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Abstract

:

Over past decades, the green method of synthesizing metal nanoparticles has acquired more attentiveness by scientific consensus because of its industrial and biomedical applications. This study focuses on the anti-proliferative effectiveness of AgNPs synthesized from Rotheca serrata (L.) Steane & Mabb. flower bud extract against the PANC-1 cell line in vitro. Various analytical instruments were utilized to visualize the formation of RsFb-AgNPs, such as UV-Vis spectroscopy, FT-IR, SEM, EDS, TEM, XRD, Zeta potential, and DLS analysis. The biosynthesis of RsFb-AgNPs was observed by a change in color and UV-Vis spectroscopy (415 nm). The FT-IR spectra exhibited the existence of many functional groups. XRD confirmed the crystallinity of the AgNPs. Morphology and elemental mapping were assessed by SEM and EDS analysis. The TEM micrograph revealed spherical-shaped particles with sizes ranging from 12 to 40 nm. Zeta potential and DLS analysis were used to measure surface charge and particle size. Biological properties, including the antioxidant, antimicrobial, and anticancer properties of synthesized RsFb-AgNPs, exhibited dose-dependent activities. In DPPH assay, synthesized RsFb-AgNPs inhibited the scavenging of free radicals in a dose-dependent manner. In addition, the resultant RsFb-AgNPs displayed moderate antimicrobial activity against tested pathogens. Further, the anti-proliferative efficacy of biosynthesized RsFb-AgNPs was determined against the PANC-1 cell line using the MTT assay. The results revealed a dose-dependent decrease in viability of cancer cells with an IC50 value of 36.01 µg/mL. Flow cytometry was then used to confirm the apoptotic effects by double staining with annexin V/PI. In response to the pancreatic ductal adenocarinoma cell line, the results showed notable early and late apoptosis cell population percentages. In conclusion, the synthesized RsFb-AgNPs revealed a potential anticancer agent that can induce apoptosis in the PANC-1 cells.
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1. Introduction


Nanotechnology is an interdisciplinary field with advanced avenues in various areas, such as physics, chemistry, biology, and engineering. The primary objective of utilizing nanotechnology is to attain nano-scale particles (1 to 100 nm), also known as nanoparticles (NPs) [1]. Numerous chemical, physical, and biological methodologies exist for synthesizing metallic nanoparticles. Chemical and physical processes are typically expensive, time-consuming, and produce toxic substances that are absorbed on the surface, which precludes their use in biomedical uses [2,3]. Therefore, a simplistic, adaptable, eco-friendly, empirical, and fiscally feasible approach is necessary for nanoparticle synthesis. Synthesis of NPs using bio-materials such as fungi, bacteria, algae, and plants have been utilized. The use of plants, especially medicinal plants, as a straight forward and efficient biosynthesis process raises researchers’ interest based on their biological substance and pharmacological activities [4].



The green synthesis step uses NPs from plant extracts, which has a significant impact on the effectiveness methods, including lower production costs, bio-compatibility, and the potential for trouble-free manufacturing without the use of hazardous chemicals or high temperatures and pressures. Many secondary metabolites are present in plant extracts, and they reduce and stabilize the NPs during their synthesis [5].



Several types of metallic nanoparticles (NPs) have been produced. However, silver nanoparticles (AgNPs) have proven to be the most convenient due to their broad-spectrum applications, such as food, health care, and industry, as well as their unique physical and chemical characteristics [6,7,8]. The utilization of nanotechnology in the treatment of microbial pathogens, such as fungi and bacteria, has been identified as having considerable potential. They can significantly alter physical, chemical, and biological properties because of their high surface-to-volume ratio [9,10]. Among the many metallic NPs, bio-fabricated AgNPs have exhibited remarkable therapeutic importance, primarily because of their antimicrobial, antioxidant, and anticancer activity against various cancer cells [11,12,13].



One of the most aggressive cancers in humans is pancreatic ductal adenocarcinoma, with a global 5-year survival rate of less than 9% [14]. Metastatic cancer, known as the most aggressive neoplasm, is a pancreatic cancer. According to previous studies, pancreatic cancer diagnoses increased from 338,000 in 2012 to 458,000 in 2018. Pancreatic cancer claimed the lives of approximately 432,242 people in 2018, and 355,317 new cases are estimated to occur before 2040. This is expected to increase fivefold in the future (GLOBOCAN 2018 estimates) [15,16]. Successful pancreatic cancer diagnosis and treatment are one of the most challenging problems in modern oncology. A vital component of current cancer treatment options, chemotherapy, surgery, immunotherapy, and targeted drugs all have serious negative side effects on cancer patients [17].



