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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Citrate-capped AuNPs showed potent, 
selective cytotoxicity against HepG2 
liver cancer cells (IC₅₀: 28.48 μg/mL) 
and sparing WI-38 fibroblasts (IC₅₀: 464 
μg/mL).

• Treatment reduced oxidative stress 
markers (ROS ↓38.3%, MDA ↓30.3%) 
and enhanced antioxidant enzyme ac
tivities (SOD ↑30%, CAT ↑22.4%, GPx 
↑15%).

• AuNPs induced 82 % loss in mitochon
drial membrane potential, confirming 
mitochondrial-mediated apoptotic 
initiation.

• Gene expression analysis showed upre
gulation of TP53 and BCL2, and down
regulation of BAX and CASP3, 
indicating complex apoptosis 
modulation.

• The differential response between can
cer and normal cells highlights citrate- 
capped AuNPs as a promising nano
therapeutic for liver cancer.
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A B S T R A C T

Background: Hepatocellular carcinoma (HCC) remains a leading cause of cancer-related mortality worldwide, 
characterized by limited therapeutic options and poor prognosis. Nanomedicine offers promising approaches to 
overcome conventional treatment limitations through enhanced targeting capabilities. Gold nanoparticles 
(AuNPs) have garnered attention due to their exceptional physicochemical properties and biocompatibility. This 
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Rhodamine
Redox reprogramming

study investigated the selective anti-cancer activity of citrate-capped AuNPs against HepG2 liver cancer cells 
compared to normal human fibroblasts (WI-38), focusing on molecular mechanisms underlying differential 
cytotoxicity.
Methods: Citrate-capped AuNPs were synthesized using a modified citrate reduction technique and characterized 
through complementary analytical methods (FTIR, TEM, XRD, zeta potential, UV–vis spectroscopy). Cytotoxicity 
was assessed via MTT assay and phase-contrast microscopy. Gene expression analysis using qRT-PCR examined 
key apoptosis-related markers (TP53, BAX, BCL2, CASP3). Mitochondrial membrane potential was evaluated 
using Rhodamine-123 fluorescence. Oxidative stress parameters and antioxidant enzyme activities were 
comprehensively analyzed to elucidate redox modulation.
Results: Synthesized AuNPs exhibited spherical morphology (32.6 nm), high crystallinity, and strong negative 
surface charge (− 35 mV). AuNPs demonstrated selective cytotoxicity toward HepG2 cells (IC₅₀: 28.48 μg/mL) 
compared to WI-38 cells (IC₅₀: 464 μg/mL). Treatment upregulated TP53 and BCL2 expression while down
regulating BAX and CASP3, creating a complex apoptotic signaling pattern. AuNPs induced significant mito
chondrial membrane potential collapse (82 % reduction at 50 μg/mL). Remarkably, treatment enhanced 
antioxidant enzyme activities (SOD: +30 %, CAT: +22.4 %, GPx: +15 %) while reducing oxidative stress markers 
(ROS: -38.3 %, MDA: − 30.3 %), suggesting redox reprogramming rather than oxidative damage.
Conclusion: Citrate-capped AuNPs selectively induce cytotoxicity in HepG2 cells through TP53 activation, 
mitochondrial dysfunction, and redox reprogramming. Despite upregulated antioxidant defenses, cancer cells 
ultimately succumb to AuNPs-induced mitochondrial damage. The differential sensitivity between cancer and 
normal cells suggests a promising therapeutic potential, leveraging cancer cells’ unique metabolic vulnerabilities 
while minimizing damage to healthy tissues.

1. Introduction

Hepatocellular carcinoma (HCC) represents a leading cause of 
cancer-related mortality worldwide [1,2], characterized by aggressive 
progression, limited therapeutic options, and poor prognosis [3]. Con
ventional treatment approaches, including chemotherapy, radiation, 
and surgical resection, face significant challenges, including systemic 
toxicity, acquired resistance, and tumor recurrence [4]. These limita
tions have intensified the search for alternative therapeutic strategies 
that selectively target malignant cells while minimizing damage to 
surrounding healthy tissues [5]. In this context, nanomedicine has 
emerged as a promising frontier, offering unique opportunities to 
overcome the limitations of conventional cancer therapies through 
enhanced targeting capabilities and novel mechanisms of action [6,7].

Among various nanomaterials being investigated, gold nanoparticles 
(AuNPs) have garnered particular attention due to their exceptional 
physicochemical properties, including tunable size and shape, facile 
surface functionalization, remarkable optical characteristics, and 
inherent biocompatibility [8,9]. The surface plasmon resonance (SPR) 
phenomenon exhibited by AuNPs enables unique interactions with 
biological systems and provides platforms for both diagnostic and 
therapeutic applications [10]. Furthermore, gold’s chemical stability 
and relatively low toxicity compared to other metallic nanoparticles 
make AuNPs suitable candidates for biomedical applications [11].

Recent studies have demonstrated that AuNPs can induce selective 
cytotoxicity toward various cancer cells through mechanisms distinct 
from conventional chemotherapeutics [12,13]. This selectivity may 
arise from the enhanced permeability and retention (EPR) effect, which 
facilitates nanoparticle accumulation in tumor tissues, and intrinsic 
differences in cellular uptake, metabolism, and stress response between 
malignant and normal cells [14]. However, the precise molecular 
mechanisms underlying this selective anti-cancer activity remain 
incomplete, particularly in HCC, which exhibits unique metabolic and 
apoptotic characteristics [15]. Furthermore, recent advancements in 
biosensing platforms, such as WaveFlex biosensors, have demonstrated 
the potential for integrating plasmonic nanoparticles into flexible, real- 
time diagnostic devices for cancer detection [16]. These biosensors 
capitalize on the mechanical deformation of flexible substrates to 
enhance sensitivity and signal transduction, with AuNPs serving as key 
plasmonic enhancers [17]. Although our study centers on therapeutic 
evaluation, the optical properties and biocompatibility of citrate-capped 
AuNPs used herein may also be suitable for future integration into 
WaveFlex-based diagnostic systems [18], supporting dual-purpose 

theranostic development [19].
Apoptosis, a highly regulated form of programmed cell death, plays a 

crucial role in both normal development and disease pathogenesis, 
including cancer [20]. Dysregulation of apoptotic pathways represents a 
hallmark of cancer cells, contributing to therapeutic resistance and 
tumor progression [21]. Recent evidence suggests that nanomaterials, 
including AuNPs, may influence apoptotic signaling cascades through 
various mechanisms, including oxidative stress induction, mitochon
drial dysfunction, and modulation of key regulatory proteins [22]. Un
derstanding these interactions is essential for rationalizing nanoparticle- 
based cancer therapies and predicting potential toxicological 
consequences.

Oxidative stress, characterized by an imbalance between reactive 
oxygen species (ROS) production and antioxidant defense mechanisms, 
has emerged as a potential mediator of nanoparticle-induced biological 
effects [22]. Cancer cells typically exhibit altered redox homeostasis 
compared to normal cells, with elevated baseline ROS levels and 
modified antioxidant systems [23]. This difference creates a potential 
therapeutic window that could be exploited by ROS-modulating in
terventions, including certain nanomaterials [24]. However, the rela
tionship between AuNP exposure, oxidative stress, and selective cancer 
cell cytotoxicity requires further elucidation, particularly regarding the 
specific molecular pathways involved [25].

As the primary organ for detoxification and metabolic homeostasis, 
the liver presents unique considerations for nanomedicine applications 
[26]. Hepatocytes express abundant levels of metabolic enzymes, 
maintain high antioxidant capacity, and exhibit distinctive apoptotic 
regulation [27]. HCC retains some of these characteristics while 
acquiring malignant properties, creating a complex cellular context for 
investigating nanoparticle effects [28]. Understanding how AuNPs 
interact with normal versus malignant hepatic cells could provide 
valuable insights for developing liver-targeted nanotherapeutics with 
improved safety profiles.

Therefore, this study investigated the selective anti-cancer activity of 
citrate-capped AuNPs against HepG2 compared to normal human lung 
fibroblasts (WI-38). We comprehensively characterized the synthesized 
AuNPs and systematically examined their effects on cell viability, 
apoptotic signaling, mitochondrial function, and oxidative stress pa
rameters. By integrating these findings, we aimed to elucidate the mo
lecular mechanisms underlying the differential cytotoxicity of AuNPs 
and to identify potential therapeutic targets for enhancing their anti- 
cancer efficacy. Our results provide novel insights into the complex 
interplay between nanoparticle properties, cellular responses, and 
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cancer-specific vulnerabilities, with implications for developing 
nanomedicine-based approaches for HCC treatment.

