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The green synthesis of zinc oxide (ZnO) using plant extracts provides an environmentally friendly alternative to
conventional chemical and physical methods. This study investigates the green synthesis of ZnO using Juniperus
pseudosabina (J. plseudosabina) extract, eliminating the need for thermal treatment and pH adjustment with alkali
metal hydroxides. ZnO nanoparticles are synthesized by varying the plant extract volume (0-20 mL) in a 95 mL
aqueous solution of Zn(NO3)2-6H20. The optimal ratio (5 mL extract) yields phase-pure ZnO with an artichoke-
like morphology. The possible formation mechanism of these structures is discussed. Additionally, ZnO is
modified with silver (Ag) at concentrations of 0-3 at% to improve antibacterial properties. Structural and
morphological characterizations confirm the formation of phase-pure ZnO with high crystallinity. Viable plate
count assays demonstrate that both non-modified and Ag-modified ZnO exhibited strong antibacterial activity
against Staphylococcus aureus and Escherichia coli, achieving 99.999 % bacterial inactivation. These findings
suggest that ZnO and Ag-modified ZnO synthesized using J. pseudosabina extract can be a sustainable antibac-
terial agent, supporting its application in biomedical and environmental fields.

1. Introduction morphology, size, and dimensions (Babayevska et al., 2022), which are

dependent on the synthesis method. These methods can be either

The widespread overuse of antibiotics has accelerated the evolution
and proliferation of antibiotic-resistant strains. This escalating resis-
tance poses a substantial threat to ecosystems and public health,
necessitating alternative antimicrobial strategies (Serwecinska, 2020). A
promising approach to addressing microbial resistance to antibiotics
involves the application of metal and metal oxide nanoparticles, which
reveal intrinsic antimicrobial properties. ZnO has been widely studied as
a promising antibacterial agent due to its excellent antimicrobial ac-
tivity, stability, availability, and biocompatibility, effectively targeting
essential bacterial cellular components (Sirelkhatim et al., 2015). The
antibacterial activity of ZnO is strongly influenced by its particle

physical (e.g., laser ablation (Gavrilenko et al., 2019)) or chemical (e.g.,
sol-gel (Aga et al., 2022)). For instance, Gavrilenko et al. (2019) syn-
thesized ZnO nanoparticles by nanosecond pulsed laser ablation of a Zn
target in water and air for biomedical applications. The resulting
nanoparticles had a size of 18-26 nm formed in air and 12-21 nm in
water, respectively. ZnO produced in air exhibited higher antibacterial
activity due to its uniform distribution and larger surface area. Aga et al.
(2022) synthesized ZnO nanoparticles at varying temperatures via a
sol-gel method, observing a decrease in bandgap energy (from 3.34 eV to
3.27 eV) and an increase in crystal size (from 1.63 nm to 2.67 nm) with
elevated temperatures. Moreover, their antibacterial activity under
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Fig. 1. Green synthesis process of ZnO powder using the plant extract of J. pseudosabina. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

visible light against Staphylococcus aureus improved with increasing the
synthesis temperature, supporting the hypothesis that ZnO nano-
particles with lower bandgap energy can exhibit enhanced antibacterial
efficacy.

Additionally, the antibacterial activity of ZnO has been significantly
enhanced through Ag modification (Rajendran and Mani, 2020).
Ag-doped ZnO nanoparticles demonstrated superior antibacterial ac-
tivity against Escherichia coli and Enterococcus hirae compared to pristine
ZnO nanoparticles, surpassing even the standard antibiotic kanamycin
in laboratory assays (Sampath et al., 2022). Furthermore, Ag/ZnO
nanoparticles exhibited enhanced antimicrobial efficacy against the
bacterial pathogens Xanthomonas citri and Pseudomonas syringae, as well
as fungal species Aspergillus niger and Aspergillus flavus, outperforming
the conventional antibacterial agent ampicillin and the antifungal drug
amphotericin B (Jaffri and Ahmad, 2019).

The green synthesis of ZnO nanoparticles using plant extracts pre-
sents a sustainable alternative to conventional chemical and physical
methods (Basnet et al., 2018; Al-darwesh et al., 2024). Specifically,
functional groups in plant extracts, such as hydroxyl, carbonyl, and
amine groups from flavonoids, alkaloids, terpenoids, and phenolics
facilitate the uniform formation of ZnO particles through chelation and
reduction processes, while also serving as capping and stabilizing agents
(Greeshma and Thamizselvi, 2023; Tesfaye et al., 2023). The intrinsic
variability in phytochemical composition across plant species critically
determines the structural and morphological characteristics of the syn-
thesized ZnO (Mardosaite et al., 2021).

A comparative analysis of ZnO nanoparticles synthesized using
various natural plant extracts is presented in Table S1. ZnO nano-
particles with well-defined spherical morphology and an average size of
14 nm synthesized via the coprecipitation method using garlic extract
exhibited the largest inhibition zones against S. aureus, E. coli, and
Pseudomonas aeruginosa, outperforming ZnO nanoparticles synthesized
with basil and rosemary extracts (Stan et al., 2016). Similarly, hexagonal
ZnO nanoparticles synthesized with Lawsonia inermis plant extract were
more effective against S. aureus than rod-shaped ZnO nanoparticles
likely attributed to their enhanced ability to penetrate bacterial mem-
branes and induce cell leakage (Upadhyaya et al., 2018).

As a widely distributed evergreen conifer spanning regions from
Central America to Tibet, Juniperus comprises 60-75 species with
diverse phytochemical compositions (Fig. S1). (Hampe and Petit, 2010)
A detailed analysis of the phytochemical profile of Juniperus communis
(JcL) and Juniperus oxycedrus (JoxL) leaf extracts identified ellagic acid
as a predominant compound with concentrations of 8133.83 + 4.03
pg/g in JeL and 2890.05 £ 0.29 pg/g in JoxL. Additionally, (—)-epi-
gallocatechin (1129.23 + 3.66 pg/g) and kaempferol (179.87 + 2.26
pg/g) were identified as major constituents (Mertiri et al., 2024).
Despite the extensive distribution of Juniperus species, only a limited
number of studies have explored their application in the synthesis of

Table 1
ZnO samples synthesized with different extract volumes and Ag content.

Sample name Plant extract volume (mL) Sample name Ag content (%)

ZnO-PEO 0 ZnO-Ag0 0
ZnO-PE1 1 Zn0-Ag0.1 0.1
ZnO-PE5 5 Zn0-Ag0.25 0.25
ZnO-PE10 10 Zn0-Ag0.5 0.5
ZnO-PE15 15 Zn0O-Agl 1
ZnO-PE20 20 Zn0O-Ag3 20

metal and metal oxide nanoparticles (see Table S2). Notably, Ag nano-
particles synthesized with an average size of 25.50 nm using J. communis
plant extract exhibited significant antibacterial activity against
P. aeruginosa, E. coli, and S. aureus (Mahboub et al., 2020). However, the
plant extract of J. pseudosabina has not been previously investigated for
its potential in the green synthesis of metal or metal oxide nanoparticles.

