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Abstract
Non-small cell lung cancer (NSCLC) remains a leading cause of cancer-related mortality worldwide, with current therapeutic 
strategies limited by systemic toxicity, drug resistance, and poor tumor selectivity. These limitations highlight the urgent 
need for safer, targeted therapeutic strategies. In this context, erbium oxide nanoparticles (Er2O3NPs) have attracted attention 
in biomedical research due to their unique physicochemical characteristics, yet their potential as anticancer agents against 
NSCLC remains fully unexplored. This study was consequently conducted to assess the anticancer efficacy and underlying 
mechanisms of Er2O3NPs in human A549 NSCLC cells, alongside with evaluating their safety in normal WI-38 lung 
fibroblasts. Cytotoxicity was determined using the MTT assay, and genomic DNA integrity was assessed via the alkaline 
Comet assay. Oxidative stress and mitochondrial function were evaluated through 2′,7′-dichlorodihydrofluorescein diacetate 
(2,7-DCFH-DA) and Rhodamine-123 staining, respectively. Apoptotic induction was analyzed using DAPI nuclear staining 
and chromatin diffusion assays, while qRT-PCR quantified the expression of apoptosis- and mitochondria-related genes. 
Er2O3NPs exhibited concentration-dependent cytotoxicity in A549 cells (IC50 = 93.46 µg/ml) and lower toxicity in WI-38 
fibroblasts (IC50 = 147.5 µg/ml), yielding a selectivity index of 1.58. Mechanistically, treating A549 cells at the IC50 
concentration for 72 h induced severe genomic DNA damage, excessive ROS generation, and pronounced mitochondrial 
membrane depolarization. DAPI staining revealed characteristic apoptotic nuclear changes, including chromatin condensation 
and fragmentation, while the chromatin diffusion assay demonstrated extensive DNA dispersion indicative of advanced 
apoptotic DNA degradation. Moreover, qRT-PCR analysis showed significant downregulation of p53, Bcl-2, and ND3 gene 
expression. Given the inherent mutant p53 status of A549 cells, this transcriptional downregulation indicates that Er2O3NPs 
bypass canonical wild-type p53 transcriptional activation, triggering instead an ROS-driven intrinsic mitochondrial apoptotic 
signaling pathway. In conclusion, Er2O3NPs induce preferential cytotoxicity in NSCLC cells through ROS-mediated severe 
genomic DNA damage and intrinsic mitochondrial dysfunction within a p53-compromised genetic background. These 
findings suggest that Er2O3NPs hold potential as a nanotherapeutic candidate for NSCLC. However, further in vivo studies, 
targeted delivery systems, and direct protein-level evaluations are warranted to fully clarify these mechanisms and advance 
their clinical applicability.
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Introduction

Lung cancer remains the foremost cause of cancer-related 
mortality worldwide, surpassing breast, colorectal, and 
prostate cancers combined. Its high incidence, aggressive 
progression, and poor survival rates make it a critical global 
health challenge. Among its subtypes, non-small cell lung 
cancer (NSCLC) accounts for approximately 85% of all 
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cases, making it the most prevalent and clinically significant 
form of the disease (Sung et al. 2021; Bray et al. 2024; 
Siegel et al. 2025). Despite advances in diagnostic imaging, 
molecular profiling, and therapeutic strategies, the global 
incidence of NSCLC continues to rise, largely driven by 
persistent exposure to major risk factors, including tobacco 
smoking, the strongest contributor, as well as air pollution, 
occupational carcinogens such as asbestos and radon, and 
inherited genetic predispositions (Travis et al. 2015; Herbst 
et al. 2018). NSCLC poses a particular threat due to its 
aggressive biological behavior. The disease often develops 
silently and remains asymptomatic in its early stages, which 
delays detection in most patients. Consequently, the majority 
of cases are diagnosed at advanced or metastatic stages, when 
curative options are limited (Nasim et al. 2019).

Even with multimodal treatment approaches, NSCLC is 
characterized by high recurrence rates and rapid metastatic 
progression, complicating management and worsening 
clinical outcomes. The overall prognosis for patients with 
advanced NSCLC remains poor, with five-year survival 
rates below 25% despite ongoing improvements in thera-
peutic strategies (Herbst et al. 2018). Current therapeutic 
options for NSCLC include surgery, radiotherapy, targeted 
therapy, immunotherapy, and chemotherapy. Chemother-
apy, while remains a mainstay, its clinical utility is severely 
constrained by systemic toxicity, poor tumor selectivity, 
multidrug resistance, and limited long-term efficacy (Duma 
et al. 2019; 2022). Chemotherapeutic agents frequently 
induce adverse effects such as nephrotoxicity, myelosup-
pression, hepatotoxicity, and neuropathy, which compro-
mise both treatment outcomes and patient quality of life 
(Sung et al. 2021; Duma et al. 2019). These limitations 
underscore the urgent need for novel therapeutic strategies 
capable of selectively eradicating malignant cells while 
sparing normal lung tissue.

Nanotechnology-based therapies have recently emerged 
as promising alternatives due to their ability to improve drug 
delivery, enhance tumor targeting, and minimize systemic 
toxicity (Patra et al. 2018; Chehelgerdi et al. 2023). Among 
these, rare-earth metal oxide nanoparticles have attracted 
considerable attention for their unique physicochemical, 
redox, and optical properties (Mehtab et al. 2022; Safwat 
et al. 2022). Erbium oxide nanoparticles (Er2O3NPs), in 
particular, are biocompatible and capable of generating 
reactive oxygen species (ROS) under physiological 
conditions, making them potential candidates for inducing 
selective cytotoxicity in cancer cells (Safwat et al. 2022; 
Mohamed et al. 2025). Emerging evidences indicate that 
Er2O3NPs trigger oxidative stress, mitochondrial dysfunction, 
and apoptosis in malignant cell lines: Hep-G2 hepatocellular 
carcinoma and U937 lymphoma cells (Safwat et al. 2022; 
Mohamed et  al. 2025), Nevertheless, their therapeutic 
potential in lung cancer, particularly NSCLC, remains 

fully unexplored. Although earlier reports demonstrated 
cytotoxic and pro-apoptotic effects of Er2O3NPs in models 
such as hepatocellular carcinoma, and lymphoma, these 
findings cannot be directly extrapolated to NSCLC because 
each cancer type exhibits distinct molecular signatures, 
redox status, metabolic demands, and nanoparticle-uptake 
characteristics. NSCLC cells, particularly A549, have 
unique antioxidant defenses, mitochondrial dynamics, and 
resistance pathways that may modulate their responsiveness 
to nanoparticle-induced oxidative stress and apoptosis. 
Therefore, dedicated evaluation in NSCLC is essential to 
determine whether Er2O3NPs exert comparable, diminished, 
or even distinct mechanistic effects in lung cancer cells.

Given the rising global incidence of NSCLC, the high 
mortality rates associated with advanced disease, and the 
shortcomings of conventional chemotherapy, there is a 
pressing need to investigate the therapeutic potential of 
Er2O3NPs as novel anticancer agents. Accordingly, this 
study was designed to explore the cytotoxic, genotoxic, 
and apoptotic effects of Er2O3NPs in A549 NSCLC cells, 
with parallel assessment of their safety in normal human 
WI-38 lung fibroblasts. By examining genomic stability, 
ROS generation, mitochondrial membrane potential, 
and apoptosis-related gene expression, this work aims 
to provide new mechanistic insights into the anticancer 
activity of Er2O3NPs and their potential role as targeted 
nanotherapeutics for NSCLC.

