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A B S T R A C T

The plant extract of Euphorbia antiquorum was utilized to perform a green synthesis of zinc oxide nanoparticles 
(ZnO NPs). The phytochemical components of the nanoparticles were subsequently examined. The ZnO NPs 
produced through biosynthesis were analyzed using several spectroscopic methods. The plant extract revealed 
the existence of alkaloids, tannins, flavonoids, terpenoids, gums, and mucilages, which played a role in the 
production of ZnO NPs by decreasing metal ions and ensuring the stability of the process. The Fourier-transform 
infrared spectroscopy (FTIR) revealed the unique spectra associated with ZnO NPs at a wavenumber of 
455.20 cm− 1. The nanoparticles were observed to have a nanoflake structure by analysis with the Field Emission 
Scanning Electron Microscope (FE-SEM). The average size of the crystallites was determined to be 37 nm using X- 
ray diffraction (XRD) patterns. The Energy-dispersive X-ray spectroscopy (EDX) spectra of ZnO NPs confirmed 
the nanoparticles production with very few impurities. The antibacterial efficacy of the synthesized NPs was 
assessed by determining the Minimum Inhibitory Concentration (MIC) and Minimum Bacterial Concentration 
(MBC) against E. coli, Pseudomonas sp., Vibrio sp., and Bacillus sp. The presence of phytochemicals and the activity 
against microorganisms evidenced the importance of NPs to prevent infection, promote wound healing and to 
treat diseases. This study determines that ZnO NPs possess substantial antibacterial properties against diverse 
aquatic pathogens, presenting them as a viable substitute for conventional antibiotics.

1. Introduction

Nanotechnology significantly impacts various fields, including 
healthcare, agriculture, electronics, and environmental remediation [1]. 
It enables precise drug delivery, minimizing failure and rejection risks, 
and is effective in treating inflammatory, infectious, bone, cardiovas
cular, and pulmonary diseases [2,3]. Nanoparticles, conjugated with 
antibodies via polyethylene glycol, are used in breast cancer therapy [4, 
5]. Additionally, it offers an environmentally acceptable method for 
contamination removal through green synthetic nanoparticles without 
chemicals [6,7]. The eco-friendly production of precious metals has 
positive impacts on human well-being and the natural surroundings [8].

Green synthesis extracts and preserves plant-derived biomolecules 
like enzymes, polyphenols, proteins, flavonoids, and terpenoids for 
pharmaceutical applications, where they act as catalysts, reducing 

agents, stabilizers, or capping agents [9–11]. It minimizes environ
mental contamination by utilizing natural reducing agents and solid 
wastes, reducing greenhouse gas emissions while addressing agricul
tural and industrial waste concerns to promote ecological balance [12]. 
Additionally, green-synthesized nanoparticles, including cerium oxide, 
exhibit anti-inflammatory properties, biocompatibility, and 
cost-effectiveness, making them suitable for antimicrobial therapy, 
wound healing, drug delivery, disease diagnostics, electrochemical 
sensing, and corrosion protection [13–16].

The Euphorbiaceae family is the most extensive group of plants, 
consisting of 300 genera and around 7500 species. E. antiquorum pro
duces a latex that belongs to the Euphorbiaceae family. This latex con
tains active components and is commonly utilized for therapeutic 
purposes [9–11]. The utilization of E. antiquorum for the ZnO NPs syn
thesis represents significant progress in the advancement of 
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nanotechnology. This approach offers an environmentally benign, 
biocompatible, and versatile way of producing nanoparticles, which can 
be applied across multiple industries. This technology provides a sus
tainable option to conventional methods of producing nanoparticles 
[17] by using the bioactive features of E. antiquorum instead of chemical 
precursors [18] that can be detrimental to the environment. ZnO is a 
type of semiconductor that is highly adaptable because of its ability to 
allow light to pass through it and its ability to emit light [19]. Phyto
chemicals derived from plants have a significant role in the synthesis of 
metal oxide nanoparticles such as ZnO, CuO, and Ag. They serve to 
reduce the metal ions while stabilizing the entire process [20]. Nano
particles are utilized for the purpose of combating insect pests and 
herbivore attacks [21]. ZnO NPs are employed for several applications 
including antibacterial, biomedical, agriculture, cosmetics, and bio
fertilizers [22]. ZnO NPs are typically produced using several physical 
and chemical techniques, including ultrasonic conditions, chemical 
vapor deposition, sol-gel, spray pyrolysis, microwave-assisted methods, 
hydrothermal, and precipitation processes [23,24]. The ZnO NPs pro
duced by E. jatropa latex function as reducing agents and also reduce the 
size of crystallites, resulting in changes to the electrical, optical, and 
sensing characteristics of nanopowders [25]. The unique characteriza
tion of nanoparticles in relation to the features of different species of 
Euphorbia plants and their diverse applications. Previous research has 
found that different Euphorbia plant species such as E. hirta, E. milii, and 
E. Petiolata, have been utilized for environmental applications [26–29].