Therefore, this study focuses on the green synthesis of ZnO using the
plant extract of J. pseudosabina. The influence of plant extract volume
variation and Ag concentration on the formation, particle morphology
and size, and antibacterial activity of ZnO are investigated. The potential
formation mechanism of ZnO under green synthesis conditions using
J. pseudosabina plant extract is also discussed.

2. Experimental
2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2-6H20, 99 %, Fluka), silver ni-
trate (AgNOs, 99 %, Ferak), sodium hydroxide (NaOH, 99 %, Merck),
ethanol (99 %, Merck), deionized water, and fresh leaves of
J. pseudosabina collected from Almaty region, Kazakhstan.

2.2. Plant extract preparation and green synthesis of non-modified and
Ag-modified ZnO

To prepare the plant extract, fresh leaves (10 g) of J. pseudosabina
were blended and boiled in 100 mL ethanol at 50 °C for 30 min. The
mixture was filtered using a Whatman® Grade 1 qualitative filter paper
to remove a solid residue, and the plant extract was obtained.

In the green synthesis of non-modified ZnO (Fig. 1), the plant extract
of J. pseudosabina (20 mL) was mixed with deionized water (80 mL)
containing 0.1 M Zn(NOj3),-6H20. The mixture was stirred at room
temperature for 5 min, dried at 120 °C for 1 h, and calcined at 400 °C for
3 h. The plant extract volume was varied (1, 5, 10, 15, and 20 mL) to
investigate its effect on the morphology and size of ZnO. The samples
were denoted as ZnO-PE1, ZnO-PE5, ZnO-PE10, ZnO-PE15, and ZnO-
PE20 according to the plant extract volume used in the green
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synthesis process (see Table 1). For the comparison, ZnO was also syn-
thesized without using the plant extract but by adding 0.05 M NaOH to
0.1 M Zn(NO3)2-6H50 in 100 mL deionized water, heating to 70 °C for
30 min under magnetic stirring, washing the precipitate three times with
deionized water, drying at 120 °C for 1 h, and calcining at 400 °C for 3 h.
The sample was labeled as ZnO-PEO.

To modify ZnO with Ag nanoparticles, the same synthesis process of
non-modified ZnO was applied by fixing the plant extract volume to 5
mL and adding AgNO3 with different concentrations (0 at%, 0.1 at%,
0.25 at%, 0.5 at%, 1 at%, and 3 at% Ag) into the Zn(NOs)2-6H20
aqueous solution. The samples were denoted as ZnO-Ag0, ZnO-Ag0.1,
Zn0-Ag0.25, Zn0O-Ag0.5, ZnO-Agl, and ZnO-Ag3 according to the Ag
concentration (Table 1).

2.3. Materials characterization

The X-ray diffraction (XRD) patterns of the samples were acquired
with a PANalytical X Pert PRO diffractometer with Cu Ko radiation. The
average crystallite size (D) was estimated using the Scherrer equation
(Scherrer, 1918), and microstrain and dislocation density were also
calculated (Khorsand Zak et al., 2011; Devamani and Alagar, 2013). The
morphology and size of the samples were analyzed using a Carl Zeiss
LEO982 scanning electron microscope. The elemental composition of
the samples was analyzed by energy-dispersive X-ray spectroscopy (EDS;
DSM 982 GEMINI, Carl Zeiss, with a Bruker Quantax XFlash® 6|60). The
bright-field (BF) TEM images and selected-area electron diffraction
(SAED) patterns and lattice images were observed by a transmission
electron microscope (TEM, JEM-2100F, JEOL) equipped with CETCOR
(CEOS GmbH) operating at an acceleration voltage of 80 kV. The surface
chemical composition and states of elements in the samples were
analyzed by X-ray photoelectron spectroscopy (XPS; JPS-9010MX,
JEOL) using non-monochromatic Mg-Ka radiation. The XPS spectra
were fitted by Gaussian-Lorentzian functions and all XPS spectra were
corrected for possible charging effects according to the C 1s peak. The
ultraviolet-visible (UV-Vis) diffuse reflectance spectra of the samples
were recorded with an Evolution 220 UV/Vis spectrometer (Thermo
Fisher Scientific) in the wavelength range of 200-800 nm. The optical
band gap energy was estimated using the Tauc method (Makuta et al.,
2018). The surface charge of the powders was determined using a Dy-
namic Light Scattering instrument (NanoZS90), with a concentration of
1 mg/mL in distilled water.

2.4. Antibacterial activity tests

Agar-based disk-diffusion assay. Indicator strains Bacillus subtilis 168
and E. coli W3110 were cultured overnight in lysogeny broth (LB - 1 %
tryptone, 0.5 % yeast extract, and 0.25 % NaCl). LB agar plates were
overlaid with 5 mL molten LB soft agar (0.6 % agar) immediately after
inoculation with 200 pL of the bacterial suspensions. Paper disks (6 mm)
soaked with 20 pL of the suspension of non-modified or Ag-modified
ZnO powder in dimethyl sulfoxide (DMSO) were placed on the plates,
the plates were incubated at 30 °C for 2 days, and photographed to
measure the diameter of the inhibition areas.

Bacterial viable plate count method. In this assay, the Gram-positive
bacteria Staphylococcus aureus ATCC6538 and the Gram-negative bac-
teria Escherichia coli ATCC 25922 were used. Both S. aureus and E. coli
were grown overnight in Mueller-Hinton agar media (Biokar) at 37°C.
Liquid suspensions of each bacterial strain were prepared in sterile sa-
line isotonic solution (NaCl 0.85 %), with an approximate concentration
of 107-108 cfu/mL. A volume of 800 pL from each suspension was added
to a sterile Petri dish, along with 7.2 mL of sterile saline solution.
Selected amounts of sample powder (1 mg/mL and 0.5 mg/mL) were
added to the Petri dish; to avoid contamination, the powders were
sterilized by placing them at 100 °C overnight.

