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Multidrug-resistant uropathogenic Escherichia coli limits antibiotic effectiveness, 
encouraging green-synthesized zinc oxide nanostructures as promising alternative 
antibacterial agents. This study aimed to green-synthesize and characterize zinc 
oxide nanostructures using medicinal plant extracts and evaluate their antibacte-
rial and antibiofilm activities against multidrug-resistant uropathogenic Escherich-
ia coli. This laboratory-based experimental study was conducted from January to 
August 2026 using 150 urine samples. Uropathogenic Escherichia coli was isolated 
by standard culture and biochemical methods, and antimicrobial susceptibility was 
assessed by Kirby–Bauer testing. A medicinal plant extract was used for the green 
synthesis of ZnO nanostructures, which were characterized using UV–Vis, FT-IR, 
XRD, SEM, and TEM. Antibacterial activity was evaluated by agar well diffusion, 
while MIC and MBC were determined by broth microdilution. Antibiofilm activity 
was assessed using the microtiter-plate crystal violet assay. Among 150 urine sam-
ples, 108 (72.0%) were culture-positive, with E. coli accounting for 75.9% of isolates; 
50 UPEC isolates were multidrug-resistant. Resistance was highest to ampicillin 
(84.1%), whereas imipenem showed 86.6% susceptibility. Green-synthesized ZnO 
exhibited a 369 nm absorption peak, hexagonal wurtzite structure, and 29.4±3.8-nm 
crystallite size. Antibacterial activity increased concentration-dependently, reaching 
a 20.9±2.7-mm inhibition zone at 200 µg/mL. Most isolates showed MIC and MBC 
values of 100 and 200 µg/mL, respectively. Biofilm inhibition reached 62.4±9.8% 
at 200 µg/mL. In conclusion, green-synthesized ZnO nanostructures demonstrat-
ed concentration-dependent antibacterial and antibiofilm activity against multi-
drug-resistant UPEC isolates. Their favorable physicochemical characteristics and 
relatively low inhibitory concentrations support their potential as alternative anti-
microbial agents. Further toxicity, biocompatibility, mechanistic, and in vivo studies 
are required before clinical application.
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INTRODUCTION
Urinary tract infections (UTIs) are one of the 

most common bacterial infections in clinical 
practice and are a significant burden on the 
healthcare system due to their high incidence, 
the high risk of recurrence, and the need for 
antimicrobial therapy. Uropathogenic Escherichia 
coli (UPEC) is the most common cause of both 
community- and HAI-associated UTIs and has 
unique virulence determinants that enable UPEC to 
colonize, persist, and invade the urinary tract [1, 2]. 
These include adhesins, fimbriae, iron-acquisition 
mechanisms, toxins, motility-associated factors, 
and intracellular survival and biofilm formation 
mechanisms [2, 3]. Biofilm formation is pertinent 
for the ability of bacteria to persist in the body, 
to cause recurrent infection, and to become less 
susceptible to antimicrobials [3, 4].

Multidrug-resistant (MDR) UPEC strains 
have emerged and spread, making infection 
management more difficult. Therapeutic options 
are limited, and the risk of treatment failure and 
recurrent disease is high because of resistance to 
β-lactams, fluoroquinolones, aminoglycosides, 
and other common antimicrobial classes used 
in treatment [5, 6]. UPEC resistance is further 
complicated by extended-spectrum β-lactamase 
production, changes in the antimicrobial target, 
decreased membrane permeability, active 
efflux, horizontal acquisition of resistance 
determinants, and biofilm protection [7]. The 
combination of virulence, biofilm production, and 
multidrug resistance highlights the importance 
of developing alternative approaches that target 
new mechanisms of action rather than traditional 
antibiotics [8].