As a result, scientists are attempting to develop alternative medications to reduce the number of cancer cases worldwide. Many research communities have developed a diverse variety of NPs using biological methods. Silver nanoparticles significantly impact therapeutic applications because of their anti-diabetic, antioxidant, anticancer, and antimicrobial properties [18]. Plant-mediated AgNPs have shown fascinating selectivity toward malignancy cells in a dose-responsive manner against different malignant tumor cell types, as well as a potentially wide spectrum of anti-proliferative potential. AgNPs synthesized from Putranjiva roxburghii seed extract exhibited anticancer activity against MDA-MB 231, PANC-1, and HCT-116 cancer cell lines [19]. Datura inoxia flower extract-derived AgNPs had a potential anti-oncogenic activity against the breast cancer (MCF-7) cell line [20], whereas Delonix regia extract mediated synthesis AgNPs showed very notable anticancer and therapeutic potential against MCF-7 and Panc-1 cancer cells [21].



Rotheca serrata (L.) Steane and Mabb. is a perennial shrub, a small tree, and occasionally a herb that is native to East Asian countries and is a member of the Lamiaceae family. In northern India, it is categorized as being vulnerable. According to the literature, the plant has been used in the folkloric system of medicine since ancient times. Its leaves and roots were used to treat asthma, bronchitis, inflammations, rheumatism, fever, and snakebite [22,23]. The plant is highly medicinal and possesses antioxidant, anticancerous, and neuroprotective properties [24,25]. The usage of the plant’s roots and leaves is quite well discussed, whereas the other parts, such as its flowers and buds, have not been comprehensively studied.



Considering the importance of AgNPs synthesis using various plants, to the best of our knowledge, there is no study on R. serrata flower bud extract-assisted bio-friendly preparation of AgNPs. Therefore, this research’s objective was to synthesize the AgNPs using an aqueous extract of R. serrata flower bud and the in vitro assessment of biological applications.




2. Materials and Methods


2.1. Chemicals


All chemicals and reagents used in experimenting were of AR grade and were purchased from Hi-media Pvt. Ltd. (Mumbai, India) and Loba Chemie Pvt. Ltd. (Mumbai, India). Pathogenic strains, such as E. coli (MTCC 40), P. aeruginosa (MTCC 9027), S. aureus (MTCC 6908), B. subtilis (MTCC 6633), C. albicans (MTCC 227), and C. glabrata (MTCC 3019) were obtained from IMTECH, Chandigarh, India. The PANC-1 cell line was procured from NCCS, Pune, India.




2.2. Collection of Plant Material and Preparation of Flower Bud Extract


Flower buds of Rotheca serrata were collected from August to October from the outskirts’ of Hubli-Dharwad (15°44′58.6″ N 73°97′27.1″ E), followed by a comparison with the herbarium collection of life sciences at the Karnatak University herbarium museum in Dharwad, Karnataka, and the submission of a herbarium voucher number (KU/BOT/2021-22/SN/KNS/Rs-02). The flower buds (Figure 1A,B) were collected and thoroughly washed thrice with tap water and distilled water and then dried in the shade for 10 days. The fine powder was prepared and stored in polythene zip-lock bags using an electric blender. Finely powdered flower buds were approximately weighed (20 g), and minced with 250 mL of Milli-Q water, and the sample was heated at 70 °C for 45 min in a hot water bath. The obtained solution was filtered through Whatman No. 1 filter paper. For further experimental use, the prepared filtrate was stored at 4 °C [26,27].




2.3. Synthesis of AgNPs


For the synthesis of AgNPs, one mM AgNO3 solution was prepared by mincing 0.169 g in 1 L of distilled water, stored in an amber bottle, and kept in a dark place. In order to optimize the synthesis, the flower bud extract and AgNO3 solution were added in a ratio of 1:5 (v/v) (pH 9.0). The reaction of the suspension was carried out in a dark chamber to avoid photo-activation of AgNO3. After 24 h, the pale orange color of the solution gradually transformed into dark brownish color as a result of the reduction process. Thus, the color change confirmed that AgNPs had formed. Subsequently, RsFb-AgNPs were obtained by centrifuging the synthesized AgNPs at 12,000 rpm for 15 min. To remove extra biomass, the collected precipitate was centrifuged for 10 min at 12,000 rpm while being re-suspended in 15 mL of Milli-Q water.



The pellet of RsFb-AgNPs was collected with care and dried for 8 h in an oven at 40 °C. The dried powder form of RsFb-AgNPs was stored for further investigation [28].




