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Abstract

Background: In this study, we aimed to synthesize zinc oxide nanoparticles (ZnO NPs) 
using aqueous extracts of fresh and dried Rumex acetosa leaves and characterize their physico-
chemical properties and antibacterial activities. Methods: Nanoparticles were characterized 
using UV–Vis, FE-SEM, EDX, DLS, zeta potential measurements, XRD, and FT-IR spec-
troscopy. Antibacterial activity was evaluated against five bacterial reference strains using a 
resazurin microdilution assay to determine minimum inhibitory concentrations (MICs). 
Results: ZnO NPs from both extracts were spherical and had a hexagonal wurtzite struc-
ture. For the fresh and dried leaf preparations, respectively, particle sizes were 12–23 and 
19–46 nm, hydrodynamic diameters were approximately 51 and 69 nm, and zeta potentials 
were approximately −24 and −14 mV. Both samples showed characteristic ZnO UV absorp-
tion, band gaps of 3.17 and 3.15 eV, respectively, and Zn–O stretching near 435 cm−1 . EDX 
detected carbon in the fresh leaf preparation. Both preparations inhibited all tested bacteria, 
with MICs ranging from 14.20 to 113.64 μg/mL for fresh leaf and from 7.10 to 113.64 μg/mL 
for dried leaf preparations. Conclusions: Dried leaf extract-derived ZnO NPs may be eval-
uated for photocatalysis, UV protection, and sensing, while the antibacterial activity of 
fresh leaf extract-derived ZnO NPs suggests potential for coatings, wound dressings, and 
food packaging.

Keywords: Rumex acetosa; zinc oxide nanoparticles; physicochemical characterization; 
antibacterial activity

1.  Introduction
Rapid advancements in nanotechnology have enabled the development of nanopar-

ticles whose size, shape, and surface properties can be controlled, creating a wide range 
of applications from biomedical to industrial processes [1]. Nanoparticles exhibit unique 
morphological, optical, catalytic, and biological functions that differ from bulk material due 
to their high surface area/volume ratios and size-dependent physicochemical properties [2], 
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characteristics that allow nanoparticles to be used widely in drug delivery systems, biomed-
ical imaging, diagnostic applications, antimicrobial therapies, cancer treatment, electronics, 
energy, and environmental technologies. However, despite their broad application potential, 
traditional nanoparticle synthesis methods often use toxic chemicals, raising significant 
environmental and biological safety concerns. To overcome these limitations and promote 
environmentally friendly production processes, plant extract-mediated green synthesis 
is increasingly used as a sustainable nanoparticle production approach [3]. Metal and 
metal oxide nanoparticles obtained by green synthesis are attracting attention in various 
applications because of their superior physicochemical and antimicrobial properties [1,3]. 
In particular, silver nanoparticles (AgNPs) stand out for their broad antimicrobial potential, 
while zinc oxide nanoparticles (ZnO NPs), a class of metal oxide nanoparticles, are gain-
ing importance because of their biocompatibility, unique physicochemical properties, and 
versatile application possibilities [1,4]. During nanoparticle synthesis from plant extracts, 
phenolic compounds, flavonoids, and terpenoids stabilize nanoparticles and reduce metal 
ions. In this way, green synthesis methods support the production of cost-effective and 
potentially biocompatible nanoparticles, offering a sustainable alternative that reduces 
toxic chemicals and the environmental impact of synthesis processes [5,6]. In recent stud-
ies, leaves, seeds, fruit peels, and other plant-derived waste materials have been used to 
synthesize ZnO nanoparticles more sustainably. Researchers have used extracts of Punica 
granatum, Alnus nepalensis, Clitoria ternatea, Camellia sinensis, and Elettaria cardamomum and 
evaluated their antimicrobial, antioxidant, photocatalytic, and biomedical properties [7–11]. 
In green synthesis studies, plant material is used either fresh or after drying, depending on 
availability and storage requirements. However, drying can substantially alter the content 
and composition of phenolic compounds and other secondary metabolites in leaves [12], 
and the influence of this pretreatment on the properties of the resulting nanoparticles has 
rarely been examined systematically within a single plant species [13]. Rumex acetosa L. 
(common sorrel, Polygonaceae) is a widely distributed edible and medicinal plant whose 
leaves are rich in flavonoids, proanthocyanidins, phenolic acids, and organic acids [14,15]. 
These compounds contain hydroxyl, carbonyl, and carboxyl groups capable of coordinating 
Zn2+  ions and adsorbing onto growing particles, making R. acetosa a promising source of 
chelating and capping agents for the green synthesis of ZnO nanoparticles. The formation 
of ZnO NPs proceeds through a complexation–hydrolysis–condensation (precipitation) 
pathway followed by thermal dehydration. First, Zn2+  ions are coordinated by the phenolic 
and carboxylate groups of the plant extract (Equation (1)), which control the release of 
free Zn2+  and limit uncontrolled growth. In the alkaline medium, Zn2+  then reacts with 
OH−  ions to precipitate zinc hydroxide (Equation (2)), which partially dissolves in excess 
hydroxide to form the soluble zincate complex [Zn(OH)4 ]2−  (Equation (3)). In the final 
step, Zn(OH)2  and zincate species undergo condensation and dehydration, particularly 
during annealing, yielding crystalline ZnO (Equation (4)) [16].

Zn2+  + n L ⇌ [Zn(L)n ]2+  (L = phenolic/carboxylate ligands of the extract) (1)

Zn2+  + 2 OH− → Zn(OH)2 (2)

Zn(OH)2  + 2 OH− ⇌ [Zn(OH)4 ]2− (3)

Zn(OH)2 /[Zn(OH)4 ]2− → ZnO + H2 O (+ 2OH− ) (4)

Species of the genus Rumex have been used to synthesize silver nanoparticles with 
antibacterial and antibiofilm activity [17,18], and more recently, an ethanolic extract of 
dried Rumex nervosus leaves was used to synthesize ZnO nanoparticles with antibacterial 
activity [19]. However, to the best of our knowledge, aqueous extracts of R. acetosa leaves 
have not yet been used for the synthesis of ZnO nanoparticles, and the effect of using 
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fresh versus dried Rumex leaves on the properties of the resulting nanoparticles has not 
been investigated. In this study, we aimed to synthesize ZnO nanoparticles using a green 
synthesis method with aqueous extracts of fresh and dried Rumex acetosa leaves, characterize 
their physicochemical properties, and evaluate their antibacterial activity.

2.  Materials and Methods
2.1.  ZnO NP Synthesis and Characterization

Rumex acetosa leaves were purchased from a local market, where it was stated that 
they had been produced in Antalya, Türkiye, on 8 December 2025. The fresh leaves were 
thoroughly washed with tap water, rinsed twice with distilled water, and dried at room 
temperature to remove surface moisture. One portion of the fresh leaves was cut into small 
pieces and used immediately to prepare the fresh leaf extract. The remaining fresh leaves 
were dried in an oven at 30 °C for 48 h, ground into a powder, and used for the preparation of 
the dried leaf extract. The filtered aqueous extracts were used for the subsequent synthesis 
of ZnO NPs. To prepare the plant extract, 2 g of dried Rumex spp. leaf powder and 10 g of 
fresh leaves were separately mixed with 100 mL of ultrapure water and heated at 60 °C for 
3 h under continuous stirring using a magnetic stirrer. The different masses were chosen to 
compensate for the water content of the fresh leaves. After cooling to room temperature, 
the mixtures were filtered through coarse filter paper, and the filtrates were refrigerated (at 
4 °C in the dark for 20 h) for use in green synthesis.

Zinc nitrate hexahydrate (Zn(NO3 )2 ·6H2 O; 98%, Sigma-Aldrich, St. Louis, MO, 
USA), sodium hydroxide (NaOH; ≥99, Riedel-de Haën, Germany), and ultrapure water 
(18.2 MΩ·cm at 25 °C; Milli-Q Reference, Merck Millipore) were used for the synthesis. For 
the green synthesis of ZnO NPs, 100 mL of 0.1 M zinc nitrate hexahydrate (Zn(NO3 )2 .6H2 O) 
was prepared and heated to 60 °C. The 100 mL extract obtained from the dry leaves was 
added dropwise into the zinc nitrate solution under constant stirring, during which the pH 
of the reaction mixture was maintained between 8 and 10 by adding 0.1 M NaOH solution. 
After complete addition of the extract, the mixture was heated at 60 °C for 1 h and then left to 
stand at room temperature for 12 h. The obtained precipitate was purified by centrifugation 
and washed three times with ultrapure water to remove impurities. The resulting ZnO NP 
powders were dried in an oven at 60 °C for 12 h, after which the samples were annealed in 
a muffle furnace at 300 °C for 2 h in air. The same synthesis procedure was applied using 
the same volume of the fresh leaf extract.

