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Abstract 

Background

The rise in antimicrobial resistance has necessitated the exploration of novel antimi-

crobial agents. Zinc oxide nanoparticles (ZnO-NPs) have gained prominence due to 

their biocompatibility, minimal toxicity, and potent antimicrobial properties. This study 

evaluates the antimicrobial activity of ZnO-NPs synthesized from Phoenix dactylifera 

root extract and their potential applications in disinfection.

Methodology

ZnO-NPs were synthesized using an eco-friendly method involving Phoenix dac-

tylifera root extract and zinc acetate at varied concentrations and ratios, followed 

by annealing. The nanoparticles were characterized and assessed for antimicrobial 

activity against a spectrum of bacterial and fungal isolates using microtiter broth 

dilution, disc diffusion, and pour plate assays. Disinfection efficacy was evaluated on 

water samples and surfaces. Additionally, the impact of ZnO-NPs on acid-fast bacilli 

(AFB) isolates was examined using VersaTrek Mycobottles.

Results

ZnO-NPs exhibited potent antimicrobial activity against Gram-positive and Gram- 

negative bacteria, with minimum inhibitory concentrations (MICs) ranging from 9.7 to 

310 µg/mL. Disc diffusion assays revealed larger inhibition zones in Gram-positive 

bacteria compared to Gram-negative strains, with MRSA showing the widest zone 
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(24 mm). ZnO-NPs significantly reduced colony-forming units (CFU) on water and 

surfaces, achieving complete bacterial inhibition on laboratory benches within 20 

minutes. The nanoparticles demonstrated bactericidal effects against AFB isolates, 

highlighting their broad-spectrum efficacy.

Conclusion

The study underscores the potential of ZnO-NPs as a versatile antimicrobial agent 

effective against MDR (multidrug-resistant) pathogens and environmental contami-

nants. Their rapid action and broad-spectrum activity make them suitable for disinfec-

tion in clinical and environmental settings. Future research could explore synergistic 

combinations with traditional antimicrobials to enhance efficacy against infections that 

are resistant to treatment.

Introduction

The development and application of nanotechnology have revolutionized various 
scientific fields, including medicine, agriculture, biology, engineering, pharmacy, the 
textiles and food industries, and environmental science [1,2]. Nanoparticles have 
garnered significant attention due to their unique physicochemical properties and 
potential to address pressing issues such as antimicrobial resistance [2–4]. The 
rapid rise of antibiotic-resistant pathogens has necessitated the exploration of novel 
antimicrobial agents [5]. One promising candidate is zinc oxide nanoparticles (ZnO-
NPs), which have garnered significant attention due to their biocompatibility, minimal 
toxicity, excellent chemical stability, wound healing, and antibacterial and antifungal 
properties [6]. Zinc oxide nanoparticles are renowned for their broad-spectrum antimi-
crobial activity, which effectively targets a wide range of pathogenic microorganisms, 
including both Gram-positive and Gram-negative bacteria, fungi, and viruses [4,7,8]. 
Studies have demonstrated that ZnO-NPs possess significant antibacterial proper-
ties against pathogens such as Candida albicans, Aspergillus niger, Streptococcus 
pyogenes, S. aureus, Acinetobacter baumannii, methicillin-resistant Staphylococcus 
aureus (MRSA), Bacillus subtilis, Pseudomonas aeruginosa, Mycobacterium tuber-
culosis, Bacillus megaterium, Escherichia coli, and Klebsiella pneumonia, especially 
multi-drug resistant (MDR) pathogens including ESBL-producing strains [9–15]. Their 
small size and large surface area enhance their interaction with microbial cells, lead-
ing to effective antimicrobial action through multiple mechanisms such as the genera-
tion of reactive oxygen species (ROS), disruption of cell membranes, and the release 
of zinc ions, which can penetrate microbial cells, disrupt various enzymatic systems 
and interfere with metabolic processes critical for cell survival [3,4,16,17]. Several 
studies have shown that ZnO-NPs can effectively reduce bacterial colony-forming  
units (CFUs), making them suitable for environmental and clinical disinfection 
[16,18–20]. For instance, ZnO-NPs have been successfully incorporated into wound 
dressings, preventing infections and promoting wound healing [21]. The likelihood of 
infection during the healing process has been demonstrated to be reduced by ZnO 
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NPs embedded in collagen dressings [22], chitosan hydrogel [23], or cellulose sheets [24]. In water treatment, ZnO-NPs 
have been employed to disinfect water by targeting and eliminating waterborne pathogens, thus reducing the risk of water-
borne diseases [16,18]. The study by Wang, Hu, and Shao (2017) highlighted the antimicrobial potential of nanoparticles. 
Similarly, ZnO-NPs have shown promise in food preservation by being incorporated into polymeric matrices to enhance 
packaging material properties and provide antimicrobial activity [25]. Recent studies by Ullah et al. (2024) have shown that 
ZnO-NPs synthesized using plant extracts, such as wild olive leaf extract, exhibit high catalytic performance and remark-
able selectivity (up to 80%) for hydrogen generation from the formic acid/sodium formate system [26].

The study by Ghaffar et al. (2023) demonstrated that ZnO nanoparticles synthesized using olive fruit extract showed 
excellent photocatalytic and antioxidant activities, highlighting their potential as sustainable and eco-friendly agents for 
wastewater treatment [27]. Building on this, the present study explores a novel plant source, Phoenix dactylifera root extract, 
for ZnO nanoparticle synthesis, further advancing eco-friendly nanotechnology with practical antimicrobial and disinfection 
applications. Abbas et al. (2023) demonstrated that ZnO-based nanostructures, particularly surface-functionalized nano-
flakes, significantly enhance sensitivity and selectivity in sensing applications due to their large surface area and effective 
interaction with target molecules [28]. Extending this concept, the present study highlights the antimicrobial versatility of 
green-synthesized ZnO nanoparticles, emphasizing their effective interaction with multidrug-resistant pathogens and real-
world contaminated surfaces. Green-synthesized ZnO nanoparticles using Equisetum diffusum D extract have demonstrated 
multifunctional potential, including effective photocatalytic degradation of various dyes and notable antimicrobial properties.

