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Abstract

Plant components such as flavonoids, terpenoids, polyphenols, alkaloids, and others are used as reducing agents
during the biogenic synthesis of zinc nanoparticles (ZnNPs). Due to its anticancer and antimicrobial property, plant-
mediated green production of zinc nanoparticles (ZnNPs) attracted more attention. The aqueous stem extract of
Punica granatum (PG) and its useful properties were used in the current study to develop a new, more
environmentally friendly method of producing zinc nanoparticles (ZnNPs). The zinc acetate solution is reduced to
zinc in the current work by an aqueous stem extract of Punica granatum (PG), which also serves as a capping agent.
Colour changes proved the nanoparticles were synthetic. UV-Vis spectroscopy, FTIR, SEM-EDAX, TEM, XRD,
TGA, DTA, and BET were used to analyse newly synthesised nanoparticles. According to measurements made by
TEM and SEM, nanoparticle sizes generally fell between 11 and 30 nm. Additionally, ZnNPs effectiveness in
preventing the growth of various pathogenic microorganisms was assessed using the disc diffusion method, and their
effectiveness as anticancer agent was investigated with HeLa and SKMEL-3 cells.
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1. Introduction

A fascinating field in nanoscience and technology over the past ten years has been the development of new synthesis
techniques for nanomaterials, such as metal nanoparticles, quantum dots (QDs), carbon nanotubes (CNTS),
graphene, and their composites [1-9]. Today, nanotechnology is regarded as a validated state-of-the-art technology
with a wide range of applications in the chemical, pharmaceutical, mechanical, and food processing industries.
Large surface area to volume ratio nanoparticles are becoming more and more important in industry due to their
small size. The study of inorganic nanoparticles, such as metallic nanoparticles, oxide nanoparticles, sulphide
nanoparticles, and other common nanoparticles, through biosynthesis has grown significantly. There are humerous
physical, chemical, biological, and hybrid techniques that can be used to create nanoparticles. In order to create
nanoparticles, physical and chemical procedures are more common, but their usage has been constrained by their
toxicity. Due to the ease of use and adaptability of the processes, there is presently increased interest in the
development of safe, environmentally friendly techniques of biogenetic production. The preferred tool is green
nanoparticle synthesis, which is simple to manufacture and create. Recent years have seen a lot of attention from
scientists on the development of environmentally friendly processes for synthesising nanoscale materials. An
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alternative to chemical synthesis is emerging: plant-based green synthesis. The most abundant source of bio-active
organic compounds, such as polyphenols, flavonoids, alkaloids, terpenes, and tannins, are found in plants. An
emerging trend is the green synthesis of nanoparticles, which is thought to be easy, inexpensive, and non-toxic,
especially when plant extracts from various species are used. Compared to other nanoparticles, metal nanoparticles
are used more frequently for therapeutic purposes (Sanita Banerjee, 2012). Zinc nanoparticles stand out among
metal nanoparticles due to their distinctive optical and chemical behaviours that can be easily controlled by altering
the shape. Modern uses for zinc nanoparticles can be found in the fields of electronics, communication, sensors,
cosmetics, biology, and the pharmaceutical industry [10-14].