In biomedical and biological applications, nanoparticles synthesized 
from various Euphorbia plant species, including E. confinalis, E. milii, E. 
dendroides, E. acruensis, E. antiquorum L., E. hirta, E. wallichii, E. pseu
docactus Berger, E. tirucalli, E. retusa, E. serpens, E. jatropa, E. helioscopia 
L., and E. dracunculoides, have shown potential for therapeutic use [30, 
25,31–45]. Recent research on E. antiquorum has focused on utilizing 
green synthesis to create gold nanoparticles (AuNPs) with antioxidant 
and anticancer effects [46]. The silver nanoparticles (AgNPs) derived 
from E. antiquorum have demonstrated promising capabilities in the 
fields of anticancer, antibacterial, and larvicidal activities, suggesting 
their potential biological applications in the development of nano
formulations [30]. Previously, the methanolic extract of E. wallichii was 
used to create AgNPs, which effectively inhibited the chosen pathogens 
(A. fumigatus and S. aureus) [47]. The AuNPs produced using ethanol 
extract from E. peplus leaves have anti-cancer properties [48].

ZnO NPs are increasingly utilized to target microorganisms respon
sible for infections and environmental contamination. They exhibit 
strong antimicrobial properties by interacting with microbial cell 
membranes, leading to cell wall disruption and bacterial death. ZnO NPs 
synthesized using E. antiquorum have demonstrated enhanced antibac
terial activity, with bioactive compounds in the plant extract contrib
uting to their efficacy against E. coli, Vibrio sp., Pseudomonas sp., and 
Bacillus sp., making them valuable for food packaging, preservation, and 
medical applications [49–51].

In cancer therapy, ZnO NPs induce cytotoxic effects by generating 
reactive oxygen species (ROS), which cause oxidative stress in cancer 
cells. This oxidative stress damages cellular components such as DNA, 
proteins, and lipids, ultimately triggering apoptosis, or programmed cell 
death. Studies have shown that ZnO NPs synthesized using E. antiquorum 
extracts exhibit significant anticancer activity, particularly against 
human breast cancer (MCF-7) cells, by increasing ROS levels and acti
vating apoptotic pathways [52,53]. Additionally, green-synthesized 
ZnO NPs offer benefits such as improved stability and surface area, 
enhancing their potential applications in drug delivery, catalysis, envi
ronmental remediation, and sensor technology [54]. Current advance
ments focus on utilizing plant-derived reducing agents to optimize ZnO 
NPs synthesis for applications in biomedical, textile, and environmental 
sectors.

The synthesis of ZnO NPs was conducted utilizing a plant extract 
derived from E. antiquorum. The properties of the produced nano
particles were analyzed using a variety of methods. The morphological 

and structural properties of the produced ZnO NPs were validated using 
techniques such as FT-IR, XRD, EDX, and FE-SEM. The current study 
assesses the antibacterial efficacy of ZnO NPs against aquatic pathogens 
utilizing MIC and MBC assays. As far as we know, this is the initial 
documentation on the production of ZnO NPs using E. antiquorum.

2. Materials and methods

2.1. Sample preparation

The sample of E. antiquorum was obtained from Salem, Tamil Nadu 
for the purpose of conducting green synthesis. The collection was 
authenticated by the Botanical Survey of India, with the authentication 
number BSI/SRC/5/23/2023–24/Tech-115. At first, the plant spines 
were delicately removed. The plant was dissected longitudinally and 
carefully transferred into the beaker. Subsequently, the accumulated 
white substance was measured to be 6 g and then poured into 100 
milliliters of distilled water. Then, the mixture was thoroughly blended 
and heated to a temperature ranging from 60 ℃ to 80 ℃.

