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Abstract
The green synthesis of metal oxide nanoparticles has emerged as a sustainable and eco-friendly alternative to conventional
chemical methods. Utilizing plant-derived phytochemicals as natural reducing and stabilizing agents, this approach
eliminates hazardous chemicals and energy-intensive processes. Beyond environmental benefits, green synthesis influences
the physicochemical and biological properties of nanoparticles by enhancing surface functionality, stability, and bioactivity.
Zinc oxide nanoparticles are widely favored in biomedical applications due to their biocompatibility, affordability, and low
toxicity. Their therapeutic effects, especially in anticancer and antibacterial applications, arise from their ability to generate
reactive oxygen species, release Zn2+ ions, and induce apoptosis. This study synthesized ZnO NPs via chemical and green
routes using aqueous extracts from Medicago sativa, Euphorbia milii, Codiaeum variegatum, and Helianthus annuus.
Structural analysis confirmed that green synthesis did not alter the ZnO crystalline structure. However, biological activities
varied significantly by plant extract. Codiaeum variegatum-mediated ZnO NPs showed superior antioxidant activity (60.8%
DPPH scavenging) and strong cytotoxicity against A549 lung cancer cells (94.7% reduction). Chemically synthesized ZnO
NPs exhibited notable anti-inflammatory activity (90.4%). ZnO NPs from Medicago sativa demonstrated potent antidiabetic
effects via α-amylase (86.5%) and α-glucosidase (85.7%) inhibition. All ZnO NPs inhibited the growth of Escherichia coli,
Klebsiella pneumonia, Streptococcus pyrogenes, and Staphylococcus aureus with maximum MBC value 47.4 mg/ml of
chemogenic ZnO NPs against S. aureus and 44.4 mg/ml for biogenic ZnO NPs against S. pyrogenes. Additionally,Medicago
sativa ZnO NPs recorded the highest suppression of S. pyogenes biofilm formation by 79%. The obtained results highlight
the role of green synthesis as an effective strategy to tailor ZnO NP bioactivity for biomedical applications.
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Highlights
● Green synthesis of ZnO NPs using four plant extracts provides a sustainable, eco-friendly alternative to chemical

methods.
● Plant-mediated ZnO NPs show superior and tunable bioactivity: antioxidant, antibacterial, anticancer, anti-diabetic, and

anti-biofilm effects.
● Codiaeum variegatum ZnO NPs exhibit strong anticancer (94.7% cell reduction) and antioxidant (60.8% DPPH

scavenging) activity.
● Medicago sativa ZnO NPs display potent anti-diabetic action via α-amylase and α-glucosidase inhibition, outperforming

acarbose.
● All green ZnO NPs inhibit bacterial growth and biofilm formation, with Medicago sativa NPs reducing S. pyogenes

biofilm by 79%.
● Structural analysis confirms pure, crystalline ZnO NPs with phytochemical capping, enhancing biocompatibility.

1 Introduction

Recently, green nanotechnology has arisen as a transfor-
mative field that bridges sustainability and advanced
material science. As concerns about ecological degradation
and biomedical toxicity escalate, researchers are turning
toward eco-friendly nanoparticles synthesis techniques that
align with principles of green chemistry [1, 2]. Among
metal oxide nanoparticles, zinc oxide nanoparticles (ZnO
NPs) have attracted special interest due to their wide
spectrum of applications in antimicrobial therapies, antic-
ancer treatments, wound healing, and drug delivery systems
[3, 4]. However, conventional routes of ZnO NPs synthesis
often rely on hazardous chemicals, high temperatures, and
energy-intensive procedures, which may compromise their
biocompatibility and limit their clinical applications. As a
result, there is an urgent need to develop alternative
synthesis strategies that are not only sustainable and
environmentally benign but also capable of enhancing the
therapeutic efficacy of the nanoparticles. Plant-mediated
green synthesis has emerged as a promising solution to
these challenges. This approach utilizes phytochemicals
such as flavonoids, alkaloids, terpenoids, and phenolics
from plant extracts as reducing, capping, and stabilizing
agents. This method eliminates the need for toxic chemicals
and often functionalizes the nanoparticle surface, potentially
increasing bioactivity and biocompatibility. Furthermore, it
offers advantages in scalability, cost-effectiveness, and
reduced environmental impact [5, 6].

A growing body of literature demonstrates that green-
synthesized ZnO NPs exhibit enhanced biological activities.
For instance, they have shown promising and selective
anticancer efficacy in vitro, demonstrating potent cytotoxi-
city against a range of cancer types including lung, colon,
and sarcoma models while showing significantly less

toxicity to normal cells, highlighting their potential as safer
chemotherapeutic agents [7–9]. The antioxidant capacity of
green ZnO NPs, frequently attributed to the phytochemicals
from the mediating plant extract, has been consistently
confirmed through assays like DPPH, showing free radical
scavenging abilities comparable to standard antioxidants
[10–14].

The antibacterial efficacy of biosynthesized ZnO NPs is
well-documented, showing broad-spectrum activity against
both Gram-positive and Gram-negative pathogens. Anti-
bacterial action is often influenced by bacterial cell wall
structure, with several studies reporting a stronger effect on
Gram-negative bacteria. Additionally, these NPs have
shown significant potential in inhibiting and disrupting
bacterial biofilms [15–20]. Anti-inflammatory studies fur-
ther reveal that green-synthesized ZnO NPs can achieve
inhibition rates comparable to, or even surpassing, standard
pharmaceutical drugs like diclofenac and indomethacin
[11, 18, 21]. In the context of diabetes management, these
NPs have demonstrated significant inhibitory effects on key
enzymes like α-amylase and α-glucosidase, both in vitro
and in vivo, suggesting a promising role as natural anti-
diabetic agents [22, 23].

In the present study, we explore the green synthesis of
ZnO NPs using extracts from four distinct medicinal and
ornamental plants: Medicago sativa (alfalfa), Euphorbia
milii (crown of thorns), Codiaeum variegatum (garden
croton), and Helianthus annuus (sunflower). These plants
were selected for their rich profiles of bioactive phyto-
chemicals, which are expected to influence the physical
properties and biological performance of the synthesized
NPs. Medicago sativa L. (alfalfa) is known for its high
content of flavonoids, saponins, and phytoestrogens, con-
tributing to its notable antioxidant and antimicrobial prop-
erties [24, 25]. Euphorbia milii Des Moul. (crown of thorns)
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contains diverse bioactive compounds, including terpenoids
and phenolics, which underline its reported anti-
inflammatory and anticancer potential [26, 27]. Codiaeum
variegatum (L.) A. Juss. (garden croton) is rich in flavo-
noids and phenolic compounds, which are associated with
strong antioxidants and antimicrobial activities [28, 29].
Finally, Helianthus annuus L. (sunflower) possesses a
variety of phytoconstituents such as flavonoids, alkaloids,
and saponins, making it a suitable candidate for mediating
nanoparticle synthesis [30, 31].

This study aims to synthesize ZnO NPs using a green
approach with the aforementioned plant extracts. A com-
parative analysis will be conducted between these green-
synthesized NPs and those produced by conventional che-
mical methods to evaluate differences in their morphology,
crystallinity, and surface characteristics. Furthermore, the
biological activities of the synthesized NPs, including
cytotoxicity, antioxidant capacity, antimicrobial efficacy,
anti-inflammatory effects, and antidiabetic potential, will be
comprehensively assessed.

2 Materials and methods

This work was approved by the Ethics Committee of South
Valley University, Faculty of Science (Permit Number: 003/
01/25). All procedures were conducted in accordance with
the relevant institutional guidelines and regulations. No
human or animal subjects were involved in this study.

2.1 Preparation of plant aqueous extract

The fresh leaves of Helianthus annuus (sunflower),
Euphorbia milii, Codiaeum variegatum (croton), and
Medicago sativa L. (alfalfa) were gathered and properly
cleaned with tap water and then distilled water to get rid of
any pollutants or dust that might have adhered. After being
washed, the leaves were cut into little pieces and allowed to
air dry. For every plant species, 50 grams of the prepared
leaf were added to 500 mL of deionized water and heated on
a hot plate with magnetic stirring for 30 min at 80 °C. The
mixtures were allowed to reach room temperature before
being filtered three times using Whatman No. 1 filter paper.
Plant extracts were collected and stored at 4 °C for use in
ZnO NPs biosynthesis [32].

2.2 Preparation of ZnO NPs

A total of five ZnO NPs samples were synthesized using the
coprecipitation method, one via a conventional (chemo-
genic) route and four through green (biogenic) synthesis
utilizing extracts from the selected plants [29]. All synthesis
procedures were carried out under identical experimental

conditions, with the only variation being the reducing agent.
In the chemogenic synthesis, sodium hydroxide (NaOH)
was employed solely as both the precipitating and reducing
agent. In contrast, the biogenic ZnO NPs were synthesized
using 40 mL of aqueous plant extracts (from Medicago
sativa, Euphorbia milii, Codiaeum variegatum, and
Helianthus annuus) as the green reducing agents. In a
typical procedure, 4.39 g of zinc acetate dihydrate was
dissolved in 100 mL of distilled water and stirred at 500 rpm
for 30 min at 80 °C. The plant extract or NaOH was then
introduced, and the pH of the reaction mixture was adjusted
to 12 by gradually adding sodium hydroxide. The reaction
was allowed to proceed with continuous stirring for an
additional 2 h to facilitate complete precipitation. The
resulting precipitate was washed several times with a 5:1
mixture of distilled water and ethanol to remove residual
impurities and then dried at 100 °C to obtain the final ZnO
nanopowders (Fig. 1).

2.3 Characterization of green synthesized ZnO NPs

X-ray diffraction (XRD) analysis was performed using an
X’Pert PRO PANalytical diffractometer, operating with Cu-
Kα radiation (wavelength λ= 1.54056Å). The system was set
to a voltage of 40 kV and a current of 30mA. The synthesized
samples were characterized by Fourier Transform Infrared
(FTIR) spectroscopy using the KBr pellet technique to identify
the functional groups present. Analysis was performed with an
FTIR Model 6100 (Jasco, Japan), operating at a resolution of
4.00 cm-1 over a wavenumber range of 4000 to 400 cm-1. The
surface morphology and structural features of the samples
were examined using a high-resolution transmission electron
microscope (JEOL JEM 2100, Japan). Additionally, optical
absorption spectra of the ZnO nanoparticles were recorded
using a UV-Visible spectrophotometer (SPECORD 200
PLUS, Analytik Jena, Germany).

2.4 Bioactivity of ZnO NPs

2.4.1 Anticancer activity

The anticancer activity of both chemogenic and biogenic ZnO
NPs was assessed using a standard MTT assay on A549
human lung carcinoma cell lines (obtained from the Egyptian
Holding Company for Biological Products and Vaccines
(Vacsera), Giza, Egypt). Briefly, cells were seeded into 96-
well tissue culture plates at a density of 105 cells/mL (100 μL
per well) in complete RPMI medium supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin (Life
Science Production, UK). The plates were incubated at 37 °C
for 24 h to allow the formation of a confluent monolayer. Once
confluency was achieved, the growth medium was removed,
and the cells were washed twice with phosphate-buffered
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saline (PBS; Lonza, Germany). Serial dilutions of the ZnO
NPs samples, ranging from 31.25 to 1000 μg/mL, were pre-
pared in RPMI medium. Then, 100 μL of each concentration
was added to the corresponding wells. Three wells containing
only maintenance medium were used as negative controls,
while doxorubicin served as a positive control. MTT solution
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide; SERVA Electrophoresis GmbH, Heidelberg, Germany)
was prepared at 5mg/mL in PBS, and 20 μL was added to
each well. To ensure uniform mixing, the plate was placed on
a shaking platform and agitated at 150 rpm for 5min, then
incubated at 37 °C in a 5% CO2 atmosphere to allow viable
cells to metabolize MTT into formazan crystals. After incu-
bation, the medium was carefully removed, and wells were
gently blotted to remove any remaining liquid if necessary.
Formazan crystals were solubilized by adding 200 μL of
dimethyl sulfoxide (DMSO; Alfa Aesar, USA) to each well,
followed by agitation at 150 rpm for 5min to achieve com-
plete dissolution. Absorbance was measured at 560 nm with
background correction at 620 nm. The optical density values
correlate directly with the number of viable cells [32]. The
percentage of cell viability was determined using Eq. 1:

Cell viabilityð%Þ
¼ OD of untreated cells� OD of treated cells

OD of untreated cells

ð1Þ

2.4.2 Antioxidant activity

The antioxidant activity of ZnO NPs was evaluated using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. DPPH

(SERVA Electrophoresis GmbH, Heidelberg, Germany) is a
stable free radical compound characterized by a deep purple
color, which makes it an excellent scavenger of other free
radicals. In the presence of an antioxidant, DPPH radicals
are reduced, leading to a color change from purple to col-
orless. For the assay, a stock solution from ZnO NPs
samples, plants extrct and ascorbic acid as positive control
were prepared by dissolving 4 mg of each sample in 4 mL
of methanol. From this stock, five serial dilutions were
made at concentrations of 500, 250, 125, 62.5, and
31.25 μg/mL. Then, 3 mL of DPPH solution was added to
each dilution, and the mixtures were incubated in the dark at
room temperature for 30 min. After incubation, the absor-
bance (Abs) of both the samples and the control was mea-
sured at 517 nm using a spectrophotometer. The free radical
scavenging activity (%) was calculated using Eq. 2 [33]:

Free radical scavenging activity %ð Þ

¼ Abscontrol � Abssample

Abscontrol

� �
� 100

ð2Þ

The IC50 value is obtained by graphically analyzing the
plot of inhibition percentage against the extract. The IC50 is
the minimum concentration of an antioxidant-containing
material needed to neutralize 50% of the original DPPH
radical.