The petri dishes were gently shaken (80 rpm) for 5 h; after this time,
aliquots were taken from the suspension and diluted using sterile saline
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Fig. 2. (A) XRD patterns of ZnO powder synthesized using different volumes of
J. pseudosabina plant extract in ethanol: (a) without extract, (b) 1 mL, (¢) 5 mL,
(d) 10 mL, (e) 15 mL, and (f) 20 mL. (B) Crystallite size (black circles, left axis),
dislocation density (red triangles, right axis), and microstrain (blue square,
right axis) of ZnO powder synthesized using different volumes of J. pseudosabina
plant extract in ethanol. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

solution; the diluted solution was plated into Plate Counting Agar (PCA;
Merck) and incubated at 37 °C for 24-48 h. After this, the colonies
forming units (CFU) were counted. Control experiments were performed
considering only the bacterial suspension, with no powdery sample
added. Each test was performed in triplicate; an average value for the cfu
was considered, with the associated standard deviation.

To explain the antibacterial behavior of each sample, the release of
Zn and Ag ions was measured at the end of the test, using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) Avio™ 220
Max (PerkinElmer).

Estimation of minimum inhibitory concentration (MIC). To determine
the MICs of ZnO-PE5 and ZnO-Ag.025 against Gram-positive Bacillus
subtilis 168 and Gram-negative Escherichia coli W3110, the suspensions
of ZnO-PE5 and ZnO-Ag.025 were added to non-turbid bacterial sus-
pensions in LB medium, resulting in final inhibitor concentrations
ranging from 25 to 800 pg/mL. The MICs were estimated as the lowest
concentration that prevented an increase in turbidity upon overnight
incubation at 30 °C under shaking. Survivors in non-turbid samples were
quantified by spreading aliquots onto ZnO-free LB agar plates.

3. Results and discussion

3.1. Characterization of ZnO synthesized using different plant extract
volumes and Ag concentrations

To assess the impact of plant extract volume on the formation, par-
ticle morphology, and size of ZnO, the volume of J. pseudosabina plant
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Fig. 3. SEM images of ZnO powder synthesized using different volumes of J. pseudosabina plant extract in ethanol: (a) without extract, (b) 1 mL, (¢) 5 mL, (d) 10 mL,

(e) 15 mL, and (f) 20 mL.

extract in ethanol solution was varied (1, 5, 10, 15, and 20 mL). The XRD
patterns of ZnO samples synthesized without and with J. pseudosabina
plant extract in varying volumes (1-20 mL) are shown in Fig. 2A. In the
XRD patterns, the predominant reflections at 20 = 31.7°, 34.4°, 36.2°,
47.5°, 56.5°, 62.8°, 66.3°, 67.8°, 69.0°, 72.5°, 76.8°, 81.3°, and 89.5°
correspond to the (010), (002), (011), (012), (110), (013), (020), (112),
(021), (004), and (011) crystallographic planes of wiirtzite-type ZnO
crystallizing in the hexagonal P6smc space group (ICDD PDF card
number: 98-018-4079). The high intensity of reflections and the absence
of extra reflections in the XRD patterns of ZnO powder synthesized with
J. pseudosabina plant extract indicate its high crystallinity and phase
purity, respectively. In contrast, the XRD pattern of ZnO powder syn-
thesized without plant extract, which required pH adjustment with
NaOH and thermal treatment during solution processing, shows a small
reflection assignable to NaNOg (ICDD PDF card number: 01-072-1213).
This highlights the advantage of using J. pseudosabina plant extract for
the green synthesis of ZnO without the addition of NaOH and thermal
treatment during the solution processing.

The unit-cell parameters, average crystallite sizes, microstrain, and
dislocation density of ZnO synthesized with different volumes of
J. pseudosabina plant extract are shown in Table S3. The unit-cell pa-
rameters, including the c/a ratio and unit-cell volume, closely match the
standard values for the wiirtzite-type ZnO structure (ICDD PDF card
number: 98-018-4079). Overall, with increasing the volume of plant
extract, the crystallite size tends to decrease, as they go from 41.08 nm
(sample ZnO-PE1) to 22.73 nm (sample ZnO-PE20). The only exception
to this trend is observed for sample ZnO-PE15, whose average crystallite
size is 29.41 nm (i.e. larger than ZnO-PE10, see Fig. 2B and Table S3).
These data indicate that increasing the volume of plant extract promotes
the formation of smaller crystals due to controlled nucleation and crystal
growth facilitated by phytochemicals acting as capping agents. As ex-
pected, the microstrain increases from 1.45 to 1.51 as the crystallite size
of ZnO decreases owing to the higher surface-to-volume ratio, causing a

lattice distortion and internal strain. Similarly, the dislocation density
increases from 0.59 to 1.94 ( x 10~2 m~2) with a decrease in the crys-
tallite size, driven by increased defect density and surface energy. These
results are consistent with the findings of a previous study (Khorsand
Zak et al., 2011), where the increase in microstrain was observed with
smaller sizes of ZnO particles by applying the Williamson-Hall (W-H)
and size-strain plot methods.

The scanning electron microscopy (SEM) images of ZnO synthesized
without plant extract (Fig. 3a) reveal a mixed morphology, including
spherical, hexagonal, and pyramidal crystals, with an average size of
about 200 nm. When the extract volume was set to 1 mL, uniform
hexagonal pyramid-like structures with smooth and triangular faces
were formed, averaging 2.22 pm in diameter and 5.3 pm in length
(Fig. 3b). Increasing the extract volume to 5 mL (Fig. 3c) resulted in the
formation of artichoke-like structures, which are characterized by petal-
shaped growth along the c-axis, with an average size of 1.14 pm. With a
10-mL extract volume (Fig. 3d), the morphology changed to predomi-
nantly dense flower-like and hexagonal structures with an average size
of 1.33 pm. When the extract volume was further adjusted to 15 mL
(Fig. 3e), the ZnO with aggregated, elongated, and semi-spherical shapes
with an average size of 195 nm was formed. Finally, at a 20-mL extract
volume (Fig. 3f), dense clusters and intertwined structures with an
average size of 135 nm were observed, suggesting that lower and higher
extract volumes could promote the growth of large and idiomorphic
crystals and the reduction in the crystallite size and aggregation,
respectively.

Li et al. (1999) suggested that the variation in crystal growth
behavior across different morphologies is linked to the growth rate of
crystal faces, which depends on the orientation of the coordination
polyhedron at the interface. For the wiirtzite-structured ZnO crystals,
which consist of alternating planes of tetrahedrally-coordinated Zn?*
and 0% ions, the growth rate is fastest for crystal faces with a poly-
hedral corner at the interface, followed by those with an edge. Crystals
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with polyhedral faces at the interface grow the slowest. Thus, the growth
rate of ZnO crystals in different directions follows the order: Vjpoo;] >
Vo) > Viorto; > VjoooT)» which indicates that the fastest growth rate is in

the [0001] direction (c-axis) (Li et al., 1999). Crystal faces with slower
growth rates tend to remain, while those with faster growth rates are
more likely to disappear. The disappearance of the (0001) crystal face
can result in elongated petal structures, leading to an artichoke-like
morphology (Fig. 3c and d).