Furthermore, biological applications like biological sensing, drug delivery, and nanomedicines hold great promise
for zinc nanoparticles. Ahmad et al. used Pomegranate peel extract and the biowaste of the fruit to biosynthesize
silver and gold nanoparticles at room temperature. Transmission electron microscopy (TEM), selected area electron
diffraction (SAED), and X-ray diffraction (XRD) spectra were used to assess the NPs' shape. Silver and gold
nanoparticles had typical particle sizes of 5 1.5 nm and 10 1.5 nm, respectively. Aqueous pomegranate leaf extract
was used by Nisha et al. to create nanoparticles, which were then verified by FTIR, XRD, FTIR-SEM with EDAX,
and UV-visible spectra at 437nm. Pathogens such as Pseudomonas, Bacillus cereus, Staphylococcus albus, and
Proteus were tested for antibacterial activity. Utilising pomegranate leaf, flower, and fruit extracts, Vennila et al.
observed the decrease of pure Ag++ ion. Sharp bands were visible in the UV spectrum between 350 and
400nm for leaves and 450 and 490nm for flowers and fruits. By using the conventional disc diffusion method,
antibacterial experiments against Gram positive (Staphylococcus aureus) and Gram negative (Pseudomonas) strains
as well as two harmful fungus, Candida albicans and Aspergillus, were also carried out. Using Punica granatum
peel extract, Kaur et al. produced copper nanoparticles (CuNPs) physiologically. FTIR and TEM were used to
characterise the synthesised nanoparticles. This revealed that the particles were between 15 and 20nm in size. It was
discovered which bacteria had in vitro antibacterial activity against Micrococcus luteus MTCC 1809, Pseudomonas
aeruginosa MTCC 424, Salmonella enterica MTCC 1253, and Enterobactor aerogenes MTCC 2823. The typical
particle size ranges between 5 and 50 nm, according to Shanmugavadivu et al.'s silver nanoparticles, which were
produced using pomegranate peel extract and characterised by UV-Vis spectrum [371nm], FTIR, and SEM
analysis. AgNPs antibacterial effects on the pathogens Staphylococcus aureus, Pseudomonas aeruginosa, and
Escherichia coli were assessed. Shalinie et al. showed green synthesis of silver nanoparticles from the extract of
pomegranate fruit seeds in their study phytofabrication of silver nanoparticles utilising pomegranate fruit seeds.
Using the TEM and XRD methods, the morphology of the synthesised nanoparticles was identified. When tested
against various human diseases with multidrug resistance, the synthesised nanoparticles were found to be extremely
hazardous. The manufacture of zinc nanoparticles (ZnNPs) using biosynthetic and environmentally friendly
technology is thought to be nontoxic, bio safe, and biocompatible, and the nanoparticles have been used as
medication carriers, cosmetics, and fillers in medical materials (Rosiand Mirkin, 2005).

However, compared to silver nanoparticles, the majority of Zn-nanoparticles utilised in commerce have some
advantages, such as being less expensive and appearing whiter (Vigneshwaran, 2006). As a quick and practical
substitute for chemical and physical procedures, the utilisation of plant extracts in the biosynthetic process has
attracted interest (Singh, 2011).

In the current study, we have concentrated our attention on the stem of the Punica Granatum plant, which is
frequently consumed by humans as food and has a variety of traditional purposes for the treatment of ailments.
Therefore, utilising the aqueous stem extracts of Punica granatum, we present a straightforward and unique plant-
based production of zinc nanoparticles. Zinc nanoparticles (ZnNPs) produced through green synthesis have a
number of biomedical applications. The Punica granatum aqueous stem extract contains metabolites that function as
a capping and reducing agent for the biogenic synthesis of ZnNPs. Modern methods like UV spectroscopy, FTIR,
SEM-EDAX, TEM, XRD, TGA, DTA, BET, and XPS were used to analyse the green synthesised nanoparticles.
Novel ZnNPs that has been synthesised has good anticancer activity and antimicrobial efficacy. The possibility for
using plant-based NPs in the biomedical industry will grow as a result of this research.
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2. Materials and Methods

2.1. Materials

Punica granatum, a plant that is indigenous to Periyakulam town in the Theni district of Tamilnadu state, India, was
harvested for its fresh stems. Sigma-Aldrich Germany provided reagent grade Zn (CHsCOO),. 2H,0 with a purity of
98 percent. No further purification was performed; all reagents were used as received.

2.2. Preparation of aqueous stem extract

A single Punica granatum plant (fig.1) in the village of Periyakulam provided the fresh stems, which were
repeatedly cleaned in deionized water to eliminate any debris. After being cleaned, the stems (fig.2) were dried in
the sun for a few days before being blended into a fine powder and sieved to obtain stems of the same size. The fine
powder was precisely weighed at 2g, transferred to a 250 mL beaker with 50ml of deionized water, and then heated
for 30 minutes at a temperature of about 70 °C. The mixture was then filtered using Whatman No. 1 filter paper into
a different beaker, and the extract that was created was chilled and stored in a cool location for use in the subsequent
synthesis of ZnNPs.

Figure 1: Punica granatum plant Figure 2: Punica granatum stems

2.3. Preparation of zinc nanoparticles

For the green method of making 2ZnNPs, a 1:10 mixture of zinc acetate dehydrate
[Zn(CH3COO0) 2.2H20] and the aqueous stem extract of Punica granatum was used. After heating the mixture for
15 minutes at 70°C to produce a brown precipitate, it was then cooled to 60°C for 40 minutes. The mixture was
centrifuged at 9000 rpm for 10 minutes after being left at room temperature for an entire night. To get rid of
contaminants, the precipitate was thrice rinsed with deionized water. The resulting precipitates were ground up and
subjected to characterization after being dried in an oven at 80°C for 9 hours.