Materials and methods

Chemicals

Er2O3NPs were obtained from Sigma-Aldrich (St. Louis, 
MO, USA) as a faint pink powder with an average particle 
size of < 100 nm and a purity of 99.9% trace metals basis. The 
nanoparticles were cataloged under CAS No. 12061–16-4, 
EC No. 235–045-7, and Product No. 203238. All additional 
chemicals and reagents used throughout the study were of 
molecular biology grade. Dimethyl sulfoxide (DMSO), 
3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyl tetrazolium 
bromide (MTT), ethidium bromide, low- and normal-melting-
point agarose, Tris base, ethylenediaminetetraacetic acid 
(EDTA), Rhodamine-123, 4′,6-diamidino-2-phenylindole 
(DAPI), 2′,7′-dichlorodihydrof luorescein diacetate 
(DCFH-DA), trypan blue, and other routine laboratory 
reagents were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Cell culture reagents, including Dulbecco's Modified 
Eagle Medium (DMEM), HEPES buffer, L-glutamine, 
gentamicin, and trypsin–EDTA, were obtained from Lonza 
(Verviers, Belgium). The culture medium was supplemented 
with 10% fetal bovine serum (FBS), and phenol red-free 
DMEM was used for assays requiring spectrophotometric 
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or fluorescence measurements to minimize background 
interference. All reagents were freshly prepared according 
to the manufacturers' instructions, and all experimental 
procedures were performed under aseptic conditions in 
a Class II biological safety cabinet to ensure sterility and 
experimental reproducibility.

Characterization of Er2O3NPs

The Er₂O₃NPs used in this study were chemically synthesized 
and had been previously characterized in detail by Mohamed 
and colleagues (Safwat et al. 2022; Mohamed et al. 2025). 
Briefly, the physicochemical properties of Er2O3NPs were 
evaluated using X-ray diffraction (XRD) to determine phase 
composition and crystallinity, transmission electron micros-
copy (TEM) to examine particle morphology and primary 
particle size, and dynamic light scattering (DLS) coupled 
with zeta potential analysis to determine the hydrodynamic 
particle size distribution and surface charge in aqueous 
suspension. XRD analysis confirmed the high purity and 
crystallographic integrity of the synthesized Er2O3NPs, 
with diffraction peaks consistent with standard reference 
data for crystalline erbium oxide, indicating the formation 
of cubic Er2O3NPs. DLS measurements revealed a bimodal 
hydrodynamic size distribution, with approximately 89.3% 
of the suspended nanoparticles exhibiting an average diam-
eter of 570.7 nm and 10.7% displaying an average diameter 
of 95.35 nm, reflecting particle aggregation in suspension. 
Consistently, the zeta potential was low, indicating limited 
colloidal stability. In contrast, TEM analysis of ultrasoni-
cated samples demonstrated well-dispersed Er2O3NPs with 
predominantly cubic morphology and primary particle sizes 
of approximately 50–60 nm (Safwat et al. 2022; Mohamed 
et al. 2025). Therefore, prior each experiment, Er2O3NPs sus-
pensions were ultrasonicated for 30 min to minimize aggre-
gation and ensure homogeneous nanoparticle dispersion prior 
to cellular exposure.

Ethical considerations

This study did not involve human participants, human sub-
jects, or the collection or use of primary human tissues. All 
experiments were performed exclusively using established 
human cancer cell lines that were commercially purchased 
from accredited cell repositories. The cell lines were han-
dled, cultured, and maintained in strict accordance with the 
suppliers’ instructions and relevant institutional and inter-
national laboratory guidelines and regulations. As no direct 
experimentation on humans or human-derived tissue sam-
ples was conducted, institutional ethical approval was not 
required for this work.

Culture and maintenance of normal WI 
and cancerous A549 cells

Normal human WI-38 lung fibroblasts and A549 human 
non-small cell lung carcinoma cells were obtained from the 
Regional Center for Mycology and Biotechnology, Al-Azhar 
University (Cairo, Egypt). Each cell line was cultured 
separately in high-glucose DMEM (4.5 g/L) supplemented 
with 10% heat-inactivated FBS, gentamicin (50  µg/ml), 
penicillin (100 U/ml), and streptomycin (100 U/ml). Cells were 
incubated at 37 °C in a humidified atmosphere containing 5% 
CO2, and the culture medium was renewed every 2–3 days. 
Cells were subcultured using 0.25% trypsin–EDTA upon 
reaching 70–80% confluence. All experiments were performed 
using low-passage A549 and WI-38 cells (passages 5–15) to 
minimize passage-related phenotypic variation and ensure 
experimental reproducibility. Only healthy, exponentially 
growing cultures with ≥ 90% viability were used for all 
experiments. Cell morphology and confluence were routinely 
monitored throughout the study to ensure optimal culture 
conditions. Preliminary optimization experiments also 
confirmed adequate baseline metabolic activity in both cell 
lines, validating their suitability for MTT-based cytotoxicity 
assessment and ensuring that changes in MTT reduction 
reflected the effects of Er₂O₃NP treatment rather than inherent 
metabolic differences between the two cell lines.

Estimation of Er2O3NPs cytotoxicity in normal WI 
and cancerous A549 lung cells

The cytotoxic potential of Er2O3NPs on normal human lung 
fibroblasts (WI-38) and human non-small cell lung carcinoma 
cells (A549) was determined using the MTT colorimetric 
assay, following previously described procedures with 
minor modifications (Mosmann 1983; El-Zahabi et al. 2019; 
Abdelsalam et al. 2022). Briefly, WI-38 and A549 cells 
were independently seeded into sterile 96-well flat-bottom 
culture plates (Falcon, NJ, USA) at a density of 1 × 104 
cells per well in 100 µl of complete DMEM medium. The 
culture medium was supplemented with 10% heat-inactivated 
FBS, 1% L-glutamine, 100 U/ml penicillin, and 100 µg/
ml streptomycin. Cells were allowed to adhere for 24 h at 
37 °C in a humidified incubator containing 5% CO2. After 
the attachment period, the culture medium was carefully 
removed and replaced with fresh DMEM containing two-fold 
serial concentrations of Er2O3NPs (7.80, 15.60, 31.25, 62.50, 
125.00, 250.00, 500.00, and 1000.00 µg/ml). Each treatment 
concentration was evaluated in triplicate wells, whereas 
untreated control cells received nanoparticle-free culture 
medium. Cells were then incubated with Er2O3NPs for 72 h.

Following the exposure period, the treatment medium 
was aspirated and substituted with 100 µl of phenol red-free 
DMEM, after which 10 µl of MTT reagent (12 mM; 5 mg/ml 
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in PBS) was added to each well. The plates were incubated 
for 4 h at 37 °C in the dark, allowing metabolically active 
cells to reduce MTT into insoluble purple formazan crystals. 
To dissolve the crystals, 85 µl of the medium was removed, 
and 50 µl of dimethyl sulfoxide (DMSO) was added to each 
well. The plates were then incubated for an additional 10 min 
at 37 °C to ensure complete solubilization. The absorbance 
of the resulting solution was recorded at 590 nm using a 
microplate reader (SunRise, TECAN, USA). Cell viability 
was calculated according to the following equation: Cell 
viability (%) = (ODT/ODC) × 100; where ODT represents the 
average absorbance of treated wells and ODC corresponds 
to the mean absorbance of the untreated control wells. 
The half-maximal inhibitory concentration (IC50) values 
were determined by nonlinear regression analysis using 
GraphPad Prism software (San Diego, CA, USA) based 
on data obtained from three independent experiments. To 
evaluate the preferential cytotoxicity toward cancer cells, the 
Selectivity Index (SI) was calculated as: SI = IC50 (WI-38)/
IC50 (A549). An SI value greater than 1 indicates selective 
toxicity toward cancer cells. All results were expressed as 
mean ± standard deviation (SD).