2.4.3 Antibacterial activity

The antibacterial activity of ZnO NPs was assessed against
four bacterial strains: Staphylococcus aureus (BLSVU9),
Streptococcus pyogenes (BLSVU11), Escherichia coli

Fig. 1 Schematic illustration of
synthesis of Chemogenic and
Biogenic ZnO NPs using
different plant extracts
(Medicago sativa L., Euphorbia
milii, Croton, and Helianthus
annuus)
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(BLSUV1), and Klebsiella pneumoniae (BLSVU2), all
obtained from the Bacteriology Laboratory, Department of
Botany and Microbiology, Faculty of Science, South Valley
University, Qena, Egypt. The minimum inhibitory con-
centration (MIC) was determined using a microbroth dilu-
tion method with p-iodonitrotetrazolium violet chloride
(INT) as a growth indicator. Overnight bacterial cultures
grown on tryptic soy agar (TSA) were diluted to an optical
density (OD) of 0.001 in tryptic soy broth (TSB). Subse-
quently, 100 μL of each bacterial suspension was added to
wells of a 96-well microtiter plate containing varying
volumes (10–100 μL) of ZnO NPs samples. TSB alone and
TSB with bacteria but without ZnO NPs served as negative
and positive controls, respectively. Plates were incubated at
37 °C for 24 h. After incubation, 40 μL of INT solution
(0.2 mg/mL) was added to each well, followed by an
additional incubation of 2 h at 37 °C [34]. The MIC was
recorded as the lowest nanoparticle concentration that pre-
vented any visible color change, indicating bacterial growth
inhibition. To determine the minimum bactericidal con-
centration (MBC), 50 μL aliquots from wells showing no
visible growth in the MIC assay were plated onto fresh TSA
plates. After 24 h of incubation at 37 °C, viable colonies
were counted. The MBC was defined as the lowest con-
centration at which a 99.9% reduction in colony-forming
units (CFU), corresponding to a 3-log reduction from the
initial inoculum, was observed. The detection limit of this
assay was 10¹ CFU/mL [35].

2.4.4 Antibiofilm activity

The static biofilm-forming ability of the selected bacterial
isolates was initially assessed using the crystal violet
staining method in 96-well microtiter plates, as previously
described [36]. Bacterial cultures grown in tryptic soy broth
(TSB) were adjusted to an optical density (OD) of 0.02 at
595 nm. A volume of 130 μL from each bacterial suspen-
sion was transferred into U-bottom 96-well microtiter plates
(Sterilin, UK) and incubated at 37 °C for 24 h to allow
biofilm formation. After incubation, wells were gently
washed with distilled water to remove planktonic cells. The
adherent biofilms were stained with 0.1% crystal violet
solution for 10 min. Excess stains were rinsed off with
distilled water, and the bound dye was solubilized with 96%
ethanol. The optical density (OD) was then measured at
595 nm using an Infinite® F50 Robotic microplate reader
(Austria) to quantify the biofilm biomass [37]. For biofilm
inhibition assays, 130 μL of the bacterial suspension was
added to 96-well plates and incubated at 37 °C for 24 h to
initiate biofilm formation. After this period, 30 μL of the test
sample extract was added to each well, followed by a sec-
ond 24 h incubation. The wells were then washed six times
with distilled water, stained with 160 μL of 0.1% crystal

violet, and biofilm quantification was performed as pre-
viously described [38].

2.4.5 Anti-inflammatory activity

The anti-inflammatory activity of ZnO NPs was assessed
using a cyclooxygenase-1 (COX-1) inhibition assay [39].
The COX-1 enzyme was pre-incubated with various con-
centrations of ZnO NPs (ranging from 0.5 to 1000 μg/mL),
dissolved in dimethyl sulfoxide (DMSO), for 5 min at room
temperature (25 °C) in the presence of hematin (1 μM). The
reaction was initiated by the addition of a substrate mixture
containing arachidonic acid (50 μM), phenol (500 μM), 1-
leuco-dichlorofluorescein (20 μM), and hematin, prepared
in 1 mL of 0.1 M Tris-HCl buffer (pH 8.0). Following
substrate addition, the absorbance was measured at 502 nm
using a Milton Roy Spectronic 1201 UV-Vis spectro-
photometer. Blanks were prepared under identical condi-
tions without enzyme addition. Celecoxib was used as a
positive control. The percentage of inhibitory was evaluated
using Eq. 3 [39]:

ðCOX � 1ÞInhibition% ¼ Abscontrol � Abssample

Abscontrol

� �
� 100

ð3Þ

The IC50 value (μg/mL), representing the concentration
required to inhibit 50% of COX-1 activity, was calculated
from the inhibition curve.

2.4.6 Antidiabetic activity

The antidiabetic potential of the synthesized ZnO NPs was
assessed by evaluating their inhibitory effects on two key
carbohydrate-hydrolyzing enzymes: α-amylase and α-
glucosidase. The α-amylase inhibition assay was per-
formed using the 3,5-dinitrosalicylic acid (DNSA) method.
ZnO NPs samples were initially dissolved in 10% DMSO
and further diluted in phosphate buffer (0.02 M Na2HPO4/
NaH2PO4 containing 0.006 M NaCl, pH 6.9) to obtain
concentrations ranging from 1.9 to 1000 μg/mL. A reaction
mixture containing 200 μL of α-amylase (2 U/mL) and
200 μL of each test sample was incubated at 30 °C for
10 min. Subsequently, 200 μL of 1% soluble starch was
added, and the mixture was incubated for an additional
3 min. The reaction was terminated by adding 200 μL of
DNSA reagent, followed by heating at 85–90 °C for
10 minutes in a water bath. After cooling, the reaction
mixtures were diluted with 5 mL of distilled water.
Absorbance was measured at 540 nm using a Biosystem
310 UV-Vis spectrophotometer. Controls (without extract)
and blanks (without enzymes) were included. The per-
centage of α-amylase inhibition was calculated using
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Eq. 4 [40]:

α� amylaseinhibitionð%Þ ¼ AControl � ASample

AControl
� 100

ð4Þ
Wherein AControl is the absorbance of the control without
protein extract, and ASample is the absorbance of sample
containing the protein extract

For the α-glucosidase inhibition assay, yeast α-glucosi-
dase and p-nitrophenyl-α-D-glucopyranoside (pNPG) were
used as the enzyme and substrate, respectively. Test sam-
ples and acarbose (used as the positive control) were pre-
pared in concentrations ranging from 0.5 to 5.0 mg/mL. In
each reaction, 100 μL of test sample was mixed with 50 μL
of α-glucosidase (1 U/mL) and 250 μL of 0.1 M phosphate
buffer (pH 6.9), followed by pre-incubation at 37 °C for
20 min. Next, 10 μL of 10 mM pNPG was added, and the
mixture was incubated for 30 min. The reaction was ter-
minated by adding 650 μL of 1M sodium carbonate.
Absorbance was recorded at 405 nm using an Amersham
Biosciences spectrophotometer. The α-glucosidase inhibi-
tion percentage was calculated using Eq. 5 [40]:

α� glucosidase inhibitionð%Þ ¼ AControl � ASample

AControl
� 100

ð5Þ
Wherein AControl is the absorbance of the control without
protein extract, and ASample is the absorbance of sample
containing the protein extract. In both assays, inhibition
percentages were plotted against concentration to determine
the IC₅₀ values (the concentration at which 50% inhibition
of enzymatic activity occurs).

2.5 Statistical analysis

Statistical variation among the obtained results was eval-
uated using one-way analysis of variance (ANOVA) per-
formed with the Statistical Package for the Social Sciences
(SPSS) software. All data are expressed as mean ± standard
deviation (SD) from at least three independent experiments.
Differences between groups were considered statistically
significant at P < 0.05.

3 Results and discussion

3.1 Characterization of ZnO NPs

3.1.1 X‑ray Diffraction (XRD)

The present study successfully demonstrated the biogenic
synthesis of ZnO NPs using aqueous extracts from four
different medicinal plants, Medicago sativa L., Euphorbia

milii, Croton, and Helianthus annuus, in comparison to a
chemogenic synthesized ZnO NPs. The crystallographic
structure and phase purity of the synthesized ZnO NPs
were examined by X-ray diffraction (XRD), and the
resulting diffraction patterns are illustrated in Fig. 2. All
samples exhibited distinct and sharp diffraction peaks,
indicative of high crystallinity. The observed 2θ diffrac-
tion angles at approximately 31.6°, 34.2°, 36.0°, 47.3°,
56.3°, 62.5°, 66.1°, 67.8°, and 68.8° correspond to the
(100), (002), (101), (102), (110), (103), (200), (112), and
(201) planes, respectively. These reflections match the
standard hexagonal wurtzite structure of ZnO NPs (COD
card no. 9011662), confirming the formation of pure
crystalline ZnO NPs in all synthesized samples [41].
Notably, the absence of extraneous peaks in all XRD
patterns confirms the phase purity of the ZnO NPs, with no
detectable secondary phases or impurities. This is a critical
finding, as it indicates that the plant-derived phytochem-
icals used in the green synthesis processes did not induce
any significant lattice distortion or phase transformation in
the ZnO structure [42].

The obtained diffraction patterns were analyzed to
determine the crystallographic planes of the ZnO NPs using
standard reference data (COD card no. 9011662). Miller
indices (hkl) were assigned accordingly, and the interplanar
spacing (d) values were calculated using Bragg’s law, as
given in Eq. 6.

nλ ¼ 2 d sin θ ð6Þ
where n is the order of diffraction, λ is the wavelength of the
incident X-ray, 1.5406 (A°), d is the interplanar spacing
(A°), and θ is the peak position (radians).

The synthesized ZnO NPs exhibited a hexagonal wurtzite
crystal structure, with lattice constants a = b= 3.249 Å and
c= 5.207 Å. The lattice parameters of the biogenically

Fig. 2 XRD patterns of Chemogenic and Biogenic ZnO NPs
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synthesized ZnO NPs were calculated using Eq. 7 [43]:

1

d2
¼ 4

3
h2 þ hk þ k2

a2

� �
þ l2

c2
ð7Þ

where d is the Interplanar spacing (A°), h k l is the miller
indices and a, c are the Lattice parameters.

The crystal size of ZnONPs was determined using the
well-known Scherer relationship Eq. 8 [44],

D ¼ Kλ

β cos θ
ð8Þ

where D is the crystal size, K is the shape constant ( ~ 0.9),
λ is the wavelength, θ is the Bragg angle and β is the
observed peak width at half-maximum height.

