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ABSTRACT

Background: The biological synthesis of zinc oxide nanoparticles (ZnONPs) using Juglans regia (walnut) bark extract
presents an eco-friendly and sustainable alternative to conventional chemical methods. The phytochemicals present in the
plant extract act as natural reducing and stabilizing agents, facilitating the conversion of zinc ions into nanoparticles. This
green synthesis not only minimizes environmental impact but also enhances the biological properties of the produced
nanoparticles.

Aim of the Study: This study aimed to synthesize ZnONPs biologically using J. regia bark extract and evaluate their
antibacterial activity against multidrug-resistant bacterial isolates (Klebsiella sp., Escherichia coli, and Enterobacter sp.)
obtained from recurrent miscarriage (RM) cases. The study further investigated the potential use of these nanoparticles as a
complementary treatment alongside antibiotics to overcome bacterial resistance.

Materials and Methods: ZnONPs were synthesized by mixing the J. regia bark extract with a zinc precursor solution, where
a color change from brown to light yellow indicated nanoparticle formation. UV-Visible spectrophotometry confirmed the
synthesis with an absorption peak at 192 nm. Functional groups responsible for the reduction and stabilization were identified
by Fourier Transform Infrared Spectroscopy (FTIR), showing the presence of carboxylic and polyphenolic compounds. X-
ray Diffraction (XRD) analysis revealed the crystalline nature of the nanoparticles with an average size of 13.8 nm. Scanning
Electron Microscopy (SEM) showed elongated aggregated nanoparticles with one end wider than the other. X-Ray
Fluorescence (XRF) analysis revealed that the zinc content in the ZnONPs reached 16.72% compared to 0.51% in the raw
bark extract. Antibacterial activity was tested against bacterial isolates from RM cases, with inhibition zones measured at
concentrations of 25, 50, and 100 mg/mL, and the minimum inhibitory concentration (MIC) determined.

Results: The biosynthesized ZnONPs showed strong antibacterial activity against the tested pathogens. The highest
inhibition zones were recorded at all tested concentrations, with the MIC determined at 25 mg/mL. The antibacterial
efficiency of ZnONPs was significantly enhanced by the phytochemicals in the J. regia bark extract, providing a potential
alternative or complementary agent to conventional antibiotics against drug-resistant bacteria.

Conclusion: The study demonstrates that J. regia bark extract can be successfully used for the green synthesis of ZnONPs
with potent antibacterial properties. These nanoparticles show promising potential as alternative or supplementary agents in
the treatment of infections caused by multidrug-resistant bacteria, particularly in recurrent miscarriage cases. Further studies
are recommended to explore their synergistic effects with antibiotics and their safety profile in biological systems.

Keyword: Zinc oxide nanoparticles (ZnONPs), Juglans regia, green synthesis, antibacterial activity, recurrent miscarriage
(RM), multidrug-resistant bacteria, FTIR, XRD, SEM, XRF

1. INTRODUCTION:

Juglans regia commonly known as the English walnut, is a significant deciduous tree belonging to the Juglandaceae family.
It is primarily recognized for its edible nuts and high-quality timber, making it one of the most economically important nut
trees globally [1]. J. regia, commonly known as the walnut tree, exhibits significant antimicrobial properties that can inhibit
the growth of various microorganisms, potentially preventing infections[2]. Research indicates that various parts of plants,
including leaves, bark, and nuts, contain compounds with significant antimicrobial properties. These compounds can
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effectively target a wide range of pathogens, including antibiotic-resistant strains [3]. Also for green synthesis of
nanoparticles environmentally friendly methods for producing materials, often using biological organisms or natural
processes. Some sources are used in the manufacture of nutrients for living organisms, including zinc [4]. In the context of
using plant parts, various components can be utilized for synthesizing nanoparticles, pharmaceuticals, or other compounds
[5]. Nanoparticles engineered from various materials such as metalloids, metallic oxides, non-metals, and carbon
nanomaterials, have emerged as versatile agents in combating plant diseases. These nanoparticles generally range in size
from 1 to 100 nm and exhibit unique properties that enhance their effectiveness in medicinal applications [6]. ZNnONPs are
garnering significant attention in the field of nanomedicine, particularly for their potential as next-generation nano antibiotics
to combat multi-drug resistant pathogens. Their unique physicochemical properties, such as morphology, particle size,
crystallinity, and porosity, contribute to their effectiveness against a broad spectrum of microorganisms [7]. The J. regia for
leaves, bark, and nuts that contain bioactive compounds with these antimicrobial properties that can inhibit the growth or
destroy various microorganisms responsible for infections [2 and 8].

