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Abstract

Background: Green synthesis by plants is a good alternative to conventional chemical methods, as it eliminates hazardous
reagents and reduces environmental impacts.

Objectives: This study aims to green synthesize zinc oxide nanoparticles (ZnO NPs) using rosemary as a natural reductant and
stabilizer.

Methods: The characterization of the biosynthesized ZnO NPs was conducted via UV-visible spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD), dynamic light scattering (DLS), zeta potential (ZP) analysis, scanning
electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX). The antibacterial activity was tested against both
the representative gram-positive Staphylococcus aureus and gram-negative Escherichia coli bacteria.

Results: The characterizations identified crystalline ZnO NPs with a hexagonal wurtzite structure and an average crystallite
size of 46.14 nm. The DLS revealed a hydrodynamic size of 652.5 nm, coupled with a high negative ZP (-45.4 mV), indicating
excellent colloidal stability. The FTIR and EDX results indicated phytochemical residues of rosemary on the surfaces of
nanoparticles, thus confirming the dual role of the extract responsible for both reduction and capping. The SEM images
revealed geometries ranging from spherical to hexagonally shaped and uniformly distributed, while EDX confirmed elemental
purity.

Conclusions: Plant-mediated green synthesis to fabricate functional zinc oxide (ZnO) nanomaterials with excellent
antibacterial properties is feasible, as demonstrated in this work. The rosemary-mediated approach offers sustainable avenues
for the application of antimicrobial therapy, biomedical devices, and environmental remediation. The dual functionality of
rosemary extract as a reducing and stabilizing agent, coupled with synergistic antibacterial action, contributes to the
advantages of green synthesis methods for nanotechnology applications.
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1. Background antimicrobial properties, making them useful in various
fields such as biomedicine, environmental cleanup, and

The remarkable growth of nanotechnology drives the electronics. However, traditional methods for
development of new materials with diverse synthesizing ZnO NPs involve hazardous chemicals and

physicochemical and biological properties. Among the
most studied are zinc oxide nanoparticles (ZnO NPs) (1).
The ZnO NPs possess excellent optical, electronic, and

energy-intensive processes, raising environmental and
biocompatibility concerns. To address these issues,
researchers have explored green synthesis methods,
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especially those using plant extracts as reducing and
stabilizing agents (2).

Rosemary (Salvia rosmarinus) extract has become
prominent in the eco-friendly production of ZnO NPs,
marking a significant advancement in sustainable
nanotechnology (3). This Mediterranean herb is rich in
phytochemicals, such as terpenes, flavonoids, and
phenolic acids. These bioactive compounds naturally act
as reducing and stabilizing agents, converting metal
ions into nanoparticles and maintaining their stability
during synthesis (4). The functional groups in rosemary
facilitate efficient nucleation and growth of ZnO NPs
without relying on harmful chemicals. This approach
aligns with green chemistry principles by reducing
environmental harm through limiting toxic reagents
and waste. The plant-based extract also improves
nanoparticle compatibility for biomedical and
pharmaceutical applications (5).

Furthermore, rosemary is readily available and
inexpensive, contributing to the economic viability of
the synthesis process. The bioactivity of the
phytochemicals may also impart antibacterial and
antioxidant properties to the ZnO NPs, enhancing their
functional potential. Compared to conventional
physical and chemical methods of nanoparticle
production, green synthesis with rosemary extract
offers clear advantages (6).

Traditional approaches often require strong reducing
agents, stabilizers, or surfactants that pose
environmental and health risks, whereas rosemary
extract provides a natural and non-toxic alternative. The
process tends to be simpler, with milder reaction
conditions and less need for specialized equipment. The
phytochemicals in rosemary also improve the colloidal
stability of the nanoparticles, as indicated by favorable
zeta potential (ZP) measurements. Additionally, green
methods consume less energy due to lower operating
temperatures and pressures.