The crystallite sizes of the synthesized ZnO NPs ranged
from 32.78 nm to 37.45 nm, confirming the successful for-
mation of nanoscale materials across all samples, as sum-
marized in Table 1. These values are in close agreement
with those reported by Anitha et al., who observed an
average crystallite size of 35.6 nm for ZnO NPs synthesized
using Artocarpus gomezianus fruit extract [45]. Among the
samples, the ZnO NPs derived from Helianthus annuus
exhibited the largest average crystallite size
(37.45 ± 11.05 nm), whereas those chemogenic synthesized
ZnO NPs had the smallest (32.78 ± 8.06 nm). These dif-
ferences in crystallite size can be attributed to the nature and
concentration of phytochemicals present in the respective
plant extracts, which influence the nucleation and growth
kinetics during nanoparticle formation [46]. The relatively
uniform and nanoscale dimensions of the particles suggest
the effective capping and stabilizing role of biomolecules,
which help prevent agglomeration and maintain the crys-
talline integrity of the ZnO NPs [14]. The lattice constants
(a = b and c) of all ZnO NPs samples closely resembled the
standard values for hexagonal wurtzite ZnO, with only
minor variations. ZnO NPs derived from Helianthus
annuus recorded the highest lattice constants
(a= 3.27018 ± 0.01 Å, c= 5.24095 ± 0.016 Å), while che-
mogenic ZnO NPs exhibited the lowest
(a= 3.25142 ± 0.001 Å, c= 5.2109 ± 0.0018 Å). These
slight deviations may arise from microstrain or lattice dis-
tortions, potentially induced by the adsorption of

phytochemical residues or subtle changes in the reaction
environment during green synthesis [47]. The unit cell
volumes ranged from 47.71 Å³ for chemogenic ZnO NPs to
48.54 Å³ for biogenic ZnO NPs derived from Helianthus
annuus, mirroring the trend observed in lattice constants.
The slight increase in unit cell volume, particularly in bio-
genic samples, suggests marginal lattice expansion likely
due to the incorporation of surface-bound organic functional
groups or intrinsic structural defects introduced during the
phytochemical-mediated growth process.

Collectively, the XRD analysis and the derived crystal-
lographic parameters confirm the formation of highly
crystalline ZnO NPs with a hexagonal wurtzite structure.
The subtle variations in crystallite size and lattice para-
meters reflect the influence of synthesis conditions, espe-
cially the type of plant extract used, on the structural
attributes of ZnO NPs. These structural differences are
anticipated to impact the NPs biological performance and
catalytic behavior, as further demonstrated in subsequent
cytotoxicity and antioxidant assays.

3.1.2 High resolution transmission microscope (HRTEM)

HRTEM technique was used to investigate the morpholo-
gical future and particle size distribution analyses of the
prepared chemogenic and biogenic ZnO NPs. The results
demonstrate distinct morphological and dimensional prop-
erties driven by the synthesis technique and nature of the
reducing and capping agents present in the plant extracts as
shown in Fig. 3. With an average particle size of
29.54 ± 4.78 nm, chemogenic ZnO NPs demonstrated a
relatively uniform shape, suggesting controllable nucleation
along with growth under controlled laboratory circum-
stances [48]. Conversely, the varied nature of phytochem-
icals in plant extracts was reflected in the greater diversity
of morphology and particle size exhibited by biogenic
derived ZnO NPs. Croton-derived ZnO NPs had the highest
mean particle size (34.8 ± 3.69 nm) among the biogenic
samples, indicating slower nucleation kinetics or less effi-
cient capping agents that allow for further development
[49]. The broadest size dispersion and a moderately high
mean size (27.26 ± 5.56 nm) were displayed by ZnO NPs
derived from Helianthus A., which due to different

Table 1 Crystal structure
parameters of Chemogenic and
Biogenic ZnO NPs as extracted
from XRD data

Sample Crystal size (nm) Lattice constant
(a= b) (°A)

Lattice constant
(c) (°A)

Unit cell
volume (°A)3

Chemogenic ZnO NPs 32.78083 ± 8.06 3.25142 ± 0.001 5.2109 ± 0.0018 47.71 ± 0.05

Biogenic
ZnO NPs

Crot. 33.6600 ± 9.11 3.26419 ± 0.005 5.23135 ± 0.008 48.27 ± 0.22

Euph. 36.91839 ± 12.79 3.26416 ± 0.0039 5.2313 ± 0.0063 48.27 ± 0.17

Helianthus A. 37.44992 ± 11.05 3.27018 ± 0.01 5.24095 ± 0.016 48.54 ± 0.44

Medicago S.L. 37.207 ± 26.18 3.25659 ± 0.0043 5.21911 ± 0.007 47.93 ± 0.19
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phytochemical concentrations or molecular weights that
caused uneven stabilization during NPs formation. While
Medicago sativa L. extract produced the smallest and most
monodisperse ZnO NPs (17.96 ± 2.64 nm), Euphorbia milii
extract produced smaller NPs (21.95 ± 3.53 nm), demon-
strating its strong potential as a green reducing and stabi-
lizing agent. Similar results were reported in the
biosynthesis of green ZnO nanoparticles using various plant
extracts [50–52]. Polyphenols, flavonoids, and saponins,
known for their potent metal ion reduction and robust
interaction with NPs surfaces, are responsible for this
action [3].

Particle size has a significant impact on functional fea-
tures of ZnO NPs. The higher surface area-to-volume ratios
of smaller ZnO NPs, such as those fromMedicago sativa L.,
improve interactions with biological targets and boost
antimicrobial efficacy. These findings are consistent with
other studies that have shown that ZnO NPs inhibit quorum
sensing and disrupt biofilms in foodborne pathogens (e.g.,
Nigella sativa-derived ZnO NPs, ~24 nm) [53]. In contrast,
particles from Croton or Helianthus A that are a little bigger

and more polydisperse would be more appropriate for
photocatalysis or UV filtering, where their controlled dis-
solution and light-scattering qualities are useful. Addition-
ally, biogenic synthesis is an environmentally benign
substitute for chemogenic pathways due to its lower energy
requirements and lack of hazardous chemicals. Considering
the inherent diversity in phytochemical composition across
various plant sources and growing settings, the primary
difficulty still stands in maximizing extract standardization
and guaranteeing batch repeatability.

3.1.3 Fourier transformation Infrared spectroscopy (FTIR)

The functional groups found in the plant extracts (Fig. 4A)
and the phytochemical interactions involved in the forma-
tion of ZnO nanoparticles (Fig. 4B) were both examined
using FTIR spectroscopy. All of the plant extracts (Crot.,
Euphorbia milii, Helianthus annuus, and Medicago sativa
L.) showed multiple significant bands in their FTIR spectra,
which correspond to important biomolecular vibrations
involved in the creation and stabilization of nanoparticles.

Fig. 3 HRTEM image and size distribution histogram of Chemogenic
and Biogenic ZnO NPs using different plant extracts (Medicago sativa
L., Euphorbia milii, Croton, and Helianthus annuus). Images with

scalar 100 nm were recorded at 200 KV with magnification X40000.
Particle size distribution was calculated with image j software
(n= 100)
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In all plant extracts, a broad absorption band between
3200 and 3600 cm-1 is seen. This band corresponds to O–H
stretching vibrations, which are a sign of the O-H stretching
vibrations of hydroxyl groups, which are common in
polyphenols and other antioxidant chemicals usually pre-
sent in plant extracts as shown in Fig. 4A. These biomo-
lecules are well-known for their potent antioxidants and
reducing properties, which are essential for the reducing of
zinc ions into ZnO NPs [54]. The existence of alkene and
hydrocarbon structures, possibly derived from terpenoids or
fatty acids, was indicated by peaks found in the
2320–2920 cm-1 range that were determined to be caused by
C–H stretching and C=C vibrations. The presence of
proteins or biomolecules containing amino acids, which
may function as stabilizing or reducing agents during the
production of nanoparticles, is suggested by the appearance
of the amide I band, which is normally indicative of C=O
stretching, in the 1620–1650 cm-1 range. Additionally, the
existence of carbohydrates, flavonoids, and polyols
involved in capping and stability was further confirmed by
the observation of C–O stretching vibrations at
1050–1065 cm-1 and C–O–H bending vibrations in the
1390–1410 cm-1 area [31, 55].

Most remarkably, the successful production of ZnO NPs
was confirmed by the appearance of the distinctive Zn–O
stretching vibrations in the 475–570 cm-1 area across all
ZnO NPs as shown in Fig. 4B. In contrast to chemogenic
ZnO, biogenic ZnO NPs had stronger and somewhat shar-
per Zn–O bands, indicating enhanced crystallinity and bio-
matrix interaction [32]. Bioactive phytochemicals were
incorporated onto the surfaces of the produced ZnO NPs, as
demonstrated by their FTIR spectra. In all ZnO NPs, broad
O–H stretching bands were noticeable (3200–3400 cm-1),
indicating that alcohol and polyphenolic chemicals were
still adsorbed onto the NPs surfaces. In comparison to the

raw extracts, a modest shift and reduction in intensity
suggest strong interactions or chemical participation during
synthesis [46]. The presence of C–H stretching (~2900 cm-

1), C=O stretching (~1620–1650 cm-1), and C–O stretch-
ing (~1050–1100 cm-1) bands indicates the retention of
organic molecules on the NPs surface, acting as natural
capping agents that hinder agglomeration and improve
colloidal stability through steric or electrostatic repulsion,
and reducing agents, which facilitated the conversion of
Zn2+ ions into ZnO NPs. [41, 56]. These findings align with
earlier research that documented the critical role of func-
tional groups derived from plants in the environmentally
friendly synthesis of metal oxide NPs, where biomolecules
offer enhanced biocompatibility and structural stability in
addition to reducing metal ions. The variety of functional
groups found demonstrates the extracts’ phytochemical
complexity and their crucial influence on the final ZnO
NPs’ physicochemical characteristics [57].

3.1.4 UV–Vis spectroscopy

UV–Vis spectroscopy was used to examine the optical
behavior of plant extracts and the ZnO NPs that corre-
sponded to them, as illustrated in Fig. 5A-C. The absorption
spectra of aqueous plant extracts (Medicago sativa L.,
Helianthus annuus, Euphorbia milii, and Croton) are
shown in Fig. 5A. These extracts were shown to have an
absorption edge in the 280–350 nm region, which is mostly
representative of the π→ π* and n→π* transitions in fla-
vonoids, phenolic compounds, and other polyaromatic
molecules [58]. The UV-Vis absorption spectra of chemo-
genic and biogenic ZnO NPs are displayed in Fig. 5B. The
inherent bandgap absorption of ZnO resulting from electron
transitions from the valence band to the conduction band
was represented by a clear absorption peak in the

Fig. 4 FTIR spectra of plant extracts (A) and Chemogenic and Biogenic ZnO NPs (B)
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360–380 nm area for all ZnO NPs [59]. Changes in particle
size, shape, and surface chemistry due to phytochemical
interactions were shown by the minor red- or blue-shift in
the absorption edge that biogenic ZnO NPs displayed,
depending on the plant utilized [60]. Significantly, com-
pared to chemogenic ZnO, the biogenic ZnO produced with
Helianthus annuus and Euphorbia milii showed somewhat
higher absorption in the UV spectrum. This could be
explained by better crystallinity and size reduction, which is
in line with quantum confinement effects [61].

The optical bandgap energy (Eg) of the synthesized NPs
was determined according to Tauc’s Eq. 9 [62]:

α hvð Þ ¼ A hv� Eg
� �m=2 ð9Þ

where α is the absorption coefficient, hν is the photon
energy, A is a proportionality constant, and m is an
exponent that depends on the nature of the electronic
transition. For direct allowed transitions, m= 1, whereas for
indirect allowed transitions, m= 4. Subsequently, plots of
(αhν)2 versus hν (photon energy) were constructed, and the

optical bandgap was then determined by projecting the
linear section of the curves to intercept the energy axis (ℎν
hν) at (αℎν)2= 0.

Tauc plot extrapolation from UV–Vis absorption spectra
were used to determine the optical bandgap Eg of chemo-
genic and biogenic ZnO NPs, as illustrated in Fig. 5C. The
bandgap values varied between 3.841 eV for biogenic ZnO
NPs from Croton extract and 3.962 eV for chemogenic ZnO
NPs. Comparing biogenically created samples to their
chemically synthesized counterparts, these findings show a
modest bandgap narrowing. The bandgap variance among
the various ZnO NPs samples can be caused by several
factors. Despite ZnO NPs straight wide-bandgap semi-
conductor nature, which has a bulk bandgap of around
3.37 eV, the quantum confinement effect usually causes
NPs to show a blue shift in the bandgap [63]. In contrast to
the chemogenic sample, the biogenic ZnO NPs showed a
lower bandgap, indicating that strain, defect states, and
surface functionalization might outweigh size-related
quantum effects [64]. A key factor in adjusting the optical
characteristics of plant extracts is the presence of different

Fig. 5 UV-vis Absorption Spectra of plant extracts (A), Chemogenic and Biogenic ZnO NPs (B) and optical bandgap energy (Eg) as determined
according to Tauc’s equation (C)
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phytochemicals, including alkaloids, terpenoids, phenolic
acids, and flavonoids. In addition to reducing Zn2+ ions
during synthesis, these biomolecules also cap the surface of
the NPs, introducing surface states and defect levels that aid
in bandgap narrowing [65]. According to the observed
pattern, ZnO NPs mediated by Croton and Euphorbia milii
might have a greater density of surface defects or inter-
mediate energy states close to the valence or conduction
bands, which would enable lower energy electronic transi-
tions [27, 29]. Furthermore, the electronic structure is
probably changed by the interaction of ZnO with organic
ligands from plant extracts, which induces zinc interstitials
and oxygen vacancies, which further modify the band
structure [49]. These modifications improve the absorption
in the UV-visible region, making biogenic ZnO NPs more
appropriate for photocatalytic and biomedical applications,
where effective photon absorption and ROS generation are
crucial [31].

