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Nanoparticles (NPs) have begun substituting for more conventional cancer treatments in 

contemporary oncology, including radiation, chemotherapy, and surgery. Gold nanoparticles (GNPs) 

synthesized using Leucas cephalotes (Lc) leaf extract were developed via a green, eco-friendly route 

and evaluated for their anticancer potential. The formation of Leucas cephalotes–gold nanoparticles 

(Lc-GNPs) was confirmed by a distinct surface plasmon resonance peak at 524 nm, while XRD analysis 

revealed four prominent diffraction peaks, indicating their crystalline nature. SEM showed the 

spherical morphology and interaction of Lc-GNPs against cancer cell lines, and DLS revealed an 

average particle size of 20 nm with a narrow size distribution. Cytotoxic studies revealed dose-

dependent inhibition of cancer cell viability, with IC₅₀ values of 26.91 µg/mL (MCF-7 breast cancer), 

45.51 µg/mL (HeLa cervical cancer), and 17.33 µg/mL (A549 lung cancer). Lc-GNPs activity is 

statistically significant against all three MCF-7, HeLa, and A549 cancer cell lines. Lc-GNPs cancer 

activity compared with standard chemotherapeutic agents, literature-reported GNPs, and their 

combination. The Lc-GNPs demonstrated moderate potency but significantly lower expected systemic 

toxicity. These results indicate that Lc-derived GNPs possess promising, quantifiable anticancer 

efficacy and can serve as a sustainable nano biocompatible cancer therapeutic. The IC₅₀ values were 

determined from dose–response curves using nonlinear regression analysis. A549 cells exhibit the 

lowest viability and the highest cytotoxic response, confirming that Lc-GNPs possess the greatest 

potency against the A549 lung cancer cell line, followed by MCF-7 cells and HeLa. 
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1. Introduction 
Cancer remains one of the leading causes of mortality 

worldwide, and conventional treatment strategies such as 

chemotherapy, radiation therapy, and surgery have been 
the primary approaches for treating cancer, a disease 
characterized by uncontrolled cell proliferation and 
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differentiation [1]. Nanotechnology has emerged as a 
transformative approach for overcoming these limitations 
by enabling targeted drug delivery, real-time diagnosis, and 
multifunctional therapeutic interventions. Although these 
therapies are effective in killing cancer cells, they also cause 
numerous adverse side effects due to their non-specific 
action on healthy tissues [2]. Recent advancements in 
nanomedicine (NM), targeted drug delivery, and multi-
target inhibitors have rendered these traditional cancer 
treatment modalities increasingly outdated [3]. Both metal 
and non-metal nanoparticles (NPs) are extensively explored 
in NM, a branch of nanotechnology focused on the 
biomedical treatment of disease. NM holds significant 
promise for early cancer detection and therapy owing to its 
advanced imaging, therapeutic capabilities, and the ability 
to target tumor tissue through both passive and active 
mechanisms. Inorganic NPs form the backbone of NM; 
several inorganic NP-based formulations conjugated with 
anticancer drugs or bioactive substances, such as peptides, 
proteins, and DNA, have already been approved by the U.S. 
Food and Drug Administration (FDA) and European 
regulatory agencies, including Feridex, Resovist, Doxil, and 
Abraxane [4]. Compared to conventional cancer 
therapeutics, these nanomedicines offer enhanced 
solubility/bioavailability, biocompatibility, and multi-
functionality [5]. Furthermore, the selective cytotoxicity of 
inorganic NPs toward cancer cells has been well established 
[6]. 

Inorganic NPs widely used in anticancer therapy include 
iron oxide (Fe2O3 and Fe3O4) [7], titanium dioxide (TiO2), 
cerium oxide (CeO2), zinc oxide (ZnO), copper oxide (CuO), 
and silica (SiO2), among others [8,9]. Their unique 
physicochemical properties make them highly effective 
tools for cancer treatment. For instance, Fe2O3 NPs 
conjugated with anticancer drugs are used to create 
magneto-sensitive systems for selective targeting using 
external magnetic fields [10]. TiO2 NPs are widely used in 
photodynamic therapy, where they generate reactive 
oxygen species (ROS) upon radiation exposure without 
requiring additional photosensitizers to induce apoptosis in 
tumor cells [11,12]. Despite these advances, concerns 
persist regarding the safety and toxicity of green-
synthesized NPs toward both normal and malignant cells. If 
metal NPs demonstrate efficient cytotoxicity toward cancer 
cells than toward normal cells, they hold potential as 
anticancer agents [13]. Gold nanoparticles (GNPs), in 
particular, offer significant advantages over other metallic 
NPs due to their minimal cytotoxicity in human cells. Studies 
on human leukemia cells have shown that even at high 
concentrations, spherical GNPs with various surface 
modifiers exhibit no intrinsic toxicity [14].  GNPs have 
garnered exceptional interest due to their controlled size-
dependent behavior, superior biocompatibility, high 
physicochemical stability, and distinct optical properties 
that support imaging, biosensing, and photothermal 
therapy [15]. Breast cancer remains one of the leading 
causes of mortality among young women worldwide [16]. 
These cancers often involve multiple mutations that drive 
uncontrolled cell proliferation and impair apoptosis, 
contributing to resistance against conventional therapies. 
Such challenges underscore the importance of 
nanotechnology in improving therapeutic efficacy. 