Nanotechnology has therefore gained 
much attention as an alternative route for the 
formulation of novel antimicrobial materials. 
The zinc oxide nanoparticles and nanostructures 
(ZnO-NPs) are among the most promising metal 
oxide nanomaterials due to their physicochemical 
stability, low cost, and high surface-to-volume 
ratio, as well as their wide antimicrobial activity 
[9]. The antibacterial action has been suggested 
to be due to a combination of mechanisms such 
as the production of ROS, release of Zn²⁺ ions, 
disruption of bacterial membrane integrity, 
alteration of membrane permeability, oxidative 
damage to cellular components, and disruption 
of essential metabolic pathways [10]. Combined 
use of several different antibacterial mechanisms 
might be beneficial in the treatment of bacteria 

with “classic” drug-resistant phenotypes.
The traditional physical and chemical methods 

for the production of nanostructures of ZnO can 
consume significant amounts of energy, involve 
harsh reaction conditions or chemical reducing 
and stabilizing agents, which can leave unwanted 
residues. The green synthesis approach based 
on biological resources has thus become an 
environmentally friendly technology [11, 12]. 
Medicinal plant extracts contain a variety of 
phytochemicals such as polyphenols, flavonoids, 
terpenoids, alkaloids, proteins, sugars, and 
organic acids, which can participate in the 
formation, stabilization, and functionalization of 
nanoparticles on the surface [13]. Typically, plant-
mediated synthesis is simple, inexpensive, and 
can be easily integrated with the reduction of 
hazardous chemicals used, and the phytochemical 
coating of biogenic particles can alter the biological 
properties of the particles [13, 14].

  In recent years, the use of plants to synthesize 
ZnO nanostructures has been proven to be 
effective for plants such as Scoparia dulcis, Cocos 
nucifera, Viscum album, Pluchea indica, Mentha 
piperita, and Allium cepa [15]. These investigations 
have reported the antimicrobial activity of 
these nanoscale structures of ZnO crystallized 
against several Gram-positive and Gram-negative 
pathogens. Importantly, ZnO nanoparticles 
synthesized using Mentha piperita exhibited activity 
against antimicrobial-resistant microorganisms 
causing UTIs [16, 17], and other green-synthesized 
ZnO nanoparticles have been reported to exhibit 
inhibitory effects against MDR clinical bacteria 
[18]. Plant-derived ZnO nanoparticles also showed 
activity against E. coli, indicating their potential as 
an alternative antibacterial material [19].

However, there are significant differences in the 
antimicrobial activity depending on the botanical 
origin, phytochemical content, method of 
preparation, particle size, shape, surface properties, 
concentration, and phenotype of the bacteria. 
Moreover, there is comparatively limited evidence 
directly targeting clinically relevant MDR UPEC 
isolates using plant-mediated ZnO nanostructures. 
Hence, a comparison of green-synthesized ZnO 
nanostructures with the resistant uropathogenic E. 
coli could be a useful indication to determine the 
sustainability of the prepared nanotech material 
for its possible use as an antimicrobial material. In 
the present study, zinc oxide nanostructures were 
synthesized and characterized using medicinal 
plant extracts, and their antibacterial activity 
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against multidrug-resistant UPEC was evaluated.

MATERIALS AND METHODS 
Study Design and Sample Collection

This laboratory-based experimental study was 
conducted from January to August 2026 to evaluate 
the antibacterial activity of green-synthesized zinc 
oxide (ZnO) nanostructures against multidrug-
resistant uropathogenic Escherichia coli (UPEC). 
A total of 150 midstream urine samples were 
collected from patients with a clinical diagnosis of 
urinary tract infection (UTI) attending outpatient 
clinics and microbiology laboratories. Urine 
samples were collected in sterile containers 
and promptly transported to the laboratory for 
microbiological analysis.

Isolation and Identification of Bacterial Isolates
Urine samples were cultured on CLED 

(cystine–lactose–electrolyte-deficient) agar and 
MacConkey agar plates and incubated aerobically 
at 37°C for 24 hours. Significant bacteriuria was 
defined as a bacterial count of ≥10⁵ CFU/mL. 
Escherichia coli isolates were identified based on 
colony morphology, Gram staining, and standard 
biochemical tests, including triple sugar iron (TSI) 
agar, urease, indole production, and motility tests.

