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Abstract

:

The green synthesis of zinc oxide nanoparticles (ZnO NPs) using plants has grown in significance in recent years. ZnO NPs were synthesized in this work via a chemical precipitation method with Jasminum sambac (JS) leaf extract serving as a capping agent. These NPs were characterized using UV-vis spectroscopy, FT-IR, XRD, SEM, TEM, TGA, and DTA. The results from UV-vis and FT-IR confirmed the band gap energies (3.37 eV and 3.50 eV) and the presence of the following functional groups: CN, OH, C=O, and NH. A spherical structure and an average grain size of 26 nm were confirmed via XRD. The size and surface morphology of the ZnO NPs were confirmed through the use of SEM analysis. According to the TEM images, the ZnO NPs had an average mean size of 26 nm and were spherical in shape. The TGA curve indicated that the weight loss starts at 100 °C, rising to 900 °C, as a result of the evaporation of water molecules. An exothermic peak was seen during the DTA analysis at 480 °C. Effective antibacterial activity was found at 7.32 ± 0.44 mm in Gram-positive bacteria (S. aureus) and at 15.54 ± 0.031 mm in Gram-negative (E. coli) bacteria against the ZnO NPs. Antispasmodic activity: the 0.3 mL/mL sample solution demonstrated significant reductions in stimulant effects induced by histamine (at a concentration of 1 µg/mL) by (78.19%), acetylcholine (at a concentration of 1 µM) by (67.57%), and nicotine (at a concentration of 2 µg/mL) by (84.35%). The antipyretic activity was identified using the specific Shodhan vidhi method, and their anti-inflammatory properties were effectively evaluated with a denaturation test. A 0.3 mL/mL sample solution demonstrated significant reductions in stimulant effects induced by histamine (at a concentration of 1 µg/mL) by 78.19%, acetylcholine (at a concentration of 1 µM) by 67.57%, and nicotine (at a concentration of 2 µg/mL) by 84.35%. These results underscore the sample solution’s potential as an effective therapeutic agent, showcasing its notable antispasmodic activity. Among the administered doses, the 150 mg/kg sample dose exhibited the most potent antipyretic effects. The anti-inflammatory activity of the synthesized NPs showed a remarkable inhibition percentage of (97.14 ± 0.005) at higher concentrations (250 µg/mL). Furthermore, a cytotoxic effect was noted when the biologically synthesized ZnO NPs were introduced to treated cells.






Keywords:


green synthesis; Jasminum sambac; ZnO NPs; antibacterial; antispasmodic; antipyretic; anti-inflammatory activity












1. Introduction


In recent years, we have seen a rapid development in the area of nanotechnology, with nanoparticles (NPs) emerging as advantageous in the fields of medicine, biology, and other fields [1,2,3]. Nanotechnology is one of the imperative disciplines of research at the moment. Plants and their derivatives are mainly employed in the synthesis of NPs. By virtue of their remarkable biological attributes, NPs have garnered substantial attention and have been used in the areas of drug delivery and medicine, encompassing diagnostics, healthcare, bioimaging, antimicrobial interventions, and the burgeoning field of nanomedicine [4,5]. Nanomedicine, with its interdisciplinary approach, serves as an interlinking conduit, bridging the profound chasm between the intricacies of nanostructures and the complexities of biology. In particular, metallic NPs showcase a myriad of therapeutic potentials, among which ZnO NPs stand out as noteworthy exemplars. Notably, these NPs exhibit exceptional biocompatibility and find widespread utilization across numerous industrial sectors, ranging from environmental sciences, synthetic textiles, and food and packaging to medical care, healthcare infrastructure, construction, and decoration [6,7].



The green synthesis of nanoparticles (NPs) offers several advantages over physical and chemical methods, primarily due to its environmental friendliness, sustainability, and cost-effectiveness. The biological methods are green and safe. There are no negative effects on the environment involved in their production [8]. The uses of ZnO NPs extend far beyond their industrial employment, permeating diverse domains such as drug delivery, material manufacturing, biosensors, microarray technology, tissue engineering, nanoelectronics, energy production, biotechnology, and information technology [9,10,11,12]. Remarkably, these NPs have facilitated significant advancements in the delivery of vaccines and anticancer drugs, thereby contributing to the progress of medical science. The antimicrobial and anti-inflammatory properties inherent to NPs, coupled with their innate biological characteristics, have resulted in a surge in interest within the medicinal field over recent years [13,14]. As a consequence, NPs have emerged as pivotal entities, effectively enhanced the efficacy of therapeutic interventions, and served as potent tools for medical advancement.



ZnO is one among the notable compounds bestowed with the esteemed safety endorsement by the discerning US Food and Drug Administration [15,16]. Considered to be a veritable treasure trove in nanomaterial research, these ZnO NPs emanate a host of commendable biological activities. Their versatile implementation spans a multitude of manufacturing processes, encompassing the realms of rubbers, plastics, ceramics, glass, cement, lubricants, paints, ointments, adhesives, sealants, pigments, foods, flame retardants, and even first-aid tapes [17,18]. The advent of the green synthesis method through the employment of plant extracts has captured considerable attention as a viable and simplistic alternative to conventional physical and chemical approaches [19,20,21,22,23,24]. This eco-friendly methodology boasts inherent advantages such as facile handling and the abundant availability of plant resources, positioning it as a highly desirable avenue for scientific exploration [25]. Jasminum sambac, also referred to as Arabian jasmine, belongs to a group of the Oleaceae family, and it is a source of ZnO NPs. JS leaves, replete with flavonoids such as rutin, quercetin, and isoquercetin, boast a rich composition featuring benzyl alcohol, methyl benzoate, and other botanical wonders [26]. As an alternative to other common synthesis methods, it has been shown that the green synthesis of nanoparticles is less hazardous, has a lower cost, and is environmentally friendly [27]. In addition to the earlier indicated characteristics, these ZnO-NPs derived from plant extracts are also known to have excellent antimicrobial properties [28,29,30,31].



The novelty of the present work is the study of the antibacterial, antispasmodic, and antipyretic anti-inflammatory activity of synthesized ZnO NPs utilizing JS leaf extracts. Zinc acetate dihydrate was used as the precursor, and the leaf extract served as the reducing agent. The current investigation is based on the synthesis of ZnO NPs using the renowned JS leaves. The nature of NPs can be explained by characterization techniques like UV-visible spectroscopy, FTIR, XRD, SEM, TEM, TGA, and DTA analysis. Additionally, to improve our understanding of the therapeutic potential of these synthesized NPs, anti-bacterial, anti-spasmodic, and antipyretic, anti-inflammatory activity was also studied.