Culture and treatment of cancerous A549 lung 
cancer cells

Human A549 non-small cell lung carcinoma cells were 
cultured in T25 tissue culture flasks containing DMEM 
medium supplemented with 10% heat-inactivated FBS, 1% 
L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin, 
following previously reported cell culture procedures 
(Mosmann 1983; El-Zahabi et al. 2019; Abdelsalam et al. 
2022). The cultures were maintained at 37 °C in a humidified 
incubator with 5% CO2 and allowed to proliferate until they 
reached approximately 70–80% confluence. For experimental 
evaluation, A549 cells were randomly divided into two groups. 
The vehicle untreated control group received complete culture 
medium containing ≤ 0.1% dimethyl sulfoxide (DMSO), 
corresponding to the final solvent concentration used for 
Er2O3NPs preparation, to exclude any potential effects of the 
vehicle itself. This concentration of DMSO is widely regarded 
as non-cytotoxic under standard cell culture conditions. 
The treated group was exposed to Er2O3NPs at the IC50 
concentration determined by the MTT assay in the present 
study. Both groups were incubated under identical culture 
conditions for 72 h before subsequent analyses (El-Zahabi et al. 
2019; Abdelsalam et al. 2022).

After the treatment period, cells were harvested using 
0.25% trypsin–EDTA, followed by centrifugation at 
1500 rpm for 5 min at 4 °C. The resulting cell pellets were 
washed twice with ice-cold phosphate-buffered saline (PBS, 
pH 7.4) to remove residual culture medium and nanoparti-
cle traces. Finally, the pellets were resuspended in PBS and 

stored at − 80 °C until further biochemical and molecular 
analyses were performed (El-Zahabi et al. 2019; Abdelsalam 
et al. 2022). All experiments were conducted in triplicate 
to ensure reproducibility and statistical reliability. Further-
more, all experimental procedures were carried out under 
aseptic laboratory conditions and in accordance with estab-
lished institutional and international guidelines for good 
laboratory practice.

Estimation of Er2O3NPs‑induced genomic instability 
in A549 lung cancer cells

Genomic instability in non-small A549 lung carcinoma cells 
following exposure to the IC50 concentration of Er2O3NPs 
for 72 h was assessed using the alkaline comet assay, as 
described by Tice et al. (2000) and Langie et al. (2015). 
A suspension of ~ 10,000 cells in 15 µL PBS was mixed 
with 60 µl of 0.5% low-melting-point agarose (37 °C) and 
immediately spread onto microscope slides pre-coated with 
1% normal-melting-point agarose. After solidification for 
30 min at room temperature, slides were immersed in cold 
lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris–HCl, 
pH 10) containing 1% Triton X-100 and 10% DMSO, and 
incubated for 24 h at 4 °C in the dark. Slides were then 
placed in alkaline electrophoresis buffer (300 mM NaOH, 
1 mM EDTA, pH 12) for 15 min to allow DNA unwinding, 
followed by electrophoresis at 25 V, 300 mA for 30 min at 
4 °C. After electrophoresis, slides were neutralized with 
0.4 M Tris–HCl buffer (pH 7.5) for 5 min, fixed in cold 
ethanol for 5 min, and air-dried. Staining was performed 
with 50 µL ethidium bromide (20 µg/mL), and samples were 
examined under a fluorescence microscope. For each treat-
ment, 50 randomly selected nuclei per slide were analyzed 
using COMETSCORE™ software. DNA damage was quan-
tified using tail length, % DNA in tail, and tail moment. 
Data are expressed as mean ± SD from three independent 
experiments, with statistical analysis performed to assess 
the genotoxic effects of Er2O3NPs treatment in A549 lung 
cancer cells.

Evaluation of ROS generation within A549 lung 
cancer cells

Intracellular ROS production in non-small A549 lung 
carcinoma cells after 72 h exposure to the IC50 concentration 
of Er2O3NPs was quantified using the fluorescent probe 
2′,7′-dichlorofluorescin diacetate (2,7-DCFH-DA), following 
the method of Siddiqui et al. (2010). Briefly, equal volumes 
of the A549 cell suspension and 20 µM 2,7-DCFH-DA 
solution were mixed in sterile microcentrifuge tubes and 
incubated in the dark at room temperature for 30 min. Inside 
the cells, the probe was enzymatically deacetylated to form 
non-fluorescent DCFH, which was then oxidized by ROS to 
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the highly fluorescent compound 2′,7′-dichlorofluorescein 
(DCF). After staining, cells were gently spread onto clean 
glass slides to form a thin monolayer and examined under an 
epifluorescence microscope equipped with DCF-compatible 
filters. Images were captured at 200 × magnification from 
randomly selected fields using identical exposure settings. 
Fluorescence intensity, representing intracellular ROS 
levels, was quantified using Fiji (ImageJ) software. Relative 
fluorescence values of treated and untreated control cells 
were compared to determine the extent of ROS generation. 
All experiments were conducted in triplicate to ensure 
reproducibility and statistical reliability.

Monitoring mitochondrial integrity in A549 lung 
cancer cells

Mitochondrial membrane potential, a critical marker of 
mitochondrial integrity and early apoptosis, was evaluated in 
non-small A549 lung carcinoma cells after 72 h exposure to 
Er2O3NPs at the IC50 concentration. The assay was performed 
using Rhodamine-123, a cationic, cell-permeable fluorescent 
dye that selectively accumulates in polarized mitochondria, 
following the protocol of Zhang et  al. (2011). Briefly, 
equal volumes of the cell suspension and Rhodamine-123 
working solution (10 µg/ml) were mixed in sterile, light-
protected microcentrifuge tubes and incubated at 37 °C for 
1 h in the dark to allow dye uptake by active mitochondria. 
After incubation, cells were washed twice with cold PBS to 
remove unbound dye, then mounted on pre-cleaned, labeled 
glass slides and covered with sterile coverslips. Slides were 
examined under an epifluorescence microscope equipped 
with Rhodamine-123 filters, and images were captured at 
200 × magnification from randomly selected fields using 
identical exposure settings. Fluorescence intensity, reflecting 
mitochondrial polarization, was quantified using Fiji 
(ImageJ) software. A significant reduction in Rhodamine-123 
fluorescence in treated cells compared with untreated 
control cells indicated mitochondrial depolarization, a 
hallmark of early mitochondrial dysfunction and apoptosis. 
All experiments were performed in triplicate, and results 
were expressed as mean ± SD to ensure reproducibility and 
statistical significance.

Assessment of apoptosis induction in A549 lung 
cancer cells

Apoptosis, a programmed cell death, is a vital mechanism for 
maintaining cellular homeostasis and eliminating damaged 
or malignant cells. Inducing apoptosis is a major therapeutic 
strategy in cancer management, and its detection is essential 
for evaluating the efficacy of anticancer agents. In this study, 
apoptosis induction in non-small A549 lung carcinoma cells 
after exposure to Er2O3NPs at the IC50 concentration was 

assessed using two complementary approaches: the chroma-
tin diffusion assay, which detects DNA fragmentation linked 
to apoptotic signaling, and 4′,6-diamidino-2-phenylindole 
(DAPI) nuclear staining, which visualizes characteristic 
apoptotic features such as chromatin condensation and 
nuclear fragmentation.