The significance of rosemary-mediated green
synthesis of ZnO NPs lies in overcoming the limitations
of conventional methods and enabling new biological
functionalities. These nanoparticles leverage zinc
oxide's inherent properties along with rosemary-derived
bioactive compounds, showing promise for many
applications, especially in antimicrobial and biomedical
fields. Overall, green synthesis using rosemary extract
promotes a sustainable, efficient, and versatile pathway
for producing ZnO NPs, supporting the global goal of
environmentally responsible scientific innovation (7).

Much is happening regarding the plant-mediated
synthesis of metal oxide nanoparticles, but aspects of all
these methods are still not well understood (8). For

instance, the understanding of how the phytochemicals
work on the nanoparticle nucleation, the organism,
growth, or stabilization is not thorough (9).
Furthermore, the physicochemical characteristics of
green-synthesized ZnO NPs may not have a profound or
direct correlation with their biological activity,
particularly their antibacterial properties. This study
will fill these gaps through systematic research into the
synthesis process, detailed characterization, and
antibacterial performance of ZnO NPs produced using
rosemary extract.

2. Objectives

This study proposes a novel approach toward the
green synthesis of ZnO NPs, utilizing rosemary plant
extract as both a reducing and capping agent. The scope
of the study involves optimizing the synthesis method,
conducting structural and surface characterization of
the nanoparticles, and assessing antimicrobial activity
in both gram-positive and gram-negative bacteria. This
work not only advances the understanding of plant
mediation in the synthesis of nanoparticles but also
demonstrates that rosemary-sourced ZnO NPs can be
considered for use as strong antimicrobial agents.

The first section describes the materials and methods
for preparing rosemary extract and synthesizing ZnO
NPs. Following this, the procedure presents the results
of a comprehensive set of characterization studies,
including X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, UV-visible spectroscopy,
field emission scanning electron microscopy (FESEM),
energy dispersive X-ray spectroscopy (EDX), dynamic
light scattering (DLS), and ZP measurements. The
characterization of synthesized nanoparticles for
antibacterial activity will then be evaluated and
discussed. The article concludes with a summary of key
findings and implications for future research and
applications.

3. Methods

3.1. Materials

Ciprofloxacin (from Sigma-Aldrich), Mueller-Hinton
broth (from Millipore, Merck), and zinc chloride
dihydrate (ZnCl,-2H,0, 99.7%, from Merck) were
acquired and used as received, without any further
purification. Hydrochloric acid (HCI; from Merck) and
1M sodium hydroxide (NaOH; from Sigma-Aldrich) were
also used as purchased. Fresh rosemary (S. rosmarinus)
leaves were collected in October 2024 for this study.
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3.2. Collection of Plant Material, Preparation, and Extraction
of Rosemary Extract

Fresh leaves of rosemary (S. Rosmarinus) were
obtained from a cultivated garden in Misan, Iraq, in
October 2024. Authentication of the plant material was
done by a qualified botanist from the Department of
Pharmacognosy and Medicinal Plants, College of
Pharmacy, University of Misan, to ensure correct
identification of the species. Immediately after
collection, the rosemary leaves were washed with
double-distilled water to remove dust and surface
contaminants. The leaves were then air-dried using
sterile paper towels. The washed rosemary leaves were
carefully trimmed and chopped into small pieces with a
sterilized stainless-steel knife. The prepared plant
material was air-dried at room temperature in a shaded,
dust-free environment until a constant weight was
achieved. Once dry, the leaves were finely powdered
with the help of a clean laboratory grinder. For the
extraction, about 10 grams of powdered rosemary leaves
were mixed with 100 milliliters of double-distilled water
at a ratio of 1:10 (w/v). The mixture was homogenized in
a laboratory blender for 2 - 3 minutes to ensure uniform
extraction of phytochemicals. The slurry was filtered
through layers of sterile muslin cloth to remove solid
residues and collect the clear aqueous extract. The
filtrate was then centrifuged at 5,000 rpm for 10
minutes to further clarify the extract and remove any
remaining particulate matter. Thereafter, the
supernatant was collected and transferred into sterile
storage bottles. The rosemary extract was kept at 4°C for
short-term use or at -20°C for long-term preservation
until required for subsequent experimental procedures

(10).