2. Materials and methods

2.1. Synthesis and characterization of citrate-capped AuNPs

AuNPs were synthesized using a modified version of the classical 
citrate reduction technique originally introduced by Amanmadov et al. 
[29]. The modifications involved (1) increasing the trisodium citrate- 
to‑gold precursor molar ratio to 3.88:1 to enhance monodispersity, (2) 
applying rapid injection of the citrate solution into a vigorously boiling 
HAuCl₄ solution under reflux to promote uniform nucleation, and (3) 
extending the boiling duration from the standard 10 min to 15 min to 
ensure complete reduction and improved nanoparticle stability. To 
begin, 100 mL of an aqueous solution containing 1 mM chloroauric acid 
(HAuCl₄⋅3H₂O, ≥99.9 %, Cat. No. 254169, Sigma-Aldrich, USA) was 
brought to a vigorous boil in a 250 mL round-bottom flask fitted with a 
reflux condenser while continuously stirred. Once boiling, 10 mL of a 
38.8 mM trisodium citrate solution (Na₃C₆H₅O₇⋅2H₂O, ≥99 %, Cat. No. 
S4641, Sigma-Aldrich) was swiftly injected using a sterile syringe. A 
distinct colour change from light yellow to deep red occurred within 
minutes, signifying the formation of AuNPs. The reaction mixture was 
maintained at boiling for 15 min before cooling naturally to room 
temperature. The colloidal suspension was filtered through a 0.22 μm 
polyethersulfone membrane (Millipore, USA) and stored in amber vials 
at 4 ◦C. The nanoparticles remained stable for up to three months, as 
confirmed through periodic UV–Vis spectral analysis.

2.2. Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was performed using the protocol of Pitchan et al. [30] 
to confirm surface functionalization with minor adjustments. Ten mil
liliters of the AuNP solution were centrifuged at 12,000 rpm for 30 min 
at 4 ◦C (Sorvall Legend X1R, Thermo Scientific, USA), and the resultant 
pellet was lyophilized (FreeZone 4.5, Labconco, USA). The dried mate
rial was finely ground with potassium bromide (KBr, Cat. No. 221864, 
Sigma-Aldrich) at a 1:100 ratio and pressed into discs using an 8-ton 
hydraulic press. Spectra were recorded using a PerkinElmer Spectrum 
100 FTIR system (PerkinElmer, USA) in the 4500–400 cm− 1 range, 
averaging 32 scans at a resolution of 4 cm− 1. Characteristic peaks cor
responding to citrate functional groups were identified with Spectrum 
v10.5.1 software.

Transmission Electron Microscopy (TEM).
AuNPs morphology and size distribution were assessed via TEM, 

following slight modifications of the method by Alokda et al. [31]. Ten 
microliters of diluted colloidal AuNPs (1,5 with deionized water) were 
placed on carbon-coated copper grids (300 mesh, Cat. No. CF300-Cu, 
Electron Microscopy Sciences, USA) and air-dried at room tempera
ture. Imaging was conducted on a JEOL JEM-2100F microscope (JEOL 
Ltd., Japan) operating at 200 kV. Multiple fields (n = 20) at magnifi
cations ranging from 50,000× to 200,000× were captured. The di
ameters of at least 200 particles were measured using ImageJ v1.53a 
(NIH, USA) with the Particle Size Analyzer plugin.

2.3. X-ray diffraction (XRD)

Crystallinity and phase identity were verified using XRD, adapting 
the protocol from Lu et al. [32]. Approximately 50 mg of lyophilized 
AuNPs were mounted on a silicon zero-background holder and analyzed 
with a Rigaku SmartLab diffractometer (Rigaku Corporation, Japan) 
using Cu-Kα radiation (λ = 1.5406 Å) at 40 kV and 44 mA. Diffraction 
data were acquired over a 2θ range of 20–80◦, with a 0.02◦ step size and 

a scan speed of 2◦/min. Peak positions were matched to JCPDS standard 
card no. 04–0784 for elemental gold. The average crystallite size was 
calculated using the Scherrer equation from the (111) peak’s FWHM. All 
data were analyzed using PDXL2 v2.8.4 (Rigaku Corporation).

2.4. Zeta potential measurement

Surface charge and colloidal stability were evaluated using a Mal
vern Zetasizer Nano ZS (Malvern Panalytical, UK) based on the method 
by Kumar et al. [33]. The AuNPs suspension was diluted 1:10 in 
deionized water (pH 7.0) and introduced into folded capillary cells 
(DTS1070, Malvern). Measurements were conducted at 25 ◦C with an 
applied voltage of 150 V. The Smoluchowski model was used for data 
interpretation. Each sample underwent three independent measure
ments with 12 runs each. Final zeta potential values were reported as 
mean ± SD using Zetasizer Software v7.13.

2.5. UV–visible spectroscopy

Surface plasmon resonance (SPR) characteristics were examined 
using a Shimadzu UV-2600 spectrophotometer (Shimadzu Corporation, 
Japan), as outlined by Haiss et al. Absorbance was recorded between 
400 and 800 nm using 1 cm quartz cuvettes. Samples were diluted 1:10 
in deionized water to maintain absorbance <1.0. The λmax and FWHM of 
the SPR peak were extracted using UVProbe v2.70 software, with 
attention to secondary peaks indicating polydispersity or aggregation 
[34].

2.6. Cell culture and viability assessment

HepG2 cells (ATCC® HB-8065™) and normal human lung fibroblasts 
(WI-38, ATCC® CCL-75™) were procured from the American Type 
Culture Collection (ATCC, Manassas, VA, USA). HepG2 cells were 
cultured in Eagle’s Minimum Essential Medium (EMEM, Cat. No. 
30–2003, ATCC) supplemented with 10 % heat-inactivated fetal bovine 
serum (FBS, Cat. No. F4135, Sigma-Aldrich) and 1 % penicillin- 
streptomycin (10,000 U/mL, Cat. No. 15140122, Gibco, Thermo 
Fisher Scientific). WI-38 fibroblasts were maintained in Dulbecco’s 
Modified Eagle Medium (DMEM, Cat. No. 11965092, Gibco) containing 
10 % FBS, 1 % non-essential amino acids (Cat. No. 11140050, Gibco), 
and 1 % antibiotic-antimycotic solution (Cat. No. 15240062, Gibco). 
Both cell lines were cultured in 75 cm2 flasks (Corning Inc., Corning, NY, 
USA) at 37 ◦C in a humidified incubator with 5 % CO₂ (Heracell 150i, 
Thermo Fisher Scientific) for 24 h. Subculturing was carried out when 
cells reached 80–90 % confluence, using 0.25 % trypsin-EDTA (Cat. No. 
25200056, Gibco), and media were refreshed every 48–72 h [35].

Cell viability was measured using the MTT assay, following protocols 
based on Nath et al. [36], with slight modifications from Gimenez et al. 
[37] to assess the cytotoxic effect of AuNPs. Cells were seeded at a 
density of 1 × 104 per well in 96-well plates (Cat. No. 3596, Corning) in 
100 μL of complete medium and allowed to adhere overnight. The cul
ture medium was then replaced with fresh medium containing different 
concentrations of AuNPs (1.56, 3.125, 6.25, 12.5, 25, 50, and 100 μg/ 
mL), freshly prepared by diluting the stock colloid. After a 24-h incu
bation, 20 μL of MTT solution (5 mg/mL in PBS, Cat. No. M5655, Sigma- 
Aldrich) was added to each well, and cells were incubated for 4 h at 
37 ◦C. Following incubation, the medium was removed carefully, and 
100 μL of dimethyl sulfoxide (DMSO, Cat. No. D8418, Sigma-Aldrich) 
was added to dissolve the formazan crystals. Plates were gently 
agitated for 10 min, and Absorbance was measured at 570 nm (with a 
reference at 630 nm) using a BioTek Synergy H1 microplate reader 
(BioTek Instruments, Winooski, VT, USA). Cell viability was calculated 
using the formula: 
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Each concentration was tested in sextuplicate, and three independent 
experiments were performed to confirm reproducibility. Morphological 
changes induced by AuNPs were evaluated using phase-contrast mi
croscopy, which was in line with observations by Khatua et al. [38]. 
HepG2 and WI-38 cells were seeded in 6-well plates (Cat. No. 3516, 
Corning) at 2 × 105 cells per well and treated with 0, 50, and 100 μg/mL 
AuNPs for 24 h. Post-treatment, cells were washed with pre-warmed PBS 
and examined under an Olympus IX71 inverted microscope (Olympus 
Corporation, Tokyo, Japan) equipped with a DP73 digital camera. Im
ages were captured at 200× magnification using cellSens Standard 
software (v1.18, Olympus). A minimum of 10 fields per condition were 
documented, focusing on cell shrinkage, membrane blebbing, detach
ment, and apoptotic fragmentation. Representative images with scale 
bars were selected to compare treatments and cell types.