2.4. Characterizations of Synthesized RsFb-AgNPs


After the synthesis of RsFb-AgNPs, their shape, size, and morphological features were affirmed by various analytical methods. Phyto-fabrication of RsFb-AgNPs was affirmed by UV-Vis. spectrophotometer (METASH UV-9600A, Shanghai, China) in the range of 300 to 600 nm. To ascertain the presence of plant-derived compounds on the biosynthesized RsFb-AgNPs and the R. serrata flower bud extract, Fourier Transform Infrared (FTIR) spectroscopy analyses was conducted. Using an FT-IR spectrophotometer instrument (NICOLET 6700, Thermo Fisher Scientific, Waltham, MA, USA), the FTIR spectra of R. serrata flower bud extract and RsFb-AgNPs in KBr pellets were measured in the range of 500 to 4000 cm−1. A Cu Kα radiation source with an angle of 2θ ranging from 30° to 90° and operating at 40 kV was used to analyze the type of crystallinity of RsFb-AgNPs using an XRD instrument (Rigaku Miniflex 600, Smart-Lab SE, Tokyo, Japan). The topography and elemental details of RsFb-AgNPs were examined by scanning electron microscopy (SEM) linked with an energy dispersive X-ray (EDX) instrument (JEOL, JSM IT 500LA, Peabody, MA, USA) [29]. Transmission electron microscope (TEM) images were acquired to investigate the size and structure of RsFb-AgNPs using (FEI, TECNAI G2, F30, Beijing, China), operated at an acceleration of 300 kV. Prior to analysis, 5 µL of RsFb-AgNPs were placed on the TEM copper grid, followed by the coating with carbon tape and a 48 h drying period in desiccation. Further, to investigate the surface charge and stability in a suspension, RsFb-AgNPs were subjected to zeta potential with DLS analysis to investigate the dispersal pattern size and surface charge of AgNPs with the use of a nano-analyzer instrument (Horiba Scientific SZ-100, Kyoto, Japan) [30,31].




2.5. Antioxidant Potential Analysis by DPPH Assay


The biosynthesized RsLb-AgNPs and R. serrata flower bud aqueous extracts were evaluated for their ability to scavenge free radicals using the standard DPPH assay protocol described by Fard et al. [32]. In this study, various concentrations (25–125 µg/mL) of RsFb-AgNPs and R. serrata flower bud extract were minced with an equal proportionate volume of 0.1 mM methanolic DPPH solution; ascorbic acid was used as the standard reference. Finally, the reaction mixture was kept at 27 °C in the dark for 30 min. The absorbance was measured at 517 nm following the incubation period. A reduction in absorbance hinted at a decrease in DPPH free radicals in the solution; the percentage of inhibition was determined using the below formula.


  DPPH   Scavenging   ( % ) =    A 0  −  A 1     A 0    × 100  








where A0 = Absorbance of DPPH and A1 = Absorbance of the sample




2.6. Antimicrobial Activity of Synthesized RsFb-AgNPs


The antimicrobial activity of synthesized RsFb-AgNPs against selected bacterial and fungal strains was evaluated using the agar well diffusion technique described by Aritonang et al. [33]. For activity testing, we selected two Gram-negative P. aeruginosa (MTCC 9027) and E. coli (MTCC 40), two Gram-positive B. subtilis (MTCC 6633) and S. aureus (MTCC 6908), and two fungal strains, C. glabrata (MTCC 3019) and C. albicans (MTCC 227). Test strains of bacteria and fungi were sub-cultured on their respective broth media. Each culture strain was spread uniformly across the top of nutrient agar plates using sterile cotton swabs. The 6 mm wells on the 4 mm thick agar plates were prepared using a gel-hole puncher. The wells were then loaded with RsLb-AgNPs at 25 to 100 µg/µL. The plates were then placed in an incubator and incubated at 37 °C for 24 h for bacteria and at 40 °C for 72 h for fungi, respectively. Streptomycin and nystatin were used as positive controls. At the end of incubation, the inhibition zone formed around each well was recorded with a transparent ruler in millimeters. To assess the inhibitory activity of synthesized RsFb-AgNPs, MICs were evaluated using the broth micro-dilution protocol in accordance with the CLSI M07 for bacteria, and CLSI M27 for Candida sp. The minimal bactericidal concentration (MBC) and minimal fungicidal concentration (MFC) values of RsFb-AgNPs against four tested bacteria and two Candida sp. was examined using a protocol described by Mussin et al. [34].




2.7. In Vitro Anticancer Activity of Synthesized RsFb-AgNPs


PANC-1 cells were cultured on Dulbecco’s Modified Eagle’s Medium (DMEM) under standard conditions and incubated for 24 h at 37 °C in 5% CO2 atmosphere, 95% humidity, with 10% fetal bovine serum (FBS) added to promote cell proliferation. After incubation, the cells were seeded in 96-well microtiter plates at a density of 20,000 cells/well in 200 µL of complete culture medium. PANC-1 cells were subsequently seeded into wells containing various concentrations of RsFb-AgNPs (12.5–200 µg/mL). After 37 °C, humid incubator incubation at the specified times, cell viability was determined. The assay included doxorubicin (4 µM/mL) as a positive control and cells without RsFb-AgNPs as a negative control. Each well was blended with approximately 200 µL of freshly prepared MTT solution and incubated for 4 h at 37 °C, and a purple color precipitate was observed. After the incubation period, the MTT solution was aspirated from the wells, and 100 µL of buffered DMSO was added to each well to blend the formazan crystals obtained from the study, followed by vigorous shaking of the plates. At a wavelength of 570 nm, viable cells were recorded using a microtiter plate reader (ELX-800, BioTek, Winooski, VT, USA) (Mosmann, 1983; Nagaraja et al., 2022a). The final results were expressed as an IC50 value [35,36].