Antibiotic Susceptibility Testing
Antimicrobial susceptibility testing was 

performed using the Kirby–Bauer disk diffusion 
method on Mueller–Hinton agar, following the 

guidelines of the Clinical and Laboratory Standards 
Institute (CLSI). Antibiotics tested were ampicillin, 
cefotaxime, ceftazidime, ciprofloxacin, gentamicin, 
nitrofurantoin, and imipenem. Isolates resistant to 
at least three different antimicrobial classes were 
considered multidrug-resistant (MDR).

Preparation of Medicinal Plant Extract
Fresh medicinal plant leaves were thoroughly 

washed with distilled water and then air-dried at 
room temperature. Dried plant material was finely 
ground using an electric grinder. The powdered 
material (about 20 g) was mixed with 200 mL of 
distilled water and heated at 60°C for 30 minutes. 
The extract was filtered through Whatman No. 1 
filter paper and stored at 4°C for further use.

Green Synthesis of Zinc Oxide Nanostructures
50 mL of plant extract was added to 50 mL of 

zinc acetate dihydrate solution (0.1 M), and the 
mixture was stirred continuously at 70°C till the pH 
of the mixture reached 10 by dropwise addition of 
sodium hydroxide solution. The formation of ZnO 
nanostructures was evidenced by the appearance 
of a pale white precipitate. The precipitate was 
centrifuged at 10,000 rpm for 15 minutes, washed 
with distilled water and ethanol many times, dried 
at 80°C overnight, and then calcined at 400°C for 
2 hours.

Characterization of Synthesized ZnO Nanostructures
The synthesized zinc oxide (ZnO) nanostructures 

Parameter NO. (n) Percentage (%) 

Total urine samples 150 100 

Positive bacterial 
culture 108 72.0 

Negative bacterial 
culture 42 28.0 

E. coli isolates 82 75.9 

Non-E. coli isolates 26 24.1 

MDR UPEC isolates 
selected for testing 50 61.0 

 
  

Table 1. Distribution of urine culture results and uropathogenic Escherichia coli isolates among the 
examined clinical samples.
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were characterized using various analytical 
techniques. UV–Visible (UV–Vis) spectroscopy was 
employed to determine the optical absorption 
characteristics of the samples. Fourier-transform 
infrared (FT-IR) spectroscopy was used to identify 
the functional groups associated with the plant-
derived compounds involved in nanoparticle 
formation and stabilization. X-ray diffraction 
(XRD) analysis was performed to determine the 
crystalline structure and estimate the average 
crystallite size of the ZnO nanostructures. Scanning 
electron microscopy (SEM) and transmission 
electron microscopy (TEM) were used to examine 
the surface morphology, particle shape, and size 
distribution of the synthesized nanostructures.

Evaluation of Antibacterial Activity
The antibacterial activity of the synthesized zinc 

oxide (ZnO) nanostructures was evaluated against 
multidrug-resistant uropathogenic Escherichia 
coli (MDR UPEC) isolates using the agar well 
diffusion method. ZnO nanoparticle suspensions 
were prepared at concentrations of 25, 50, 100, 
and 200 µg/mL. Mueller–Hinton agar plates were 
inoculated with standardized bacterial suspensions 
adjusted to the 0.5 McFarland turbidity standard. 
Wells were aseptically prepared in the inoculated 
agar, and the ZnO nanoparticle suspensions were 
added to the wells. Following incubation at 37°C 
for 24 h, the diameters of the inhibition zones were 
measured in millimeters.

Determination of Minimum Inhibitory 
Concentration (MIC) and Minimum Bactericidal 
Concentration (MBC)

The minimum inhibitory concentration (MIC) 
and minimum bactericidal concentration (MBC) 
of the synthesized ZnO nanostructures were 
determined using the broth microdilution method. 