The study by Assad et al. (2023) highlights the growing relevance of phyto-functionalized ZnO NPs in environmental 
and biomedical applications [29]. The study by Siddique et al. (2024) underscores the significance of plant-mediated ZnO 
NPs in environmental remediation and controlling drug-resistant bacteria [30]. Meanwhile, the novelty of the present study 
lies in the green synthesis of ZnO-NPs using Phoenix dactylifera root extract, an underexplored natural resource as a 
reducing agent. Additionally, it uniquely evaluates the disinfection efficacy of these nanoparticles on real-world environ-
mental surfaces and water samples, bridging gaps left by previous research.

Moreover, the synthesis and optimization of ZnO nanoparticles (NPs) have evolved to include green and eco-friendly 
methods. Biological substrates, such as fungus, plant extracts, yeasts, phages, algae, and bacteria, are increasingly used 
to produce ZnO-NPs, offering a sustainable alternative to traditional chemical and physical synthesis methods [4,31,32]. 
Additionally, this approach also enhances the biocompatibility and safety of the nanoparticles, making them more suit-
able for biomedical applications [4,32,33]. The studies by Jin and Jin (2021) and Rosli et al. (2021) have emphasized the 
potential of ZnO-NPs as antimicrobial agents; however, ongoing research into their synthesis, mechanisms, and real-world 
disinfection applications continues to highlight their versatility and effectiveness [4,33].

The present study addresses this gap by applying green-synthesized ZnO-NPs from Phoenix dactylifera roots in actual 
surface and water disinfection, providing practical antimicrobial insight. The novelty of this study lies in the green synthesis 
of ZnO-NPs using Phoenix dactylifera root extract, an underexplored natural resource, and their comprehensive evalua-
tion against a broad spectrum of clinically relevant and multidrug-resistant bacterial and fungal isolates. Additionally, the 
study uniquely assesses their disinfection efficacy on actual environmental surfaces and water samples, which is rarely 
reported in prior research. Therefore, this study aims to synthesize zinc oxide nanoparticles using Phoenix dactylifera root 
extract and comprehensively evaluate their antimicrobial efficacy and potential applications to disinfect water, surfaces, 
and clinically relevant microbial isolates.

Methods

Culture and identification of bacterial and fungal isolates

Bacterial and fungal isolates were retrieved from the King Hussein Cancer Centre (KHCC), with sample collection and 
research approved by the Ethics Committee of the Institutional Review Board (IRB; approval number 21 KHCC 047). 



PLOS One | https://doi.org/10.1371/journal.pone.0340470  February 13, 2026 4 / 23

Samples were collected starting from March 24, 2021. The studied bacterial and fungal isolates included references from 
the American Type Culture Collection (ATCC) and isolates identified using CAP Proficiency Testing (CAP PT), as detailed 
in Table 1. Selected bacterial strains are routinely collected in the microbiology laboratory and stored at −70°C for quality 
control purposes. The current study focuses on a descriptive analysis of these bacterial isolates. As no patient-related 
data were collected, ethical approval was not required. This study was conducted as basic science laboratory work, and 
informed consent was not necessary since there was no direct interaction with patients and no collection of personal 
information. The ATCC strains listed in Table 1, including E. coli ATCC 25922, S. aureus ATCC 25923, and P. aeruginosa 
ATCC 27853, Candida albicans ATCC 90028, Candida parapsilosis ATCC 22019, and Candida glabrata ATCC 2001, 
and Haemophilus influenzae ATCC 49247 were used as standard quality control strains in the antimicrobial susceptibility 
assays.

The stock cultures of the microbial isolates (fungi and bacteria) were prepared by mixing 500 μl of a confirmed culture 
containing either fungi, Gram-negative bacteria, or Gram-positive isolates with 50% glycerol (Sigma-Aldrich, Germany). 
These were then stored in cryovials (Thermo Fisher Scientific Nalgene Cryovials) at −70°C until further use. Working 

Table 1.  list of bacterial and fungal isolates used in this study.

Isolate Source No. of isolates Site of sample

ESBL positive Enterobacterales Patient isolates 30 Blood, urine, wound, PAS

ATCC strains – K. pneumoniae ATCC 700603

ESBL negative Enterobacterales Patient isolates 30 Blood, urine, wound

ATCC strains – E. coli ATCC 25922

Pseudomonas aeruginosa CSPA Patient isolates 20 Blood, wound, PAS, NS

ATCC strains – P. aeruginosa ATCC 27853

Pseudomonas aeruginosa CRPA Patient isolates 30 Wound, PAS, NS, Trap

Acinetobacter sp. Multisensitive Patient isolates 40 Blood, wound, PAS, NS, Trap

ATCC strains – ATCC 27244

Acinetobacter baumannii MDR Patient isolates 40 Blood, wound, PAS, NS, Trap

Staphylococcus aureus MSSA Patient isolates 20 Blood, wound, NS, Trap

ATCC strains – ATCC 29213

Staphylococcus aureus MRSA Patient isolates 20 Blood, NS, Trap

ATCC strains – ATCC 25923

Vancomycin sensitive Enterococcus faecium Patient isolates 15 Urine, PAS

Vancomycin resistant Enterococcus faecium Patient isolates 15 PAS

Streptococcus pneumoniae ATCC strains – ATCC 49619

Candida albicans Patient isolates 20 TRAP, HVS

ATCC strains – ATCC 90028

Candida parapsilosis ATCC strains – ATCC 22019

Candida glabrata ATCC strains – ATCC 2001

Aspergillus spp. Patient isolates 10 Trap, BAL, Sputum

Acid Fast Bacilli (Mycobacterium tuberculosis, and 
Mycobacterium intracellulare)

CAP proficiency testing  
confirmed isolates.

2 E1-03 2021, E1-04 2021

Vibrio cholera Patient isolate 1 Blood

Hemophilus influenzae ATCC strains – ATCC 49247

Footnote: Perianal swab, PAS; Nasal swab, NS; Broncho-alveolar lavage, BAL; American Type Culture Collection, ATCC; College of American Patholo-
gists, CAP; Extended-spectrum beta-lactamases, ESBLs; Multidrug-resistant bacteria, MDR; Carbapenem-resistant Pseudomonas aeruginosa, CRPA; 
Methicillin-resistant Staphylococcus aureus, MRSA; Methicillin-susceptible Staphylococcus aureus, MSSA.

https://doi.org/10.1371/journal.pone.0340470.t001

https://doi.org/10.1371/journal.pone.0340470.t001
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cultures were established by inoculating a loopful of the stock culture into nutrient broth and incubating it at 37°C for 24 
hours.