3.2 Bioactivity of green ZnO NPs

3.2.1 Anticancer activity

The MTT assay was used to evaluate the cytotoxic capacity
of both biogenic and chemogenic ZnO NPs against Lung
cancer cell lines (A549) at different concentrations
(0–1000 μg/mL) as shown in Fig. 6. A significant reduction
in cell viability was noted for all ZnO NPs samples
demonstrated a dose-dependent cytotoxic impact. In com-
parison to their chemogenic equivalent, biogenic ZnO NPs
samples showed increased cytotoxicity. Interestingly, at
100 μg/mL, the chemogenic ZnO NPs demonstrated mar-
ginally greater survival rates, whereas the biogenic ZnO
NPs caused cell viability reductions to less than 20%. The

most powerful cytotoxic effect was shown by Croton-
derived ZnO NPs, which reduced viability to over 10% at
100 μg/mL among the biogenic samples. As positive con-
trol, the well-known anticancer drug doxorubicin was added
for comparison. ZnO NPs, particularly the biogenic sam-
ples, showed excessive viability decreases at lower con-
centrations, indicating superior early cytotoxic efficacy,
whereas doxorubicin maintained a progressive cytotoxic
profile. These findings are in agreement with earlier studies
demonstrating the anticancer activity of biogenic ZnO
nanoparticles derived from diverse biosources [66]. There
are several possible synergistic variables that contribute to
the increased cytotoxicity of biogenic ZnO NPs. First,
oxidative stress-mediated apoptosis may result from the
appearance of phytochemicals originating from plants on
the surface of nanoparticles, such as flavonoids, phenolics,
and terpenoids, which may improve cellular absorption and
encourage the production of reactive oxygen species (ROS)
[67]. Second, higher surface area, defect density, and
functionalization are frequently found in biogenic ZnO NPs,
which may enhance their interaction with intracellular
organelles and cellular membranes [68].

Using the dose-response curves from the MTT data, IC50

values, the concentration needed to decrease cell viability by
50%, were calculated to measure the antiproliferative activity
of the produced NPs and presented in Table 2. The IC50

values, which range from ~53 to 62 μg/mL, show that the
lethal effects of both chemogenic and biogenic ZnO NPs are
similar. The chemogenic ZnO NPs had the lowest IC50

(53.47 μg/mL) of all the examined samples, marginally sur-
passing the doxorubicin (55.76 μg/mL) standard chemother-
apeutic drug. Nevertheless, the cytotoxicity of all biogenic
ZnO NPs was equally strong, indicating that green produc-
tion did not lessen therapeutic effectiveness. The IC50 values
of the biogenic ZnO NPs were somewhat greater than those
of their chemogenic counterpart, although the differences
were not statistically significant (p > 0.05). This suggests that
NPs with similar anticancer potential and potential extra
advantages of biocompatibility and environmental friendli-
ness are produced by phytochemical-mediated synthesis.

3.2.2 Antioxidant activity

Figure 7 shows the evaluation and comparison of the radical
scavenging capacity (SCV%) of chemogenic and biogenic
ZnO NPs with ascorbic acid, a recognized antioxidant
standard, at various doses (25–500 μg/mL). Scavenging
activity increased in all evaluated ZnO NPs in a
concentration-dependent manner. However, ascorbic acid’s
antioxidant efficacy was noticeably better, demonstrating a
quick and notable increase in SCV% that rose above 100%
at the highest concentration examined. In contrast, ZnO
NPs, both biogenic and chemogenic, showed moderate

Fig. 6 Cell viability (%) of A549 cell lines after treatment with Che-
mogenic and Biogenic ZnO NPs at different concentrations
(31.5–1000 μg/mL). doxorubicin was used as positive control
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antioxidant activity. At 500 μg/mL, SCV values increased
steadily to a high of roughly 50–60%. Helianthus annuus
extract-synthesized ZnO NPs showed a somewhat greater
scavenging effectiveness among the biogenic samples, fol-
lowed by extracts from Medicago sativa L., Croton, and
Euphorbia. The performance of all biogenic ZnO NPs was
notably comparable to or slightly superior to that of their
chemogenic equivalent, indicating that phytochemical cap-
ping from plant extracts may improve the capacity to sca-
venge radicals [49]. The observed antioxidant activity most
likely results from the NPs surface chemistry, where func-
tional groups or leftover phytochemicals from green
synthesis provide electron-donating or hydrogen-transfer
properties [69]. The limited but noteworthy antioxidant
capability of ZnO NPs was highlighted by the fact that the
activity was still much lower than that of ascorbic acid.

For further confirmation the IC50 was calculated and
listed in Table 2. As predicted, ascorbic acid demonstrated

the strongest antioxidant activity, confirming its function as
a strong positive control by attaining IC50 at an exception-
ally low concentration of 20.49 ± 2.78 μg/mL. However, the
antioxidant effectiveness of all ZnO NPs samples was
comparatively lower. Comparing the chemogenic ZnO NPs
to their biogenic counterparts, the chemogenic ones showed
the lowest IC50 (164.9 ± 8.56 μg/mL), indicating greater
scavenging activity. Some green-synthesized ZnO NPs,
however, showed encouraging antioxidant behavior. In
particular, the ZnO NPs mediated by Helianthus annuus
(IC50= 197.64 ± 8.93 μg/mL) and Medicago sativa L.
(IC50= 217.48 ± 7.25 μg/mL). Notably, among the studied
samples, Euphorbia-derived ZnO NPs exhibited the poorest
radical scavenging performance, with the greatest IC50

(338.55 ± 12.45 μg/mL). The kind and quantity of surface-
bound functional groups and leftover phytochemicals from
various plant extracts used in the biogenic synthesis are
probably the causes of the variance in antioxidant activity
[70]. These biomolecules might alter the NPs ability to
donate electrons, which would affect how well they can
suppress free radicals [71]. The results indicate that green-
synthesized ZnO NPs have moderate and adjustable anti-
oxidant potential, which may be advantageous in biomedi-
cal or cosmeceutical applications where oxidative stress
modulation is desired, even though all ZnO NPs samples
demonstrated lower antioxidant activity when compared to
ascorbic acid. various studies have reported notable anti-
oxidant activities of ZnO NPs synthesized using different
plant extracts. Among them, Knoxia sumatrensis exhibited
the highest activity at 95.8% [72], Azadirachta indica
(92%) [73], Rosa canina (>90%) [74], and L. pruinosum
(86.5%) [12]. ZnO NPs synthesized from Eucalyptus glo-
bulus also showed strong antioxidant potential (82%) [75].
Moderate activities were observed for Trianthema portu-
lacastrum and Costus igneus (75%) [42, 76], and Ceropegia
candelabrum (55.43%) [77].

Table 2 Summery of the
calculated IC50 of different
bioactivities (Anticancer,
Antioxidant, Anti-inflammatory
and Antidiabetic) for
Chemogenic and Biogenic ZnO
NPs

Sample Anticancer
activity (cell
viability)

Antioxidant
activity (DPPH
radical
scavenging)

Anti-
inflammatory
activity (COX-
1 inhibition)

Antidiabetic activity

(α-amylase
inhibition)

(α-
glucosidase
inhibition)

Chemogenic ZnO NPs 53.47 ± 2.49 164.9 ± 8.56 37.18 ± 3.27 20.87 ± 2.75 11.11 ± 1.33

Biogenic
ZnO NPs

Crot. 59.13 ± 4.75 207.43 ± 9.56 392.74 ± 11.29 83.06 ± 3.65 23.59 ± 3.87

Euph. 59.15 ± 3.93 338.55 ± 12.45 119.79 ± 6.39 196.13 ± 7.38 19.23 ± 2.48

Helianthus A. 61.63 ± 5.22 197.64 ± 8.93 101.68 ± 8.99 116.98 ± 7.92 53.77 ± 5.17

Medicago S.L. 60.89 ± 4.68 217.48 ± 7.25 174.71 ± 6.46 15.22 ± 2.69 38.97 ± 3.65

Doxorubicin 55.76 ± 4.22 - - - -

Ascorbic acide - 20.49 ± 2.78 - - -

Celecoxib - - 5.88 ± 1.39 - -

Acarbose - - - 49.14 ± 4.39 50.28 ± 6.52

The presented data were the mean ± standard deviation

Fig. 7 DPPH radical scavenging activity of ZnO NPs synthesized via
chemical and green routes
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3.2.3 Antibacterial activity

Chemogenic and biogenic ZnO NPs were investigated in
terms of their antibacterial activity on Gram-positive (S.
aureus and S. pyogenes) and Gram-negative (E. coli and K.
pneumoniae) bacteria. The MIC and MBC were performed
by broth microdilution and the results are presented in
Table 3. All ZnO NPs showed broad-spectrum antibacterial
activity, however the potencies varied noticeably across the
strains and synthesis methods. The biogenic ZnO NPs from
Croton and Helianthus annuus showed strong growth
inhibition at comparatively low doses against all tested
strains, with MIC of 9.1–33.3 mg/mL and bactericidal
activity with MBC of 23.1–50 mg/mL against all tested
bacterial strains except Helianthus against S. pyogenes
needed higher doses than tested one. The antibacterial
effectiveness of biogenic ZnO NPs made from Euphorbia
milii and Medicago sativa L. was strong also and has bac-
teriostatic impact with MIC of 9.1–23.1 mg/mL against all
tested bacterial strains and bactericidal effect with MBC of
28.6- 44.4 mg/mL against all tested bacterial strains except
Euphorbia milii against K. pneumoniae needed higher doses
than tested one. Additionally, the chemogenic ZnO NPs
consistently showed antibacterial activity against all
pathogens, with MIC values ranging from 9.1 to 16.7 mg/
mL. Their MBC values, however, were typically greater
dose up to 47.4 mg/mL, suggesting that higher dosages
were required to completely eradicate the bacterium.

Overall, the evidence points to the superior antibacterial
properties of plant-mediated ZnO NPs over their chemically
produced counterparts, especially those synthesized from
extracts of Croton and Helianthus. This increased activity
could be explained by bioactive phytochemicals on the
surface of the NPs, which may work in concert with ZnO
NPs natural antibacterial properties [49]. Recent studies
have demonstrated the potent antibacterial efficacy of
green-synthesized ZnO NPs. Aristolochia indica mediated
ZnO NPs exhibited MIC and MBC values ranging from 25
to 400 μg/mL against multidrug-resistant wound pathogens,
including S. aureus and E. coli [78]. Similarly, Spirulina-
embedded ZnO NPs showed MICs of 31.25 μg/mL against

S. aureus and 62.5 μg/mL against K. pneumoniae, with
corresponding MBCs of 125 and 250 μg/mL [79]. Addi-
tionally, green ZnO NPs isolated from multidrug-resistant
E. coli strains demonstrated MIC values between 12.5 and
32 μg/mL and MBCs of 25 to 64 μg/mL [80].

The chemogenic and biogenic antibacterial activity of
ZnO NPs is mainly ascribed to a number of synergistic
processes that compromise the integrity and physiology of
bacteria. ROS generation, membrane rupture, Zn2+ ion
release, and interaction with intracellular components are
the main mechanisms [3]. Particularly when exposed to UV
or visible light, ZnO NPs are known to generate reactive
oxygen species, including hydrogen peroxide (H2O2),
superoxide anions (O2

•⁻), and hydroxyl radicals (•OH).
These extremely reactive ROS put bacterial cells under
oxidative stress by: Cellular membrane damage caused by
lipid peroxidation, Enzyme deactivation due to protein
oxidation and fragmenting DNA, preventing transcription
and replication. This oxidative damage is regarded as one of
the main mechanisms of ZnO NPs antibacterial activity and
jeopardizes bacterial viability [32].

