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	Abstract
Green chemistry offers sustainable approaches to nanoparticle synthesis by avoiding toxic reagents and utilizing plant-derived bioactive compounds. Rosmarinus officinalis leaves, rich in flavonoids, tannins, alkaloids, and phenolics, were employed to synthesize gold nanoparticles (RO-AuNPs) within 10 minutes at room temperature. The nanoparticles were characterized by UV–Vis, FESEM, XRD, and EDX analyses. RO-AuNPs were predominantly spherical, monodisperse, and measured 16–57 nm in size. EDX confirmed gold as the major element, while XRD revealed a face-centred cubic structure. RO-AuNPs displayed antimicrobial activity against Enterococcus faecalis, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans, with MIC values of 128, 64, 128, 64, and 256 µg/mL, respectively. The crude extract showed no such activity. Cytotoxicity assays on A549 lung cancer cells yielded IC₅₀ values of 33.60 and 23.12 µg/mL at 24 and 48 h, respectively. Apoptotic induction was confirmed by AO/PI staining and upregulation of Cytochrome C, indicating activation of the intrinsic mitochondrial apoptotic pathway. Additionally, significant downregulation of IL-6 expression suggested anti-inflammatory activity with potential implications for tumor microenvironment modulation. Collectively, these findings demonstrate that R. officinalis-mediated gold nanoparticles possess multifunctional bioactivities and represent a promising, eco-friendly platform for future antimicrobial and anticancer applications.
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Introduction
Nanotechnology has been extensively studied and applied in various scientific sectors, including physical, agricultural, chemical, and biomedical (Shanget al., 2019; Ma et al., 2024;Sharmaet al., 2021; Gonget al., 2021). Since nanotechnology has been around for a while, many different kinds of nanostructures have been created and are now used in a variety of fields and industries. Metal and metal oxide nanoparticles, carbon-based nanomaterials, silicon-based nanomaterials, ceramic nanoparticles, and polymeric nanoparticles are a few examples of nanomaterials. These materials have found applications in diverse fields such as medicine, electronics, photonics, food science, cosmetics, agriculture, textiles, and space technologies (Schaming & Remita, 2015; Sajid, 2022; Yaqoob et al., 2020; Kamyshny&Magdassi, 2019; Levchenkoet al., 2018).
To date, various synthetic approaches have been employed by researchers to synthesize nanomaterials, encompassing chemical, physical and biological methods. The physical and chemical methods are environmentally or biologically incompatible, economically unsound, and inefficient in production. Compared to the physical or chemical methods, a green synthetic approach has been widely accepted for synthesizing nanomaterials on a large scale. This method utilizes plants, plant products, or extracts for synthesizing nanomaterials. Green mediated synthetic approach is relatively eco-friendly, less time-consuming, highly productive, and economically justified (Sofi et al., 2022). 
A great diversity of metal nanomaterials have been synthesized and explored. Among these, noble metals have also been widely and significantly explored for biomedical applications owing to their inert and biocompatible nature (Choiet al., 2021; Azharuddin et al., 2019).Gold nanomaterials are considered highly biocompatible due to their unique features, including excellent optoelectronic properties, high surface-to-volume ratio, diverse morphologies, and chemical inertness. These attributes make them widely applicable in various biomedical fields. They are being employed in biosensing, different imaging technologies (X-ray, Thermo/photoacoustic, microscopic optical imaging), antimicrobial agents, anticancer applications, biosensors, biomedical device coatings, gene manipulation and delivery, drug delivery, treatment and diagnostics of various diseases, and the development of gold stains (Singh et al., 2018; Siddique& Chow, 2020); Botteon et al., 2021).