The ZnO NP powders were dispersed in ultrapure water at 0.1 mg/mL by ultrasoni-
cation for 5 min, and absorbance spectra were recorded in the 300–600 nm range using a 
Thermo Scientific Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA), with ultrapure water as the blank. The morphology of the ZnO NPs 
was examined using a Zeiss Supra 55 field emission scanning electron microscope (FE-SEM; 
Carl Zeiss, Oberkochen, Germany). The particle size distributions of the ZnO NPs were 
determined from the FE-SEM images using the ImageJ 1.54d software by measuring the 
diameters of 100 particles with clearly distinguishable boundaries for each sample. The ele-
mental composition was determined with the energy-dispersive X-ray spectroscopy (EDX) 
detector attached to the microscope. Prior to analysis, the ZnO NP powders were dispersed 
onto conductive carbon tapes mounted on aluminum stubs and then sputter-coated with 
Pt to prevent charging. The hydrodynamic size distribution and zeta potential were deter-
mined by dynamic light scattering (DLS) and electrophoretic light scattering, respectively, 
using a Malvern Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK). The ZnO NP 
powders were dispersed in ultrapure water at 0.1 mg/mL by ultrasonication for 5 min, and 
the measurements were performed at 37 °C. The pH values of the suspensions were 6.65 for 
dried leaf extract-derived ZnO NPs and 4.77 for fresh leaf extract-derived ZnO NPs, and the 
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conductivities were 8.3 μS/cm and 11.8 μS/cm, respectively. The structural properties of the 
ZnO NP powders were investigated using a Rigaku Smart Lab powder X-ray diffractometer 
(XRD) (Rigaku, Tokyo, Japan) with CuKα radiation (λ = 1.5406 Å), and a Perkin Elmer 
UATR Two Fourier-transform infrared (FT-IR) spectrophotometer (PerkinElmer, Waltham, 
MA, USA).

2.2.  Antimicrobial Activity
In this study, we evaluated the antibacterial activities of ZnO nanoparticles produced 

by green synthesis using Rumex acetosa extract. American Type Culture Collection (ATCC) 
reference strains were used to determine the minimum inhibitory concentrations (MICs) of 
these nanoparticles. The Gram-positive bacterial reference strains used in this study were 
Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC 29212; the Gram-negative 
bacterial reference strains were Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 
27736, and Pseudomonas aeruginosa ATCC 27853. Since ATCC reference strains were used, 
ethical committee approval was not required.

The modified series microdilution method was applied to evaluate the antimicrobial 
activities of the tested nanoparticles [20]. Lyophilized bacterial strains were subcultured on 
Mueller–Hinton Agar, for 18–24 h at 37 °C. The stock solution of ZnO NPs was prepared in 
DMSO/H2 O (50%) at 1000 μg/mL. Suspensions of bacterial strains were prepared in sterile 
physiological saline solution, and their turbidity was adjusted to the 0.5 McFarland standard, 
corresponding to an absorbance value of 0.08–0.13 at 625 nm. For antibacterial testing, 
100 μL of Mueller–Hinton broth (MHB) was added to each well of the 96-well microplates. 
100 μL of the nanoparticle suspension under test was added to the first well, followed by 
a two-fold serial dilution. The negative control well contained nanoparticle suspension 
and culture medium but no bacterial inoculum. The assay included an uninoculated 
nanoparticle control containing Mueller–Hinton broth and ZnO nanoparticles, without 
bacterial inoculum. Briefly, 100 μL of the NP stock suspension (1000 μg/mL) was added 
to 100 μL of MHB, yielding an NP concentration of 500 μg/mL. DMSO was used as the 
solvent in the antibacterial assays. As solvent-only controls were not included, the potential 
influence of DMSO on the results could not be assessed independently. Figure S1 shows a 
total of nine wells in each horizontal row: eight test wells followed by one uninoculated 
NP–resazurin control. Figure S2 shows a total of eight wells in each vertical column: seven 
test wells followed by one uninoculated NP–resazurin control. The concentration series is 
arranged from left to right in Figure S1 and from top to bottom in Figure S2. In both figures, 
the final well contains nanoparticles, Mueller–Hinton broth, and resazurin, without bacterial 
inoculum. Bacterial suspension was added to all wells except the control well. Plates were 
incubated at 37 °C for 24 h to determine antibacterial activity, with the test performed in 
duplicate. At the end of the incubation period, 10 μL of Resazurin (199303, Sigma-Aldrich, 
Saint Louis, MO, USA; 0.1 mg/mL) was added to each well and then incubated at 37 °C for 
4 h. A change in Resazurin from blue to pink indicates bacterial metabolic activity, while 
a maintained blue color indicates that the active substance inhibits bacterial growth and 
possesses antibacterial properties [21].

3.  Results
3.1.  Optical Properties

The optical properties of the ZnO NPs were investigated using absorption spectra in 
the wavelength range of 300–600 nm. The absorption measurements were carried out with 
ZnO NP powders dispersed in ultrapure water (Section 2.1) and are shown in Figure 1. 
The spectra of the ZnO NPs synthesized from dried and fresh Rumex spp. showed that 
both samples exhibited similar broad absorption peaks between 350 and 380 nm, with 
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absorption maxima at 363 nm and 361 nm, respectively. These findings are consistent with 
those reported in plant-mediated ZnO NP synthesis [22–25].

Figure 1. Absorption-wavelength spectra of the ZnO NPs synthesized with dried and fresh Rumex 
spp. extracts.

The energy band gap (Eg ) of the ZnO NPs synthesized with dried and fresh Rumex 
spp. extracts were calculated using the correlation between the absorption coefficient and 
photon energy [26]:

𝛼 = A(ℎ𝜈 − 𝐸𝑔)
𝑛
/ℎ𝜈 (5)

where A is a constant, 𝛼 is the absorption coefficient, h𝜈 is the photon energy, and the value of 
n is 1/2 because ZnO has a direct optical transition. Figure 2 shows the (𝛼ℎ𝜈)2 -versus-energy 
(Tauc) plot of the ZnO NPs synthesized with (a) dried and (b) fresh Rumex spp. extracts. 
The Eg  value of the ZnO NPs was obtained from the intercept on the energy axis where 
(𝛼ℎ𝜈)2  = 0 by extrapolating the linear portion of the plot and was found to be 3.15 eV for 
ZnO NPs synthesized from dried leaf extract and 3.17 eV for those synthesized from fresh 
extract. As the results show, there is no significant difference between the Eg  values obtained 
for the two ZnO NPs. These values are lower than those of the bulk ZnO (~3.37 eV), but 
this indicates that the nanoscale structure and Eg  value of the ZnO NPs are consistent with 
previously reported values for green synthesis [23,25,27,28].
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Figure 2. Tauc plots of the ZnO NPs synthesized with (a) dried and (b) fresh Rumex spp. extracts.

3.2.  Morphological Properties
The morphological characteristics of the ZnO NPs were investigated by SEM images, 

with those of the ZnO NPs synthesized with (a–c) dried and (d–f) fresh Rumex spp. extracts 
shown in Figure 3 at 200.00 KX, 100.00 KX, and 50.00 KX magnifications, respectively. The 
ZnO NPs possess spherical morphologies with nanometer-scale features, as seen in the 
SEM images. As seen in Figure 3, the primary ZnO particles are not isolated but form larger, 
irregular agglomerates in both samples. Such agglomeration is typical of ZnO nanopowders 
and can be attributed to the high surface energy of the nanoparticles, capillary forces during 
drying of the precipitate, and the formation of interparticle necks during annealing at 300 °C.

