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Abstract  

Nanostructured particles exhibit broad applicability in nanotechnology-related fields, with their properties strongly 
influenced by the synthesis method and material source. This study reports an eco-friendly, microwave-assisted approach 
for synthesizing zinc oxide nanoparticles (ZnO NPs) using Nypa fruticans fruit peel extract (FPNP). The quantification 
of the total phenolic (TPC) and flavonoid content (TFC) of FPNP was determined using a calorimetric assay. Whereas, 
the biosynthesis of ZnO NPs-FPNP was characterized with several instrumental methods, including UV-Vis 
spectrophotometer, Fourier transform infrared spectroscopy (FT-IR), particle size and zeta potential analyzer (PSA and 
ZPA), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray 
spectroscopy (EDX), x-ray diffraction (XRD), and thermogravimetric analysis (TGA). Therefore, the antioxidant and 
antibacterial activities of ZnO NPs-FPNP were observed to evaluate the biological activity of nanoparticles. Furthermore, 
the FPNP contains TPC and TFC were 20.53 ± 1.20 mg GAE/g and 15.80 ± 1.46 mg QE/g, respectively. Meanwhile, the 
ZnO NPs-FPNP was acquired as an amorphous yellowish-white powder, devoid of any discernible odour, and was 
comprehensively characterised. The visible spectra revealed a significant peak at 370 nm, correlating to a band gap energy 
of 3.04 eV, thus confirming the synthesis of the nanoparticles. FTIR spectra indicated that the peak at 497 cm−1 
corresponds to the stretching vibration of Zn-O, which is the characteristic peak for the formation of ZnO NPs-FPNP. 
The particle size of ZnO NPs-FPNP, as determined by particle size analysis, is 234 ± 59.5 nm, with a polydispersity index 
of 0.516. The zeta potential of ZnO NPs-FPNP was measured at ‒25.7 ± 1.50 mV, signifying the stability of the ZnO 
NPs-FPNP. The SEM image displayed an uneven morphology, with primary particle sizes at the nanometre scale that 
tend to combine into micrometre clusters. TEM investigation revealed that ZnO NPs-FPNP predominantly exhibited a 
rod-like morphology, with lengths varying from approximately 50 to 150 nm and diameters between 20 and 40 nm. The 
ZnO NPs-FPNP were confirmed to comprise three elements: zinc, oxygen, and carbon. The XRD pattern confirmed that 
the ZnO NPs-FPNP have a wurtzite crystal structure, demonstrating significant stability at temperatures above 400 °C. 
This study exhibited that the no significant difference in the antioxidant activity to inhibit radical DPPH and ABTS 
between ascorbic acid and ZnO NPs-FPNP at the highest concentration.  Then, the ZnO NPs-FPNP have demonstrated 
bactericidal effect against Escherichia coli and Staphylococcus aureus. Nonetheless, ZnO NPs-FPNP have potential 
applications in pharmaceuticals, cosmeceuticals, and agriculture. 
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Introduction 
Zinc oxide nanoparticles (ZnO NPs) have long 

been recognized for their significant biological effects, 
including their antibacterial and antioxidant properties 
[1]. The fact that conventional synthesis techniques for 
ZnO NPs usually require the use of hazardous chemicals 
and a substantial energy input raises concerns about the 
environmental impact [2]. Numerous studies have 
shown that using chemicals like sodium hydroxide and 
sodium borohydride as reducing agents in the synthesis 
of ZnO can result in the production of hazardous waste 
that is bad for the environment [3]. Furthermore, 
traditional synthesis methods frequently require high 
temperatures and lengthy reaction times, resulting in 
significant energy usage [4]. As a result, there has been 
a lot of research done on creating eco-friendly synthesis 
techniques using natural resources [5]. For instance, 
Mallotus philippinensis leaf extract was effectively used 
by Khajuria et al. [6] to biosynthesize ZnO, which 
demonstrated strong antibacterial properties [6]. In a 
similar vein, Abisha et al. [7] successfully synthesized 
ZnO NPs using plant extracts and a microwave-assisted 
technique, yielding tiny nanoparticles with strong 
antioxidant properties [7]. 

The fruit peel waste of the Nypa fruticans is one of 
the main potentials that has not been thoroughly 
investigated. The fruit peel of the N. fruticans, a 
mangrove plant that grows widely along Indonesiaʼs 
coastline, is frequently thrown away as waste [8]. 
Nevertheless, early research has shown that the peel of 
N. fruticans fruit includes bioactive substances such as 
flavonoids and phenolics, which may act as organic 
stabilizing and reducing agents during the creation of 
nanoparticles [9]. Apart from its potential for 
bioactivity, this extract is well-suited for use in 
microwave-assisted biosynthesis. Rapid and even 
heating, accelerated nanoparticle production, and 
improved particle homogeneity are all made possible by 
the use of microwave irradiation in the synthesis process 
[10]. Microwavesʼ volumetric heating mechanism may 
greatly speed up the rate of reaction without the need for 
high temperatures or extended reaction times, which 
promotes an environmentally friendly green synthesis 
method [11]. 

The green synthesis approach utilizing N. 
fruticans fruit peel waste and microwave-assisted 
synthesis is expected to enhance the antioxidant and  

 
antibacterial effectiveness of the resulting ZnO NPs. 
This has previously been reported in several studies, 
such as those revealed by Hao et al. [12], that the 
antibacterial activity of ZnO NPs synthesized under 
microwave conditions is increased against 
Staphylococcus aureus [12]. A similar report by 
Mallikarjunaswamy et al. [13] demonstrated that the 
antioxidant and antibacterial activities of ZnO NPs 
synthesized under microwave using Aegle marmelos 
were elevated compared to non-microwave-assisted 
[13]. On the other hand, Acar et al. [14] showed that the 
biological activity of ZnO NPs synthesized under 
microwave using Calendula officinalis flower extract 
was improved [14]. Despite numerous studies on the 
green synthesis of ZnO NPs using various plant extracts, 
the utilization of N. fruticans fruit peel waste as a 
bioreductant and stabilizing agent remains scarcely 
explored, particularly under microwave-assisted 
conditions. Most existing studies focus on edible plant 
parts or conventional heating methods, with limited 
attention to waste valorization and rapid synthesis 
approaches. Therefore, this study addresses this research 
gap by employing N. fruticans fruit peel waste in a 
microwave-assisted green synthesis of ZnO 
nanoparticles and systematically evaluating their 
physicochemical properties, antioxidant capacity, and 
antibacterial activity. The integration of agricultural 
waste utilization with microwave-assisted nanomaterial 
synthesis represents the key novelty of this work and 
contributes to the development of sustainable 
nanotechnology for biomedical applications. 