Hence their formation and consumption have increased many folds over the last few decades, though their uses date back to ancient times. So far, ample literature is available about the synthesis of gold nanomaterials from extracts of plants incluing Capsicum annum, Populus alba and Acorus calamus (Patil et al., 2023; Guliani et al., 2021; Peng, et al., 2024). Plants, being complicated bio machines, have a diversity of natural phytochemicals, which include flavonoids, terpenoids, anthocyanins, carotenoids, alkaloids, phenolic acids, proteins, vitamins, hormones, and other biomolecules which have efficient capabilities of reducing gold ions to form metal nanoaggregates and their subsequent. This spares the need to add conventional harmful chemicals as stabilizers or surfactants (Hassanisaadiet al., 2021; Castillo-Henríquez et al., 2020). Gold nanoparticles synthesized using phytochemicals have demonstrated the ability to damage microbial cell membranes, induce oxidative stress in cancer cells, and modulate inflammatory signaling pathways. These effects are often enhanced by the bioactive molecules from the plant extracts used in synthesis (Bharadwaj et al., 2021; Morsyet al., 2025).
Rosmarinus officinalis, belonging to the Lamiaceae family, originates from Europe, Africa, and Central Asia, but is now grown globally because of its wide range of applications (Sofiet al., 2022). Its aromatic leaves are widely used to enhance the flavor of food and beverages, and are also brewed in herbal teas (Salamatullahet al., 2021). Traditionally, R. officinalis has been used in combination with other medicinal plants to treat a variety of ailments, enhancing the efficacy of therapeutic regimens (Rahbardar & Hosseinzadeh (2020).Some of the reported medicinal uses of R. officinalis, alone or in combination with other medicinal formulations, include the treatment of nervous system-related disorders (such as insomnia, anxiety, depression, impaired cognition, and Alzheimer's disease), gastrointestinal disorders (such as acid reflux, stomach pain, dyspepsia, nausea, vomiting, flatulence, and infant colics), headaches, migraine, hair loss, antihyperlipidemic, antihyperglycemic, bronchitis, and wound healing. Additionally, R. officinalis is recognized for its wide-ranging bioactivities, including anticancer, antiviral, antimicrobial, anti-inflammatory, and antioxidant properties, especially when processed through various solvent extractions or formulated into nanocomposites (Theyyathel et al., 2025; Halahlah et al., 2021).
Although numerous studies have reported plant-mediated synthesis of gold nanoparticles, limited investigations have focused on R. officinalis-derived gold nanoparticles with combined antimicrobial and anticancer evaluation supported by mechanistic insights. While R. officinalis is known for its antioxidant, anti-inflammatory, and anticancer properties, the enhancement of these bioactivities through nanoparticle fabrication remains insufficiently explored. The present study addresses this gap by synthesizing gold nanoparticles using R. officinalis leaf extract and evaluating their antimicrobial efficacy, cytotoxic potential against lung cancer cells, and underlying molecular mechanisms involving apoptosis and inflammatory modulation.
Materials and Methods
Chemicals: The FBS, along with the antibiotic–antimycotic solution, was supplied by Sigma Aldrich (USA.), while DMEM and MTT were obtained from Gibco (USA).) and SRL Chemicals (India), respectively. 96 well plate, laboratory culture wares and disposables were purchased from Tarsons (India). 