The particle size distributions of the ZnO NPs were determined from the FE-SEM 
images using ImageJ software by measuring the diameters of 100 particles with clearly 
distinguishable boundaries for each sample. The resulting histograms (Figure 3g,h) show 
primary particle sizes of 21.6 ± 6.1 nm for the dried leaf extract-derived ZnO NPs and 
14.9 ± 3.6 nm for the fresh leaf extract-derived ZnO NPs, demonstrating that the fresh 
leaf extract produced smaller primary particles with a narrower size distribution. Smaller 
particle size generally correlates with higher specific surface area, which may improve 
antimicrobial and anticancer performance.

EDX point analysis was performed to determine the elemental percentages of the ZnO 
NPs synthesized with dried and fresh Rumex spp. Table 1 reports the atomic percentages of 
the elements. The EDX analysis of Rumex spp. samples demonstrated significant differences 
in atomic elemental composition between the two ZnO NPs. In the dried leaf extract-derived 
ZnO NPs zinc (55.68 at.%) and oxygen (44.32 at.%) were the dominant elements, and carbon 
was not detected; in contrast, the fresh leaf extract-derived ZnO NPs contained carbon 
(52.71 at.%), oxygen (35.84 at.%), and a substantially lower zinc content (11.45 at.%). The 
lower-than-expected zinc content may be attributed to residual phytochemicals on the 
nanoparticle surface, which can mask zinc signals during EDX analysis [23].

Table 1. EDX atomic (%) results of the ZnO NPs synthesized with dried and fresh Rumex spp. 
leaf extracts.

Element Atomic (%)
Dried Leaf Extract-Derived ZnO NPs

Atomic (%)
Fresh Leaf Extract-Derived ZnO NPs

C - 52.71
O 44.32 35.84
Zn 55.68 11.45
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Figure 3. SEM images of the ZnO NPs synthesized with (a–c) dried and (d–f) fresh Rumex spp. 
extracts at 200.00 KX, 100.00 KX, and 50.00 KX magnifications, (g,h) and particle size distribution 
histograms of the ZnO NPs with Gaussian fits.

3.3.  Structural Properties
The structural properties of the ZnO NPs were examined using X-ray diffraction 

patterns to determine the ZnO crystal structure. Figure 4 shows the XRD patterns of the 
ZnO NPs synthesized with (a) dried leaf extract and (b) fresh leaf extract. The diffraction 
peaks of the ZnO NPs were matched to the crystal structure of ZnO by the JCPDS (Joint 
Committee on Powder Diffraction Standards) card number 00-005-0664. Their crystal 
structure was identified as hexagonal wurtzite, and the lattice parameters are given in 
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Figure 4. The stronger, sharper diffraction peaks in dried extract-derived ZnO suggest larger 
crystallite size and enhanced crystallinity, whereas the broader peaks in fresh extract-derived 
ZnO indicate smaller nanocrystal dimensions, consistent with SEM and optical analyses. In 
addition to the wurtzite ZnO reflections, a broad feature appears at 2θ ≈ 37–41° in both 
ZnO NP diffraction patterns. It is attributed to a small amount of an amorphous or poorly 
crystalline zinc-containing phase, and its greater intensity in the fresh leaf extract-derived 
ZnO NPs can be associated with the higher organic content of this sample.

 

Figure 4. XRD patterns of the ZnO NPs synthesized with (a) dried and (b) fresh Rumex spp. extracts.
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The crystallite size (𝐷), dislocation density (𝛿), and strain value (𝜀) of the ZnO NPs 
were calculated by the following equations:

𝐷ℎ𝑘𝑙 =
K𝜆

𝛽𝑐𝑜𝑠𝜃 (6)

𝛿 =
1

𝐷2
ℎ𝑘𝑙

(7)

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4 (8)

K is a constant set to 0.9; parameter 𝛽 represents the Full Width at Half Maximum 
(FWHM) measured in radians; 𝜆 signifies the wavelength of the utilized X-ray (𝜆 = 1.54 Å); 
while 𝜃 denotes the Bragg angle [29–33]. The 𝐷, 𝛿, and 𝜀 values of the ZnO NPs synthesized 
with dried and fresh Rumex spp. leaf extract were calculated using the diffraction peak at 
approximately 36°, and the results are given in Table 2.

Table 2. The crystallite size (𝐷), dislocation density (𝛿), and strain value (𝜀) of the ZnO NPs 
synthesized with dried and fresh Rumex spp. leaf extracts.

Sample 2-𝛉
(°)

FWHM
(°)

D
(nm)

𝜹
(1016  Lines/m2 )

𝜺
(10−3 )

ZnO NPs (dried Rumex spp. leaf) 36.24 0.50 16.69 0.36 2.08
ZnO NPs (fresh Rumex spp. leaf) 36.48 2.79 3.00 11.10 11.56

The ZnO NPs crystallite size was calculated to be 16.69 nm and 3.00 nm for dried and 
fresh Rumex spp. extracts, respectively, demonstrating that the use of dried Rumex spp. leaf 
extract promoted the formation of larger, more crystalline ZnO nanoparticles compared to 
the fresh Rumex spp. leaf extract. Furthermore, the lattice parameters and crystallite sizes 
were also determined using the PDXL software (Rigaku), and the results are presented 
in Table 3. It should be noted that the crystallite size obtained with PDXL represents the 
average crystallite size calculated from all indexed diffraction peaks, whereas the Scherrer 
equation was applied to the most intense (101) reflection. Despite this methodological 
difference, the crystallite sizes obtained by the two approaches were in good agreement 
with each other.

Table 3. The lattice parameters and crystallite sizes of the ZnO NPs synthesized with dried and fresh 
Rumex spp. leaf extracts.

a = b
(Å)

c
(Å)

Unit Cell Volume 
(Å3 )

Crystallite Size 
(nm)

ZnO NPs (dried Rumex spp. leaf) 3.251 5.211 47.69 17.5
ZnO NPs (fresh Rumex spp. leaf) 3.272 5.217 48.38 1.60

FT-IR analysis was used to identify the surface chemistry and interfacial bonding of the 
ZnO NPs. Figure 5 shows the FT-IR transmittance spectra of the ZnO NPs synthesized with 
dried and fresh Rumex spp. leaf extracts in the range of 4000–400 cm−1 . The broad peak 
observed at ~3380 cm−1  is attributed to O-H stretching vibrations of hydroxyl groups, while 
the peaks at ~1580 cm−1 , 1415 cm−1 , and 1030 cm−1  correspond to the H–O–H bending 
vibration of adsorbed water, C=O, and C–O stretching vibrations, respectively [23,34]. In 
the fingerprint region, the peak at ~435 cm−1  is attributed to the hexagonal ZnO structure 
Zn–O stretching vibrations [22,35].
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Figure 5. FT-IR transmittance spectra of the ZnO NPs synthesized with dried and fresh Rumex spp 
leaf extract.

3.4.  Colloidal Properties
The hydrodynamic size distribution peak values of ZnO NPs in aqueous suspension 

are shown in Figure 6a,b. The ZnO NPs synthesized with dried and fresh Rumex spp. leaf 
extract exhibited a single, narrow population without a contribution from micrometer-sized 
aggregates. The size distribution peak values were 68 nm (PdI: 0.405) for dried leaf extract-
derived ZnO NPs and 51 nm (PdI: 0.566) for fresh leaf extract-derived ZnO NPs, with 
Z-average radii of 203.80 and 151.04 nm, respectively. These values are markedly larger 
than the crystallite sizes calculated from XRD and the primary particle sizes observed by 
FE-SEM, because DLS measures the hydrodynamic diameter of the diffusing species, which 
includes the solvation layer, adsorbed plant-derived molecules, and small agglomerates of 
primary particles, whereas XRD reflects the crystallite size and FE-SEM the dimensions of 
the particles in the dry state [36,37]. Nevertheless, the DLS results follow the same trend as 
the XRD and FE-SEM data, with the fresh leaf extract-derived ZnO NPs being smaller than 
the dried leaf extract-derived ZnO NPs.

