

damaged cells from entering mitosis and serves as an important protective mechanism before apoptosis is 363 

initiated [26, 27]. In contrast to ZnONPs, the neem extract did not show much change and although a slight 364 

increase in G2/M phase cells was observed with increasing concentration, the majority of cells remained in the 365 

G0/G1 phase, suggesting limited interference with cell cycle progression due to the limited intracellular uptake 366 

and bioavailability compared to nanoparticles [28]. The Annexin V-FITC/PI apoptosis assay confirmed that the 367 

inhibition of cell cycle was primarily associated with the G2/M phase induction of programmed cell death rather 368 

than non specific necrosis. The control cells exhibited viable population with minimal apoptotic cells. 369 

Doxorubicin treated cells showed a significant reduction in the viable cells accompanied by increase in early 370 

apoptotic cells validating that the drug had effectively activated the apoptotic mechanism. ZnONPs 371 

demonstrated a prominent apoptotic response even at low concentration declining the viable cell count and 372 

indicating a predominant mechanism of cell death. The presence of relatively low percentage of necrotic cells 373 

indicates that nanoparticles activated a regulated apoptotic pathway and had not caused extensive membrane 374 

disruption or uncontrolled cytotoxicity [29, 30, 31]. The cells treated with neem extract demonstrated a gradual 375 

decrease in viable cells indicating late apoptosis and necrosis.  The migration assay revealed that ZnONPs were 376 

able to efficiently inhibit the migratory capacity of the MDA-MB-231 cells. Although there was a slight increase 377 

in the migration from 24 h to 48 h (15.33% to 58.49%), the overall wound closure remained comparatively 378 

lower than untreated cells. Similar results were observed by a study conducted by Esnaashari et al, 2025 and Yu 379 

et al, 2025 on treating breast cancer cell line MCF-7 with zinc oxide loaded chitosan nanoparticles and ZnO 380 

nanoparticles which showed there was up regulation of Caspase 8 & 9 along with Claudin -2 while there was a 381 

significant decrease in the migration activity of the cells in both studies [32, 33]. The stronger inhibition 382 

observed in ZnONPs compare to neem extract may be due to enhanced biological activity of nanoparticles and 383 

their efficient interaction with cancer cells. The surface associated phytochemicals may have played a crucial 384 

role in their biological activity and cellular uptake [34]. Notably, the ZnONPs approached near values to 385 

standard drug Doxorubicin at 24 h indicating a reduction in the overall wound healing capacity. The real time 386 

PCR analysis of standard doxorubicin exhibited highest fold increase in caspase 3 levels while ZnONPs 387 

produced substantially greater fold increase when compared with neem extract indicating the activation of 388 

apoptotic signalling pathway. The statistically significant differences observed by one-way ANOVA (P < 389 

0.0001) further confirmed that the increased expression is unlikely to have occurred by chance. Elevated 390 

Caspase-3 expression strongly correlates with the increased proportion of Annexin V-positive apoptotic cells 391 

observed during flow cytometric analysis [35, 36]. Similar results were observed in the expression of p53 gene 392 

levels. The p53 functions as a central regulator of cellular response to DNA damage. It either promotes the 393 
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repair mechanism or initiates apoptosis depending on the extent of DNA damage. Up regulation in p53 post 394 

ZnONPs treatment indicates activation of apoptosis pathway which is consistent with the results of G2/M arrest. 395 

This mechanism promotes the pro apoptotic genes like Bax and suppress the anti apoptotic proteins like Bcl-2 396 

leading to mitochondrial membrane permeabilization and Caspase 3 activation [37, 38, 39]. The cytotoxicity, 397 

apoptosis and gene expression clearly indicates a sequential mechanism of ZnONPs mediated anti cancer 398 

activity. Initially ZnONPs are believed to enter breast cancer cells and generate intracellular oxidative stress 399 

through the production of ROS molecules. The ROS induced DNA damage activates the p53 dependent 400 

checkpoint at G2/M phase. However due to extreme ROS exposure, the DNA repair mechanism fails and 401 

mitochondrial apoptotic pathways gets activated leading to Caspase 3 activation and ultimately leading to cell 402 

death [40, 41]. This co-ordinated molecular sequence of events explains the observed reduction in the viability 403 

of the cells and enhanced apoptosis. Western blot assay showed increased levels of Caspase 3 and p53 in both 404 

doxorubicin and ZnONPs treated cells indicating the role of caspase in terminal stages of apoptosis, which 405 