Collection and processing of plant material: The Rosmarinus officinalis leaves (Fig. 1(a, b)were collected from Daksum Anantnag Kashmir, India (alt. 2425 meters approx. above sea level). The plant specimen was taxonomically identified and deposited at University of Kashmir herbarium. The fresh leaves were washed well under running water to get rid of any dirt on the surface. They were then left to dry in the shade for ten days under hygienic conditions to prevent the growth of mold or other contaminants. The dried leaves were finely powdered with the aid of an electrical grinder.

Preparation of leaf extract: 10 grams of finely ground powder was combined with 100 mL deionized water in a flask. The mixture was stirred slowly while being boiled for 10 minutes. The extracts were obtained by filtering the mixture via Whatman No.1 filter paper and were refrigerated until used.

Synthesis of Rosmarinus officinalis gold nanoparticles: RO- AuNPs (Rosmarinus officinalis gold nanoparticles) were synthesized by adding 3mL plant extract to 97 mL of 1 mM auric chloride (purchased from Loba cheme Pvt. Ltd., Mumbai) in a flask at room temperature, and after 10 minutes of gentle stirring, the color of the mixture turned to ruby red as shown in Fig.2.
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Fig. 1. (a) Rosmarinus officinalis Plant; (b) illustrates the collection site at Daksum Kokernag, Kashmir, India, (75°26′6″ E, 33°36′43″ N ; alt. ~2425 m). Voucher specimen: 2833-(KASH).
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Rosmarinus officinalis Leaf extract                      Auric chloride                                                      RO-AuNPs
Fig. 2. Schematic representation of the formation of ruby-red colored R. officinalis gold nanoparticles.

Characterization: The nanoparticles were characterized by employing the usual characterization techniques like UV-visible spectroscopy, X-ray diffraction, FESEM, and EDX. A UV-Vis spectroscopic analysis was performed by using a spectrophotometer at a lambda ranging from 300–700 nm. The sample was subjected to X-ray diffraction (XRD) analysis using X8 Kappa APEX II (Bruker) diffractometer. Further analytical information about particle size range and morphology was retrieved from FESEM (Hitachi S4800) and percentage elemental composition from energy dispersive X-ray (EDX) imaging.

Antimicrobial Assay: The antimicrobial activity was evaluated against five pathogens: E. faecalis ATCC 29212 and S. aureus ATCC 25923(Gram-positive), P. aeruginosa ATCC 15442 and E. coli ATCC 11229(Gram-negative), and C. albicans ATCC 10231 (fungus. The test pathogens (104–106 CFU/mL) were swabbed by using cotton swabs onto the Mueller Hinton Agar medium to obtain the uniform growth of microbial cells. The agar medium in Petri plates was perforated with 6 mm diameter holes using a cork borer. Thereafter, the wells were filled with varying micro volumes (25, 50, 75, and 100 uL) of RO-AuNPs taken from freshly prepared 1 mg/mL stock solution. Ampilox (for gram-positive), Ciprofloxacin (gram-negative), and Fluconazole (fungus) were used as positive controls in the experiment. The negative control used in the experiment was DMSO. After 24 h of incubation at 37oC, measurement of zones of inhibition was done. The MIC of RO-AuNPs against selected pathogens was calculated by using the broth dilution technique (Sofiet al., 2022; Gabrielson et al., 2002).
Cytotoxic assay: A549 cells acquired from NCCS (Pune, India) were maintained in DMEM supplemented with 10% FBS) at 37°C in a humidified 5% CO₂. For cytotoxicity evaluation, approximately 6,000 cells per well were seeded into 96-well plates and incubated for 24 hs to enable cell attachment. The culture medium was substituted with DMEM enriched with 3% FBS, and cells were then subjected to varying concentrations of RO- AuNPs (10–60 µg/mL) for durations of 24 and 48 h. Later on,10µl of MTT dye from the stock solution of (5mg/mL) was supplemented into each well and then again incubated for 4 h at 37ºC.The cells treated with no extract were set as control. After the experiment, the media and MTT reagent were removed, and 100µL of DMSO was added to each well and were gently shaken. Finally, OD was measured at 590 nm to assess the cytotoxic impact compared to untreated control (Sofi et al., 2025).