 
Materials and methods 

Plant collection 
The Phytochemistry Laboratory, Faculty of 

Pharmacy, Universitas Sumatera Utara, Indonesia, was 
the site of this investigation in April 2025. N. fruticans 
fruits were gathered from Medan Belawanʼs coastal 
region in North Sumatra, Indonesia. A botanist from 
Universitas Sumatera Utaraʼs Herbarium Medanese 
subsequently recognized the fruit peels, and their 
authenticity as N. fruticans peel was verified and noted 
under Voucher ID: 345/HM-USU/2025. To obtain a 
consistent dry powder, the cleaned fruit peels were 
blended in a traditional blender, sieved, and dried in a 
drying cabinet. Before being used in the biosynthetic 
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process, the dry powdered N. fruticans fruit peel was 
kept in an airtight container. 
 

Plant extraction and determination of 
phytochemical content 

The fruit peel of N. fruticans was extracted via 
infusion. An Erlenmeyer flask containing 10 g of dried 
powder was filled with 100 mL of boiling water. For 30 
min, the mixture was heated to 80 °C. To improve 
solvent penetration and ease the release of bioactive 
chemicals from the sample, the mixture was agitated 
while it was heating. Filtration was used to stop the 
extraction process, and the filtrate was gathered. The 
filtrate was used within 24 h after being kept in a glass 
bottle that was tightly sealed [15]. First, the Folin-
Ciocalteu reagent was used to measure the aqueous 
extractʼs total phenolic content (TPC). In short, a UV-
Vis spectrophotometer set to 765 nm wavelength was 
used to measure the color that resulted from the extractʼs 
reaction with Folin-Ciocalteu. The TPC of the sample 
was quantified by absorbance measurements and 
reported as gallic acid (GA) equivalents (mg GAE/g 
sample) [16]. The extract was then reacted with 
aluminum chloride to assess the aqueous extractʼs total 
flavonoid concentration (TFC). A UV-Vis 
spectrophotometer set at 415 nm was used to measure 
the resultant color. The number of quercetin (Q) 
equivalents (mg QE/g sample) was used to determine 
the TFC of the sample [17]. 

 
Biosynthesis of zinc oxide nanoparticles 
A volume of 50 mL of N. fruticans fruit peel 

extract (FPNP) was amalgamated with 50 mL of a 
solution of zinc nitrate hexahydrate (0.1 M), which was 
subjected to continuous agitation. with a magnetic stirrer 
for 10 min at room temperature. It was mixed with 
NaOH (1 M) until the pH level hit 10 - 11. After that, 
the reaction mixture was exposed to 800 W of 
microwave radiation for 10 min in cycles of 30 s ON and 
30 s OFF. Following irradiation, the mixture was 
centrifuged for 10 min at 8,000 rpm after being left to 
remain at room temperature for 15 to 30 min. It was 
cleaned twice with water that had minerals taken out, 
and then it was dried in an oven at 60 °C for 24 h. Before 
being characterized and assessed, the powdered ZnO 
NPs-FPNP were kept at room temperature in a dark 
glass container [18-20]. 

Characterization of zinc oxide nanoparticles 
Several techniques were used to characterize ZnO 

NPs-FPNP. These included using UV-Vis 
spectrophotometry to determine the absorption peak 
position of the formed ZnO NPs-FPNP and bandgap 
energy following Eq. (1). FTIR to identify functional 
groups, zeta potential analyzer (ZPA) and particle size 
analyzer (PSA) to measure the zeta potential energy, 
hydrodynamic particle size (PS), and polydispersity 
index (PI), SEM, TEM, and EDX to observe surface 
morphology and elemental composition, XRD to 
identify ZnO crystals and the size of crystal according 
to the Eq. (2). Therefore, DTG to assess thermal stability 
and volatile content [5,21-25]. 

 

Eg = ℎ𝑐𝑐
𝜆𝜆

                                                                          (1) 

 
where ‘Eg’ is bandgap energy, h is Planck’s constant 
6.626×10−36 J·s, ‘c’ is speed of light 3.8×108 m/s, and 
‘λ’ is absorption wavelength.  

 

D = ( 𝐾𝐾𝐾𝐾
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

)A°                                                                  (2) 

 
where D is the average crystallite diameter in Angstrom, 
K is the Scherrer constant, λ is the wavelength of X-ray, 
i.e., 1.5406 Å, CuKα radiation, ϴ is the Bragg’s angle, 
and 𝛽𝛽 is the full width at half maximum intensity of the 
diffraction peak.  