The most common organism isolated was E. coli , Klebseila spp. and Enterobacter spp. From recurrent miscarriage. Which
is characterized by the consecutive loss of two or more pregnancies before reaching viability. Various factors may contribute
to recurrent miscarriage by including advanced maternal age, lifestyle choices, genetic predispositions, both hereditary
and acquired thrombophilia, and infections. Metabolic, endocrine, and anatomical factors such as uterine malformations have
also been implicated as potential causes of RM. [9]. The role of ZnONPs in combating bacterial infections has garnered
significant attention in recent years, particularly due to their potential as micro biostatic agents. These highlighting their
ability to inhibit bacterial growth and to prevent the emergence of antimicrobial resistance AMR. Antimicrobial properties
are influenced by a variety of factors, including particle size, and shape, concentration, more stability, time of exposure,
pH, and surface properties [10]

2. MATERIALS AND METHODS:
i . Plant Collection and Identification:

In August and September 2024, the bark of Juglans regia (walnut) was collected from a specific location in Northern Irag.
This collection was part of a study aimed at exploring the properties of the bark., The plant specimen was identified in Plant
Herbarium / Biology Department / College of Science / University of Babylon. The process of collecting, drying, and
grinding bark into a fine powder (figure 1) is essential for preserving its beneficial properties and preparing it for various
applications.

ii. Preparing of Aqueous Bark Extract of J. regia:

The extraction process of J. regia bark was involved in creating an aqueous extract with 5% (w/v), by adding 5g of J.
regia bark powder to 100 mL of high purity and sterility water, heating at 60 °C for 15-20 minutes, filtering it with What
man filter paper No.1, and then storing it at 4 °C for future use [11].The storage not prolong for one day to maintain the
texture of plant extract as possible .

iii. Synthesis of ZNONPs from J.regia bark extract:

Add 25 mL of bark extract dropwise to 100ml of ZnS04.7H,0 (0.1 M), after an 5 hour reaction period, a colour change
occurred, indicating a chemical transformation. A blurry substance appeared, suggesting the formation of precipitates or
complexes. The process described involves the synthesis and characterization of ZnONPs. Primary centrifugation at 6000
rpm for 15 minutes separates the precipitate removed, the filtrate was incubated for 24 hours, then drops of NaOH (1M)
were added to the filtrate to adjust the pH to 11. It was noted that the colour of the solution changed to light yellow. Then,
the centrifugation process was carried out at 6000 rpm for 15 minutes three times, and each time the precipitate was washed
with distilled water. Then, the precipitate was collected and dried in the dark at laboratory temperature which represented
the ZnONPs [12]. The dried precipitate is then analysed using several techniques to assess its properties. UV-Visible
Spectrum, FTIR (Fourier Transform Infrared), XRD (X-Ray Diffractometer), Field Emission Scanning Electron Microscope
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(FESEM) and X-ray fluorescence (XRF) . These techniques are important to determine the ZnONPs as in many research
papers [13and 4]. The ZnONPs sample was compared with the J.regia bark extract sample alone within all experimental
measurements for comparison.

iv. Bacterial samples collection and antibacterial susceptibility :

Isolated bacteria (E. Coli, Klebseila spp and Enterobacter spp.) were obtained from women with recurrent miscarriage
(cervical swab) from Babylon Teaching Hospital for Women and Children in Babylon. Using blood agar , MacConkey and
chromogenic agar for isolation these bacteria ( figure 2 a, b, ¢ and d). The process of antibiotic susceptibility testing using
the Kirby-Bauer method on Mueller Hinton Agar is a standard microbiological technique. This method assesses the
effectiveness of various antibiotics against specific bacterial isolates were examined for antibiotic susceptibility. the samples
were cultured on Mueller Hinton Agar . The plates were incubated at 37 °C for 24 hours. according to Clinical & Laboratory
Standards Institute ( 14 and15) disk diffusion assay, with commonly used antibiotics in the hospital: Ciprofloxacin( 5 ug) ,
Amikacin(30 pg) , Aztreonam (30 pg ), Ciprofloxacin (5 pg ), Levofloxacin(5 pg ), Nalidixic acid(30 pg), Nitrofuranation
(300 pg ), Cefotaxime (30 pg )and Ceftazidime (30pg) .[ 16].