The zeta potential distributions are shown in Figure 6c,d. Both samples exhibited 
a single population with negative surface charge, with zeta potentials of approximately 
−14 mV for the dried leaf extract-derived ZnO NPs and −24 mV for the fresh leaf extract-
derived ZnO NPs. Because bare ZnO has an isoelectric point of about pH 9 and would 
therefore be positively charged at near neutral pH [38], the negative values indicate that 
the surfaces of both samples are covered by adsorbed anionic species, such as deprotonated 
carboxyl and phenolic groups of plant-derived compounds, in agreement with the FT-IR 
results. The more negative surface charge of the fresh leaf extract-derived ZnO NPs can 
be attributed to the larger amount of organic matter retained on its surface, as indicated 
by EDX and FT-IR. Since both values are below the commonly used ±30 mV threshold for 
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electrostatically stable dispersions [37], the suspensions show moderate (fresh leaf extract-
derived ZnO NPs) to limited (dried leaf extract-derived ZnO NPs) stability and a tendency 
to agglomerate, consistent with the FE-SEM and DLS results. The stronger electrostatic 
repulsion, together with possible steric stabilization by the adsorbed biomolecules, may 
explain the smaller hydrodynamic size of the fresh leaf extract-derived ZnO NPs.

Figure 6. Hydrodynamic size distributions by intensity (a) dried leaf extract-derived ZnO NPs and 
(b) fresh leaf extract-derived ZnO NPs, and zeta potential distributions of (c) dried leaf extract-derived 
ZnO NPs and (d) fresh leaf extract-derived ZnO NPs, dispersed in water.

3.5.  Antibacterial Activity
In this study, the antibacterial activities of leaf extract-derived ZnO nanoparticles 

synthesized from fresh and dried R. acetosa were evaluated against five different bacterial 
strains using the microdilution method [Supplementary Figures S1 and S2]. The MIC 
values for fresh leaf extract-derived ZnO nanoparticles from R. acetosa ranged from 14.20 
to 113.64 μg/mL, while those for samples prepared from dried leaf extract-derived ZnO 
nanoparticles from R. acetosa ranged from 7.10 to 113.64 μg/mL [Table 4]. For fresh leaf 
extract-derived ZnO nanoparticles, the lowest reported MIC was 14.20 μg/mL, observed 
against both E. faecalis and P. aeruginosa. The MIC values were 56.82 μg/mL against both S. 
aureus and K. pneumoniae, and 113.64 μg/mL against E. coli (Table 4).

Table 4. Antibacterial activity of fresh and dried leaf extract-derived Rumex acetosa Against ATCC 
Reference Strains.

Synthesized Sample (𝛍g/mL)
ATCC Reference Strains (𝛍g/mL)

S. aureus E. faecalis E. coli K. pneumoniae P. aeruginosa

Fresh leaf extract-derived ZnO 
nanoparticles 56.82 14.20 113.64 56.82 14.20

Dried leaf extract-derived ZnO 
nanoparticles 113.64 7.10 113.64 56.82 28.41

Dried leaf extract-derived ZnO nanoparticles from R. acetosa showed the lowest MIC 
(7.10 μg/mL) against E. faecalis. For dried leaf extract-derived ZnO nanoparticles, the MIC 
was 28.41 μg/mL for P. aeruginosa, 56.82 μg/mL for K. pneumoniae, and 113.64 μg/mL for S. 
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aureus and E. coli [Table 4]. Both preparations had identical reported MIC values against 
E. coli and K. pneumoniae (Table 4). ZnO nanoparticles synthesized using fresh R. acetosa 
leaf extract showed MIC values one twofold dilution step lower than those synthesized 
using dried leaf extract against S. aureus and P. aeruginosa. In contrast, the dried leaf extract-
derived preparation showed an MIC one twofold dilution step lower against E. faecalis. 
Comparative findings should be interpreted cautiously given the limited replication and 
experimental conditions.

4.  Discussion
The antibacterial activity of ZnO nanoparticles is determined by interrelated physic-

ochemical properties such as particle size, surface area, crystal structure, surface defects, 
Zn2+  ion release, and reactive oxygen species (ROS) formation [39,40]. Recently, in green 
synthesis studies by different researchers, the composition of the extract has been reported 
to be responsible for these properties [5,6]. Abdelmigid et al. also reported variation in 
antibacterial activity across bacterial strains, with chemically synthesized ZnO nanoparticles 
producing slightly larger inhibition zones against MRSA than against the Gram-negative 
strains tested. For nanoparticles synthesized using pomegranate peel and coffee ground ex-
tracts, FTIR findings suggested that protein-associated hydroxyl and carboxyl groups could 
contribute to nanoparticle formation and stabilization [41]. Similarly, Şahin et al. reported a 
correlation between the physical properties of ZnO nanoparticles synthesized with Thymus 
syriacus [42] extract and their antibacterial activity against Gram-positive and -negative 
bacteria. Previous studies have suggested that smaller nanoparticles may interact more 
easily with bacterial surfaces and contribute to oxidative damage. Larger specific surface 
areas may facilitate contact and interaction with bacterial cell surfaces [43,44]. Likewise, 
researchers reported that surface defects in Zn nanoparticles can disrupt cell membrane 
integrity by promoting ROS production, and these nanoparticles can damage the bacterial 
membrane during membrane translocation [45,46]. Consistent with this finding, Naqvi 
et al. reported that oxygen vacancies in ZnO nanoparticles promote ROS production, and 
this process, along with the release of Zn2+  ions, may cause damage to the S. aureus cell 
membrane [47]. Dönmez et al. reported that ZnO nanoparticles synthesized with grape 
seed extract rich in phenolic compounds showed antioxidant and antibacterial activity 
against S. aureus [48]. Similarly, ZnO nanoparticles synthesized using pomegranate peel 
exhibit antimicrobial activity, supporting the belief that plant-derived compounds may 
contribute to nanoparticles’ biological activity [7]. In the present study, ZnO nanoparticles 
synthesized using fresh R. acetosa leaf extract showed a slightly lower MIC against S. aureus 
than those synthesized using dried leaf extract; this difference was limited to one twofold 
dilution step.

On the other hand, Leta et al. reported that ZnO nanoparticles synthesized from differ-
ent plant sources showed the highest activity against E. faecalis among the tested bacteria, 
and that particle size, surface chemistry, and extract-derived coating compounds may have 
contributed to this selective activity [49]; however, the lower MIC of ZnO nanoparticles 
from dried R. acetosa against E. faecalis suggests that antibacterial activity does not depend 
solely on particle size. Furthermore, in their study comparing ZnO nanoparticles of different 
sizes, Mirhosseini et al. detected one of the strongest antimicrobial effects on E. faecalis 
and reported that even relatively large nanoparticles could produce significant inhibition 
of this bacterium [50]. Similarly, Djearamane et al. showed that ZnO nanoparticles accu-
mulated more on the cell surface of E. faecalis and led to greater growth inhibition than 
in Gram-negative S. marcescens [51], a sensitivity that they attributed to the nanoparticles’ 
adherence to the cell surface, interaction with functional groups in the cell wall, and dis-
ruption of membrane integrity. In the present study, the ZnO nanoparticles synthesized 
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using dried R. acetosa leaf extract showed a lower MIC against E. faecalis despite their larger 
particle size; also, in our study, ZnO nanoparticles synthesized with fresh and dried leaf 
extract-derived R. acetosa exhibited lower MIC values (14.20, 28.41 μg/mL, respectively) 
against the P. aeruginosa strain. These variations were limited to one twofold dilution step. 
Previous studies report that green-synthesized ZnO nanoparticles show antibacterial ac-
tivity against clinical isolates of P. aeruginosa and that nanoparticle application disrupts 
membrane integrity by increasing bacterial inner- and outer-membrane permeability [52]. 
Although the lipopolysaccharide-containing outer membrane of Gram-negative bacteria 
may limit nanoparticle entry into the cell, interactions between ZnO nanoparticles and the 
bacterial surface may contribute to antibacterial activity against P. aeruginosa. Abdelmigid 
et al. found that ZnO nanoparticles synthesized with pomegranate peel and coffee ground 
extracts have antibacterial activity against P. aeruginosa [41]. Lee et al. also reported that 
ZnO nanoparticles suppressed pyocyanin production and quorum sensing-related pro-
cesses in P. aeruginosa via Zn2+  ions, while Mendes et al. suggested that electrostatic 
interactions between ZnO nanoparticles and the bacterial surface may contribute to mem-
brane damage and disruption of cellular function, along with ROS production and Zn2+ 
release [40,53]. In this study, ZnO nanoparticles synthesized using fresh and dried leaf 
extract-derived R. acetosa showed similar antibacterial profiles against E. coli and K. pneu-
moniae, with MIC values of 113.64 μg/mL and 56.82 μg/mL, respectively. Ahmad et al. 
reported concentration-dependent antibacterial activity of ZnO nanoparticles against both 
E. coli and K. pneumoniae [54]. Furthermore, Abdelmigid et al. reported that ZnO nanopar-
ticles synthesized using pomegranate peel and coffee ground extracts showed antibacterial 
activity against K. pneumoniae [41]. In a similar study, Hameed et al. demonstrated that 
ZnO nanoparticles suppressed bacterial growth by causing disorder and increased mem-
brane permeability in the E. coli cell membrane [55]. In addition, Rasha et al. reported 
that ZnO nanoparticles synthesized using Aspergillus niger showed antibacterial activity 
against carbapenem-resistant K. pneumoniae, caused morphological changes in bacterial 
cells, and promoted wound healing in infected rats [56]; similarly, Reddy et al. reported that 
ZnO nanoparticles suppressed K. pneumoniae growth [57]. Plant-derived materials being 
investigated as sources for ZnO nanoparticle synthesis, including plant waste, may offer 
a more environmentally friendly approach by reducing reliance on hazardous chemical 
additives. Mathizhagan et al. reported that ZnO nanoparticles synthesized from tea waste 
exhibited antimicrobial activity, showing that plant waste can be used to produce functional 
nanomaterials [58]. Similarly, ZnO nanoparticles synthesized using Euphorbia hirta leaves, 
Clitoria ternatea flowers, Solanum lycopersicum fruits, Brassica oleracea var. botrytis leaves 
and Pisonia alba leaves have been reported to exhibit antibacterial activity [9,59–62]. These 
findings support using different plant materials for green synthesis of ZnO nanoparticles.