2. Results and Discussion


The JS leaf extracts were visually observed for their color change when incubated with a Zn(CH3COO)2·2H2O solution. The color change of the extract indicated the synthesis of ZnO NPs. The dried sample proceeded with characterization techniques such as FTIR, XRD, UV-vis, SEM, TEM, TGA, DTA, and biological studies. The FTIR, UV-vis, and SEM analysis of the JS leaf extracts are shown in Figures S1–S3, and the phytochemical analysis of these extracts is presented in Table S1.



2.1. FTIR Analysis


The functional groups of the synthesized ZnO NPs were observed via the FTIR spectrum, 100, a PerkinElmer spectrometer with a 4 cm−1 resolution in the 4000–400 cm−1 range, as shown in Figure 1. The broad spectrum at 3105 cm−1 is related to O-H stretching, and the peak seen at 2765 cm−1 is due to C-H stretching. The ester group corresponds to the peak at 1760 cm−1. The C=C stretching of alkene compounds was observed with the peak at 1550 cm−1. The peak measured at 1440 cm−1 is suggestive of the bending vibration of CH3. The C=Cl stretching of the halo complex is shown by the peak at 825 cm−1. Similar results were also observed in various samples of ZnO NPs [32].




2.2. XRD Analysis


The crystalline nature was determined via XRD with 2θ varied from 10° to 80°. The crystal plane characteristics are displayed in the X-ray diffractogram. As illustrated in Figure 2, the XRD pattern obtained corresponds to (100), (002), (101), (102), (110), (103), (200), (112), (201), and (202). The purity and high crystalline form of synthesized nanoparticles were confirmed by the lack of observing any other additional peaks. To calculate the particle size, the Debye–Scherrer formula D = kλ/βCosθ was utilized, where θ is the diffraction angle, β is the full width at half maximum (FWHM) = 0.63, and λ is the wavelength of the X-rays utilized (1.54060 Å). It was found that the synthesized ZnO NPs have an average crystallite size of 26 nm. With lattice parameters a = b = 3.2568 Å and C = 5.2125 Å, the NPs were sphere-shaped [33,34].




2.3. Results of UV-Visible Spectroscopy Analysis


The absorption spectrum of the obtained nanoparticles shows the optical properties of ZnO NPs. In order to examine the optical absorption of the ZnO nanoparticles synthesized, a UV-visible spectrometer was employed to measure wavelengths ranging from 200 to 800 nm. Figure 3 shows the absorption spectrum of ZnO NPs. The absorption band observed at 355 nm was due to electronic transitions between the valence and conduction bands [35]. According to the UV spectrum of ZnO NPs using JS, the band gap energy was estimated to be 3.49 eV. The difference in the absorption energy was due to the substrate present, which was also responsible for the band gap’s deviation from its real value [36]. Based on these results, the optical and overall efficiency of ZnO is significantly influenced by the substrate utilized. ZnO production and optimization can be used for a variety of applications, including optoelectronics, solar cells, and sensors [37,38]. Its electron–hole confinement in a small volume additionally leads to a quantum size effect, which results in an increased band gap energy value. It can be utilized as a photosensitive material for UV photon detection as a result of its wide band gap [39,40,41,42,43,44,45].




2.4. SEM Analysis


The size and surface morphology of the synthesized ZnO NPs were determined with a scanning electron microscope. According to the SEM results, the green synthesized ZnO NPs seem to be spherical [46] in shape, and the size ranges from 20 to 50 nm. The SEM images of ZnO NPs are presented in [Figure 4A–C], where the particle agglomeration takes place due to a change in pH and a decrease in surface energy [47,48,49,50,51,52,53,54]. The EDAX spectrum of the ZnO NPs verifies the presence of zinc and oxygen in proper ratios and impurity-free nanoparticles. Figure 4D illustrates the chemical composition of ZnO nanoparticles, with oxygen comprising 27% and zinc comprising 73% of the elements present.




2.5. TEM Analysis


An accelerated voltage of 200 kV was applied to operate the TEM (JEOL, JEM-2100, Tokyo, Japan) to investigate the size and inner morphology of the synthesized ZnO NPs. The size, size distribution, and shape of ZnO NPs mediated JS are shown in Figure 5A,B. According to the TEM images, the ZnO NPs had an average mean size of 26 nm and were spherical in shape, as shown in Figure 5B. Furthermore, ZnO NPs produced by JS are crystalline in nature, as shown by the sequence of rings with bright spots observed in the selected area electron diffraction (SAED) in Figure 5C. The particle size of ZnO NPs measured via the XRD test is in close agreement with the particle size determined by the TEM analysis.




2.6. Thermal Analysis


Thermogravimetric and differential thermal analyses were carried out in order to determine the stability and temperature of the ZnO NPs. According to the TGA curve in Figure 6A, weight loss starts at 10 °C to 90 °C as a result of the evaporation of water molecules. The main reason for the weight loss up to 200–400 °C was the decomposition and evaporation of biomolecules and phytochemicals that served as surface capping and stabilizing agents on the ZnO NPs [55]. An exothermic peak was seen during the DTA analysis at 475 °C. In the ZnO phase, there is a powerful exothermic peak between 310 °C and 400 °C in the DTA curve, which represents the burn-out of organic composition Figure 6B. This suggests that the ZnO NPs synthesized via biosynthesis are thermally stable at 400 °C [56].




2.7. Results of Biological Studies of ZnO NPs


2.7.1. Antibacterial Activity


The disc diffusion method is utilized to analyze the antibacterial activity of produced ZnO NPs, and the results are represented in Figure 7. Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria strains were assayed using the disc diffusion method. The ZnO NPs exhibit an increased antibacterial effect against S. aureus and E. coli bacteria, with the maximum inhibition zone observed against S. aureus at 7.32 ± 0.44 mm and E. coli at 15.54 ± 0.031 mm. According to differences in the typical characteristics, like composition and structure, these two bacterial strains exhibit distinct inhibitory activities. Compared to E. coli, S. aureus’s cell wall has a more dense and powerful layer of peptidoglycan and less concentrated negative-charged electrons. If compared to positive-charged bacteria, Gram-negative bacteria, such as E. coli, have greater diffusion and electrostatic interactions with ZnO NPs. With regard to particular bacteria, fungi, and viruses, ZnO NPs show a broad-spectrum antibacterial activity that is intended to eliminate, render harmless, or have some sort of regulating effect on pathogenic organisms. The synthesized ZnO NPs displayed excellent antibacterial activity against varieties of bacteria that are medically harmful.