3.3. Biosynthesis of Zinc Oxide Nanoparticles Using
Rosemary (Salvia Rosmarinus) Extract

The green synthesis of zinc oxide (ZnO) nanoparticles
was achieved utilizing an aqueous extract of rosemary
(S. Rosmarinus) leaves, which served as both the reducing
and stabilizing agent. Initially, a stock solution of
ZnCl,-2H,0 (99.7%; Merck) was prepared by dissolving
2.7 grams of ZnCl,-2H,0 in 200 milliliters of deionized
water in a glass beaker. The solution was stirred
continuously at room temperature (20+2°C) until the
zinc salt was completely dissolved. Separately, an
aqueous rosemary extract was prepared as previously
described. For the biosynthesis process, 10 milliliters of
the prepared rosemary extract were gradually added
dropwise to the zinc chloride solution using a burette,
while maintaining constant stirring. The reaction
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mixture was initially kept at 20°C, and then the
temperature was increased to 80°C to facilitate the
reduction and nucleation of ZnO NPs (11).

Subsequently, 1 M NaOH was added dropwise to
adjust the pH of the reaction mixture to 8.5. This pH
adjustment induced the formation of a pale green
precipitate, indicating the synthesis of ZnO NPs. The
reaction mixture was then allowed to cool to room
temperature. The resulting precipitate was collected by
filtration, washed several times with deionized water
and absolute ethanol to remove any unreacted
precursors and residual plant compounds, and then
dried in an oven at 60°C for two hours. The dried ZnO
NPs were stored in sterile containers for further
characterization and biological evaluation.

3.4. Characterization of ZnO Nanoparticles

The ZnO NPs, which were biosynthesized from the
rosemary (S. Rosmarinus) extract, were characterized by
employing analytical techniques to ensure successful
formation and to evaluate the physicochemical
properties of these nanoparticles in as much detail as
possible.

3.4.1. X-Ray Diffraction Analysis

The XRD is instrumental in elucidating the
crystalline structure, phase purity, and average
crystallite size of synthesized ZnO NPs. In the study, the
analysis was carried out using a PANalytical XPert PRO
powder X-ray diffractometer with Cu Ka radiation (A =
1.5406 A). The ZnO NP powder sample was tightly dried,
finely ground to avoid apparent heterogeneity, and then
spread evenly on the sample holder (12).

3.4.2. UV-Visible Spectroscopy

UV-Vis spectroscopy confirmed the initial formation
of ZnO NPs using rosemary (S. Rosmarinus) extract. The
absorbance spectra of the UV-Vis used to analyze the
nanoparticle suspension were recorded from 200 to 700
nm using a Shimadzu UV-1900 spectrophotometer. The
occurrence of characteristic absorption bands,
especially in the ultraviolet region, confirms the
successful formation of ZnO NPs and provides
information about their optical properties (13).

3.4.3. Fourier-Transform Infrared Spectroscopy

To identify the functional groups involved in ZnO NP
reduction and stabilization, FTIR spectroscopy was
performed using a SHIMADZU 8400 FTIR spectrometer.
The spectra were recorded in the mid-infrared region
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(4000 - 400 cm™) at a resolution of 4.0 cm™. This analysis
enabled the identification of phytochemical
constituents from the rosemary extract involved in the
synthesis of nanoparticles and confirmed the formation
of the Zn-O bond (14).

3.4.4. Hydrodynamic Average Size and Zeta Potential
Analysis

The hydrodynamic size distribution and surface
charge (ZP) of the biosynthesized ZnO NPs were
measured using a Malvern Zetasizer instrument. The
DLS analysis provided information on average particle
size and Polydispersity Index (PDI), while ZP
measurements assessed the colloidal stability of the
nanoparticle suspension. These two parameters are
crucial for evaluating the uniformity and dispersion
stability of the synthesized ZnO NPs (15).