2.2. Biosynthesis of nanoparticles

To synthesize nanoparticles, an appropriate precursor Zinc nitrate 
solution was prepared. A 5 g sample was combined with 100 mL of 
distilled water and introduced into the solution containing 0.1 M of zinc 
nitrate. The solution was set in a magnetic stirrer for a while to reach 
70 ℃ for 30 min. The plant extract and zinc nitrate solution were 
combined in a 1:1 ratio and heated to a temperature of 80 ℃ for 15 min 
in order to fully dissolve the zinc nitrate. The pH of the solution was 
adjusted to 8.4 to promote ZnO precipitation. The precipitation was 
initiated by the addition of NaOH pellets. The reaction mixture was 
stirred at room temperature for a few hours until the formation of a 
white precipitate was observed. The extract was centrifuged for 10 min 
at 8000 rpm. The pellet was then cleansed with ethanol to remove any 
impurities and the purified ZnO precipitate was dried in a hot air oven at 
100 ◦C to obtain biosynthesized ZnO NPs [55]. The sample was sent for 
characterization in order to confirm the existence of the nanoparticles.

2.3. Qualitative analysis of phytochemicals

E. antiquorum was to identify the presence of tannins, flavonoids, 
saponins, alkaloids, phytosterols, terpenoids, gums, and mucilages. In 
order to detect the presence of alkaloids, a solution containing 2 g of 
iodine and potassium iodide in 100 mL of distilled water was prepared. 
The sample was treated with small quantity of hydrochloric acid and 
filtered. The formation of a reddish-brown solid was induced by the 
addition of Wagner’s reagent [56]. Flavonoids were detected in the 
samples using Shinoda’s assay [57]. Shinoda’s test was conducted, 
where the extract was combined with zinc powder, and concentrated 
sodium hydroxide was introduced slowly and in small amounts. Flavo
noids can be detected by the appearance of a vivid red hue. The presence 
of tannins was established by the FeCl3 Test. When 2 mL of the extract 
was combined with a 5 % FeCl3 solution, it resulted in a violet tint. 
Conversely, when mixed with a 10 % lead acetate solution, a white 
precipitate was formed. The occurrence of tannins was detected through 
the production of a black tint. The combination of extracts, chloroform, 
and concentrated sulfuric acid in Salkowski’s test resulted in a 
reddish-brown tint, indicating the presence of terpenoids in the extracts 
[58]. Phytosterols were detected through the utilization of Salkowski’s 
assay. Each sample was put separately to 5 mL of chloroform solutions 
containing strong sulfuric acid, and no brown staining was observed.

The Liebermann-Burchard test was conducted to determine the 
presence of phytosterols in the extract. This was achieved by adding 
chloroform to the extract together with concentrated sulfuric acid and 
dilute acetic acid, resulting in the appearance of a brownish-green color 
[57].
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In order to conduct the saponins test, 2 mL of extract was combined 
with 10 mL of distilled water and subjected to progressive heating and 
shaking for a duration of 5 min. The existence of saponins was deter
mined by the long-lasting foam generation. The presence of gums and 
mucilages was identified by combining the extract with 25 mL of pure 
alcohol, continuously agitating, and subsequently filtering. The precip
itate was dried by exposure to air and subsequently analyzed for its 
ability to expand [56].

2.4. Characterization of ZnO NPs

2.4.1. XRD
XRD analyses were performed on ZnO NPs synthesized using 

E. antiquorum to investigate their structural characteristics and assess 
their phase composition. The X-ray diffractometer utilized in this study 
was PAN Analytical X′ Pert PRO XRD PW 3040, which operated with 
CuKα radiation at a wavelength of 1.5406 Å. The instrument had an 
accelerating voltage of 45 kV and a current of 30 mA [59]. The XRD 
pattern was obtained by irradiating the sample at 2θ angles ranging from 
10 to 80◦ while it was positioned on a metal holder. The scanning ve
locity ranged from 0.01 to 0.08 steps per second, with increments of 
0.03◦. The Scherrer formula was employed to determine the particle size 
of the samples. A distinct diffraction peak signifies a high degree of 
crystallinity in the particles. As revealed through Bragg’s law [60], 

nλ = 2d sinθ                                                                                       

The Scherrer Eq. [1] is the first technique that established the rela
tionship between crystallite size and peak broadening [61]. 