Chromatin diffusion assay

The chromatin diffusion assay detects apoptotic DNA 
fragmentation by exploiting alkali-labile DNA sites that, 
under alkaline conditions, produce diffusion halos within 
an agarose matrix (Singh 2000). Microscope slides were 
pre-coated with 0.7% normal-melting-point agarose, then 
A549 cells were suspended in low-melting-point agarose 
and layered onto the coated slides. After air drying, slides 
were immersed in cold lysis buffer for 10 min to remove 
cytoplasmic contents while preserving nuclear DNA. 
Slides were then neutralized with Tris buffer, fixed in cold 
ethanol, and stained with ethidium bromide. Apoptotic 
cells were identified under a fluorescence microscope by 
the presence of characteristic DNA halos. For each sample, 
1,000 cells were analyzed, and the percentage of apoptotic 
cells was calculated. All assays were performed in tripli-
cate to ensure reproducibility.

DAPI nuclear staining

To confirm apoptosis induction in Er2O3NPs-treated A549 
lung cancer cells, nuclear morphology was screened using 
DAPI, a DNA-binding fluorescent dye that highlights 
apoptotic features such as chromatin condensation and 
nuclear fragmentation (Guan and Guan 2020). A549 cells 
were seeded into 96-well plates at a density of 1 × 104 cells/
well and treated with Er2O3NPs at the IC50 concentration 
for 72 h. After treatment, cells were washed with PBS, fixed 
in 4% paraformaldehyde, and stained with DAPI (1 µg/ml) 
for 1 h in the dark. Stained cells were washed and examined 
under a fluorescence microscope at 200 × magnification using 
a DAPI filter. Apoptotic cells were identified by condensed or 
fragmented nuclei and apoptotic body formation, while non-
apoptotic cells showed uniform nuclear staining. For each 
group, 1,000 cells were counted, and the apoptotic index was 
calculated. All experiments were performed in triplicate, and 
data were expressed as mean ± SD.

Profiling of p53, ND3 and Bcl2 gene expression 
in A549 lung cancer cells

To further evaluate the effects of Er2O3NPs on mitochondrial 
function and apoptosis, the expression of pro-apoptotic p53, 
mitochondrial ND3 (a key component of the electron trans-
port chain), and anti-apoptotic Bcl2 genes was quantified in 
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A549 lung cancer cells following 72 h treatment with the 
IC50 concentration of Er2O3NPs. Total RNA was extracted 
from treated and untreated control A549 cells using the 
GeneJET RNA Purification Kit (Thermo Fisher Scientific, 
USA) according to the manufacturer’s instructions. RNA 
purity and concentration were verified with a NanoDrop 
spectrophotometer. From each sample, 1  µg RNA was 
reverse transcribed into cDNA using the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems, 
USA). Quantitative real-time PCR (qRT-PCR) was then 
performed using SYBR Green PCR Master Mix ((Sigma-
Aldrich St. Louis, MO, USA)) and gene-specific primers 
shown in Table 1 on a StepOnePlus Real-Time PCR System 
(Applied Biosystems), following optimized cycling con-
ditions (Suzuki et al. 1999; Lai et al. 2013; Grzybowska-
Szatkowska and Ślaska 2014). GAPDH served as the inter-
nal reference gene. Relative gene expression levels of p53, 
ND3, and Bcl2 were calculated using the ΔΔCt method. All 
reactions were run in triplicate, and data were expressed 
as mean ± SD from three independent experiments.  

This analysis provided mechanistic insights into how 
Er2O3NPs regulate apoptotic signaling and mitochondrial 
function in A549 cells.

Statistical analysis

All results are expressed as mean ± SD and analyzed using 
Statistical Package for the Social Sciences (SPSS) software. 
Statistical differences in DNA damage, gene expression, 
apoptotic cell counts, and other measured parameters between 
Er2O3NPs-treated and untreated control A549 cells were 
assessed using an unpaired two-tailed Student’s t-test. A 
p-value < 0.05 was considered statistically significant.

Results

Er2O3NPs induce selective cytotoxicity in malignant 
A549 lung cells versus normal WI‑38 lung fibroblasts

MTT assay results demonstrated a clear, concentration-
dependent reduction in the viability of non-small A549 lung 
cancer cells following 72 h of exposure to serial two-fold 
dilutions of Er2O3NPs (7.80, 15.60, 31.25, 62.50, 125.00, 
250.00, 500.00, and 1000.00 µg/ml), as shown in Fig. 1. The 
IC50 value for A549 cells was found equal to 93.46 µg/ml; 
confirming the potent cytotoxic activity of Er2O3NPs against 
malignant A549 lung cells. In contrast, normal WI-38 lung 
fibroblasts exhibited markedly higher resistance, with an 
IC50 of 147.50 µg/ml under identical treatment conditions. 
This discrepancy yielded a selectivity index (SI) of 1.58, 
indicating preferential cytotoxicity toward cancerous A549 
lung cancer cells while sparing normal WI fibroblasts. These 
findings highlight the therapeutic potential of Er2O3NPs as 

Table 1   Sequences of primers used in qRT-PCR

Gene Strand Primer's sequences

GAPDH Forward 5'-GAA​GGT​GAA​GGT​CGG​AGT​CA-3'
Reverse 5'-GAA​GAT​GGT​GAT​GGG​ATT​TC-3'

ND3 Forward 5'-CGC​CGC​CTG​ATA​CTG​GCA​T-3’
Reverse 5'-CTA​GTA​TTC​CTA​GAA​GTG​AG-3'

BCL-2 Forward 5'-TCC​GAT​CAG​GAA​GGC​TAG​AGT-3'
Reverse 5'-TCG​GTC​TCC​TAA​AAG​CAG​GC-3'

P53 Forward 5'-CAG​CCA​AGT​CTG​TGA​CTT​GCA​CGT​AC-3'
Reverse 5'-CTA​TGT​CGA​AAA​GTG​TTT​CTG​TCA​TC-3'

Fig. 1   Viability of human 
non-small A549 lung cancer 
cells assessed using the MTT 
assay exposure to Er2O3NPs at 
two-fold increasing concentra-
tions (7.8, 15.6, 31.25, 62.5, 
125, 250, 500 and 1000 µg/ml) 
for 72 h
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targeted nanotherapeutics for lung cancer and justify further 
mechanistic studies at the IC50 concentration to elucidate 
their anticancer mode of action.

Er2O3NPs induce genomic instability in A549 lung 
cancer cells

Interpretation of the alkaline comet results demonstrated that 
exposure of non-small A549 lung cancer cells to Er2O3NPs 
at the IC50 concentration (93.46 µg/ml) for 72 h resulted in 
marked genomic DNA damage. This genotoxic effect was 
evidenced by the highly significant increases in tail length 
(p < 0.001), %DNA in tail (p < 0.01), and tail moment 
(p < 0.001) compared with untreated control A549 cells, as 
displayed in Table 2. These parameters are well-recognized 
indicators of DNA strand breaks and fragmentation, 
confirming the strong genotoxic activity of Er2O3NPs. 
Microscopic evaluation further supported these results: as 
depicted in Fig. 2 untreated cells displayed compact nuclei 
with minimal DNA migration, while Er2O3NPs-treated A549 
cells exhibited distinct comet tails, characteristic of severe 
DNA fragmentation. Collectively, both quantitative and visual 
data clearly demonstrate that Er2O3NPs induce profound 
genomic instability in A549 lung cancer cells.