Preparation Phoenix dactylifera Extract

The roots of Phoenix dactylifera, obtained from a juvenile date palm tree at Al-Ahliyya Amman University campus in 
Amman-Jordan, were used to prepare the plant extract for the green synthesis of ZnO-NPs. The botanical identification 
of Phoenix dactylifera was verified by an expert botanist in the Faculty of Agricultural Technology at the university. The 
extraction procedure of root fibres was adapted from previously published report by Naser et al., 2021 [34]. Briefly, a knife 
was used to remove the root hairs lying on the soil’s surface. Then the samples were rinsed three times with distilled 
water and twice with 70% ethanol, dried in an oven (Thermo Fisher, USA) at 40 °C, and finely ground into a fine powder 
using an 80 mm mesh size grinder. Subsequently, 1 g of the powder was added into a flask with a capacity of 250 mL, con-
taining 100 mL of distilled water, and boiled at 100 °C for 30 minutes. The plant root broth solution was then filtered using 
filter paper with a pore size of 0.05 mm to eradicate larger particles and stored at 4 °C for further analysis.

Zinc oxide nanoparticles synthesis

The root extract of Phoenix dactylifera was added to three varying concentrations (0.01, 0.1, and 0.6 M) of a dehydrating 
zinc acetate solution (Zn(CH3COO)2.2H2O) in an aqueous bath system. The mixture was continuously stirred at 80 °C for 
2 hours. The zinc acetate (Chemsolute,

Germany) and root hair extract mixture were prepared using two distinct volume ratios, which are 1:2 and 1:3. The 
resultant mixtures were stirred for 2 hours at 80 °C on a hot plate (Thermo Fisher, USA). Followed by filtration using 
a 0.05 mm filter paper and then cooled down for one hour at room temperature. Subsequently, the white powder was 
dried at 100°C before its annealing at 450°C for 3 hours. Finally, the resulting powder was measured and stored in 
closed containers for further characterization and applications. The percentage yield was determined using the follow-
ing equation [35].

	
= Yield % =

(
Weight of obtained ZnO – NPs after drying

Weight of dehydrating Zinc acetat
× 100%

)

	

Where ZnO-NPs concentration used was 0.01g/mL, and the ratio was 1:2.
The ZnO-NPs utilized in this study were synthesized and thoroughly characterized in previous work by our group, 

Naser et al. (2021), Abu-Huwaij et al. (2022), and Obaid et al. (2023), including detailed analyses such as UV–Vis spec-
troscopy (UV/VIS-002, Shimadzu, Japan), Fourier-transform infrared spectroscopy (FTIR) (IR Prestige 21, Shimadzu, 
Japan), X-ray diffraction (XRD) (Riguka, Japan), and scanning electron microscopy (SEM) (Inspect F50-FEI, USA) 
[34,36,37]. This study is part of an ongoing research series of Prof. Rana Abu-Huwaij, with this being the sixth publication 
on zinc oxide nanoparticles. It builds on five previously published studies by our research group focused on zinc oxide 
nanoparticles, further advancing the characterization and applications of these materials [34,36–39]. This characterization 
included UV–Visible spectroscopy to confirm nanoparticle formation, FTIR to identify functional groups responsible for 
reduction and stabilization, XRD to determine crystalline structure, SEM for surface morphology, and dynamic light scat-
tering (DLS) for size distribution and polydispersity index (PDI) assessment. Since this study employed the same batch 
of ZnO-NPs, repeating these analyses would be redundant. However, all experimental protocols and data are available 
in the referenced publications. The optimal synthesis conditions for ZnO-NPs were achieved using a 1:1 volume ratio of 
Phoenix dactylifera root extract to zinc acetate solution. Under these conditions, the nanoparticles exhibited an average 
hydrodynamic diameter of 22.57 ± 4.79 nm with a PDI of 0.53 ± 0.02, indicating a moderately uniform particle size distri-
bution. The zeta potential was measured at −19.23 ± 1.40 mV, reflecting a moderately high negative surface charge. This 
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value suggests good colloidal stability of the ZnO-NPs in suspension, as the electrostatic repulsion between particles 
helps prevent aggregation and supports their suitability for biological applications.

The antimicrobial activity of nanoparticles (MIC)

The antifungal activity of synthesized ZnO-NPs was assessed against fungi, Gram-negative bacteria, and Gram-positive 
bacteria, as shown in the previous “Table 1”. The present study employed various techniques to evaluate the antibacterial 
properties of the synthesized ZnO-NPs. In addition to MIC assays, the disc diffusion method was used to visually validate 
the antimicrobial potential of ZnO-NPs and facilitate comparison with standard antibiotic susceptibility patterns, thereby 
providing complementary data on inhibition zone diameters.

MIC determination by the microtiter broth dilution method

To determine the MICs, the broth microdilution method, a type of liquid bacterial culture assay, was conducted accord-
ing to the Clinical and Laboratory Standards Institute (CLSI)/NCCLS M07 and M27 [40,41]. This liquid-based approach 
is widely considered a reliable and quantitative method for evaluating antibacterial activity under controlled conditions, 
offering greater precision than solid media-based methods like disc diffusion. Before antimicrobial evaluation, microbial 
isolates were subcultured on fresh Muller Hinton broth (MHB) (Oxoid, UK) and incubated at 37 °C for 24–48 hours. The 
antimicrobial efficacy of the synthesized ZnO-NPs was evaluated in the presence of approximately 1.5 × 108 CFU/mL as a 
final microorganism concentration. This test was conducted using disposable microtitration 96-well plates (Globe Scien-
tific, USA). Serial dilutions of ZnO-NPs determined the MICs. The dilutions were prepared using standard concentrations, 
with an initial concentration of 0.01 g/mL and a final concentration ranging from 5 × 10³ to 2.4 µg/mL, selected based on 
prior literature and preliminary inhibitory screening. The wells were inoculated with 50 µL of the ZnO-NPs suspension and 
50 µL of overnight-grown test cultures. The negative control (sterile, uninoculated media) and the positive control (50 µL of 
microbial inoculum only) were also included in separate wells. The plates were incubated at 37 °C overnight under aerobic 
conditions. The wells were then examined for any colour change, as shown in “Fig 1”.