2.8. Apoptosis Induction Assay by Flow Cytometry


To determine whether PANC-1 cells undergo early apoptosis, late apoptosis, or necrosis following treatment with RsFb-AgNPs, they were stained with annexin V-FITC/PI (Annexin V-FITC apoptosis kit, BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer’s protocol. Briefly, 6 well plates were seeded with PANC-1 cells (0.5 × 106 cells per well), treated with the IC50 concentration of RsFb-AgNPs (36.01 μg/mL), and incubated at 37 °C in a CO2 incubator for 24 h. All adhering cells were retrieved with trypsin/EDTA solution, washed two times with PBS buffer solution, and re-suspended with 5 μL of Annexin V/FITC binding buffer for 10 min in the dark prior to incubation at 27 °C. In addition, 5 μL of propidium iodide (PI) and 400 μL of 1X binding buffer were used to stain the cells again for 5 min, and the tubes were gently vortexed. A fluorescence-activated cell sorter (BD FACS Calibur, Flow Cytometer) was then used to analyze the necrotic and apoptotic cell populations in accordance with the standard protocol. BD Cell Quest Pro Ver.6.0 (BD Biosciences) software was used to analyze the obtained experimental data [37].




2.9. Statistical Analysis


All the experiments were performed with three replicates, and the obtained values were represented as mean ± standard error of the mean (SEM). Resultant data were statistically analyzed using SPSS v17 and Origin 2022b version.





3. Results and Discussion


3.1. Synthesis and Characterization of RsFb-AgNPs


In the present study, we synthesized the silver nanoparticles from an aqueous extract of Rotheca serrata flower buds. The formation of AgNPs from R. serrata flower bud extract was affirmed by the change in color from pale orange to dark brown (Figure 2A–C) after the addition of AgNO3 (1 mM, at 1:5 ratio), after incubation for 24 h at 27 °C, at pH 9. The change in color from pale orange to dark brown is the initial hint of RsFb-AgNPs formation. The changing of the solution color is due to the excitation of the surface plasmon resonance (SPR) of silver (Ag). UV-Vis spectroscopy is a valuable tool for the visual characterization of AgNPs. The UV-Vis spectra of RsFb-AgNPs exhibit a distinct peak at 415 nm in the range of 300 to 600 nm (Figure 2D), a typical surface plasmon resonance absorption spectrum of the biosynthesized silver nanoparticles. UV-visible spectra also confirmed this; when exposed to light with a wavelength of 400–450 nm, metallic nanoparticles expressed a specific surface phenomenon known as surface plasmon resonance. As a result, the formation of a distinct peak for silver nanoparticles was revealed by UV-Vis spectroscopic analysis. In general, the absorbance of AgNPs mainly depends on their shape and size [38,39]. Similar outcomes were also reported by Lakshmanan et al. [40], who synthesized AgNPs using fruit extract of Cleome viscosa, which displayed surface plasmon resonance absorption peaks between 410 and 450 nm. Rajesh et al. [41] discovered that the plant derived AgNPs from Couroupita guianensis Aubl. flower bud extract formed a brownish color when the AgNO3 was added from the yellow color by adjusting the pH and displayed SPR at 420 nm.




3.2. FT-IR Analysis


FT-IR measurements were carried out to quantify and determine the probable functional groups present in the R. serrata flower bud extract and synthesized RsFb-AgNPs. Many secondary metabolites were involved in reducing silver ions to silver nanoparticles. Due to the interaction of various functional groups between synthesized materials, there are numerous noticeable peaks in the IR region of the electromagnetic spectrum. The FT-IR spectra of the R. serrata flower bud extract exhibited peaks at 582, 812, 1068, 1607, and 3374 cm−1, whereas the RsFb-AgNPs depicted major peaks at 558, 778, 812, 1072, 1384, 1600, 2925, and 3317 cm−1. As a result of the biological reduction process, the FT-IR spectrum of the flower bud extract and the synthesized RsFb-AgNPs displayed very subtle shifts in peak positions. As demonstrated in Figure 3A,B, the FT-IR spectrum of the RsFb-AgNPs differed from the spectra of the flower bud aqueous extract. In AgNPs, FT-IR spectra displayed a peak at 778 cm−1, a weak peak correspond to the (C=C) bending alkene, a medium peak at 1384 cm−1 correspond to the (O-H) bending phenol, and a medium sharp peak at 2925 cm−1, corresponding to the (C-H) stretching alkane, those peaks disappeared in the flower bud extract. Both FT-IR spectra showed some typical absorption bands at 582 and 558 cm−1, characteristic of a symmetric vibration of (C-Br) stretching halo compound that was shifted to the lower wave numbers. A similar medium peak in both samples was exhibited at 812 cm−1, representing the (C=C) bending alkene with no shifting in the wave numbers. The vibrational frequency of 1068 and 1072 cm−1 assigned to the (C-O) stretching primary alcohol was shifted to the higher wave numbers. Further, the peaks at 1607 and 1600 cm−1 correspond to the medium (C=C) stretching cyclic alkene that had shifted lower wave numbers. Finally, 3374 and 3317 cm−1 was characteristic of asymmetric vibrational peaks corresponding to the medium (N-H) stretching aliphatic primary amine. The FT-IR spectral analysis of flower bud extract and synthesized RsFb-AgNPs showed the appearance of different functional groups, such as alkanes/alkenes, amines, and alcohol groups, which are responsible for the interaction between biomolecules and metallic nanoparticles. Based on bio-molecules such as carbohydrates, tannins, and flavonoids, phenolic compounds and terpenoids that were present in the flower bud extract have characteristic dual functions that is responsible for the reduction of silver ions to AgNPs [42]. In a previous study, the silver nitrate was converted to silver nanoparticles using the secondary metabolites found in the extracts, which acts as a stabilizing, reducing, and capping agent [43]. Similarly, Chung et al. [44] described plant extracts as containing various functional groups, such as alkanes, alkenes, amides, and polypeptides, which are meant for capping ionic substances into metallic NPs.