It is known that the orientation of surface planes and the exposure of
specific crystal faces in materials play a crucial role in determining their
functional properties. These variations can greatly impact a material’s
surface energy, availability of active sites, and efficiency of charge
separation, thus influencing its overall characteristics, including pho-
tocatalytic and antibacterial activities. Therefore, understanding the
contributions of distinct exposed facets is essential for the rational
design of advanced photocatalysts and antibacterial agents. In anatase
TiO,, the low-index facets, such as {001}, {010}, and {101}, exhibited
distinct properties, and the {001} facet was identified as the most
photocatalytically active one due to its higher surface energy, higher
density of under-coordinated Ti and O atoms that serve as catalytic sites,
strong adsorption affinity for reactant molecules, and its efficient charge
carrier separation that enhances the photocatalytic activity (Ong et al.,
2014). Wang et al. (2011) successfully synthesized decahedral BiVO4
crystals with dominant (040) facets by hydrothermal methods, and the
photocatalytic activity for water oxidation was proportionally corre-
lated well with the extent of the (040) facet growth. By controlling the

kinetics of crystal growth, Zhao et al. (2017) achieved efficient photo-
catalytic water oxidation for decahedral BiVO4 crystals with specific
configurations of the {010} and {011} exposed facets. Talebian et al.
(2013) synthesized ZnO structures with diverse morphologies and found
that flower-like ZnO structures can exhibit significantly higher photo-
catalytic inactivation than rod- and sphere-like ZnO structures against
E. coli in comparison to S. aureus due to the dominance of (002) facet
with a higher surface energy and a greater number of oxygen vacancies.
Yubuta et al. (2007) examined the morphology of ZnO fibers by means
of scanning and transmission electron microscopy and found that the
ZnO fibers consist of ZnO micro-rods constructed from nano-crystals
with high crystallinity, which are connected without definite orienta-
tion relations.

The plant extract of J. pseudosabina contains various active com-
pounds, notably polyphenols like ellagic acid, catechin, kaempferol, and
quercetin, which are known for their antioxidant and antibacterial
properties (Mertiri et al., 2024). Polyphenols and flavonoids exhibit
these properties through aromatic hydroxyl groups that act as radical
scavengers. The complex composition of these compounds makes it
difficult to quantify the specific molecules and to understand the for-
mation pathways of ZnO using such extracts. Despite this, two main
possible mechanisms for the formation of ZnO under green synthesis
conditions using the plant extract of J. pseudosabina are proposed:

(i) Bioreduction: The extracted plant phytochemicals with phenolic
compounds reduce Zn>" to Zn® through electron transfer (Fig. 4).
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Phenols donate electrons to metal ions, forming phenoxyl radi-
cals. Janeiro et al. (Janeiro and Brett, 2004) found that
(+)-catechin, with catechol (ring C), resorcinol groups (ring A),
and hydroxyl group (ring B), transfers electrons primarily from
the catechol ring due to its lower redox potential. This process
involves electron and proton release, enhancing the antioxidant
activity. Zn?" is reduced to Zn® by accepting electrons from
catechin, forming an intermediate (Zn™). Finally, the ZnO nu-
cleates and grows in the presence of dissolved oxygen during

Journal of Cleaner Production 514 (2025) 145785

drying and calcination, respectively, with phytochemicals acting
as capping agents to stabilize the ZnO crystals.

(ii) Chelation: the Zn** ions, with a closed shell d'° electron config-
uration, form tetrahedral, octahedral, and other complex struc-
tures. Their high positive charge density promotes a binding to
phenolic acids. The chelation ability of polyphenols is influenced
by catechol moieties and the arrangement of hydroxyl and
carbonyl groups (Zhi Zing et al., 2022). Fig. 4 shows the forma-
tion of a Zn complex with ellagic acid. The Zn?* ions bind to
polyphenols through the oxophilic attraction with deprotonated
oxygen atoms, forming stable rings. During the solution process
and drying at 120 °C, an OH-Zn-OH intermediate is formed,
which is converted to ZnO during calcination at 400 °C.

Based on the discussion above, it can be proposed that with a 1-mL
plant extract, the limited availability of -OH groups from polyphenols
leads to the bioreduction and the rapid formation of ZnO nuclei but a
slower crystal growth (Fig. 3b). At higher extract volumes (5 and 10
mL), more OH groups increase the supersaturation and the formation of
the zinc complex, resulting in the growth of more complex, branched
structures, including artichoke-like morphologies (Fig. 3c and d). At the
highest extract volumes (15 and 20 mL), the availability of Zn>" ions
decreases, dominating the intermediate complexes that are converted
into ZnO with aggregated, elongated, and semi-spherical shapes (Fig. 3e
and f).

The FTIR analysis was conducted to identify phytochemicals and
their functional groups in the plant extract of J. pseudosabina, which are
actively involved in the green synthesis of ZnO. The FTIR spectra of the
sample, synthesized using a 5-mL plant extract, before and after calci-
nation are shown in Fig. S2. Before calcination, a broad band at
3300-3500 cm ™! indicates the presence of —OH groups, confirming the
possible presence of phytochemicals, such as alkaloids, flavonoids, and
polyphenols. The band at 1640-1720 ecm ™! corresponds to the —C=0

Fig. 6. SEM images of ZnO powder synthesized using a 5-mL plant extract of J. pseudosabina and different concentrations of Ag: (a) 0 at%, (b) 0.1 at%, (c) 0.25 at%,

(d) 0.5 at%, (e) 1 at%, and (f) 3 at%.
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Fig. 7. Bright-field TEM images (left) and SAED patterns (middle) and HRTEM images (right) of ZnO powder synthesized using a 5-mL plant extract of J. pseudosabina

and different concentrations of Ag: (a) 0 at%, (b) 0.25 at%, and (c) 3 at%.

stretching, aligning with the proposed bioreduction mechanism. The
bands at 1490-1500 cm ™! are assigned to the C=C stretching in aro-
matic rings, while the bands at 1400-1420 cm L, 1300 em™ Y, and 1050
cm ™! are associated with the G-H bending, GO stretching in alcohols or
carboxylic acids, and C-O stretching in ethers, respectively. The Zn-O
stretching is observed at the band at 750 cm ™. After calcination, most
phytochemical-related bands disappear, highlighting their essential
roles in the formation of ZnO during the solution process and drying.
Only the bands assignable to OH, C-O, and Zn-O remain due to atmo-
spheric moisture, residual carbon, and the formed ZnO, respectively.