Fig 1.  Microtiter Broth Dilution Method Plate Setup: The figure shows a 96-microtiter plate that represents the experiment setup to evaluate 
the antimicrobial activity of ZnO-NPs. Column 1 (A1 to F1 highlighted in blue) was loaded with ZnO-NPs suspension to observe the original solution 
turbidity. Wells highlighted in orange represent serial double fold dilution of ZnO-NPs in each row, followed by loading each well with standard bacterial 
suspension to evaluate the effect of ZnO-NPs on different microbial growth through measuring the MIC values. Wells in green at row G, and wells in 
white at row H were loaded with microbial suspension or media alone to serve as positive and negative controls, respectively.

https://doi.org/10.1371/journal.pone.0340470.g001

https://doi.org/10.1371/journal.pone.0340470.g001
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Disc diffusion assay

The disc diffusion test was conducted to evaluate the antimicrobial activity of synthesized ZnO-NPs. A concentration of 
500 µg/disc of ZnO-NPs-impregnated filter paper discs (Oxoid, UK) was tested against microbial isolate strains, including 
fungi and bacteria. To prepare the inocula, the bacterial and fungal isolates were cultured on 5 ml of MHB (Oxoid, UK) 
and incubated overnight. To achieve a turbidity of 0.5 McFarland standards, the microbial concentration was adjusted to 
approximately 1.5 × 108 CFU/mL in the microbial suspension. The bacterial and fungal inoculum were spread over the 
surface of Muller-Hinton agar (MHA) and Sabouraud dextrose agar (SDA) (Oxoid, UK) media, respectively. Subsequently, 
the pre-prepared discs containing ZnO nanoparticles were used in conjunction with commercially available antibiotic discs 
for comparison. Discs containing only Zinc acetate were used as a diluent control. The control was prepared by adding 
µL50 µL of a 0.1317 g/mL (0.6 M) zinc acetate solution with a volume ratio of 1:2. The plates were subsequently incubated 
at 37°C for 24–48 hours. The sensitivity was assessed by measuring the growth inhibition zone (in millimetres) surround-
ing the discs. The CLSI was employed to interpret the results [42–45]. While the disc diffusion assay provides initial insight 
into antibacterial activity, it may not fully reflect real-world conditions. Therefore, to validate and complement the findings, 
additional experimental approaches, including MIC determination, pour plate assays, and VersaTrek Mycobottle (Thermo 
Scientific/ Fisher Scientific, USA) evaluations, were also conducted in this study.

Pour plate assay

The pour plate assay was conducted following the procedure outlined by Cappuccino and Welsh [46]. This study 
employed the pour plate method to evaluate the effectiveness of ZnO-NPs as a disinfectant for various surfaces (glass, 
stainless steel, and bench) and water. The principle of this method is to quantify the reduction in the number of CFU 
of bacterial inoculum in a liquid specimen after a given period of exposure to an antimicrobial agent compared to an 
untreated specimen.

Glass slides (Globe Scientific, USA), stainless-steel surgical blades (Globe Scientific, USA), and water samples were 
contaminated with bacterial suspension containing a mixture of (E. coli, K. pneumoniae, S. aureus, E. faecium) with and 
without ZnO-NPs for a duration that gradually increased (5, 10, 15, 20, 25, 30, 60 minutes, and overnight). Swab samples 
at different time intervals from the glass slides and blades were collected and resuspended in 0.1 mL of sterile normal 
saline. Additionally, 0.1 mL samples of the contaminated water at different time intervals were used for the pour-plate 
method. Each 0.1 ml sample was dispensed into the centre of a sterile, empty petri dish (Corning, USA). After that, a tube 
containing 20 mL of melted agar at 55°C was poured into the petri plate containing the inoculum and thoroughly mixed. 
After the agar solidified, the plate was incubated at 37°C in ambient air for 24 hours.

This method has been applied to conduct viable plate counts, which involve enumerating the total number of CFU on 
the surface of the agar and within the agar for a single plate. The inhibition percentage is determined by comparing the 
count of CFU/mL in the treated sample to that of the untreated sample. A plate appropriate for counting must contain a 
minimum of 30 colonies and a maximum of 300 colonies. The CFU/mL was calculated using the following formula [47]:

	 CFU/ml = CFU× dilution factor× 1/aliquot(aliquot is 0.1ml).	

Consequently, the CFU/mL resulting from testing each surface type and water was determined before and after expo-
sure to ZnO-NPs treatments at various time intervals. To quantitatively determine the observed effect, the percentages of 
decreases in CFU/mL between samples treated with ZnO-NPs and those untreated were calculated.

Evaluating the disinfectant properties of ZnO-NPs using VersaTrek Mycobottles

VersaTrek Mycobottles (Thermo Scientific/ Fisher Scientific, USA) were employed to determine the impact of ZnO-NPs on 
acid-fast bacillus bacteria (AFB), specifically whether they have a bactericidal or bacteriostatic effect. Sputum specimens 
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were obtained from CAP PT, specifically from CAP-PT E1-03 and E1-04 2021.VersaTREK Myco bottles contain growth 
supplements (GS) to promote the growth of FAB and PVNA (polymyxin B, vancomycin, nalidixic acid, amphotericin B) 
antibiotic mixtures, as well as other antibiotic supplements (AS) to inhibit any other normal flora in respiratory secretion. 
Furthermore, each bottle was supplemented with an identical volume of ZnO-NPs (1 mL at 0.01 g/mL). The diluent con-
trol bottle was also supplemented with 1 mL of 0.1317 g/mL zinc acetate to determine whether the observed antimicrobial 
effect was specifically due to ZnO-NPs or the precursor compound (zinc acetate) alone. This control ensures that any 
observed inhibitory activity is attributed solely to the synthesized nanoparticles (Fig 2). The sputum specimens were 
treated with equal volumes of NaOH and then mixed directly. The NaOH exposure continued for 15–20 minutes at room 
temperature, inhibiting all microorganisms present in the specimens without causing any damage to AFB. The solution 
was centrifuged at 4000 rpm for 20 minutes following phosphate-buffered saline (PBS) buffer to re-regulate the pH. The 
supernatant was discarded, and the sediment was kept for further analysis. This method was conducted according to the 
CLSI [48].

Results

MIC determination by microtiter broth dilution method

The MIC results indicated that a ZnO-NPs suspension with a concentration of 9.7 µg/mL had a notable inhibitory effect on 
the vancomycin-sensitive phenotype of E. faecium (E. faecium VS), S. pneumoniae, and Brucella spp. On the other hand, 
the maximum concentration of 310 µg/mL exhibited inhibitory effects on the P. aeruginosa CRPA phenotype, as shown in 
“Fig 3”. The MIC values for the remaining microorganisms that were tested are shown in “Tables 2 and S1”.