3.3. XRD Analysis


The crystalline nature of synthesized RsFb-AgNPs was affirmed by XRD analysis. Figure 4 depicts the XRD patterns of RsFb-AgNPs, which displayed four distinct intense diffraction peaks with 2θ values at 38.07°, 44.25°, 64.43°, and 77.30°, which correspond to the lattice reflection planes (111), (200), (220), and (311) of Ag’s face-centered cubic (FCC) structure, respectively. The resultant patterns were validated compared to a standard silver card (JCPDS reference code 04-0783). Sharp Bragg’s diffraction peaks in the XRD pattern confirmed the synthesis of silver nanoparticles. Due to bio-organic phases on the surfaces of the particle, other unassigned peaks were observed during the XRD analysis [28,36]. A similar outcome of Ajitha et al. [45], in which silver nanoparticles were synthesized using clove (Syzygium aromaticum) extract depicted similar diffraction peaks of silver nanoparticles.




3.4. SEM and EDX Analysis


The morphology and topology of the synthesized RsFb-AgNPs were demonstrated via SEM analysis. The obtained RsFb-AgNPs exhibited polydispersed and spherical morphology with agglomeration (Figure 5A). In Figure 5B, the EDX analysis of RsFb-AgNPs reveals a strong signal around 3 and 3.08 keV, indicating the presence of 46.89% of silver due to the discharge of electrons from L and K shells of silver, respectively. A few peaks are attributable to the presence of inorganic impurities in the bio-molecules on the AgNPs surface or chlorine on the glass slide used for the sample preparation process. The carbon peak in the spectral analysis resulted from the carbon adhesive tape used in sample preparation [46]. Arunachalam et al. [47] obtained similar results after they synthesized the silver nanoparticles using Memecylon umbellatum leaf extract and yielded polydispersed, spherical particles, without any agglomeration of AgNPs, with intense energy peaks for the Ag atom in the range of 2–4 keV.




3.5. TEM Analysis


The TEM micrograph of RsFb-AgNPs revealed polydispersed NPs; most displayed spherical morphology with minor aggregation between molecules. The particle size ranged from 12 to 40 nm (Figure 6A,B). The TEM image demonstrated the mean particle size to be 22.50 nm. The silver crystal nanostructure’s atomic-level and silver atomic configuration for a crystal lattice plane is of very high interest (Figure 6C,D) [48,49]. In a previous study, Rajesh Kumar et al. [41] reported that the Couroupita guianensis Aubl. flower bud aqueous extract-assisted silver nanoparticles had sizes ranging from 5 to 40 nm.




3.6. Zeta Potential and DLS Analysis


The zeta potential analysis of synthesized RsFb-AgNPs was found as a distinct sharp peak between −70 mV and 0 mV, while having maximum intensity at −33.0 mV, indicating a higher stability of bio-synthesized RsFb-AgNPs (Figure 7A). This indicates that the greater negative surface charge suggests that the RsFb-AgNPs are well dispersed in the colloidal medium and are relatively stable. The reduction and capping agents of flower bud extract may account for the negative potential value. Electrostatic repulsion between the negatively charged nanoparticles could prevent the nanoparticles from aggregating. Low zeta potential values of particles suggest neither flocculation nor a tendency for the particles to group due to repulsion forces [50,51]. DLS analysis measures the nanoparticles hydrodynamic size by employing light scattering in an aqueous suspension. In this method, the nanoparticles size and the thickness of a layer of water or bio-molecules absorbed on its surface are measured. The average hydrodynamic particle size distribution RsFb-AgNPs was 95.4 nm (Figure 7B), analyzed by DLS. The significant difference in particle size between TEM size and DLS size is due to the fact that DLS provides hydrodynamic size measurement using aqueous colloidal dispersions and bio-molecules attached to their surfaces, whereas TEM size measurement relies on electron microscopy. In contrast, TEM measurements of particle size after drying only depend on the metallic core of nanoparticles. In addition, determining the average hydrodynamics of a nanoparticle is essential for its biomedical applications as a therapeutic agent [36]. Similarly, Ajitha et al. [52] reported that the surface charges of the nanoparticles predicted the interactions between nanoparticles and the long-term stability of AgNPs in suspension. Higher positive (+30 mV) or higher negative (−30 mV) zeta potential nanoparticles will repel each other and exhibit high stability. El-Aswar et al. [53] reported that the average particle diameter in a previous study was 86.3 nm. The biosynthesized AgNP’s zeta potential was discovered as a distinct peak at −42.6 mV.