3. Characterization techniques

Using a Jasco dual-beam spectrophotometer (model JASCO V-750, Japan), the samples UV-visible absorbance
spectra were measured in the 200-800 nm range. The aqueous stem extract solution was combined with the zinc
solution after the necessary dilution to create the ZnNPs solution. The absorbance of the nanoparticle solution
compared to a control extract solution was measured, and an absorbance spectrum was obtained by enabling the
instrument to scan wavelengths between 200 and 800 nm. The Tauc model has been used to compute the band gap.
Using KBr pellets, Fourier transform infrared spectroscopy (FTIR) measurements were made in the 400-4000 cm-1
range using a JASCO FT/IR-4700 spectrophotometer. The produced nanomaterials' thermal properties were
examined using thermo gravimetric and differential thermal analysis (TGA & DTA), which were calibrated for
thermodynamic and kinetic parameters using the Coats and Redfern model.

The X-ray diffraction analysis (XRD) supports the morphological studies of produced nanomaterials. Scanning
electron microscopy (SEM), transmission electron microscopy, and energy dispersive X-ray analysis (EDAX) were
used to study the surface morphology and identify the components included in the produced nanomaterials. The
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binding nature of each individual element present in the produced nanomaterials was validated by X-ray
photoelectron spectroscopy (XPS). The Brunauer-Emmett-Teller (BET) test was used to assess the surface area,
pore volume, and pore diameter.

4. Applications

4.1. Antimicrobial Evaluation

Utilising the Agar disc-diffusion method [15] and testing against gram positive (S. aureus, S pneumonia, Bacillus
subtilis) and gram negative (Klebsiella pneumonia, E coli, pseudomonas aeruginosa) bacterial strains, the
antibacterial activity of synthesised ZnNPs was assessed. Using the sterile swab, 100 mL of a fresh culture
containing 1108 CFU/mL of bacteria was applied to the Mueller Hinton Agar (MHA) plates. A 40 | concentration of
ZnNPs dispersed in DMSO was used to test the Petri-plate. Following this, zone of inhibition levels (mm) were
monitored for 24 hours at 37°C. Standard antibiotic Streptomycin (10 g disc) was employed as a positive control.
The test fungus C. albicans was used to investigate the antifungal activity on potato dextrose agar using a well
diffusion method. First, potato dextrose broth (PDB) was added to the test strain, and it was cultured at 30°C. Then,
using sterile forceps, a well filled with a 40 | test sample of ZnNPs was dropped onto the infected plate and
incubated at 30 °C for 24 h while exposed to light.

4.2. Anticancer Activity

Cell viability assay, HeLa & SKMEL-3 viable cells were harvested and counted using haemocytometer diluted in
DMEM medium to a density of 1 x 104 cells/ml was seeded in 96 well plates for each well and incubated for 24 h to
allow attachment. After HeLa & SKMEL-3 cells treated with control and the containing different concentrations of
(2.5 - 15 pg/mL) were applied to each well. HeLa & SKMEL-3 cells were incubated at 37°C in a humidified 95%
air and 5% CO2 incubator for 24 h. After incubation, the drug-containing cells wash with fresh culture medium and
the MTT (5 mg/mL in PBS) dye was added to each well, followed by incubated for another 4 h at 37°C. The purple
precipitated formazan formed was dissolved in 100 pL of concentrated DMSO and the cell viability was absorbance
and measured 540 nm using a multi-well plate reader. The results were expressed at the percentage of stable cells
with respect to the control.

5. Results and Discussion

Aqueous Punica granatum stem extracts undergo physio-chemical alterations when zinc acetate solution is added.
Within minutes, the reaction mixture's hue changes, which are the most noticeable alteration. This is seen as the first
indication that NPs are forming. As ZnNPs formed, the coloration in the current study changed from yellow to dark
brown. A few hours later, the solution's colour stopped shifting, indicating that Zn was completely bio reduced to
ZnNPs. Fig.3 provides a vivid example of the reaction mixture's colour change as a result of Zn NP production. The
outcomes are in line with other accounts of colour changes caused by plant-based ZnNP production [16].
Temperature is thought to be a key ingredient in the production of high-quality nanoparticles. The relationship
between reaction temperature and nanoparticle size has been demonstrated [17, 18]. Therefore, the reactants were
incubated at 60 °C, which caused the synthesis of small-sized ZnNPs.