Cell viability % = (Absorbance of treated cells / Absorbance of control cells) x 100
AO/PI Dual staining: To detect apoptotic and necrotic changes, A549 cancer cells were incubated with RO-AuNPs for 24 h, followed by PBS washing. Cells were then stained with equal volumes (5 μL each) of AO and PI solutions (100 μg/mL). AO penetrates all cells and fluoresces green in live cells, while PI enters only compromised membranes, binding to DNA and fluorescing red. This technique distinguishes between viable, apoptotic, and necrotic cells under a fluorescence microscope (Jaisankaret al., 2022).
Isolation of Total RNA: RNA extraction was performed under strict RNase-free conditions using Tri Reagent (GeNei, India), adapting the Chomczynski &Sacchi, 1987)protocol. Initial cell lysis was followed by a 5-minute incubation to ensure nucleoprotein complex dissociation. For phase separation, 200 μL chloroform was vigorously mixed into the lysate, followed by centrifugation (12,000 rcf, 15 minutes, 4°C). The clear upper aqueous phase, containing RNA, was carefully aspirated to avoid interphase contamination. The RNA-containing aqueous phase was carefully aspirated to avoid interphase contamination. RNA precipitation was performed by adding 250 μL isopropanol, followed by incubation for 15 minutes and centrifugation at 12,000 rcf for 15 minutes at 4°C. Afterward, the pellet underwent two washes with 75% ethanol, was left to air-dry completely, and was then dissolved in 40 μL of DEPC-treated water. Incubation at 55°C for 20 minutes ensured complete RNA dissolution. Post-incubation, the RNA solution was briefly placed on ice to cool and was stored at –80°C.

Synthesis of cDNA and real-time PCR: Synthesis of complementary DNA (cDNA) was performed using 0.5–1.0 μg of RNA and the GeNei cDNA Conversion Kit. The RNA was primed with random hexamers and incubated at 72°C for 10 minutes, then immediately cooled on ice. Reverse transcription was conducted using M-MLV reverse transcriptase in the presence of dNTPs and RT buffer in a 50 μL reaction volume. The resulting cDNA was then used for quantitative PCR using SYBR Green dye for gene expression analysis. The following primer sequences were used:
Cytochromegene
· Forward: GTGGCTAGTGGCTACTGTATTG

· Reverse: TCCCAAAGTGCTGGGATTA

IL-6 (amplicon length: 151 bp)
· Forward: CCCAGGAGAAGATTCCAAAGAT

· Reverse: GCTGCTTTCACACATGTTACTC

β-actin (reference gene)
· Forward: AGTTGCGTTACACCCTTTCTT

· Reverse: CACCTTCACCGTTCCAGTTT

Statistical analysis 
All values are reported as mean ± SD obtained from three separate experiments. Statistical evaluation between the groups was carried out through two-way ANOVA, complemented by Tukey’s post hoc multiple comparison test.
Results and Discussion
The characteristic properties of the RO-AuNPs viz., spectroscopic, crystalline, surface imaging, and size were retrieved from sophisticated modern equipment and techniques. Further synthesized gold nanoparticles were evaluated for antimicrobial and cytotoxic activity on A549 lung cancer cell line

UV-Vis spectroscopy: The initial clue about the synthesis of RO-AuNPs was a transition in the color from pale yellow to ruby red, as shown in (Fig. 2), which prompted us to further analysis. The sample was subjected to UV-Vis spectroscopic analysis and a sharp peak of absorption at 540 nm was recorded as shown in Fig. 3, which is well consistent with standard AuNP absorption peak. Pertinently here, in this case, reduction and subsequent stabilization of Au III ions to Au metal/nanoparticles occur with the help of bioactive molecules present in the plant extract. Plants are complicated biological ensembles of innumerable biomolecules that assist in the reduction, stability, and functionality of nanoparticles during nano synthesis. The fact is that the phytochemicals present in R. officinalis, including flavonoids, terpenoids, alkaloids, anthocyanins, phenolic acids, proteins, and vitamins, are reported to be causative agents for bio-reduction and subsequently stabilize the nanoarchitectures. The green synthetic plant-mediated method for the formation of nanomaterials surpasses the chemical methods which involve the use of biologically and environmentally incompatible conventional chemical reducing agents (sodium borohydride, sodium formaldehyde, formamide, p-aminobenzoic acid, p-aminosalicylic acid) and chemical stabilizers like polyvinyl alcohol (PVA), polyethyleneimine (PEI), glycol chitosan (GC) (Sofi et al., 2022; Ali et al., 2021).
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Fig. 3. UV-Vis spectrophotometer graph of RO-AuNPs.
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Fig. 4. XRD graph of RO-AuNPs depicting five diffraction peaks.