 
Antioxidant activity of zinc oxide 

nanoparticles 
These tests were DPPH and ABTS radical 

scavenger experiments used to assess the antioxidant 
activity of ZnO NPs-FPNP. Briefly, a DPPH solution 
was combined with ZnO NPs-FPNP at different doses 
between 31.25 to 500 µg/mL for the DPPH assay. It was 
measured at 517 nm after the mixes were left to sit at 
room temperature for 30 min in the dark. Whereas, by 
combining samples at different concentrations (31.25 to 
500 µg/mL) with the ABTS radical solution (absorbance 
= 0.700), the impact of ZnO NPs-FPNP on ABTS 
radical scavenging was ascertained. It was measured at 
734 nm after the mixtures were left to sit for 6 min at 
room temperature in the dark [26].   
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Antibacterial activity of zinc oxide 
nanoparticles 

Escherichia coli (ATCC 25922) and 
Staphylococcus aureus (ATCC 25923) were used to test 
how well the samples killed germs. The broth 
microdilution method was used in 96-well microplates 
for this work to find the minimum inhibitory 
concentration (MIC) and minimum bactericidal 
concentration (MBC). Bacterial inocula were generated 
from overnight cultures (24 h) on Mueller-Hinton Agar 
(MHA). Colonies were suspended in sterile saline 
solution and calibrated to the 0.5 McFarland standard 
(2×108 CFU/mL). More water was added to the 
suspension until the final bacterial concentration was 
approximately 5×105 CFU/mL. Test samples were 
subsequently made using Mueller-Hinton Broth (MHB) 
in two-fold repeated dilutions in the microplate wells, 
with each well infected with the bacterial suspension to 
get a total amount of 200 µL. Plates were kept warm at 
35 ± 2 °C for a duration of 24 h. The MIC was 
established as the minimal concentration of the material 
that entirely prevented observable bacterial 
proliferation. To determine the MBC, 10 - 100 µL 
aliquots from wells exhibiting no growth were 
subcultured onto fresh MHA plates and incubated under 
identical conditions. The minimum concentration 
resulting in the absence of bacterial colony development 
was identified as the MBC. Antibacterial activity was 
designated as bactericidal when the MBC/MIC ratio was 
≤4, and as bacteriostatic [27,28] 

 
Statistical analysis 
Three copies of each study were done, and the 

results were shown as the mean ± standard deviation 
(SD). GraphPad Prism version 9.0 (GraphPad Software, 
USA) and SPSS version 25.0 (IBM Corp., USA) were 
used for statistical studies. To look for changes in the 
antioxidant activity tests, a one-way analysis of variance 
(ANOVA) with Tukeyʼs post hoc test was used. The 
IC₅₀ values for radical scavenging activities were 
determined by nonlinear regression with a sigmoidal 
dose-response curve. Antibacterial assays produced 
MIC and MBC values from independent triplicate 
studies, with results provided as modal values 
corroborated by occurrence frequency across duplicates. 
A p - value below 0.05 was considered statistically 
significant. All biological assays, including antioxidant 
and antibacterial tests, were conducted independently in 

triplicate (n = 3), and data are expressed as mean ± 
standard deviation. 
 
Results and discussion 

Phytochemical analysis of extract 
The phytochemical constituents of the FPNP, 

encompassing TPC and TFC, were effectively assessed 
utilising a UV-Vis spectrophotometer. The FPNP 
contains polyphenolic components at a concentration of 
20.53 ± 1.20 mg GAE/g of sample. This discovery 
aligns with Nugroho et al. [29], who indicated that N. 
fruticans fruit peel comprises secondary metabolites, 
such as polyphenols [29]. In comparison to the report by 
Sudirman et al. [9], which demonstrated that N. 
fruticans fruit peel extracted with ethanol at 
concentrations of 50%, 60%, 70%, and 80% yielded 
polyphenolic contents between 8.08 and 16.63 mg 
GAE/g sample, the findings suggest that the 
polyphenolic content of the aqueous extract surpasses 
that of the ethanol extracts [9]. In a separate 
investigation conducted by Martin et al. [30], N. 
fruticans fruit peel extracted using hydroalcoholic 
solvents showed a polyphenolic concentration of 42.70 
mg GAE/g sample [30]. The findings indicate that the 
polyphenolic concentration of an extract is determined 
not only by the solvent type but also by the plant 
material and the inherent qualities of the polyphenols. 
Ethanol-water mixtures are regarded as superior 
solvents for polyphenol extraction due to their ability to 
extract a broader spectrum of chemicals, including less 
polar components [31]. 

The FPNP was determined to contain flavonoid 
components at a concentration of 15.80 ± 1.46 mg QE/g 
of material. This outcome aligns with the observations 
of Fitri et al. [32], who documented the existence of 
flavonoids in the fruit peel of N. fruticans [32]. The 
current observation aligns with that of Moonrungsee et 
al. [33], where water extraction of N. fruticans fruit peel 
produced 16.34 mg QE/g of flavonoids [33]. Prasad et 
al. [34] showed a reduced flavonoid concentration of 3.6 
mg rutin equivalent per gram of N. fruticans fruit peel 
[34]. The results collectively demonstrate that the 
aqueous extract of N. fruticans fruit peel possesses 
significant concentrations of polyphenols and 
flavonoids, thereby endorsing its potential use as a 
bioreductant in the environmentally sustainable 
synthesis of ZnO NPs, where these phytochemicals 
function as eco-friendly reducing and capping agents. 
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Figure 1 Zinc oxide nanoparticles generated using a biosynthesis process with a bioreductor of fruit peel extract of N. 
fruticans under a microwave-assisted approach. 
 

 
Biosynthesis and characterization of zinc oxide 

nanoparticles 
The natural formation of ZnO NPs utilising the 

FPNP via a microwave-assisted method was 
successfully accomplished. This technique achieved a 
recovery rate of 80.35%, with organoleptic qualities 
depicted in Figure 1. The biosynthesized ZnO NPs-
FPNP were acquired as an amorphous yellowish-white 
powder devoid of any discernible odour. The natural 
formation of ZnO NPs using FPNP under microwave-
assisted conditions is attributed to the synergistic roles 
of phytochemicals, alkaline environment, and 
microwave irradiation. The polyphenols and flavonoids 
present in FPNP act as natural reducing agents, 
facilitating the conversion of Zn²⁺ ions into ZnO nuclei, 
while simultaneously serving as capping agents that 
stabilize the growing nanoparticles through functional 

groups such as hydroxyl and carbonyl moieties [35]. 
The alkaline pH promotes the formation of Zn(OH)₂ 
intermediates, which subsequently dehydrate into ZnO 
[36]. Microwave irradiation provides rapid and uniform 
volumetric heating, accelerating nucleation and crystal 
growth while reducing reaction time and energy 
consumption. This synergistic process enables the 
successful green and natural formation of ZnO NPs 
without the use of toxic chemical reagents [37]. These 
traits align with those documented by Suresh et al. [38], 
who noted analogous qualities in ZnO NPs 
biosynthesised utilising Cassia fistula extract [38]. The 
ZnO NPs-FPNP synthesized under microwave-assisted 
conditions show advantageous physicochemical 
properties, as verified by spectrophotometric and 
associated analysis.
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Figure 2 (A) UV-Visible absorption spectrum of ZnO NPs biosynthesized using N. fruticans fruit peel extract (ZnO NPs-
FPNP), showing a characteristic absorption peak at approximately 370 nm, which confirms the successful formation of 
ZnO NPs. (B) Band gap energy analysis of ZnO NPs-FPNP derived from the absorption edge, indicating a band gap value 
of approximately 3.04 eV, consistent with nanoscale ZnO. 
 