3.4.5. Scanning Electron Microscopy and Energy Dispersive X-
ray Spectroscopy

Scanning electron microscopy (SEM, MIRA III, Carl
Zeiss) was used to analyze the morphology and size of
the prepared ZnO NPs. For conductivity enhancement,
the dried nanoparticle samples were coated with a thin
layer of platinum before imaging. Observations were
performed at an accelerating voltage of 4 kV, using
higher magnifications (85 KX) to reveal detailed surface
features. The EDX was also performed concurrently with
SEM to determine the elemental composition and
confirm the presence of zinc and oxygen within the
nanoparticles, as well as any associated phytochemical
residues from the rosemary extract (16).

3.4.6. Antibacterial Activity

The effectiveness of the biosynthesized ZnO NPs,
tested for antimicrobial activity using rosemary (S.
Rosmarinus) extract, was determined by the cup-plate
agar diffusion method. Mueller Hinton agar was
prepared and poured into sterile petri dishes to solidify
at room temperature. Bacterial suspensions of
Staphylococcus aureus (gram-positive) and Escherichia coli
(gram-negative) were standardized to a 0.5 McFarland
turbidity and evenly spread on the surface of the agar
plates using sterile swabs for uniform distribution.
Wells in the solidified agar were made with sterile
stainless-steel cylinders of 12 mm diameter.

The ZnO NP suspension, prepared in the required
concentrations and dissolved in dimethyl sulfoxide
(DMSO), was carefully applied into the wells. The
positive control consisted of Amoxicillin dissolved in

sterile distilled water at concentrations of 100, 50, and
25 pg/mL, while DMSO alone served as the negative
control. The plates were incubated at 37°C for 48 hours,
after which the diameter of the clear zones of inhibition
around each well was measured in millimeters. The
sizes of these zones reflected the antibacterial efficacy of
ZnO NPs compared to standard antibiotics and the
negative control. All tests were performed three times
for reliability, and aseptic conditions were maintained
throughout to prevent contamination (17).

4. Results and Discussion

4.1. X-Ray Diffraction Analysis

The characteristic peaks of hexagonal wurtzite ZnO
(with its reference ICDD card number 36-1451) were
observed in the X-ray diffractogram, confirming the
phase purity and crystalline nature of the synthesized
nanoparticles (Figure 1A). These well-defined and sharp
peaks correspond to the (100), (101), (102), (110), (103),
(201), and (202) planes (17). The mean crystallite size of
the ZnO NPs was found to be 46.14 nm based on XRD
analysis, calculated using the Debye-Scherrer equation.
This value for the ZnO NPs is either quite similar to or
slightly larger than previously reported values in other
green synthesis studies, where crystallite sizes typically
range from 13 to 51 nm, depending on the plant extract
and synthesis conditions employed (18). For example,
Alharbi et al. reported ZnO NPs' sizes in the range of 18.77
- 2439 nm using phytochemical-mediated synthesis,
while Begum and Kumuthini observed a size of 51.20 nm
for ZnO NPs synthesized via a green route (17,19).

The increased crystallite size in the present study
may, however, be due to the specific phytochemical
composition of rosemary extract and the reaction
temperature and pH conditions optimized during
synthesis.

4.2. UV-Visible Spectroscopy

The UV-Vis spectra results presented in this study
compellingly indicate the successful green synthesis of
ZnO NPs using rosemary (S. rosmarinus) extract. The
absorption bands recorded at 200 and 280 nm differ
from the absorption peaks generally associated with
ZnO NPs synthesized by conventional or other green
methods, which typically fall within the range of 320 -
380 nm (5). This blue shift in the absorption spectrum
suggests the formation of ultra-small particles, as the
optical properties of ZnO NPs are highly size-dependent
(Figure 1B). As particle size decreases, quantum
confinement effects become more pronounced, leading

Jundishapur ] Nat Pharm Prod. 2025;20(4): e164560


https://brieflands.com/articles/jjnpp-164560

Sabah Khadim N et al.