Figure 3: Test tubes from left: Aqueous PG Stem extract, Zinc Acetate solution and Synthesized ZnNPs
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5.1 UV-visible spectra of PG stem extract and ZnNPs

A popular technique for examining the optical characteristics of nanoparticles is UV- Vis spectroscopy. Figure 4
shows the UV-visible spectra of synthesised ZnNPs and PG stem extract. The absorption peak for the PG stem
extract can be seen at 244, 276 and 361 nm, which indicates the occurrence of the n-n* and n-n* transitions. This
demonstrates that the functional groups C=C and O-H are present in the plant extract. Similar to ZnNPs, PG stem
extract and zinc metal interact in a way that has a maximal absorption band at 425 nm.

The energy difference between the valence and conduction bands (CB) is referred to as a material's band gap (BG).
A substance will be more electrically conductive, smaller the band gap. The typical approach for estimating Eg from
UV-Vis data (in the R, A, or T mode) is Tauc's plot. Through the Tauc model (an indirect method), the band gap of
the PG stem extract and ZnNPs has been calculated (fig. 5). ZnNPs have a band gap of 4.70 eV, whereas PG stem
extract has a band gap of 4.73 eV (figs. 6 and 7). The outcome makes it obvious that the band energy dropped as the
UV radiation rose. A similar assumption was made by (Niu et al., 2003; Devendrappa et al., 2006) regarding the
cause of this decrease in band gap, that caused more zinc ions to get reduced to ZnNPs.
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5.2 FTIR spectral studies

The numerous absorption bands are visible in the recorded FTIR spectra for PG stem extract and produced ZnNPs
(fig.8). The -OH stretching frequency is shown by the band at 3339 cm, while the C=0 stretching frequency is
indicated by the band at 1635 cm™ in the PG stem extract. The ZnNPs' OH (alcoholic and phenolic) stretching
frequency is described by the band at 3362 cm™. The presence of an amide functional group is represented by the
band at 1568 cm™. The existence of CN stretching of aliphatic amide is suggested by the absorption band position at
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1433 cm™. Stretching vibration's amino functional group and carboxylic acid are located at 1350, 1312, and 1017
cm, respectively. The aromatic CH out of plane bending vibration is represented by the absorption band position at
825 cm™. The metal interaction between ZnNPs is represented by the strong absorption bands at 572 cm™ [19, 20].
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Figure 8: FT-IR spectra of PG stem Extract and ZnNPs

5.3 Scanning electronic microscopic studies and energy dispersive analysis of ZnNPs

5.3.1 Scanning electronic microscopic study of ZnNPs

The morphology and size of the newly synthesised ZnNPs were observed utilising the SEM method and an aqueous
PG Stem extract. The ZnNP SEM images displayed (fig. 9) at 500 nm magnification showed an irregularly sized,
rough surfaced spherical shape. The size of the nanoparticles determined using the image J tool indicated that the
particle size ranged between 11 and 30 nm (fig.10).

Figure 9: SEM images of PG-ZnNPs

SEM PARTICLE SIZE GUASSIAN DISTRIBUTION

[ ]size]

10 15 20 25 30 5
size (nm)

Figure 10: Histogram showing the particle size distribution in nm

5.3.2 Energy dispersive micro analysis of ZnNPs

The energy dispersive micro analysis method was used to investigate the elemental analysis of zinc nanoparticles.
Peaks were found in the nanoparticle EDAX spectra (fig. 11) at energies of 0.25, 0.40, 0.50, 1 and 8.6 eV. The
freshly synthesised ZnNPs contain zinc, carbon, nitrogen, and oxygen, as shown by the spectra.
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Figure 11 EDAX spectrum of PG-ZnNPs

5.4 Transmission Electron Microscopy (TEM)

The TEM pictures (fig. 12) of the synthesised Zn NPs also demonstrate the formation of spherical and flower-
shaped nanoparticles, with diameters ranging from 5 to 22 nm. The presence of polyphenolic chemicals from the
aqueous stem extract of Punica Granatum, which serve as a capping agent, may explain the weak thin coating that
surrounds the surface of zinc nanoparticles.