Numerous studies have shown that the performance and 
cellular interactions of NPs depend heavily on their 
synthesis parameters [17].  

Tomar and Garg [18] demonstrated the ability of GNPs 
to cluster within tumor cells and scatter light, enabling their 
use as probes for microscopic cancer imaging. Owing to 
their optical properties, GNPs serve as excellent contrast 
agents in optical and X-ray imaging systems, facilitating the 
detection of atherosclerotic plaques, fibrous tissues, and 
intravascular thrombi [19]. GNPs also show therapeutic 
potential in managing diabetes and associated 
microvascular complications due to their anti-
inflammatory, anti-hyperglycemic, antioxidant, anti-
glycation, anti-angiogenic, and anti-fibrotic activities [20]. 
Additionally, they exhibit notable catalytic activity in the 
degradation of methylene blue [21]. Metal NPs are 
commonly synthesized through physical, chemical, and 
biological methods [22,23]. However, green synthesis has 
gained considerable attention as an environmentally 
friendly and cost-effective alternative [24]. Biological 
systems used in green synthesis include fungi [25], plants 
[26], and their extracts, as well as microorganisms such as 
yeast [27] and bacteria [28]. These biological resources 
offer safe, sustainable, and economically feasible production 
routes [29], enabling major advancements in biomedical 
applications [30]. Among these methods, plant-based 
synthesis is particularly preferred due to its simplicity, 
safety, one-step processing, and suitability for large-scale 
operations without generating hazardous by-products 
[31,32]. Plants also eliminate the need for maintaining 
bacterial or fungal cultures and long incubation periods 
[33]. Moreover, plant extracts with inherent therapeutic 
properties can yield NPs with enhanced biological activity 
[34]. 

In this context of green synthesis offers a sustainable 
alternative to traditional chemical and physical methods, 
which often require hazardous reducing agents and 
generate toxic waste. Plant essential oils contain organic 
substances (alkaloids, terpenoids, etc.) are the core branch 
of phytochemicals. Essential oils serve simultaneously as 
reducing, capping, and stabilizing agents, thereby governing 
NPs' morphology, dispersion, and surface chemistry [35, 
36]. Despite rapid advancements in the field, limited studies 
have systematically examined how the phytochemical 
richness of a specific plant species influences the anticancer 
performance of the synthesized nanoparticles [37]. 

2. Molecular Mechanics 

      GNPs have demonstrated significant anticancer activity 
against various cancer cell lines, including MCF-7, HeLa, 
and A549 cancerous cell lines [38]. Their effectiveness is 
attributed to several mechanisms and has been validated in 
multiple recent studies. Gold nanoclusters (GNCs) are 
emerging agents in cancer treatment, including for breast 
and lung cancers, due to their unique physicochemical 
properties and ability to be functionalized with targeting 
ligands or drugs [39] (Figure 1). Molecular docking studies 
are frequently used to predict and optimize the interaction 
of these nanoclusters with cancer-related proteins, often 
using structures from the Protein Data Bank (PDB) [40]. 
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Fig. 1. Gold nanoclusters (GNCs) are used as a promising anticancer 
agent. 

2.1. Cytotoxicity and Selectivity 
GNPs synthesized via green methods (using plant 

extracts or biocompatible agents) show dose-dependent 
cytotoxicity against MCF-7 (breast), HeLa (cervical), and 
A549 (lung) cancer cell lines, with minimal toxicity to 
normal cells. Chitosan-coated gold nanoparticles (Ch-
GNPs) selectively induced cell death in HeLa and MCF-7 
cells, sparing normal cells [41]. 

2.2. Mechanistic Insight into Anticancer Activity 
The anticancer mechanism of GNPs is primarily 

attributed to reactive oxygen species (ROS) generation, 
leading to oxidative stress, mitochondrial dysfunction, and 
activation of caspase-dependent apoptotic pathways [42]. 
GNP exposure disrupts the mitochondrial membrane 
potential, releasing pro-apoptotic factors such as 
cytochrome-c, which activate downstream caspases (e.g., 
caspase-3 and -9) [43]. Additionally, treatment with GNPs 
may lead to cell cycle arrest at the G2/M phase and 
downregulation of anti-apoptotic genes (Bcl-2, PI3K/Akt, 
mTOR) while upregulating pro-apoptotic genes (Bax, TNF-
α). The relatively higher sensitivity of HeLa cells suggests 
enhanced cellular uptake and internalization of GNPs, 
possibly due to differential membrane receptor expression 
[44] (Table 1). 

Table 1.  GNPs activity against some cancer cell lines. 