Crystallite size, Ds = Kλ/β.cosθ                                                       (1)

In this Eq. [2], D indicates crystallite size, βhkl is full-width half 
maximum (in radian), K is 0.9 dimensionless constant and θ is the Bragg 
angle. 

dhkl =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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/
c2

√ (2) 

The unit cell parameter ՙa՚ for the (100) plane is obtained from [62]

a =
λ

̅̅̅
3

√
sinθ(100)

(2a) 

The unit cell parameter ՙc՚ for the (101) plane is determined from 
[59], [62]

c =
λ

sinθ(101)
(2b) 

The volume V is obtained from [60]

V =

̅̅̅
3

√
a2c
2

(3) 

2.4.2. FT-IR
FTIR spectroscopy was employed to identify putative functional 

groups present during nanoparticle production and to analyze the 
chemical composition. The desiccated material was mixed with KBr 
pellets in a proportion of 1:100, and subsequently compressed into a 
clear and slender pellet [63] FTIR spectra were acquired at room tem
perature, with a spectral resolution of 4 cm− 1, covering the range from 
4000 to 400 cm− 1.

2.4.3. EDX and FE-SEM
The size and shape of the nanoparticles have been observed using a 

FE-SEM. The elemental composition of the nanoparticles was deter
mined using EDX analysis. The EDX data and FE-SEM pictures were 
obtained using a Hitachi S-3400N spectrometer [63].

2.5. Antibacterial assay

The antibacterial efficacy of ZnO NPs in combination with plant 
extract was evaluated against E. coli, Pseudomonas sp., Vibrio sp. and 
Bacillus sp. bacteria was determined by MIC assay. The 96-well plates 
were incubated at 37 ◦C for 24 h with two-fold dilutions of ZnO NPs 
having concentrations ranging from 2500 to 78.125 µg/mL. The MIC of 
ZnO NPs against microorganisms was determined at 600 nm via UV–Vis 
spectrophotometer. The MBC assay was used to confirm bacterial sup
pression in the wells. It was then filtered and cooled down to room 
temperature. Petri plates with well contents were left to incubate at 
37 ◦C for 24 h [64]. The results obtained were subjected to statistical 
analysis using the One-Way ANOVA test.

3. Results

3.1. Qualitative analysis of phytochemicals

The phytochemical screening (Table 1) confirmed the presence of 
alkaloids, terpenoids, flavonoids, tannins, and gums/mucilages, playing 
a crucial role in nanoparticle synthesis as reducing and stabilizing 
agents. The absence of phytosterols and saponins suggests the involve
ment of other bioactive compounds in ZnO NP formation.

3.2. Characterization of ZnO NPs

3.2.1. XRD
The X-ray wavelength is denoted by λ (0.154 nm), d demonstrates 

the spacing between the planes with Miller indices (h, k, l), and n refers 
to the diffraction order. The d value for the hexagonal structure of ZnO 
was determined using the equation (61). The X-ray diffraction (XRD) 
peaks were detected at specific angles, known as 2θ values. The observed 
2θ values for the peaks were 26.15, 32.96, 36.45, 44.02, 47.74, 59.17, 
and 67.94 degrees. The produced nanoparticles exhibited diffraction 
peaks corresponding to the (100), (002), (101), (102), (110), (103), 
(112), and (202) lattice planes of the hexagonal wurtzite structure, as 
shown in Fig. 1a, b. The average crystalline size obtained using Scher
rer’s technique is 37 nm, as indicated in Table 2 and calculated using Eq. 
[1]. XRD analysis (Table 2) revealed diffraction peaks corresponding to 
ZnO NPs’ hexagonal wurtzite structure. The crystallite size ranged from 
23.95 nm to 63.73 nm, with the most intense peak at 32.96◦ (2θ), cor
responding to 63.73 nm, indicating high crystallinity. The d-spacing 
values further supported the structural integrity of the synthesized ZnO 
NPs. The lattice parameters for ZnO, as presented in Table 3, were 
calculated as a = 0.04 Å, c = 0.277 Å, and a c/a ratio of 6.9, confirming 
the hexagonal structure using Eqs. (2), (2a), [2b] and [3].