Next, ZnO was modified with Ag at different concentrations (0-3 at
%) under green synthesis conditions using a 5-mL plant extract of
J. pseudosabina. Due to the artichoke-like structures the modifications
are expected to be beneficial for antibacterial activity. As shown in the
XRD patterns in Fig. 5, the predominant reflections can be readily
assigned to the hexagonal crystal structure of wiirtzite-type ZnO with
space group P63mc (ICDD PDF card number 98-018-4079). The XRD
patterns show intense and narrow reflections, suggesting the high
crystallinity of Ag-modified ZnO. At higher concentrations of Ag (1 at%
and 3 at%), the additional reflections appear at 20 = 38.20° and 44.40°,
which correspond to the (111) and (002) crystallographic planes of
metallic Ag (ICDD PDF card number 98-006-4997). The appearance of
additional reflections belonging to metallic Ag confirms the segregation
of a secondary phase (metallic Ag), of which the intensity is further
increased upon increasing the concentration of Ag.

The unit-cell parameters, average crystallite sizes, microstrain, and
dislocation density of ZnO synthesized using a 5-mL plant extract of
J. pseudosabina and different concentrations of Ag are shown in Table S4.
The unit-cell parameters of ZnO show a non-monotonic trend with

increasing the concentration of Ag. These parameters are consistent with
the standard values of wiirtzite-type ZnO (a = 0.3249 nm, ¢ = 0.5207
nm, ¢/a = 1.63, V = 47.40 A%). The unit-cell volume expands as the Ag
concentration increases from 0.1 at% to 0.5 at% (ZnO-Ag0.1 to ZnO-
Ag0.5) but decreases at 1 at% Ag and 3 at% Ag (ZnO-Agl to ZnO-
Ag3). This may be due to the incorporation of Ag * at lower concen-
trations and the segregation of Ag® at higher concentrations, respec-
tively. The Zn?" ions have a four-fold coordination with an ionic radius
of 0.6 A, while Ag" has a radius of 1.26 A. Having a larger ionic radius,
Ag " substituted for Zn?" in the ZnO lattice is expected to cause a lattice
distortion. Volnianska et al. (2009) pointed out that the Ag ™ substitu-
tion for Zn2" is favored in oxygen-rich conditions, while the Ag * sub-
stitution for 02~ is likely under oxygen-deficient conditions. A
non-significant increase in the unit-cell parameters upon Ag" substitu-
tion at lower concentrations suggests that the Ag concentration was too
low to cause noticeable changes. A decrease in microstrain with
increasing the concentration of Ag presumably resulted from larger
crystallite sizes and the formation of a secondary phase (metallic Ag).
The XRD data show that the incorporation of Ag" into the ZnO lattice
occurs at lower concentrations of Ag, while the segregation of the sec-
ondary phase (metallic Ag) takes place at higher concentrations of Ag.

The morphology, particle size, and growth mechanisms of ZnO
modified with different concentrations of Ag were examined by SEM
(Fig. 6). Non-modified ZnO (ZnO-PES5, renamed as ZnO-Ag0 hereafter)
has artichoke-like structures with an average size of 1.14 pm (Fig. 6a).
The ZnO-Ag0.1 sample, modified with 0.1 at% Ag, shows denser and
more compact layered structures with an average diameter of 2.89 pm,
and the petals have tightly connected tips (Fig. 6b). Increasing the
concentration of Ag to 0.25 at% (Zn0O-Ag0.25) promotes secondary
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Fig. 8. Zn 2p (top), O 1s (middle), and Ag 2d (bottom) XPS spectra of ZnO powder synthesized using a 5-mL plant extract of J. pseudosabina and different concen-

trations of Ag: (a) 0 at%, (b) 0.25 at%, and (c) 3 at%.

nucleation on existing crystals, with an average size of 2.96 pm (Fig. 6¢).
This secondary nucleation is influenced by changes in thermodynamics
and surface free energy, disrupting typical Ostwald ripening. The ZnO
samples with 0.5 at% Ag (ZnO-Ag0.5) and 1 at% Ag (ZnO-Agl) have
hexagonal nanodisks and pyramidal particles with average sizes of 3.8
pm and 2.62 pm, respectively, indicating the layered patterns of crystal
growth (Fig. 6d and e). At 3 at% Ag concentration, the ZnO-Ag3 sample
has a layered morphology with some perturbations and an average size
of 2.56 pm (Fig. 6f).

Energy-dispersive X-ray spectroscopy (EDS) was used to analyze the
elemental composition and distribution in ZnO. The EDS spectra are
shown in Fig. S3. For Zn0O-Ag0 (Fig. S3a), the peaks of Zn and O confirm
the presence of pure ZnO. In Zn0O-Ag0.1 (Fig. S3b), the peak assignable
to metallic Ag is absent because of its low concentration. Nevertheless,
the peaks of Ag appear in the EDS spectra for ZnO samples with higher
concentrations of Ag (0.25 at%, 0.5 at%, and 1 at%), confirming the
successful modification of ZnO with Ag (Fig. S3c—e). For ZnO-Ag3, an
intense peak of Ag suggests the formation of a secondary phase —
metallic Ag (Fig. S3f). The EDS element mapping images of ZnO-Ag3 in
Fig. S4 confirm the formation of Ag clusters on the surface of ZnO at 3 at
% Ag concentration.

Fig. 7 shows the bright-field TEM images, SAED patterns, and
HRTEM images of ZnO powder synthesized using a 5-mL plant extract of
J. pseudosabina and different concentrations of Ag: (a) 0 at%, (b) 0.25 at
%, and (c) 3 at%. The sharp diffraction spots in SAED patterns (center
panels of Fig. 7) and the sharp crystal planes (left panels of Fig. 7), i.e.,
facets, appear on the edges of the samples, indicating their high