The UV-Vis spectrophotometric analysis, 
depicted in Figure 2(A), revealed that the 
biosynthesized product consisted of ZnO NPs-FPNP, 
exhibiting a maximum absorption peak at 370 nm. The 
absorption peak at 370 nm corresponds to the 
characteristic band-to-band transition of ZnO NPs, 
confirming their successful formation. Such absorption 
in the ultraviolet region is typical for nanoscale ZnO and 
is influenced by particle size and surface interactions 
with phytochemicals present in the plant extract. This 
observation supports the findings of Mohd Yusof et al. 
[39], who identified a maximum peak at 360 nm [39]. 
The successful biosynthesis of ZnO NPs is often 
indicated by a peak absorption maximum in the range of 
350 - 380 nm [40]. The band gap of ZnO NPs-FPNP was 
subsequently determined using the Tauc plot method, as 
illustrated in Figure 2(B). The determined energy value 
of the ZnO NPs-FPNP in this investigation was 3.04 eV. 
This number signifies that the synthesised ZnO NPs-
FPNP were pure and undoped. Prior studies have shown 
that various parameters, including the synthesis 
technique, particle size, and impurity content, influence 
the band gap energy of bio-synthesized ZnO NPs [41]. 
This aligns with the findings of Mohammadi et al. [42], 
who indicated that the band gap energy of ZnO NPs 
synthesized with Punica granatum fruit extract was 
inferior to that of chemically synthesized ZnO NPs [42]. 
Plant extracts have been reported to induce plasmon-like 

optical effects in ZnO NPs through surface defect 
formation and modification of the local dielectric 
environment, therefore decreasing the energy necessary 
for electronic transitions. Consequently, a diminished 
band gap energy may augment the medicinal efficacy of 
ZnO NPs [42]. 

Furthermore, to facilitate the effective production 
of ZnO NPs-FPNP under microwave-assisted 
conditions, the ZnO NPs-FPNP were characterised via 
FTIR, as illustrated in Figure 3. The FTIR spectra of the 
ZnO NPs-FPNP exhibited a pronounced absorption 
band at 3,490 cm⁻¹. This absorption band corresponds to 
the OH stretching vibration from polyphenolic 
chemicals in the extract, indicating that chemical 
interactions between the extract and the ZnO precursor 
occurred during nanoparticle production. Jaishi et al. 
[43] reported analogous findings, noting a pronounced 
OH absorption at 3,317 cm⁻¹ in their synthesized ZnO 
NPs [43] Similarly, Jayachandran et al. [44] detected 
OH absorption linked to polyphenols at 3,275 cm⁻¹ in 
ZnO NPs [44]. The presence of OH absorption bands in 
the FTIR spectrum is a definitive property of 
biosynthesized ZnO NPs mediated by plant extracts 
[45]. The OH absorption band observed in the FTIR 
spectrum originates from hydroxyl-containing 
phytochemicals adsorbed on the ZnO surface, which 
function as natural capping agents during biosynthesis. 
Surface hydroxylation resulting from aqueous synthesis 
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conditions further supports the green-mediated 
formation of ZnO NPs [46]. Meanwhile, the FTIR 
spectra displayed pronounced absorption bands at 2,310, 
1,620, and 1,433 cm⁻¹, indicative of the C–H, C=C, and 
C=O stretching vibrations of alkanes and ketones. Selim 
et al. [47] indicate that these absorptions signify the 
main and secondary phytochemicals found in the extract 
used for synthesis [47]. Khan et al. [48] further 
substantiated this observation, indicating that ZnO NPs 
synthesized from strawberry waste had analogous 

absorption bands at 2,345, 1,629, and 1,418 cm⁻¹, 
respectively [48] The successful biogenesis of ZnO NPs, 
as demonstrated by the FTIR data, was indicated by 
absorption bands at 982 and 497 cm⁻¹. The band at 982 
cm⁻¹ indicates C–O stretching, signifying the interaction 
between the extract and ZnO, whereas the band at 497 
cm⁻¹ denotes the characteristic stretching vibration of 
pure ZnO. This observation aligns with the findings of 
Thi et al. [49], who documented a ZnO vibration at 495 
cm⁻¹ [49].

 

 
Figure 3 FTIR spectrum of ZnO NPs biosynthesized using N. fruticans fruit peel extract (ZnO NPs-FPNP), showing 
characteristic vibrational bands corresponding to surface-bound phytochemical functional groups. The absorption bands 
observed at various wavenumbers (cm⁻¹), including broad O–H stretching, C=O/C–O vibrations, and Zn–O stretching in 
the low wavenumber region, confirm the involvement of plant-derived biomolecules in nanoparticle formation and 
stabilization. 
 