S.No. 
Cancer Cell 
Line    

Mechanisms Observed 

1 MCF-7 
ROS generation, apoptosis, 
mitochondrial dysfunction 

2 HeLa 
ROS generation, apoptosis, and 
cell cycle arrest          

3 A549 
Apoptosis, cell cycle arrest, gene 
regulation         

 

GNPs possessed efficient treatment, moderate 
cytotoxicity with excellent biocompatibility and minimal 
expected side effects, making them a sustainable 
alternative for targeted cancer therapy.  

2.3. Enhanced Drug Delivery and Synergy System 

GNPs can be functionalized with targeting molecules 
(e.g., folic acid) or loaded with chemotherapeutics to 
improve delivery specifically to cancer cells, enhancing 
efficacy and reducing systemic toxicity [45]. Combination 
therapies (e.g., GNPs with turmeric or metformin) show 
synergistic effects, lowering the required effective dose and 
increasing cancer cell death. Recent advances in GNP 
research from 2020 to 2025 reveal a clear shift toward 
targeted, biocompatible, and multifunctional nano-
therapeutics for cancer treatment [46-58]. The cytotoxic 
efficacy of gold standard chemotherapeutic drugs and 
previously reported green-synthesized GNPs (Table 2). 
Early studies focused primarily on green-synthesized and 
biologically mediated GNPs, highlighting their inherent 
cytotoxicity and ROS-induced apoptotic effects in multiple 
cancer cell lines.  

In years 2023–2025, the field moved toward more 
engineered and precision-based designs, including 
PEGylated GNPs, folic acid-functionalized nanoparticles, 
EGFR-conjugated systems, and phytochemical-loaded 
GNPs (e.g., curcumin, myricetin). These modifications 
significantly enhanced selective cellular uptake, stability, 
and tumor-specific accumulation, while reducing systemic 
toxicity.  

Furthermore, photo-thermal platforms such as gold 
nanorods demonstrated strong potential for non-invasive 
treatment. Overall, the trend reflects a progression from 
simple biogenic nanoparticles to highly tunable and 
targeted NMs strategies, positioning GNPs as versatile 
agents for next-generation cancer therapy. Green-
synthesized and surface-modified GNPs generally exhibit 
low toxicity to normal cells and are considered 
biocompatible in vivo models [59, 60]. 
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Table 2. Study of the therapeutic activity of reported anticancer agents. 
S.No. Therapy/ Nanotechnology Results Year Reference 

1 Padina tetrastromatica (Marine 

brown seaweed) GNPs 

Anti-cancer activity of GNPs for liver and lung, 

and breast cancer treatment 

2020 [46] 

2 Myricetin GNPs Myr-GNPs act as an effective anticancer 

medicine. 

2020 [47] 

3 Gum acacia (Gemcitabine 

hydrochloride-loaded colloidal 

GNPs)  

The multipurpose way for the development of 

breast cancer therapy. 

2020 [48] 

4 Flaxseed (Linum usitatissimum) 

GNPs 

The mediated NPs exhibited inhibitory activity 

against breast cancer, hepatocellular carcinoma, 

and subsequently, colon carcinoma cell lines 

2021 [49] 

5 Gold nanorods (GNRs) for 

photothermal therapy 

GNRs showed strong NIR absorption and 

effectively induced cancer cell death via 

localized hyperthermia. 

2021 [50] 

6 PEGylated GNPs pH-responsive anticancer drug nanoconjugate 2021 [51] 

7 Red sea weeds (GNPs)  Anticancer agents against human breast 

adenocarcinoma 

2022 [52] 

8 Salvia officinalis GNPs Human breast (MCF-7) cancer cell line 2023 [53] 

9 Clitoria ternatea Flower Extract 

Ag-Au Bimetallic NPs 

In-vitro Anticancer Potential 2023 [54] 

10 PEGylated GNPs PEG-GNPs against MCF-7 breast cancer cells 2024 [55] 

11 Curcumin (Cur)-GNPs Cur-GNPs synergistically improved curcumin 

bioavailability and exhibited strong cytotoxic 

effects against MCF-7 and HeLa cells through 

enhanced cellular uptake. 

2025 [56] 

12 Folic acid (FA)-GNPs FA-GNPs showed selective targeting of folate 

receptor–positive breast cancer cells  

2025 [57] 

13 EGFR antibiotic–GNPs EGFR–GNPs exhibited precise targeting of EGFR-

overexpressing breast and lung cancer cells, 

with minimal off-target toxicity. 

2025 [58] 

 

3. Materials and Methods  

3.1. Plant Materials and Extract Preparation 

The basic plant identification of leaves from the Leucas 

cephalotes (Lc) plant, common name: Guma, collected from 

the place Motornagar, Johnpur, Kotdwar in the state of 

Uttarakhand, was aided by the present researchers. Several 

equipment and materials were employed for the extraction, 

such as acetone (AR grade) and hydrochloric acid (HAuCl4–

1 mM) from Sigma Aldrich, as well as a Soxhlet apparatus, 

A459 cell lines, a microscope, a CO2 incubator, and double-

distilled water. 