crystallinity. In the HRTEM images on the right panels of Fig. 7, no
structural defects, such as point defects, and dislocations, can be
observed. The interplanar spacings of (001), (100), and (011) planes in
the HRTEM images are estimated to be 0.521 nm, 0.282 nm, and 0.246
nm, respectively. These values are very close to those of 0.521 nm,
0.281 nm, and 0.245 nm, respectively, based on the lattice constants.
The surface chemical composition and oxidation states of elements of
non-modified ZnO (Zn0O-Ag0) and Ag-modified ZnO with Ag concen-
trations of 0.25 at% and 3 at% (ZnO-Ag0.25 and ZnO-Ag3) were
analyzed by XPS. Fig. S5 shows the XPS survey spectra for these three
samples, indicating the characteristic peaks of Zn, O, and Ag. The Ag
peak is notable only in the ZnO-Ag3 sample, and the C 1s peak confirms
the presence of adventitious carbon. Fig. 8 shows the Zn 2p and O 1s XPS
spectra of ZnO-Ag0, ZnO-Ag0.25, and ZnO-Ag3. In the Zn 2p XPS
spectra, the peaks at 1045.4 eV, 1021.5 eV, 141.0 eV, and 89.8 eV are
attributed to the electronic transitions of Zn 2pj /3, Zn 2ps,2, Zn 31/,
and Zn 3ps,2, respectively (Al-Gaashani et al., 2013). For the ZnO-Ag0
(Fig. 8a), the binding energies of Zn 2p3,, and Zn 2p; /5 are found to
be 1021.93 eV and 1045.03 eV, respectively. For the ZnO-Ag0.25 and
Zn0-Ag3 (Fig. 8b and c), these binding energies are located at 1021.87
eV and 1044.97 eV, 1021.87 eV and 1044.98 eV, respectively. The
core-level binding energy difference for Zn 2p is approximately 23.1 eV
for all samples, indicating the oxidation state of +2 for Zn. The decon-
volution of the O 1s peak reveals three components: lattice oxygen (Oy,)
at 530.42 eV, oxygen vacancies (Oy) at 531.43 eV, and surface-adsorbed
oxygen (0Oa) at 532.52 eV (Mintcheva et al., 2018). No Ag 3d peak is
observed for ZnO-Ag0.25 due to its low concentration. In contrast, the



Z. Kurbanova et al.

(A 12

0 T T T
300 400 500 600 700
Wavelength (nm)
20
(B) (@)
—(b)
154 €l
(d)
@ (e)
i —{f)
€ % —q
e
5 4
o T T 2 = l_ T
1.5 2.0 25 3.0 35 4.0

Bandgap energy (eV)

Fig. 9. (A) UV-Vis diffuse reflectance spectra and (B) Tauc plots of ZnO powder
synthesized (a) without and with a 5-mL plant extract of J. pseudosabina and
different concentrations of Ag: (b) 0 at%, (c) 0.1 at%, (d) 0.25 at%, (e) 0.5 at%,
() 1 at%, and (g) 3 at%.

Zn0-Ag3 shows distinct Ag 3d peaks at 367.61 eV (Ag 3ds,2) and 373.52
eV (Ag 3ds/2), confirming the presence of Ag in its metallic form.

The experimental results obtained in this study are in good agree-
ment with the DFT data reported previously by Thomas et al. (2012)
They found that the Ag substitution at the Zn site (Agz,) is the most
stable, with a formation energy of 2.9 eV, and Ag can substitute Zn in
both Zn-rich and O-rich environments. At the same time, the Ag sub-
stitution at the O site (Agop) is also possible only under Zn-rich condi-
tions. However, interstitial Ag (Ag;) has high formation energies (6.0 eV
and 4.3 eV), suggesting it is unlikely to form. Li et al. (2011) also found
that Ag preferentially substitutes Zn under both Zn-rich and O-rich
conditions, with a low formation energy (0.91 eV) under O-rich condi-
tions. At higher Ag concentrations (around 4 %), Ag tends to form a
cluster on the surface rather than the core of ZnO, which aligns well with
our findings.

The influence of Ag modification on the optical properties of ZnO
was studied using UV-Vis diffuse reflectance spectroscopy. As shown in
the UV-Vis diffuse reflectance spectra (Fig. 9A), non-modified ZnO-Ag0
has an absorption edge at approximately 389 nm, indicating electron
excitation from the valence band to the conduction band of ZnO. With
increasing the concentration of Ag, the absorption edge shifts to 450 nm,
revealing enhanced visible light absorption. The optical bandgap
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Table 2
Optical band gap values for different Ag-doped ZnO
samples.
Sample Band gap value (eV)
ZnO-Ag0 3.16
Zn0O-Ag0.1 3.16
Zn0-Ag0.25 3.14
Zn0O-Ag0.5 3.11
Zn0-Agl 3.10
Zn0-Ag3 3.13
Table 3

Surface charge for ZnO samples prepared with different plant
extract volumes and modified with Ag.

Sample name Surface charge (mV)

ZnO-PEO —28.86 + 0.61
ZnO-PE1 —13.97 £ 0.16
ZnO-PE5 —17.60 = 1.65
ZnO-PE10 —12.57 £ 0.72
ZnO-PE15 —15.07 £ 1.14
ZnO-PE20 —13.50 + 1.30
Zn0O-Ag0.1 —18.70 + 2.65
Zn0-Ag0.25 —20.73 + 2.66
Zn0-Ag0.5 —11.27 + 2.64
ZnO-Agl —18.57 + 2.55
ZnO-Ag3 —17.40 £ 2.11

energies determined from the Tauc plot (Fig. 9B) are reported in Table 2.
It can be seen that, with increasing Ag concentration, the band gap
values progressively decrease, from 3.16 eV with no Ag to a minimum of
3.10 eV with 1 % Ag content. This is consistent with the previous report
(Sali and Sidarai, 2023). At 3 at% Ag, the optical bandgap energy
slightly increases to 3.13 eV likely due to the phase segregation of
metallic Ag. The powder color of the samples darkens with increasing
the concentration of Ag, implying the modification of ZnO with Ag.
Table 3 shows the surface charge of the various samples, revealing that
all powders, irrespective of synthesis conditions and Ag doping, exhibit a
negative charge, consistent with previous studies (Anupama et al., 2018;
Wagqif et al., 2024).

3.2. Antibacterial activity of ZnO synthesized using different plant extract
volumes and Ag concentrations

3.2.1. Agar-based disk diffusion assay

The antibacterial activities of non-modified and Ag-modified ZnO
powder were tested against the Gram-positive B. subtilis 168 and the
Gram-negative bacteria E. coli W3110 using an agar-based disk diffusion
assay. The results are shown in Fig. 10, where the inhibition of bacterial
growth around the ZnO-impregnated disks is indicated by darkened
zones arising from the translucence of the black underlay. The measured
diameters of these inhibition zones are listed in Fig. S6. The data shows
the presence of inhibition zones for different samples of B. subtilis (Gram-
positive) in comparison to E. coli (Gram-negative), as a more enhanced
effect is observed for B. subtilis. The discrepancy in the antibacterial
activities of the ZnO powder likely arises from the distinct structures of
bacterial cell envelopes (Espitia et al., 2012). B. subtilis has a thick
peptidoglycan layer with attached lipoteichoic and teichoic acids,
whereas E. coli has an outer membrane with lipopolysaccharides (LPS),
which acts as a permeability barrier for large molecules and
water-insoluble compounds.