3.2.2. FT-IR
FT-IR spectroscopy was conducted to find several functional groups 

present on the surface of ZnO NPs without leaf extract and with leaf 
extract. The functional groups present in the synthesized ZnO sample 
and plant extract were identified using an FT-IR instrument, and the 
results were displayed in a plot (Fig. 2a, b). The plant extract’s spectrum 
exhibits 9 peaks, which can be used to identify the chemical compounds 
that correspond to the standard IR for capping and reducing. The plant 

Table 1 
Phytochemical screening of green synthesized ZnO NPs.

Phytochemicals Results

Phytosterols Absent
Alkaloids Present
Terpenoids Present
Flavonoids Present
Tannins Present
Gums and Mucilages Present
Saponins Absent
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extract of E. antiquorum mediated ZnO NPs exhibits peaks in its spectra 
at wavelengths of 455.20 cm− 1, 486.06 cm− 1, 509.29 cm− 1, 
540.07 cm− 1, 648.08 cm− 1, 686.66 cm− 1, 1010.70 cm− 1, 

1327.03 cm− 1, and 1489.05 cm− 1. The plant extract of E. antiquorum 
exhibits common significant peaks at 648.08 cm− 1 and 1010.70 cm− 1. 
The FT-IR spectrum of ZnO NPs exhibited a peak at a wavenumber of 
455.20 cm− 1. The sulfone molecule has S––O stretching bonds, as evi
denced by the prominent peak at a wavenumber of 1327.03 cm− 1. The 
prominent peak observed at wavenumbers between 500 cm− 1 and 
1400 cm− 1 is associated with the stretching vibration of C-I and C-F 
bonds in halogen and fluoro compounds. The presence of the C-F stretch 
in ZnO NPs was detected by a distinct peak at 1010.7 cm− 1 corre
sponding to the typical functional groups. The C––O stretch, which in
dicates the existence of an alkene, was found at 686.6 cm− 1. 
Additionally, the C-Br stretch was identified by a prominent band at 
540 cm− 1. The band observed at a wavenumber of 1489.05 cm− 1 was 
determined to correspond to the alkane functional group, namely the 
vibration of C-H stretching.

3.2.3. FE-SEM
The FE-SEM technique was employed to examine the structure, di

mensions, arrangement, and physical characteristics of the produced 
ZnO NPs. Fig. 3 depicts the FE-SEM images of ZnO NPs. The particle 
diameters were measured using ImageJ software. The morphology of the 
extracts was modified by the calcination temperature of 300 ◦C. The 

Fig. 1. XRD analysis of ZnO NPs. a Normalized intensity of XRD peak analysis.

Table 2 
Characterization and crystallite size of ZnO NPs obtained from XRD analysis.

2θ FWHM d-spacing (nm) Intensity Crystallite size (nm)

26.15 0.26 3.4 46.36 31.37
32.96 0.13 2.71 96.13 63.73
36.45 0.16 2.46 85.94 52.27
44.02 0.33 2.05 22.2 25.97
47.74 0.26 1.9 13.48 33.41
59.17 0.33 1.5 35.32 27.68
67.94 0.4 1.37 14.53 23.95

Table 3 
Lattice parameters of ZnO NPs.

hkl dhkl (Å) Lattice parameters (Å) c/a ratio V (Å3)

100 0.16 a = 0.04 ​ 0.0003
101 1.16 c = 0.277 c/a = 6.9
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ZnO NPs were observed in the form of nanoflakes and the size of the 
nanoparticles ranged from 56 nm for particles with a size of 500 nm to 
16 nm for particles with a size of 2 µm (Fig. 3).

3.2.4. EDX
The elemental composition of ZnO NPs produced from E. antiquorum 

extract was assessed by EDX analysis. The EDX analysis identified five 
distinct peaks that corresponded to signals of zinc, carbon, and oxygen. 
These findings offer further evidence for the formation of ZnO NPs, as 
depicted in Fig. 4. The peaks correspond to the optical absorption of the 
nanoparticle. The nanoparticle elemental composition examination 
indicated a high level of purity, with Carbon comprising 16 %, Zinc 
comprising 21 %, and Oxygen comprising 64 %. Table 4 provides a vi
sual representation of the minimum impurities present. The EDX spectra 
of the green-produced ZnO NPs display prominent signals originating 
from Zn and O elements while exhibiting less pronounced signals from C 
elements.