ZnO NPs can stick directly to the surfaces of bacterial
cells through electrostatic interactions between the posi-
tively charged ZnO surface and the negatively charged
bacterial membranes. The interaction’s outcomes include
increased membrane permeability, which encourages more
NPs internalization, decreased membrane potential, which
impedes essential functions like ATP synthesis and nutrition
transfer, and cytoplasmic contents leaking as a result of
physical membrane structure disintegration [81]. ZnO NPs
can partially dissolve in aqueous solutions, producing Zn2+

ions that infiltrate bacterial cells and interfere with several
metabolic processes. By attaching themselves to the sulf-
hydryl groups of proteins, these ions disrupt their function,
disrupt DNA and ribosomes to stop protein synthesis and
replication, and increase oxidative stress by producing
reactive oxygen species (ROS) within cells. ZnO NPs of a
smaller size, particularly those produced biogenically, have
the ability to pass through bacterial membranes and gather
in the cytoplasm. They directly interact with ribosomes,
enzymes, and genetic material after internalization, which

Table 3 Antibacterial efficacy of
chemogenic and biogenic ZnO
NPs against some Gram-positive
and negative pathogenic strains*

Sample S. aureus S. pyrogenes E. coli K.
pneumoniae

MIC MBC MIC MBC MIC MBC MIC MBC

Chemogenic ZnO NPs 16.7 47.4 9.1 37.5 9.1 37.5 9.1 41.2

Biogenic ZnO NPs Crot. 9.1 41.2 33.3 44.4 9.1 9.1 9.1 23.1

Euph. 16.7 28.6 23.1 44.4 9.1 37.5 9.1 -

Helianthus A. 9.1 - 33.3 50 9.1 28.6 9.1 28.6

Medicago S.L. 16.7 37.5 9.1 37.5 9.1 41.2 9.1 33.3

*Values expressed in mg/ml
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results in apoptosis-like behavior in bacteria, inhibition of
protein biosynthesis, and genotoxic stress [82].

The synergistic effects of surface-bound phytochemicals
contribute to the improved antibacterial activity of biogenic
ZnO NPs. Plant-derived biomolecules such flavonoids,
alkaloids, terpenoids, and polyphenols: Increase the gen-
eration of ROS; provide extra antibacterial activities (e.g.,
inhibition of enzymes, destabilization of membranes); and
improve the dispersion of ZnO NPs and cellular contact. In
addition to improving microbial selectivity, these bio-
capping molecules may lessen cytotoxicity against mam-
malian cells [83].

3.2.4 Antibiofilm activity

A key component of ZnO NPs antibacterial efficiency is
their antibiofilm capability, particularly when it comes to
fighting biofilm-forming microorganisms that are generally
resistant to traditional antibiotics [84]. With distinct varia-
tions between investigated strains and NPs type, the optical
density (OD) values representing biofilm biomass in the
presence of different ZnO NPs are shown in Fig. 8 Panels
(A) for Gram- negative and (B) for Gram- positive. In
comparison to both control and chemogenic ZnO NPs,
biogenic ZnO NPs, especially those synthesized using
extracts from Medicago sativa L. and Helianthus annuus,
showed the strongest antibiofilm action, dramatically low-
ering OD values for all tested bacterial strains. Among the
tested samples, biogenic ZnO NPs synthesized from
Helianthus annuus exhibited the most pronounced inhibi-
tion of S. aureus biofilm formation, achieving a reduction of
71.8% as illustrated in Fig. 8A. Biogenic ZnO NPs derived
from Euphorbia and Croton also demonstrated substantial

anti-biofilm activity, with inhibition percentages of 70.5%
and 68.8%, respectively. In contrast, chemogenic ZnO NPs
and biogenic ZnO NPs synthesized from Medicago sativa
L. showed comparatively lower reductions of 62.9% and
60.7%, respectively. Interestingly, the highest anti-biofilm
activity against S. pyogenes was observed with biogenic
ZnO NPs synthesized from Medicago sativa L., which
achieved a reduction of 79%. Other biogenic ZnO NPs
produced from Euphorbia and Croton reduced biofilm
formation by 73.67% and 52.3%, respectively. However,
Helianthus annuus-derived NPs showed only 7.4% inhibi-
tion, similar to the chemogenic ZnO NPs, which recorded
the lowest reduction at 1.7%.

In the case of K. pneumoniae, as described in Fig. 8B,
biogenic ZnO NPs from Helianthus annuus again showed
superior biofilm inhibition at 66.1%, followed by those
synthesized from Croton (56.8%), chemogenic ZnO NPs
(55.9%), Euphorbia (52.4%), and Medicago sativa L.
(40.2%). For E. coli, the chemogenic ZnO NPs demon-
strated the most effective reduction in biofilm formation at
72.5%. Among the biogenic counterparts, ZnO NPs from
Medicago sativa L., Helianthus annuus, Croton, and
Euphorbia exhibited comparable anti-biofilm effects, with
inhibition percentages of 66.4%, 62.0%, 61.2%, and 60.2%,
respectively.

Numerous factors contribute to biogenic ZnO NPs strong
antibiofilm action. One important contributing factor is the
increased production of ROS, which can pierce the biofilm
matrix’s extracellular polymeric substance (EPS) and cause
oxidative breakdown and bacterial cell death [85]. More-
over, ZnO NPs have the ability to disrupt quorum sensing
and bacterial adhesion pathways, both of which are essential
for the early phases of biofilm development. Bacterial

Fig. 8 Antibiofilm activity of Chemogenic and Biogenic ZnO NPs against Gram-negative (E. coli and K. pneumoniae) (A) and Gram-positive (S.
aureus and S. pyogenes) (B) bacterial strains
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integrity and viability are further jeopardized by ZnO NPs
induced membrane rupture [86]. Remarkably, by strength-
ening their anti-adhesive and antibacterial properties, phy-
tochemicals generated from plants on the surface of
biogenic ZnO NPs may work in concert to suppress bio-
films [49]. These results demonstrate the potential of bio-
genic ZnO NPs, especially those derived from Helianthus
annuus and Medicago sativa L., as viable options for
managing illnesses linked to biofilms in both clinical and
environmental contexts. Similar activities were reported for
Plumbago zeylanica-derived ZnO NPs, with average size
~25 nm, which showed biofilm inhibition for E. coli, S.
aureus, and P. aeruginosa by 62.8%, 71.6%, and 77.7%,
respectively, and eradicated pre-formed biofilms by up to
67.2% [87]. Furthermore, Spirulina platensis-derived ZnO
NPs (≈19 nm) demonstrated pronounced antibiofilm effects
alongside MICs of 31.25 μg/mL (S. aureus) and 62.5 μg/mL
(K. pneumoniae) [79]. Additionally, Saraca asoca-mediated
ZnO NPs achieved approximately 83% inhibition of
Bacillus subtilis biofilm formation and reduced mature
biofilms by ~33% [88].

3.2.5 Anti-inflammatory activity

The anti-inflammatory potential of chemogenic and bio-
genic ZnO NPs was examined by inhibiting
cyclooxygenase-1 (COX-1) enzyme activity, with celecoxib
serving as positive control. Figure 9 shows the
concentration-dependent suppression of COX-1 in all tested
samples from 0–1000 μg/mL. The strongest COX-1 inhi-
bitory action was demonstrated by the chemogenic ZnO
NPs, which were close to 90% inhibition at the maximal
concentration and trailed the positive control, celecoxib,

which demonstrated >95% inhibition. With a moderate to
high COX-1 inhibition of ~80% at 1000 μg/mL, biogenic
ZnO NPs derived from Helianthus annuus and Medicago
sativa L. showed encouraging anti-inflammatory potential.
Notably, the inhibitory profiles of biogenic ZnO NPs pro-
duced from Euphorbia milii and Croton were lower, with
Croton-based NPs demonstrating the least amount of
activity among the biogenic samples.

Due to their comparatively higher surface reactivity and
decreased presence of phytochemical surface capping
agents, chemogenic ZnO NPs exhibit superior inhibition,
which may be explained by their increased ability to interact
with the COX-1 enzyme [89]. However, biogenic ZnO NPs
benefit from bioactive phytochemicals obtained from plants
that are adsorbed onto their surface. Depending on their
chemical makeup and affinity for the enzyme’s active site,
these phytochemicals may work in concert or in addition to
reduce COX-1 [90]. Through a variety of mechanisms, ZnO
NPs may inhibit COX-1, including the production of ROS,
which can interfere with cyclooxygenase activity and impair
prostaglandin synthesis. By preventing the enzymatic cas-
cade or disrupting the availability of cofactors, Zn2+ ion
release may also alter inflammatory signals [21]. These
results suggest the possible use of ZnO NPs as anti-
inflammatory medicines since they show considerable
COX-1 inhibitory action in both chemogenic and biogenic
forms. The differences in effectiveness between the bio-
genic samples demonstrate how components generated from
plants might modify the behavior of nanoparticles and
biological interactions. Several studies confirmed the strong
anti-inflammatory activity of green ZnO NPs. Biogenic
ZnO NPs derived from Polygala tenuifolia root extract
significantly reduced the expression of key inflammatory
markers such as iNOS, COX-2, IL-1β, IL-6, and TNF-α in
LPS-stimulated RAW 264.7 macrophages [91]. Similarly,
ZnO NPs synthesized using Senecio chrysanthemoides leaf
extract showed 73% inhibition of inflammation at 100 μg/
mL in a human red blood cell (HRBC) membrane stabili-
zation assay, an effect comparable to that of diclofenac [92].
Furthermore, ZnO NPs synthesized from Equisetum diffu-
sum displayed a dose-dependent inhibition of protein
denaturation, ranging from 23.7% at lower concentrations to
91.2% at 500 μL of a 1 mg/mL solution [93].

3.2.6 Antidiabetic activity

The inhibitory potential of both chemogenic and biogenic
ZnO NPs against two important enzymes that hydrolyze
carbohydrates, α-amylase and α-glucosidase, which are
therapeutic targets in the treatment of type 2 diabetes mel-
litus, was assessed in order to assess their antidiabetic
efficacy [94]. The biogenic ZnO NPs synthesized from
Medicago sativa extract showed the most remarkable

Fig. 9 Anti-inflammatory of activity of Chemogenic and Biogenic
ZnO NPs showing COX-1 inhibition rate at different concentrations
(50–1000 μg/ml) of the test samples with Celecoxib serving as a
positive control
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performance for α-amylase inhibition, with the lowest IC50

value of 15.22 ± 2.69 μg/mL as shown in Fig. 10A. In
comparison to the postive control acarbose
(IC50= 49.14 ± 4.39 μg/mL) and chemogenic ZnO NPs
(IC50= 20.87 ± 2.75 μg/mL), this suggests a noticeably
stronger inhibition, Table 2. The inclusion of bioactive
phytochemicals such flavonoids, phenolic acids, and sapo-
nins, which serve as capping and stabilizing agents during
NPs formation, is probably what gives Medicago-derived
ZnO NPs their improved performance. Higher inhibitory
efficiency may result from these chemicals’ ability to
strengthen contacts with the α-amylase active site through
electrostatic forces and hydrogen bonds [95]. Conversely,
biogenic ZnO NPs from Helianthus annuus and Euphorbia
demonstrated noticeably less α-amylase inhibition, with
IC50 values of 116.98 ± 7.92 μg/mL and 196.13 ± 7.38 μg/
mL, respectively. This implies that the final bioactivity of
the NPs is significantly influenced by the type and makeup
of the plant extract utilized in synthesis [49]. The decreased
performance of these samples could have been caused by
larger particle sizes, decreased surface reactivity, or inef-
fective phytochemical capping [54]. Interestingly, the che-
mogenic ZnO NPs showed superior inhibitory effect
compared to acarbose. This suggests that ZnO NPs can
display significant α-amylase inhibition even without plant-
based functionalization, probably because of their ionic
contacts and potential for Zn2+ release [96].

In the case of α-glucosidase inhibition, chemogenic ZnO
NPs were the most potent, beating all biogenic samples and
the reference medication acarbose, which had an IC50 of
50.28 ± 6.52 μg/mL as shown Fig. 10B. According to this,
chemogenic ZnO and α-glucosidase interact in a unique
way that may involve direct ionic binding or the production
of ROS, which can alter the structure of the enzyme and

lower its catalytic activity. In contrast to Medicago-based
NPs, which were less efficient (IC50= 38.97 ± 3.65 μg/mL),
Euphorbia-derived ZnO NPs showed the greatest α-gluco-
sidase inhibition among the biogenic samples
(IC50= 19.23 ± 2.48 μg/mL), followed closely by Croton
(IC₅₀ = 23.59 ± 3.87 μg/mL) [94].