Er2O3NPs cause marked ROS overproduction in A549 
lung cancer cells

As displayed in Fig. 3, exposure of non-small A549 lung can-
cer cells to Er2O3NPs at the IC50 concentration (93.46 µg/
ml) for 72 h caused a significant elevation in the generation 
level of intracellular ROS. This was quantitatively demon-
strated by a highly significant increase (p < 0.001) in the 
fluorescence intensity of 2′,7′-DCFH-DA, a ROS-sensitive 
fluorescent probe that fluoresces upon oxidation. Compared 
with untreated control cells, Er2O3NPs -treated A549 cells 
displayed markedly stronger fluorescence signals, confirming 
extensive ROS accumulation within the cytoplasm (Fig. 3). 
These findings indicate that Er₂O₃NPs trigger oxidative stress 
in A549 lung cancer cells and suggest that excessive ROS 
generation plays a central role in their cytotoxic mechanism.

Er2O3NPs induce severe mitochondrial dysfunction 
in A549 lung cancer cells

Assessment of mitochondrial membrane potential using 
Rhodamine-123, a cationic fluorescent dye that selec-
tively accumulates in active mitochondria, revealed a pro-
nounced loss of mitochondrial polarization in A549 lung 

Table 2   Genomic DNA damage in human non-small A549 lung cancer following exposure to the IC50 concentration (93.46 µg/ml) of Er2O3NPs 
for 72 h

Results are expressed as mean ± SD
** and ***: Indicates statistical significant difference from the compared untreated control cells at p < 0.01 and p < 0.001, respectively, using 
independent student t-test

Cells Treatment (Concentration) Tail length (px) %DNA in tail Tail moment

A549 lung cancer cells Untreated (0.00 µg/ml) 4.61 ± 0.23 18.35 ± 2.34 0.85 ± 0.21
Er2O3NPs-treated (93.46 µg/ml) 19.73 ± 0.81 *** 30.28 ± 2.15 ** 6.05 ± 0.21 ***

Fig. 2   Representative examples 
for the scored Comet nuclei 
with intact DNA in untreated 
A549 lung cancer cells and 
those with damaged DNA in 
A549 lung cancer cells treated 
with the IC50 concentration 
of Er2O3NPs (93.46 µg/ml) for 
72 h. Magnification 200x



	 Naunyn-Schmiedeberg's Archives of Pharmacology

cancer cells following 72 h of exposure to Er2O3NPs at the 
IC50 concentration (93.46 µg/ml). As shown in Fig. 4, this 
mitochondrial disruption was evidenced by a highly signifi-
cant reduction (p < 0.001) in Rhodamine-123 fluorescence 
intensity in Er2O3NPs-treated cells compared to untreated 
control A549 cells. The observed marked decrease in fluo-
rescence indicates mitochondrial membrane depolarization, 
reflecting a severe impairment of mitochondrial function 
and integrity induced by Er2O3NPs in A549 lung cancer 
cells. These findings suggest that mitochondrial dysfunc-
tion constitutes a major event in the Er2O3NPs-mediated 
cytotoxic pathway in non-small A549 lung cancer cells.

Er2O3NPs induce pronounced apoptotic cell death 
in A549 lung cancer cells

Apoptosis induction in non-small A549 lung cancer 
cells was confirmed after 72 h of exposure to Er2O3NPs 
at the IC50 concentration (93.46 µg/ml) using chromatin 

diffusion and DAPI nuclear staining assays. The combined 
results of these assays demonstrated significant apoptotic 
activity of Er2O3NPs, as evidenced by characteristic 
nuclear morphological alterations and extensive chromatin 
fragmentation. In the chromatin diffusion assay, Er2O3NPs-
treated A549 cells displayed characteristic chromatin 
diffusion halos, indicative of apoptotic DNA fragmentation 
and dispersion into the cytoplasm. In contrast, untreated 
control A549 cells exhibited compact, intact nuclei with 
minimal diffusion (Fig.  5). Quantitative assessment 
demonstrated a highly significant increase (p < 0.001) in both 
the number and percentage of apoptotic Er2O3NPs-treated 
cells exhibiting DNA halos compared to untreated control 
A549 cells as reported in Table 3.

Complementary DAPI nuclear staining further validated 
these findings. Untreated control A549 cells displayed uni-
formly stained, smooth, and rounded nuclei, indicative of 
healthy normal morphology. In contrast, Er2O3NPs-treated 
A549 lung cancer cells exhibited hallmark apoptotic 

Fig. 3   Qualitative and quantita-
tive estimation of ROS genera-
tion using 2′,7′-DCFH-DA dye 
within the untreated and treated 
non-small A549 lung cancer 
cells with the IC50 concentra-
tion (93.46 µg/ml) of Er2O3NPs 
for 72 h. Magnification 200x
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features, including nuclear shrinkage, chromatin conden-
sation, fragmentation, and formation of apoptotic bodies, 
which appeared as brightly stained condensed nuclei under 
fluorescence microscopy (Fig. 6). Statistical analysis con-
firmed a significant increase (p < 0.001) in the proportion 
of apoptotic nuclei in Er2O3NPs-treated cells relative to 
untreated control A549 lung cancer cells (Table 4). Col-
lectively, these findings confirm that Er2O3NPs induce pro-
nounced apoptosis in A549 lung cancer cells, as evidenced 
by chromatin fragmentation and nuclear disintegration. 

The results highlight the strong pro-apoptotic potential of 
Er2O3NPs and their promise as a nanotherapeutic candidate 
for targeted treatment of NSCLC.

Er2O3NPs cause significant downregulation of p53, 
ND3 and Bcl2 gene expression in A549 lung cancer 
cells

Results of qRT-PCR analysis displayed that treatment of 
non-small A549 lung cancer cells with Er2O3NPs at the 

Fig. 4   Qualitative and quantitative analysis of mitochondrial membrane potential integrity using Rhodamine-123 fluorescent probe, in the 
untreated and treated non-small A549 lung cancer cells with the IC50 concentration (93.46 µg/ml) of Er2O3NPs for 72 h. Magnification 200x
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Fig. 5   Fluorescence microscopy 
of chromatin-diffused cells 
shows that untreated A549 con-
trol cells maintain intact nuclear 
DNA, whereas A549 cells 
treated with Er2O3NPs at the 
IC50 concentration (93.46 µg/
ml) for 72 h exhibit pronounced 
DNA diffusion, characteristic of 
apoptosis. Magnification: 200 ×

Table 3   Incidence of apoptosis induction in human non-small A549 lung cancer cells detected by chromatin diffusion assay following exposure 
to the IC50 concentration (93.46 µg/ml) of Er2O3NPs for 72 h

Results are expressed as mean ± SD
***: Indicates statistical significant difference from the compared untreated control cells at p < 0.001, using independent student t-test

Cells Treatment (Concentration) Number of cells with Percentage of 
apoptotic cells

intact DNA diffused DNA

A549 lung cancer cells Untreated (0.00 µg/ml) 920.00 ± 5.57 80.00 ± 5.57 8.00 ± 0.56
Er2O3NPs-treated (93.46 µg/ml) 503.33 ± 20.82*** 496.67 ± 20.82*** 49.67 ± 2.08***

Fig. 6   Fluorescence microscopy 
of DAPI-stained A549 cells 
shows intact, uniformly stained 
nuclei in untreated control 
cells, while A549 cells treated 
with Er2O3NPs at the IC50 
concentration (93.46 µg/mL) 
for 72 h display condensed and 
fragmented nuclei, indicative of 
apoptosis. Magnification: 200 ×

IC50 concentration (93.46 µg/ml) for 72 h caused a profound 
alteration (p < 0.001) in the transcriptional expression level of 
genes associated with apoptosis regulation and mitochondrial 
function as seen in Table 5. Notably, the expression level of 

p53, ND3, and Bcl-2 were all significantly downregulated 
(p < 0.001) in Er2O3NPs-treated A549 lung cancer cells 
compared to untreated control A549 cells. The pronounced 
suppression of the p53 gene, a central regulator of DNA 
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damage response and apoptosis, suggests that Er2O3NPs-
induced cell death occurs predominantly through a p53-
independent apoptotic pathway.