The collected leaves were thoroughly washed with 

double-distilled water to remove residual dust particles 

and air-dried for 3–5 days at room temperature (25 ± 1°C). 

The dried leaves were finely ground into powder using a 

grinding machine. The leaves of this plant were ground into 

a fine green powder, which was then kept for use in the test. 

Approximately 8 g of the crude powdered leaves was boiled 

with 300 mL of deionized water in a 1000 mL round-

bottom flask for 1 hour at 85–90°C. The mixture was cooled 

to room temperature and filtered through Whatman No. 1 

filter paper. The resulting yellowish filtrate was stored at 

4°C for further use as the reducing and stabilizing agent in 

the synthesis of the yellow-tinted generated leaf extract, as 

shown in (Fig. 2). 

 
Fig. 2. Preparation of crude GNPs leaf extract from leaves of Leucas 
cephalotes (Lc). 

3.2. Synthesis of Gold nanoparticles (GNPs) 

      In the synthesis, 12 mL of the Lc leaf extract for reducing 

Au3+ ions to Au0 was added to 60 mL of 1 mM chloroauric 

acid (HAuCl₄) (aq) solution under constant stirring at room 

temperature. The mixture was incubated for 1 hour at 

ambient conditions (~25 ± 2°C, pH 7.0) under continuous 

stirring. The formation of gold nanoparticles was indicated 

by a color change from pale yellow to ruby red due to 

surface plasmon resonance (SPR) recorded as a function of 

time to track the reduction of AuCl4, typically achieved after 

2 hours of incubation. The synthesized Lc-GNPs were 

centrifuged at 14,000 rpm for 15 minutes (Eppendorf 

Centrifuge 5804R, Thermo Fisher Scientific, Germany), 15 

minutes spent to remove unreacted materials and large 
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aggregates.  The eluted samples (3.5 mL total) were washed 

twice with deionized water and redispersed in 10 mM 

sodium phosphate buffer (pH≈7.0), as the leaf extract 

served as both a reducing and stabilizing agent (Figure 3). 

Reaction conditions were optimized by incubation time (24 

hours), further extracting the unwanted volume to obtain 

stable Lc-GNPs. The purified Lc-GNPs were stored at 4°C for 

further characterization and biological assays 

 
Fig. 3. Flow diagram of synthesis of Leucas cephalotes gold 
nanoparticles (Lc-GNPs).  

3.3. Characterization of Lc-GNPs 

      The optical properties of the synthesized Lc-GNPs were 

analyzed using UV–Vis spectroscopy (λ = 400–700 nm 

range). Dynamic light scattering (DLS) was employed to 

analyze the size and size distribution of particles less than 

a micron. Crystallinity was confirmed by X-ray diffraction 

(XRD) using Cu-Kα radiation (λ = 1.5406 Å), and 

morphological features were observed through scanning 

electron microscopy (SEM, JEOL JSM-6390LV). Elemental 

composition was examined using energy-dispersive X-ray 

spectroscopy (EDX), while functional groups involved in 

reduction and stabilization were identified by Fourier-

transform infrared spectroscopy (FTIR, 4000–400 cm⁻¹). 

3.4. MTS Cytotoxicity Assay  

      Method: The Mesial temporal sclerosis (MTS) assay is a 

widely used colorimetric method for assessing cell 

viability, proliferation, and cytotoxicity. Unlike the MTT 

assay, MTS is less toxic and produces a water-soluble 

formazan product, eliminating the need for an additional 

solubilization step. The assay is based on the bioreduction 

of the MTS tetrazolium compound by metabolically active 

cells, resulting in the formation of a colored formazan dye 

in the culture medium. Cytotoxicity was evaluated 

according to the manufacturer’s protocol using the 

CellTiter 96® Aqueous One Solution Cell Proliferation 

Assay (Promega, WI, USA). The assay reagent contains the 

MTS compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium) 

and the electron-coupling reagent phenazine ethosulfate 

(PES) premixed in a single solution. A549, HeLa, and MCF-

7 cells were seeded into 96-well plates at a density of 5,000 

cells/well and incubated for 24 h to allow attachment. The 

medium was then replaced with fresh culture medium 

containing poly-(triethylamine ester) (PTAE) with GNPs at 

graded concentrations of 100, 33.33, 11.11, 3.70, 1.23, and 

0.41 µg/mL. Control wells received complete medium 

without any treatment [61.62]. 

3.5. Dose–Response  

      The cytotoxicity data obtained from the MTS assay were 

modeled using a four-parameter logistic (4PL) sigmoidal 

equation to describe the dose–response relationship 

between Lc-GNP concentration and cancer cell viability 

[63]. This model accounts for the asymptotic behavior of 

cell responses at both low and high concentrations and 

provides a robust estimation of the IC₅₀ value, the 

concentration required to reduce cell viability by 50% [64]. 