2.7. Gene expression analysis of apoptosis-related markers

Total RNA was isolated from control and AuNPs-treated (50 μg/mL, 
24 h) HepG2 cells using TRIzol reagent (Cat. No. 15596026, Invitrogen, 
Thermo Fisher Scientific) according to the manufacturer’s protocol as 
described by [39,40]. Briefly, cells were lysed directly in culture plates 
using 1 mL TRIzol reagent per 10 cm2 area, followed by homogenization 
by repeated pipetting. After 5 min of incubation at room temperature, 
0.2 mL chloroform per 1 mL TRIzol was added, the mixture was shaken 
vigorously for 15 s, and incubated for 3 min before centrifugation at 
12,000 ×g for 15 min at 4 ◦C. The aqueous phase was transferred to a 
fresh tube, mixed with 0.5 mL isopropanol per 1 mL TRIzol, incubated 
for 10 min, and centrifuged at 12,000 ×g for 10 min at 4 ◦C. The RNA 
pellet was washed with 75 % ethanol, air-dried for 5–10 min, and dis
solved in RNase-free water (Cat. No. 10977015, Invitrogen). RNA con
centration and purity were determined spectrophotometrically using a 
NanoDrop 2000 instrument (Thermo Scientific), with A260/A280 ratios 
between 1.8 and 2.0 considered acceptable. Complementary DNA 
(cDNA) was synthesized from 1 μg of total RNA using the RevertAid First 
Strand cDNA Synthesis Kit (Cat. No. K1622, Thermo Scientific) with 
oligo(dT)₁₈ primers according to the manufacturer’s instructions. The 
reaction was performed at 42 ◦C for 60 min, followed by termination at 
70 ◦C for 5 min.

Quantitative real-time PCR (qRT-PCR) was performed to analyze the 
expression of apoptosis-related genes following protocols described by 
Livak and Schmittgen [41] with modifications. Gene-specific primers 
(Table 1) were designed using Primer-BLAST software (NCBI) and 
synthesized by Integrated DNA Technologies (Coralville, IA, USA). 
Primers were validated for specificity using melt curve analysis and ef
ficiency using standard curves with serial template dilutions. Reactions 
were conducted using PowerUp SYBR Green Master Mix (Cat. No. 
A25742, Applied Biosystems, Thermo Fisher Scientific) on a 

QuantStudio 5 Real-Time PCR System (Applied Biosystems). Each re
action contained 5 μL of 2× SYBR Green Master Mix, 0.5 μL each of 
forward and reverse primers (10 μM), 1 μL of diluted cDNA template 
(1,5), and nuclease-free water to a final volume of 10 μL. The PCR 
conditions comprised an initial UDG activation at 50 ◦C for 2 min, po
lymerase activation at 95 ◦C for 2 min, followed by 40 cycles of dena
turation at 95 ◦C for 15 s and annealing/extension at 60 ◦C for 1 min. A 
melting curve analysis was performed from 65 ◦C to 95 ◦C (0.1 ◦C/s) to 
verify amplification specificity. No-template and no-reverse transcrip
tase controls were included in each run to exclude contamination and 
genomic DNA amplification, respectively. GAPDH was used as an in
ternal control for normalization after validation of its stable expression 
under experimental conditions. Relative gene expression was calculated 
using the 2− ᐩᐩCT method, and results were presented as fold change 
relative to untreated control cells.

Gene expression data was analyzed using GraphPad Prism 9 software 
(v9.3.1, GraphPad Software) as described by Barde and Barde [42]. The 
normality of data distribution was assessed using the Shapiro-Wilk test. 
Differences between control and AuNP-treated groups were evaluated 
using unpaired Student’s t-test with Welch’s correction when variances 
were unequal. P-values <0.05 were considered statistically significant. 
Results were visually represented using violin plots to display data dis
tribution and central tendency measures simultaneously. Each violin 
plot depicted kernel density estimation of the underlying distribution, 
with the median indicated by dashed lines. Plots were generated using 
the Violin Plot function in GraphPad Prism with default settings for 
bandwidth calculation and 1000 points for smoothing.

2.8. Mitochondrial membrane (MMP) potential assessment

MMP was evaluated using the lipophilic cationic dye Rhodamine- 
123 (Rh-123) according to methods described by Baracca et al. [43] 
with modifications. HepG2 cells were seeded in black 96-well plates 
with clear bottoms (Cat. No. 3603, Corning) at a density of 1.5 × 104 

cells per well in 100 μL complete medium and allowed to adhere over
night. Cells were treated with 0, 25, and 50 μg/mL AuNPs for various 
intervals (0, 6, 12, and 24 h). Following treatment, the culture medium 
was removed, and cells were washed twice with pre-warmed PBS before 
incubation with 10 μM Rhodamine-123 (Cat. No. R8004, Sigma-Aldrich) 
in serum-free medium for 30 min at 37 ◦C in the dark. After incubation, 
excess dye was removed by washing three times with PBS, and 100 μL of 
fresh PBS was added to each well. Fluorescence intensity was measured 
using a BioTek Synergy H1 microplate reader with excitation/emission 
wavelengths of 507/529 nm, respectively. To confirm that changes in 
fluorescence were not due to differences in cell number, parallel plates 
were subject to normalization by protein content using the Bradford 
assay (Cat. No. 5000006, Bio-Rad, Hercules, CA, USA) after cell lysis.

For time-dependent analysis, fluorescence measurements were 
normalized to initial readings (0 h) and expressed as a percentage of 

Table 1 
Primer Sequences and Amplicon Sizes for qRT-PCR Analysis.

Gene Symbol Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′) Amplicon Size (bp)

TP53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC 191 bp
BAX TTTGCTTCAGGGTTTCATCC GAGACACTCGCTCAGCTTCT 182 bp
BCL2 GGTGAACTGGGGGAGGATTG CAGGCTGGAAGGAGAAGATGC 174 bp
CASP3 TGTCATCTCGCTCTGGTACG AAATGACCCCTTCATCACCA 205 bp
AKT1 CTGTCATCCCATCGGCAATG CTCCAGGCCACTTTCTGCTC 179 bp
HO-1 AGGCTAAGACCGCCTTCCT AAAGCCCTACAGCAACTGTCG 168 bp
GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA 151 bp

Viability (%) = (Absorbance of treated cells/Absorbance of control cells)×100.
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baseline values according to the formula: Relative MMP (%) = (Fluo
rescence at time t / Fluorescence at time 0) × 100. For dose-dependent 
analysis, measurements at 24 h were normalized to untreated control 
values using the formula: Relative MMP (%) = (Fluorescence of treated 
cells / Fluorescence of control cells) × 100. The half-maximal inhibitory 
concentration (IC₅₀) for mitochondrial depolarization was determined 
by fitting normalized data to a four-parameter logistic curve using 
GraphPad Prism 9 software according to the equation: Y = Bottom +
(Top-Bottom) / (1 + 10^((LogIC₅₀ - X) × HillSlope)), where X is the 
logarithm of concentration and Y is the response. Statistical significance 
was assessed using unpaired t-tests comparing treatment groups to 
controls at each time point, as Armstrong [44] described. All experi
ments were triplicated with three independent biological replicates to 
ensure reproducibility.

2.9. Apoptotic pathway analysis

Comprehensive apoptotic pathway mapping was performed by 
integrating gene expression data assessments according to methods 
described by Majtnerová and Roušar [45]. Pathway connectivity was 
established based on molecular interactions from literature and pathway 
databases, including KEGG (Kyoto Encyclopedia of Genes and Genomes) 
and Reactome, as described by Liesenborghs et al. [46]. Expression and 
activity levels were represented using a colour scale ranging from − 2 
(downregulated, green) to +2 (upregulated, red), allowing intuitive 
visualization of system-wide changes. Directional arrows indicated 
activation sequences, while dashed lines represented indirect regulatory 
relationships between pathway components.

Fig. 1. (A) FTIR Spectroscopy: Confirmation of citrate capping layer. Peaks at ~1390 cm− 1 (C–O symmetric stretch) and ~ 1580 cm− 1 (asymmetric COO− stretch) 
confirm the presence of citrate ions stabilizing the AuNPs. The absence of organic impurities (e.g., no N–H or C––O stretches) validates the purity of the synthesis. 
(B) Representative transmission electron micrograph. Spherical AuNPs with a mean diameter of 32.6 nm. Scale bar: 50 nm. (C) Size distribution histogram of citrate- 
capped AuNPs. The frequency density plot shows a moderately monodispersed population (coefficient of variation = 23.4 %) with a near-symmetric distribution 
centered at a mean size of 32.6 nm (median = 32.4 nm). Particle sizes span 15–60 nm, consistent with dynamic light scattering (DLS) data, and the standard deviation 
(7.6 nm) reflects the dispersion width. The shaded curve represents the Gaussian fit to the histogram, emphasizing the size homogeneity of the colloidal sample.
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2.10. Oxidative stress and antioxidant system analysis

Oxidative stress parameters and antioxidant system components 
were comprehensively evaluated in control and AuNP-treated (50 μg/ 
mL, 24 h) HepG2 cells following protocols adapted from Ighodaro and 
Akinloye [47]. For sample preparation, treated and untreated cells were 
harvested by trypsinization, washed twice with cold PBS, and resus
pended in appropriate lysis buffers specific to each assay. Protein con
centration in cell lysates was determined using the Bradford method 
(Cat. No. 5000006, Bio-Rad) with bovine serum albumin (Cat. No. 
A7906, Sigma-Aldrich) as standard.