2.7.2. Antispasmodic Activity


In the current investigation, the ZnO NPs underwent a thorough analysis to evaluate their anti-spasmodic activity against involuntary muscle contractions, known as spasms, within the intestinal tract. The study focused on three spasmogens—acetylcholine, histamine, and nicotine—which were chosen for their roles in inducing spasms. By subjecting the biosynthesized ZnO NPs to these spasmogens, the research aimed to unveil their potential as anti-spasmodic agents, shedding light on their capacity to alleviate spasms and relieve associated symptoms. Additionally, the study considered Ayurvedic scriptures, specifically the Shodhan vidhi method [57], to enhance the biological activity of guggul and mitigate its toxicity. Guinea pigs were used to examine the antispasmodic activity on the ileum, with the isolated tissue tested against spasmogens. A 0.3 mL/mL sample solution demonstrated significant reductions in stimulant effects induced by histamine (at a concentration of 1 µg/mL) by (78.19%), acetylcholine (at a concentration of 1 µM) by (67.57%), and nicotine (at a concentration of 2 µg/mL) by (84.35%). These findings underscore the sample solution’s potential as an effective therapeutic agent, showcasing its notable antispasmodic activity in alleviating the effects of histamine, acetylcholine, and nicotine on the guinea pig ileum.




2.7.3. Antipyretic Activity


The antipyretic activity was carried out in male Sprague Dawley rats weighing between 180 and 220 g. The antipyretic activity of the ZnO NPs is displayed in Figure 8A. The antipyretic potential of a sample was tested on healthy Sprague Dawley rats induced with pyrexia using a yeast injection. The antipyretic activity of green synthesized ZnO NPs was determined, and the results are shown in Table 1. The experiment involved various groups receiving different doses of the sample, a control group with saline, and a positive control with paracetamol. The rectal temperature of each group was recorded at 1-hour intervals over 5 h. The sample exhibited significant antipyretic activity, statistically reducing hyperthermia in a dose-dependent manner and maintaining effectiveness for up to 5 h after administration.



There was an average rise in rectal temperature following yeast injection, ranging between 2 °C and 2.43 °C, with the inhibition of hyperthermia demonstrating a notable and statistically significant pattern (p < 0.001). Among the administered doses, the 100 mg/kg dose of the sample exhibited the most potent antipyretic effect, surpassing even the standard drug paracetamol in its ability to efficiently restore body temperature to normal levels (p > 0.05). This result underscores the good efficiency of the sample at the highest dosage, further highlighting its potential as a superior alternative to current antipyretic medications.




2.7.4. Anti-Inflammatory Activity


In the examination of anti-inflammatory activity through the bovine serum albumin (BSA) denaturation assay, meticulous steps were undertaken [58]. Figure 8B shows that the ZnO NPs that were produced using a green synthesis had anti-inflammatory activity. The extent of inhibition of protein denaturation was quantified using a mathematical formula. The calculation involved the determination of the percentage of inhibition achieved, denoted as the inhibition of denaturation (%). The formula employed for this calculation is as follows:


  Inhibitionofdenaturation =   Acontrol − Asample   Acontrol   × 100  











In this formula, A control represents the absorbance value of the control solution, while A sample represents the absorbance value of the tested compounds. Using this formula, the degree of inhibition of protein denaturation caused by the tested compounds can be precisely determined. This quantitative assessment enables a thorough evaluation of the samples’ effectiveness in maintaining the structural integrity of proteins and, consequently, their potential as agents for combating inflammation. The present research analysis observed the following results regarding the anti-inflammatory activity, such as the percentage of inhibition at various concentrations (µg/mL) of the tested compound.



The data highlight the concentration-dependent effect of the tested compounds on inhibiting protein denaturation. As the concentration of the compounds increased, there was a corresponding rise in the percentage of inhibition observed. At the concentration of 50 µg/mL, the inhibition percentage was measured to be 81.35 ± 0.01, indicating a notable inhibitory effect on protein degradation. Subsequently, as the concentration increased to 100 µg/mL, the percentage of inhibition rose to 87.24 ± 0.005, demonstrating a further enhancement in the compounds’ anti-de-naturation activity. This trend continued with higher concentrations, reaching a remarkable inhibition percentage of 97.14 ± 0.005 at a concentration of 250 µg/mL. These results underscore the dose-dependent nature of the tested compounds, revealing their efficacy in preventing protein denaturation. The data provide valuable insights into the concentration range where the compounds exhibit optimal inhibitory activity, contributing to a better understanding of their potential as anti-inflammatory agents.




2.7.5. Evaluation of Cytotoxicity


According to the study results, ZnO NPs can directly inhibit the activity of the enzyme mitochondrial dehydrogenase, which is in the position of decreasing MTT. It is important to underestimate cellular viability when formazan formation is inhibited by chemotherapeutic chemicals’ effects on active cells that result in cellular cytotoxicity. Here, we used L929 (Fibroblast cells) to study the cell survival of the ZnO NPs quantitatively via MTT assay (Human Colon cancer cells). The results of the 24 h culture of these cells and MTT experiment are shown in Figure 9. The percentage of cell viability and growth inhibition was calculated using the formula below. The formula used to determine the percentage of growth inhibition is as follows:


% of viability = Mean OD samples/Mean OD of control group × 100











ZnO NPs seem to be very nontoxic based on the overall cell viability results obtained from L929 cells. ZnO NPs do not cause damage to normal cells with respect to the ZnO NPs concentrations (25 μg/mL, 50 μg/mL, and 100 μg/mL), as shown in Figure 8. When NPs concentrations are at their highest (100 μg/mL), especially if ZnO NPs contents are high, normal cells display some negative effects. The sample of the lowest nanoparticle dosages (5 μg/mL and 10 μg/mL) had minimal effect on L929 cells. ZnO NPs have some cytotoxic against L929 cells. The results of this study indicate that ZnO NPs can activate human fibroblast cells (L929).






3. Materials and Methods


3.1. Materials


Fresh JS leaves were collected from Kanyakumari, Tamil Nadu, India. The chemicals zinc acetate dihydrate (Zn(CH3COO)2·2H2O and sodium hydroxide (98% purity) used for the analysis were purchased from Merck (Darmstadt, Germany), and all the chemicals were used as received.




3.2. Preparation of JS Leaves Extract


In an attempt to eliminate the dust particles, the plant leaves were thoroughly washed with distilled water. After washing, the leaves were permitted to air dry under the shade and powdered [59]. About 10 g of the leaf powder was then properly mixed with 100 mL of deionized water and heated to 70 °C for 30 min. After cooling, whatman No. 1 filter paper was utilized to filter the leaf extract.




3.3. Green Synthesis of ZnO Nanoparticles


The green synthesis of ZnO NPs from a solution of JS leaf extract is shown in Figure 10. ZnO NPs were synthesized by mixing 25 mL of JS leaf extract with 10 mL of zinc acetate dihydrate [Zn(CH3COO)2·2H2O] at 65 °C after continuous stirring for 3 h and allowed to withstand for a day. The solution was completely dried and calcined for 2 h at 250 °C, and it gave a fine sample powder, which was stored in airtight bottles for further characterization.