Standardized bacterial suspensions were added 
to broth containing serial dilutions of the ZnO 
nanostructures. Appropriate growth and sterility 
controls were included. Following incubation under 
the specified conditions, the MIC was defined as the 
lowest concentration of ZnO nanostructures that 
prevented visible bacterial growth. To determine 
the MBC, aliquots from wells showing no visible 
growth were subcultured onto suitable agar plates. 
The MBC was defined as the lowest concentration 
that resulted in no detectable bacterial growth on 
the agar following incubation.

Biofilm Inhibition Assay
The antibiofilm activity of the synthesized zinc 

oxide (ZnO) nanostructures was evaluated using the 
crystal violet staining method in 96-well microtiter 
plates. Multidrug-resistant uropathogenic 
Escherichia coli (MDR UPEC) isolates were incubated 
in the presence of different concentrations of ZnO 
nanostructures for 24 h. Following incubation, the 
biofilms were stained with crystal violet, and the 
attached biomass was quantified by measuring the 
absorbance at 570 nm using a microplate reader. 
Biofilm inhibition was expressed as a percentage 
relative to the untreated control.
Statistical Approval

Statistical analyses were performed using SPSS 
software, version 26 (IBM Corp., Armonk, NY, USA). 
Quantitative variables were expressed as mean 
± standard deviation (SD), whereas categorical 
variables were presented as frequencies 
and percentages. Differences in antibacterial 
activity among the different ZnO nanostructure 
concentrations were assessed using one-way 
analysis of variance (ANOVA), followed by Tukey’s 
post hoc test for pairwise comparisons.

 The chi-square test was used to analyze 
categorical comparisons. A p-value of of less than 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

  

Antibiotic Resistant No. (%) Intermediate No. (%) Sensitive No. (%) 
Ampicillin 69 (84.1) 4 (4.9) 9 (11.0) 

Cefotaxime 58 (70.7) 6 (7.3) 18 (22.0) 
Ceftazidime 55 (67.1) 7 (8.5) 20 (24.4) 

Ciprofloxacin 51 (62.2) 5 (6.1) 26 (31.7) 
Gentamicin 37 (45.1) 8 (9.8) 37 (45.1) 

Nitrofurantoin 22 (26.8) 5 (6.1) 55 (67.1) 
Imipenem 8 (9.8) 3 (3.7) 71 (86.6) 

Table 2. Distribution of Antimicrobial Susceptibility Profiles Among Clinical Uropathogenic Escherichia coli (UPEC) Isolates 
Against Seven Antibiotics.
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0.05 was considered statistically significant.

Ethical Approval
The study protocol was approved by the relevant 

institutional ethics committee, and informed 
consent was obtained from all participants before 
sample collection. Ethical principles and laboratory 
biosafety procedures were followed throughout 
the study.

RESULTS AND DISCUSSION
Frequency of culture positivity, bacterial 

isolates, and multidrug-resistant UPEC selected for 
subsequent antibacterial testing.

The 108 urine samples that were cultured 
were positive for bacteria, while 42 (28.0%) were 
negative for bacteria. Among the 108 positive 
cultures, the most common bacterial isolate was 
Escherichia coli (82, 75.9%), and the non-E. coli 

uropathogens were (26, 24.1%). Of the 82 UPEC 
isolates, 50 (61.0%) were multidrug-resistant and 
chosen for further testing of the antimicrobial and 
anti-biofilm properties of the synthesized ZnO 
nanostructures, as shown in Table 1.

Distribution of resistant, intermediate, and 
susceptible phenotypes among 82 clinical UPEC 
isolates tested against seven antibiotics

As shown in Table 2, the study of antimicrobial 
susceptibility showed the highest resistance 
to ampicillin (84.1%), followed by cefotaxime 
(70.7%), ceftazidime (67.1%), and ciprofloxacin 
(62.2%). The same proportion of resistant (45.1%) 
and susceptible (45.1%) isolates was seen for 
gentamicin. Comparatively lower resistance 
was seen towards nitrofurantoin (26.8%) and 
imipenem (9.8%). There was substantial variation 
in antimicrobial susceptibility, with imipenem 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. UV–Visible absorption spectrum of green-synthesized ZnO nanostructures.