3.7. Antioxidant Activity by DPPH Assay


This study used the DPPH assay to assess the free radical scavenging activity. The DPPH radical scavenging assay is a comparatively quick and reliable method to assess the antioxidant activity of a particular compound. Oxidative activity occurs when molecules are prevented from oxidizing by deterring the oxidative chain reaction’s initiation step. This results in the formation of non-reactive stable radicals. The properties of the various phytochemicals present on the surface of synthesized AgNPs mainly determine their antioxidant potential [54,55,56]. By observing the alteration in color formation, the antioxidant-reducing potentiality of the synthesized AgNPs was ascertained. The RsFb-AgNPs suppressed oxidative stress more effectively than flower bud extract, according to the DPPH assay (Figure 8), with ascorbic acid used as the standard reference, and with an IC50 value of 26.12 µg/mL. In a concentration-dependent way, the RsFb-AgNPs concentration tends to increase the DPPH radical scavenging activity. For flower bud extract, the DPPH activities were 18.3 ± 1%, 29.8 ± 0.2%, 38.2 ± 1, 49.2 ± 0.5, and 63.18 ± 0.2%, with an IC50 value of 76.25 µg/mL, whereas, for RsFb-AgNPs, they were 24.8 ± 0.2%, 39.9 ± 1%, 47.1 ± 0.4%, 57.3 ± 0.2%, and 71.2 ± 1% in the 25, 50, 75, 100, and 125 µg/mL concentration ranges, with an IC50 value of 57.45 µg/mL. These AgNPs have significant anticancer activity, and it takes 36.01 µg/mL to cause 50% cell mortality. In comparison to the flower bud extract, the RsFb-AgNPs showed notable reducing power. As stabilizers and capping agents on the surface of the RsFb-AgNPs, the phenolic compounds in the extract are responsible for this activity. The ability to act as an antioxidant reveals AgNPs’ capacity to move electrons and stifle DPPH radicals in the reaction solution [57]. Similar studies have reported on the free radical scavenging activity of AgNPs using extracts of Lonicera japonica [58] and Clerodendrum phlomidis [59].




3.8. Antimicrobial Activity of RsFb-AgNPs


The antimicrobial activity of biosynthesized RsFb-AgNPs was assessed using the agar well diffusion assay; the inhibition zones were noted as a clear circular zone (mm) on petri plates. Gram-positive, Gram-negative, and fungi were all treated with RsFb-AgNPs. According to the results, R. serrata flower bud extract-assisted synthesized AgNPs showed the maximum growth inhibition for P. aeruginosa, S. aureus, and C. albicans, with inhibition zones recording 19.5 ± 0.9 mm, 18 ± 1.3 mm, and 20.5 ± 1.2 mm, while, E. coli, B. subtilis and C. glabrata showed the least growth inhibition, with zones measuring 18 ± 0.9 mm, 17 ± 1.3 mm, and 17.5 ± 1.2 mm when treated with a 100 µL concentration of synthesized RsFb-AgNPs. Figure 9 graphically depicts the measured data. Furthermore, the present study’s synthesized RsFb-AgNPs significantly inhibited the growth of Gram-positive bacteria. The release of diffusible compounds inhibited by silver nanoparticles causes a zone of inhibition around the well. The composition and thickness of the cell walls may differ, which could explain the variation in the inhibition zones [60,61]. Additionally, by calculating the MIC, MBC, and MFC, the antimicrobial potential of synthesized RsFb-AgNPs against various bacterial and fungal strains was examined. All of the bacterial strains that were tested had values in the range of 6.25 to 50 µg/mL (Table 1), whereas the fungal strain had values in the range of 50 to 75 µg/mL (Table 2). The results demonstrate that RsFb-AgNPs were more potent against bacterial strains than against fungal strains, being bactericidal at low concentrations and fungicidal at high concentrations. These differentiations in MBCs and MFCs of the RsFb-AgNPs were due to the distinctness in the cell structure and organization of the bacteria and fungi cells [44,62].