Brieflands

7x10° — 1.2
3 B
o =
6x10 2l ﬂ\
5x10°*] I\|
o] 0.8
3 8 '
Hax10' - \
o
£ £ 0.6 |
E3><ID‘— g |
g - = |4
E 21044 2 - s 0.4
= N g 2
(=] - {
= _ = s
1x10°+ 1 S 3 0.2 | e —
T T
0
1 T 1 3 0 . i ) . - . . .
10 20 30 40 S0 60 70 80 0 50 100 150 200 250 300 350 400 450
e

=+XRD pattern of ZnOJNps s Peaks positions

Wavelengh (nm)

Figure 1. A, X-ray diffraction (XRD) pattern of biosynthesized zinc oxide nanoparticles (ZnO NPs) using rosemary (Salvia rosmarinus) extract; B, UV-Visible absorption spectrum of

ZnO NPs synthesized with rosemary extract.

to a shift of the absorption band towards shorter
wavelengths (higher energy) (20).

The absorption maxima at 200 and 280 nm recorded
in this study are indicative of "very small" ZnO NPs,
further demonstrated by the sharpness and intensity of
peaks, signifying a narrow size distribution and high
degree of monodispersity. Recent studies show that ZnO
NPs synthesized by rosemary extract generally tend to
show absorption maxima in the range of 363 - 370 nm
(5). For instance, researchers Uysal et al. found the
characteristic absorption peak for rosemary-mediated
ZnO NPs to be at 363 nm, attributing it to effective
capping and stabilization due to phytochemicals
present in the extract (5). Mohanasundaram and Saral
also found a blue shift to 363 nm, which they correlated
with the formation of ultrasmall monodisperse
nanoparticles with modified electronic properties (21).

There is an even greater blue shift in the current
study (200 and 280 nm), which strongly indicates the
novel synthesis protocol, likely resulting from
optimized reaction conditions, extract concentration, or
perhaps unique phytochemical interactions specific to
the rosemary source used.

4.3. Fourier Transform Infrared Analysis

The FTIR study provides valuable information about
the functional groups involved in the green synthesis
and stabilization of ZnO NPs using rosemary (S.
rosmarinus) extract. The FTIR spectrum of rosemary
extract displays major absorption bands at 3388, 2935,

1697 - 1417, and 1068 cm’, corresponding to O-H, C-H,

Jundishapur ] Nat Pharm Prod. 2025; 20(4): 164560

C=0, C=C, and C-O stretching vibrations, respectively
(Figure 2A). These Dbands, characteristic of
phytochemicals such as flavonoids, phenolics, and other
organic compounds, are abundant in rosemary. This
indicates that the extract has a rich phytochemical

profile crucial for the reduction and capping of Zn**
ions during nanoparticle synthesis (22).

After forming ZnO NPs, new peaks appear at 475 and

578 cm™ in the FTIR spectra, indicative of Zn-O stretching
vibrations (Figure 2B). These peaks are widely
recognized as characteristic of ZnO formation and are
consistently reported in the literature on green-
synthesized ZnO NPs with various plant extracts (23).
The FTIR spectra and literature evidence together
indicate that rosemary’s phenolic repertoire —
dominated by rosmarinic acid, carnosic acid, and caffeic
acid — drives the green synthesis of nanoparticles. The
catechol-type O-phenolic hydroxyl groups in these

molecules readily chelate Zn?*, donate electrons via

HAT, SET, or SPLET pathways, and reduce the ions to Zn°
that subsequently oxidize to crystalline ZnO. Because
deprotonation at alkaline pH enhances electron
donation, the reduction efficiency rises as synthesis pH
increases. After reduction, the same phytochemicals
remain adsorbed on the particle surface, supplying
steric and electrostatic stabilization that limits
agglomeration. Synergistic interplay among multiple
phenolics therefore provides both a robust reductive
environment and durable organic capping, as
confirmed by retained C-O, C=C, and O-H bands
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Figure 2. A, Fourier transform infrared (FTIR) spectrum of rosemary (S. rosmarinus) extract; B, FTIR spectrum of biosynthesized zinc oxide nanoparticles (ZnO NPs) using

rosemary extract.
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Figure 3. A, dynamic light scattering (DLS) particle size distribution of biosynthesized zinc oxide nanoparticles (ZnO NPs) using rosemary (Salvia rosmarinus) extract; B, zeta

potential (ZP) analysis of ZnO NPs synthesized with rosemary extract.

alongside Zn-O peaks (475 - 578 cm™) in the final FTIR
profile (24). For example, Uysal et al. demonstrated that
ZnO NPs prepared with rosemary exhibit FTIR peaks
corresponding to both Zn-O bonds and organic
functional groups, confirming the extract’s dual role as
areducing and stabilizing agent (5).