3.4. Characterization


3.4.1. Fourier Transform Infrared Spectroscopy (FTIR)


The FTIR SPECTRUM 100, a PerkinElmer (Waltham, MA, USA) spectrometer with a 4 cm−1 resolution in the 4000–400 cm−1 range, was utilized. KBr was mixed with the sample. An FTIR analysis was carried out on a thin sample pellet that was obtained via pressing it with a hydraulic pellet press [60,61,62].




3.4.2. X-ray Diffraction (XRD)


With 2θ varied from angles 10° to 80°, ZnO NPs, X-ray diffraction patterns were obtained with Cu Kα radiation (λ = 1.54 Å) in an X-ray diffractometer.




3.4.3. UV-Visible Spectroscopy


The absorption spectra of the obtained nanoparticles showed the optical properties of ZnO NPs. A UV-visible spectrometer was used to observe the optical absorption of the synthesized ZnO NPs in the 200–800 nm wavelength range [63].




3.4.4. Scanning Electron Microscopy (SEM)


Using a (TESCAN VEGA3 SBH, Kohoutovice, Czech Republic), scanning electron microscope, the morphology of the ZnO NPs was measured [64]. With the help of scanning electron microscope and an energy-dispersive X-ray analysis (EDAX) instrument, the elemental composition was examined.




3.4.5. Transmission Electron Microscopy (TEM)


We used an accelerated voltage of 200 kV to operate the TEM (JEOL, JEM-2100, Tokyo, Japan) and investigate the size and inner morphology of the synthesized ZnO NPs [65].




3.4.6. Thermal Analysis


Through the use of a PerkinElmer STA-800, the ZnO sample was heated at a rate of 10 °C/min throughout a temperature range of 50 °C to 700 °C for the thermogravimetric analysis (TGA) and differential thermal analysis (DTA).




3.4.7. Biological Studies of ZnO NPs


ZnO NPs’ antibacterial activity against S. aureus and E. coli was evaluated via the zone of bacterial inhibition method (disc diffusion test) [66,67]. S. aureus and E. coli were cultured for twenty-four hours in a shaking incubator controlled at 35 °C with constant temperature and humidity. The ZnO NPs samples were placed in a Petri plate and filled with 50 mL of liquid that contained S. aureus and E. coli. The plates were incubated for 24 h at 35 °C, and then the inhibiting zone values were measured. The antispasmodic activity was determined using the Shodhan vidhi method [56]. The antipyretic potential of the ZnO NPs was meticulously assessed using Sprague Dawley rats weighing between 180 and 220 g. In the assessment of anti-inflammatory activity through the Bovine Serum Albumin (BSA) denaturation assay, meticulous steps were taken [68].




3.4.8. MTT Assay


The growth of medium was taken out after an entire day. The concentration of 100 μg/mL was added in triplicate to the relevant wells after being repeatedly diluted multiple times in DMEM using two-fold method (5 μg/mL, 10 μg/mL, 25 μg/mL, 50 μg/mL, and 100 μg/mL of DMEM) [69]. The resultant mixture was then placed in an incubator that had additional humidity and 5% CO2 at 37 °C. In addition, control cells that had not been treated were preserved. After a 24 h of treatment, the plate was examined via an Olympus (Tokyo, Japan) CKX41 inversion phase contrast tissue culture microscope equipped with an Optika (Las Vegas, NV, USA) Pro5 CCD camera, and the microscopic results were recorded. Cell morphological modifications, such as rounding or shrinking, granulation, and vacuolization in the cytoplasm, were all taken into consideration as evidence of cytotoxicity [70,71,72].




3.4.9. Statistical Analysis


Three replications of each concentration were used in all studies (antispasmodic, antipyretic, and anti-inflammatory activity). Following a two-way ANOVA analysis of the collected data, Duncan’s multiple-range tests were used to check whether there were significant differences in antispasmodic, antipyretic, and anti-inflammatory activities. The statistical program SPSS-23 (IBM, New York, NY, USA) was utilized for calculating all of the results.






4. Conclusions


In conclusion, the cytotoxicity evaluation of the nanoparticles (NPs) revealed critical insights into their biocompatibility and potential applications. ZnO NPs synthesized using JS have ester and hydroxyl groups, which were confirmed by FTIR analysis. XRD studies confirm that the synthesized ZnO NPs have a spherical structure. In the UV-visible spectrum, an absorption band was observed at 355 nm with a band gap energy of 3.49 eV. The SEM images confirm the spherical shape of ZnO NPs. EDAX analysis confirmed the presence of zinc and oxygen elements. TEM images confirmed the size of ZnO NPs as 26 nm. The major weight losses were observed from the TGA, and an exothermic peak was observed at 400 °C. ZnO NPs showed enhanced biological activities. The evaluation of their therapeutic activity revealed significant anti-spasmodic and antipyretic, anti-inflammatory, and antibacterial activity. Effective antibacterial activity was found in Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria against the green synthesized ZnO NPs. The anti-inflammatory activity of synthesized ZnO NPs showed a remarkable inhibition % of (97.14 ± 0.005) at higher concentrations (250 µg/mL). Overall, the comprehensive cytotoxicity assessment, coupled with biocompatibility evaluation, underscores the necessity of thorough characterization for the safe and effective utilization of NPs in various biomedical and therapeutic contexts. These results propel nanoparticles into the realm of personalized medicine, targeted drug delivery systems, and innovative treatment modalities. As research unravels the intricate mechanisms underlying their therapeutic effects, ZnO NPs hold immense promise for future biological applications.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules29071464/s1, Figure S1: FTIR spectrum of Jasminum sambac leaf extract; Figure S2: UV-visible spectra of Jasminum sambac leaf extract; Figure S3: SEM images of Jasminum sambac leaf extract (a and b); Table S1: Qualitative phytochemical analysis of different extracts of Jasminum sambac (leaf extracts).





Author Contributions


Conceptualization, S.K.J.S. and R.G.L.; methodology, S.K.J.S.; software, R.G.L.; validation, S.K.J.S. and R.G.L.; formal analysis, R.V.; investigation, R.V. and A.A.V.; resources, B.A.A.-A.; data curation, A.A.V. and B.A.A.-A.; writing—original draft preparation, S.K.J.S. and R.V.; writing—review and editing, S.-C.K. and A.A.V.; visualization, R.V.; supervision, S.-C.K. and R.G.L.; project administration, S.-C.K.; funding acquisition, S.-C.K. All authors have read and agreed to the published version of the manuscript.




Funding


R.V. and S.-C.K. would like to express their gratitude to the National Research Foundation of Korea (NRF), which was funded and supported by the Ministry of Education (2020R1I1A3052258).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be made available on request.