Additionally, the attributes of ZnO NPs-FPNPS 
identified in this work include particle size, 
polydispersity index, and zeta potential, as illustrated in 
Figure 4. According to Figure 4(A), the mean particle 
size of ZnO NPs-FPNP in this work is 234 ± 59.5 nm. 
This indicates that the resultant particles remain quite 
large, as they exceed 100 nm. The larger particle size 
obtained from PSA analysis reflects hydrodynamic 
diameter and partial aggregation of ZnO NPs, while 
TEM analysis confirms the presence of primary 

nanoparticles within the nanoscale range [50]. 
Numerous studies have indicated comparable particle 
sizes, including the findings of Rusli et al. [51], which 
revealed that ZnO NPs derived from Garcinia mangosta 
extract exhibited an average particle size of 641.97 nm 
[51]. A further investigation by Hussien et al. [52] 
indicated that the synthesized ZnO NPs exhibited a 
particle size of 249.8 nm [52]. Nonetheless, alternative 
research, including the one by Faisal et al. [53], 
effectively synthesised ZnO NPs with a particle size of 
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66 nm [53]. The PI obtained in this investigation was 
0.516. This number signifies that the ZnO NPs produced 
exhibit a somewhat broad distribution. The relatively 
high polydispersity index indicates a broad particle size 
distribution, which is a common feature of plant extract-
mediated green synthesis due to heterogeneous 
nucleation and biomolecule-induced aggregation. Such 
polydispersity may influence size-dependent properties, 
dispersion stability, and interaction consistency in 
certain applications [54]. Nonetheless, this is acceptable 
as the phytochemical substances present in the extract 
typically lead to an elevation in PI. Likewise, Ibrahim et 
al. [55]. indicated that ZnO NPs synthesized with 
Azadirachta indica extract had a substantial PI of 0.472 
[55]. Mishra et al. [56] found that ZnO NPs synthesized 
with Trichoderma harzianum had a greater PI of 1 [56]. 
The zeta potential energy of the ZnO NPs synthesized in 
this study was assessed to ensure their stability, as 
illustrated in Figure 4(B). The ZnO NPs in this 

investigation exhibited a zeta potential of ‒25.7 ± 1.50 
mV. The results indicate that the synthesized ZnO NPs 
exhibit adequate electrostatic stability due to the 
negatively charged groups derived from the N. fruticans 
fruit peel extract. The results obtained are not 
substantially different from those published by Jain et 
al. [57] at -30 mV [57]. Hamrayev et al. [58] reported a 
zeta potential energy of +23.19 mV [58]. A zeta 
potential energy of 20 - 30 mV signifies that the ZnO 
NPs exhibit considerable stability [58]. This results from 
the robust electrostatic forces among particles, which 
inhibit the aggregation of the dispersion, although minor 
clusters may nevertheless occasionally develop. 
Although electrostatic repulsion stabilizes the 
dispersion, occasional nanoparticle collisions and 
biomolecule-mediated interactions may result in the 
formation of minor clusters without causing significant 
aggregation or sedimentation [59].

 

 
Figure 4 (A) Particle size distribution and polydispersity index (PDI) of ZnO NPs biosynthesized using N. fruticans fruit 
peel extract (ZnO NPs-FPNP) under microwave-assisted conditions, showing a relatively broad hydrodynamic size 
distribution. (B) Zeta potential of ZnO NPs-FPNP, indicating a negatively charged surface that contributes to colloidal 
stability and reduced aggregation in aqueous dispersion. 
 

The surface and elements of ZnO NPs-FPNP were 
analyzed by SEM, TEM, and EDX to corroborate the  

 
properties of PSA and ZPA, as illustrated in Figure 5. 
Figure 5(A) demonstrates that the resultant ZnO NPs-
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FPNP exhibit an uneven shape, with a fundamental 
particle size at the nanometre scale, which tends to 
agglomerate into micrometer clusters. This aggregation 
frequently arises in the production of plant extracts due 
to the presence of organic molecules that function as 
stabilisers. Therefore, the irregular morphology reflects 
heterogeneous nucleation and anisotropic growth during 
green synthesis, while plant-derived biomolecules 
effectively restrict particle growth, preserving nanoscale 
dimensions [60]. This aligns with the PI values acquired 
and documented in this investigation. This outcome is 
not inherently unfavourable. An earlier study by Alprol 
et al. [61] showed that the agglomeration of ZnO NPs 
can augment the material’s surface area, thus improving 
its biological activity [61]. Mahajan et al. [62] 
corroborate this, revealing that inside agglomerates, 
smaller particles induce a twofold nucleation 
mechanism, thereby providing multiple reactive sites 
[62]. The study proceeded with TEM to obtain a clearer 
structure of the resultant ZnO NPs, as illustrated in 
Figure 5(B). TEM research revealed that ZnO NPs had 
a predominant rod-like morphology, measuring 

approximately 50 - 150 nm in length and 20 - 40 nm in 
diameter. Certain particles appeared to agglomerate, yet 
individual particles were distinctly identifiable. Zhou et 
al. [63] indicated that rod-shaped ZnO NPs are 
equivalent to wurtzite crystal ZnO nanoparticles [63]. 
This morphology is indicative of the biosynthesis 
technique utilising extracts via a microwave approach, 
as documented by Bharathi et al. [64]. Subsequently, to 
verify the successful production of ZnO NPs utilising N. 
fruticans fruit peel extract via the microwave method, 
the presence of zinc and oxygen was assessed using 
energy-dispersive X-ray spectroscopy (EDX). Figure 
5(C) demonstrates that the resultant chemical comprises 
three elements: zinc, oxygen, and carbon. The presence 
of zinc verifies that the primary component of the 
nanoparticles is included in the resultant product. The 
presence of oxygen signifies the formation of ZnO in 
conjunction with Zn. The existence of oxygen facilitates 
the creation of Zn-O bonds, as corroborated by FTIR 
data. The presence of carbon likely derives from organic 
chemicals in the extract, suggesting a distinctive aspect 
of the green synthesis process.