Zeta potential measurements revealed a negative surface charge of
the samples, promoting interaction with the less negatively charged cell
envelope of B. subtilis, resulting in cellular damage and bacterial death.
The envelope of Gram-positive B. subtilis may enhance the penetration of
reactive oxygen species (ROS), including hydroxyl radicals (eOH),
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Fig. 10. Agar-disk diffusion antibacterial assay of B. subtilis and E. coli. 1. (a) DMSO, (b) ZnO-PE1, (c) ZnO-PE5, (d) ZnO-PE10, (e) ZnO-PE15, and (f) ZnO-PE20. 2.

(a) DMSO, (b) Zn0O-Ag0.1, (c) ZnO-Ag0.25, (d) ZnO-Ag0.5, (e) ZnO-Agl, and (f) ZnO-Ag3. 3. (a) DMSO and (b) ZnO powder (ZnO-PEO) synthesized without
plant extract.
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Fig. 11. Cell viability for S. aureus (a and c¢) and E. coli (b and d) in contact with undoped ZnO samples prepared with different plant extract volumes (a and b) and
Ag-doped ZnO (c and d).

superoxide anions (O3 ), and hydrogen peroxide (H205) (Hojamberdiev The ZnO powder synthesized using the plant extract of
et al.,, 2013; Li et al., 2018; Nie et al., 2020), further contributing to J. pseudosabina showed better antibacterial activity than its counterpart
bacterial inactivation. Previous studies have similarly reported higher synthesized without using the plant extract. Particularly, ZnO-PE20
ZnO efficacy against Gram-positive strains in disk diffusion assays exhibited the largest inhibition zone (1.45 cm). Table 3 shows that the
(Espitia et al., 2012). samples prepared with varying amounts of plant extracts exhibit no
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Table 4
Concentrations of the Zn and Ag ions released during the antibacterial tests.

Sample name Zn released (mg/L) Ag released (mg/L)

ZnO-PEO 11.07 £ 0.85 -
ZnO-PE1 2.52 +1.19 -
ZnO-PES5 4.24 + 0.95 -
ZnO-PE10 14.59 + 0.82 -
ZnO-PE15 15.78 + 2.58 -
ZnO-PE20 16.58 +£1.18 -
Zn0-Ag0.1 6.98 + 1.54 0.131 + 0.042
Zn0-Ag0.25 1.59 + 0.57 0.043 + 0.016
Zn0-Ag0.5 3.47 £ 1.66 0.127 + 0.036
Zn0-Agl 1.86 + 0.34 0.103 + 0.025
Zn0-Ag3 5.57 +1.26 0.256 + 0.011

significant differences in charge. Therefore, the enhanced antibacterial
performance of ZnO-PE20 cannot be attributed to this factor. The higher
antibacterial activity is likely due to its smaller particle size which can
enhance bacterial penetration in the agar medium. Ag-modified ZnO
samples exhibited improved antibacterial activity, and the ZnO-Ag0.25
(0.25 at% Ag) showed the highest inhibition zone of 1.65 cm among all
samples, while the ZnO-Agl (1 at% Ag) and ZnO-Ag3 (3 at% Ag) had
slightly reduced antibacterial activity possibly due to their larger par-
ticle sizes that limit internalization into bacterial cells.

3.2.2. Viable plate count method

Fig. 11 shows the results of viable plate count method experiments.
Two different powder concentrations were employed, namely 0.5 and 1
mg/mL. Considering the undoped ZnO, it can be seen that the antimi-
crobial activity is affected by the preparation conditions. For S. aureus
(Fig. 11a) the most effective sample is ZnO-PE5 (i.e. using 5 mL of
extract). In fact, a decrease of just over two logarithmic units was
registered (concentration of 1 mg/mL); this corresponds to a bacterial
inactivation higher than 99 %. For the other samples, a smaller but
noticeable antibacterial effect is observed, and for sample ZnO-PE20, a
reduction of bacterial CFU of almost two units was seen. Moreover, this
sample is more effective than ZnO-PES5 at lower concentrations; in fact,
the difference between the activity at 0.5 and 1 mg/mL is non-
significant. Considering the E. coli (Fig. 11b), on the other hand, a
completely different behavior was observed. ZnO prepared without any
extract, in fact, already exhibited significant antibacterial activity,
resulting in approximately 99.99 % inactivation of bacteria, with a
decrease of around 4 orders of magnitude. When a small amount of PE
was employed (1 and 5 mL) the antibacterial activity was much smaller;

B. subtilis 168
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in fact, the bacterial counts decreased by less than one logarithmic unit
(about 65-80 %). For larger PE volumes, however, a much-enhanced
antibacterial activity was observed; in particular with 20 mL of PE,
the bacterial counts decreased by 6 orders of magnitude, corresponding
to inactivation of 99.9999 % - a remarkable effect, which was observed
also for 0.5 mg/mL concentration.

Table 4 shows the amount of Zn metal released during the 5 h in-
cubation period; it can be seen that higher Zn release was observed for
samples prepared with extract volume of 10 mL and higher, causing a
more effective inactivation of E. coli. This is reasonable, since this strain
has a negative charge (Alves et al., 2010), and, hence, it is more likely to
interact with the released positive ions. With S. aureus there is not a
direct correspondence between the released Zn ion and the bacteria
inactivation; it has to be considered, however, that this strain has a less
negative membrane (Espitia et al., 2012; Halder et al., 2015), which
makes the interaction with the positive released ions less likely to take
place. Moreover, the different composition of the bacterial membrane of
the Gram-positive strain can also have an effect.

It is important to highlight that the mechanism involved in these
liquid assays differs from that in the diffusion assays described above, as
in liquid tests ion release is the primary factor influencing antibacterial
activity. Conversely, in other types of assays, additional mechanisms
may also play a significant role in determining the outcome (Biswas
et al., 2022).

Considering Ag-doped ZnO (Fig. 11c and d), it can be seen that for
S. aureus the addition of Ag does not always lead to a significant increase
in the antibacterial activity; in some cases, on the contrary, a decrease
was observed (i.e. for Ag concentration of 0.5 and 1 %). With the highest
Ag concentration; however, a much more enhanced bacteria inactiva-
tion was observed, namely about 99.99 %. For E. coli a positive effect on
bacteria inactivation can be seen even with the lowest Ag concentra-
tions; even for this strain, however, the most pronounced effect was
observed for the highest Ag concentration.

Data reported in Table 4 show that a relatively small amount of Ag is
released. This is in agreement with XPS data which indicate that Ag is
present in its metallic state. It is known that metallic Ag has very low
solubility, lower than Ag in ionic form and this can significantly affect
the antibacterial activity (Piccirillo et al., 2015; Lalueza et al., 2011).