According to studies, synthesized RsFb-AgNPs may interact with and disrupt the bacterial membrane surface, increasing cell permeability and inhibiting or changing cellular respiration. As a result, it causes enzymes to degrade, disrupts DNA proteins, and ultimately results in the death of these cells [63]. Another potential consequence of the antimicrobial properties of AgNPs is the release of silver ions from them, which may bind to oxygen, sulfur, and nitrogen in the functional bio-molecules of bacterial cells and cause their death [64]. Similarly, in comparison to earlier reports where AgNPs were synthesized from Argyreia nervosa extract, Gram-positive bacteria were found to be less susceptible than Gram-negative ANE-AgNPs. Increasing ANE-AgNPs concentration increased the zone of inhibition formed [65]. In a previous study, Lee et al. [66] revealed that T. farfara flower bud extract-derived Tf-AgNPs exhibited significantly inhibition to the growth of the tested microorganisms.



In a previous study, MIC and MBC values of Murraya koenigii (L.) green synthesized AgNPs (13–14 mm) on Escherichia coli was reported as 16 μg/mL and 32 μg/mL, respectively, while for S. aureus the MICs and MBCs values were 32 μg/mL and 64 μg/mL [67]. Furthermore, 62 μg/mL and 125 μg/mL MICs and MFCs values of biosynthesized AgNPs (13 mm) against Candida sp. was published by Jalal et al. [68].




3.9. In Vitro Anticancer Activity of RsFb-AgNPs


The colorimetric MTT assay was used to assess the in vitro cytotoxic potential of RsFb-AgNPs against PANC-1 (pancreatic ductal adenocarcinoma) cells at various concentrations of RsFb-AgNPs. The results were measured in absorbance at 570 nm because this assay is a colorimetric measurement. In Figure 10A–G, the cell treated with RsFb-AgNPs shows morphological changes. These AgNPs have significant anticancer activity, and it takes 36.01 µg/mL to cause 50% cell mortality. At 12.5, 25, 50, and 100 µg/mL of RsFb-AgNPs, respectively, a dose-dependent decrease in the percentage of cell viability was measured to be 75.6%, 63.6%, 42.5%, and 20.2%, and it was decreased to 3.32% when served with 200 µg/mL of RsFb-AgNPs. These percentages are graphically shown in Figure 10H. AgNPs’ inhibitory mechanism for cancer cell lines is not well understood. However, it was hypothesized that AgNPs could inhibit the activity of abnormally increased signaling proteins or interacts with functional groups of intracellular proteins and enzymes and the nitrogen bases in DNA, which would cause cell death [63]. Similar results were demonstrated by Shameli et al. [21], who found that the anti-oncogenic potential of D. regia mediated silver nanoparticles was enhanced by increasing the AgNPs concentrations and decreasing the cell viability percentages against Panc-1 cancer cells over time. Another report by Kanniah et al. [69] showed that silver-based chitosan nanoparticles mediated by P. nigrum seed extract showed inhibition of the cell viability of the pancreatic ductal adenocarcinoma cell lines at concentrations differing from 10 to 200 µg/mL.




3.10. Apoptotic Induction Studies


The annexin V-mediated apoptosis of PANC-1 cells was examined by staining the cells with annexin V/PI, followed by flow cytometry detection, to determine whether an apoptotic pathway induces the cytotoxicity caused by RsFb-AgNPs. The results are depicted in Figure 11A for untreated cells and in Figure 11B for treated cells. The quadrants plots exhibit the patterns of how silver nanoparticles affect PANC-1 cancer cells ability to survive, with the quadrant lower left (Q1) representing the percentage of viable cells (33.02%), the quadrant upper left (Q2) depicting the percentage of dead cells (3.20%), the quadrant upper right (Q3) expressing the percentage of late apoptotic cells (55.32%), and the quadrant (Q4) lower right showing the % of early apoptotic cells (8.46%). The results were measured after a 24 h treatment with RsFb-AgNPs at an IC50 concentration of 36.01 µg/mL. Figure 11C,D displays the cell cycle analysis using the markers M1 and M2. The untreated cells expressed 0.28% of M2 and 99.72% of M1 viable cells (Figure 11C). M1 corresponded to 19.81% of the viable PANC-1 cancer cells, whereas M2 represents 80.19% of the damaged cells (Figure 11D). In contrast to untreated cells, which showed no significant apoptosis, treated cells demonstrated significant early and late apoptosis cell populations against Panc-1 cells. The % of early and late apoptosis in the treated cell line is indicated by the obtained results, which showed the apoptotic effect of the synthesized RsFb-AgNPs. The obtained results were in comparison with the standard used against PANC-1 cells and showed apoptotic rates of 35.05% for viable cells, 0.32% for dead cells, 42.29% for late apoptotic cells, and 22.34% for early apoptotic cells. The apoptotic rate percentages are graphically depicted in Figure 11E. Similarly, Fard et al. [32] reported that when A549 cancer cells were treated with 10.3 µg/mL AgNPs, the synthesized silver nanoparticles displayed 53.67% of late apoptosis and 7.70% of early apoptosis. Another study by Nagaraja et al. (2022b) reported that the Cucumis sativus var. hardwickii fruit extract-mediated AgNPs exhibited 57% induced apoptosis against Pa-1 cancer cells [70].