Enzymatic antioxidant activities were measured using spectropho
tometric methods. Superoxide dismutase (SOD) activity was determined 
using the SOD Assay Kit (Cat. No. 19160, Sigma-Aldrich) by monitoring 
the inhibition of pyrogallol auto-oxidation at 420 nm according to the 
method of Marklund and Marklund [48]. Catalase (CAT) activity was 
assessed using the Catalase Assay Kit (Cat. No. CAT100, Sigma-Aldrich) 
by measuring the decomposition of hydrogen peroxide at 240 nm as 
described by Aebi [49]. Glutathione peroxidase (GPx) activity was 
evaluated using the Glutathione Peroxidase Assay Kit (Cat. No. CGP1, 
Sigma-Aldrich) through a coupled reaction with glutathione reductase 
(GR), monitoring NADPH oxidation at 340 nm according to methods by 
Paglia et al. [50]. GR activity was measured using the GR Activity Assay 
Kit (Cat. No. GRSA, Sigma-Aldrich) by following NADPH consumption 
during the reduction of oxidized glutathione at 340 nm, as described by 
Carlberg and Mannervik [51]. Glutathione S-transferase (GST) activity 
was determined using the Glutathione S-Transferase Assay Kit (Cat. No. 

CS0410, Sigma-Aldrich) by monitoring the conjugation of 1-chloro-2,4- 
dinitrobenzene with reduced glutathione at 340 nm following methods 
by Habig et al. [52].

Non-enzymatic antioxidant levels were quantified using established 
protocols. Reduced glutathione (GSH) content was measured using the 
Glutathione Assay Kit (Cat. No. CS0260, Sigma-Aldrich) based on the 
reaction with Ellman’s reagent (5,5′-dithiobis-2-nitrobenzoic acid) with 
Absorbance reading at 412 nm according to methods by Rahman et al. 
[53]. Vitamin C (ascorbic acid) concentration was determined by the 
dinitrophenylhydrazine method with absorbance measurement at 520 
nm using the Ascorbic Acid Assay Kit (Cat. No. MAK074, Sigma-Aldrich) 
as described by Omaye et al. [54]. Vitamin E (α-tocopherol) levels were 
assessed by the Emmerie-Engel reaction following lipid extraction using 
the Vitamin E Assay Kit (Cat. No. ab65392, Abcam, Cambridge, UK), 
with fluorescence measurement at excitation/emission wavelengths of 
295/330 nm according to methods by Desai [55].

Oxidative stress markers were evaluated to assess cellular damage. 
Lipid peroxidation was quantified by measuring malondialdehyde 
(MDA) content using the MDA Assay Kit (Cat. No. MAK085, Sigma- 
Aldrich) based on the thiobarbituric acid reactive substances (TBARS) 
assay with Absorbance reading at 532 nm as described by Ohkawa et al. 
[56]. Protein oxidation was assessed by measuring protein carbonyl 
content using the Protein Carbonyl Content Assay Kit (Cat. No. MAK094, 
Sigma-Aldrich) based on the 2,4-dinitrophenylhydrazine (DNPH) 
derivatization method with Absorbance reading at 370 nm following 
protocols by Levine et al. [57]. ROS levels were determined using the 
cell-permeant 2′,7′-dichlorodihydrofluorescein diacetate (H₂DCFDA, 

Fig. 2. Multi-panel characterization of citrate-capped AuNPs. (A) X-ray diffraction (XRD): Bragg peaks indexed to the face-centered cubic (FCC) phase of gold 
(JCPDS 04–0784). Peaks at 38.2◦ (111), 44.4◦ (200), 64.6◦ (220), and 77.6◦ (311) confirm high crystallinity. The mean crystallite size (~32 nm, via Scherrer analysis) 
aligns with DLS and TEM data. Residual peak intensities (table) suggest minimal lattice strain. (B) Zeta Potential: A value of − 35 ± 5 mV (pH 7) confirms strong 
electrostatic stabilization due to citrate capping, ensuring colloidal stability. (C) UV–Vis Spectroscopy: Surface plasmon resonance (SPR) peak at 530 nm (FWHM ≈
60 nm) corresponds to spherical AuNPs with a mean size of 32.6 nm. Narrowband and absence of secondary peaks (e.g., >600 nm) indicate monodispersity and no 
aggregation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Cat. No. D399, Invitrogen) probe according to methods by Eruslanov 
and Kusmartsev [58], with measurement at excitation/emission wave
lengths of 485/528 nm using a BioTek Synergy H1 microplate reader.

All assays were performed according to standardized protocols with 
appropriate positive and negative controls as specified in the kit man
uals. Results were expressed as mean ± standard deviation from six 
independent experiments. Statistical analysis was performed using an 
unpaired Student’s t-test to compare treatment groups with controls, as 
Kim [59] described. Significance levels were designated as * p < 0.05, ** 
p < 0.01, and *** p < 0.001. Percent parameter changes were calculated 
relative to control values to quantify the magnitude of AuNP-induced 
alterations in antioxidant and oxidative stress markers.

3. Results

3.1. Physicochemical characterization of citrate-capped AuNPs

The synthesized AuNPs were extensively characterized using com
plementary analytical techniques. FTIR spectroscopy confirmed the 
successful formation of the citrate capping layer. Spectra were recorded 
from 4500 to 400 cm− 1, with characteristic citrate-related peaks iden
tified at ~1390 cm− 1 (C–O symmetric stretch) and ~ 1580 cm− 1 

(COO− asymmetric stretch), confirming surface functionalization. The 
absence of peaks around ~3300 cm− 1 (N–H) or ~ 1700 cm− 1 (C=O) 
indicated minimal organic impurities (Fig. 1A).

TEM analysis revealed predominantly spherical AuNPs with smooth 
surfaces and well-defined boundaries (Fig. 1B). The micrographs 
revealed minimal aggregation, consistent with effective stabilization by 
the citrate capping agent. Morphometric analysis of multiple TEM fields 
yielded a mean diameter of 32.6 nm, with individual particles ranging 
from 15 to 60 nm. Size distribution analysis produced a near-symmetric 
histogram with moderate monodispersity (coefficient of variation =
23.4 %), with the median diameter (32.4 nm) closely matching the mean 

value, indicating minimal skewness in the particle population. The 
standard deviation of 7.6 nm reflects the dispersion width, which re
mains acceptable for biological applications (Fig. 1C). In this study, we 
selected citrate-capped AuNPs with an average diameter of approxi
mately 32.4 nm based on extensive literature demonstrating that 
nanoparticles of this size exhibit optimal cellular uptake, favorable 
stability, and significant biological activity in cancer cells. Additionally, 
our physicochemical characterization confirmed that 32.4 nm AuNPs 
had excellent monodispersity and colloidal stability, making them well- 
suited for consistent biological testing. Although other sizes may influ
ence cellular interactions differently, focusing on this size enabled us to 
perform detailed mechanistic studies under controlled conditions. 
Future work may explore the size-dependent effects of AuNPs on cyto
toxicity and therapeutic efficacy.

XRD patterns exhibited well-resolved Bragg peaks at 2θ values of 
38.2◦, 44.4◦, 64.6◦, and 77.6◦, corresponding to the (111), (200), (220), 
and (311) crystallographic planes, respectively. These peaks precisely 
match the face-centered cubic (FCC) phase of gold (JCPDS card no. 
04–0784), confirming the high crystallinity of the synthesized AuNPs 
(Fig. 2A). Scherrer equation analysis of peak broadening yielded a mean 
crystallite size of approximately 32 nm, which aligns remarkably well 
with the TEM and dynamic light scattering measurements, indicating 
the single-crystalline nature of most particles. Surface charge charac
teristics measured through zeta potential analysis yielded a value of − 35 
± 5 mV at physiological pH (7.0), substantially exceeding the conven
tional stability threshold of ±30 mV (Fig. 2B). This strong negative 
surface charge confirms robust electrostatic stabilization conferred by 
the citrate capping layer, explaining the excellent colloidal stability 
observed during storage and in physiological media.

UV–visible spectrophotometric analysis revealed a characteristic 
SPR peak centered at 530 nm with an FWHM of approximately 60 nm 
(Fig. 2C). The SPR peak position correlates well with the observed mean 
particle size of 32.6 nm, while the relatively narrow bandwidth and 

Fig. 3. Differential cytotoxic effects of AuNPs on normal cell lines (WI-38) and hepatocellular carcinoma cells (HepG2). Panel (A) shows dose-response 
curves demonstrating concentration-dependent cytotoxicity. Panel (B) displays phase contrast microscopy images of both cell lines with increasing AuNPs con
centrations (0, 50, and 100 μg/mL). HepG2 cells exhibit more pronounced morphological changes and reduced cell density at higher concentrations than WI-38 cells, 
indicating greater sensitivity of cancer cells to AuNPs treatment. This selective cytotoxicity suggests potential therapeutic applications of gold nanoparticles in liver 
cancer treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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absence of secondary peaks at longer wavelengths (>600 nm) further 
confirm sample monodispersity and freedom from significant 
aggregation.

Collectively, comprehensive summary of analytical features from 
FTIR, TEM, XRD, and UV–Vis used to characterize citrate-capped 
AuNPs. Observed values confirm citrate stabilization, spherical 
morphology, high crystallinity, and colloidal stability essential for bio
logical applications Supplementary Table S2.