Figure 12: TEM Images of Synthesized ZnNPs

5.5 XRD Analysis

The nature of ZnNPs was verified using X-ray diffraction investigation. For the XRD analysis, powdered dry ZnNPs
were employed. The XRD pattern (fig.13) of the synthesised ZnNPs showed the 26 values at 12.13, 16.78, 17.01,
19.05, 19.95, 21.08, 22.06, 25.16, 26.74, 28.26, 32.19, 33.09, 35.58, 39.89, 43.29, 46.01, 51.8, 60.74, 67.76 and
70.03° and the comparison of the XRD spectrum with the standard confirmed that ZnNPs formed were in the nano
crystal form. The JCPDS No. 33-1464 was perfectly matched by all of the relevant 2 values. The face-centered cubic
(FCC) crystalline structure of the ZnNPs synthesised using aqueous stem extract of Punica granatum as the reducing
and stabilising agent was revealed by X-ray diffraction analysis depicted in fig. 13; 28.26, 39.89, 43.29, 67.76, and
70.03 at 2h angle, which matched to 110, 111, 200, 220, and 311. A high amount of crystallinity is indicated by the
prominent peak at 39.89 [21, 22]. According to Krishnaraj et al.'s research [23], the presence of phytochemical
substances in the plant's aqueous extract may have coated the surface of the synthesised ZnNPs and stabilised them,
as evidenced by the high peaks at 32.19 and 43.29 in the XRD spectra. Other unidentified peaks seen in the XRD
spectra may be due to the presence of some organic compounds derived from the Punica granatum aqueous stem
extract [24]. Our results are consistent with those of Carmona et al. [25] and Kamaraj et al. [26], who found that the
XRD peaks of the biosynthesized ZnNPs matched those of cubic crystalline zinc at (111), (200), (220), and (311).
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Figure 13: XRD pattern of PG-ZnNPs

5.6 Thermogravimetric Analysis of ZnNPs

The weight loss values and the freshly synthesised ZnNPs thermogram at various heating rates are summarised in
Table 1 (fig. 14 [A-F]). The thermogravimetric analysis shows the three-stage deterioration. The manufactured
ZnNPs lost moisture at different heating rates of 10, 20, 30, 40, and 50 °C and in that order, which resulted in weight
losses of 13.75, 12.16, 10.60, 8.50, and 6.72% during the first stage of decomposition at temperatures between 30
and 100 °C. Due to the loss of alkaloid, flavonoids, triterpene acid, and hemicellulose present in the ZnNPs, the
second stage weight loss was expected to range from 100 to 450 °C, and the weight loss was reported to be 31.34,
38.16, 33.10, 35.83, and 33.25% at heating rates of 10, 20, 30, 40, and 50 °C, respectively [27]. Due to the loss of
ZnNPs, the third stage weight loss of 19.75, 21.27, 23.29, 21.35, and 20.10% was seen at heating rates of 10, 20, 30,
and 50 °C, respectively, and was seen at temperatures between 450-800 °C.
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Figure 14: Thermogram of ZnNPs of different heat rate A) Overall heating rate (10 — 50 °C) B) ZnNPs 10 °C/min,
C) ZnNPs 20 °C/min, D) ZnNPs 30 °C/min, E) ZnNPs 40 °C/min, F) ZnNPs 50 °C/min

»

4 N\ Chemistry Research Journal

L

27



Alagar P et al Chemistry Research Journal, 2023, 8(4):20-36

Table 1: The weight loss of PG-ZnNPs at different heating rate (10 — 50 °C)
Temperature (°C)

Total weight loss (%0)

S.No. Heating Rate (°C/min) Weight loss (%) Residue (%0)
30-100 100-450 450 -800 30-800 (°C)
1 10 13.75 31.34 19.75 64.84 35.16
2 20 12.16 38.16 21.27 71.59 28.41
3 30 10.60 33.10 23.29 66.99 33.01
4 40 8.50 35.83 21.35 65.68 34.32
5 50 6.72 33.25 20.10 60.07 39.93

The disintegration of the ZnNPs causes the weight loss to vary depending on the heating rate, and the total weight
loss was seen between 30 and 800 °C. At various heating rates of 10, 20, 30, 40, and 50 °C, weight losses of 64.84,
71.59, 66.99, 65.68, and 60.07%, respectively, occurred. At a heating rate of 50 °C/min, the highest residue was
detected at a rate of 39.93%. Figure 15 [A - F] shows the curve of In [-In (1 - x)] vs. 1000/T at different heating rates
for PG-ZnNPs. Through thermal analysis at varied heating rates of 100 ° C (Phase 1), 250 °C (Phase Il), and 600 °C
(Phase I11), newly synthesised ZnNPs' activation energy (Ea.), free energy (G), enthalpy (H), and entropy (S) were
calibrated. The resulting values are listed in Table 2. The diverse heating rates of ZnNPs produced revealed positive
values for the Gibbs free energy in the range of 94.7928 to 240.2731 kJ mol-1, indicating that the process is
thermally non-spontaneous. The lowest value of G was 94.7928 kJ mol-1 in Phase I, measured at a heating rate of 10
°C/min.