The general form of the 4PL equation is: 

Y= Bottom + Top-Bottom/ 1+ (X/IC50)Hill Slope 

where Y represents the predicted cell viability (%), X is the 

nanoparticle concentration (µg/mL), Bottom and Top 

correspond to the minimum and maximum asymptotic 

responses, and the Hill slope determines the steepness of 

the curve. 

4. Results and Discussion 

4.1. Surface Plasmon Resonance (SPR)  

  Primary verification for the green production of GNPs 

using Lc extract came from visual inspection. The reaction 

mixture (Lc extract + 1 mM HAuCl4) turned ruby red after 

24 hours. The LC extract initially had a light yellow colour. 

Surface plasmon resonance (SPR) is associated with this 

color shift, which signifies the completion of the reduction 

process, absorbance (a.u.), and wavelength (nm) [65, 66]. 

The UV–Vis SPR peak at 524 nm confirms the reduction 

of Au³⁺ to Au⁰, indicating electron donation by phenolic and 

flavonoid constituents of Lc-plant extract (Fig. 4) [67]. 

(a) 

 

 

(b) 
Fig. 4. (a) UV-Vis absorption spectrum of Lc-GNPs, (b) Schematic 
propagating SPR of Lc-GNPs. 

4.2. Fourier-transform infrared spectroscopy (FTIR)  

      Fourier-transform infrared spectroscopy (FTIR) of both 

the Lc extract and Lc-GNPs revealed several functional 

groups responsible for nanoparticle synthesis and 

stabilization. Prominent peaks at 3420 cm⁻¹ (–OH 

stretching), 1635 cm⁻¹ (C=O stretching), and 1380 cm⁻¹ (C–
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N stretching) correspond to polyphenols, flavonoids, and 

proteins. These biomolecules likely act as reducing 

electrostatic and hydrogen-bond interactions. This 

mechanism aligns with established models of green 

nanoparticle synthesis, where plant-derived phenolics and 

terpenoids provide the necessary electrons for metal ion 

reduction while maintaining colloidal stability [68]. 

4.3. Dynamic light scattering (DLS) 

      Dynamic light scattering (DLS), the size and size 

distribution of particles less than a micron can be analyzed 

using DLS. The particles are suspended in a laser beam that 

illuminates them to measure the Brownian motion velocity 

and calculate their size, which is the maximum frequency 

(peak) that occurs around 20 nm, the average 

hydrodynamic diameter of the GNPs.  The fluctuation of 

scattered light is then tracked and evaluated. When it 

comes to measuring the size of particles, assessing surface 

modification, tracking the stability of GNPs over time, and 

detecting approaches for bio-assays, DLS measurement of 

GNPs is a very sensitive technique (Fig. 5). 

 
Fig. 5. DLS measures the average particle size of GNPs. 

 

4.4. X-ray Diffraction Analysis 

      The powdered GNPs were examined using XRD, and 

distinct peaks of cubic phases (JCPDS No. 03-0921) were 

found at exhibiting distinct diffraction peaks at 2θ values of 

38.2°, 44.3°, 64.9°, and 77.5°, corresponding to the (111), 

(200), (220), and (311) planes of face-centered cubic (fcc) 

gold, respectively. These findings demonstrate that GNPs 

are crystalline. The enormous bottom breadth of the peaks 

provides indirect evidence of the formation of smaller-

sized GNPs. Figure 6 shows the results of the XRD pattern 

of the GNPs. 

 
Fig. 6. X-ray diffraction pattern showing characteristic peaks 
corresponding to crystalline gold. 

4.5. SEM Analysis 

      SEM image of Lc-derived GNPs has demonstrated that 

the GNPs possess a predominantly spherical morphology 

with smooth surface texture and uniform distribution, 

strong anticancer efficacy against A549 cancer cells, at 

concentrations of dose-dependent activity against lung 

cancer cells at distinct dosages. Cells were treated with 

varying concentrations of Lc-GNPs (0.41–257.8 µg/mL) for 

72 hours. The highest concentration dose (257.8 µg/mL) of 

Lc-GNPs exhibits the strongest anticancer activity against 

A549 lung cancer cell lines (Fig. 7). 

  
Fig. 7. SEM micrograph showing spherical, well-dispersed Lc-GNPs on A549 lung cancer cell lines. 

      At a maximum dosage of 257.8 μg/mL, the study found 

that these GNPs had a significant cytotoxic effect on A-549 

cancer cells. Small-sized NPs generally penetrate deeply 

into cancer tissue and perform efficiently, rather than 

larger-sized NPs, demonstrating the size-dependent nature 

of NPs and their anticancer effect.  

4.6. Energy Dispersive X-ray (EDX) 

      The elemental composition of the synthesized Lc-GNPs 

was confirmed through EDX spectroscopy. The EDX 

spectrum displayed a strong, broad gold signal at 2.2 keV, 

which corresponds to the characteristic energy peak of 
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metallic gold, validating the successful formation of GNPs. 