Antimicrobial activity of ZnO-NPs against different Gram-positive and Gram-negative bacterial isolates

The disc diffusion method was performed to evaluate ZnO-NPs antimicrobial activity against different Gram – positive and 
Gram – negative bacterial isolates. The findings of this study revealed that Gram-negative bacteria showed the widest 
inhibition zone of 19.6 mm against E. coli and K. pneumoniae ESBL negative phenotype isolates. On the other hand, the 
narrowest zone of inhibition measured was 13.0 mm against P. aeruginosa CSPA phenotype isolate. Furthermore, the 

Fig 2.  Schematic representation of VersaTrek Myco bottles used to evaluate the disinfectant properties of ZnO-NPs against acid-fast bacilli 
(AFB). Two different CAP proficiency isolates of Mycobacterium tuberculosis were separately inoculated into Myco bottles. GS refers to growth supple-
ments that support AFB growth. A mixture of antibiotics—polymyxin B, vancomycin, nalidixic acid, and amphotericin B (PVNA)—along with an additional 
antibiotic supplement (AS), was used to inhibit the growth of bacterial contaminants.

https://doi.org/10.1371/journal.pone.0340470.g002

https://doi.org/10.1371/journal.pone.0340470.g002
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Fig 3.  Microtiter Plate Method. Panels A to C illustrate the testing of various microorganisms, each arranged in a separate row and exposed to different 
concentrations of ZnO-NPs. The concentration range tested spanned from 9.7 to 310 µg/mL, achieved through serial two-fold dilutions. In each plate, 
row G contained all tested microorganisms without ZnO-NPs, serving as a positive growth control, while row H was filled with blank media to act as a 
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widest zone generated around the ZnO-NPs disc in Gram – positive bacteria was 24.0 mm in diameter against MRSA 
isolates. While the narrowest zone of inhibition was 13.4 mm in diameter against VRE phenotype isolate. The clear zone 
surrounding the discs in “Fig 4” shows the antimicrobial action of synthesized ZnO-NPs, which prevents the growth of 
bacteria. The results showed that compared to Gram-negative bacteria, Gram-positive bacteria had larger inhibitory 
zones. Furthermore, ZnO-NPs effectively suppressed almost every pathogen type that was tested. The zone of inhibition 
formed by ZnO nanoparticles was found to be substantially comparable to the zone of inhibition produced by commercially 
available antibiotics, as shown in “Tables 3,4, S2, and S3”. In order to eliminate the possibility that the observed impact 
was caused by the diluent solution used in the synthesis of ZnO-NPs (zinc acetate (ZnA)), a disc containing the relative 
concentration of zinc acetate alone was applied and examined. The results showed that the zinc acetate diluent had little 
effect on the zone of inhibition for ZnO-NPs. To evaluate whether the antimicrobial activity was solely attributed to the ZnO 
nanoparticles or partially due to the bioactive compounds present in Phoenix dactylifera root extract, comparative disc dif-
fusion assays were performed using the crude extract alone. The results showed that the plant extract exhibited minimal 
or no inhibition zones against most bacterial strains tested. For example, the extract produced only 7.5 mm and 9.2 mm 
inhibition zones against E. coli and MRSA respectively, significantly lower than the 19.6 mm and 24.0 mm zones observed 
with ZnO-NPs. These findings confirm that the antimicrobial efficacy is significantly enhanced after nanoparticle synthesis 

Table 2.  The mean of MIC values of the tested microorganisms.

No. Microorganisms The mean of the lowest dilution factor points 
where visible growth disappears (MIC50)

The mean of MIC values indicated by 
the relative ZnO-NPs Conc. (µg/mL)

1 ESBL +ve 256 39

2 ESBL -ve 512 19

3 A.baumannii MDR 64 150

4 A.baumannii MS 128 70

5 P.aeruginosa CRPA 32 310

6 P.aeruginosa CSPA 64 150

7 S.aureus MRSA 512 19

8 S.aureus MSSA 256 39

9 E.faecium VRE 256 39

10 E.faecium VSE 1024 9.7

11 S.pneumoniae 1024 9.7

12 Vibrio cholera 512 19

13 Aspergillus spp. 64 150

14 Candida glabrata 512 19

15 Candida albicans 64 150

16 Candida parapsilosis 128 70

17 H.influenzae 64 150

18 Brucella sp. 1024 9.7

Footnote: Zinc oxide, ZnO; Zinc acetate, ZnA; S, Susceptible; I, Intermediate; R, Resistant; Extended-spectrum beta-lactamases, ESBLs; Multidrug- 
resistant bacteria, MDR; Carbapenem-resistant Pseudomonas aeruginosa, CRPA; Carbapenem- susceptible Pseudomonas aeruginosa, CSPA; A. 
baumannii Multisensitive, A. baumannii MS; Methicillin-resistant Staphylococcus aureus, MRSA; Methicillin-susceptible Staphylococcus aureus, MSSA; 
Vancomycin- susceptible Enterococcus, VSE; Vancomycin- resistant Enterococcus, VRE.

https://doi.org/10.1371/journal.pone.0340470.t002

negative control. Abbreviations: Extended-spectrum beta-lactamases (ESBLs); Multidrug-resistant bacteria (MDR); Carbapenem-resistant Pseudomonas 
aeruginosa (CRPA); A. baumannii Multisensitive, A. baumannii MS; Methicillin-resistant Staphylococcus aureus (MRSA); Methicillin-susceptible Staphy-
lococcus aureus, MSSA; Vancomycin- susceptible Enterococcus (VSE); Vancomycin- resistant Enterococcus (VRE).

https://doi.org/10.1371/journal.pone.0340470.g003

https://doi.org/10.1371/journal.pone.0340470.t002
https://doi.org/10.1371/journal.pone.0340470.g003
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Fig 4.  Disc diffusion assay assessing the antimicrobial activity of ZnO-NPs against various Gram-positive and Gram-negative bacterial 
isolates. Panels A to K display the antibacterial effects of ZnO-NPs alongside commercially available antibiotic discs for comparison. The central disc 
labeled “test” on each plate contains ZnO-NPs. Antibiotic discs were selected based on CLSI guidelines (CLSI, 2021) specific to each bacterial isolate. 
Additionally, a disc containing only zinc acetate was included on each plate as a diluent control. Abbreviations: Extended-spectrum beta-lactamases, 
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and is not due to the plant extract alone. This comparative evaluation reinforces the functional role of ZnO-NPs as the 
primary antimicrobial agent in this study.