XRD analysis: Characterization of the crystalline structure of the nanoparticles was performed using XRD analysis at room temperature, employing Cu Kα radiation (λ ≈ 1.5406 Å) within a 2θ range of 0°–90°. The diffraction profile, presented in Fig. 4, displayed peaks at 38.5°, 44.64°, 64.82°, 77.63°, and 81.68°, which correspond to the 111, 200, 220, 311, and 222 lattice planes. This analytical data is well agreeable with the fcc crystalline structure by consulting the JCPDS data. Further, the mean crystal size of synthesized NPs was obtained as 42 nm by employing the Debye-Scherer equation: D = kλ/βcosθ.

Field emission scanning electron microscopic analysis (FESEM): A Scanning electron microscope focuses electron beams on the surface of the sample and detects the scattered and released electron waves back from the surface to provide information about the surface topography and particle diameter. It is high-resolution and a powerful analytical technique. From FESEM analysis, we found AuNPs size in the range of 16-57 nm using ImageJ software and were predominantly spherical (Fig. 5). EDAX analysis further revealed the % elemental composition present in the sample as shown in (Fig. 6). A sharp and strong peak of gold was observed together with the small peaks of other elements (C, O, Al, and Si), indicating the accumulation of gold atoms into nanostructures.

Antimicrobial activity of RO-AuNPs: Plant-mediated production of gold nanoparticles (AuNPs) has gained popularity in recent years owing to their antibacterial capabilities. AuNPs are effective antibacterials because of their unique qualities, like a high surface-to-volume ratio, tunable size, diversified composition morphologies, and effective interaction or adherence to microbial bio membranes. AuNPs have the ability to change the permeability and membrane potential of microbial cells, which can impair physiological functions and eventually stop growth or cause cell death. These nanoparticles have shown promising results against a variety of pathogenic bacterial and fungal species. AuNPs' antimicrobial effect may also be linked to their interaction with enzymes or coenzymes (such as ATP synthase and NADH), sulphur or phosphorus-containing biomolecules, and ribosomes found in microbial cells. By interfering with these components, AuNPs disrupt essential physiological processes in microbial cells, resulting in their inhibition or death. Given the global rise in antimicrobial resistance, green-synthesized AuNPs derived from plant extracts present a promising alternative for future antimicrobial therapies (Nisar et al., 2019; Castillo-Henríquez et al., 2020).
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Fig. 5. FESEM micrographs of RO-AuNPs.

	Element
	Weight %
	Atomic %

	C K
	11.17
	58.37

	O K
	2.26
	8.87

	AlK
	1.43
	3.32

	SiK
	1.21
	2.71

	AuM
	83.92
	26.73
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Fig. 6. EDAX graph of RO-AuNPs showing strong Au peak with other small peaks of C, O, Si and Al.

In the present study, the antimicrobial activity of phytomediated synthesized AuNPs from the aqueous R officinalis leaf extract was investigated against five microbial species. From the zones of inhibition observed in Figs. 7 and 8, it can be concluded that the synthesized AuNPs demonstrated potent inhibitory activity against S. aureus, E. faecalis, E. coli, and P. aeruginosa. For C. albicans, inhibitory activity was observed at higher nanomaterial concentrations. 