 
 
 
 
 
 
 
 
 
 

  

Characterization parameter Result 
Plant extract appearance Light brown aqueous extract 

Color change after ZnO formation Pale yellow to milky white 
UV–Visible absorption peak 369 nm 

FT-IR major functional groups O–H, C=O, C–O, Zn–O 
XRD crystalline structure Hexagonal wurtzite ZnO 

Mean crystallite size 29.4 ± 3.8 nm 
SEM morphology Spherical to short rod-like particles 

Zeta potential −25.7 ± 2.9 mV 
Polydispersity index 0.33 ± 0.05 

Table 3. Physicochemical Characterization of Green-Synthesized Zinc Oxide Nanostructures by Spectroscopic, Microscopic, and 
Crystallographic Techniques.
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showing the highest activity (86.6% susceptible), 
followed by nitrofurantoin (67.1% susceptible).

Optical, structural, morphological, surface-charge, 
and particle-distribution characteristics of ZnO 
nanostructures

As shown in Table 3, the green-synthesized ZnO 
nanostructures exhibited characteristic optical, 
structural, morphological, and physicochemical 
properties. The initial colour change from pale 
yellow to milky white suggested successful 
synthesis. UV–Visible spectroscopy revealed a 
characteristic absorption peak at 368 nm (Fig. 
1), while FT-IR analysis identified O–H, C=O, C–O, 
and Zn–O functional groups, as shown in (Fig. 4). 
XRD analysis confirmed the hexagonal wurtzite 
crystalline structure, with an average crystallite size 
of 29.4 ± 3.8 nm (Fig. 2). SEM examination revealed 
predominantly spherical to short rod-like particles 
Fig. 3 (a-c). As shown in Fig. 3(d–f), TEM images 
revealed the interplanar spacing of 0.281 nm, 

corresponding to the (100) plane, further confirms 
the nanorod-like structure of ZnO nanostructures. 
The synthesized nanostructures exhibited a zeta 
potential of −25.7 ± 2.9 mV and a polydispersity 
index (PDI) of 0.33 ± 0.05.

Comparison of inhibition-zone diameters produced 
by increasing ZnO concentrations, plant extract, 
and positive antibiotic control

As shown in Table 4, the green-synthesized 
ZnO nanostructures exhibited a concentration-
dependent enhanced antibacterial activity against 
MDR UPEC isolates. The mean inhibition zone 
increased from 9.6 ± 1.5 mm at 25 µg/mL to 12.8 ± 
1.9 mm at 50 µg/mL, and 16.7 ± 2.3 mm at 100 µg/
mL, and 20.9 ± 2.7 mm at 200 µg/mL (P<0.001). The 
plant extract alone produced an inhibition zone of 
7.4 ± 1.2 mm, which was not statistically significant 
(P = 0.081). Notably, ZnO nanostructures at 200 µg/
mL produced a larger mean inhibition zone than 
the positive antibiotic control (19.2 ± 3.0 mm).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. X-ray diffraction (XRD) pattern of green-synthesized ZnO nanostructures.

 
 
 
 

 
 

 
 

  

Treatment Zone of inhibition, mm Mean ± SD p-value 
Plant extract only 7.4 ± 1.2 0.081 

ZnO at 25 µg/mL concentration  9.6 ± 1.5 0.046 
ZnO at 50 µg/mL concentration 12.8 ± 1.9 0.011 

ZnO at 100 µg/mL concentration 16.7 ± 2.3 <0.001 
ZnO at  200 µg/mL concentration 20.9 ± 2.7 <0.001 