Acknowledgments


The authors extend their thanks to Researchers Supporting Project Number (RSP2024R348), King Saud University, Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Singh, M.; Singh, S.; Prasad, S.; Gambhir, I.S. Nanotechnology in Medicine and Antibacterial Effect of Silver Nanoparticles. Dig. J. Nanomater. Biostruct. 2008, 3, 115–122. [Google Scholar]

	



Whitesides, G.M. Nanoscience, Nanotechnology, and Chemistry. Small 2005, 1, 172–179. [Google Scholar] [CrossRef]

	



Pelaz, B.; Jaber, S.; de Aberasturi, D.J.; Wulf, V.; Aida, T.; de la Fuente, J.M.; Feldmann, J.; Gaub, H.E.; Josephson, L.; Kagan, C.R.; et al. The State of Nanoparticle-based Nanoscience and Biotechnology: Progress, Promises, and Challenges. ACS Nano 2012, 6, 8468–8483. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Miao, Y.; He, N.; Wu, X.; Li, S. Nanotechnology and Biosensors. Biotechnol. Adv. 2004, 22, 505–518. [Google Scholar]

	



Zhang, X.; Guo, Q.; Cui, D. Recent Advances in Nanotechnology Applied to Biosensors. Sensors 2009, 9, 1033–1053. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Dutta, P.K. Green Synthesis, Characterization and Biological Evaluation of Chitin Glucan Based Zinc Oxide Nanoparticles and its Curcumin Conjugation. Int. J. Biol. Macromol. 2020, 156, 514–521. [Google Scholar] [CrossRef] [PubMed]

	



Sirelkhatim, A.; Mahmud, S.; Seeni, A.; Kaus, N.H.M.; Ann, L.C.; Bakhori, S.K.M.; Hasan, H.; Mohamad, D. Review on Zinc Oxide Nanoparticles: Antibacterial Activity and Toxicity Mechanism. Nano-Micro Lett. 2015, 7, 219–242. [Google Scholar] [CrossRef]

	



Ansari, M.A.; Govindasamy, R.; Begum, M.Y.; Ghazwani, M.; Alqahtani, A.; Alomary, M.N.; Jamous, Y.F.; Alyahya, S.A.; Asiri, S.; Khan, F.A.; et al. Bioinspired Ferromagnetic CoFe2O4 nanoparticles: Potential Pharmaceutical and Medical Applications. Nanotechnol. Rev. 2023, 12, 20230575. [Google Scholar] [CrossRef]

	



Tamirat, Y. The Role of Nanotechnology in Semiconductor Industry: Review. J. Mater. Sci. Nanotech. 2017, 5, 202. [Google Scholar]

	



Sobolev, K.; Gutiérrez, M.F. How Nanotechnology can Change the Concrete World. Am. Ceram. Soc. Bull. 2005, 84, 16–20. [Google Scholar]

	



Zhu, W.; Bartos, P.J.M.; Porro, A. Application of Nanotechnology in Construction. Mater. Struct. 2004, 37, 649–658. [Google Scholar] [CrossRef]

	



Havancsak, K. Nanotechnology at Present and its Promise for the Future. Mater. Sci. Forum 2003, 414–415, 85–94. [Google Scholar] [CrossRef]

	



Nagajyothi, P.C.; Cha, S.J.; Yang, I.J.; Sreekanth, T.V.M.; Kim, K.J.; Shin, H.M. Antioxidant and Anti-inflammatory Activities of Zinc Oxide Nanoparticles Synthesized using Polygala tenuifolia Root Extract. J. Photochem. Photobiol. B Biol. 2015, 146, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Cai, X.; Luo, Y.; Zhang, W.; Du, D.; Lin, Y. pH-sensitive ZnO Quantum Dots–Doxorubicin Nanoparticles for Lung Cancer Targeted Drug Delivery. ACS Appl. Mater. Interfaces 2016, 8, 22442–22450. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Park, J.-Y.; Kwon, C.W.; Hong, S.-C.; Park, K.-M.; Chang, P.-S. An Overview of Nanotechnology in Food Science: Preparative Methods, Practical Applications, and Safety. J. Chem. 2018, 2018, 5427978. [Google Scholar] [CrossRef]

	



Rai-Kalal, P.; Jajoo, A. Priming with Zinc Oxide Nanoparticles Improve Germination and Photosynthetic Performance in Wheat. Plant Physiol. Biochem. 2021, 160, 341–351. [Google Scholar] [CrossRef]

	



Agnieszka, K.-R.; Jesionowski, T. Zinc Oxide-from Synthesis to Application: A Review. Materials 2014, 7, 2833–2881. [Google Scholar]

	



Hymavathi, A.; Nizamuddin, S.; Bantikatla, H. Design, Green Synthesis and Characterization of Zinc Oxide Nanoparticles from Ocimum tenuiflorum Var. Ram Tulsi. Mater. Today Proc. 2022, 54, 557–559. [Google Scholar] [CrossRef]

	



Nadeem, M.; Tungmunnithum, D.; Hano, C.; Abbasi, B.H.; Hashmi, S.S.; Ahmad, W.; Zahir, A. The Current Trends in the Green Syntheses of Titanium Oxide Nanoparticles and Their Applications. Green Chem. Lett. Rev. 2018, 11, 492–502. [Google Scholar] [CrossRef]

	



Gul, R.; Jan, H.; Lalay, G.; Andleeb, A.; Usman, H.; Zainab, R.; Qamar, Z.; Hano, C.; Abbasi, B.H. Medicinal Plants and Biogenic Metal Oxide Nanoparticles: A Paradigm Shift to Treat Alzheimer’s Disease. Coatings 2021, 11, 717. [Google Scholar] [CrossRef]

	



Jadoun, S.; Arif, R.; Jangid, N.K.; Meena, R.K. Green Synthesis of Nanoparticles Using Plant Extracts: A Review. Environ. Chem. Lett. 2021, 19, 355–374. [Google Scholar] [CrossRef]

	



Sumaira, T.; Khan, B.H.; Abbasi, M.S.; Afridi, F.; Tanveer, I.; Ullah, L.; Bashir, S.; Hano, C. Melatonin-Enhanced Biosynthesis of Antimicrobial AgNPs by Improving the Phytochemical Reducing Potential of a Callus Culture of Ocimum basilicum L. var. thyrsiflora. RSC Adv. 2017, 7, 38699–38713. [Google Scholar] [CrossRef]

	



Jan, H.; Shah, M.; Usman, H.; Khan, M.A.; Zia, M.; Hano, C.; Abbasi, B.H. Biogenic Synthesis and Characterization of Antimicrobial and Antiparasitic Zinc Oxide (ZnO) Nanoparticles Using Aqueous Extracts of the Himalayan Columbine (Aquilegia pubiflora). Front. Mater. 2020, 7, 249. [Google Scholar] [CrossRef]