The efficacy of ZnO-NPs against multidrug-resistant bacteria in water samples and various surface types

In this study, the pour plate method was employed to assess the activity of ZnO-NPs against MDR bacteria in 
water samples and on various surfaces, including glass, benches, and stainless steel. The CFU/mL values for 
water samples, glass surfaces, and stainless-steel surfaces have been shown to reduce with incorporationofZnO- 
NPs “Fig 5”. The reduction reached a zero CFU/mL after one hour of exposure to ZnO-NPs treatment. However, 
various reduction percentages relative to untreated control in CFU/mL formations were reported among water 
samples, glass surfaces, and stainless-steel surfaces at 5, 10, 15, 20, 25, 30, 60 mins, and overnight, as shown 
in “Tables 5, and S4”. Furthermore, the findings of this study demonstrated that ZnO-NPs require 20 minutes of 
exposure on laboratory benches to completely inhibit the growth of both Gram-positive and Gram-negative bacte-
ria, as shown in “Fig 6”.

Table 4.  The mean of inhibition zone diameter for Gram-positive bacteria using disc diffusion assay method.

Discs (Antibiotic) MRSA MSSA VRE VSE S. pneumoniae

ZnO (Zinc Oxide NPs) 24.0 17.0 13.4 14.1 23.0

ZnA (Zinc Acetate) 11.9 10.4 No zone No zone 12.4

P (Penicillin) No zone R 14.7 R No zone R No zone R 26.0 S

OX (Oxacillin) No zone R 20.0 S No zone R No zone R No zone R

VA (Vancomycin) 19.7 S 17.3 S No zone R 23.4 S 24.0 S

LZD (Linezolid) 35.0 S 28.0 S 24.7 S 27.5 S 30.0 S

Footnote: Zinc oxide, ZnO; Zinc acetate, ZnA; S, Susceptible; I, Intermediate; R, Resistant; Methicillin-resistant Staphylococcus aureus, MRSA;  
Methicillin-susceptible Staphylococcus aureus, MSSA; Vancomycin-susceptible Enterococcus, VSE.

https://doi.org/10.1371/journal.pone.0340470.t004

ESBLs; Multidrug-resistant bacteria, MDR; Carbapenem-resistant Pseudomonas aeruginosa, CRPA; Carbapenem- susceptible Pseudomonas aerugi-
nosa, CSPA; A. baumannii Multisensitive, A. baumannii MS. Methicillin-resistant Staphylococcus aureus, MRSA; Methicillin-susceptible Staphylococcus 
aureus, MSSA; Vancomycin- susceptible Enterococcus, VSE; Vancomycin- resistant Enterococcus, VRE.

https://doi.org/10.1371/journal.pone.0340470.g004

Table 3.  The mean of inhibition zone diameter for Gram-negative bacteria using disc diffusion assay.

Disc ESBL positive ESBL negative A. baumannii MDR A. baumannii MS CPRA P. aeruginosa

Zone mm I* Zone mm I Zone mm I Zone mm I Zone mm I Zone mm I

ZnO (Zinc Oxide NPs) 19.4 19.6 16.0 16.7 17.1 13.0

ZnA (Zinc Acetate) No zone 9.0 No zone 9.0 No zone No zone

Amp (Ampicillin) No zone R No zone R No zone R 9.0 R No zone R No zone R

CAZ (Ceftazidime) 16.0 R 21.0 S No zone R 19.0 I 16.8 I 24.0 S

ETP (Ertapenem) 23.0 S 27.6 S No zone R 11.0 R No zone R 9.0 R

CN (Gentamicin) 13.4 I 16.7 S 11.6 R 20.0 S 19.0 S 16.8 S

Footnote: Zinc oxide, ZnO; Zinc acetate, ZnA; S, Susceptible; I, Intermediate; R, Resistant; Extended-spectrum beta-lactamases, ESBLs; Multidrug- 
resistant bacteria, MDR; Carbapenem-resistant Pseudomonas aeruginosa, CRPA; A. baumannii Multisensitive, A. baumannii MS.

https://doi.org/10.1371/journal.pone.0340470.t003

https://doi.org/10.1371/journal.pone.0340470.t004
https://doi.org/10.1371/journal.pone.0340470.g004
https://doi.org/10.1371/journal.pone.0340470.t003
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The effect of ZnO-NPs on AFB isolates

The effect of ZnO-NPs on AFB isolates was investigated using CAP PT (CAP-PT E1-03 and E1-04 2021) with previously 
documented results. To investigate the impact of ZnO-NPs on AFB isolates and establish the bactericidal or bacteriostatic 
activity of ZnO-NPs, the time to positivity was determined. The results demonstrated that the ZnO-NPs were able to elim-
inate AFB bacteria. Therefore, the findings of this study showed that the tested ZnO-NPs are effective against a variety of 
clinically significant microorganisms, including AFB isolates “Fig 7”.

Discussion

This study’s unique contribution lies in its use of a green synthesis approach, employing Phoenix dactylifera root extract, 
to biosynthesize ZnO nanoparticles, thereby offering a sustainable and eco-friendly alternative to conventional chemical 
methods. This study stands out further by conducting comprehensive antimicrobial evaluations against clinically relevant, 
multidrug-resistant bacteria and fungi, as well as practical disinfection assessments on water and environmental surfaces.

ZnO nanoparticles have been widely studied for their antimicrobial properties. Their effectiveness against various 
bacteria and fungi, including those resistant to conventional antibiotics, has been well documented. For instance, research 
has shown that ZnO-NPs exhibit significant antibacterial activity against C. albicans, S. lutea, A. niger, S.pyogenes, P. 

Fig 5.  Pour-plate method. Each panel illustrates the disinfection effect of ZnO-NPs on different materials: water (Panel A), glass surface (Panel B), and 
stainless-steel surface (Panel C). The plates in each panel display microbial growth observed at various time intervals (5–60 minutes) and after overnight 
(ON) incubation.

https://doi.org/10.1371/journal.pone.0340470.g005

Table 5.  Summary of CFU/mL and percent of reduction calculations on each sample type after exposure to ZnO-NPs at different time inter-
vals, performed by pour plate assay.