The interactions between ZnO and Ag can modulate antibacterial
activity through multiple mechanisms. In most cases, a synergistic effect
is observed, resulting in enhanced antimicrobial efficacy. This
enhancement arises from the intrinsic bactericidal properties of Ag,
coupled with the increased generation of reactive oxygen species (ROS).
However, under certain conditions, antagonistic effects may emerge,
potentially mitigating the expected antibacterial enhancement. For

E. coliW3110

100 150 200 400 800

Fig. 12. Estimation of MICs. Liquid cultures of Bacillus subtilis 168 and Escherichia coli W3110 were grown overnight in LB and diluted 1000-fold in LB to give non-
turbid suspensions with 2 x 10° and 6 x 10° CFU/mlL, respectively. ZnO-PE5 and ZnO-Ag0.25, suspended in DMSO, were added (3.8-120 L) to 3 mL of the bacterial
suspensions in glass vials to give concentrations in the range of 25-800 pg/mL. Samples supplemented with 120 pL of DMSO served as controls. The vials were
incubated overnight in a carousel shaker at 30 °C. Arrows indicate non-turbid vials with the lowest concentration of ZnO in a row which were considered as the

estimates of the MICs.
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instance, as reported by Kumar et al. (Vinod Kumar et al., 2017) the
addition of Ag had a detrimental effect as it caused changes in the
morphology and structure of ZnO nanoparticles, reducing their anti-
bacterial effect. In another work by Lekoui et al. (2025), the antibac-
terial activity of ZnO films was not significantly affected by Ag doping.
Considering the data of Tables 4 and it is interesting to see that Ag
presence causes a decrease in the amount of Zn released; apart from
sample Zn0O-Ag3, this lower Zn solution concentration was not balanced
by a sufficiently high Ag concentration — therefore overall, the antimi-
crobial efficiency was lower. For sample ZnO-Ag3, however, the higher
Ag release led to an improved antibacterial performance. The more
contained Zn release in the Ag-doped ZnO systems was previously re-
ported in the literature. Indeed, significantly lower values were observed
by Milisav et al. (2025), and the authors observed the same effect also
for Cu-doped ZnO. It is proposed that metallic silver on the particle
surface partially obstructs Zn dissolution. A previous study suggests that
Ag addition to ZnO generally enhances antibacterial activity; thus, this
approach was explored. In this study, undoped ZnO exhibited strong
antibacterial performance against Gram-negative E. coli but lower effi-
cacy against Gram-positive S. aureus. The doping aimed to improve the
latter. This effect was evident at the highest Ag concentration; however,
no similar trend was observed for E. coli. These results indicate that the
incorporation of costly precious metals is warranted for applications
targeting Gram-positive strains, whereas for Gram-negative strains,
their addition provides no significant advantage.

3.2.3. Estimation of minimum inhibitory concentration (MIC)

To gain a closer insight into the concentration dependence of the
antibacterial activity of the synthesized samples, the MICs against Gram-
positive B. subtilis 168 and Gram-negative E. coli W3110 were estimated
in liquid cultures using ZnO-PE5 (non-modified) and ZnO-Ag0.25 (Ag-
modified), respectively. The results are shown in Fig. 12. The MICs
against B. subtilis, defined as the lowest concentration of the synthesized
samples that prevented a turbidity increase, were found to be 100 pg/mL
for ZnO-PE5 and 400 pg/mL for ZnO-Ag0.25. To distinguish between
bacteriostatic and bactericidal modes of action, aliquots of non-turbid
samples after incubation at ZnO concentrations above the MIC were
spread on LB agar plates. CFU/mL in all samples ranged below 0.01 % to
0.5 % relative to the CFU/mL prior to the addition of ZnO suspension.
This finding suggested an interplay of bactericidal and bacteriostatic
activity against B. subtilis, as a major portion of the cells was killed and
survivors were unable to proliferate in the presence of ZnO in the liquid
cultures. Bactericidal activity was observed in a similar way in the cell
viability tests against Gram-positive S. aureus (Fig. 11), where ZnO-PE5
(at a concentration of 1 mg/mL) and ZnO-Ag.25 (0.5 mg/mL) reduced
viable cell numbers by almost two and more than two orders of
magnitude, respectively.

A comparison of ZnO-PE5-mediated inhibition of E. coli (MIC against
strain W3110, Fig. 12; reduction of viable cell number of strains ATCC
25922, Fig. 11) seemingly gave inconsistent results at first glance. In
repeated MIC assays, the final turbidity of the cultures was not markedly
diminished by ZnO-PE5 at concentrations up to 0.8 mg/mL. In contrast,
0.5 mg/mL ZnO-PE5 reduced the viable cell number although not
dramatically, but significantly. It is reasonable to assume that a portion
of the cells was also killed in the liquid cultures during MIC testing.
Moderate bacteriostatic efficiency, however, did not prevent the
multiplication of the surviving cells, leading to turbid cultures upon
overnight incubation. ZnO-Ag0.25 was found active against E. coli when
permanently present in the liquid cultures for MIC determination
(Fig. 12) and during the 5-h treatment prior to viable cell counting
(Fig. 11). The MIC was estimated to be approximately 150 pg/mL.
Approximately 5 % of cells incubated at the MIC or higher concentra-
tions of Zn0O-Ag0.25 remained viable, as indicated by colony formation
upon incubation of aliquots on agar plates without the inhibitor. This
result is concordant with the assumption of a combination of bacterio-
static and bactericidal inhibition of E. coli W3110. In comparison with
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B. subtilis 168, the bactericidal effect on E. coli W3110 was less
pronounced.

4. Conclusions

Green synthesis of ZnO using Juniperus pseudosabina plant extract
provides a sustainable alternative to conventional methods, eliminating
the need for hazardous chemicals and pH adjustment. The proposed
mechanisms of ZnO formation involve bioreduction and chelation, with
chelation dominating at higher extract volumes, resulting in artichoke-
like structures. Ag modification at 0.1-1 at% likely involves Ag * sub-
stitution for Zn?*, while 3 at% Ag induces the formation of Ag® clusters
on the ZnO surface. Among the synthesized samples, ZnO-PE20 and
Zn0-Ag0.25 exhibited higher antibacterial activity against Gram-
positive B. subtilis. Viable plate count assays confirmed the antibacte-
rial efficacy, reducing the bacterial count of S. aureus from 9 x 107 CFU/
mL to 6.38 x 10° CFU/mL and E. coli from 8.2 x 10’ CFU/mL to 1.0 x
108 CFU/mL, achieving bacterial inactivation rates of 99.999 %. The
utilization of plant-based resources such as J.pseudosabina aligns with
principles of green chemistry, enhancing the biocompatibility and po-
tential applicability of the resulting ZnO nanostructures in environ-
mentally relevant domains such as antimicrobial coatings, water
purification, and biomedical applications. This work underscores the
feasibility of eco-conscious nanomaterial synthesis, advancing sustain-
able methodologies for functional material development.
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