	



Shah, M.; Nawaz, S.; Jan, H.; Uddin, N.; Ali, A.; Anjum, S.; Giglioli-Guivarc’h, N.; Hano, C.; Abbasi, B.H. Synthesis of Bio-mediated Silver Nanoparticles from Silybum Marianum and Their Biological and Clinical Activities. Mater. Sci. Eng. C 2020, 112, 110889. [Google Scholar] [CrossRef] [PubMed]

	



Razavi, M.; Salahinejad, E.; Fahmy, M.; Yazdimamaghani, M.; Vashaee, D.; Tayebi, L. Green Chemical and Biological Synthesis of Nanoparticles and Their Biomedical Applications. In Green Processes for Nanotechnology: From Inorganic to Bio Inspired Nanomaterials; Springer: Cham, Switzerland, 2015; pp. 207–235. [Google Scholar]

	



Aravind, M.; Ahmad, A.; Ahmad, I.; Amalanathan, M.; Naseem, K.; Mary, S.M.M.; Parvathiraja, C.; Hussain, S.; Algarni, T.S.; Pervaiz, M.; et al. Critical Green Routing Synthesis of Silver NPs Using Jasmine Flower Extract for Biological Activities and Photocatalytical Degradation of Methylene Blue. J. Environ. Chem. Eng. 2021, 9, 104877. [Google Scholar] [CrossRef]

	



Ali, S.G.; Ansari, M.A.; Khan, H.M.; Jalal, M.; Mahdi, A.A.; Cameotra, S.S. Antibacterial and Antibiofilm Potential of Green Synthesized Silver Nanoparticles against Imipenem Resistant Clinical Isolates of P. aeruginosa. BioNanoScience 2018, 8, 544–553. [Google Scholar] [CrossRef]

	



Guo, B.-L.; Han, P.; Guo, L.-C.; Cao, Y.-Q.; Li, A.-D.; Kong, J.-Z.; Zhai, H.; Wu, D. The Antibacterial Activity of Ta-doped ZnO Nanoparticles. Nanoscale Res. Lett. 2015, 10, 1047. [Google Scholar] [CrossRef]

	



Hajipour, M.J.; Fromm, K.M.; Ashkarran, A.A.; De Aberasturi, D.J.; De Larramendi, I.R.; Lu, J.; Serpooshan, V.; Parak, W.J.; Mahmoudi, M. Antibacterial properties of nanoparticles. Trends Biotechnol. 2012, 30, 499–511. [Google Scholar] [CrossRef] [PubMed]

	



Ansari, M.A.; Murali, M.; Prasad, D.; Alzohairy, M.A.; Almatroudi, A.; Alomary, M.N.; Udayashankar, A.C.; Singh, S.B.; Asiri, S.M.M.; Ashwini, B.S.; et al. Cinnamomum verum Bark Extract Mediated Green Synthesis of ZnO Nanoparticles and Their Antibacterial Potentiality. Biomolecules 2020, 10, 336. [Google Scholar] [CrossRef] [PubMed]

	



Ali, J.; Mazumder, J.A.; Perwez, M.; Sardar, M. Antimicrobial Effect of ZnO Nanoparticles Synthesized by Different Methods Against Food Borne Pathogens and Phytopathogens. Mater. Today Proc. 2021, 36, 609–615. [Google Scholar] [CrossRef]

	



Fardood, S.T.; Ramazani, A.; Moradi, D.; Asiabi, P.A. Green Synthesis of Zinc Oxide Nanoparticles Using Arabic Gum and Photocatalytic Degradation of Direct Blue 129 Dye Under Visible Light. J. Mater. Sci. Mater. Electron. 2017, 28, 13596–13601. [Google Scholar] [CrossRef]

	



Vinayagam, R.; Selvaraj, R.; Pugazhendhi, A.; Varadavenkatesan, T. Synthesis, Characterization and Photocatalytic Dye Degradation Capability of Calliandra Haematocephala-Mediated Zinc Oxide Nanoflowers. J. Photochem. Photobiol. B Biol. 2020, 203, 111760. [Google Scholar] [CrossRef]

	



Srinet, G.; Sharma, S.; Kumar, M.; Anshul, A. Structural and Optical Properties of Mg Modified ZnO Nanoparticles: An X-ray Peak Broadening Analysis. Phys. E Low-Dimens. Syst. Nanostruct. 2021, 125, 114381. [Google Scholar] [CrossRef]

	



Junaid, M.; Hussain, S.G.; Abbas, N. Band Gap Analysis of Zinc Oxide for Potential Bio Glucose Sensor. Results Chem. 2023, 5, 100961. [Google Scholar] [CrossRef]

	



Muchuweni, E.; Sathiaraj, T.S.; Nyakotyo, H. Synthesis and Characterization of Zinc Oxide Thin Films for Optoelectronic Applications. Heliyon 2017, 3, e00285. [Google Scholar] [CrossRef] [PubMed]

	



Peña-Garcia, R.; Guerra, Y.; Milani, R.; Oliveira, D.M.; Rodrigues, A.R.; Padrón-Hernández, E. The Role of Y on the Structural, Magnetic and Optical Properties of Fe-Doped ZnO Nanoparticles Synthesized by Sol Gel Method. J. Magn. Magn. Mater. 2020, 498, 166085. [Google Scholar] [CrossRef]

	



Vivekanandhan, S.; Schreiber, M.; Mason, C.; Mohanty, A.K.; Misra, M. Maple Leaf (Acer sp.) Extract Mediated Green Process for the Functionalization of ZnO Powders with Silver Nanoparticles. Colloids Surf. B. 2014, 113, 169–175. [Google Scholar] [CrossRef] [PubMed]

	



Fang, X.; Miao, S.; Zhang, Y.; Chen, Z.; Lai, Y.; Yang, Y.; Cheng, S.; Fan, S.; Yang, J.; Zhang, Y.; et al. Green Synthesis and Characterization of an Orally Bioactive Artemisinin-Zinc Nanoparticle with Enhanced Bactericidal Activity. Colloids Surf. B. 2024, 234, 113660. [Google Scholar] [CrossRef]

	



Wu, J.; Sun, Q.; Huang, H.; Duan, Y.; Xiao, G.; Le, T. Enhanced Physico-Mechanical, Barrier and Antifungal Properties of Soy Protein Isolate Film by Incorporating Both Plant-Sourced Cinnamaldehyde and Facile Synthesized Zinc Oxide Nanosheets. Colloids Surf. B. 2019, 180, 31–38. [Google Scholar] [CrossRef]

	



Puišo, J.; Jonkuvienė, D.; Mačionienė, I.; Šalomskienė, J.; Jasutienė, I.; Kondrotas, R. Biosynthesis of Silver Nanoparticles Using Lingonberry and Cranberry Juices and Their Antimicrobial Activity. Colloids Surf. B. 2014, 121, 214–221. [Google Scholar] [CrossRef] [PubMed]