The negative values of change in entropy (S) observed in Phase | and Phase Il range from -0.1270 to -0.2811 kJ
mol-1, respectively, and are heated at a rate of 10 °C/min. Enthalpy (H) positive values are seen between 1.7600 and
47.4382 kJ mol-1. The heating rate of 10 °C/min from Phase | results in the lowest and highest values of H. At a
heating rate of 10°C/min from Phase I, the highest and lowest Ea values of 50.5394 and 6.1083 kJ mol-1 are
recorded.
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Figure 15: Plot of In [-In (1 - X)] vs 1000/T at different heating rate PG-ZnNPs A) Overall heating rate (10 — 50 °C),
B) PG-ZnNPs 10 °C/min, C) PG-ZnNPs 20 °C/min, D) PG-ZnNPs 30 °C/min, E) PG-ZnNPs 40 °C/min, F) PG-
ZnNPs 50 °C/min
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Table 2 Thermodynamic parameters of PG-ZnNPs at different heating rate at temperature (100, 250 and 600 ° C)
S. Heating rate Temp. Ea AS AH AG
No  (°C/min) phase ©C) (kJ mol) (kJ mol) (kImoll)  (kJ mol?)

| 100 50.5394 -0.1270 47.4382 94.7928

1 10 1 250 6.1083 -0.2811 1.7600 148.7554
1 600 19.9751 -0.2578 12.7167 237.7916

| 100 47.7721 -0.1392 44.6708 96.5768

2 20 1 250 7.8373 -0.2760 3.4889 147.8222
1] 600 19.3618 -0.2592 12.1034 238.3718

| 100 44,5346 -0.1520 41.4334 98.1164

3 30 I 250 6.8826 -0.2795 2.5342 148.7345
1 600 17.9352 -0.2630 10.6768 240.2731

| 100 36.6685 -0.1774 33.5672 99.7277

4 40 1 250 8.8864 -0.2735 4.5380 147.5942
1] 600 19.5116 -0.2592 12.2532 238.5482

| 100 32.8614 -0.1903 29.7601 100.7387

5 50 1 250 9.6080 -0.2713 5.2596 147.1335
1 600 19.4255 -0.2594 12.1671 238.5870

5.7 Differential Thermal Analysis

One of the most popular techniques for identifying chemicals and researching a material's thermal stability is
thermal analysis [29, 30]. The endothermic values listed in Table 3 are displayed in Fig. 16 of the differential
thermal analysis of ZnNPs. The ZnNPs exhibit two endothermic peaks with peak temperatures between 60.30 and
102 °C (Peak 1), 218.40 and 238.80 °C (Peak 2). The endothermic curve at these ranges is between 1.87 and 10.13
J/g at Peak 2 and between 28.31 and 89.46 J/g at Peak 1. Peak 1 maximum heat was 89.46 J/g at 30 °C/min heating
rate, and peak 2 was 10.13 J/g at 20 °C/min heating rate.
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Figure 16: Differential Thermogram of PG-ZnNPs
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Table 3: The Endothermic peaks area of PG-ZnNPs

. oy Peakl Peak 2
S.No. Heating rate (*C/min) Temp. (°C) Area(J/g) Temp. (°C) Area (J/g)
1 10 60.30 54.13 218.40 5.28
2 20 60.71 60.71 229.40 10.13
3 30 86.90 89.46 232.30 3.18
4 40 89.90 28.31 235.70 2.86
5 50 102.00 31.26 238.80 1.87

5.8 BET ANALYSIS

ZnNPs were subjected to a BET analysis in order to learn more details about the nanoparticles' surfaces that were
discovered using a Brunauer-Emmett-Teller (BET) analysis of a particular surface area. The BET analysis of ZnNPs
revealed that at room temperature, the biogenic ZnNPs had a surface area of 4.10 m?/g, a pore volume of 0.004 cc/g,
and a pore diameter of 2.56 nm. The very small pore diameter and surface area may have an impact on the
antibacterial activity.