Similarly, Aldeen et al. and Suleiman et al. report that
the presence of O-H, C=0, and C-O stretching vibrations
in FTIR spectra of green-synthesized ZnO NPs indicates
phytochemical capping, which enhances nanoparticle
stability and biocompatibility (25, 26) Peaks in the 500

to 700 cm™ range are generally accepted as evidence of
metal-oxygen bond formation in ZnO NPs, further
confirming successful synthesis in this work (27).

4.4. Dynamic Light Scattering Analysis

The DLS analysis provided insights into the colloidal
properties and particle size distributions of the
biosynthesized ZnO NPs using rosemary (S. Rosmarinus)
extract. The average hydrodynamic diameter of the ZnO
NPs was found to be approximately 652.5 nm with a PDI
of 0.471 (Figure 3A). This PDI value indicates a
moderately broad size distribution, as values below 0.3
are considered monodisperse, and higher values
suggest increased heterogeneity in particle size (28). The
size measured is much larger than the primary
crystallite size determined by XRD, which is common in
DLS measurements due to the technique's sensitivity to
agglomerates and the hydrodynamic shell contributed
by surface-bound phytochemicals and solvent
molecules (29).

Comparative studies have reported sizes ranging
widely, even for green-synthesized ZnO NPs measured by
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ray spectroscopy (EDX) spectrum of ZnO NPs.

DLS, often influenced by the plant-type extract, synthesis
conditions, and degree of aggregation. For example,
Abdelbaky et al. reported ZnO NPs synthesized in P.
odoratissimum extract as having an average DLS size of
76 nm and a PDI of 0.241, indicating a more uniform
distribution (28).

In a counter study, Mohd Yusof et al. reported
hydrodynamic diameters of 327.4+634.8 nm for the
biosynthesized ZnO NPs, with a PDI of 0.388, illustrating
that different green synthesis protocols contribute to
variability (29). The greater average size and PDI
obtained in the current study may hinge upon the
specific phytochemical composition of the rosemary
extract, promoting the formation of larger aggregates
or clusters within the aqueous suspension.

The ZP measurement is a key parameter for
evaluating the colloidal stability of nanoparticle
suspensions. In this study, the ZP of the ZnO NPs was
measured at about -40 mV, a value well above the + 30
mV threshold recognized for stable colloidal systems
(30). Such a high negative surface charge creates strong
electrostatic repulsion between particles, contributing
to stabilization against aggregation (Figure 3B). This
finding aligns with other reports indicating that green-
synthesized ZnO NPs generally display negative ZP s due
to the adsorption of phenolic and flavonoid compounds
from plant extracts (31). For example, Gonzalez-
Fernandez et al. reported a ZP of -29.73 mV for ZnO NPs
synthesized from plant extracts, while Yedurkar et al.
showed that surface modification could further increase
the negative charge and stability of ZnO suspensions
(32,33).

4.5. Morphological Studies

Jundishapur ] Nat Pharm Prod. 2025; 20(4): 164560

The morphology and elemental characterization of
ZnO NPs synthesized from rosemary (S. Rosmarinus)
extract are comprehensively assessed via SEM and EDX.

The SEM analysis showed that the ZnO NPs were
mainly spherical to hexagonal and had relatively
uniform morphological and dimensional features
(Figure 4A). The nanoparticles appeared as irregular
agglomerates with sizes reaching maximum values of
almost 100 nm. Such agglomeration is a characteristic
feature of green-synthesized ZnO NPs, usually attributed
to the presence of phytochemicals from the plant
extract acting as reducing and capping agents, which
can interfere with and control the nucleation and
growth processes during synthesis (34).