4. Conclusions


To summarize, a sustainable biogenic method was employed to synthesize silver nanoparticles using R. serrata flower bud extract, which revealed polydispersed, spherical-shaped RsFb-AgNPs. The phyto-molecules in the extracts served as safe reducing, stabilizing, and capping agents that could turn silver ions into silver nanoparticles. A different set of analytical methods was used to examine biosynthesized RsFb-AgNPs, and the results confirmed the formation of the NPs as well as their shape, size, crystallinity, and surface charge. Additionally, antioxidant, antimicrobial, and anti-proliferative tests were used to evaluate the potency of phyto-fabricated RsFb-AgNPs. The RsFb-AgNPs demonstrated good antimicrobial activity against the tested microorganisms and significantly reduced the DPPH free radicals in a dose-dependent manner. Further, to ascertain the percentage of cell viability, the biosynthesized RsFb-AgNPs were tested for cytotoxicity against the PANC-1 cell line using the MTT assay. The synthesized RsFb-AgNPs exhibited a gradual decrease in % of cell viability with the increase in concentration. The consequent IC50 value was found to be 36.01 μg/mL. In addition, apoptotic studies were conducted using the flow cytometry technique. The PANC-1 cell line displayed significant early and late apoptosis by showing 8.46 % and 55.32% of the cell population. Hence, the promising potential shown by R. serrata flower bud extract-assisted AgNPs in vitro studies highlights that AgNPs can be scaled up to investigate various biomedical applications.
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Figure 1. (A) Plant habit of R. serrata with flowering twig, and (B) Flower buds. 
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Figure 2. Change in color during the formation of AgNPs. (A) R. serrata flower bud extract, (B) silver nitrate solution, (C) reaction mixture (flower bud extract + AgNO3), and (D) UV-Vis. absorption spectra of RsFb-AgNPs. 
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Figure 3. FTIR analysis spectrum of functional groups adsorbed on the surface of (A) flower bud extract and (B) synthesized RsFb-AgNPs. 
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Figure 4. X-ray crystallographic analysis patterns of synthesized RsFb-AgNPs. 
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Figure 5. (A) SEM image and (B) elemental mapping spectrum of synthesized RsFb-AgNPs. 
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Figure 6. (A) TEM micrograph and (B) histogram of particle size distribution. (C) Selected NPs of the original TEM micrograph for the determination of the size and the shape; (D) d-spacing image showing selected area of lattice fringes. 
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Figure 7. (A) Zeta potential analysis graph. (B) Size intensity analysis graph of synthesized RsFb-AgNPs. 
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Figure 8. Antioxidant activity of flower bud extract, synthesized RsFb-AgNPs, and standard reference on DPPH radical. 
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Figure 9. Graphical representation of antimicrobial activity showing the zone of inhibition to synthesized RsFb-AgNPs, and standard reference against tested microorganisms. 
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Figure 10. Cell viability of PANC-1 cells treated with synthesized RsFb-AgNPs: (A) Negative control, (B) Positive control, (C) 12.5 µg/mL, (D) 25 µg/mL, (E) 50 µg/mL, (F) 100 µg/mL, and (G) 200 µg/mL. (H) Bar graph showing the comparative percentage of cell viability. 
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Figure 11. Quadrangular plots showing the flow cytometric cell viability test of PANC-1 cells after treatment with an IC50 concentration of synthesized RsFb-AgNPs: (A) untreated, (B) treated cells with an IC50 concentration of synthesized RsFb-AgNPs, (C) cell cycle analysis of untreated control sample, and (D) treated cells with an IC50 concentration of synthesized RsFb-AgNPs. (E) Graph showing the comparative percentage of apoptotic rate in standard drug, untreated, and treated cells. 






Figure 11. Quadrangular plots showing the flow cytometric cell viability test of PANC-1 cells after treatment with an IC50 concentration of synthesized RsFb-AgNPs: (A) untreated, (B) treated cells with an IC50 concentration of synthesized RsFb-AgNPs, (C) cell cycle analysis of untreated control sample, and (D) treated cells with an IC50 concentration of synthesized RsFb-AgNPs. (E) Graph showing the comparative percentage of apoptotic rate in standard drug, untreated, and treated cells.
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Table 1. MIC and MBC values of synthesized RsFb-AgNPs treated against selected bacterial strains.
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	Bacterial Strains
	MIC (µg/mL)
	MBC (µg/mL)





	S. aureus
	6.25
	12



	B. subtilis
	6.25
	12



	E. coli
	12
	25



	P. aeruginosa
	25
	50
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Table 2. MIC and MFC values of synthesized RsFb-AgNPs treated against selected fungal strains.






Table 2. MIC and MFC values of synthesized RsFb-AgNPs treated against selected fungal strains.





	Fungal Strains
	MIC (µg/mL)
	MFC (µg/mL)





	C. albicans
	25
	75



	C. glabrata
	12.5
	50
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