Sowbarnika et al. reported that fresh or dried leaf extracts influenced the properties of 
biosynthesized ZnO nanoparticles, including their surface characteristics [13]. EDX analysis 
revealed that Zn and O were dominant in the sample synthesized from dried plant material, 
while the carbon content was higher in that from fresh material. The high carbon content 
detected in the fresh sample suggests that the organic components in the plant extract may 
be more densely retained on the nanoparticle surface, a finding consistent with the FTIR 
results, which showed more distinct bands in the 3380, 1580, 1415, and 1030 cm−1  regions 
in the fresh sample. The Zn–O vibrational band determined at approximately 435 cm−1  in 
both samples confirms the formation of ZnO nanoparticles.

The experimental data indicated that ZnO NPs synthesized from fresh and dried 
leaf extracts differ in particle size (FE-SEM), crystallite size and crystallinity (XRD), and 
surface organic matter content (EDX, FT-IR). Both samples showed characteristic ZnO UV 
absorption and optical band gap values. Both materials inhibited all tested strains, and their 
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MICs were identical for E. coli and K. pneumoniae and differed by only one twofold dilution 
for S. aureus, E. faecalis, and P. aeruginosa. Given the limited replication, the reproducibility 
and biological relevance of these MIC differences remain to be established. The following 
possible explanations for the strain-dependent tendencies should therefore be regarded 
as hypotheses that were not directly tested here: (i) the smaller primary particles and 
lower crystallinity of the fresh leaf extract-derived ZnO NPs may provide a larger reactive 
surface and more surface defects, which favor reactive oxygen species generation and Zn2+ 
release; (ii) the organic layer retained on the fresh leaf extract-derived ZnO NPs, which 
is also reflected in its more negative zeta potential (≈−24 mV vs. ≈−14 mV for dried 
leaf extract-derived ZnO NPs), may modify particle–cell interactions, surface charge and 
dissolution behavior; and (iii) residual extract-derived compounds may contribute directly 
to the activity.

5.  Conclusions
In this study, ZnO nanoparticles were successfully synthesized from fresh and dried 

leaf extract-derived R. acetosa, and their physicochemical and antibacterial properties were 
characterized. The dried extract-derived NPs were considerably more crystalline (crystallite 
size: 16.7 nm) than those from the fresh extract (3.0 nm), which showed markedly greater 
peak broadening, dislocation density, and microstrain. Both samples showed characteristic 
ZnO UV absorption and optical band gaps of 3.15 and 3.17 eV. EDX and FTIR analyses 
revealed that ZnO NPs synthesized using fresh leaf extract-derived R. acetosa contained 
a substantial organic fraction (52.71 at.% C), whereas the dried extract NPs were Zn-rich. 
FE-SEM images and ImageJ analysis showed particle sizes of 21.6 ± 6.1 and 14.9 ± 3.6 nm 
for the dried and fresh leaf extract NPs, respectively. DLS revealed hydrodynamic sizes of 
approximately 69 and 51 nm and zeta potentials of approximately -14 and −24 mV for the 
dried and fresh leaf extract NPs, respectively. The findings reveal that ZnO nanoparticles 
synthesized using fresh and dried leaf extract-derived R. acetosa exhibit antibacterial activity 
against both Gram-positive and Gram-negative bacteria. Based on their structural and 
optical properties, dried leaf extract-derived ZnO NPs may be suitable for further evaluation 
in photocatalytic, UV-protection, and sensing applications, while the antibacterial activity 
of fresh leaf extract-derived ZnO NPs suggests potential for antibacterial coatings, wound 
dressings, and active food packaging. However, these applications were not evaluated in 
the present study and require further experimental investigation.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nano16211441/s1: Figure S1. Antibacterial activity of ZnO nanoparti-
cles synthesized using dried and fresh leaf extracts against reference bacterial species. Figure S2. 
Antibacterial activity of ZnO nanoparticles synthesized using fresh leaf extract against reference 
bacterial species.
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XRD X-ray diffraction

References
1. Nandhini, J.; Karthikeyan, E.; Rajeshkumar, S. Green synthesis of zinc oxide nanoparticles: Eco-friendly advancements for 

biomedical marvels. Resour. Chem. Mater. 2024, 3, 294–316. [CrossRef]
2. Abbasi, R.; Shineh, G.; Mobaraki, M.; Doughty, S.; Tayebi, L. Structural parameters of nanoparticles affecting their toxicity for 

biomedical applications: A review. J. Nanopart. Res. 2023, 25, 43. [CrossRef] [PubMed]
3. Lithi, I.J.; Ahmed Nakib, K.I.; Chowdhury, A.S.; Sahadat Hossain, M. A review on the green synthesis of metal (Ag, Cu, and 

Au) and metal oxide (ZnO, MgO, Co3 O4 , and TiO2 ) nanoparticles using plant extracts for developing antimicrobial properties. 
Nanoscale Adv. 2025, 7, 2446–2473. [CrossRef] [PubMed]

4. Rodrigues, A.S.; Batista, J.G.S.; Rodrigues, M.Á.V.; Thipe, V.C.; Minarini, L.A.R.; Lopes, P.S.; Lugão, A.B. Advances in silver 
nanoparticles: A comprehensive review on their potential as antimicrobial agents and their mechanisms of action elucidated by 
proteomics. Front. Microbiol. 2024, 15, 1440065. [CrossRef] [PubMed]

5. Al-Darwesh, M.Y.; Ibrahim, S.S.; Mohammed, M.A. A review on plant extract mediated green synthesis of zinc oxide nanoparticles 
and their biomedical applications. Results Chem. 2024, 7, 101368. [CrossRef]

6. El-Saadony, M.T.; Fang, G.; Yan, S.; Alkafaas, S.S.; El Nasharty, M.A.; Khedr, S.A.; Hussien, A.M.; Ghosh, S.; Dladla, M.; Elkafas, 
S.S.; et al. Green synthesis of zinc oxide nanoparticles: Preparation, characterization, and biomedical applications—A review. Int. 
J. Nanomed. 2024, 19, 12889–12937. [CrossRef] [PubMed]

7. Fouda, A.; Saied, E.; Eid, A.M.; Kouadri, F.; Alemam, A.M.; Hamza, M.F.; Alharbi, M.; Elkelish, A.; Hassan, S.E.-D. Green synthesis 
of zinc oxide nanoparticles using an aqueous extract of Punica granatum for antimicrobial and catalytic activity. J. Funct. Biomater. 
2023, 14, 205. [CrossRef] [PubMed]