Similarly, other studies have reported the antimicrobial potential of biosynthesized AuNPs from different plant extracts. AuNPs synthesized from mulberry leaf extract by (Adavallan & Krishnakumar (2014) demonstrated effective inhibition against Staphylococcus aureus (Gram-positive) and Vibrio cholerae (Gram-negative) bacteria. Another study, reported that AuNPs synthesized from Jasminum auriculatum leaf extract demonstrated antibacterial action against K. pneumonia, E. coli, S. pyogenes, and S. aureus (Balasubramanianet al., 2020). Furthermore, a study using a mixture of Adiantum capillus veneris and Pteris quadriureta extracts to synthesize AuNPs revealed antifungal activity against Aspergillus flavus, Aspergillus niger, Aspergillus fumigates Trichophyton rubrum, and Scedosporium apiospermum (Rautray & Rajananthini, 2020).These studies support our results, indicating that gold nanoparticles produced using R. officinalis leaf extract have strong antimicrobial effects. Interestingly, the aqueous extract alone failed to show any antimicrobial activity against the pathogens tested. The absence of antimicrobial activity in the crude aqueous extract, in contrast to the pronounced efficacy of RO-AuNPs, suggests that nanoparticle formation plays a decisive role in bioactivity enhancement. Increased surface area, nanoscale dimensions, and improved interaction with microbial membranes likely contribute to this effect. Similar enhancement of antimicrobial properties following nanoparticle synthesis has been reported previously, where plant extracts showed little to no antimicrobial action while the corresponding nanoparticles displayed significant inhibitory zones against pathogenic strains, attributed to their unique physicochemical interactions with microbial cell walls (Adavallan & Krishnakumar (2014);  Kalantari & Turner. (2024); Castillo-Henríquez et al., 2020).This suggests that the antimicrobial properties observed may be specifically attributed to the green synthesized gold nanoparticles, rather than the plant extract itself. 

Cytotoxicity of RO-AuNPs on A549 lung cancer cell line: Gold nanoparticles have several distinguishing characteristics that make them a promising choice for anticancer research. AuNPs(Rosmarinus officinalis gold nanoparticles) are known to have a relatively long retention period in the body, which means that they can stay in the target tissue for a longer period of time, allowing for more sustained therapeutic effects. Besides, AuNPs have been found to be biocompatible with cells and tissues, meaning that they are less likely to cause harmful effects on healthy cells. This is an important consideration when developing new anticancer treatments (Zhuang et al., 2025). Green methodologies for nanoparticle synthesis often use plant extracts, representing a sustainable and eco-friendly alternative to chemical approaches. These techniques often use natural chemicals found in plants, which may enhance the bio value of the plant extract and provide further health advantages. The inherent therapeutic qualities of medicinal plant extracts make them valuable for nanoparticle synthesis. The ability of gold nanoparticles (AuNPs) to impede cancer cell proliferation and induce programmed cell death has been well-documented, supporting their relevance in cancer treatments (Chauhanet al., 2021; Liu et al., 2019; Patil et al., 2019; Wu et al., 2019).
In this research, RO-AuNPs were found to effectively inhibit A549 lung cancer cells, as evidenced by IC50 values of 33.60 µg/mL at 24 hs and 23.12 µg/mL at 48 hs in MTT assays. This underscores their potential as an antilung cancer agent.