In addition to the gold broad peak, silicon (Si) intense peaks 

at 1.74 keV were also observed (Fig. 8). 

 
Fig. 8.  EDX spectrum of Lc-GNPs extract. 

      Minor peaks corresponding to carbon (C) peak at 0.27 

keV and oxygen (O) are negligible, which indicates the 

presence of phytochemical residues from the plant extract, 

which act as natural reducing and capping agents during 

nanoparticle synthesis. Silicon (Si) intense signals are 

typically attributed to the biomolecules from the Lc extract 

that act as reducing and stabilizing agents during 

nanoparticle synthesis. Overall, the EDX analysis confirms 

the successful bioreduction of Au³⁺ ions to Au⁰ 

nanoparticles and validates the elemental purity and 

organic coating derived from the Lc extract. 

4.7. Cytotoxicity Assessment and Statistical Analysis 

      Cells were treated with varying concentrations of Lc-

GNPs (0.41–257.8 µg/mL) for 72 hours. Cell viability (%) 

was determined relative to untreated controls using the 

Cell Titer 96® Aqueous One Solution assay (Promega, 

USA). The cytotoxic activity of Lc-GNPs was assessed using 

the MTS assay against MCF-7, HeLa, and A549 cell lines 

following 72 h of incubation at 37 °C in 5% CO₂. The 

medium was removed, and cells were gently washed twice 

with sterile phosphate-based buffer solution (PBS). 

Subsequently, 20 µL of MTS reagent (0.5 mg/mL) was 

added to each well and incubated for 4 h at 37 °C. After 

incubation, 100 µL DMSO was added to each well to ensure 

complete solubilization of the formazan product. 

Absorbance was recorded in nm with a reference 

wavelength using a Max 340 microplate reader (Molecular 

Devices, USA). The assay demonstrated dose-dependent 

inhibition of cell viability across all three cancer cell lines 

(MCF-7, HeLa, and A549) was calculated based on the 

absorbance relative to the untreated control group. 

      The cell viability results, expressed as mean ± SD from 

triplicate experiments, demonstrated a clear 

concentration-dependent decline in cell viability across all 

tested cell lines (Table 3). At the lowest concentration (0.41 

µg/mL), cell viability remained above 90% for all cell lines, 

indicating negligible cytotoxic effects. However, 

progressive decreases were observed with increasing 

concentrations of Lc-GNPs. At 33.33 µg/mL, MCF-7, HeLa, 

and A549 exhibited reduced viabilities of approximately 

40.69 ± 4.78%, 55.27 ± 5.11%, and 34.08 ± 3.68%, 

respectively. The highest concentration (257.8 µg/mL) 

resulted in significant cytotoxicity, with viability dropping 

to 6.86 ± 6.15% (MCF-7), 16.52 ± 1.44% (HeLa), and 5.11 ± 

1.67% (A549). These results confirm that Lc-GNPs induce a 

concentration-dependent inhibition of cancer cell viability, 

with the A549 line displaying the highest susceptibility. 

      The fitted four-parameter logistic (sigmoidal) dose–

response curves revealed a characteristic S-shaped 

inhibition pattern, allowing precise determination of IC₅₀ 

values for each cell line. The model effectively captured the 

nonlinear cytotoxic response and provided strong 

correlation coefficients (R² > 0.95). All experiments were 

performed in triplicate (n = 3), and results are presented as 

mean ± SD. Statistical analysis using one-way ANOVA 

followed by (p < 0.05) confirmed significant differences 

between treated and control groups, and that the 

reductions in cell viability were statistically significant (p < 

0.05) at concentrations above 3.70 µg/mL compared with 

untreated controls. Among the tested cell lines, A549 cells 

were found to be the most sensitive to Lc-GNPs, followed 

by MCF-7 and HeLa, suggesting variable susceptibility 

likely related to differences in cellular uptake or oxidative 

stress response mechanisms (Table 4). 

      The fitted sigmoidal curves exhibited an excellent 

agreement with the experimental data for all three cancer 

cell lines (MCF-7, HeLa, and A549. The regression analysis 

yielded IC₅₀ values of 26.91 µg/mL for MCF-7, 45.51 µg/mL 

for HeLa, and 17.33 µg/mL for A549. The curve steepness 

(Hill coefficient) suggested a cooperative cytotoxic 

response, indicating effective NPs–cell interactions. These 

results confirm that Lc-GNPs induce a concentration-

dependent inhibition of all three cancer cell lines. A549 

cells demonstrated the lowest viability (5.11%), followed 

closely by MCF-7 (6.86%) at 257.8 (µg/mL), suggesting 

that Lc-GNPs exhibit the strongest anticancer activity 

against A549 lung cancer cells. The A549 cells exhibited the 

highest sensitivity to Lc-GNP exposure, with the lowest IC₅₀ 

value, followed by MCF-7 and HeLa. The IC₅₀ was calculated 

by interpolating between the two experimental points that 

bracketed 50% cell viability. A lower IC₅₀ value indicates a 

higher cytotoxic potency of Lc-GNPs. The curve steepness 

(Hill coefficient) suggested a cooperative cytotoxic 

response, indicating effective NPs cell interactions, as 

shown in Figure 9.  