Concurrently, the significant decrease in ND3 gene 
expression, a key subunit of mitochondrial complex I, 
indicates severe mitochondrial dysfunction and disruption of 
oxidative phosphorylation, potentially leading to excessive 
ROS generation and mitochondrial membrane depolarization. 
Similarly, the observed marked downregulation of the anti-
apoptotic Bcl-2 gene reflects a loss of mitochondrial membrane 
integrity and diminished cellular defense against oxidative and 
apoptotic stimuli. This reduction in Bcl-2 expression likely 
exacerbates mitochondrial outer membrane permeabilization, 
facilitating cytochrome c release and activation of downstream 
apoptotic cascades. Collectively, these findings demonstrate 
that Er2O3NPs exert their cytotoxic effects on A549 lung cancer 
cells by simultaneously suppressing p53, ND3, and Bcl-2 gene 
expression, thereby promoting mitochondrial dysfunction, loss 
of cellular bioenergetics, and activation of intrinsic apoptosis. 
This coordinated gene downregulation highlights the potential 
of Er2O3NPs as a promising nanotherapeutic candidate capable 
of targeting mitochondrial integrity and apoptotic regulation 
in non-small cell lung cancer.

Discussion

Overcoming the severe systemic toxicity and poor tumor 
selectivity of conventional chemotherapy demands the 
urgent development of novel, targeted nanotherapeutics. 

Despite rare-earth metal oxides possess highly promising 
physicochemical properties, their therapeutic potential and 
organelle-level apoptotic mechanisms in lung malignancies 
have remained largely unexplored. To address these critical 
challenges, the present study investigated the antitumor 
potential of Er2O3NPs in an in vitro NSCLC model and 
successfully demonstrated their preferential cytotoxic 
activity against lung cancer cells. Specifically, MTT assay 
findings reveal that Er2O3NPs exert concentration-dependent 
cytotoxicity against cancerous A549 cells while displaying 
lower toxicity toward normal WI-38 fibroblasts, yielding 
a moderate selectivity index of 1.58. This preferential 
targeting aligns with previous studies demonstrating that 
rare-earth and metal oxide nanoparticles selectively target 
cancer cells because of their altered oxidative metabolism, 
elevated oxidative stress, and distinct membrane potential 
(Jeon et al. 2025; Mohamed et al. 2023; Yassin et al. 2024; 
Mohamed et al. 2025a; Titova et al. 2025). By exploiting 
these cancer-unique vulnerabilities, Er2O3NPs offer a 
promising therapeutic alternative that could minimize the 
collateral damage to normal tissues while maintaining potent 
antitumor efficacy, thereby addressing a critical limitation 
of conventional chemotherapy. Collectively, these findings 
highlight Er2O3NPs as promising candidates for selective 
lung cancer therapy and provide a strong foundation for 
subsequent mechanistic investigations, as well as future 
biodistribution and in vivo safety studies.

Crucially, our mechanistic investigations revealed that 
the preferential cytotoxicity of Er2O3NPs toward A549 cells 
is driven by a coordinated, complex, multi-step apoptotic 

Table 4   Incidence of apoptosis induction in human non-small A549 lung cancer cells detected by DAPI staining assay following exposure to the 
IC50 concentration (93.46 µg/ml) of Er2O3NPs for 72 h

Results are expressed as mean ± SD
***: Indicates statistical significant difference from the compared untreated control cells at p < 0.001, using independent student t-test

Cells Treatment (Concentration) Number of cells with Percentage of 
apoptotic cells

intact DNA fragmented and con-
densed DNA

A549 lung cancer cells Untreated (0.00 µg/ml) 935.00 ± 4.00 65.00 ± 4.00 6.50 ± 0.40
Er2O3NPs-treated (93.46 µg/ml) 344.67 ± 17.67*** 655.33 ± 17.67 *** 65.53 ± 1.77 ***

Table 5   Expression level of pro-apoptotic p53, mitochondrial ND3 and anti-apoptotic Bcl2 genes in in human non-small A549 lung cancer cells 
following exposure to the IC50 concentration (93.46 µg/ml) of Er2O3NPs for 72 h

Results are expressed as mean ± SD
***: Indicates statistical significant difference from the compared untreated control cells at p < 0.001, using independent student t-test

Cells Treatment (Concentration) Fold change in expression level of

p53 ND3 Bcl2

A549 lung cancer cells Untreated (0.00 µg/ml) 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
Er2O3NPs-treated (93.46 µg/ml) 0.06 ± 0.01*** 0.48 ± 0.03 *** 0.27 ± 0.01 ***
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cascade initiated by excessive intracellular ROS generation. 
As schematically illustrated in Fig. 7, this pronounced 
overproduction of ROS disrupts cellular redox homeostasis, 
causing extensive oxidative damage to lipids, proteins, and 
DNA, which ultimately triggers severe genomic instability. 
This oxidative stress is accompanied by pronounced 
mitochondrial dysfunction, evidenced by mitochondrial 
membrane depolarization, indicating impairment of 
mitochondrial integrity and activation of the intrinsic 
apoptotic pathway. These organelle-level alterations are 
further validated by the classical morphological hallmarks 
of apoptosis, including chromatin condensation, nuclear 
fragmentation, and apoptotic body formation observed 
following nuclear staining of Er2O3NPs-treated A549 cells. 
Concurrently, Er2O3NPs exposure significantly altered 
the expression of key genes involved in mitochondrial 
function and cell survival, as demonstrated by the marked 
downregulation of p53, ND3, and Bcl-2 transcripts. 
Specifically, the suppression of ND3 (a critical subunit of 
mitochondrial Complex I) likely intensifies respiratory chain 
impairment and ROS production, whereas the depletion of 
the anti-apoptotic guardian Bcl-2 destabilizes the outer 
mitochondrial membrane amplifying downstream apoptotic 
signaling. Collectively, by integrating these precise cellular, 
organellar, and transcriptional findings, this study provides 
the first comprehensive evidence that Er2O3NPs induce 
a ROS-driven intrinsic mitochondrial apoptotic cascade 

in lung cancer cells, shifting the experimental paradigm 
from broad cytotoxic screening to targeted, organelle-
specific dysfunction and highlighting organelle-specific 
mitochondrial dysfunction as a central driver of Er2O3NPs 
selective anticancer activity. The individual findings and 
their biological significance are discussed in detail in the 
following points.

The results of the alkaline comet assay confirmed sub-
stantial DNA strand breaks and extensive genomic insta-
bility in Er2O3NPs-treated A549 lung cancer cells cells, as 
demonstrated by significant increases in key DNA damage 
parameters; tail length, %DNA in tail, and tail moment, 
compared to their values in untreated control A549 cells. 
These findings are consistent with previous studies dem-
onstrating that Er2O3NPs-induced ROS generation causes 
oxidative DNA damage and strand breaks in human Hep-
G2 hepatocellular carcinoma and U937 lymphoma cells 
(Safwat et al. 2022; Mohamed et al. 2025). Cancer cells, 
which already experience chronic oxidative stress and 
reduced antioxidant capacity, are particularly vulnerable to 
such additional ROS-induced genotoxic insults (Valko et al. 
2006; Tomasetti et al. 2015). Over ROS production was 
manifested in this study through the marked increases in 
the fluorescence intensity emitted from in Er2O3NPs-treated 
A549 cancer cells compared to untreated A549 cells. There-
fore, the extensive DNA damage observed in this study can 
be attributed to ROS overproduction triggered by Er2O3NPs 
exposure, establishing a direct mechanistic link between 
oxidative stress, genomic instability, and apoptotic cell 
death in A549 lung cancer cells.