Positive control antibiotic 19.2 ± 3.0 <0.001 

Table 4. Comparison of the Antibacterial Activity of Green-Synthesized Zinc Oxide Nanostructures, Plant Extract, and Positive 
Antibiotic Control Against Multidrug-Resistant Uropathogenic Escherichia coli.
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Distribution of MIC and MBC endpoints among 
50 multidrug-resistant UPEC isolates exposed to 
increasing ZnO concentrations

As summarized in Table 5, among the 50 
multidrug-resistant (MDR) UPEC isolates, the 
most frequently observed minimum inhibitory 
concentration (MIC) was 100 µg/mL, detected in 
28 isolates (56.0%), followed by 200 µg/mL in 15 
isolates (30.0%) and 50 µg/mL in 7 isolates (14.0%). 
Higher concentrations were generally required to 
achieve bactericidal activity. The most frequent 
minimum bactericidal concentration (MBC) was 
200 µg/mL, observed in 31 isolates (62.0%), 
followed by 100 µg/mL in 10 isolates (20.0%) and 
400 µg/mL in 9 isolates (18.0%). Overall, the higher 
MBC values compared with MIC values indicate 
that greater concentrations of ZnO nanostructures 
were generally required to achieve bactericidal 
effects than to inhibit bacterial growth.

Comparison of biofilm inhibition following 
treatment with increasing ZnO concentrations, 
plant extract, and positive antibiotic control

Biofilm inhibition increased progressively with 
increasing ZnO concentration, reaching 30.6 ± 
7.5% at 50 µg/mL (P = 0.026), 46.9 ± 8.7% at 100 
µg/mL (P = 0.003), and 62.4 ± 9.8% at 200 µg/
mL (P < 0.001). The plant extract alone showed a 
lower inhibition rate of 17.9 ± 5.8%, which was not 
statistically significant (P = 0.073). Notably, ZnO at 
200 µg/mL achieved greater biofilm inhibition than 
the positive antibiotic control (51.6 ± 10.4%; P = 
0.002), as presented in Table 6.

In the present study, bacterial growth was 
detected in 108 of 150 urine samples (72.0%), 
indicating a high prevalence of culture-positive 
urinary tract infections (UTIs) in the study 
population. Among the culture-positive isolates, 
Escherichia coli was the predominant species, 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. SEM (a–c) and TEM (d–f) graphs showing the morphology of green-synthesized ZnO nanostructures. 
 
 
 
 
 
 

Concentration (µg/mL) MIC No. (%) MBC No. (%) 
50 7 (14.0) 0 (0.0) 

100 28 (56.0) 10 (20.0) 
200 15 (30.0) 31 (62.0) 
400 0 (0.0) 9 (18.0) 

Total 50 (100) 50 (100) 
 

  

Table 5. Minimum Inhibitory and Bactericidal Concentrations of Green-Synthesized ZnO Nanostructures Against Multidrug-Resistant 
Uropathogenic Escherichia coli isoltes.
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accounting for 75.9% of the isolates. This finding is 
consistent with Assafi et al. [20], who identified E. 
coli as a major causative agent of UTIs and reported 
a considerable prevalence of multidrug resistance 
(MDR) among urinary isolates. Similarly, Jalil and 
Al Atbee [21] reported a high prevalence of MDR 
E. coli among patients with UTIs. Alfuraizi et al. 
[22] also highlighted the continued importance 
of uropathogenic E. coli (UPEC) as a major urinary 
pathogen associated with substantial antimicrobial 
resistance. Differences in prevalence rates across 
studies may be attributable to variations in study 
populations, geographical locations, previous 
antibiotic exposure, patient age, specimen 
collection methods, and healthcare-associated 
risk factors. The antimicrobial susceptibility profile 
reported in this study also highlights the clinical 
problem associated with UPEC. The highest 
resistance (84.1%) was to ampicillin, followed 
by cefotaxime (70.7%), ceftazidime (67.1%), and 
ciprofloxacin (62.2%). In the same way, Eezzeldin 