3.3. Antibacterial assay

As shown in Table 5, the zone of inhibition for Vibrio sp. and Bacillus 
sp. was observed as 10 mm, while E. coli as 12 mm. MBC for E. coli, 
Pseudomonas sp., Vibrio sp., and Bacillus sp. were 5.8 µg/mL, 4.9 µg/mL, 
5.1 µg/mL, 3.4 µg/mL while MIC value of ZnO NPs against food borne 

pathogen (Pseudomonas sp.) were ranged from 3.1 to 5.4 µg/mL. E. coli 
shows greater activity with MIC = 5.4 µg/mL and MBC = 5.8 µg/mL 
when compared to others (Fig. 5). A lower MIC indicates enhanced 
antibacterial potency. These results indicate that ZnO NPs were more 
effective in inhibiting the growth of foodborne and environmental 
pathogens. By using One-way ANOVA, the antibacterial assay results 
were statistically significant (P < 0.117) against ZnO NPs.

4. Discussion

The utilization of plant extracts in the green production of nano
particles is an economical and ecologically beneficial approach. Plant 
extracts contain bioactive chemicals and nanoparticles with significant 
therapeutic effects applicable in various medical fields. In this study, 
plant extracts of Euphorbia antiquorum were used to produce ZnO NPs. 
Phytochemical analysis is critical for identifying bioactive constituents, 
contributing to pharmaceutical formulations [65]. The phytocon
stituents found in Euphorbia species, are widely distributed in Gujarat, 
India, include tannins, flavonoids, phenolic compounds, terpenoids, and 
triterpenes. These compounds, as revealed by studies on twelve to 
thirteen Euphorbia species, have medicinal properties and are employed 

Fig. 2. FT-IR spectra of the green synthesized ZnO NPs a) Leaf extract b) ZnO 
NP-leaf extract.

Fig. 3. FE-SEM image of synthesized ZnO NPs (a) 500 nm (b) 2 µm.
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in treating skin problems, cancer, arthritis, and cytotoxicity [66].

4.1. Qualitative analysis of phytochemicals

The E. antiquorum plant specifically contains phytochemicals such as 
flavonoids, diterpenes, triterpenes, tannins, phenolic compounds, alka
loids, sterols, and terpenoids, which act as stabilizing and reducing 
agents during ZnO NP synthesis [67];[68]. A similar study by [37]
highlighted the presence of alkaloids, tannins, flavonoids and tri
terpenes in E. retusa. Additionally, previous research on E. heterophylla 
and E. hirta reported phytochemicals such as flavonoids, saponins, tan
nins, and alkaloids, aligning with our phytochemical analysis [69];[70]. 
The therapeutic potential of these phytochemicals is consistent across 
the Euphorbiaceae family [71].

4.2. XRD

The XRD spectra reveal that ZnO calcinated at 700 ◦C exhibits lattice 
parameters of a = 3.27 Å and c = 5.26 Å, with an average crystallite size 
of 53 nm. These findings underscore the impact of calcination temper
ature on the surface morphology, particle size, and crystallinity of ZnO 
nanoparticles, corroborating earlier studies [72];[42]. Similarly, the 
XRD analysis of Cucumis maderaspatanus extract-mediated ZnO NPs 
revealed a crystallite size of 30 nm, further validating its role as a 
reducing agent in green synthesis [43]. The XRD investigation con
ducted in this study showed a minor alteration in the lattice parameters 

(a = 0.04 and c = 0.277 Å) following calcination at 300 ◦C, with an 
average crystal size of 37 nm. These structural changes indicate 
enhanced crystallinity and phase purity, emphasizing the role of calci
nation in optimizing ZnO NPs’ structural properties.

4.3. FT-IR

FTIR analysis provided additional evidence of functional groups 
involved in nanoparticle stabilization. The presence of C––O stretching 
vibrations at 1645 and 1639 cm− 1, along with C-H stretch vibrations at 
1489.05 cm− 1, supports the role of biomolecules in capping and stabi
lizing the NPs [44];[43]. Furthermore, the characteristic ZnO vibration 
at 422 cm− 1 affirms the successful synthesis of ZnO NPs, consistent with 
previous findings [73].