Our study demonstrated that the cytotoxicity of RO-AuNPs increased with concentration, indicating a clear dose-dependent anticancer effect (Fig. 9). This trend aligns with findings from previous studies on plant-mediated gold nanoparticles. For example, Patel et al., 2019 found that AuNPs derived from Lonicera japonica flower extract displayed strong, dose-dependent cytotoxicity in HeLa cervical cancer cells. Likewise, Wu et al., 2019 found that, AuNPs produced from Abies spectabilis extract exhibited substantial anticancer efficacy in T24 bladder carcinoma, with an IC₅₀ of 20 μg/mL. In another relevant study, synthesized AuNPs from licorice root extract, which demonstrated cytotoxic effects against HepG-2 liver cancer cells (IC₅₀ = 23 μg/mL) and MCF-7 breast cancer cells (IC₅₀ = 50 μg/mL) (Al-Radadi, 2021). However, it is important to conduct a detailed investigation to better understand and develop future therapeutics based on the results of these studies that are in agreement with our study. This will offer a deeperunderstanding of the underlying mechanisms and factors contributing to the observed outcomes, as well as potential limitations or confounding factors.
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Fig. 7. Demonstrates the antimicrobial efficacy of the RO-AuNPs derived from R. officinalis through the well diffusion technique. Each Petri dish is labelled with numbers (1-4) corresponding to the wells into which 25,50,75 and 100 μL of RO-AuNPs were introduced from stock solution 1 mg/mL. (5) for the positive control Ciprofloxacin, Fluconazole andAmpilox, 25 μL (1 mg/mL) were used. 6 well was introduced with negative control DMSO. The antimicrobial activity of RO-AuNPs exhibited a clear concentration-dependent trend across all tested microorganisms. As the volume of nanoparticles increased from 25 to 100 µL, a corresponding increase in the zone of inhibition was observed, indicating a dose-dependent inhibitory effect
Confirmation of apoptosis by AO/PI Staining: To morphologically validate apoptosis, AO/PI dual staining was performed on RO-AuNP-treated A549 cells. This method differentiates live, necrotic and early apoptotic cells by evaluating the extent of membrane damage and chromatin condensation Jaisankar et al., 2022). Treated cells exhibited classic apoptotic features, including membrane damage and chromatin condensation as indicated by orange/red fluorescence in PI-positive nuclei. In contrast, untreated control cells retained green fluorescence with intact nuclei, signifying viability Fig. 10.

Pro-apoptotic gene expression (Cytochrome C): To further elucidate the molecular mechanism of apoptosis, we assessed the Cytochrome Cexpression, a pivotal pro-apoptoticgene involved in the mitochondrial pathway. RT-PCR analysis revealed a significant upregulation of Cytochrome C mRNA in RO-AuNP-treated A549 cells compared to control Fig.11. Cytochrome C release from mitochondria into the cytosol is a key event that activates downstream caspases, leading to irreversible apoptosis. Our findings suggest that RO-AuNPs initiate the intrinsic apoptotic pathway, likely through mitochondrial membrane depolarization and oxidative stress (Bharadwajet al., 2021; Morsyet al., 2025; Wani et al., 2023; Ramalingam et al., 2016). Mechanistically, the cytosolic release of Cytochrome C promotes the formation of the apoptosome complex through its interaction with apoptotic protease activating factor-1 (Apaf-1) and procaspase-9. This complex facilitates caspase-9 activation, which subsequently triggers executioner caspases such as caspase-3 and caspase-7, culminating in DNA fragmentation and irreversible apoptotic cell death. (Nisha et al., 2024; Baharara et al., 2016). Although caspase activity was not directly measured in the present study, the observed upregulation of Cytochrome C strongly suggests activation of the caspase-dependent intrinsic apoptotic cascade, a mechanism widely reported for green-synthesized gold nanoparticles in lung cancer models

Anti-inflammatory activity via IL-6 downregulation: Chronic inflammation is known to facilitate cancer progression by promoting proliferation, angiogenesis, and immune evasion. Interleukin-6 (IL-6) is a central pro-inflammatory cytokine frequently overexpressed in lung tumors and associated with poor prognosis(Liu et al., 2021).Therefore, targeting IL-6 signaling presents a promising therapeutic strategy. In our study, RT-PCR results showed that RO-AuNPs significantly downregulated IL-6 expression in A549 cells, indicating anti-inflammatory activity Fig. 12. This suppression may be attributed to the synergistic action of gold nanoparticles and phytochemicals present in R. officinalis, such as carnosic acid and ursolic acid, which have documented anti-inflammatory properties(Nisha et al., 2024). Beyond its inflammatory role, IL-6 is a critical regulator of the tumor microenvironment, where it promotes cancer cell survival, angiogenesis, immune evasion, and resistance to apoptosis primarily through persistent activation of the JAK/STAT3 signaling pathway Kitamura et al., 2017; Fisher et al., 2014) . Suppression of IL-6 expression, as observed in RO-AuNP-treated A549 cells, may therefore disrupt pro-tumorigenic signaling networks within the tumor microenvironment, enhancing susceptibility to apoptosis and reducing inflammatory support for tumor progression . The combined inhibition of IL-6 signaling and induction of mitochondrial apoptosis suggests that RO-AuNPs may exert dual anticancer effects by directly targeting tumor cells while simultaneously modulating inflammation-driven tumor support mechanisms.