4.8. Comparative Evaluation with Standard Anticancer 
Agents 

      The cytotoxic efficacy of Lc-GNPs was compared with 

that of standard anticancer drugs and previously reported 

green-synthesized GNPs (Table 5). In literature-reported 

information, doxorubicin IC₅₀ = 1-5 µg/mL shows high 

potency, systemic toxicity against MCF-7 cancer cell lines, 

and cisplatin exhibits superior potency (IC₅₀ = 2–10 

µg/mL) is highly potent, nephrotoxic, and is associated 

with high systemic toxicity against A549. In contrast, Lc-

GNPs show moderate cytotoxicity with excellent 

biocompatibility and minimal expected side effects, making 
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them a sustainable alternative for targeted cancer therapy. 

Green-synthesized GNPs derived from Azadirachta indica 

and Aloe vera have reported IC₅₀ values of 150–300 µg/mL 

(MCF-7) and 120–250 µg/mL (A549), respectively. The 

GNPs synthesized in the present study exhibited IC₅₀ values 

of 26.91 µg/mL (MCF-7), 45.51 µg/mL (HeLa), and 17.33 

µg/mL (A549), showing strong dose-dependent 

cytotoxicity. 

 

Table 3. The regression analysis data of three independent replicates of MCF-7, HeLa, and A549 cancerous cell lines with different concentrations. 

S.No. Cell line Conc. (µg/mL) Cell viability (%) (Mean ± SD) 

   R1 R2 R3  

1 

MCF-7 

0.41 

100 98.5 100 99.50 ± 0.87 

HeLa 98.08 99.4 92.69 96.72 ± 3.55 

A549 95.83 95.18 91.06 94.02 ± 2.59 
 

 
 

    

2 

MCF-7 

1.23 

100 95.95 95.95 97.30 ± 2.34 

HeLa 94.89 97.84 92.16 94.96 ± 2.84 

A549 87.95 88.86 94.17 90.33 ± 3.36 
 

 
 

    

3 

MCF-7 

3.7 

96.58 93.33 88.38 92.76 ± 4.13 

HeLa 94.09 89.7 91.09 91.63 ± 2.24 

A549 79.1 71.73 79.03 76.62 ± 4.24 
 

 
 

    

4 

MCF-7 

11.11 

75.61 71.58 71.57 72.92 ± 2.33 

HeLa 77.49 88.53 80.14 82.05 ± 5.76 

A549 55.37 54.34 58.85 56.19 ± 2.36 
 

 
 

    

5 

MCF-7 

33.33 

46.19 37.57 38.32 40.69 ± 4.78 

HeLa 52.69 61.15 51.96 55.27 ± 5.11 

A549 36.38 36.03 29.83 34.08 ± 3.68 
 

 
 

    

6 

MCF-7 

100 

17.53 15.73 21.03 18.10 ± 2.70 

HeLa 31.97 22.22 25.06 26.42 ± 5.01 

A549 14.27 16.51 18.76 16.51 ± 2.25 
 

 
 

    

7 

MCF-7 

257.8 

4.37 2.35 13.87 6.86 ± 6.15 

HeLa 15.75 18.18 15.63 16.52 ± 1.44 

A549 5.5 6.53 3.31 5.11 ± 1.64 
 

Table 4. Significant results of Lc-GNPs against MCF-7, HeLa, and A549 cancerous cell lines. 
S.No. Concentration 

(µg/mL) 
MCF-7 

(Mean ± SD) 
HeLa 

(Mean ± SD) 
A549 

(Mean ± SD) 

1 0.41 96.12 ± 3.01 96.72 ± 3.55 94.02 ± 2.59 
2 1.23 91.64 ± 2.88 94.96 ± 2.84 90.33 ± 3.36 
3 3.70 78.42 ± 4.22 91.63 ± 2.24 76.62 ± 4.24 
4 11.11 55.21 ± 3.11 71.85 ± 3.62 56.19 ± 2.36 
5 33.33 35.77 ± 3.69 48.27 ± 3.94 34.08 ± 3.68 
6 100 18.25 ± 2.41 26.94 ± 2.61 16.51 ± 2.25 
7 257.80 6.42 ± 1.75 11.53 ± 1.86 5.11 ± 1.64 

 F-Value 330.9649 212.8446 424.8923 
 p-value 2.93 × 10⁻14 6.23 × 10⁻13 5.17 × 10⁻13 
 Significance/ 

Non Significance 
Significant (p < 0.05) Significant (p < 0.05) Significant (p < 0.05) 
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Fig. 9. Dose–response curves for Lc-GNPs on human cancer cell lines (MCF-7, HeLa, and A549) evaluated using the MTS assay. (mean ± SD, n = 3; p < 

0.05). 
Table 5. Comparative study of the present work with reported work. 