et al. [23] also found that multidrug resistance was 
high for UPEC against some of the antimicrobial 
agents commonly used. Most importantly, in the 
present study, imipenem was the most active 
antibiotic, with 86.6% of the isolates being 
susceptible. However, Al-Mayahie et al. [24] 
reported the presence of carbapenemase genes in 
Iraqi UPEC, suggesting the emergence of resistance 
to last-line antibiotics. The high resistance levels 
against beta-lactams could be due to the selection 
pressure exerted by the use of these antibiotics and 
the spread of plasmid-mediated beta-lactamases; 
higher susceptibility levels against imipenem could 
be a reflection of the comparatively limited use of 
this antibiotic.

The physicochemical characterization results 
confirmed the successful formation of plant-
mediated nanostructures of ZnO. The characteristic 
optical behavior for green synthesized ZnO 
nanoparticles [25] was found to be compatible 
with the UV–visible absorption maximum at 368 

 Fig. 4. FT-IR spectrum of green synthesized ZnO nanostructures.

 
 

Treatment Biofilm inhibition (%) (Mean ± SD) p-value 
Plant extract only 17.9 ± 5.8 0.073 

ZnO 50 µg/mL 30.6 ± 7.5 0.026 
ZnO 100 µg/mL 46.9 ± 8.7 0.003 
ZnO 200 µg/mL 62.4 ± 9.8 <0.001 

Positive control antibiotic 51.6 ± 10.4 0.002 
 

Table 6. Antibiofilm Activity of Green-Synthesized ZnO Nanostructures at Different Concentrations Against Multidrug-Resistant 
Uropathogenic Escherichia coli.
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nm. A similar kind of spectra and crystal structure 
wurtzite hexagonal have been reported for plant- 
mediated preparation of ZnO [26]. Furthermore, 
the mean crystallite size range (29.4 ± 3.8 nm) 
and the spherical to short rod-like shape of the 
crystals are similar to the nano-scale range (18–
35 nm) observed in some of the more recent 
phytochemical synthesis studies [27]. But, Dey et 
al. [28] demonstrated that nanoparticle size alone 
does not necessarily determine biological activity, 
as particles smaller than 50 nm do not invariably 
exhibit strong antibacterial effects. In the present 
study, the zeta potential of −25.7 ± 2.9 mV 
suggested moderate colloidal stability, consistent 
with the negative surface potentials reported for 
biosynthesized ZnO-based nanomaterials [29].

One of the key findings of this study was the 
concentration-dependent antibacterial activity of 
the green-synthesized ZnO nanostructures against 
multidrug-resistant (MDR) UPEC isolates. The 
inhibition zone increased progressively from 9.6 
± 1.5 mm at 25 µg/mL to 20.9 ± 2.7 mm at 200 
µg/mL. ZnO nanoparticles may damage bacterial 
membranes through several mechanisms, including 
direct interactions with the membrane, the release 
of Zn²⁺ ions, and the generation of reactive oxygen 
species (ROS) [30]. Likewise, other biosynthesized 
ZnO formulations have demonstrated increased 
antibacterial activity against bacterial species such 
as E. coli at higher nanoparticle concentrations 
[31].

Increased contact with bacterial surfaces, 
enhanced Zn²⁺ release, and elevated oxidative 
stress may contribute to the greater antibacterial 
activity observed at higher ZnO concentrations. 
Experimental studies have shown that ZnO 
exposure can induce ROS generation, lipid 
peroxidation, membrane disruption, protein 
dysfunction, and DNA damage in bacteria [32]. 
These mechanisms may act simultaneously and 
are particularly relevant against MDR organisms, 
as they differ from the target-specific mechanisms 
of conventional antibiotics. Moreover, several 
studies have demonstrated the antibiofilm 
activity of green-synthesized ZnO at relatively low 
concentrations, although its efficacy depends on 
the synthesis method and bacterial species [33].