4.4. SEM and EDX

The morphological changes in ZnO NPs due to calcination are 
evident from SEM images, which display a nanoflake structure at 
300 ◦C. This observation aligns with prior studies highlighting 
temperature-induced morphological transitions [74]. The XRD, EDX, 
and SEM analyses collectively confirm the effective synthesis and high 
purity of ZnO NPs via the green synthesis method.

EDX analysis further validated the synthesized ZnO NPs’ elemental 
composition, revealing 72.27 % zinc and 8.35 % oxygen, closely align
ing with synthesized ZnO NPs containing 80.82 % zinc and minor car
bon content [75]. The high purity of ZnO NPs is further supported by 
reports on E. jatropa plant-derived NPs, which comprised only Zn and O 
components [25]. The prior research estimated that the EDX spectrum of 
Digera muricata synthesized ZnO NPs reveals sharp signals of 17.58 % 
Zinc and 30.49 % oxygen, while comparing the present study shows 
better results [76]. A recent study found that the E. antiquorum plant 
showed that AgNPs had a 73.22 % inhibitory effect at a concentration of 
1000 µg/mL, while copper nanoparticles had a cytotoxic activity of 
68.85 % against MCF-7 breast cancer cells [53].

4.5. Antibacterial assay

In terms of biological activity, ZnO NPs synthesized via green 
methods exhibited significant antibacterial properties against pathogens 
such as E. coli, Pseudomonas sp., Vibrio sp., and Bacillus sp. The MIC values 
ranged from 3.1 to 5.4 µg/mL, consistent with prior studies [77]. The 
concentration-dependent antibacterial activity was evident as 
increasing ZnO NP concentrations (5–45 µg/mL) enhanced bacterial 
growth inhibition [78]. Further, eco-friendly synthesis approaches have 
shown promising antimicrobial activities. For instance, 
E. antiquorum-mediated AuNPs demonstrated inhibitory effects against 

Fig. 4. EDX analysis of green synthesized ZnO NPs.

Table 4 
EDX investigation of elemental composition.

Elements Weight % Atomic %

C 19.18 37.67
O 29.77 43.9
Zn 51.05 18.43
Total 100 100

Table 5 
Zone of inhibition, MIC, and MBC values for pathogens.

Types of 
bacteria

Zone of inhibition 
(Diameter in mm)

Number of 
tested isolates

MIC 
(µg/ 
mL)

MBC 
(µg/ 
mL)

E. coli 12 1 5.4 5.8
Pseudomonas 

sp.
9 1 3.1 4.9

Vibrio sp. 10 2 4.6 5.1
Bacillus sp. 10 1 3.6 3.4
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E. coli, S. aureus, Klebsiella sp., and Bacillus subtilis [46], while Cucumis 
maderaspatanus-derived ZnO NPs exhibited significant antibacterial and 
photocatalytic properties [43]. Such findings corroborate with the 
antimicrobial efficacy observed in this study.

According to [79], the MIC and MBC values of E. granulata-mediated 
AgNPs demonstrated significant resistance against pathogens such as 
S. aureus and E. coli, which is consistent with the efficacy observed in our 
study using ZnO NPs. Our findings indicated that ZnO NPs exhibited 
remarkable antibacterial activity, particularly against E. coli, with an 
inhibition zone of 13 mm. The antibacterial action is attributed to the 
generation of toxic oxygen radicals that damage bacterial cell mem
branes, along with the electrostatic interaction between the negatively 
charged bacteria and the positively charged ZnO particles, leading to 
bacterial cell death [43]. In the previous research [76] Digera muricata 
mediated ZnO NPs reports a potential antibacterial effect against E. coli, 
S. aureus, S. faecalis, K. pneumoniae, P. aeruginosa, and B. subtilis, with the 
zone of inhibition in the range 7–33 mm.