	



Jayachandran, A.; Aswathy, T.R.; Nair, A.S. Green Synthesis and Characterization of Zinc Oxide Nanoparticles Using Cayratia pedata Leaf Extract. Biochem. Biophys. Rep. 2021, 26, 100995. [Google Scholar] [CrossRef]

	



Bai, X.; Wang, L.; Zong, R.; Lv, Y.; Sun, Y.; Zhu, Y. Performance Enhancement of ZnO Photocatalyst via Synergic Effect of Surface Oxygen Defect and Graphene Hybridization. Langmuir 2013, 29, 3097–3105. [Google Scholar] [CrossRef]

	



Rajendran, N.K.; George, B.P.; Houreld, N.N.; Abrahamse, H. Synthesis of Zinc Oxide Nanoparticles Using Rubus Fairholmianus Root Extract and Their Activity against Pathogenic Bacteria. Molecules 2021, 26, 3029. [Google Scholar] [CrossRef]

	



Albeladi, S.S.R.; Malik, M.A.; Al-thabaiti, S.A. Facile Biofabrication of Silver Nanoparticles Using Salvia officinalis Leaf Extract and its Catalytic Activity Towards Congo Red Dye Degradation. J. Mater. Res. Technol. 2020, 9, 10031–10044. [Google Scholar] [CrossRef]

	



Umavathi, S.; Mahboob, S.; Govindarajan, M.; Al-Ghanim, K.A.; Ahmed, Z.; Virik, P.; Al-Mulhm, N.; Subash, M.; Gopinath, K.; Kavitha, C. Green Synthesis of ZnO Nanoparticles for Antimicrobial and Vegetative Growth Applications: A Novel Approach for Advancing Efficient High Quality Health Care to Human Wellbeing. Saudi J. Bio. Sci. 2021, 28, 1808–1815. [Google Scholar] [CrossRef] [PubMed]

	



Naiel, B.; Fawzy, M.; Halmy, N.W.A.; Mahmoud, A.E.D. Green Synthesis of Zinc Oxide Nanoparticles Using Sea Lavender (Limonium pruinosum L. Chaz.) Extract: Characterization, Evaluation of Anti-skin Cancer, Antimicrobial and Antioxidant Potentials. Sci. Rep. 2022, 12, 20370. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, Y.H.I.; Alghamdi, S.; Jabbar, B.; Marghani, D.; Beigh, S.; Abouzied, A.S.; Khalifa, N.E.; Khojali, W.M.A.; Huwaimel, B.; Alkhalifah, D.H.M.; et al. Green Synthesis of Zinc Oxide Nanoparticles Using Cymbopogon citratus Extract and its Antibacterial Activity. ACS Omega 2023, 8, 32027–32042. [Google Scholar] [CrossRef] [PubMed]

	



MuthuKathija, M.; Badhusha, M.S.M.; Rama, V. Green Synthesis of Zinc Oxide Nanoparticles Using Pisonia alba Leaf Extract and its Antibacterial Activity. Appl. Surf. Sci. Adv. 2023, 15, 100400. [Google Scholar] [CrossRef]

	



Bala, N.; Saha, S.; Chakraborty, M.; Maiti, M.; Das, S.; Basub, R.; Nandy, P. Green Synthesis of Zinc Oxide Nanoparticles Using Hibiscus subdariffa Leaf Extract: Effect of Temperature on Synthesis, Anti-bacterial Activity and Anti-diabetic Activity. RSC Adv. 2015, 5, 4993–5003. [Google Scholar] [CrossRef]

	



Thema, F.T.; Manikandan, E.; Dhlamini, M.S.; Maaza, M. Green Synthesis of ZnO Nanoparticles Via Agathosma vetulina Natural Extract. Mater. Lett. 2015, 161, 124–127. [Google Scholar] [CrossRef]

	



Soto-Robles, C.A.; Luque, P.A.; Gómez-Gutiérrez, C.M.; Nava, O.; Vilchis-Nestor, A.R.; Lugo-Medina, E.; Ranjithkumar, R.; Castro-Beltrán, A. Study on The Effect of the Concentration of Hibiscus sabdariffa Extract on the Green Synthesis of ZnO Nanoparticles. Results Phys. 2019, 15, 102807. [Google Scholar] [CrossRef]

	



Stan, M.; Popa, A.; Toloman, D.; Silipas, T.-D.; Vodnar, D.C. Antibacterial and Antioxidant Activities of ZnO Nanoparticles Synthesized Using Extracts of Allium sativum, Rosmarinus officinalis and Ocimum basilicum. Acta Metall. Sin. (Engl. Lett.) 2016, 29, 228–236. [Google Scholar] [CrossRef]

	



Mahendiran, D.; Subash, G.; Selvan, D.A.; Rehana, D.; Kumar, R.S.; Rahiman, A.K. Biosynthesis of Zinc Oxide Nanoparticles Using Plant Extracts of Aloe vera and Hibiscus sabdariffa: Phytochemical, Antibacterial, Antioxidant and Anti-proliferative Studies. BioNanoSci. 2017, 7, 530–545. [Google Scholar] [CrossRef]

	



Demissie, M.G.; Sabir, F.K.; Edossa, G.D.; Gonfa, B.A. Synthesis of Zinc Oxide Nanoparticles Using Leaf Extract of Lippia adoensis (Koseret) and Evaluation of its Antibacterial Activity. J. Chem. 2020, 2020, 7459042. [Google Scholar] [CrossRef]

	



Kamble, R.; Sathaye, S.; Shah, D.P. Evaluation of Antispasmodic Activity of Different Shodhit Guggul Using Different Shodhan Process. Indian J. Pharm. Sci. 2008, 70, 368–372. [Google Scholar]

	



Revankar, A.G.; Bagewadi, Z.K.; Shaikh, I.A.; Mannasaheb, B.A.; Ghoneim, M.M.; Khan, A.A.; Asdaq, S.M.B. In-vitro and Computational Analysis of Urolithin-A for Anti-inflammatory Activity on Cyclooxygenase 2 (COX-2). Saudi J. Biol. Sci. 2023, 30, 103804. [Google Scholar] [CrossRef]

	



Chatterjee, S.; Jaiganesh, R.; Rajeshkumar, S. Green Synthesis of Zinc Oxide Nanoparticles Using Chamomile and Green Tea Extracts and Evaluation of Their Anti-inflammatory and Antioxidant Activity: An in-vitro Study. Cureus 2023, 15, e46088. [Google Scholar] [CrossRef]

	