Time of exposure Water Glass Stainless steel

CFU/mL % Of reduction CFU/mL % Of reduction CFU/mL % Of reduction

0 min 2650 – 950 – 520 –

5 mins 2170 4.8 730 2.2 450 0.7

10 min 1620 10.3 520 4.3 310 2.1

15 mins 910 17.4 320 6.3 230 2.9

20 mins 800 18.5 260 6.9 170 3.5

25 mins 670 19.8 180 7.7 110 4.1

https://doi.org/10.1371/journal.pone.0340470.t005

https://doi.org/10.1371/journal.pone.0340470.g005
https://doi.org/10.1371/journal.pone.0340470.t005
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vulgaris, S. aureus, B. subtilis, P. aeruginosa, M. tuberculosis, B. megatherium, Escherichia coli, and K. pneumoniae, 
including ESBL-producing strains [9–13].

The MIC results from this study show that a ZnO-NPs suspension at a concentration of 9.7 µg/mL significantly inhib-
its E. faecium VS, S. pneumoniae, and Brucella spp. In contrast, a much higher concentration of 310 µg/mL is required 
to inhibit the P. aeruginosa CRPA phenotype. The higher concentration required for the P. aeruginosa CRPA phenotype 
inhibition could be attributed to this pathogen’s robust efflux system and biofilm formation abilities, which generally confer 
higher resistance to antimicrobials (2,28). These findings are significant as they demonstrate the varied susceptibility of 
different bacterial species to ZnO-NPs, with some bacteria being inhibited at much lower concentrations than others. On 
the other hand, the relatively low MIC for E. faecium VS, S. pneumoniae, and Brucella spp. suggests that these patho-
gens are more susceptible to the oxidative stress and membrane damage induced by ZnO-NPs [3,49–51]. Additionally, 
while the MIC concentration range in this study was selected based on prior literature and preliminary screening, we 

Fig 6.  The effect of ZnO-NPs as surface disinfectant on a contaminated laboratory bench. A Benche area was divided into four equal sections 
(5 × 5 cm), each contaminated with saline containing bacteria and allowed to airdry. ZnO-NPs suspension was applied, and cultures were taken at 5, 10, 
15, and 20 minutes using sterile swabs on blood agar. Plate A observed growth of lab bench surface without ZnO-NPs treatments (number of colonies 
was numerous). Plate B. Observe the growth after ZnO-NPs exposure at different time intervals, including 5, 10, 15, and 20 mins.

https://doi.org/10.1371/journal.pone.0340470.g006

Fig 7.  Time-to-Positivity Assay. Two CAP proficiency testing AFB strains (E1-03 and E1-04) were evaluated in three independent experiments. The 
instrument detects changes in internal bottle pressure and automatically flags bottles as positive for microbial growth. The mean time to positivity for 
each strain is indicated below the corresponding assay bottle.

https://doi.org/10.1371/journal.pone.0340470.g007

https://doi.org/10.1371/journal.pone.0340470.g006
https://doi.org/10.1371/journal.pone.0340470.g007
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acknowledge that expanding this range could help determine more precise and strain-specific inhibitory concentrations. 
Future studies may benefit from testing broader or finer concentration gradients to optimise nanoparticle efficacy across 
diverse microbial profiles.

To address the mechanism of interaction between ZnO-NPs and bacterial strains which was previously not detailed this 
study draws upon widely accepted antimicrobial mechanisms established in the literature. ZnO-NPs are known to act via 
multiple pathways: (i) the generation of reactive oxygen species (ROS), including hydrogen peroxide and superoxide radi-
cals, which causes oxidative stress and damage DNA, proteins, and lipids within bacterial cells; (ii) the release of Zn² ⁺ ions 
that disrupt membrane integrity and interfere with enzymatic functions; and (iii) direct physical interaction with the bacterial 
membrane, leading to increased permeability, leakage of cellular contents, and eventual cell death. These mechanisms 
operate synergistically and explain the broad-spectrum activity of ZnO-NPs against both Gram-positive and Gram- 
negative organisms [4,52].

The effectiveness of ZnO-NPs against both Gram-positive and Gram-negative bacteria can be attributed to their ability 
to generate ROS, which cause oxidative stress, leading to cellular damage and disruption of membrane integrity. Studies 
have shown that metal-based nanoparticles, including ZnO-NPs, exhibit significant antimicrobial properties by inducing 
oxidative stress and generating ROS, which are detrimental to bacterial cells [50]. Additionally, the small size and high 
surface area of ZnO-NPs enhance their interaction with bacterial cells, further contributing to their antimicrobial efficacy 
[3]. These findings underscore the potential of ZnO-NPs as a versatile antimicrobial agent, particularly against pathogens 
with varying resistance mechanisms. Further research could optimize the use of ZnO-NPs in clinical settings, potentially in 
combination with other antibiotics to combat multidrug-resistant infections.

The disc diffusion method was employed to assess the antimicrobial activity of ZnO-NPs against various Gram-positive 
and Gram-negative bacteria. The study results revealed notable differences in inhibition zones between these bacterial 
groups. The widest inhibition zone observed for Gram-negative bacteria was 19.6 mm against E. coli and K. pneumoniae 
ESBL-negative phenotype isolates. Conversely, the narrowest zone measured was 13.0 mm against the P. aeruginosa 
CRPA phenotype isolate. In Gram-positive bacteria, the largest zone of inhibition, 24.0 mm, was noted against MRSA 
isolates, while the smallest, 13.4 mm, was against VRE phenotype isolates. These findings indicate that ZnO-NPs exhibit 
a broader range of inhibition against Gram-positive bacteria compared to Gram-negative ones, which is consistent with 
other studies [53–56], This could be due to the differences in cell wall structure, where Gram-positive bacteria have thicker 
peptidoglycan layers, which ZnO-NPs might more easily disrupt compared to the complex outer membrane of Gram- 
negative bacteria [53–55].

Comparative assays were conducted to investigate whether the antimicrobial activity observed in this study was solely 
due to the biosynthesized ZnO nanoparticles or partially attributable to bioactive phytochemicals in Phoenix dactylifera 
root extract. The crude plant extract alone exhibited minimal inhibition zones, ranging between 7.5 mm for E. coli and 
9.2 mm for MRSA—markedly lower than the 19.6 mm and 24.0 mm observed with ZnO-NPs, respectively. This sug-
gests that the extract exhibits weak or negligible antimicrobial properties and that the synthesis of ZnO-NPs significantly 
enhances its bioactivity. These results align with prior studies, such as those by Naser et al. (2021), which noted the lim-
ited antimicrobial action of Phoenix dactylifera or other plant extracts, but strong efficacy after nanoparticle synthesis [34].