—a— Adsorption
—a— Desorption

Volume Adsorbed (cm3/g)

o
1

OTO 072 Of4 076 0?8 1?0
Relative Pressure (P/Po)
Figure 17: N2 adsorption and desorption isotherm of PG-ZnNPs

5.9 XPS SURVEY SPECTRA

To investigate the oxidation status of ZnNPs, XPS measurements were made (fig. 18). The survey spectrum of
ZnNPs was produced using stem extract from Punica granatum in a volume of 5% and zinc acetate dihydrate at a
concentration of 1 mM. demonstrate that the spectrum solely contains the elements C, N, O, and Zn. The primary
peaks, which are found at 286.08, 402.04, 533.08, and 1023.08, respectively, show the presence of C 1s (70.09%), N
15 (0.62%), O 1s (28.06%), and Zn 2p (1.13%).

O 1s
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4

o 200 400 600 800 1000 1200
Binding Energy (eVv)

Figure 18: XPS Survey spectra of PG-ZnNPs
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The newly synthesised C=0/C-O, C-N/C=N, and C=0 functional groups can be seen in the C 1s core level spectra
(fig. 19), which are situated at 286.60 (34.74%), 285.03 (46.52%), and 288.51 (18.75%) eV, respectively.
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Figure 19: C 1s Core level spectra of PG-ZnNPs
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Figure 20: N 1s Core level spectra of PG-ZnNPs
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Figure 21: O 1s Core level spectra of PG-ZnNPs
Figures 20 and 21 display the N 1s and O 1s Core level spectra, respectively. The three components of the N 1s core
level spectra are at 397.78 (13.24%), 400.12 (75.73%), and 402.56 (11.03%) eV. The ZnNPs contain the binding
energies for N-H (397.78 eV) and N+ (400.78 and 402.55 eV) [30, 31].
The C-OH and C-O-C groups are present in the PG-ZnNPs, as shown by the O 1s core level spectra recorded of two
component and position at 531.38 eV (6.78%) and 533.10 eV (93.22%) [32, 33].
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Zn 2p
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Figure 22: Zn 2p Core level spectra of PG-ZnNPs
The Zn 2p core level spectra are displayed (fig.22) and show the two components at 1022.38 and 1045.49 eV,
respectively. This clearly illustrates the presence of Zn 2p3/2 and Zn 2p1/2 in ZnNPs [34].

5.10 Antimicrobial Activity
With concentrations ranging from 10 to 40 g/mL, the newly synthesised ZnNPs antibacterial activity is
demonstrated (fig. 23) and estimated against various bacterial strains and a fungal strain. The results are listed in
Table 4. Undoubtedly, the zinc cations released by ZnNPs cause the alterations in germ membrane structures, which
in turn cause the bacteria's membrane permeability to increase and ultimately result in cell death.

S0 Uy N ~ SPemmy
TN ; A

Figure 23 Antimicrobial activity of PG-ZnNPs
Table 4: Antimicrobial activity data of PG-ZnNPs at various bacteria and different concentration

s 1 2 3 4
Nc.) Bacteria Name 10 20 30 40 Streptomycin
' pg/mL  pg/mL  pg/mL  pg/mL

1 S. aureus 11 12 12.5 13 24

2 S. pneumoniae 11 12 13 135 25

3 B. subtilis 8 8.5 9 10 20

4 K. pneumoniae 10 11 115 12 26

5 E. coli 8.5 9 10.5 11.5 23

6 P. aeruginosa 8 8.5 9 10 21

7 C. albicans 8 8.5 9.5 11 (Fluconazole)
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At different concentrations of 10, 20, 30, and 40 g/mL, the inhibitory zone diameter (fig. 24) found against S. aureus
was 11 mm, 12 mm, 12.5 mm, and 13 mm. ZnNPs demonstrated the greatest inhibition zone when tested against S.
pneumoniae, with a diameter of 13.5 mm at the maximum concentration (40 g/mL) and 11 mm at the lowest tested
dose (10 g/mL). The inhibitory zone diameters for B. subtilis were similar, measuring about 8 mm, 8.5 mm, 9 mm.