The morphological and elemental characterization
of ZnO NPs synthesized from rosemary (S. Rosmarinus)
was thoroughly conducted using SEM and EDX.
According to SEM analysis, ZnO NPs were mainly
spherical to hexagonal and were highly uniform in
morphological and dimensional characteristics. The
nanoparticles appeared as irregular aggregates with
sizes attaining a maximum value of about 45 nm. Such
extreme aggregation is a characteristic feature of green-
synthesized ZnO NPs, usually attributed to the presence
of phytochemicals from the plant extract that act as
both reducing and capping agents, thereby influencing
and controlling the nucleation and growth process
during synthesis (35).

The reported particle size and morphology align with
previous studies on rosemary-mediated green synthesis
of ZnO NPs. For example, Biswas et al. (as cited by Al-
Hamad et al.) observed that ZnO NPs synthesized using
Tecoma stans leaf extract tend to be mostly spherical,
with sizes ranging from 15 to 20 nm. Other studies
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than E. coli at all tested concentrations.

reported semi-spherical nanoparticles around 18 nm
when the rosemary extract concentration was increased
from 50 to 75 mL (36, 37). Variations in particle size
across different studies likely stem from differences in
extract concentration, reaction conditions, and post-
synthesis processing. The current study's observations
of aggregation may also have contributed to the larger
sizes seen in SEM measurements, which often reflect
nanoparticle clusters rather than individual crystallites.

The EDX analysis further confirmed the successful
synthesis and elemental purity of the ZnO NPs (Figure
4B). The spectrum displayed prominent peaks around
9.6 keV, 8.5 keV, and below 1 keV, corresponding to ZnLa,
ZnKa, and ZnKp, respectively. These peaks are
characteristic of zinc and are commonly reported in the
literature for green-synthesized ZnO NPs (2). The peak
near 0.5 keV indicates the presence of oxygen,
confirming ZnO formation. Additionally, the small peak
at this energy suggests potential binding of organic
compounds from the rosemary extract on the
nanoparticle surface, which is typical in plant-mediated
synthesis and contributes to improved stability and
biocompatibility (38).

4.6. Antibacterial Activity

This study revealed that rosemary-mediated green
synthesis of ZnO NPs showed concentration-dependent
inhibition in both E. coli and S. aureus. The mean
diameters of inhibition zones tend to increase with a
rise in the concentration of ZnO NPs for both organisms
under test (Table 1 and Figure 5). For the highest
concentration dose (100 pg/mL), there were slightly
larger zones of inhibition for S. aureus (9.67 + 1.53 mm)
compared to E. coli (8.67 £ 1.53 mm). The intermediate
and low doses (50 pg/mL and 25 pg/mL) also produced
smaller zones of clearance, following the typical dose-
response often reported for ZnO systems (5).

At the highest concentration (100 pg/mlL), the
inhibition zone was much larger than at 25 pg/mL for
both bacterial strains (P < 0.0193). The other significant
difference was between the 100 and 50 pg/mL
concentrations, which were also significant for E. coli
and S. aureus (identical P = 0.0495), thus confirming
markedly increasing bactericidal potency above 50
pg/mL. The difference between 25 and 50 pg/mL was not
meaningful; non-significant P-values of 0.859 for E. coli
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Table 1. Zone of Inhibition (mm) for Escherichia coli and Staphylococcus aureus Treated with Different Concentrations (100, 50, and 25 pg/mL) of Biosynthesized Zinc Oxide

Nanoparticles Using Rosemary (Salvia Rosmarinus) Extract *

Bacterium; Concentration (ug/mL) Zone (mm) 100 pg/mL vs. 50 pg/mL (P-Value) 100 pg/mL vs. 25 pg/mL (P-Value) 25 pg/mL vs. 50 pg/mL (P-Value)
Escherichia coli

100 8.67+1.53 0.0495 0.0193 0.859

50 5.33+2.52

25 4.67+0.58
Staphylococcus aureus

100 9.67+1.53 0.0495 0.0019 0.2827

50 6.33+£1.53

25 4.33+0.58

@Values are expressed as mean + SD.

and 0.2827 for S. aureus indicate that small sub-MIC
increments do not appreciably improve efficacy, a
plateau effect consistent with earlier ZnO reports that
fail to surpass the threshold needed for effective cell-
wall penetration (36).