8. Jaishi, D.R.; Ojha, I.; Bhattarai, G.; Baraili, R.; Pathak, I.; Ojha, D.R.; Shrestha, D.K.; Sharma, K.R. Plant-mediated synthesis of 
zinc oxide (ZnO) nanoparticles using Alnus nepalensis D. Don for biological applications. Heliyon 2024, 10, e39255. [CrossRef] 
[PubMed]

9. Alahmdi, M.I.; Khasim, S.; Vanaraj, S.; Panneerselvam, C.; Mahmoud, M.A.A.; Mukhtar, S.; Alsharif, M.A.; Zidan, N.S.; Abo-Dya, 
N.E.; Aldosari, O.F. Green nanoarchitectonics of ZnO nanoparticles from Clitoria ternatea flower extract for in vitro anticancer and 
antibacterial activity: Inhibits MCF-7 cell proliferation via intrinsic apoptotic pathway. J. Inorg. Organomet. Polym. Mater. 2022, 32, 
2146–2159. [CrossRef]

10. Al-Ghamdi, S.A.; Alkathiri, T.A.; Alfarraj, A.E.; Alatawi, O.M.; Alkathiri, A.S.; Panneerselvam, C.; Vanaraj, S.; Darwish, A.A.A.; 
Hamdalla, T.A.; Pasha, A.; et al. Green synthesis and characterization of zinc oxide nanoparticles using Camellia sinensis tea leaf 
extract and their antioxidant, anti-bactericidal and anticancer efficacy. Res. Chem. Intermed. 2022, 48, 4769–4783. [CrossRef]

11. Kaur, H.; Sharma, A.; Anand, K.; Panday, A.; Tagotra, S.; Kakran, S.; Singh, A.K.; Alam, M.W.; Kumar, S.; Bouzid, G.; et al. Green 
synthesis of ZnO nanoparticles using E. cardamomum and zinc nitrate precursor: A dual-functional material for water purification 
and antibacterial applications. RSC Adv. 2025, 15, 16742–16765. [CrossRef] [PubMed]

12. Hossain, M.B.; Barry-Ryan, C.; Martin-Diana, A.B.; Brunton, N.P. Effect of drying method on the antioxidant capacity of six 
Lamiaceae herbs. Food Chem. 2010, 123, 85–91. [CrossRef]

13. Sowbarnika, R.; Ilakiya, T.; Ravanachandar, A.; Sheela, P.; Karthika, P.C.; Madhan, A.; Lavanya, S.; Anbukkarasi, K.; Prem Kumar, 
V. Biosynthesis of ZnO nanoparticles using fresh and dried leaf extracts of Moringa oleifera, Hibiscus sabdariffa, Centella asiatica, and 
Triticum aestivum for antimicrobial and antioxidant applications. Chem. Phys. Impact 2026, 12, 101059. [CrossRef]

14. Vasas, A.; Orbán-Gyapai, O.; Hohmann, J. The genus Rumex: Review of traditional uses, phytochemistry and pharmacology. 
J. Ethnopharmacol. 2015, 175, 198–228. [CrossRef] [PubMed]

15. Korpelainen, H.; Pietiläinen, M. Sorrel (Rumex acetosa L.): Not only a weed but a promising vegetable and medicinal plant. Bot. 
Rev. 2020, 86, 234–246. [CrossRef]

16. Bandeira, M.; Giovanela, M.; Roesch-Ely, M.; Devine, D.M.; Crespo, J.S. Green synthesis of zinc oxide nanoparticles: A review of 
the synthesis methodology and mechanism of formation. Sustain. Chem. Pharm. 2020, 15, 100223. [CrossRef]

https://doi.org/10.3390/nano16211441

https://doi.org/10.1016/j.recm.2024.05.001
https://doi.org/10.1007/s11051-023-05690-w
https://www.ncbi.nlm.nih.gov/pubmed/36875184
https://doi.org/10.1039/D5NA00037H
https://www.ncbi.nlm.nih.gov/pubmed/40207090
https://doi.org/10.3389/fmicb.2024.1440065
https://www.ncbi.nlm.nih.gov/pubmed/39149204
https://doi.org/10.1016/j.rechem.2024.101368
https://doi.org/10.2147/IJN.S487188
https://www.ncbi.nlm.nih.gov/pubmed/39651353
https://doi.org/10.3390/jfb14040205
https://www.ncbi.nlm.nih.gov/pubmed/37103295
https://doi.org/10.1016/j.heliyon.2024.e39255
https://www.ncbi.nlm.nih.gov/pubmed/39640779
https://doi.org/10.1007/s10904-022-02263-7
https://doi.org/10.1007/s11164-022-04845-z
https://doi.org/10.1039/D5RA01469G
https://www.ncbi.nlm.nih.gov/pubmed/40395799
https://doi.org/10.1016/j.foodchem.2010.04.003
https://doi.org/10.1016/j.chphi.2026.101059
https://doi.org/10.1016/j.jep.2015.09.001
https://www.ncbi.nlm.nih.gov/pubmed/26384001
https://doi.org/10.1007/s12229-020-09225-z
https://doi.org/10.1016/j.scp.2020.100223
https://doi.org/10.3390/nano16211441


Nanomaterials 2026, 16, 1441 16 of 18

17. Akay, S.; Yuksel, G.; Duzgun, A.O. Investigation of antibiofilm and antibacterial properties of green synthesized silver nanoparticles 
from aqueous extract of Rumex sp. Appl. Biochem. Biotechnol. 2024, 196, 1089–1103. [CrossRef]

18. Aktepe, N.; Keskin, C.; Baran, A.; Baran, M.F. Synthesis, characterization and evaluation of antimicrobial activities of silver 
nanoparticles obtained from Rumex acetosella L. (sorrel) plant. Int. J. Agric. Environ. Food Sci. 2022, 6, 522–529. [CrossRef]

19. Bizuayehu, T.; Kassaw, B.; Kendie, M. Green synthesis, characterization, and antibacterial activity investigation of zinc oxide 
nanoparticles using Rumex nervosus Vahl leaf extract. Results Chem. 2025, 13, 102046. [CrossRef]

20. Clinical and Laboratory Standards Institute (CLSI). Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow 
Aerobically, 9th ed.; CLSI Document M07-A9; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2012.

21. Sarker, S.D.; Nahar, L.; Kumarasamy, Y. Microtitre plate-based antibacterial assay incorporating resazurin as an indicator of 
cell growth, and its application in the in vitro antibacterial screening of phytochemicals. Methods 2007, 42, 321–324. [CrossRef] 
[PubMed]

22. Ganesan, L.; Arumugam, M.; Maluventhen, V. Green synthesis of zinc oxide nanoparticles using Pentatropis capensis (L.f.) Bullock 
leaf extract: Characterization, antibacterial, antioxidant, anti-inflammatory and cytotoxicity studies. Biomed. Mater. Devices 2026, 
4, 896–908. [CrossRef]

23. Nazish, M.; Rahimova, S.; Zubair, M.; Khan, M.F.; Khan, M.A.; Bibi, F.; Khan, M.I.; Ulla, S.; Bakhrom, J.; Alwaznah, R.; et al. 
Phytofabricated zinc oxide nanoparticles (ZnO-NPs) from a medicinal salt-tolerant Oxystelma esculentum (L.f.) Sm. extract and 
their multifunctional biological activities. Sci. Rep. 2026, 16, 13258. [CrossRef] [PubMed]

24. Ojha, I.; Jaishi, D.R.; G.C., B.; Joshi, P.R.; Sharma, K.R. Green synthesis of zinc oxide (ZnO) nanoparticles using Valeriana jatamansi 
Jones for anticancer, antimicrobial, antidiabetic, and antioxidant activities. J. Chem. 2025, 2025, 8655077. [CrossRef]

25. Zidane-Kessad, N.; Boudjouan, F.; Zeghbib, W.; Ourabah, A.; Djermoune, A.; Ait Merzeg, F.; Benadjaoud, A.; Oukil, D. Green 
synthesis of ZnO nanoparticles using Algerian Opuntia stricta pulp and seeds aqueous extract: Comparative study of optical, 
structural, morphological, antioxidant, and antidiabetic properties. Appl. Phys. A 2026, 132, 296. [CrossRef]

26. Tauc, J. Optical properties and electronic structure of amorphous Ge and Si. Mater. Res. Bull. 1968, 3, 37–46. [CrossRef]
27. Habtemariam, T.H.; Anjullo, S.H.; Abebe, G.M. Green synthesis and antibacterial activity of zinc oxide nanoparticles using Croton 

macrostachyus Hochst. ex Delile extracts. RSC Adv. 2026, 16, 14492–14508. [CrossRef] [PubMed]
28. Sekrafi, T.; Echabaane, M.; Ly, A.; Debliquy, M.; Dridi, C.; Lahem, D. Green synthesis of ZnO nanoparticles using Retama raetam 

leaf extract for VOC sensing applications. Chemosensors 2026, 14, 42. [CrossRef]
29. Scherrer, P. Bestimmung der Größe und der inneren Struktur von Kolloidteilchen mittels Röntgenstrahlen. Nachr. Ges. Wiss. 