Dua, T.K.; Giri, S.; Nandi, G.; Sahu, R.; Shaw, T.K.; Paul, P. Green Synthesis of Silver Nanoparticles Using Eupatorium adenophorum Leaf Extract: Characterizations, Antioxidant, Antibacterial and Photocatalytic Activities. Chem. Pap. 2023, 77, 2947–2956. [Google Scholar] [CrossRef] [PubMed]

	



Barzinjy, A.A.; Azeez, H.H. Green Synthesis and Characterization of Zinc Oxide Nanoparticles using Eucalyptus globulus Labill. Leaf Extract and Zinc Nitrate Hexahydrate Salt. SN Appl. Sci. 2020, 2, 991. [Google Scholar] [CrossRef]

	



Keshavarzi, Z.; Banadkoki, S.B.; Faizi, M.; Zolghadri, Y.; Shirazi, F.H. Comparison of Transmission FTIR and ATR Spectra for Discrimination between Beef and Chicken Meat and Quantification of Chicken in Beef Meat Mixture using ATR-FTIR Combined with Chemometrics. J. Food Sci. Technol. 2020, 57, 1430–1438. [Google Scholar] [CrossRef] [PubMed]

	



Faisal, F.; Jan, H.; Shah, S.A.; Shah, S.; Khan, A.; Akbar, M.T.; Rizwan, M.; Jan, F.; Wajidullah; Akhtar, N.; et al. Green Synthesis of Zinc Oxide (ZnO) Nanoparticles Using Aqueous Fruit Extracts of Myristica fragrans: Their Characterizations and Biological and Environmental Applications. ACS Omega 2021, 6, 9709–9722. [Google Scholar] [CrossRef]

	



Singh, D.K.; Pandey, D.K.; Yadav, R.R.; Singh, D. A Study of Nanosized Zinc Oxide and its Nanofluid. Pramana—J. Phys. 2012, 78, 759–766. [Google Scholar] [CrossRef]

	



Zhou, X.-Q.; Hayat, Z.; Zhang, D.-D.; Li, M.-Y.; Hu, S.; Wu, Q.; Cao, Y.-F.; Yuan, Y. Zinc Oxide Nanoparticles: Synthesis, Characterization, Modification, and Applications in Food and Agriculture. Processes 2023, 11, 1193. [Google Scholar] [CrossRef]

	



Dayakar, T.; Venkateswara, R.K.; Bikshalu, K.; Rajendar, V.; Park, S.-H. Novel Synthesis and Structural Analysis of Zinc Oxide Nanoparticles for the Non Enzymatic Glucose Biosensor. Mater. Sci. Eng. C 2017, 75, 1472–1479. [Google Scholar] [CrossRef]

	



Priya, M.; Venkatesan, R.; Deepa, S.; Sana, S.S.; Arumugam, A.; Karami, A.M.; Vetcher, A.A.; Kim, S.-C. Green Synthesis, Characterization, Antibacterial, and Antifungal Activity of Copper Oxide Nanoparticles derived from Morinda citrifolia Leaf Extract. Sci. Rep. 2023, 13, 18838. [Google Scholar] [CrossRef]

	



Venkatesan, R.; Rajeswari, N. ZnO/PBAT Nanocomposite Films: Investigation on the Mechanical and Biological Activity for Food Packaging. Polym. Adv. Technol. 2017, 28, 20–27. [Google Scholar] [CrossRef]

	



Pandiyan, I.; Arumugham, M.; Srisakthi, D.; Shanumugam, R. Anti-inflammatory and Antioxidant Activity of Ocimum tenuiflorum- and Stevia rebaudiana-Mediated Silver Nanoparticles: An In Vitro Study. Cureus 2023, 15, e50109. [Google Scholar] [CrossRef] [PubMed]

	



Stout, A.J.; Mirliani, A.B.; Rittenberg, M.L.; Shub, M.; White, E.C.; Yuen, J.S.K., Jr.; Kaplan, D.L. Simple and Effective Serum-Free Medium for Sustained Expansion of Bovine Satellite Cells for Cell Cultured Meat. Commun. Biol. 2022, 5, 466. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, S.H.; Mohamed, W.S.; Shaheen, M.N.F.; Elmahdy, E.M.; Mabrouk, M.I. Cytotoxicity, Antibiotic Combination and Antiviral Activity of Papain Enzyme: In vitro study. Asian J. Res. Pharm. Sci. 2020, 10, 6–10. [Google Scholar] [CrossRef]

	



Naseer, M.; Aslam, U.; Khalid, B.; Chen, B. Green route to synthesize Zinc Oxide Nanoparticles using Leaf Extracts of Cassia fistula and Melia azadarach and Their Antibacterial Potential. Sci. Rep. 2020, 10, 9055. [Google Scholar] [CrossRef]

	



Banoee, M.; Seif, S.; Nazari, Z.E.; Jafari-Fesharaki, P.; Shahverdi, H.R.; Moballegh, A.; Moghaddam, K.M.; Shahverdi, A.R. ZnO Nanoparticles Enhanced Antibacterial Activity of Ciprofloxacin against Staphylococcus aureus and Escherichia coli. J. Biomed. Mater. Res.—B 2010, 93B, 557–561. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 29 01464 g001] 





Figure 1. FTIR spectrum green synthesized ZnO NPs. 
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Figure 2. XRD pattern of the green synthesized ZnO NPs. 
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Figure 3. UV-visible absorption spectrum of green synthesized ZnO NPs. 
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Figure 4. (A–C) SEM images of ZnO NPs with different magnifications; (D) EDAX spectrum of ZnO NPs. 
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Figure 5. (A,B) TEM images of ZnO NPs green synthesized by JS; (C) SAED pattern of ZnO NPs. 
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Figure 6. (A) TGA curve; (B) DTA curve of ZnO nanoparticles. 
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Figure 7. The antibacterial activity of ZnO NPs against (a) S. aureus and (b) E. coli. 
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Figure 8. (A) Variation chart corresponding to 10 mL of saline, 100 mL of paracetamol, and 100 mL of sample; (B) % of inhibition of anti-inflammatory activity. 
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Figure 9. Evaluating the cytotoxicity of ZnO NPs: Images of L929 fibroblast cell lines at different concentrations after a 24 h treatment. 
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Figure 10. Schematic diagram of synthesis of ZnO NPs using leaf extract of Jasminum sambac. 
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Table 1. Antipyretic activity of ZnO NPs with JS leaf extracts.
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	S. No
	Design of Treatment
	Dose (mg/kg)
	Temperature (°C)
	Temperature (°C)
	Decrease in Temperature after 2 h (°C)





	1.
	Saline
	10 mL/kg
	36.9
	38.9
	38.7



	2.
	Paracetamol (standard)
	100 mL/kg
	36.8
	39.0
	38.2



	3.
	Sample (test drug)
	100 mL/mg
	37.3
	39.3
	37.9
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