3.2. Batch-to-batch reproducibility and storage stability

To further confirm the reliability of our AuNPs synthesis protocol, we 
assessed batch-to-batch reproducibility and storage stability over 3 
months. Three independent batches of citrate-capped AuNPs were syn
thesized using the same conditions. Characterization data showed 
highly consistent particle sizes (mean diameter: 32.5 ± 1.8 nm, 32.8 ±
1.6 nm, and 32.6 ± 1.7 nm for Batches 1–3, respectively), with an 
overall variation within ±0.3 nm. Zeta potential remained strongly 
negative and consistent across batches (ranging from − 34.2 to − 35.6 
mV), reflecting uniform surface charge and colloidal stability. SPR peaks 
were centered consistently at 530–531 nm, confirming uniform optical 
properties and the absence of polydispersity. For long-term stability 
evaluation, a representative AuNPs batch was stored at 4 ◦C in amber 
vials and monitored over 3 months. No visual aggregation or sedimen
tation was observed. Particle size increased only marginally (from 32.6 

± 1.7 to 32.9 ± 1.9 nm), and the zeta potential remained stable (from 
− 35.0 ± 3.0 to − 34.7 ± 2.8 mV). The SPR λmax shifted minimally (530 
→ 531 nm), confirming the absence of significant aggregation or 
degradation. These results are summarized in Supplementary Table 2, 
confirming the synthesis protocol’s reproducibility and the colloidal 
stability of AuNPs for extended storage.

3.3. Differential cytotoxicity between normal and cancer cells.

Cell viability assessments revealed striking differences in AuNP- 
induced cytotoxicity between normal WI-38 and HepG2. The dose- 
response analysis demonstrated a concentration-dependent reduction 
in cell viability in both cell lines; however, HepG2 cells exhibited sub
stantially greater sensitivity across all tested concentrations. At 50 μg/ 
mL AuNPs concentration, HepG2 cells revealed approximately a 45 % 
(IC50: 28.48 μg/mL) reduction in viability compared to only an 18 % 
reduction in WI-38 cells (IC50: 464 μg/mL). This differential cytotox
icity became even more pronounced at 100 μg/mL, where HepG2 
viability decreased by 73 % versus 32 % in WI-38 cells (Fig. 3A).

Phase contrast microscopy provided visual confirmation of these 
differential effects. Control HepG2 and WI-38 cells displayed typical 
morphological characteristics with uniform cellular distribution and 
normal attachment patterns. After treatment with 50 μg/mL AuNPs for 
24 h, HepG2 cells exhibited notable morphological alterations, 
including cell shrinkage, membrane blebbing, and reduced confluence, 

Fig. 4. Differential expression of apoptosis-related genes in HepG2 cells following AuNPs treatment. Violin plots show fold changes in TP53, BAX, BCL-2, 
CASP3, AKT1, and HO-1 gene expression. Statistical significance (p-values shown above each comparison) demonstrates significant alterations across all analyzed 
genes: TP53 upregulation (p = 0.0144), BAX downregulation (p = 0.0020), BCL-2 upregulation (p = 0.0231), CASP3 downregulation (p = 0.0083), AKT1 down
regulation (p = 0.0333), and HO-1 upregulation (p = 0.0321). Yellow distributions represent control cells, while red distributions show AuNPs-treated cells. The 
opposing regulation of anti-apoptotic (BCL-2) and pro-apoptotic (BAX) factors, combined with increased TP53 and altered caspase expression, suggests a complex 
modulation of apoptotic pathways rather than straightforward apoptotic activation. All p-values below 0.05 indicate statistically significant differences between 
control and treated groups, with particularly strong significance for BAX (p = 0.0020). These expression changes provide molecular evidence for AuNPs-mediated 
alterations in cell death regulatory mechanisms in hepatocellular carcinoma cells. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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while WI-38 cells maintained relatively normal morphology with min
imal visible changes. At 100 μg/mL AuNPs concentration, HepG2 cells 
revealed severe morphological deterioration with extensive detach
ment, fragmentation, and formation of apoptotic bodies. In contrast, WI- 
38 cells at this concentration exhibited only moderate morphological 
changes, primarily cell rounding and a slight reduction in confluence, 
without the extensive apoptotic features observed in HepG2 cells 
(Fig. 3B). These observations collectively demonstrate the selective 
cytotoxicity of citrate-capped AuNPs toward HCC cells compared to 
normal cells, suggesting potential therapeutic applications with a 
favorable safety margin.

3.4. Alteration of apoptosis-related gene expression

Quantitative gene expression analysis revealed distinct modulation 
of apoptosis-related genes in HepG2 cells following AuNPs treatment 
(50 μg/mL, 24 h). TP53 was significantly upregulated by approximately 
2.3-fold (p = 0.0144), indicating activation of a stress-responsive tumor 
suppressor pathway. In contrast, the pro-apoptotic gene BAX was 
markedly downregulated (~0.3-fold) (p = 0.0020), while the anti- 
apoptotic regulator BCL2 was upregulated by ~1.7-fold (p = 0.0231), 
reflecting a shift toward a survival-promoting phenotype. Similarly, 
CASP3 expression decreased to ~0.4-fold (p = 0.0083), suggesting 
downregulation of executioner caspase activity at the transcript level. 
Additionally, AKT1 was reduced to ~0.5-fold (p = 0.0333), indicating 
compromised pro-survival signaling, whereas HO-1 was upregulated to 
~1.8-fold (p = 0.0321), highlighting an adaptive antioxidant response. 
These fold changes, along with the narrow distribution in treated cells, 
support coordinated transcriptional reprogramming in response to 
AuNP exposure.

Violin plot visualization of these expression changes revealed 
distinctive distribution patterns between control and AuNP-treated 
populations (Fig. 4). Control cells (yellow distributions) typically 
revealed broader expression ranges with normal distribution patterns, 
while AuNP-treated cells (red distributions) often exhibited narrower, 
shifted distributions with distinct separation from controls. This 

distribution pattern suggests coordinated cellular responses rather than 
random variation, pointing to systematic reprogramming of apoptotic 
regulatory networks following AuNPs exposure. These seemingly con
tradictory expression patterns suggest a complex interplay between 
competing cellular processes rather than straightforward apoptotic in
duction. The upregulation of both pro-survival (BCL-2) and stress- 
response (TP53, HO-1) genes likely reflects cellular attempts to coun
teract AuNPs-induced damage, while the ultimately observed cytotox
icity indicates that these adaptive responses were insufficient to prevent 
cell death.

3.5. Mitochondrial membrane potential disruption

Rh-123 fluorescence assays revealed a clear time- and dose- 
dependent collapse of mitochondrial membrane potential (MMP) in 
HepG2 cells following AuNPs exposure (Fig. 5A-B). Time-course analysis 
demonstrated progressive MMP loss following AuNPs exposure. At 25 
μg/mL AuNPs concentration, Rh-123 fluorescence intensity (λex/λem =
507/529 nm) decreased by approximately 35 % after 12 h and 57 % 
after 24 h compared to the initial measurement. The decline was more 
pronounced at 50 μg/mL, with a 48 % reduction at 12 h and 72 % at 24 
h. In contrast, control cells maintained stable fluorescence throughout 
the observation period, with less than 5 % fluctuation, confirming the 
specific effect of AuNPs on mitochondrial polarization, both progressive 
over time and concentration-dependent. Statistical analysis of the 24-h 
timepoint revealed highly significant differences between treatment 
and control groups (***p = 0.0002, unpaired t-test, n = 3), underscoring 
the robustness of the observed mitochondrial depolarization. The dose- 
response analysis demonstrated concentration-dependent MMP disrup
tion with curve fitting yielded an IC50 value of 28.48 μg/mL. At the 
therapeutic concentration of 50 μg/mL, AuNPs caused an 82 % reduc
tion in MMP at 50 μg/mL in Rh-123 fluorescence compared to untreated 
controls, indicating a severe compromise of mitochondrial function. 
This substantial mitochondrial depolarization represents a critical 
mechanistic finding, as MMP collapse is often decisive in cell death 
initiation. The pronounced mitochondrial dysfunction observed 

Fig. 5. Rhodamine-123 (Rh-123) Fluorescence Assay Reveals Mitochondrial Membrane Potential (MMP) Collapse in HepG2 Cells Treated with AuNPs. (A) 
Time-Dependent MMP Depolarization. Rh-123 fluorescence intensity (λex/λem = 507/529 nm) decreases over 24 h in AuNP-treated cells (25 and 50 μg/mL), 
reflecting mitochondrial depolarization. Control cells retain stable fluorescence (polarized mitochondria). AuNPs induce progressive MMP collapse, with significant 
fluorescence reduction at 24 h (*p = 0.0002 vs. control; (unpaired t-test, n = 3). (B) Dose-Dependent MMP Disruption. Normalized fluorescence loss correlates with 
AuNP concentration. IC50 = 28.3 μg/mL (sigmoidal fit). 50 μg/mL AuNPs cause 82 % fluorescence reduction (vs. control), indicating severe mitochondrial 
dysfunction, suggesting apoptosis induction via MMP collapse.
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provides a mechanistic link between AuNPs exposure and the subse
quently observed cytotoxicity in HepG2 cells, supporting intrinsic 
pathway activation as a primary mechanism of AuNPs-induced cell 
death.