Göttingen Math. Phys. Kl. 1918, 1918, 98–100.
30. Gubur, H.M.; Septekin, F.; Alpdogan, S. CdSe nanowires grown by using chemical bath deposition. J. Korean Phys. Soc. 2015, 67, 

1222–1227. [CrossRef]
31. Ozmen, S.I.; Gubur, H.M. Synthesis and characterization of CdTe/CdSe thin film on glass/ITO by electrodeposition at room 

temperature. Bull. Mater. Sci. 2022, 45, 77. [CrossRef]
32. Ildan Ozmen, S.; Temiz, S.H.; Gubur, H.M. Effects of annealing on SnS films produced by chemical bath deposition (CBD). Phys. 

Scr. 2022, 97, 075704. [CrossRef]
33. Yildirim, E.; Ozmen, S.I.; Havare, A.K.; Gubur, H.M. Annealing effect on CdS nanowalls grown by chemical bath deposition on 

glass substrate. Phys. Scr. 2023, 98, 075933. [CrossRef]
34. Zolfaghari, M.; Yadegar, A.; Rezaei, A.; Rafieian, F.; Kazemi, M.; Fazeli, H.; Karbasizade, V. Plant-mediated green synthesis of 

zinc oxide nanoparticles using Anvillea garcinii extract: Characterization and investigation of their anticancer, antibacterial and 
antioxidant effects. Ind. Crops Prod. 2026, 242, 122785. [CrossRef]

35. Haddi, R.; El Kharraz, A.M.; Kerroumi, M.I. Green synthesis of zinc oxide nanoparticles using Pistacia lentiscus L. leaf extract and 
evaluating their antioxidant and antibacterial properties. Nano Biomed. Eng. 2024, 16, 232–247. [CrossRef]

36. Mourdikoudis, S.; Pallares, R.M.; Thanh, N.T.K. Characterization techniques for nanoparticles: Comparison and complementarity 
upon studying nanoparticle properties. Nanoscale 2018, 10, 12871–12934. [CrossRef] [PubMed]

37. Bhattacharjee, S. DLS and zeta potential—What they are and what they are not? J. Control. Release 2016, 235, 337–351. [CrossRef] 
[PubMed]

38. Degen, A.; Kosec, M. Effect of pH and impurities on the surface charge of zinc oxide in aqueous solution. J. Eur. Ceram. Soc. 2000, 
20, 667–673. [CrossRef]

39. Jan, H.; Shah, M.; Usman, H.; Khan, M.A.; Zia, M.; Hano, C.; Abbasi, B.H. Biogenic synthesis and characterization of antimicrobial 
and antiparasitic zinc oxide (ZnO) nanoparticles using aqueous extracts of the Himalayan Columbine (Aquilegia pubiflora). Front. 
Mater. 2020, 7, 249. [CrossRef]

https://doi.org/10.3390/nano16211441

https://doi.org/10.1007/s12010-023-04592-w
https://doi.org/10.31015/jaefs.2022.4.4
https://doi.org/10.1016/j.rechem.2025.102046
https://doi.org/10.1016/j.ymeth.2007.01.006
https://www.ncbi.nlm.nih.gov/pubmed/17560319
https://doi.org/10.1007/s44174-025-00346-w
https://doi.org/10.1038/s41598-026-47491-w
https://www.ncbi.nlm.nih.gov/pubmed/41963421
https://doi.org/10.1155/joch/8655077
https://doi.org/10.1007/s00339-026-09459-5
https://doi.org/10.1016/0025-5408(68)90023-8
https://doi.org/10.1039/D6RA00724D
https://www.ncbi.nlm.nih.gov/pubmed/41853203
https://doi.org/10.3390/chemosensors14020042
https://doi.org/10.3938/jkps.67.1222
https://doi.org/10.1007/s12034-021-02653-6
https://doi.org/10.1088/1402-4896/ac7756
https://doi.org/10.1088/1402-4896/acddab
https://doi.org/10.1016/j.indcrop.2026.122785
https://doi.org/10.26599/nbe.2024.9290056
https://doi.org/10.1039/C8NR02278J
https://www.ncbi.nlm.nih.gov/pubmed/29926865
https://doi.org/10.1016/j.jconrel.2016.06.017
https://www.ncbi.nlm.nih.gov/pubmed/27297779
https://doi.org/10.1016/S0955-2219(99)00203-4
https://doi.org/10.3389/fmats.2020.00249
https://doi.org/10.3390/nano16211441


Nanomaterials 2026, 16, 1441 17 of 18

40. Mendes, C.R.; Dilarri, G.; Forsan, C.F.; Sapata, V.D.M.R.; Lopes, P.R.M.; de Moraes, P.B.; Montagnolli, R.N.; Ferreira, H.; Bidoia, 
E.D. Antibacterial action and target mechanisms of zinc oxide nanoparticles against bacterial pathogens. Sci. Rep. 2022, 12, 2658. 
[CrossRef] [PubMed]

41. Abdelmigid, H.M.; Hussien, N.A.; Alyamani, A.A.; Morsi, M.M.; AlSufyani, N.M.; Kadi, H.A. Green synthesis of zinc oxide 
nanoparticles using pomegranate fruit peel and solid coffee grounds vs. chemical method of synthesis, with their biocompatibility 
and antibacterial properties investigation. Molecules 2022, 27, 1236. [CrossRef] [PubMed]

42. Şahin, B.; Aydin, R.; Soylu, S.; Türkmen, M.; Kara, M.; Akkaya, A.; Çetin, H.; Ayyıldız, E. The effect of Thymus syriacus plant extract 
on the main physical and antibacterial activities of ZnO nanoparticles synthesized by SILAR method. Inorg. Chem. Commun. 
2022, 135, 109088. [CrossRef]

43. Emami-Karvani, Z.; Chehrazi, P. Antibacterial activity of ZnO nanoparticle on Gram-positive and Gram-negative bacteria. Afr. J. 
Microbiol. Res. 2011, 5, 1368–1373. [CrossRef]

44. Stankic, S.; Suman, S.; Haque, F.; Vidic, J. Pure and multi metal oxide nanoparticles: Synthesis, antibacterial and cytotoxic 
properties. J. Nanobiotechnol. 2016, 14, 73. [CrossRef] [PubMed]

45. Lakshmi Prasanna, V.; Vijayaraghavan, R. Insight into the mechanism of antibacterial activity of ZnO: Surface defects mediated 
reactive oxygen species even in the dark. Langmuir 2015, 31, 9155–9162. [CrossRef] [PubMed]

46. Jiang, Y.; Zhang, L.; Wen, D.; Ding, Y. Role of physical and chemical interactions in the antibacterial behavior of ZnO nanoparticles 
against E. coli. Mater. Sci. Eng. C 2016, 69, 1361–1366. [CrossRef] [PubMed]

47. Naqvi, Q.U.A.; Kanwal, A.; Qaseem, S.; Naeem, M.; Ali, S.R.; Shaffique, M.; Maqbool, M. Size-dependent inhibition of bacterial 
growth by chemically engineered spherical ZnO nanoparticles. J. Biol. Phys. 2019, 45, 147–159. [CrossRef] [PubMed]

48. Donmez, S.; Keyvan, E. Green synthesis of zinc oxide nanoparticles using grape seed extract and evaluation of their antibacterial 
and antioxidant activities. Inorg. Nano-Met. Chem. 2024, 54, 1137–1144. [CrossRef]