supports the increased action of apoptosis in the present study [42, 43]. The neem extract had limited change in 406 

the expression levels of Caspase 3 and p53 indicating a weaker induction of apoptosis markers which may also 407 

be the reason for its low activity on wound closure which may be due to insufficient exposure to phytochemicals 408 

or experimental conditions. Overall, the study demonstrates that zinc oxide nanoparticles induce anti migratory 409 

and apoptotic effects against MDA-MB-231 cells. The significant reduction on the wound healing capacity 410 

along with increased expression of Caspase 3 and p53 suggest that nanoparticles interfere with cancer cells 411 

progression along with suppression of wound healing and trigger the apoptotic signalling pathway. The superior 412 

biological activity of ZnONPs proved to have improved cellular uptake through endocytosis, intracellular 413 

retention which increases the oxidative stress and subsequently triggers apoptotic mechanism by systemic 414 

toxicity associated with conventional chemotherapy. Though Doxorubicin performed better, the ability of the 415 

ZnONPs to substantially inhibit cancer cell progression make them a potential candidate as plant mediated 416 

nanotherapeutic agents for evaluation on cancer models.  417 

418 

5.0 Conclusion 419 

The present study demonstrated that green synthesized ZnO nanoparticles excellent anticancer activity against 420 

MDA-MB-231 breast cancer cells. It was found that ZnONPs induced dose dependent cytotoxicity, promoted 421 

G2/M phase cell cycle arrest, enhanced apoptosis largely through early apoptotic pathway, reduced wound 422 

closure and appreciably up regulated the expression of the apoptotic genes Caspase-3 and p53. These findings 423 

suggest that ZnONPs inhibit breast cancer cell proliferation by activating DNA damage mediated apoptotic 424 

pathways and may serve as a promising, biocompatible nanotherapeutic candidate for the treatment of triple 425 

negative breast cancer. Further scope of work could be focused on in vivo studies and molecular investigations 426 

to validate their clinical applicability and safety. 427 
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Table 1: Effect of Neem extract, ZnONPs, and doxorubicin on wound closure and cell 

migration inhibition in the in vitro cell migration (scratch) assay. 

Treatment Concentration Initial 

wound 

width, 0 

h (mm) 

Wound 

width, 

24 h 

(mm) 

Woun

d 

width, 

48 h 

(mm) 

Wound 

closure, 

24 h (%) 

Wound 

closure, 

48 h (%)

Migratio

n 

inhibition

, 24 h (%) 

Migration 

inhibition

, 48 h (%) 

Untreated 

control 

� 1.98 0.62 0.12 68.59 93.94 � � 

Doxorubici

n 

10 µM 2.01 1.83 1.25 9.15 37.81 86.66 59.75 

ZnONPs 10 µg/mL 1.99 1.69 0.83 15.33 58.49 77.65 37.74 

Neem 

extract 

160 µg/mL 2.00 1.14 0.42 43.00 78.90 37.31 16.01 

Table 2: Relative Normalized Expression of Caspase 3 Gene

Treatment Group Caspase 

3

GAPDH ∆Cq ∆∆Cq Fold change 

2^-∆∆Cq
Control 27.27 20.84 6.44 0.00 1.00 

Doxorubicin (10 

µg/ml)

250. 20.25 4.75 -1.63 3.095 

ZnONPs (10µg/ml) 25.33 20.09 5.25 -1.19 2.28 

ZnONPs (5µg/ml) 25.63 19.77 5.87 -0.57 1.48 

Plant Extract (160 

µg/ml)

26.06 19.99 6.07 -0.36 1.29 

Plant Extract (80 

µg/ml)

25.95 19.65 6.30 -0.13 1.10 

Cq - Quantification Cycle

Table 3: Relative Normalized Expression of p53 Gene

Treatment Group p53 GAPDH ∆Cq ∆∆Cq Fold change 

2^-∆∆Cq
Control 26.45 20.84 5.62 0.00 1.00 

Doxorubicin (10 

µg/ml)

24.70 20.25 4.45 -1.17 2.25 

ZnONPs (10µg/ml) 25.06 20.09 4.98 -0.64 1.56 

ZnONPs (5µg/ml) 25.20 19.77 5.44 -0.18 1.13 



Plant Extract (160 

µg/ml)

25.15 19.99 5.16 -0.45 1.37 

Plant Extract (80 

µg/ml)

25.12 19.65 5.47 -0.15 1.11 

Cq - Quantification Cycle
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