Mitochondrial dysfunction emerged as a pivotal event 
in the cytotoxic mechanism induced by Er2O3NPs in A549 
lung cancer cells (Mohamed et al. 2025). Rhodamine-123 
staining revealed a marked and statistically significant 
reduction in mitochondrial membrane potential following 
exposure to Er2O3NPs, indicating profound mitochondrial 
depolarization and structural destabilization of the inner 
mitochondrial membrane in Er2O3NPs-treated A549 cells. 
The dissipation of mitochondrial membrane potential rep-
resents one of the earliest and most critical biochemical 
hallmarks of intrinsic (mitochondrial-mediated) apoptosis, 
as it signifies the loss of mitochondrial integrity and initi-
ates the release of cytochrome c and other pro-apoptotic 
factors from the intermembrane space into the cytosol. This 
release subsequently triggers the activation of caspase-9 and 
caspase-3, orchestrating the execution phase of apoptosis 
(Gupta et al. 2009; Chu et al. 2021).

The observed mitochondrial collapse is likely driven 
by Er2O3NPs-induced oxidative stress, as excessive ROS 
generation can directly damage mitochondrial lipids, 
proteins, and respiratory chain complexes, impairing 
electron transport and ATP synthesis. Damage to complex 
I, where the ND3 subunit resides, may further amplify 

Fig. 7   Schematic summary of the proposed mechanism of Er₂O₃NPs-
induced cytotoxicity in A549 human non-small cell lung cancer cells 
based on the experimental findings of the present study. The diagram 
illustrates the observed ROS overproduction, genomic DNA damage, 
mitochondrial membrane depolarization, downregulation of p53, 
ND3, and Bcl-2 mRNA expression, and the resulting mitochondrial 
apoptotic response
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electron leakage and superoxide formation, perpetuating a 
self-reinforcing cycle of oxidative stress and mitochondrial 
injury. Similar patterns of ROS-mediated mitochondrial 
depolarization have been reported in Er2O3NPs- treated U937 
lymphoma cells and other cells exposed to other metal oxide 
nanoparticles, confirming this as a conserved mechanism 
of nanoparticle-induced apoptosis (Mohamed et al. 2025; 
Mohamed et al. 2025a; Mohamed et al. 2025b; Mohamed 
et al. 2025c). Given that cancer cells are highly dependent on 
mitochondrial bioenergetics and redox signaling to sustain 
rapid proliferation and survival under oxidative stress, 
disruption of mitochondrial function by Er2O3NPs may 
render them particularly vulnerable to apoptosis. In contrast, 
normal WI fibroblasts, which possess stronger antioxidant 
defenses and greater metabolic adaptability, appear to 
withstand similar exposure levels, reflecting the selective 
toxicity of Er2O3NPs. Thus, mitochondrial depolarization 
constitutes a central and selective mechanism by which 
Er2O3NPs compromise cancer cell viability, linking 
oxidative damage to bioenergetic collapse and apoptotic cell 
death in non-small cell lung cancer.

Nuclear and molecular analyses provided compelling 
evidence confirming that Er2O3NPs induce apoptosis in 
A549 lung cancer cells through an intrinsic, mitochondria-
dependent mechanism. Nuclear staining assays, including 
both chromatin diffusion and DAPI fluorescence microscopy, 
revealed characteristic apoptotic nuclear changes in 
Er2O3NPs-treated A549 cells compared with untreated 
control A549 lung cancer cells. Morphological examination 
demonstrated pronounced chromatin condensation, nuclear 
shrinkage, and extensive fragmentation, along with 
the formation of apoptotic bodies, hallmark features of 
programmed cell death (Elmore 2007; Guo et al. 2025). In 
contrast, nuclei of untreated control A549 cells remained 
smooth, round, and uniformly stained, indicating normal 
nuclear integrity. The distinct chromatin dispersion patterns 
visualized in the chromatin diffusion assay further confirmed 
DNA fragmentation and endonuclease activation, both of 
which occur during late-stage apoptosis. These nuclear 
alterations strongly correlate with Er2O3NPs-induced 
oxidative stress and mitochondrial dysfunction, supporting 
the hypothesis that Er2O3NPs trigger apoptosis through a 
ROS-dependent mitochondrial signaling cascade.

Molecular analysis provided deeper mechanistic insights 
into the intracellular cascades triggered by Er2O3NPs 
exposure in human NSCLC cells. In this study, treatment 
with Er2O3NPs at the IC50 concentration (93.46 µg/ml) for 
72 h significantly downregulated the mRNA expression of 
p53, ND3, and Bcl-2 gene expression compared to untreated 
control A549 cells. To accurately interpret the observed 
reduction in p53 transcripts, it is essential to consider the 
specific genetic background of the A549 cell line. These A549 

cells inherently harbor a heterozygous point mutation in the 
TP53 gene (G288V) within the DNA-binding domain, which 
is associated with impaired canonical p53 transcriptional 
activity and altered apoptotic signaling (Klimovich et al. 
2021; Zhang et al. 2025). Accordingly, the decrease in p53 
mRNA expression level observed following Er2O3NPs 
treatment is compatible with the compromised p53 signaling 
characteristic of this genetically mutant cell line. However, 
these transcriptional findings alone are insufficient to conclude 
that the apoptotic response occurs entirely independently of 
p53 function. This consideration is crucial because p53 is a 
multifunctional regulator of cell death that mediates apoptosis 
through both transcription-dependent and transcription-
independent pathways (Mohamed et al. 2025b; Mohamed 
et al. 2025; Hao et al. 2023).