 

 
Figure 5 (A) SEM micrograph of ZnO NPs biosynthesized via green synthesis using N. fruticans fruit peel extract, 
showing aggregated particles with irregular morphology. (B) TEM micrograph revealing the fundamental particle size of 
ZnO NPs within the nanometre scale. (C) EDX spectrum confirming the elemental composition of the biosynthesized 
ZnO NPs, with predominant signals corresponding to zinc (Zn) and oxygen (O), indicating high purity of the synthesized 
material. 
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The TEM results indicate that the generated ZnO 
NPs-FPNP are rod-shaped, aligning with the wurtzite 
crystal structure. The identification of ZnO NPs via 
XRD, as illustrated in Figure 6(A), corroborated this. 
The principal intensity peaks identified at 2θ were 31.7° 
(100), 34.4° (002), 36.2° (101), 47.5° (102), 56.6° (110), 
62.8° (103), 66.3° (200), and 68.0° (112). The observed 
XRD diffraction peaks correspond to the characteristic 
lattice planes of hexagonal wurtzite ZnO, which is the 
most thermodynamically stable crystal structure of ZnO 
under ambient conditions. The diffraction peaks indexed 
to the (100), (002), (101), (102), (110), (103), (200), and 
(112) planes match well with the standard JCPDS card 
No. 36 - 1451, confirming the formation of phase-pure 
ZnO with a hexagonal wurtzite structure. Moreover, our 
findings align with those presented by Ashaduzzaman et 
al. [10], who discovered that biosynthesised ZnO NPs 
utilising the microwave method display peaks at 2θ 
intensities of 31.86°, 34.55°, 36.36°, 47.65°, 56.68°, 
62.85°, 66.39°, 68.09°, and 69.18° [10]. The crystal 
structure of ZnO NPs significantly influences their 
stability and biological efficacy, particularly in terms of 
antibacterial properties [10]. According to Silva et al. 
[65], variations in crystal morphology lead to alterations 
in H+/OH− ion adsorption and Zn2+ solubility, both of 
which influence reactive oxygen species (ROS) 

generation to suppress microbial proliferation [65]. 
Subsequently, to evaluate the stability of the synthesized 
ZnO NPs-FPNP, thermal examination via Differential 
Thermogravimetry (DTG) was conducted, as illustrated 
in Figure 6(B). The thermal analysis results indicated 
that the ZnO NPs-FPNP underwent phase transitions at 
elevated temperatures, specifically exhibiting peaks at 
temperatures below 100 °C and over 150 °C. During the 
early phase, mass loss transpires as a result of the 
evaporation of free and adsorbed water from the 
nanoparticle surface. In the second phase, there was no 
notable mass loss up to 800 °C, demonstrating that the 
ZnO structure was thermally stable and did not 
experience additional disintegration. This aligns with 
the findings of Demissie et al. [66], which indicated that 
ZnO NPs synthesised with Lippia adoensis extract 
maintained stability despite temperatures above 400 °C 
[66]. In alignment with Abomuti et al. [67], revealed 
that the organic chemicals in Salvia officinalis extract 
may safeguard ZnO NPs from degradation at 
temperatures exceeding 400 °C [67]. The features of 
ZnO NPs synthesised utilising N. fruticans fruit peel 
extract using the microwave method demonstrate 
commendable quality in both chemical and physical 
aspects, hence endorsing further investigation in the 
biomedical domain.

 

 
Figure 6 (A) XRD pattern of ZnO NPs biosynthesized via green synthesis using N. fruticans fruit peel extract, showing 
diffraction peaks corresponding to the hexagonal wurtzite crystal structure of ZnO, confirming phase purity and good 
crystallinity. (B) Thermal stability profile of the biosynthesized ZnO NPs obtained from thermogravimetric analysis, 
indicating weight loss associated with the removal of surface-bound phytochemicals and thermal stability of the ZnO 
framework at higher temperatures. 
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Antioxidant activity of zinc oxide nanoparticles 
This study assessed the antioxidant activity of 

FPNP and ZnO NPs-FPNP by a microwave method, 
utilising DPPH and ABTS radical scavenging assays, as 
illustrated in Figure 7. Figure 7(A) illustrates that the 
DPPH radical scavenging activity of each test group 
escalated with rising doses from 31.25 to 500 µg/mL (p 
< 0.0001). At the minimal concentration, ascorbic acid 
(AA) exhibited the greatest inhibitory action at 53.43 ± 
0.83%, followed by ZnO NPs-FPNP at 32.15 ± 1.46%, 
and FPNP at 11.37 ± 0.94%. The values remained 
statistically significant with p < 0.05. Notably, at the 
maximum concentration, while AA exhibited the 
highest percentage inhibition of DPPH radical 
scavenging at 91.41 ± 1.05%, this result was not 
statistically distinct from the DPPH radical inhibition 
percentage by ZnO NPs-FPNP at 500 µg/mL, which was 
87.22 ± 3.21% (p > 0.05). At a dose of 500 µg/mL, 
FPNP demonstrated a 52.08 ± 1.81% increase in the 
inhibition of DPPH radicals, but this result remained 
statistically different from the other two groups (p < 
0.05). Ultimately, ZnO NPs-FPNP showed efficacy 
equivalent to that of AA in suppressing DPPH radicals 
at a dose of 500 µg/mL. The impact of ZnO NPs-FPNP 
injection on the inhibition of ABTS radicals is illustrated 
in Figure 7(B). The impact of ABTS radical inhibition 
across all test groups was statistically significant and 
correlated with increased concentration (p < 0.001). In 
Figure 7(B), it was shown that AA exhibited no 

significant difference in its ability to suppress ABTS 
radicals with ZnO NPs-FPNP throughout concentrations 
ranging from 31.25 to 500 µg/mL, with p > 0.05. 
Simultaneously, FPNP exhibited a statistically 
significant difference in the inhibition of ABTS radicals 
compared to the other 2 groups at each test 
concentration, with p values less than 0.05, respectively. 
At the minimal dose, the greatest DPPH radical 
inhibition percentage was achieved with AA 
administration at 36.47 ± 0.94%, succeeded by ZnO 
NPs-FPNP at 33.49 ± 1.06%, and FPNP at 13.52 ± 
1.05%. A comparable outcome was observed at the 
maximum concentration of 500 µg/mL for each group, 
suppressing ABTS radicals by 85.41 ± 1.03%, 83.74 ± 
1.69%, and 57.26 ± 1.52%, respectively. The 
biosynthesis of ZnO NPs-FPNP effectively enhanced 
the DPPH and ABTS radical inhibition efficacy 
compared to FPNP described by the inhibitory 
concentration 50 (IC50) in Table 1. The IC50 of ZnO 
NPs-FPNP to inhibit DPPH and ABTS were 53.64 ± 
2.70 µg/mL and 56.57 ± 2.23 µg/mL, respectively. It is 
illustrated more strongly significant of FPNP to inhibit 
DPPH and ABTS, was 465.68 ± 5.71 µg/mL and 361.35 
± 5.03 µg/mL, respectively. Unfortunately, it is still 
observed lowest than ascorbic acid, was 10.68 ± 0.84 
µg/mL and 9.77 ± 0.51 µg/mL, respectively.   However, 
it indicates its potential as a competitive antioxidant 
agent.