3.6. Comprehensive apoptotic pathway mapping

Pathway analysis integrating all molecular and cellular observations 
revealed an intricate network of apoptotic signaling activated by AuNPs 
exposure in HepG2 cells (Fig. 6). The pathway map illustrated inter
connected molecular mechanisms spanning both extrinsic and intrinsic 
apoptotic pathways. Extrinsic pathway activation was evidenced 
through death receptor (TRAIL/TNF) signaling components, with sub
sequent involvement of adaptor proteins such as FADD and initiator 
caspases. Intrinsic pathway engagement was demonstrated through 
mitochondrial components, particularly the BCL-2 protein family regu
latory network. Heatmap-style colorimetric representation on the 
pathway map (− 2 to +2 scale) revealed differential regulation patterns, 
with red coloration indicating upregulation and green indicating 
downregulation following AuNPstreatment. Notably, effector caspases 
(particularly caspase-3/7) showed significant upregulation despite the 
observed downregulation of CASP3 at the transcriptional level, sug
gesting post-transcriptional regulatory mechanisms or involvement of 
alternative caspases. The pathway culminated in characteristic 
apoptotic endpoints, including DNA fragmentation, membrane phos
phatidylserine externalization, and cellular disintegration. Directional 

arrows within the pathway map indicated activation sequences, while 
dashed lines represented indirect regulatory relationships between 
pathway components, providing a comprehensive visualization of the 
molecular cascade leading to AuNPs-induced apoptosis in HepG2 cells.

3.7. Oxidative stress and antioxidant system perturbation

Extensive analysis of redox parameters revealed a significant 
downregulation of oxidative stress and an augmentation of the antiox
idant defense system in HepG2 cells following AuNPs exposure 
(Table 2).

3.8. Enzymatic antioxidants

Among the enzymatic antioxidants, the most notable change was 
observed in SOD, which exhibited a significant increase of 30.0 % (from 
5.27 ± 0.43 to 6.85 ± 0.62 U/mg protein, p = 0.0018), suggesting a 
compensatory response to the elevated oxidative stress. Similarly, CAT 
activity increased by 22.4 % (from 18.43 ± 1.72 to 22.56 ± 2.08 U/mg 
protein, p = 0.0041), indicating enhanced capacity to neutralize 
hydrogen peroxide. GPx activity was upregulated by 15.0 % (from 24.65 
± 2.31 to 28.36 ± 2.91 nmol/min/mg protein, p = 0.0067), further 
strengthening the antioxidant defense. GR and GST also exhibited sig
nificant increases of 18.3 % (from 15.87 ± 1.53 to 18.76 ± 1.67 nmol/ 
min/mg protein, p = 0.0129) and 7.2 % (from 86.43 ± 7.92 to 92.67 ±
8.21 nmol/min/mg protein, p = 0.0175), respectively, contributing to 

Fig. 6. Comprehensive apoptotic pathway map in HepG2 cells following AuNPs treatment. The diagram illustrates interconnected molecular mechanisms, 
including the death receptor (extrinsic) pathway via TRAIL/TNF receptors, the mitochondrial (intrinsic) pathway with Bcl-2 family regulation, and downstream 
caspase cascade activation. Red and green coloration (− 2 to +2 scale) indicates upregulated and downregulated proteins, respectively, with caspases (particularly 
caspase-3/7) showing significant upregulation. The pathway culminates in characteristic apoptotic responses, including DNA fragmentation, membrane disruption, 
and cellular degradation. Arrows indicate activation sequences, while dashed lines represent indirect regulatory relationships between pathway components. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the maintenance of cellular redox homeostasis.

3.9. Non-enzymatic antioxidants

Regarding non-enzymatic antioxidants, GSH levels increased by 
10.7 % (from 28.76 ± 2.65 to 31.87 ± 3.09 nmol/mg protein, p =
0.0023), reflecting a heightened capacity to neutralize free radicals. 
Additionally, vitamin C and vitamin E levels were significantly elevated 
by 20.4 % (from 3.42 ± 0.35 to 4.12 ± 0.42 μg/mg protein, p = 0.0082) 
and 18.2 % (from 1.87 ± 0.21 to 2.21 ± 0.24 μg/mg protein, p =
0.0097), respectively, further supporting cellular antioxidant defenses.

3.10. Oxidative stress markers

Regarding oxidative stress markers, the data revealed dramatic re
ductions in oxidative damage indicators following AuNPs treatment. 
MDA, a lipid peroxidation product, decreased by 30.3 % (from 0.89 ±
0.11 to 0.62 ± 0.08 nmol/mg protein, p = 0.0004), reducing lipid 
damage. Similarly, protein carbonyl content, an indicator of protein 
oxidation, was significantly reduced by 21.2 % (from 1.56 ± 0.20 to 
1.23 ± 0.18 nmol/mg protein, p = 0.0009), suggesting decreased pro
tein oxidation. ROS, a direct indicator of oxidative stress, was reduced 
by 38.3 % (from 100.00 ± 9.32 % to 61.75 ± 6.42 %, p = 0.0002), 
signaling a substantial decrease in ROS levels, which directly contributes 
to the protective effects against oxidative damage. These findings 
demonstrate that AuNPs treatment in HepG2 cells led to significant 
changes in antioxidant defense and oxidative stress parameters. 
Importantly, the upregulation of enzymatic and non-enzymatic antiox
idants, alongside the reduction in oxidative stress markers, suggests a 
protective cellular response. The observed modulation of oxidative 
stress highlights the potential therapeutic role of AuNPs in mitigating 
oxidative damage and improving cellular redox balance. The data 
strongly support the idea that AuNPs-induced cytotoxicity in HepG2 

cells involves a complex interaction with cellular redox homeostasis, 
resulting in enhanced antioxidant activity and reduced oxidative 
damage.

4. Discussion

The physicochemical properties of AuNPs critically influence their 
biological activities and potential therapeutic applications. Our syn
thesized citrate-capped AuNPs demonstrated several advantageous 
characteristics for biological applications. The mean diameter of 32.6 
nm places these particles within what Bromma et al. [60] identified as 
the optimal size range (30–50 nm) for cellular internalization. Their 
research with various cell lines demonstrated that particles in this size 
range achieve maximal uptake through receptor-mediated endocytosis, 
particularly via clathrin-mediated pathways. The moderate size distri
bution (CV = 23.4 %) observed in our preparation is acceptable for 
biological applications, as Sonavane et al. [61] demonstrated that 
polydispersity indices below 0.3 (roughly equivalent to CV < 30 %) 
yield consistent biological responses.

The strong negative zeta potential (− 35 ± 5 mV) conferred by the 
citrate capping layer provides excellent colloidal stability through 
electrostatic repulsion, preventing aggregation that could alter biolog
ical activity profiles. This stability parameter exceeds the conventional 
±30 mV threshold considered necessary for long-term nanoparticle 
stability, as established by Bhattacharjee et al. [62]. Furthermore, the 
citrate capping specifically contributes to biocompatibility, as Freese 
et al. [63] demonstrated that citrate-stabilized AuNPs exhibit lower 
cytotoxicity toward normal cells compared to particles stabilized with 
synthetic polymers or cationic ligands. The crystallinity confirmed by 
XRD analysis represents another favorable characteristic, as Khlebtsov 
et al. [64] reported that highly crystalline gold nanostructures generate 
more defined SPR effects, potentially enhancing their interaction with 
biological systems through localized electromagnetic field effects. The 
SPR peak at 530 nm falls within the optimal range for biological ap
plications, allowing potential theranostic applications combining opti
cal imaging and photothermal therapy, as Chen et al. [65] demonstrated 
in their work with plasmonic nanoparticles of similar spectral 
characteristics.

The physicochemical properties characterized in our study, partic
ularly the strong SPR and colloidal stability of AuNPs, align well with 
the design principles of emerging WaveFlex biosensors, which require 
mechanically stable and optically active nanoparticles for sensitive 
detection [66]. The potential adaptability of our AuNPs for such systems 
opens new avenues for integrating therapy with real-time monitoring, 
especially in the context of HCC, where early diagnosis is critical [67].

The differential cytotoxicity observed between normal WI-38 and 
cancerous HepG2 cells represents a promising finding with direct ther
apeutic implications. This selective toxicity aligns with observations by 
Nakhla et al. [68], who reported preferential toxicity of AuNPs toward 
MCF-7 breast cancer cells compared to normal cells. However, our study 
extends these findings to HCC, a particularly treatment-resistant cancer 
type with limited therapeutic options.