The MIC results further support the antibacterial 
activity of the synthesized nanostructures. Among 
the 50 MDR UPEC isolates, 56.0% exhibited an MIC 
of 100 µg/mL, while 30.0% showed an MIC of 200 
µg/mL. Regarding MBC, 62.0% and 18.0% of isolates 
required concentrations of 200 and 400 µg/mL, 

respectively. These values were substantially lower 
than the MIC and MBC values of approximately 
3.2 and 3.9 mg/mL, respectively, reported by 
Abu-Gharbia et al. [34] for biosynthesized ZnO 
nanoparticles against UPEC. The present findings 
are more consistent with those of Elekhnawy et 
al. [35], who reported MIC values ranging from 32 
to 128 µg/mL for clinical Proteus mirabilis isolates. 
These differences may be attributed to variations in 
bacterial species and strains, nanoparticle size and 
shape, phytochemical surface coating, nanoparticle 
aggregation, Zn²⁺ dissolution, inoculum density, 
and experimental methodology.

The present study also demonstrated 
substantial antibiofilm activity. Biofilm inhibition 
was concentration-dependent, increasing from 
30.6% at 50 µg/mL to 62.4% at 200 µg/mL. 
Similarly, Hasan et al. [36] reported that ZnO 
nanoparticles inhibited biofilm formation by UPEC. 
Shakerdarabad et al. [37] also demonstrated 
significant antibacterial and antibiofilm activities 
of green-synthesized ZnO nanoparticles, further 
supporting their potential to disrupt bacterial 
communities. In another study, Abdelghafar et 
al. [38] reported that ZnO nanoparticles inhibited 
biomass formation and enhanced antibacterial 
activity against Staphylococcus aureus. These 
findings across different bacterial species 
suggest that the ability to interfere with biofilm 
development may be a broader biological property 
of ZnO nanomaterials rather than one limited to 
UPEC.

Mechanistically, the antibiofilm effects of ZnO 
nanostructures may involve the inhibition of 
initial bacterial adhesion, disruption of membrane 
integrity, suppression of extracellular polymeric 
substance production, induction of oxidative 
stress, and interference with cellular pathways 
associated with biofilm formation. Importantly, 
the biological activity of ZnO nanoparticles 
also depends on their morphology. Studies 
investigating antibacterial activity, bacterial 
gene expression, flagellar assembly, and biofilm-
associated pathways have shown that nanoparticle 
morphology can influence these processes [39]. 
This may help explain the variations in antibacterial 
activity reported in the literature. Overall, the 
present findings demonstrate the antibacterial and 
antibiofilm potential of medicinal plant-mediated 
ZnO nanostructures against MDR UPEC. However, 
differences among published studies highlight the 
need to standardize nanoparticle composition and 
physicochemical properties. Further investigations 
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into toxicity, biocompatibility, pharmacological 
behavior, and in vivo efficacy are also necessary 
before potential therapeutic applications can be 
considered.

CONCLUSION
Multidrug-resistant uropathogenic Escherichia 

coli was effectively inhibited by a green-
synthesized ZnO nanostructure due to its 
significant antibacterial and antibiofilm activity. 
The nanostructures had good physicochemical 
properties, such as a nanocrystallite size and a 
well-defined hexagonal wurtzite structure. They 
exhibited antibacterial activity in a concentration-
dependent manner, with the highest inhibition at 
200 µg/mL, and relatively low MIC and MBC values, 
showing good growth suppression. The formation 
of biofilm was also significantly restricted with the 
help of ZnO nanostructures, thus supporting their 
potential activity against the planktonic as well as 
the biofilm-associated UPEC. Based on the results 
presented in this study, it can be concluded that 
the plant-mediated ZnO nanostructures could be 
a potential alternative and/or complementary 
antimicrobial approach to combat multidrug-
resistant UPEC. However, to prove their potential 
for clinical application, further mechanistic studies, 
cytotoxicity and biocompatibility evaluation, 
animal studies, and standard in vivo evaluation 
must be performed.
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