Enzyme-specificity in NPs interactions is highlighted by
the divergent behavior of α-amylase and α-glucosidase
inhibition across various ZnO NPs [97]. Because of their
high activity against α-amylase and limited activity against
α-glucosidase, Medicago-based NPs may be more effective
at blocking or interacting with the α-amylase active site due
to their phytochemical surface groups [98]. In contrast,
chemogenic ZnO NPs are better adapted to breaking down
the structure of α-glucosidase due to their stronger oxidative
capabilities and perhaps larger density of surface Zn2+ ions
[99]. ZnO NPs’ mechanism of inhibiting enzymes most
likely combines surface binding, Zn2+ ion release, and ROS
production. Through stabilizing the NPs, changing surface
charge, and facilitating specific interactions with enzyme
active sites, the phytochemicals included in biogenic NPs
may modify these effects [100]. These variations highlight
how crucial surface chemistry and particle size of NPs are in
influencing biological activity. In line with these findings
ZnO NPs synthesized from Ficus palmata showed strong in
vitro inhibition—with IC₅₀ values of 70.07 μg/mL for α-
amylase and 68.49 μg/mL for α-glucosidase—and in vivo
they significantly lowered blood glucose from day 21 to 42,
also improving lipid profiles by reducing triglycerides, total
and LDL cholesterol and increasing HDL [101]. Mean-
while, ZnO NPs from Mussaenda frondosa exhibited α-
glucosidase inhibition comparable to acarbose (IC₅₀
~14.85 μg/mL vs. 11.69 μg/mL for acarbose) and reasonable
α-amylase inhibition [102]. In addition, in diabetic rat

Fig. 10 Antidiabetic activity of Chemogenic and Biogenic ZnO NPs at different concentrations (50–1000 μg/ml) of the test samples with Celecoxib
serving as a positive control showing α-amylase inhibition percentage (A) and α-glucosidase inhibition percentage (B)
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models, ZnO NPs synthesized from Tridax procumbens leaf
extract significantly reduced blood glucose, ameliorated
weight loss, improved HbA1C and lipid profiles, and pro-
tected pancreatic and hepatic tissue. At 200 mg/kg, these
NPs surpassed both the extract alone and glibenclamide in
hypoglycemic efficacy [103].

4 Conclusion

This study successfully demonstrates the viability of a green
synthesis approach for producing biofunctional zinc oxide
nanoparticles using extracts from Medicago sativa,
Helianthus annuus, Euphorbia milii, and Codiaeum var-
iegatum. The distinct phytochemical profiles of these plants,
rich in flavonoids, tannins, alkaloids, and phenolic acids,
were instrumental in mediating the formation of ZnO NPs
with unique physicochemical characteristics, including
reduced crystallite size and enhanced surface reactivity,
which contributed to their superior biological performance.

The biosynthesized ZnO NPs exhibited multifaceted and
enhanced bioactivities compared to their chemosynthetic
counterparts. Notably, they demonstrated potent, dose-
dependent cytotoxicity against A549 lung cancer cells, sug-
gesting promising anticancer properties. In antidiabetic assays,
the NPs showed significant enzyme inhibition, withMedicago
sativa-derived NPs exhibiting strong α-amylase inhibition and
Euphorbia milii-based NPs showing notable α-glucosidase
inhibition, outperforming the standard drug acarbose in these
specific tests. All biogenic NPs also displayed considerable
free radical scavenging capacity, confirming potent anti-
oxidant properties. While the chemosynthetic ZnO NPs
showed excellent anti-inflammatory potential via COX-1
inhibition, the green-synthesized variants displayed broad-
spectrum antibacterial activity against both Gram-positive and
Gram-negative pathogens. This antimicrobial efficacy is likely
mediated by a combination of mechanisms, including Zn2+

ion release, reactive oxygen species (ROS) generation, and
membrane disruption, which also contributed to their sig-
nificant ability to suppress microbial biofilm formation.

As a practical and environmentally responsible substitute
for chemical synthesis routes, our study confirms the green
synthesis of ZnO NPs utilizing extracts from medicinal plants.
Depending on the plant source, the resultant NPs have tunable
biological activity in addition to maintaining exceptional
physicochemical stability. These multifunctional properties
make them attractive options for potential future uses in
antimicrobial coatings, wound healing, targeted drug delivery,
and treatments for metabolic disorders. Future research should
focus on molecular docking, in vivo pharmacokinetics, and
clinical safety profiling to investigate the mechanistic basis of
nanoparticle–biomolecule interactions in order to move these
nanomaterials closer to translational medicine.

Data availability

No datasets were generated or analysed during the current
study.

Author contributions Fatma Shaibah did the experimental part and
Alaa Hassan Said analyzed the data and wrote the original manuscript.
Moustafa M, Rokaia B. Elamary revised the original manuscript. All
authors read and approved of the final manuscript.

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB).

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Aswathi VP, Meera S, Maria CGA, Nidhin M (2023) Green
synthesis of nanoparticles from biodegradable waste extracts and their
applications: a critical review. Nanotechnol Environ Eng 8:377–397

2. Prasannaraj G, Venkatachalam P (2017) Green engineering of
biomolecule-coated metallic silver nanoparticles and their
potential cytotoxic activity against cancer cell lines. Advances in
Natural Sciences: Nanoscience and Nanotechnology,
8(2):025001. https://doi.org/10.1088/2043-6254/aa6d2c

3. Ahmadi, Shadmehri A, Namvar F (2020) A Review on Green
Synthesis, Cytotoxicity Mechanism and Antibacterial Activity of
Zno-NPs. J Res Appl Basic Med Sci [Internet] 6:23–31. http://
ijrabms.umsu.ac.ir/article-1-95-en.html

4. Nehru L, Kandasamy GD, Sekar V, Alshehri MA, Panneersel-
vam C, Alasmari A, Kathirvel P (2023) Green synthesis of ZnO-
NPs using endophytic fungal extract of Xylaria arbuscula from
Blumea axillaris and its biological applications. Artif Cells
Nanomed Biotechnol 51:318–333

5. Berta L, Coman N-A, Rusu A, Tanase C (2021) A Review on
Plant-Mediated Synthesis of Bimetallic Nanoparticles, Char-
acterisation and Their Biological Applications. Materials
14(24):7677. https://doi.org/10.3390/ma14247677

6. Hernández‐Díaz JA, Garza‐García JJ, Zamudio‐Ojeda A,
León‐Morales JM, López‐Velázquez JC, García‐Morales S
(2021) Plant‐mediated synthesis of nanoparticles and their

Journal of Sol-Gel Science and Technology (2026) 117:47 Page 17 of 21 47

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/2043-6254/aa6d2c
http://ijrabms.umsu.ac.ir/article-1-95-en.html
http://ijrabms.umsu.ac.ir/article-1-95-en.html
https://doi.org/10.3390/ma14247677


antimicrobial activity against phytopathogens. J Sci Food
Agric 101:1270–1287

7. Batool M, Khurshid S, Qureshi Z, Daoush WM (2021)
Adsorption, antimicrobial and wound healing activities of bio-
synthesised zinc oxide nanoparticles. Chem Pap 75:893–907

8. Mishra PK, Mishra H, Ekielski A, Talegaonkar S, Vaidya B
(2017) Zinc oxide nanoparticles: a promising nanomaterial for
biomedical applications. Drug Discov Today 22:1825–1834

9. Perera WPTD, Dissanayake RK, Ranatunga UI, Hettiarachchi
NM, Perera KDC, Unagolla JM, De Silva RT, Pahalagedara LR
(2020) Curcumin loaded zinc oxide nanoparticles for activity-
enhanced antibacterial and anticancer applications. RSC Adv
10:30785–30795

10. Abdelbaky AS, Abd El-Mageed TA, Babalghith AO, Selim S,
Mohamed AMHA (2022) Green Synthesis and Characterization
of ZnO Nanoparticles Using Pelargonium odoratissimum (L.)
Aqueous Leaf Extract and Their Antioxidant, Antibacterial and
Anti-inflammatory Activities. Antioxidants (Basel). 11(8):1444.
https://doi.org/10.3390/antiox11081444

11. Fatima K, Asif M, Farooq U, Gilani SJ, Bin Jumah MN, Ahmed
MM (2024) Antioxidant and anti-inflammatory applications of
aerva persica aqueous-root extract-mediated synthesis of ZnO
nanoparticles. ACS Omega 9:15882–15892

12. Naiel B, Fawzy M, Halmy MWA, Mahmoud AED (2022) Green
synthesis of zinc oxide nanoparticles using Sea Lavender
(Limonium pruinosum L. Chaz.) extract: characterization, eva-
luation of anti-skin cancer, antimicrobial and antioxidant
potentials. Sci Rep. 12:20370

13. Safawo T, Sandeep BV, Pola S, Tadesse A (2018) Synthesis and
characterization of zinc oxide nanoparticles using tuber extract of
anchote (Coccinia abyssinica (Lam.) Cong.) for antimicrobial
and antioxidant activity assessment. OpenNano 3:56–63

14. Manasa DJ, Chandrashekar KR, Pavan Kumar MA, Suresh D,
Madhu Kumar DJ, Ravikumar CR, Bhattacharya T, Ananda
Murthy HC (2021) Proficient synthesis of zinc oxide nano-
particles from Tabernaemontana heyneana Wall. via green
combustion method: Antioxidant, anti-inflammatory, anti-
diabetic, anticancer and photocatalytic activities. Results Chem
3:100178

15. Mohamed Isa ED, Che Jusoh NW, Shameli K, Hazan R (2020)
Pullulan mediated zinc oxide microparticles: Effect of synthesis
temperature. IOP Conference Series: Materials Science and
Engineering 808(1):012032. https://doi.org/10.1088/1757-899x/
808/1/012032

16. Hamrayev H, Shameli K (2021) Biopolymer-Based Green
Synthesis of Zinc Oxide (ZnO) Nanoparticles. IOP Conf Ser
Mater Sci Eng 1051:012088

17. Mohamad Sukri SNA, Shameli K, Mei-Theng Wong M, Teow
SY, Chew J, Ismail NA (2019) Cytotoxicity and antibacterial
activities of plant-mediated synthesized zinc oxide (ZnO) nano-
particles using Punica granatum (pomegranate) fruit peels
extract. J Mol Struct 1189:57–65

18. Sugitha SKJ, Venkatesan R, Latha RG, Vetcher AA, Al-Asbahi
BA, Kim SC (2024) A Study on the Antibacterial, Anti-
spasmodic, Antipyretic, and Anti-Inflammatory Activity of ZnO
Nanoparticles Using Leaf Extract from Jasminum sambac (L.
Aiton). Molecules. 29(7):1464. https://doi.org/10.3390/
molecules29071464

19. Ahmad I, Alshahrani MY, Wahab S, Al-Harbi AI, Nisar N,
Alraey Y, Alqahtani A, Mir MA, Irfan S, Saeed M (2022) Zinc
oxide nanoparticle: An effective antibacterial agent against
pathogenic bacterial isolates. J King Saud Univ Sci 34:102110

20. Mousa AB, Moawad R, Abdallah Y, Abdel-Rasheed M, Zaher
AMA (2023) Zinc Oxide Nanoparticles Promise Anticancer
and Antibacterial Activity in Ovarian Cancer. Pharm Res
40:2281–2290

21. Lopez-Miranda JL, Molina GA, González-Reyna MA, España-
Sánchez BL, Esparza R, Silva R, Estévez M (2023) Antibacterial
and Anti-Inflammatory Properties of ZnO Nanoparticles Synthesized
by a Green Method Using Sargassum Extracts. Int J Mol Sci. 24.

22. Dhobale S, Thite T, Laware SL, Rode CV, Koppikar SJ, Gha-
nekar RK, Kale SN (2008) Zinc oxide nanoparticles as novel
alpha-amylase inhibitors. J Appl Phys. 104.