Figure (2): Bacterial isolation Using blood agar(1) , MacConkey(2) and chromogenic agar(3) for isolation of
bacteria (@) control,( b ) E.coli, (c) Enterobacter sp. and( d) Klebsiella sp.)

v. Antimicrobial tests for nanoparticles:

The ZnONPs manufactured by the green synthesis method were tested against E.coli, Klebseila spp and Enterobacter spp.
These were done in addition to the agar diffusion method, Mueller- Hinton agar was used to evaluate the microbial
susceptibility of ZnONPs. Mueller-Hinton agar was prepared according to the manufacturer's directions and poured into Petri
dishes to reach a mean thickness of approximately 1.0 cm, autoclaved for 15 min at 121 C°, and then allowed to solidify. The
overnight turbidity of E.coli, Klebseilla spp and Enterobacter spp. using the standard McFarland technique. A cotton swab
was soaked in each microbial growth under investigation, wiped on the surface of Mueller-Hinton agar, The holes were then
filled with 100 ml of ZnONPs prepared at six concentrations (3.12, 6.25, 12.5, 25, 50, and 100 mg/ml). All dishes were
incubated for a 24 h, at a temperature of 37 C°, and the zones of inhibition were determined in(mm) for each sample to find
which materials had the best antimicrobial activity [17] (figure 3) .

Figure (3): :Antimicrobial tests for nanoparticles and antibiotic IMP(10 ug),AMK(30 ug),CTX(30 ug),CFM(5
ug) (a) E.coli, (b) Enterobacter sp. and( c) Klebsiella SP.

vi. Minimum Inhibitory concentration (MIC):

The determination of MIC values is a critical aspect of microbiological research and clinical practice show in (figure 4),
providing essential information on the efficacy of antimicrobial substances like J. regia bark extract and ZnONPs. This
knowledge aids in optimizing treatment strategies and combating antimicrobial resistance effectively. In the context of this
study, both the J. regia bark extract and the green synthesized ZnONPs evidenced antibacterial activity against E. coli,
KlebseiA spp. and Enterobacter spp. isolates. MIC values were determined by testing range of concentration 25 mg/ml of
the ZnONPs [18].
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Figure (3): :Antimicrobial tests for nanoparticles and antibiotic IMP(10 ug),AMK(30 ug),CTX(30 ug),CFM(5 ug) (a)
E.coli, (b) Enterobacter sp. and( ¢) Klebsiella sp

vii. Statistical analysis

One-way ANOVA test was used to evaluate the inhibition zones of bacteria isolated from women with recurrent miscarriage
at the significance level of 0.05 by the least significant difference (L. S. D.) via IBM SPSS v.24 software.

Ethical certification

The present study followed the principles of the Declaration of Helsinki. Before sample collection, verbal and written consent
was obtained from the patients. A local ethics commission reviewed and approved the study protocol, consent form, and
subject information on June 11, 2024, under project number M240601.

3. RESULTS
i. Colour changes:

The observed colour change from brown to yellow as shown in figure 5 a & b, accompanied by the formation of brown
precipitation shortly after mixing ZnSO4.7H,0 (0.1 M) with J. regia bark extract (5%), is indicative of the rapid synthesis
of ZnONPs through a biological process. The change in colour is the initial stage of nanoparticle formation, which can
occur within a 5-6 hr., the time of colour change differ depending on plant species for ZnONPs formation [19and 20].

(f)

Figure (5): Synthesis of the ZnONPs from J.regiat bark extract. Color change comparing between the mixture of J.
regia bark extract addition NaOH ( a ,b, and c¢).synthesis of ZnONPs (d,e&f).

ii. UV-visible Spectrum Analysis:

The optical properties of the synthesized ZnO nanoparticles (ZnONPs) were characterized using UV-visible
spectrophotometry, within the wavelength range of 200-1200 nm, as shown in Figure 6. The UV-Vis spectrum of the
synthesized ZnONPs (Figure 6) exhibited the highest absorption at 192 nm, while the Juglans regia bark extract showed a
peak absorption at 220 nm.This shift in the absorption peak suggests that the ZnONPs are more stable in solution compared
to the bark extract. Furthermore, the higher absorption intensity of the ZnONPs indicates better solubility and dispersion of
the nanoparticles in the solution. The broad absorption bands observed in the UV-Vis spectrum of the J. regia bark extract
point to a heterogeneous distribution in terms of particle size and shape. This contrasts with the relatively more uniform
absorption profile of the ZnONPs, suggesting a more consistent nanoparticle structure.
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Figure (6): Absorption spectrum of synthesized ZnONPs by Juglans regia bark extract

iii. Fourier Transform Infrared (FTIR):