Notably, the tumor suppressor p53 beyond its classic 
well-established role as a nuclear transcription factor, can 
also directly promote mitochondrial apoptosis through a 
transcription-independent mechanism under severe oxidative 
and genotoxic stress. Under such cellular stress conditions, 
even mutant p53 protein can escape degradation, undergo 
rapid stabilization and post-translational modifications; most 
notably phosphorylation and acetylation. Once modified, 
p53 translocates to the outer mitochondrial membrane, 
where it activates the pro-apoptotic proteins BAX and 
BAK and antagonizes the anti-apoptotic proteins Bcl-2 
and Bcl-xL, thereby disrupting mitochondrial membrane 
integrity and activating the intrinsic apoptotic cascade 
(Mohamed et al. 2025; Hao et al. 2023). Because these 
cytoplasmic mitochondrial functions occur independently 
of gene transcription, they cannot be inferred from p53 
mRNA expression alone. Consequently, despite Er2O3NPs 
treatment markedly reduced p53 mRNA expression in 
A549 cells after 72 h, this finding alone is insufficient to 
conclude that Er2O3NPs-induced apoptosis in A549 cells 
occurs entirely independently of p53. Nevertheless, the 
findings of excessive ROS generation, severe genomic 
DNA damage, mitochondrial membrane depolarization, and 
extensive nuclear fragmentation demonstrated in Er2O3NPs-
exposed A549 cells provide strong evidence for activation 
of the intrinsic mitochondrial apoptotic pathway (Mohamed 
et al. 2025b; Mohamed et al. 2025). These observations are 
consistent with previous studies showing that nanoparticle-
induced apoptosis is predominantly mediated by oxidative 
stress and mitochondrial dysfunction, even in cellular models 
with impaired canonical p53 signaling (Mohamed et al. 
2025b; Mohamed et al. 2025; Hao et al. 2023). Therefore, 
our results support ROS-driven mitochondrial dysfunction 
as the principal mechanism underlying Er2O3NPs-induced 
apoptosis, accompanied by reduced p53 mRNA expression, 
rather than demonstrating a definitive p53-independent 
apoptotic pathway.
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Concomitantly, the significant transcriptional downregu-
lation of ND3, a core subunit of mitochondrial complex I, 
disrupted mitochondrial oxidative phosphorylation and 
diminished ATP synthesis, thereby results in electron leak-
age and excessive ROS accumulation. This increase in ROS 
generation further exacerbates oxidative stress and mitochon-
drial membrane damage, establishing a self-reinforcing feed-
forward loop of redox imbalance and apoptosis. In parallel, 
the marked downregulation of the anti-apoptotic Bcl-2 gene 
expression compromises mitochondrial membrane integrity, 
weakening the cell's defense against pro-apoptotic signals. 
This decline in Bcl-2 expression facilitates mitochondrial 
outer membrane permeabilization, enabling the cytosolic 
release of cytochrome c and the subsequent activation of 
caspase-dependent intrinsic apoptotic cascades (Suhaili et al. 
2017; Vogler et al. 2025). Collectively, these morphological 
and molecular findings confirm that Er2O3NPs induce apop-
tosis in A549 lung cancer cells through a mitochondrial-medi-
ated, p53-independent pathway. The coordinated nuclear frag-
mentation, mitochondrial depolarization, and transcriptional 
suppression of p53, ND3, and Bcl-2 highlight a multifaceted 
mechanism in which oxidative stress and mitochondrial dys-
function converge to drive intrinsic apoptosis. These results 
provide strong mechanistic evidence of the anticancer poten-
tial of Er2O3NPs; underscoring their promise as redox-active 
nano-therapeutic agents for NSCLC.

Based on the above findings, Er2O3NPs-induced apop-
tosis in A549 cells proceeds predominantly through a 
p53-independent mitochondrial pathway, providing a 
crucial mechanistic distinction from classical apoptosis 
inducers. Unlike conventional mitochondrial toxins, such 
as rotenone or antimycin A, which directly inhibit specific 
electron transport chain complexes and often cause broad 
cytotoxicity in both normal and malignant cells (Wang 
et al. 2009; Gu et al. 2016), Er2O3NPs initiate mitochon-
drial dysfunction indirectly by promoting ROS overproduc-
tion, inducing genomic instability, and suppressing criti-
cal mitochondrial survival genes including ND3 and Bcl2. 
This multifaceted mechanism enables selective cytotoxicity 
toward cancer cells, as demonstrated by the relatively lower 
sensitivity of WI-38 fibroblasts observed in this study. Fur-
thermore, Er2O3NPs-mediated mitochondrial impairment 
integrates oxidative stress with transcriptional modulation, 
potentially overcoming resistance mechanisms associated 
with conventional mitochondrial toxins and providing an 
alternative strategy for targeting apoptosis in p53-compro-
mised cancer cells. these findings therefore suggest that 
Er2O3NPs-induced mitochondrial apoptosis offers both 
mechanistic versatility and therapeutic advantages over 
traditional mitochondrial-targeting approaches. Neverthe-
less, further in vivo studies are required to comprehensively 
evaluate its safety, selectivity, and therapeutic efficacy.

This study consequently is the first to comprehensively 
investigate the selective cytotoxic and mechanistic actions 
of Er2O3NPs against non-small A549 lung cancer cells, 
demonstrating potent, concentration-dependent cytotoxicity 
toward A549 lung cancer cells while sparing normal WI lung 
fibroblasts. The results reveal also that Er2O3NPs trigger a 
cascade of ROS overproduction, mitochondrial depolarization, 
genomic instability, and coordinated suppression of apoptosis- 
and Mitochondrial function-related genes. However, the 
present study has some limitations, including its restriction 
to in  vitro experimentation using a single NSCLC cell 
line (A549), which cannot fully mimic the physiological 
complexity of the in  vivo tumor microenvironment and 
may limit the generalizability of the findings. In addition, 
all mechanistic investigations were performed only at the 
IC50 concentration; therefore, concentration-dependent 
responses were not evaluated. The study was also limited to 
transcript-level analyses and did not assess key protein-level 
apoptotic markers, including cytochrome c release, caspase 
activation, or p53 protein expression, post-translational 
modifications, and mitochondrial translocation. Furthermore, 
the long-term safety, biodistribution, pharmacokinetics, and 
systemic toxicity of Er₂O₃NPs under in  vivo conditions 
remain unknown, and their potential synergistic effects with 
conventional chemotherapeutic agents were not investigated. 
Future studies should therefore incorporate additional 
NSCLC cell lines, such as H1299 and H460, perform 
concentration–response mechanistic analyses, and validate 
the the antitumor efficacy and systemic safety of Er₂O₃NPs 
in appropriate in  vivo NSCLC models. Furthermore, 
comprehensive proteomic and metabolic analyses are 
warranted to further elucidate the molecular mechanisms 
underlying Er₂O₃NPs-induced cytotoxicity. In particular, 
protein-level investigations, including Western blot analysis of 
downstream apoptotic markers, cytochrome c release, caspase 
activation, and assessment of p53 protein expression, post-
translational modifications, and mitochondrial localization, 
are needed to define the precise contribution of p53 to the 
observed apoptotic response. Finally, evaluating Er₂O₃NPs 
in combination with established chemotherapeutic agents 
may identify synergistic therapeutic strategies that enhance 
antitumor efficacy while minimizing off-target toxicity.

Conclusion

Overall, the current study demonstrates that Er₂O₃NPs exhibit 
concentration-dependent, preferential cytotoxicity against 
human A549 lung cancer cells compared to normal WI-38 
lung fibroblasts, yielding a moderate selectivity index of 1.58. 
Mechanistically, our results reveal that Er2O3NPs trigger 
oxidative stress-mediated, mitochondrial-dependent apoptosis. 
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This cascade is driven primarily by excessive intracellular 
ROS generation, severe genomic DNA damage, mitochondrial 
membrane depolarization, and the down-regulation of key 
apoptosis- and mitochondria-related transcripts (p53, ND3, 
and Bcl-2). Within the p53-mutant genetic context of A549 
cells, these molecular and cellular alterations collectively 
drive programmed cell death by bypassing classical wild-
type p53 transcriptional activation. These findings highlight 
ROS-mediated intrinsic mitochondrial dysfunction as the 
primary executionary mechanism of Er2O3NPs-induced 
toxicity, which occurs concurrently with reduced p53 
mRNA expression. Consequently, Er2O3NPs hold promise 
as a potential nanotherapeutic candidate for lung cancer 
management. Nevertheless, several limitations should be 
acknowledged. The study was limited to in vitro experiments 
using a single NSCLC cell line, and all mechanistic analyses 
were performed only at the IC50 concentration. In addition, 
only transcript-level changes were assessed, whereas 
protein-level apoptotic events, including cytochrome c 
release, caspase activation, and p53 protein expression, 
post-translational modifications, and mitochondrial 
translocation, were not investigated. Furthermore, the long-
term safety, biodistribution, pharmacokinetics, and systemic 
toxicity of Er2O3NPs remain unknown, and their potential 
synergy with conventional chemotherapeutic agents was 
not evaluated. Future studies should validate these findings 
in additional NSCLC models and in vivo, incorporate 
concentration–response and protein-level mechanistic 
analyses, and investigate combination therapies to further 
define the therapeutic potential and translational applicability 
of Er2O3NPs for NSCLC management.
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