49. Leta, T.B.; Adeyemi, J.O.; Fawole, O.A. Comparative valorization of diverse food waste streams into functional ZnO nanoparticles 
for postharvest pathogen control. ChemistrySelect 2026, 11, e74102. [CrossRef]

50. Mirhosseini, F.; Amiri, M.; Daneshkazemi, A.; Zandi, H.; Javadi, Z.S. Antimicrobial effect of different sizes of nano zinc oxide on 
oral microorganisms. Front. Dent. 2019, 16, 105. [CrossRef] [PubMed]

51. Djearamane, S.; Loh, Z.C.; Lee, J.J.; Wong, L.S.; Rajamani, R.; Luque, P.A.; Gupta, P.K.; Liang, S.X.T. Remedial aspect of zinc oxide 
nanoparticles against Serratia marcescens and Enterococcus faecalis. Front. Pharmacol. 2022, 13, 891304. [CrossRef] [PubMed]

52. Alotaibi, B.; Negm, W.A.; Elekhnawy, E.; El-Masry, T.A.; Elharty, M.E.; Saleh, A.; Abdelkader, D.H.; Mokhtar, F.A. Antibacterial 
activity of nano zinc oxide green-synthesised from Gardenia thailandica Triveng. leaves against Pseudomonas aeruginosa clinical 
isolates: In vitro and in vivo study. Artif. Cells Nanomed. Biotechnol. 2022, 50, 96–106. [CrossRef] [PubMed]

53. Lee, J.H.; Kim, Y.G.; Cho, M.H.; Lee, J. ZnO nanoparticles inhibit Pseudomonas aeruginosa biofilm formation and virulence factor 
production. Microbiol. Res. 2014, 169, 888–896. [CrossRef] [PubMed]

54. Ahmad, I.; Alshahrani, M.Y.; Wahab, S.; Al-Harbi, A.I.; Nisar, N.; Alraey, Y.; Alqahtani, A.; Mir, M.A.; Irfan, S.; Saeed, M. Zinc 
oxide nanoparticle: An effective antibacterial agent against pathogenic bacterial isolates. J. King Saud Univ. Sci. 2022, 34, 102110. 
[CrossRef]

55. Hameed, A.S.H.; Karthikeyan, C.; Ahamed, A.P.; Thajuddin, N.; Alharbi, N.S.; Alharbi, S.A.; Ravi, G. In vitro antibacterial activity 
of ZnO and Nd doped ZnO nanoparticles against ESBL producing Escherichia coli and Klebsiella pneumoniae. Sci. Rep. 2016, 6, 
24312. Correction in Sci. Rep. 2025, 15, 19057. https://doi.org/10.1038/s41598-025-03233-y. [CrossRef] [PubMed]

56. Rasha, E.; Alkhulaifi, M.M.; Alothman, M.; Khalid, I.; Doaa, E.; Alaa, K.; Awad, M.A.; Abdalla, M. Effects of zinc oxide nanoparticles 
synthesized using Aspergillus niger on carbapenem-resistant Klebsiella pneumonia in vitro and in vivo. Front. Cell. Infect. Microbiol. 
2021, 11, 748739. Correction in Front. Cell. Infect. Microbiol. 2022, 12, 843577. https://doi.org/10.3389/fcimb.2022.843577. 
[CrossRef] [PubMed]

57. Reddy, L.S.; Nisha, M.M.; Joice, M.; Shilpa, P.N. Antimicrobial activity of zinc oxide (ZnO) nanoparticle against Klebsiella 
pneumoniae. Pharm. Biol. 2014, 52, 1388–1397. [CrossRef] [PubMed]

58. Mathizhagan, T.E.; Subramaniyan, V.; Renganathan, S.; Elavarasan, V.; Subramaniyan, P.; Vijayakumar, S. Bio-mediated zinc 
oxide nanoparticles through tea residue: Ecosynthesis, characterizations, and biological efficiencies. Sustainability 2022, 14, 15572. 
[CrossRef]

59. Ahmad, W.; Kalra, D. Green synthesis, characterization and antimicrobial activities of ZnO nanoparticles using Euphorbia hirta 
leaf extract. J. King Saud Univ. Sci. 2020, 32, 2358–2364. [CrossRef]

60. Elbrolesy, A.; Abdou, Y.; Elhussiny, F.A.; Morsy, R. Novel green synthesis of UV-sunscreen ZnO nanoparticles using Solanum 
lycopersicum fruit extract and evaluation of their antibacterial and anticancer activity. J. Inorg. Organomet. Polym. Mater. 2023, 33, 
3750–3759. [CrossRef]

https://doi.org/10.3390/nano16211441

https://doi.org/10.1038/s41598-022-06657-y
https://www.ncbi.nlm.nih.gov/pubmed/35173244
https://doi.org/10.3390/molecules27041236
https://www.ncbi.nlm.nih.gov/pubmed/35209025
https://doi.org/10.1016/j.inoche.2021.109088
https://doi.org/10.5897/AJMR10.159
https://doi.org/10.1186/s12951-016-0225-6
https://www.ncbi.nlm.nih.gov/pubmed/27776555
https://doi.org/10.1021/acs.langmuir.5b02266
https://www.ncbi.nlm.nih.gov/pubmed/26222950
https://doi.org/10.1016/j.msec.2016.08.044
https://www.ncbi.nlm.nih.gov/pubmed/27612837
https://doi.org/10.1007/s10867-019-9520-4
https://www.ncbi.nlm.nih.gov/pubmed/30721424
https://doi.org/10.1080/24701556.2023.2165687
https://doi.org/10.1002/slct.74102
https://doi.org/10.18502/fid.v16i2.1361
https://www.ncbi.nlm.nih.gov/pubmed/31777851
https://doi.org/10.3389/fphar.2022.891304
https://www.ncbi.nlm.nih.gov/pubmed/35747753
https://doi.org/10.1080/21691401.2022.2056191
https://www.ncbi.nlm.nih.gov/pubmed/35361019
https://doi.org/10.1016/j.micres.2014.05.005
https://www.ncbi.nlm.nih.gov/pubmed/24958247
https://doi.org/10.1016/j.jksus.2022.102110
https://doi.org/10.1038/s41598-025-03233-y
https://doi.org/10.1038/srep24312
https://www.ncbi.nlm.nih.gov/pubmed/27071382
https://doi.org/10.3389/fcimb.2022.843577
https://doi.org/10.3389/fcimb.2021.748739
https://www.ncbi.nlm.nih.gov/pubmed/34869059
https://doi.org/10.3109/13880209.2014.893001
https://www.ncbi.nlm.nih.gov/pubmed/25026353
https://doi.org/10.3390/su142315572
https://doi.org/10.1016/j.jksus.2020.03.014
https://doi.org/10.1007/s10904-023-02744-3
https://doi.org/10.3390/nano16211441


Nanomaterials 2026, 16, 1441 18 of 18

61. Manojkumar, U.; Kaliannan, D.; Srinivasan, V.; Balasubramanian, B.; Kamyab, H.; Mussa, Z.H.; Palaniyappan, J.; Mesbah, M.; 
Chelliapan, S.; Palaninaicker, S. Green synthesis of zinc oxide nanoparticles using Brassica oleracea var. botrytis leaf extract: 
Photocatalytic, antimicrobial and larvicidal activity. Chemosphere 2023, 323, 138263. [CrossRef] [PubMed]

62. MuthuKathija, M.; Badhusha, M.S.M.; Rama, V. Green synthesis of zinc oxide nanoparticles using Pisonia alba leaf extract and its 
antibacterial activity. Appl. Surf. Sci. Adv. 2023, 15, 100400. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nano16211441

https://doi.org/10.1016/j.chemosphere.2023.138263
https://www.ncbi.nlm.nih.gov/pubmed/36858116
https://doi.org/10.1016/j.apsadv.2023.100400
https://doi.org/10.3390/nano16211441

	Introduction
	Materials and Methods
	ZnO NP Synthesis and Characterization
	Antimicrobial Activity

	Results
	Optical Properties
	Morphological Properties
	Structural Properties
	Colloidal Properties
	Antibacterial Activity

	Discussion
	Conclusions
	References