The FTIR spectra of J. regia bark extract and the synthesized ZnO nanoparticles (ZnONPs) are depicted in Figures 7(a ,b),
respectively. The FTIR analysis of the ZnONPs, synthesized using bioactive compounds from the plant extract, revealed
several significant absorption peaks between 4000 cm™ and 400 cm™'. These peaks indicate the presence of functional groups
involved in the reduction and stabilization of ZNONPs. The specific absorption peaks observed in the FTIR spectrum of the
ZnONPs include: 3435.71 cm™: Corresponding to the stretching vibrations of the O—H group, likely from phenolic
compounds in the extract. 2067.09 cm™: Assigned to C—H stretching vibrations, suggesting the presence of aliphatic
hydrocarbons or alkane structures in the extract. 1636.16 cm™: Associated with C=C stretching or N—H bending, indicating
aromatic compounds or amino acids. 1310.44 cm™: Linked to C—C stretching in the aromatic ring. 1180.32 cm™, 1142.02
cm™, 1076.02 cm™: Corresponding to C—N stretching, suggesting nitrogen-containing compounds, such as amines. 995.60
cm ! and 678.88 cm™: Associated with C—N stretching vibrations from amines. The comparison of the FTIR spectra of J.
regia extract and ZnONPs indicates the involvement of the extract’s bioactive compounds in the synthesis and stabilization
of the nanoparticles. Additionally, two new peaks, 1096.19 cm™ and 1015.99 cm™, appeared in the ZnONPs spectrum after
purification, which can be attributed to C—O stretching vibrations.

— S eeseeiRane=  {a) P S {b)

Figure 7: FTIR spectrum of biosynthesized (a) J.regia bark extract ( b) ZnO NPs and

iv. X-ray Diffraction (XRD) Analysis:

The crystalline structure of the synthesized ZnO nanoparticles (ZnONPs) was analyzed using X-ray diffraction (XRD). As
shown in Figure 8(a), the XRD pattern of the Juglans regia bark extract did not display any distinct diffraction peaks,
indicating the absence of crystalline structures and suggesting that the material is in the initial stages of nanoparticle
formation. The calculated average particle size from the extract was approximately 30.1 nm. In contrast, the XRD pattern of
the synthesized ZnONPs, depicted in Figure 8(b), exhibited several sharp and narrow diffraction peaks at 31.5°, 35°, 37°,
47°, 57°, 63°, and 69° (20). The presence of these well-defined peaks confirms the formation of highly crystalline ZnO
nanoparticles with a hexagonal wurtzite structure, characteristic of pure metallic ZnO nanoparticles. The average crystallite
size of the ZnONPs was calculated using the Debye-Scherrer equation: D = kA / (§ cos 0) Where: D = crystallite size , k =
Scherrer’s constant (0.9—1.0 for spherical particles) A = X-ray wavelength , = full width at half maximum (FWHM) of the
diffraction peak,0 = diffraction angle Based on the most intense diffraction peak, the average crystallite size of the ZnONPs
was determined to be 13.8 nm.
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Figure 8 : X-ray diffraction (XRD) results for (a) J.regia bark extract and (b) ZnONPs

v. Scanning Electron Microscope (SEM) Analysis:

The surface morphology, particle size, and shape of the synthesized ZnO nanoparticles (ZnONPs) were examined using
Scanning Electron Microscopy (SEM), providing detailed high-resolution images of the nanoparticles. As shown in Figure
9(a), the SEM image of Juglans regia bark extract revealed aggregated particles with an average diameter of 47.5 nm. These
particles predominantly exhibited a spherical shape In contrast, the SEM image of the synthesized ZnONPs Figure 9(b)
showed that the nanoparticles were primarily present as elongated aggregated particles, characterized by one end being wider
than the other. The average particle diameter of the ZnONPs was calculated to be 43.5 nm. The distinct change in particle
morphology after synthesis is a notable observation.
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Figure9(a) : FESM of (a) J.regia bark extract and (b)ZnONPs

vi. X-ray fluorescence (XRF):

The analysis results using X-ray fluorescence (XRF) revealed the presence of the metallic elements in Juglans regia and zinc
oxide nanoparticles (ZnONPs). As shown in Tables 7(a) and 7(b), it was confirmed that the percentage of most metals
decreased when moving from the active extract to the different view, with the exception of zinc, which decreased significantly
from 0.51% in the extract to 16.72% in the different view.