Therapeutic relevance and future perspectives: By inducing apoptosis (as evidenced by AO/PI staining and Cytochrome C expression) and reducing inflammatory signaling (IL-6 suppression), RO-AuNPs display a dual mechanism of anticancer action. These properties highlight the therapeutic potential of green-synthesized AuNPs not only for cytotoxicity but also for immune modulation within the tumor microenvironment.  Future studies should investigate ROS production, caspase activation, and in vivo antitumor effects to further validate the clinical utility of RO-AuNPs.
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Fig. 8. Antimicrobial activity RO-AuNPs against selected bacterial and fungal strains at various concentrations compared to the standard drug. The antimicrobial activity of RO-AuNPs exhibited a clear concentration-dependent trend across all tested microorganisms. As the volume of nanoparticles increased from 25 to 100 µL, a corresponding increase in the zone of inhibition was observed, indicating a dose-dependent inhibitory effect. Values are shown as mean ± SD. Two-way ANOVA with Tukey’s test 
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Fig. 9.The cytotoxic effect of RO-AuNPs on A549 cells was evaluated across a concentration gradient. Cytotoxicity analysis revealed a pronounced dose- and time-dependent reduction in A549 cell viability following RO-AuNP treatment. Increasing nanoparticle concentrations resulted in progressive loss of cell viability, with a more pronounced effect observed at 48 h compared to 24 h exposure. Values are shown as mean ± SD. Two-way ANOVA with Tukey’s test.
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Fig. 10. Fluorescence microscopy images showing apoptosis in A549 lung cancer cells using dual (AO/PI) staining. The predominance of orange/red fluorescence in treated cells indicates compromised membrane integrity and chromatin condensation, confirming apoptosis
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Fig. 11. Graphical representation of mRNA expression analysis of Cytochrome C in RO-AuNPs treated A549 cells. The graph illustrates the significant upregulation of the proapoptotic gene compared to the control (β-actin), with results statistically significant at *p<0.05.
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Fig. 12. Graphical representation of mRNA expression analysis of IL-6 in RO-AuNPs A549 treated cells. The graph illustrates the significant downregulation of this gene compared to the control (β-actin), with results statistically significant at *p<0.05.

Conclusion
The development of therapeutic nanomaterials through sustainable and eco-friendly methods is gaining significant attention in drug discovery. The application of green synthesis, particularly with plant extracts and biomaterials, is a promising strategy for creating nanoparticles with unique features and therapeutic uses. Gold nanoparticles produced via R. officinalis extract have exhibited notable antimicrobial and anticancer activity. This method not only reduces costs but also minimizes environmental impact, making it a sustainable substitute for conventional chemical synthesis. Gene expression analysis further confirmed significant upregulation of pro-apoptotic cytochrome c and downregulation of pro-inflammatory IL-6 mRNA levels, supporting their dual anticancer and anti-inflammatory potential. These multifunctional properties suggest possible translational applications, such as antimicrobial surface coatings, biomedical device integration, and adjunct therapeutic strategies in cancer treatment.. However, further investigations are essential to elucidate their mechanism of action and validate their clinical safety and efficacy. In particular, comprehensive biosafety assessment, in vivo validation, and evaluation of biodistribution are required before considering clinical application It will also be important to investigate the potential for any negative impacts on the environment or unintended consequences.

Overall, these findings are promising and highlight the potential for plant-incorporated gold nanomaterials to be developed as a new class of therapeutics with broad-spectrum activity against infections and cancer cells.
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