 

 
Figure 7 (A) DPPH radical inhibition, (B) ABTS radical inhibition by ZnO NPs under green synthesis. AA is defined as 
ascorbic acid, FPNP is defined as fruit peel extract of Nypa fruticans, and ZnO NPs-FPNP is defined as zinc oxide 
nanoparticles synthesized using fruit peel extract of N. fruticans with microwave-assisted. **** is defined as the group 
significantly different with p < 0.0001, *** is defined as the group significantly different with p < 0.001, ** is defined as 
the group significantly different with p < 0.01, * is defined as the group significantly different with p < 0.05, and ns is 
defined as the group not significantly different with p > 0.05. 
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Table 1 Inhibitory concentration 50 (IC50) of sample tests to inhibit DPPH and ABTS radical. 

Sample 
IC50 (µg/mL) 

DPPH ABTS 

FPNP 465.68 ± 5.71 361.35 ± 5.03 

ZnONPs-FPNP 53.64 ± 2.70 56.57 ± 2.23 

Ascorbic acid 10.68 ± 0.84 9.77 ± 0.51 
FPNP: Fruti peel extract of Nypa fruticans, ZnONPs-FPNP: Zinc oxide nanoparticles synthesized using Nypa fruticans 
fruit peel extract. 
 

Investigations on the antioxidant properties of 
ZnO NPs are not new to the literature. Azizi et al. [68] 
documented that biosynthesized ZnO NPs derived from 
Citrullus colocynthis by a microwave method reduced 
DPPH radicals by 75% at a concentration of 1 g/mL 
[68]. Nagajyothi et al. [69] observed that ZnO NPs 
synthesised with Polygala tenuifolia root extract 
inhibited DPPH radicals by 45% at a concentration of 1 
mg/mL [69]. Meanwhile, Albarakaty et al. [22] 
indicated that ZnO NPs synthesised using Moringa 
oleifera extract may suppress DPPH radicals by as much 
as 90% at a dosage of 100 mg/mL [22]. In this 
investigation, approximately 300 µg/mL was required to 
inhibit each DPPH and ABTS radical by 75%, while 
around 60 µg/mL was sufficient to achieve a 50% 
inhibition of each radical. Consequently, ZnO 
nanoparticles synthesised from N. fruticans fruit peel 
extract by a microwave method exhibit significant 
potential as antioxidant agents. The factors influencing 
the antioxidant activity of ZnO NPs are intriguing [70]. 
ZnO NPs can release Zn2+ ions, which participate in 
redox reactions by sequestering free electrons from 
radicals, so stabilising them [71]. Moreover, due to the 
structural structure of ZnO NPs, which possesses several 
oxygen vacancies acting as electron donors, they may 
rapidly neutralize free radicals [72]. Moreover, ZnO 
NPs possess a semiconductor band gap, enabling the 
generation of free electrons and holes upon excitation 
[73]. The liberated electrons interact with DPPH or 
ABTS radicals, neutralising them [73]. There are 
important distinctions between the antioxidant 
processes of ZnO NPs and those of organic antioxidants 
such as ascorbic acid. Nonetheless, the outcome remains 

unchanged, specifically a reduction in the concentration 
of free radicals.  

 
Antibacterial activity of zinc oxide 

nanoparticles 
This work presents the antibacterial efficacy of 

ZnO NPs-FPNP against E. coli and S. aureus, 
determined by the minimum inhibitory concentration 
(MIC) and minimum bactericidal concentration (MBC) 
within a concentration range of 0.5 to 1024 µg/mL. 
According to the findings presented in Table 2, FPNP 
effectively inhibited the proliferation of E. coli and S. 
aureus at doses of 512 and 256 µg/mL, respectively. 
ZnO NPs-FPNP effectively inhibited the growth of E. 
coli and S. aureus at lower doses than FPNP, specifically 
64 and 32 µg/mL, respectively. Gentamicin effectively 
inhibited the growth of E. coli and S. aureus at doses of 
1 and 0.5 µg/mL, respectively. Statistical analysis 
indicates significant differences among each test group 
with p < 0.05. Additionally, each test group was reported 
to effectively eliminate E. coli and S. aureus at specific 
amounts. FPNP has been found to eradicate E. coli and 
S. aureus at a dose of 1024 µg/mL. Conversely, ZnO 
NPs-FPNP necessitated minimal dosages to eradicate E. 
coli and S. aureus, specifically 128 and 64 µg/mL, 
respectively. Gentamicin effectively eradicated E. coli 
and S. aureus at concentrations of 2 and 1 µg/mL, 
respectively. Statistically, a significant difference was 
seen among all test groups in the eradication of E. coli 
and S. aureus, with p < 0.05. Nonetheless, FPNP and 
ZnO NPs-FPNP are classified as possessing a 
bactericidal action due to the MBC/MIC ratio exceeding 
1.
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Table 2 Antibacterial activity of ZnO NPs-FPNP against E. coli and S. aureus. 
Sample Strain MIC (mean, µg/mL) MBC (µg/mL) MBC/MIC ratio Interpretation 

FPNP 

E. coli ATCC 
25922 

512a 1024a 2 Bactericidal 

S. aureus ATCC 
25923 

256d 1024d 4 Bactericidal 

ZnO NPs-
FPNP 

E. coli ATCC 
25922 

64b 128b 2 Bactericidal 

S. aureus ATCC 
25923 

32e 64e 2 Bactericidal 

Gentamicin 

E. coli ATCC 
25922 

1c 2c 2 Bactericidal 

S. aureus ATCC 
25923 

0.5f 1f 2 Bactericidal 

Solvent 
control 

E. coli ATCC 
25922 

- - - Not active 

S. aureus ATCC 
25923 

- - - Not active 

FPNP (fruit peel extract of N. fruticans), ZnO NPs-FPNP (zinc oxide nanoparticles synthesized using FPNP), MIC 
(minimum inhibitory concentration), MBC (minimum bactericidal concentration), and different letter is defined as 
significantly different with p < 0.05.  
 