40
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B2 20 pg/mL
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1= B&8 streptomycin/ Fluconazole
[
=
+—
o 201
=
<
S % %
o 104B] 5
1o R o > o
o - < ] ] <
N 4 % ™ ™ %
o ] o ] ]
& X % x o
o0 424 & = e K
\e NS \e o O S
R JOWNOS o N S 0 <X
s.® S g Ve e © ?.ae‘\)g\ o™

Figure 24: Antimicrobial activity with Zone inhibition of PG-ZnNPs

Additionally, when tested against gram-negative bacteria, ZnNPs showed antibacterial action against K. pneumoniae
with inhibitory zone diameters between 10 and 12 mm at the appropriate dosages. ZnNPs displayed 8.5 mm to 11.5
mm against E. coli at various doses (1040 g/mL). At various tested doses, another gram-negative P. aeruginosa
bacteria caused an inhibitory zone diameter of 8 mm to 10 mm. Candida albicans, a fungus with an inhibitory zone
diameter of around 8 mm to 11 mm at concentrations of 10-40 g/mL, showed a similar trend of inhibition. The
inhibitory zone diameter of the common antibiotic streptomycin ranged from 20 to 26 mm, while that of fluconazole
was 16 mm.

5.11 Anti-Cancer Activity

Studies have been done on the anticancer activity of ZnNPs (fig.25) against cervical cancer, skin cancer, SKMEL-3
and HeLa cell lines. When we increased the ZnNPs content from 2.5 to 15 g/mL, both HeLa and SKMEL-3 cell
viability dropped. The results for the cell viability observed in HelLa against cervical cancer are 85.40 (4.09), 71.67
(2.68), 50.35% (2.85), 38.05 (5.66), 22.74 (4.64), and 14.87% (1.73), respectively, for 2.5, 5, 7.5, 10, 12.5 and 15
g/mL. 7.5, 10, 12.5 and 15 g/mL.
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Figure 25: Anticancer activity of PG-ZnNPs against HeLa and SKMEL-3 cell
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Similar results were obtained for SKMEL-3's cell viability against skin cancer, with values of 88.17 (4.92), 75.98
(3.24), 64.87% (3.81), 55.01 (3.96), 36.20 (3.81), and 14.87% (2.23) for concentrations of 2.5, 5, 7.5, 10, and 12.5
g/mL, respectively. The morphological alterations in HeLa and SKMEL-3 cell cervical and skin cancer reflect the
control of HeLa cell cervical cancer for ZnNPs concentrations of 10 and 12.5 g/mL at 24 hours, respectively (fig.26
[A-C] and fig.27 [A-C]). In the fig. 27, A, B and C signifies the control of skin cancer of SKMEL-3 for At 24 hours,
the concentration of ZnNPs was 7.5 and 10 g/mL, respectively. The findings support ZnNPs' strong anticancer effect
against cervical cancer and skin cancer in HeLa and SKMEL-3 cells. Both cancer cells accelerate similarly at the
greater concentration (15 g/mL), as seen by the almost identical value.

-
Figure 26: Morphological changes in cervical cancer of HeLa cell against PG-ZnNPs
A) Control B) 10 pg/mL C) 12.5 pg/mL at 24 Hrs

Figure 27: Morphologlcal changes in skin cancer of SKMEL-3 cell against PG-ZnNPs
A) Control B) 7.5 pg/mL C) 10 pg/mL at 24 Hrs

6. Conclusions

The creation of non-toxic, biocompatible, and environmentally friendly nanoparticle production techniques is
urgently required. It has been demonstrated that compared to other creatures, plants create metal nanoparticles that
are more stable. More quickly than fungus or bacteria, plants (and especially plant extracts) are able to decrease
metal ions. Plant extracts are more effective for the commercial manufacture of well-dispersed metal nanoparticles
than plant biomass or microbes. Researchers have concentrated their efforts on discovering and characterising the
biomolecules involved in the creation of metallic nanoparticles as well as studying the biological mechanisms and
enzymatic processes of nanoparticle formation. Proteins/enzymes, amino acids, polysaccharides, alkaloids, alcoholic
compounds, and vitamins are just a few examples of the many biomolecules found in plants that may be involved in
the bio reduction, synthesis, and stabilisation of metal nanoparticles.

The use of biologically produced zinc metal nanoparticles has proven to be quicker, cleaner, and more
environmentally friendly than physical and chemical approaches. The Punica granatum aqueous stem extract was
used to create new, widely used zinc nanoparticles. The freshly synthesised zinc nanoparticles have been
characterised using methods like UV-visible spectroscopy, SEM, TEM, XRD, DTA/TGA, BET, and XPS. SEM and
TEM analyses verified that the synthesised ZnNPs had a size range of 11 to 30 nm. The aqueous stem extract of PG
was used to create Zn nanoparticles, which have effective anti-cancer properties as well as potential antibacterial
activity against microorganisms.
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