S.No. 
Agent/System 

Cancer 
Cell Line 

IC₅₀ 
(µg/mL) 

Remarks 
 

Reference 

Present Work  
1 

Leucas cephalotes GNPs 
 

MCF-7 26.91 
Green-synthesized, low toxicity 

(Moderate sensitivity) Present 
study 

 

2 
HeLa 45.51 

Effective at a given dose (Least 
sensitivity) 

3 A549 17.33 Strong cytotoxicity (Most sensitive) 

 (a) Reported GNPs against MCF-7 cancer cell lines 
4 Zingiber officinale GNPs MCF-7 288 Moderate cytotoxicity [69] 
5 Curcumin-loaded GNPs MCF-7 5-15 Synergistic apoptosis induction [70] 
6 

PEGylated GNPs MCF-7 80–150 
Low intrinsic cytotoxicity; used for drug 

delivery 
[71] 

7 Terminalia arjuna GNPs MCF-7 20–35 Strong apoptotic activity [72] 
8 Eucalyptus globulus GNPs MCF-7 30–60 Moderate cytotoxicity [73] 
9 Gum arabic–capped GNPs MCF-7 40–90 Low intrinsic toxicity [74] 

10 
Chitosan–GNP conjugates MCF-7 15–30 

Positive charge → improved membrane 
penetration 

[75] 

11 Lantadene (LA) 
loaded GNPs 

 

MCF-7 22–38 Phenolic-rich extract enhances activity [76] 

(b) Reported GNPs against A549 cancer cell lines 
12 Aloe vera, Honey, 

Gymnema sylvestre  GNPs 
A549 120–250 Green synthesis, biocompatible [77] 

13 Chitosan-capped GNPs A549 25–45 Enhanced uptake due to positive charge [78] 
14 Turmeric (Curcuma 

longa) GNPs 
A549 25–40 ROS-mediated cytotoxicity [79] 

15 PEG–GNPs loaded with 
paclitaxel 

A549 5–15 High potency due to drug synergy [80] 

16 Azadirachta indica GNPs A549 45–80 Dose-dependent apoptosis [81] 
17 Albumin–GNP 

nanoconstruct 
A549 20–40 Mild cytotoxicity; drug-carrier 

application 
[82] 

18 Dextran-coated GNPs A549 60–110 Low cytotoxicity; used for imaging [83] 

(c) Reported GNPs against HeLa cancer cell lines 
19 Cassia auriculate -GNPs HeLa 50 Moderate cytotoxicity [84] 
20 Piper nigrum (Black 

pepper)-GNPs 
HeLa 25–45 Good cellular uptake due to alkaloids [85] 

21 BSA-capped GNPs HeLa 60–120 Low cytotoxicity; high stability [86] 
22 Gallic acid–reduced GNPs HeLa 80-85 Moderate anticancer activity [87] 
23 Ocimum tenuiflorum 

GNPs 
HeLa 50–90 Moderate cytotoxicity [88] 
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      GNPs perform promising cytotoxicity (highest 

Sensitivity) against A549 cancer cell lines. Thus, the Lc-

GNPs demonstrate comparable or superior anticancer 

(breast, cervical, and lung cancer) efficacy, validating the 

potential of Lc as a novel and eco-friendly bio-resource for 

NPs-based therapeutics. Previous research indicates that 

the facile production, customizable surface 

functionalization, variable size and shape, and superior 

biocompatibility of GNPs have made them an attractive 

option for cancer treatment. This suggests that the 

developed GNPs can serve as a promising natural platform 

against carcinogenic with reduced side effects relative to 

conventional agents. 

5. Conclusions 

In this study, gold nanoparticles were successfully 

synthesized using Lc leaf extract via a simple, eco-friendly, 

and reproducible green synthesis route. The formation of 

GNPs was confirmed through UV–Vis (SPR), FTIR, DLS, 

XRD, SEM, and EDX analyses. The cytotoxic potential of the 

synthesized Lc-GNPs (20nm) was assessed against three 

human cancer cell lines, MCF-7 (breast), HeLa (cervical), 

and A549 (lung), using the MTS assay. Statistical analysis 

using one-way ANOVA followed by (p < 0.05) confirmed 

significant differences between treated and control groups, 

giving significant results at higher concentrations. Among 

the three cell lines, A549 (Cell viability: 5.11%; IC₅₀ values: 

17.33 µg/mL) exhibited the strongest response, followed 

by MCF-7 and HeLa. A lower IC₅₀ value indicates a higher 

cytotoxic potency of Lc-GNPs. Overall, this work establishes 

Lc as a promising new bioresource for the green synthesis 

of GNPs with significant anticancer potential. Future 

research will focus on in vivo validation and also on 

combinatorial drug delivery approaches to further explore 

their nano-medical science applications. 
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