Table 1 : Chemical Analysis For J.regia bark extract (a) & ZnONPs (b

J.regia bark extract(a) ZnONPs (b)
Element Content Element Content
MgO(%) 0.44 MgO(%) 0.57
AlI203(%) 30.88 Al203(%) 0. 72
SiO2(%) 1.41 SiO2(%) 0.61
P(%) 0.22 P(%) 0.01
K(%) 1.32 K(%) 0.37
Ca(%) 0.78 Ca(%) 0.05
Fe(%) 0.01 Fe(%) 0.05
Ni(%) 0.02 Ni(%) 0.20
%) 051 | | Zn(%%) 16.72 |
S(%) 0.12

vii. Antimicrobial Activity and Inhibition Zone:

The antimicrobial activity of Juglans regia bark extract, zinc sulfate solution, and biosynthesized ZnO nanoparticles
(ZnONPs) was evaluated against three bacterial isolates: Klebsiella sp., Escherichia coli, and Enterobacter sp., using the
well diffusion method. The results are presented in Table 2. The J. regia bark extract (5%) exhibited a significant inhibitory
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effect on the growth of all three tested bacterial species. ZNONPs showed concentration-dependent antibacterial activity.
Higher concentrations (25-100 mg/ml) of ZnONPs demonstrated significant inhibition zones against all bacterial isolates
compared to the control and lower concentrations (3.12-12.5 mg/ml). The statistical analysis confirmed that 25 mg/ml was
the minimum concentration that produced the highest significant inhibition across the three bacterial species. Comparison
with antibiotics revealed that Enterobacter spp. showed resistance to Imipenem (IPM), whereas Klebsiella sp. and E. coli
were sensitive to IPM (10 ug). Additionally, the zinc sulfate solution alone produced a high and significant inhibition zone,
comparable to the effect of IPM on Klebsiella sp.. and E. coli.

vii. Minimum Inhibitory Concentration (MIC) Analysis:

Minimum inhibitory concentrations (MICs) refer to the lowest effective doses of antimicrobial substances that prevent the
visible growth of microorganisms after an overnight incubation period. Alexander Fleming pioneered the concept of MIC by
using broth turbidity to quantify the antibacterial activity of drugs. In the late 1980s, the Clinical and Laboratory Standards
Association established standardized methods and criteria for determining MICs in clinical settings to evaluate the
bacteriostatic effects of antibiotics. In the context of this study, both the J. regia bark extract and the green synthesized
ZnONPs demonstrated antibacterial activity against Klebsiela spp., E.coli and Enterobacter spp. isolates. MIC values were
determined by testing a range of concentrations of the ZnONPs in nutrient broth culture media are displayed in table 3.
ZnONPs was selected at a concentration of 25 mg/ml after it caused the highest inhibition for each of the three bacterial
species. This concentration was tested with antibiotics. It is noted that both combinations of 25 mg/ml of ZnONPs with the
antibiotics CFM (30 pg) and CTX(30 pg) caused significant inhibition compared to CFM (5ug) and CTX(30ug) before
adding ZnONPs for all bacterial species under study. Enterobacter sp. were resistant to the antibiotic IPM(10 pg), but after
being treated with the combination of IPM (10ug) + ZnONPs (25 mg/ml), the inhibition zone enhanced (17.7 mm)
comparing with the antibiotic AMK (30pg) alone. Table 3 data showed the combination between ZnONPs in concentration
25mg/ml lead to the three types of bacteria became susceptibility to CFM (5ug) and CTX (30ug) antibiotics. The formed
ZnONPs and the ZnONPs ( 25 mg/ml ) incorporated IPM (10ug), AMK(30ug), CFM(5ug) and CTX(30ug ) displayed
significant antibacterial activity against Klebsiella spp., E.coli and Enterobacter spp. (Figure 5).

Table (3) :Inhibition zone (mm) for isolated bacteria from recurrent miscarriage that are affected by combination of
ZnONPs with antibiotic :

w E.coli Klebsiella Enterobact
Treatments
Spp. er spp.