23. Azeem M, Siddique MH, Imran M, Zubair M, Mumtaz R,
Younas M, Abdel-Maksoud MA, El-Tayeb MA, Rizwan M,
Yong JWH (2024) Assessing anticancer, antidiabetic, and anti-
oxidant capacities in green-synthesized zinc oxide nanoparticles
and solvent-based plant extracts. Heliyon 10:e34073

24. Paun G, Neagu E, Alecu A, Albu C, Seciu-Grama AM, Radu GL
(2024) Evaluating the Antioxidant and Antidiabetic Properties of
Medicago sativa and Solidago virgaurea Polyphenolic-Rich
Extracts. Molecules 29:326

25. Tavallali V, Bahmanzadegan A, Tazangi MJG, Lasibi MJM
(2024) MEDICAGO sativa-mediated green synthesis of Zinc
nano-complex: Impacts on the phytochemical properties of
Hyssopus officinalis under Alkaline stress. Food Chem Adv
5:100812

26. de Matos RA, Cordeiro TdaS, Samad RE, Vieira ND, Courrol
LC (2011) Green synthesis of stable silver nanoparticles using
Euphorbia milii latex. Colloids Surf A Physicochem Eng Asp
389:134–137

27. Shen T, Wang Q, Liu C, Yu F, Yu D, Li C (2020) Euphorbia
milii extract-mediated zinc oxide nanoparticles and their
antinociceptive, muscle relaxant, and sedative activities for
pain management in pediatric children. Appl Nanosci
10:1297–1303

28. Pandey S, Singh S (2023) Exploring phytoconstituents and
pharmacological profile of Codiaeum variegatum (L.), Garden
croton. Pharmacol Res - Mod Chin Med 9:100327

29. Ikbal AMA, Rajkhowa A, Singh WS, Manna K (2023) Green
synthesis of zinc oxide nanoparticles using Croton joufra leaf
extract, characterization and antidiabetic activity. Int Nano Lett
13:251–260

30. Thi D, Nguyen C, Nguyen TT, Le HTN, Thanh T, Nguyen T,
Giang L (2021) The sunflower plant family for bioenergy,
environmental remediation, nanotechnology, medicine, food and
agriculture: a review. Environ Chem Lett [Internet]
19:3701–3726. https://doi.org/10.1007/s10311-021-01266-z

31. Sharma B, Gupta K, Garg V Green Synthesis of ZnO Nano-
particles Using Plant Extract as a Template. Macromol Symp.
2024 ;413.

32. Alghamdi RA, Al-Zahrani MH, Altarjami LR, Al Abdulmonem
W, Samir N, Said A, Shami AA, Mohamed WS, Ezzeldien M
(2023) Biogenic Zinc oxide nanoparticles from Celosia argentea:
toward improved antioxidant, antibacterial, and anticancer
activities. Front Bioeng Biotechnol. 11.

33. Kumara P, KS, Kumar B A. Determination of DPPH Free
Radical Scavenging Activity by RP-HPLC, Rapid Sensitive
Method for the Screening of Berry Fruit Juice Freeze Dried
Extract. Nat Prod Chem Res. 2018;06.

34. Elamary RB, Wahba M, Sayed WF, Salem WM (2022) Effi-
ciency of certain vegetables under various storage conditions
against the meat-borne Escherichia coli isolates. Int J Environ Sci
Technol 19:7869–7884

35. Sirelkhatim A, Mahmud S, Seeni A, Kaus NHM, Ann LC,
Bakhori SKM, Hasan H, Mohamad D (2015) Review on zinc
oxide nanoparticles: Antibacterial activity and toxicity mechan-
ism. Nanomicro Lett 7:219–242

36. Salem W, Leitner DR, Zingl FG, Schratter G, Prassl R, Goessler
W, Reidl J, Schild S (2015) Antibacterial activity of silver and
zinc nanoparticles against Vibrio cholerae and enterotoxic
Escherichia coli. Int J Med Microbiol 305:85–95

47 Page 18 of 21 Journal of Sol-Gel Science and Technology (2026) 117:47

https://doi.org/10.3390/antiox11081444
https://doi.org/10.1088/1757-899x/808/1/012032
https://doi.org/10.1088/1757-899x/808/1/012032
https://doi.org/10.3390/molecules29071464
https://doi.org/10.3390/molecules29071464
https://doi.org/10.1007/s10311-021-01266-z


37. Mu H, Tang J, Liu Q, Sun C, Wang T, Duan J (2016) Potent
Antibacterial Nanoparticles against Biofilm and Intracellular
Bacteria. Sci Rep. 6:1–9

38. Said AH, Shaibah F, Moustafa M, Elamary RB (2025) Plant-
mediated nickel oxide nanoparticles show species-dependent
antibacterial, antioxidant, anti-inflammatory and antidiabetic
activities. Sci Rep. 15:31096

39. Abdel-Aziz AAM, El-Azab AS, Abou-Zeid LA, Eltahir KEH,
Abdel-Aziz NI, Ayyad RR, Al-Obaid AM (2016) Synthesis, anti-
inflammatory, analgesic and COX-1/2 inhibition activities of
anilides based on 5,5-diphenylimidazolidine-2,4-dione scaffold:
Molecular docking studies. Eur J Medicinal Chem 115:121–131.
Elsevier Ltd

40. Wickramaratne MN, Punchihewa JC, Wickramaratne DBM (2016)
In-vitro alpha amylase inhibitory activity of the leaf extracts of
adenanthera pavonina. BMC Complement Alter Med 16:1–5

41. Ogunyemi SO, Abdallah Y, Zhang M, Fouad H, Hong X,
Ibrahim E, Masum MMI, Hossain A, Mo J, Li B (2019) Green
synthesis of zinc oxide nanoparticles using different plant
extracts and their antibacterial activity against Xanthomonas
oryzae pv. oryzae. Artif Cells Nanomed Biotechnol 47:341–352

42. Barzinjy AA, Hamad SM, Ismael HJ (2019) Characterization of
ZnO Nanoparticles Prepared from Green Synthesis Using
Euphorbia Petiolata Leaves. Eurasia J Sci Eng 4:74–83

43. El Ghandoor H, Zidan HM, Khalil MMH, Ismail MIM (2012)
Synthesis and some physical properties of magnetite (Fe 3O 4)
nanoparticles. Int J Electrochem Sci 7:5734–5745

44. Mohammadi H, Nekobahr E, Akhtari J, Saeedi M, Akbari J,
Fathi F (2021) Synthesis and characterization of magnetite
nanoparticles by co-precipitation method coated with bio-
compatible compounds and evaluation of in-vitro cytotoxicity.
Toxicol Rep. 8:331–336

45. Anitha R, Ramesh KV, Ravishankar TN, Sudheer Kumar KH,
Ramakrishnappa T (2018) Cytotoxicity, antibacterial and anti-
fungal activities of ZnO nanoparticles prepared by the Arto-
carpus gomezianus fruit mediated facile green combustion
method. J Sci: Adv Mater Devices 3:440–451

46. Ying S, Guan Z, Ofoegbu PC, Clubb P, Rico C, He F, Hong J
(2022) Green synthesis of nanoparticles: Current developments
and limitations. Environ Technol Innov 26:102336

47. Duan H, Wang D, Li Y (2015) Green chemistry for nanoparticle
synthesis. Chem Soc Rev 44:5778–5792

48. Zhou XQ, Hayat Z, Zhang DD, Li MY, Hu S, Wu Q, Cao YF,
Yuan Y (2023) Zinc Oxide Nanoparticles: Synthesis, Char-
acterization, Modification, and Applications in Food and Agri-
culture. Processes 11:1193

49. Al-darwesh MY, Ibrahim SS, Mohammed MA (2024) A review on
plant extract mediated green synthesis of zinc oxide nanoparticles
and their biomedical applications. Results Chem 7:101368

50. Yusof HM, Aini N, Rahman A, Mohamad R (2020) Biosynthesis
of zinc oxide nanoparticles by cell - biomass and supernatant of
Lactobacillus plantarum TA4 and its antibacterial and bio-
compatibility properties. Sci Rep. 1–13.

51. Manokari M, Shekhawat MS (2017) Biosynthesis of Zinc Oxide
Nanoparticles from the Aerial Parts of Hibiscus rosa-sinensis L.
Journal of Scientific Achievements 2(5):1-6.

52. Sadhasivam S, Shanmugam M (2021) Zinc Oxide Nanoparticles:
Green Synthesis and Biomedical Applications. J Clust Sci
32:1441–1455

53. Al-Shabib NA, Husain FM, Ahmed F, Khan RA, Ahmad I,
Alsharaeh E, Khan MS, Hussain A, Rehman MT, Yusuf M,
Hassan I, Khan JM, Ashraf GM, Alsalme A, Al-Ajmi MF,
Tarasov VV, Aliev G (2016) Biogenic synthesis of Zinc oxide
nanostructures from Nigella sativa seed: Prospective role as food
packaging material inhibiting broad-spectrum quorum sensing
and biofilm. Sci Rep. 6:36761

54. Chen Z, Świsłocka R, Choińska R, Marszałek K, Dąbrowska A,
Lewandowski W, Lewandowska H (2024) Exploring the Cor-
relation Between the Molecular Structure and Biological Activ-
ities of Metal–Phenolic Compound Complexes: Research and
Description of the Role of Metal Ions in Improving the Anti-
oxidant Activities of Phenolic Compounds. Int J Mol Sci
25:11775

55. Zeghoud S, Hemmami H, Ben Seghir B, Ben Amor I, Kouadri I,
Rebiai A, Messaoudi M, Ahmed S, Pohl P, Simal-Gandara J
(2022) A review on biogenic green synthesis of ZnO nano-
particles by plant biomass and their applications. Mater Today
Commun [Internet] 33:104747. https://linkinghub.elsevier.com/
retrieve/pii/S2352492822015884

56. Alamdari S, Ghamsari MS, Lee C, Han W, Park HH, Tafreshi
MJ, Afarideh H Applsci-10-03620.Pdf. applied Sciences.
2020;10:1–19.

57. Soltys L, Olkhovyy O, Tatarchuk T, Naushad M (2021) Green
Synthesis of Metal and Metal Oxide Nanoparticles: Principles of
Green Chemistry and Raw Materials. Magnetochemistry
7(11):145. https://doi.org/10.3390/magnetochemistry7110145

58. Sisa M, Bonnet SL, Ferreira D, Van der Westhuizen JH (2010)
Photochemistry of Flavonoids. Molecules 15:5196–5245

59. Padalia H, Chanda S (2017) Characterization, antifungal and
cytotoxic evaluation of green synthesized zinc oxide nano-
particles using Ziziphus nummularia leaf extract. Artif Cells
Nanomed Biotechnol 45:1751–1761

60. Mahajan M, Kumar S, Gaur J, Kaushal S, Dalal J, Singh G,
Misra M, Ahlawat DS (2025) Green synthesis of ZnO nano-
particles using Justicia adhatoda for photocatalytic degradation
of malachite green and reduction of 4-nitrophenol. RSC Adv
15:2958–2980

61. Katubi KM, Jabeen A, Alrowaili ZA, Shakir I, Al-Buriahi MS,
Warsi MF (2025) The correlation of bandgap with the crystallite
size using the quantum confinement effect for wastewater treat-
ment. Desalination Water Treat 322:101115

62. Devanand Venkatasubbu G, Ramasamy S, Ramakrishnan V,
Kumar J (2013) Folate targeted PEGylated titanium dioxide
nanoparticles as a nanocarrier for targeted paclitaxel drug
delivery. Adv Powder Technol 24:947–954

63. Barzinjy, A.A., Azeez, H.H. (2020) Green synthesis and char-
acterization of zinc oxide nanoparticles using Eucalyptus glo-
bulus Labill. leaf extract and zinc nitrate hexahydrate salt. SN
Appl. Sci. 2:991. https://doi.org/10.1007/s42452-020-2813-1

64. Durán-Fernández S, Bermudez-Zambrano OD, Rodríguez-
Páez JE (2025) Synthesis of ZnO nanoparticles using a
modified polymer complex method and evaluation of their
biological effect on Capsicum annuum L. Nanotechnol
Environ Eng 10:18

65. Sidhu AK, Verma N, Kaushal P (2022) Role of Biogenic Cap-
ping Agents in the Synthesis of Metallic Nanoparticles and
Evaluation of Their Therapeutic Potential. Frontiers in Nano-
technology. 3.

66. Velsankar K, Venkatesa, Muthumari P, Suganya S, Mohandoss
S, Sudhahar S (2022) Green inspired synthesis of ZnO nano-
particles and its characterizations with biofilm, antioxidant, anti-
inflammatory, and anti-diabetic activities. J Mol Struct
1255:132420.