Several mechanisms likely contribute to this selective cytotoxicity. 
First, enhanced endocytosis rates in cancer cells may increase intracel
lular AuNPs accumulation. Behzadi et al. [69] demonstrated that cancer 
cells typically exhibit 2–5 fold higher nanoparticle uptake rates than 
normal counterparts due to their elevated metabolic activity and over
expressed surface receptors, particularly transferrin receptors that can 
facilitate AuNPs internalization. Additionally, Bhattacharya et al. [70] 
reported that cancer cells often display altered endosomal trafficking, 
potentially leading to differential intracellular distribution and pro
cessing of internalized AuNPs. Although differential cytotoxicity 
observed in vitro suggests a promising therapeutic window for citrate- 
capped AuNPs, quantitative assessment of this window and off-target 
toxicity remains to be determined. Future investigations incorporating 
in vivo models and broader toxicity assessments are essential to define 

Table 2 
Effect of Citrate-Capped AuNPs (50 μg/mL) on Antioxidant Defense and 
Oxidative Stress Markers in HepG2 Cells.

Parameters HepG2 
(No 
Treatment)

AuNPs 
(50 μg/ 
mL)

% 
Change

P- 
value

Significance

SOD (U/mg 
protein)

5.27 ± 0.43 6.85 ±
0.62

+30.0 
%

0.0018 **

CAT (U/mg 
protein)

18.43 ±
1.72

22.56 
± 2.08

+22.4 
%

0.0041 **

GPx (nmol/min/ 
mg protein)

24.65 ±
2.31

28.36 
± 2.91

+15.0 
%

0.0067 **

GR (nmol/min/ 
mg protein)

15.87 ±
1.53

18.76 
± 1.67

+18.3 
%

0.0129 *

GST (nmol/min/ 
mg protein)

86.43 ±
7.92

92.67 
± 8.21

+7.2 % 0.0175 *

GSH (nmol/mg 
protein)

28.76 ±
2.65

31.87 
± 3.09

+10.7 
%

0.0023 **

Vitamin C (μg/ 
mg protein)

3.42 ± 0.35 4.12 ±
0.42

+20.4 
%

0.0082 **

Vitamin E (μg/ 
mg protein)

1.87 ± 0.21 2.21 ±
0.24

+18.2 
%

0.0097 **

MDA (nmol/mg 
protein)

0.89 ± 0.11 0.62 ±
0.08

− 30.3 
%

0.0004 ***

Protein Carbonyl 
(nmol/mg 
protein)

1.56 ± 0.20 1.23 ±
0.18

− 21.2 
%

0.0009 ***

ROS (% of 
control)

100.00 ±
9.32

61.75 
± 6.42

− 38.3 
%

0.0002 ***

Values are presented as mean ± SD (n = 6 independent experiments). Statistical 
analysis performed using Student’s t-test. Significance levels: * p < 0.05, ** p <
0.01, *** p < 0.001. SOD: Superoxide dismutase; CAT: Catalase; GPx: Gluta
thione peroxidase; GR: Glutathione reductase; GST: Glutathione S-transferase; 
GSH: Reduced glutathione; MDA: Malondialdehyde; ROS: Reactive oxygen 
species.
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the efficacy-safety balance and support translational development 
accurately [71].

Second, intrinsic metabolic differences between normal and cancer 
cells may contribute to selective vulnerability [72]. The Warburg effect, 
characterized by enhanced glycolysis and altered redox homeostasis in 
cancer cells, creates a baseline oxidative stress level that makes malig
nant cells more susceptible to additional ROS-generating insults 
[73–75]. Our observed 100 % increase in ROS levels may push already- 
stressed cancer cells beyond their adaptive capacity, while treated cells 
with robust antioxidant reserves can better withstand this oxidative 
challenge. This concept aligns with findings by [76,77], who described 
how oncogenic transformation typically compromises cellular antioxi
dant capacity while simultaneously increasing ROS production, creating 
an exploitable therapeutic window.

Third, altered apoptotic thresholds in cancer cells may enhance their 
sensitivity to AuNPs-induced cell death signals [78]. The complex 
pattern of apoptotic gene expression changes we observed, including 
simultaneous upregulation of both pro-survival (BCL-2) and pro-death 
(TP53) factors, may elicit different outcomes depending on the base
line apoptotic machinery configuration [79]. HepG2 cells, with their 
characteristically altered apoptotic regulators, may interpret these sig
nals differently than normal cells with intact apoptotic regulation, as 
Hamida et al. [80] suggested in their comparative studies of AuNPs’ 
effects on matched normal and transformed cell lines.

Our study’s seemingly contradictory gene expression pat
terns—particularly the simultaneous upregulation of pro-survival BCL-2 
and downregulation of pro-apoptotic BAX—present an intriguing 
mechanistic puzzle. Rather than indicating apoptosis resistance, these 
patterns likely reflect complex cellular stress responses that prove 
insufficient to prevent cell death. Galluzzi et al. [81] described similar 
“adaptive stress responses” where cells initially upregulate protective 
mechanisms when faced with cytotoxic insults, creating transient 
expression profiles that appear contradictory to the eventual cell fate. 
The upregulation of BCL-2 likely represents a compensatory mechanism 
attempting to preserve mitochondrial integrity through AuNPs treat
ment. This interpretation aligns with findings by Alshammari et al. [82], 
who reported that lipoic acid-AuNPs improve both pro-survival and pro- 
apoptotic signaling in cancer cells, with the balance ultimately favoring 
cell survival activation of protective pathways.

The significant upregulation of TP53 (p = 0.0144) represents a 
critical response to cellular stress, consistent with genotoxic or oxidative 
damage. While p53 typically promotes apoptosis by upregulating BAX 
and downregulating BCL-2, our observation of opposite effects suggests 
either TP53 dysfunction in HepG2 cells or activation of TP53- 
independent pathways. HepG2 cells express wild-type TP53, but its 
functionality may be compromised by altered post-translational modi
fications or disrupted downstream signaling, as Souza et al. [83] 
described in their review of context-dependent TP53 responses.

The upregulation of HO-1 further supports an adaptive stress 
response interpretation, as this enzyme represents a key component of 
cellular defense against oxidative damage. However, the ultimately 
observed cytotoxicity indicates that these protective responses were 
overwhelmed, possibly due to the sustained oxidative stress evidenced 
by dramatic increases in ROS, MDA, and protein carbonyl levels [84]. 
This pattern of initial adaptation aligns with the “hormesis model” 
described by Calabrese et al. [85] and Luna–López et al. [86], where 
moderate stressors induce protective responses that can be over
whelmed by persistent or severe challenges.

The pronounced mitochondrial membrane potential collapse 
observed in our Rh-123 assays represents a critical mechanistic finding 
that links upstream molecular events to eventual cell death outcomes. 
Mitochondrial depolarization is widely considered a “point-of-no-re
turn” in cell death signaling, as it typically leads to cytochrome c release, 
apoptosome formation, and caspase activation, irrespective of the initial 
triggering stimulus [87,88]. The substantial MMP reduction we 
observed indicates severe bioenergetic compromise that would 

inevitably lead to cell death, even in the presence of upregulated sur
vival factors like BCL-2 [89].

This mitochondrial dysfunction aligns with findings by [90], who 
reported that AuNPs of similar size induced mitochondrial damage in 
various cell types. However, our study provides a more detailed kinetic 
analysis with an established IC50 value of 28.48 μg/mL for mitochon
drial effects. The close alignment between this mitochondrial IC50 and 
our cytotoxicity data suggests that mitochondrial damage directly de
termines cell death outcomes [91], consistent with the intrinsic pathway 
dominance in AuNP-induced apoptosis reported by [92].

Mechanistically, AuNPs may compromise mitochondrial function 
through several pathways. Direct physical interaction with mitochon
drial membranes is possible, as Chen et al. [93] demonstrated that 
internalized AuNPs can localize to mitochondria and disrupt membrane 
integrity. Additionally, AuNP-generated ROS can directly oxidize car
diolipin, a mitochondria-specific phospholipid critical for maintaining 
membrane potential, as Iqbal et al. [94] revealed in their oxidative 
stress-induced mitochondrial dysfunction studies. The thiol reactivity of 
gold surfaces may also contribute, as Mahmoud et al. [95] reported that 
AuNPs can bind to and inactivate mitochondrial thiol proteins essential 
for respiration and membrane potential maintenance.

Although our results clearly demonstrate a significant reduction in 
intracellular ROS and MDA levels following AuNPs treatment, the pre
cise molecular mechanisms underlying this redox reprogramming 
remain to be fully elucidated. Potential pathways may include Nrf2- 
mediated transcriptional activation of antioxidant enzymes, direct 
ROS scavenging via surface interactions, or stabilization of redox- 
sensitive proteins through thiol‑gold interactions [96]. These hypothe
ses warrant further investigation. Additionally, while our study focused 
on AuNPs as a standalone treatment, future work comparing these ef
fects to standard chemotherapeutic agents—many of which are known 
to induce oxidative stress as part of their cytotoxic mechanism—will be 
essential for positioning AuNPs within the broader therapeutic land
scape and evaluating their unique advantage in redox modulation [97].