According to the conclusions of meta-analyses, gram-
positive bacteria are always a little bit more susceptible
than gram-negative bacteria to ZnO NPs. In line with
this, S. aureus was more sensitive than E. coli at every
dose, and that extra 1.00 mm in mean inhibition-zone
diameter at 100 pg/mL reached a statistically significant
status. This pattern can be explained in terms of
structural differences; the large, thick peptidoglycan
layer of gram-positive cells facilitates anchoring of the
nanoparticle, whereas the thick structure of the gram-
negative lipopolysaccharide hinders the entry of the
particles (37).

Antibacterial efficacy is certainly correlated to
surface area and particle size. Green-synthesized ZnO
NPs possess crystallites whose size is generally below 50
nm, creating a large specific surface area through which
bacteria make contact in a short time (38). Their small
sizes also make them more soluble, leading to the

release of Zn?' ions that destabilize membranes and
interact with intracellular thiols (39).

It sustains the bactericidal action through reactive
oxygen species pathways, which are more developed in
both photocatalytic and dark conditions, inducing the
generation of hydrogen peroxide and hydroxyl radicals.
This leads to lipid peroxidation and protein
carbonylation (40). Phytochemicals in rosemary extract
create yet another layer of synergy. Compounds like
rosmarinic acid, carnosic acid, and essential oils can

chelate Zn** and thereby disrupt the integrity of
membranes, causing a reduced energy barrier to the
adsorption of nanoparticles while increasing the extent
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of antimicrobial activity. This effect is most pronounced
at the 100 pg/mL concentration 42.

4.7. Conclusions

The present study has efficiently demonstrated the
green synthesis of ZnO NPs using rosemary (S.
rosmarinus) extract as a natural reducing and liquefying
agent. The biosynthesized ZnO NPs underwent detailed
characterization through a range of analytical
techniques such as UV-Vis, FTIR, XRD, DLS, ZP analysis,
SEM, and EDX. The results confirm the crystalline
formation of phase-pure ZnO NPs in the hexagonal
wurtzite structure, with an average crystallite size of
46.14 nm and a hydrodynamic size of 652.5 nm. The
nanoparticles exhibited a high negative ZP (-45.4 mV),
indicating excellent colloidal stability.

The FTIR and EDX analyses showed that
phytochemical residues from the rosemary were
attached to the nanoparticle surface, thus highlighting
the dual action of the extract in reduction and capping.
The SEM images showed predominantly spherical to
hexagonal morphologies with the most uniform size
distribution, while EDX confirmed the elemental purity
of the ZnO NPs. Most importantly, the synthesized ZnO
NPs displayed very high antibacterial activity against
both gram-positive (S. aureus) and gram-negative (E. coli)
bacteria. Increased bactericidal action, especially
against S. aureus, is believed to be due to the combined
effects of ZnO NPs and phytochemicals originating from
rosemary that facilitate disruption of the cell wall and
further cause the generation of reactive oxygen species.

This study is novel in utilizing rosemary extract for
ecologically synthesized ZnO NPs, resulting in
nanoparticles with unique physicochemical and
biological properties. This approach eliminates the
hazards of chemicals and the energy-consuming
processes typically associated with ZnO synthesis, thus
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providing a sustainable and scalable route for
nanomaterial production. Overall, the findings of this
study underscore the potential of plant-mediated green
synthesis in producing functional nanomaterials with
significant power in antimicrobial therapy, biomedical
devices, and environmental remediation. Future
investigations should focus on the mechanistic
understanding of nanoparticle formation driven by
phytochemicals and broaden the application of such
green-synthesized ZnO NPs.
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