This study indicates that FPNP exhibits moderate 
antibacterial action, whereas ZnO NPs-FPNP 
demonstrates significantly greater activity; however, 
gentamicin remains the most effective agent against E. 
coli and S. aureus. This study demonstrates that 
employing FPNP in the microwave-assisted 
biosynthesis of ZnO NPs can enhance antibacterial 
efficacy by 8 to 16 times relative to FPNP alone. 
Furthermore, this signifies that alterations in particle 
structure or morphology influence their biological 
activity. Goyal et al. [74] corroborate this, revealing that 
variations in the shape of ZnO NPs synthesised using 
chemical techniques influence their antibacterial 
efficacy differently [74]. Furthermore, Happy et al. [75] 
indicated that ZnO NPs synthesised from Cassia alata 
effectively inhibited the development of E. coli at an 
IC50 of 20 µg/mL [75]. A study conducted by Irfan et al. 
[76] demonstrated that ZnO NPs synthesised from 
Moringa oleifera effectively inhibited the development 
of E. coli and S. aureus, with maximum inhibition zones 
of 22 and 21 mm, respectively [76]. These investigations 
validate that ZnO NPs produced via green synthesis 
possess potential as antibacterial agents, particularly 
against E. coli and S. aureus. This raises the intriguing 

topic of the mechanism by which ZnO NPs function as 
antibacterial agents. Obeizi et al. [77] indicated that 
ZnO NPs biosynthesised from the essential oil of 
Eucalyptus globulus effectively inhibited the growth of 
S. aureus by up to 85% through biofilm suppression 
[77]. Abdelghafar et al. [78] demonstrated that ZnO NPs 
can prevent biofilm formation by up to 50% against S. 
aureus [78]. The antibiofilm impact is further supported 
by evidence indicating that ZnO NPs can enhance the 
generation of reactive oxygen species (ROS), including 
superoxide anions, hydroxyl radicals, and hydrogen 
peroxide, which adversely affect bacterial cells [79]. 
ZnO NPs are documented to aggregate on the external 
surface of bacterial cells [80]. The adequate 
concentration of Zn2+ ions induces the degradation of 
the bacterial cell membrane and obstructs amyloid 
peptide fibrillation, thereby averting biofilm formation 
and commencing bacterial mortality [81]. The findings 
indicate that ZnO NPs production utilising N. fruticans 
fruit peel via the microwave method effectively inhibits 
bacterial growth and holds promise for development as 
an antibacterial agent. 
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Conclusions  
The green synthesis of ZnO NPs utilising N. 

fruticans fruit peel with microwave assistance offers an 
environmentally benign, quick, straightforward, non-
toxic, and effective method for nanoparticle production. 
The phytochemical composition of fruit peel extract 
from N. fruticans was determined using Folin-
Ciocalteau and aluminium chloride tests. Concurrently, 
synthesised ZnO NPs-FPNP were characterised using 
UV-Vis absorption spectroscopy, FTIR, PSA, ZPA, 
SEM, TEM, EDX, XRD, and DTG. The fruit peel 
extract of N. fruticans contains total phenolic and 
flavonoid of 20.53 ± 1.20 mg GAE/g and 15.80 ± 1.46 
mg QE/g of sample, respectively. Consequently, the 
biosynthesised ZnO NPs were obtained as an 
amorphous yellowish-white powder, lacking any 
detectable odour, and were thoroughly characterised. 
The visible spectra indicated a prominent peak at 370 
nm, corresponding to a band gap energy of 3.04 eV, thus 
validating the production of the nanoparticles. FTIR 
spectra showed that the peak at 497 cm−1 corresponds to 
the stretching vibration of Zn-O, which is the definitive 
peak for the creation of ZnO NPs. The particle size of 
ZnO NPs, as indicated by PSA, is 234 ± 59.5 nm, with 
a polydispersity index of 0.516. The zeta potential 
energy of ZnO NPs was found to be ‒25.7 ± 1.50 mV, 
indicating the stability of the ZnO NPs. The SEM 
micrograph revealed an irregular morphology, with 
primary particle dimensions at the nanometre scale, 
which tend to aggregate into micrometre clusters. TEM 
research indicated that ZnO NPs had a mostly rod-like 
shape, with lengths ranging from around 50 to 150 nm 
and diameters between 20 and 40 nm. The ZnO NPs 
were proven to contain three elements: Zinc, oxygen, 
and carbon. The XRD pattern verified that the ZnO NPs 
possess a wurtzite crystal structure exhibiting 
remarkable stability at temperatures exceeding 400 °C. 
Despite the promising antioxidant and antibacterial 
performance of the biosynthesized ZnO NPs, it is 
important to acknowledge certain physicochemical 
limitations of the current formulation. The relatively 
large hydrodynamic particle size observed in PSA 
analysis, mainly attributed to partial aggregation and 
phytochemical capping layers, may influence 
nanoparticle mobility and biological interactions. 
Nevertheless, the observed biological activities indicate 
that surface chemistry and electronic properties play a 

more decisive role than particle size alone. Future 
optimization of synthesis parameters and dispersion 
conditions is expected to improve particle size 
uniformity while further enhancing biological 
performance. 
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