67. Altaee MF, Yaaqoob LA, Kamona ZK (2020) Evaluation of the
biological activity of nickel oxide nanoparticles as antibacterial
and anticancer agents. Iraqi J Sci 61:2888–2896

68. Berhe MG, Gebreslassie YT (2023) Biomedical Applications of
Biosynthesized Nickel Oxide Nanoparticles. Int J Nanomed
18:4229–4251

69. Singh Y, Sodhi RS, Singh PP, Kaushal S (2022) Biosynthesis of
NiO nanoparticles using Spirogyra sp. cell-free extract and their
potential biological applications. Mater Adv 3:4991–5000

Journal of Sol-Gel Science and Technology (2026) 117:47 Page 19 of 21 47

https://linkinghub.elsevier.com/retrieve/pii/S2352492822015884
https://linkinghub.elsevier.com/retrieve/pii/S2352492822015884
https://doi.org/10.3390/magnetochemistry7110145
https://doi.org/10.1007/s42452-020-2813-1


70. Sathishkumar G, Rajkuberan C, Manikandan K, Prabukumar S,
DanielJohn J, Sivaramakrishnan S (2017) Facile biosynthesis of
antimicrobial zinc oxide (ZnO) nanoflakes using leaf extract of
Couroupita guianensis Aubl. Mater Lett [Internet].
188:383–386. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0167577X16318560

71. kazemi S, Hosseingholian A, Gohari SD, Feirahi F, Moammeri
F, Mesbahian G, Moghaddam ZS, Ren Q (2023) Recent
advances in green synthesized nanoparticles: from production to
application. Mater Today Sustainability 24:100500

72. Pasternak H, Shalev BA (1994) The effect of a feature of
regression disturbance on the efficiency of fitting growth curves.
Growth Dev Aging 58:33–39

73. Madan HR, Sharma SC, Udayabhanu, Suresh D, Vidya YS,
Nagabhushana H, Rajanaik H, Anantharaju KS, Prashantha SC,
Sadananda Maiya P (2016) Facile green fabrication of nanos-
tructure ZnO plates, bullets, flower, prismatic tip, closed pine
cone: Their antibacterial, antioxidant, photoluminescent and
photocatalytic properties. Spectrochim Acta A Mol Biomol
Spectrosc 152:404–416

74. Jafarirad S, Mehrabi M, Divband B, Kosari-Nasab M (2016)
Biofabrication of zinc oxide nanoparticles using fruit extract of
Rosa canina and their toxic potential against bacteria: A
mechanistic approach. Mater Sci Eng: C 59:296–302

75. Siripireddy B, Mandal BK (2017) Facile green synthesis of zinc
oxide nanoparticles by Eucalyptus globulus and their photocatalytic
and antioxidant activity. Adv Powder Technol 28:785–797

76. Khan ZUH, Sadiq HM, Shah NS, Khan AU, Muhammad N,
Hassan SU, Tahir K, Safi SZ, Khan FU, Imran M, Ahmad N,
Ullah F, Ahmad A, Sayed M, Khalid MS, Qaisrani SA, Ali M,
Zakir A (2019) Greener synthesis of zinc oxide nanoparticles
using Trianthema portulacastrum extract and evaluation of its
photocatalytic and biological applications. J Photochem Photo-
bio B 192:147–157

77. Murali M, Mahendra C, Nagabhushan, Rajashekar N, Sudar-
shana MS, Raveesha KA, Amruthesh KN (2017) Antibacterial
and antioxidant properties of biosynthesized zinc oxide nano-
particles from Ceropegia candelabrum L. – An endemic species.
Spectrochim Acta A Mol Biomol Spectrosc 179:104–109

78. Steffy K, Shanthi G, Maroky AS, Selvakumar S (2018)
Enhanced antibacterial effects of green synthesized ZnO NPs
using Aristolochia indica against Multi-drug resistant bacterial
pathogens from Diabetic Foot Ulcer. J Infect Public Health
11:463–471

79. Ahmed NA, Othman AS (2024) Green fabrication of ZnO
nanoparticles via spirulina platensis and its efficiency against
biofilm forming pathogens. Micro Cell Fact 23:92

80. Elabbasy MT, El Bayomi RM, Abdelkarim EA, Hafez AESE,
Othman MS, Ghoniem ME, Samak MA, Alshammari MH,
Almarshadi FA, Elsamahy T, Hussein MA (2025) Antibacterial
and Antibiofilm Activity of Green-Synthesized Zinc Oxide
Nanoparticles Against Multidrug-Resistant Escherichia coli Iso-
lated from Retail Fish. Molecules 30:768

81. Gunalan S, Sivaraj R, Rajendran V (2012) Green synthesized
ZnO nanoparticles against bacterial and fungal pathogens. Prog
Nat Sci: Mater Int 22:693–700

82. Gupta M, Tomar RS, Kaushik S, Mishra RK, Sharma D (2018)
Effective Antimicrobial Activity of Green ZnO Nano Particles of
Catharanthus roseus. Front Microbiol. 9:2030. https://doi.org/10.
3389/fmicb.2018.02030

83. Verma R, Pathak S, Srivastava AK, Prawer S, Tomljenovic-
Hanic S (2021) ZnO nanomaterials: Green synthesis, toxicity
evaluation and new insights in biomedical applications. J Alloy
Compd 876:160175

84. Yassein AS, Elamary RB, Alwaleed EA (2025) Biogenesis,
characterization, and applications of Spirulina selenium

nanoparticles. Micro Cell Fact [Internet] 24:39 Available from
https://doi.org/10.1186/s12934-025-02656-6

85. Mishra S, Gupta A, Upadhye V, Singh SC, Sinha RP, Häder DP
(2023) Therapeutic Strategies against Biofilm Infections. Life
13:172

86. Irede EL, Awoyemi RF, Owolabi B, Aworinde OR, Kajola RO,
Hazeez A, Raji AA, Ganiyu LO, Onukwuli CO, Onivefu AP,
Ifijen IH (2024) Cutting-edge developments in zinc oxide
nanoparticles: synthesis and applications for enhanced anti-
microbial and UV protection in healthcare solutions. RSC Adv
14:20992–21034

87. Husain FM, Qais FA, Ahmad I, Hakeem MJ, Baig MH, Masood
Khan J, Al-Shabib NA (2022) Biosynthesized Zinc Oxide
Nanoparticles Disrupt Established Biofilms of Pathogenic Bac-
teria. Appl Sci 12:710

88. Agrawal A, Sharma R, Sharma A, Gurjar KC, Kumar S,
Chatterjee S, Pandey H, Awasthi K, Awasthi A (2023) Anti-
bacterial and antibiofilm efficacy of green synthesized ZnO
nanoparticles using Saraca asoca leaves. Environ Sci Pollut
Res 30:86328–86337

89. Javed R, Usman M, Tabassum S, Zia M (2016) Effect of capping
agents: Structural, optical and biological properties of ZnO
nanoparticles. Appl Surf Sci 386:319–326

90. Bai HW, Yang C, Wang P, Rao S, Zhu BT (2021) Inhibition of
cyclooxygenase by blocking the reducing cosubstrate at the
peroxidase site: Discovery of galangin as a novel cycloox-
ygenase inhibitor. Eur J Pharm 899:174036

91. Nagajyothi PC, Cha SJ, Yang IJ, Sreekanth TVM, Kim KJ, Shin
HM (2015) Antioxidant and anti-inflammatory activities of zinc
oxide nanoparticles synthesized using Polygala tenuifolia root
extract. J Photochem Photobio B 146:10–17

92. Zahoor S, Sheraz S, Shams DF, Rehman G, Nayab S, Shah MIA,
Ateeq M, Shah SK, Ahmad T, Shams S, Khan W (2023) Bio-
synthesis and Anti-inflammatory Activity of Zinc Oxide Nano-
particles Using Leaf Extract of Senecio chrysanthemoides.
Biomed Res Int. 2023:3280708. https://doi.org/10.1155/2023/
3280708

93. Assad N, Abbas A, Fayyaz ur Rehman M, Naeem-ul-Hassan M
(2024) Photo-catalytic and biological applications of phyto-
functionalized zinc oxide nanoparticles synthesized using a polar
extract of Equisetum diffusum D. RSC Adv 14:22344–22358

94. Majeed S, Danish M, Zakariya NA, Hashim R, Ansari MT,
Alkahtani S, Hasnain MS (2022) In Vitro Evaluation of Anti-
bacterial, Antioxidant, and Antidiabetic Activities and Glucose
Uptake through 2-NBDG by Hep-2 Liver Cancer Cells Treated
with Green Synthesized Silver Nanoparticles. Oxid Med Cell
Longev. 2022:1646687. https://doi.org/10.1155/2022/1646687

95. Aleixandre A, Gil JV, Sineiro J, Rosell CM (2022) Understanding
phenolic acids inhibition of α-amylase and α-glucosidase and
influence of reaction conditions. Food Chem 372:131231

96. Gatou MA, Lagopati N, Vagena IA, Gazouli M, Pavlatou EA
ZnO Nanoparticles from Different Precursors and Their Photo-
catalytic Potential for Biomedical Use. Nanomaterials. 2023;13.

97. Daniel J, Devi S (2019) Inhibition of key digestive enzymes
involved in glucose metabolism by biosynthesized zinc oxide
nanoparticles from Syzygium cumini (L.): An in vitro and in
silico approach. Pharmacogn Mag 15:502

98. Mahnashi MH, Alqahtani YS, Alyami BA, Alqarni AO, Ayaz M,
Ghufran M, Ullah F, Sadiq A, Ullah I, Haq IU, Khalid M,
Murthy HCA (2022) Phytochemical Analysis, α-Glucosidase
and Amylase Inhibitory, and Molecular Docking Studies on
Persicaria hydropiper L. Leaves Essential Oils. Evid-Based
Complementary Alternative Med 2022:1–11

99. Shoaib A, Shahid S, Mansoor S, Javed M, Iqbal S, Mahmood S,
Bahadur A, Jaber F, Alshalwi M (2024) Tailoring of an anti-
diabetic drug empagliflozin onto zinc oxide nanoparticles:

47 Page 20 of 21 Journal of Sol-Gel Science and Technology (2026) 117:47

https://linkinghub.elsevier.com/retrieve/pii/S0167577X16318560
https://linkinghub.elsevier.com/retrieve/pii/S0167577X16318560
https://doi.org/10.3389/fmicb.2018.02030
https://doi.org/10.3389/fmicb.2018.02030
https://doi.org/10.1186/s12934-025-02656-6
https://doi.org/10.1155/2023/3280708
https://doi.org/10.1155/2023/3280708
https://doi.org/10.1155/2022/1646687


characterization and in vitro evaluation of anti-hyperglycemic
potential. Sci Rep. 14:2499

100. Meydan I, Burhan H, Gür T, Seçkin H, Tanhaei B, Sen F (2022)
Characterization of Rheum ribes with ZnO nanoparticle and its
antidiabetic, antibacterial, DNA damage prevention and lipid
peroxidation prevention activity of in vitro. Environ Res. 204(Pt
D):112363. https://doi.org/10.1016/j.envres.2021.112363

101. Sharma A, Nagraik R, Sharma S, Sharma G, Pandey S, Azizov
S, Chauhan PK, Kumar D (2022) Green synthesis of ZnO
nanoparticles using Ficus palmata: Antioxidant, antibacterial and
antidiabetic studies. Results Chem 4:100509

102. Jayappa MD, Ramaiah CK, Kumar MAP, Suresh D, Prabhu A,
Devasya RP, Sheikh S (2020) Green synthesis of zinc oxide
nanoparticles from the leaf, stem and in vitro grown callus of
Mussaenda frondosa L.: characterization and their applications.
Appl Nanosci 10:3057–3074

103. Ahmed SS, Alqahtani AM, Alqahtani T, Alamri AH, Menaa F,
Mani RK, Bharathi DR, Kavitha K (2022) Green Synthesis,
Characterizations of Zinc Oxide Nanoparticles from Aqueous
Leaf Extract of Tridax procumbens Linn. and Assessment of
their Anti-Hyperglycemic Activity in Streptozoticin-Induced
Diabetic Rats. Materials 15:8202

Journal of Sol-Gel Science and Technology (2026) 117:47 Page 21 of 21 47

https://doi.org/10.1016/j.envres.2021.112363

	Harnessing plant extracts for zinc oxide nanoparticles: a greener route to enhanced biocompatibility and therapeutic potential
	Abstract
	Highlights
	Introduction
	Materials and methods
	Preparation of plant aqueous extract
	Preparation of ZnO NPs
	Characterization of green synthesized ZnO NPs
	Bioactivity of ZnO NPs
	Anticancer activity
	Antioxidant activity
	Antibacterial activity
	Antibiofilm activity
	Anti-inflammatory activity
	Antidiabetic activity

	Statistical analysis

	Results and discussion
	Characterization of ZnO NPs
	X&#x02011;ray Diffraction (XRD)
	High resolution transmission microscope (HRTEM)
	Fourier transformation Infrared spectroscopy (FTIR)
	UV–Vis spectroscopy

	Bioactivity of green ZnO NPs
	Anticancer activity
	Antioxidant activity
	Antibacterial activity
	Antibiofilm activity
	Anti-inflammatory activity
	Antidiabetic activity


	Conclusion
	Publisher&#x02019;s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.Author contributions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