Similarly, E. petiolata-mediated ZnO NPs were found to exhibit sig
nificant antibacterial activity against E. coli, with an inhibition zone of 
12 mm, surpassing the effectiveness of the antibiotic chloramphenicol 
[80]. The antibacterial activities of ZnO NPs are also enhanced by their 
dispersibility in water, which facilitates their role in reducing water
borne diseases and preventing bacterial contamination [81]. ZnO NPs 
derived from mint leaves have shown strong antibacterial effects against 
P. aeruginosa and E. coli, highlighting their potential use in food pres
ervation. These nanoparticles could be incorporated into food packaging 
materials to inhibit microbial growth, thus extending the shelf life of 
food products [50];[82].

Moreover, the role of ZnO NPs in enhancing antibacterial efficacy 
was examined under heavy metal stress, where the antibacterial effect 
against Bacillus sp. was linked to wastewater remediation [83]. In a 
similar context, Calotropis procera-synthesized ZnO NPs demonstrated 
the ability to reduce populations of Vibrio cholerae, an aquatic-borne 
pathogen responsible for gastrointestinal infections and diarrheal dis
eases. The antibacterial action was associated with membrane disrup
tion and reactive oxygen species (ROS) generation, further confirming 
the potential of ZnO NPs in combating aquatic pathogens [84];[85]. The 
antibacterial activity of ZnO nanoparticles occurs through three key 
mechanisms such as generation of reactive oxygen species (ROS), direct 
interaction with bacterial membranes, and release of Zn²⁺ ions. ZnO NPs 
induce oxidative stress by generating ROS such as hydroxyl radicals 
(OH), superoxide anions (O₂⁻), and hydrogen peroxide (H₂O₂). These 
reactive species damage bacterial proteins, lipids, and DNA, leading to 
cell death [50]. The positive surface charge of ZnO NPs interacts elec
trostatically with negatively charged bacterial membranes, disrupting 
membrane integrity, increasing permeability, and causing cytoplasmic 
leakage [51]. ZnO NPs also release Zn²⁺ ions that penetrate bacterial 
cells, interfere with enzymatic activities, and disrupt intracellular 
metabolic pathways, resulting in bacterial inhibition [81].

This study demonstrates that ZnO NPs exhibit substantial antibac
terial activity against a variety of aquatic pathogens, thereby offering a 
means to prevent bacterial infections in fish and other aquatic organ
isms. Their efficacy in controlling waterborne pathogens positions ZnO 
NPs as a promising alternative to traditional antibiotics, helping to 
mitigate the proliferation of drug-resistant bacteria in aquatic ecosys
tems. Furthermore, the incorporation of ZnO NPs into fish feed holds the 
potential to enhance the immune response of aquatic organisms, 
contributing to improved health management and sustainability in 
aquaculture.

5. Conclusion

The utilization of E. antiquorum for the green synthesis of ZnO NPs 
offers a potential and sustainable method for producing nanoparticles. 
The XRD, FT-IR, EDX, and FE-SEM studies were used to describe the 
morphology and structure of ZnO NPs manufactured using a green 

Fig. 5. Antibacterial assay (a) E. coli (b) Pseudomonas sp. (c) Vibrio sp. (d) Ba
cillus sp.
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method. The XRD examination revealed that the crystallite size was 
37 nm. The ZnO NPs were characterized as having a nanoflake structure. 
The size of the nanoparticles ranged from 500 nm to 56 nm and from 
2 µm to 16 nm, as determined by SEM analysis. The MIC and MBC 
concentrations of ZnO nanoparticles biosynthesized from E. antiquorum 
exhibit significant antibacterial effects. Therefore, ZnO NPs has poten
tial antibacterial efficacy against aquatic-borne pathogens which pre
vent bacterial infections. This method utilizes the inherent stabilizing 
and reducing chemicals found in the plant, offering an environmentally 
acceptable substitute for conventional synthesis processes. The biosyn
thesis method of ZnO NPs, obtained from E. antiquorum, represents a 
significant improvement in nanoparticle production, primarily due to its 
environmentally sensitive approach. The ZnO NPs obtained have a wide 
range of uses in various fields such as biomedical devices and the food 
industry, showcasing the potential of plant-based nanotechnology in 
multiple domains. Hence, this study concluded that synthesized ZnO 
NPs have the potential to be bactericidal, and eradicate waterborne 
diseases. ZnO NPs are capable of enhancing fish immunity, which may 
result in improved aquaculture health and greater sustainability.
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