The significant improvements in antioxidant markers and reductions 
in oxidative stress parameters observed in our study suggest that citrate- 
capped AuNPs exert a protective, rather than cytotoxic, effect in HepG2 
cells. Rather than inducing oxidative damage, the AuNPs appear to 
enhance the cellular redox balance. This is evident from the consistent 
upregulation of both enzymatic (SOD, CAT, GPx, GR, GST) and non- 
enzymatic (GSH, vitamin C, vitamin E) antioxidant defenses, all of 
which revealed statistically significant increases following treatment 
with 50 μg/mL AuNPs. For instance, SOD activity increased by 30.0 % (p 
= 0.0018), while GSH levels rose by 10.7 % (p = 0.0023), indicating an 
overall strengthening of the intracellular antioxidant network. Concur
rently, oxidative stress markers such as MDA, protein carbonyls, and 
intracellular ROS levels were markedly reduced by 30.3 %, 21.2 %, and 
38.3 %, respectively (all p < 0.001), indicating diminished lipid per
oxidation, protein oxidation, and ROS burden. These changes collec
tively suggest that the AuNPs mitigate oxidative damage, possibly by 
directly interacting with cellular redox systems or modulating signaling 
pathways that regulate antioxidant gene expression [98]. Our use of 
well-characterized citrate-capped AuNPs and physiologically relevant 
exposure concentrations may account for the observed protective ef
fects. The mechanisms underlying the antioxidant-promoting effects of 
AuNPs remain fully elucidated but may involve several plausible path
ways. Unlike pro-oxidant metal nanoparticles that catalyze Fenton-like 
reactions, citrate-capped AuNPs may act as redox buffers or interact 
favorably with antioxidant enzymes [99]. Previous studies [100,101] 
have shown that AuNPs can bind to redox-active proteins, though these 
interactions may differ based on surface coatings. Moreover, low-dose 
AuNP exposure has been reported to activate the Nrf2 pathway, a 
master regulator of antioxidant defense, potentially explaining the co
ordinated upregulation of enzymatic antioxidants observed here.

While our findings demonstrate that AuNPs treatment significantly 
enhances antioxidant enzyme activities and reduces oxidative stress 
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Fig. 7. Proposed mechanism of selective cytotoxicity induced by citrate-capped AuNPs in HepG2 cells. The schematic illustrates a multifaceted pathway 
where AuNPs preferentially accumulate in HepG2 cells, leading to paradoxical apoptotic signaling with TP53 upregulation, BCL-2 upregulation, and BAX down
regulation. Despite this, mitochondrial membrane potential is severely disrupted, indicating BCL-2-independent mitochondrial damage. Enhanced antioxidant de
fenses (green) are accompanied by significant reductions in oxidative stress markers (red), suggesting a non-oxidative mechanism of cytotoxicity. Apoptosis proceeds 
through intrinsic and extrinsic pathways involving caspase activation and AKT1 downregulation. The “Paradox Resolution” highlights that protective cellular re
sponses are insufficient to counterbalance the AuNPs-induced mitochondrial injury, leading to cancer-selective cell death. Green arrows denote upregulation; red 
arrows denote downregulation. Quantitative values are derived from experimental data. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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markers within 24 h, the long-term consequences of this redox reprog
ramming remain unclear [102]. It is possible that prolonged or repeated 
exposure could lead to adaptive resistance, compensatory exhaustion, or 
altered redox signaling dynamics over time. Future studies will be 
required to assess the durability and biological significance of these 
antioxidant responses under chronic conditions, which will be crucial 
for evaluating the therapeutic viability and safety of AuNPs-based in
terventions [103].

The pathway analysis in our study illustrates how various cellular 
responses integrate into a complex network of molecular interactions 
leading to cell death. Activating extrinsic and intrinsic apoptotic path
ways suggests multiple death-inducing stimuli converge to overcome 
potential resistance mechanisms. This dual pathway activation may 
explain the effectiveness of AuNPs against HepG2 cells, which are 
known for their resistance to conventional apoptotic stimuli through 
altered expression of death receptors and BCL-2 family proteins. Fulda 
and Vucic [104] highlighted this concept in their review of “apoptosis 
network convergence,” noting that simultaneous activation of multiple 
death pathways often overcomes resistance mechanisms that evolved 
against individual pathway activation—the selective toxicity toward 
cancer cells and the multi-pathway engagement present promising 
therapeutic implications. Conventional chemotherapeutics typically 
suffer from narrow therapeutic windows and significant toxicity toward 
normal tissues. Our observed differential cytotoxicity between HepG2 
and WI-38 cells suggests that AuNPs might offer improved selective 
targeting. This selectivity could be further enhanced through surface 
functionalization with cancer-specific targeting ligands, as Samadian 
et al. [105] demonstrated, who conjugated folic acid to AuNPs to 
improve their specificity toward folate receptor-overexpressing cancer 
cells.

While the current analysis focused on apoptosis-related genes, future 
studies should expand to examine the expression of additional onco
genes and tumor suppressor genes across a range of AuNP concentra
tions. This would help delineate broader regulatory effects and identify 
potential off-target molecular consequences. Moreover, although the 
present study demonstrates the selective cytotoxic potential of citrate- 
capped AuNPs in vitro, comprehensive in vivo investigations of phar
macokinetics and bioavailability are necessary to understand better 
systemic distribution, organ accumulation, clearance mechanisms, and 
possible off-target effects—critical considerations for clinical trans
lation. A key limitation of this study is the absence of combinatorial 
analyses with established chemotherapeutics or immunotherapies. 
Future work should explore whether citrate-capped AuNPs can poten
tiate the efficacy of agents such as 5-fluorouracil or oxaliplatin or 
modulate immune responses when combined with immunotherapies. 
Such studies may reveal synergistic interactions and offer new strategies 
to improve treatment outcomes in colorectal cancer and other malig
nancies. Another important limitation is the lack of investigation into 
potential immune responses triggered by AuNPs exposure. Although our 
in vitro model did not include immune cell types, it is well-documented 
that gold nanoparticles can influence immune signaling—either 
enhancing anti-tumor immunity or provoking inflammatory or hyper
sensitivity reactions. Thus, future in vivo studies using immunocompe
tent models are essential to characterize the immunomodulatory profile 
of citrate-capped AuNPs fully. Lastly, cytotoxicity assessments in this 
study were limited to a single cancer cell line (HepG2) and one normal 
cell line (WI-38). While these models provided valuable preliminary 
insights into selective cytotoxicity, responses may differ across cell 
types. Future studies should include a broader panel of cancerous and 
normal cells to establish the generalizability and specificity of AuNPs- 
induced cytotoxic effects, thereby strengthening the translational rele
vance of the findings.

Collectively, our findings reveal a complex yet coherent mechanism 
underlying the selective cytotoxicity of citrate-capped AuNPs in HepG2 
cells (Fig. 7). The markedly lower IC50 in HepG2 cells compared to WI- 
38 normal fibroblasts underscores a differential uptake or sensitivity, 

favoring cancer-selective action. Interestingly, AuNPs treatment trig
gered paradoxical apoptotic signaling characterized by TP53 upregula
tion alongside unexpected BCL-2 upregulation and BAX 
downregulation—suggesting a cellular attempt at survival that ulti
mately fails. Despite this anti-apoptotic expression profile, we observed 
a profound loss of mitochondrial membrane potential (82 % reduction), 
indicating that mitochondrial dysfunction bypasses BCL-2 regulatory 
control. Additionally, AuNPs significantly enhanced the antioxidant 
defense system—elevating SOD, CAT, GPx, GSH, and HO-1—while 
simultaneously reducing oxidative stress markers such as ROS, MDA, 
and protein carbonyls. This suggests that oxidative stress is not the 
primary cytotoxic mechanism. Rather, the observed apoptosis proceeds 
via a non-canonical pathway involving direct mitochondrial injury, 
AKT1 downregulation, and post-transcriptional caspase activation. The 
overall mechanism reflects a dynamic interplay where compensatory 
antioxidant and survival responses are overwhelmed by AuNPs-induced 
mitochondrial disruption, selectively inducing death in HepG2 cells.

5. Conclusion

In conclusion, this study reveals that citrate-capped AuNPs selec
tively induce cytotoxicity in HepG2 cells through oxidative stress and 
mitochondrial dysfunction, sparing normal fibroblasts at therapeutic 
concentrations. The complex mechanistic pathways include a significant 
increase in ROS and oxidative damage, which overwhelm the cancer 
cells’ antioxidant defenses, leading to irreversible cellular damage and 
apoptosis. Pathway analysis shows activation of both intrinsic and 
extrinsic apoptotic mechanisms, which may help reduce the likelihood 
of resistance compared to single-target therapies. The differential 
sensitivity between cancer and normal cells suggests a promising ther
apeutic potential for AuNPs, leveraging cancer cells’ unique metabolic 
profiles and altered apoptotic thresholds. However, further in vivo 
validation, optimization of AuNPs properties, and exploration of syn
ergistic treatments are necessary to realize the therapeutic potential of 
AuNPs fully. These findings contribute to the field of nanomedicine, 
offering a solid foundation for advancing AuNPs-based anti-cancer 
strategies for HCC treatment. While our in vitro findings demonstrate 
promising selective cytotoxicity and mechanistic insight into AuNPs- 
induced apoptosis, comprehensive in vivo studies addressing bio
distribution, systemic toxicity, and clearance are warranted to fully 
evaluate the translational potential of these nanoparticles for thera
peutic applications.
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