Control 0 0 0
ZnONPs 25 mg/ml 17.7 18 16
IPM(10 pug) 25 28 0
AMK(3 Opg) 11.3 15.7 22.7
CFM(5ug) 0 0 0
CTX(30 ng) 0 0 0
IPM (10pg)) +ZnONPs(25mg/ml) 17.7 19.3 17.7
AMEK(30pg)+ZnoNPs(25mg/ml) 16.7 17.3 16.3
CFM(5pg)+ZnoNPs(25mg/ml) 17.7 17.3 18.3
CTX (30 pg) +ZnoNPs(25mg/ml) 17.7 18 18
LSD(0.05) 1.43 1.29 1.53

4. DISCUSSION
i. UV-visible Spectrum Analysis

The observed absorption peak of ZnONPs at 192 nm is indicative of the successful synthesis of nanoparticles, with enhanced
stability and solubility in solution compared to the J. regia bark extract, which absorbed most strongly at 220 nm. The
difference in absorption peaks suggests that the phytochemicals in the bark extract are involved in the reduction and
stabilization of the ZnO nanoparticles, likely contributing to their distinct optical properties.[21] The broad absorption bands
in the J. regia extract may reflect a wider distribution of sizes and shapes of the nanoparticles formed, which could influence
their reactivity and interactions with bacterial cells. On the other hand, the narrower absorption band in the ZnONPs suggests
that the synthesis process produced nanoparticles with more consistent characteristics, leading to enhanced dispersion and
solubility. These findings underscore the utility of UV-visible spectrophotometry in characterizing the optical properties and
stability of nanomaterials. The spectral differences also highlight the role of J. regia bark extract as both a reducing and
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stabilizing agent during the green synthesis of ZnONPs.[22]
ii. Fourier Transform Infrared (FTIR) Spectral Analysis

The FTIR analysis revealed that several functional groups, such as hydroxyl groups (O—H), phenolic compounds, aliphatic
hydrocarbons, and amines, were involved in the biosynthesis of ZnONPs.[23] The presence of these groups is crucial for the
reduction of zinc ions and the stabilization of the nanoparticles. The peaks observed at 3435.71 cm™ and 2067.09 cm™
suggest that the bioactive compounds in J. regia bark extract, particularly phenolic compounds and aliphatic hydrocarbons,
play a significant role in the reduction process, enabling the formation of stable ZnONPs. The 1636.16 cm™ and 1310.44
cm™! peaks further confirm the interaction between amino acids or aromatic compounds from the extract and the zinc ions.
Moreover, the appearance of 1096.19 cm™ and 1015.99 cm™ peaks in the purified ZnONPs spectrum suggests that the
interaction between the nanoparticles and oxygen-containing functional groups may contribute to their stabilization.[24]
These findings emphasize the role of J. regia bark extract not only as a reducing agent but also as a stabilizing agent in the
synthesis of ZNONPs. The FTIR spectra comparison indicates that the green synthesis method using plant extracts is effective
in producing nanoparticles with distinct surface functionalization, contributing to the nanoparticles’ enhanced stability and
reactivity.[25].

iii. X-ray Diffraction (XRD) Analysis:

The absence of clear diffraction peaks in the J. regia bark extract confirms the non-crystalline, amorphous nature of the
extract and supports its role as a reducing and stabilizing agent during nanoparticle formation. The sharp and intense peaks
observed in the ZnONPs spectrum are indicative of the high purity and crystalline nature of the synthesized nanoparticles.
[11]The calculated crystallite size of 13.8 nm falls within the nanoscale range, confirming successful synthesis of ZnONPs.
The narrow peak widths further suggest the formation of uniform and well-crystallized nanoparticles. The XRD analysis not
only confirms the purity and phase structure of the ZnONPs but also provides valuable information regarding particle size
and crystallinity. These results highlight the effectiveness of J. regia bark extract in facilitating the biosynthesis of ZnONPs
with desirable structural properties, making them suitable for potential biological and antimicrobial applications.[13].

iv. Scanning Electron Microscope (SEM) Analysis:

The SEM analysis confirmed the morphological transformation that occurs during the biosynthesis process. While the J.
regia bark extract initially formed mostly spherical aggregates, the synthesized ZnONPs displayed a more elongated
morphology with asymmetrical aggregation, suggesting that the reduction and stabilization process influenced the final
nanoparticle shape. [26]The aggregation observed in both the extract and ZnONPs samples aligns with previous reports
indicating the tendency of biologically synthesized nanoparticles to form clusters due to the presence of organic molecules
acting as capping agents. Similar studies, such as those reported by [27] and [28], described spherical and aggregated
nanoparticle structures when using J. regia bark extract. Additionally, the formation of larger aggregates alongside individual
nanoparticles observed in the SEM images may be attributed to natural agglomeration during the drying or sample
preparation process, which is commonly reported in green synthesis methods [29]. Overall, the SEM results highlight that
the biosynthesis process not only reduces zinc ions but also impacts the morphological features of the resulting ZnONPs,
producing nanoparticles with distinct elongated shapes potentially influencing their surface area and biological interactions.

v. X-ray fluorescence (XRF):

The highest percentage of zinc in the nano sample, which was the result of the successful technique followed by zinc oxide
nanoparticles, reflecting the increased concentration and purity of zinc in the nano image.[31] Oxygen was also found
associated with other elements, but in small proportions, indicating a significant interaction between the two elements during
the chemical process. These results are compared with previous studies using XRF technology to accurately detect mineral
elements in plant extracts and their proportions, which led to the production of the reliability of this technology in analytical
studies on various plants[32].

vi. Antimicrobial Activity and Inhibition Zone:

The results clearly demonstrate the potent antibacterial activity of both J. regia bark extract and the biosynthesized ZnONPs.
However, ZnONPs exhibited superior antibacterial efficacy, particularly at concentrations of 25 mg/ml and above, which is
attributed to their nanoscale size and increased surface reactivity .These findings are consistent with previous studies [33],
which highlighted the antibacterial and antioxidant properties of J. regia extract. Furthermore, the enhanced antibacterial
effect of green-synthesized ZnONPs can be explained by their ability to interact more

effectively with bacterial cell membranes due to their small size, large surface area, and high reactivity. This interaction leads
to membrane disruption, increased permeability, and ultimately, bacterial cell death. The observation that Enterobacter sp.
was resistant to IPM but susceptible to ZnONPs suggests that green-synthesized ZnONPs could serve as a promising
alternative or complementary agent to conventional antibiotics, especially in cases of antibiotic resistance. Moreover, the
eco-friendly and cost-effective nature of the green synthesis approach adds value to the potential biomedical applications of
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ZnONPs as effective antimicrobial agents against resistant bacterial strains.[ 34],
vii. Minimum Inhibitory Concentration (MIC) Analysis:

The MIC results highlight the potent antibacterial effect of biosynthesized ZnONPs, particularly at 25 mg/ml, against the
studied multidrug-resistant bacterial isolates. The significant enhancement in inhibition zones upon combining ZnONPs with
antibiotics supports the hypothesis that ZnONPs can act as effective antibiotic adjuvants. The ability of ZnONPs to restore
the antibacterial activity of antibiotics like CFM and CTX, especially against resistant strains such as Enterobacter sp.,
demonstrates their potential role in overcoming bacterial resistance mechanisms. The synergistic effect observed may be
attributed to the nanoparticles’ capacity to disrupt bacterial cell membranes, thereby increasing antibiotic penetration and
efficacy. These findings align with previous studies, such as Madan [37], which reported similar synergistic interactions
between green-synthesized ZnONPs and conventional antibiotics. This suggests that integrating ZnONPs with antibiotics
could represent a promising strategy for enhancing antibacterial therapy against resistant pathogens.

5. CONCLUSIONS
1. The green synthesis of ZnONPs using J. regia bark is an eco-friendly and sustainable method that reduces the need for
traditional chemical processes.

2. ZnONPs demonstrated effective antibacterial activity against Klebsiella spp., E. coli, and Enterobacter spp. isolated from
women with recurrent miscarriage.

3. A concentration of 25 mg/ml of ZnONPs, combined with antibiotics (CFM and CTX), successfully converted resistant
bacteria to susceptible ones, including overcoming Enterobacter sp. resistance to IPM.

Recommendations:
1. Conduct further studies to understand the mechanism of action of ZnONPs in bacterial inhibition.

2. Assess the toxicity and safety of ZnONPs before clinical application.
3. Explore synergistic effects of ZnONPs with other antibiotics to enhance antibacterial activity.
4. Perform clinical trials to evaluate the efficacy of ZnONPs in treating bacterial infections
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