Compared to other green-synthesized ZnO-NPs, such as those derived from Equisetum diffusum [Assad et al., 2023] 
and Wild Olive [Ullah et al., 2024], the present study results are consistent in showing enhanced antimicrobial activity only 
after nanoparticle formation [57,58]. This confirms that transforming plant phytochemicals into a nanoparticle matrix aug-
ments their efficacy by improving penetration, surface reactivity, and reactive oxygen species (ROS) generation. Thus, the 
ZnO-NPs synthesized using Phoenix dactylifera root extract act as the primary antimicrobial agent, with superior efficacy 
compared to the plant extract alone.

The antimicrobial mechanism of ZnO-NPs is attributed to multiple factors, including the release of Zn + 2 ions, which 
disrupt bacterial cell membranes, and the generation of ROS that induce oxidative stress, damaging cellular components 



PLOS One | https://doi.org/10.1371/journal.pone.0340470  February 13, 2026 16 / 23

and leading to cell death [3,53,56,59,60]. These results highlight the potential of ZnO-NPs as an effective antimicrobial 
agent against various bacterial pathogens, with generally more potent activity against Gram-positive bacteria [55,61,62].

Furthermore, the antimicrobial activity of ZnO-NPs is comparable to that of commercially available antibiotics. This 
suggests that ZnO-NPs could be a viable alternative in antimicrobial applications, reinforcing the importance of continued 
research into their use against various pathogens [54]. This study also examines the impact of the diluent used in the 
synthesis of ZnO-NPs, finding that it does not significantly influence the observed antibacterial effects, which supports the 
conclusion that the ZnO-NPs themselves are responsible for the antimicrobial activity [59,63].

To contextualize the antimicrobial performance of biosynthesized ZnO nanoparticles (NPs), a comparative analysis was 
conducted with recent studies involving green-synthesized silver nanoparticles (AgNPs). Various plant- 
extract-functionalized AgNPs have demonstrated notable antibacterial activity across a spectrum of Gram-positive and 
Gram-negative pathogens, with differences attributed to nanoparticle size, surface charge, and capping agents. In com-
parison, green-synthesized ED-AgNPs prepared using Equisetum diffusum extract showed a maximum inhibition zone 
of 18 mm against Listeria monocytogenes and 10 mm against E. coli, with a reported average nanoparticle size of 63 nm 
(Jabbar et al., 2021). HEC-PA-capped AgNPs demonstrated enhanced antimicrobial properties, particularly against 
Gram-negative bacteria, supported by high colloidal stability (ZP = −35 mV) and a hydrodynamic size of 40 nm. However, 
inhibition zones were not quantified [64]. Furthermore, AgNPs synthesized using Cotoneaster nummularia extract exhib-
ited antimicrobial activity and wound-healing potential, but did not report quantitative zone sizes [57].

Sulfonamide-functionalized AgNPs (AgNPs@PSBA) also displayed synergistic antibacterial activity with a nanopar-
ticle size of 45 nm and good colloidal stability (ZP = −30 mV), although without inhibition zone data [65]. AgNPs derived 
from olive fruit extract exhibited exceptionally high antibacterial efficacy, particularly against E. coli, with an inhibition 
zone of 27 mm, attributed to strong capping by phytochemicals and a ZP of −40 mV [58]. Carboxylic acid-capped AgNPs 
(AgNPs@AA) synthesized using adipic acid also showed strong antimicrobial effects supported by a hydrodynamic size of 
30 ± 5 nm and a zeta potential of −35.5 mV. However, specific inhibition zones were not provided [66].

In contrast to these studies, the present work offers a broader scope by integrating quantitative zone diameter anal-
ysis, MIC values, and disinfection efficacy on surfaces and water, as well as demonstrating activity against acid-fast 
bacilli (AFB) isolates. The synthesized ZnO-NPs were not only effective against a wide spectrum of Gram-positive and 
Gram-negative bacteria, including multidrug-resistant phenotypes, but also achieved complete CFU elimination from 
stainless steel, glass, and water samples within 60 minutes. Therefore, the present study provides a more comprehensive 
antimicrobial assessment than most comparable AgNP-based systems, thereby reinforcing the therapeutic and disinfec-
tant potential of biosynthesized ZnO-NPs. The findings of the current study demonstrate the potent antibacterial proper-
ties of ZnO-NPs against MDR bacteria across various environments, including water samples and on surfaces like glass, 
stainless steel, and laboratory benches, where ZnO-NPs were found to effectively reduce CFU to zero after 1-hour expo-
sure, with varying efficacy across different time intervals and surfaces. For example, the complete inhibition of bacterial 
growth on laboratory benches required only 20 minutes of exposure. Such a rapid reduction in bacterial colonies suggests 
that ZnO-NPs could be an effective disinfectant in various environments, potentially preventing the spread of infections in 
clinical settings and other areas prone to bacterial contamination. The specific mechanisms through which ZnO-NPs exert 
their antimicrobial effects include releasing metal ions, generating reactive oxygen species, and directly interacting with 
microbial cell membranes.

These mechanisms contribute to the disruption of bacterial cell function and integrity, leading to bacterial death 
[4,67,68]. Moreover, the study’s findings are consistent with other research indicating that ZnO-NPs are effective against 
both Gram-positive and Gram-negative bacteria, enhancing their utility as a broad-spectrum antimicrobial agent [69,70]. 
Other studies have shown that these nanoparticles can be synergistically combined with antibiotics to enhance their 
bactericidal effects, which could be particularly valuable in combating antibiotic resistance [67,71]. Moreover, the struc-
tural properties of ZnO-NPs, play critical role in their antimicrobial efficacy [3,72]. This is particularly relevant for settings 
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where quick sterilization of surfaces is crucial to prevent the transmission of infectious agents. These results support 
ongoing research into the use of ZnO-NPs as alternative disinfectants and antimicrobial agents, especially in the context 
of increasing resistance to traditional antibiotics.

This study highlights the potential of ZnO-NPs as an effective surface disinfectant, particularly in their ability to inhibit 
microbial growth. The microtiter plate assay demonstrated that the formation ability of both bacteria and fungi is inversely 
proportional to the concentration of ZnO-NPs, indicating a clear dose-dependent relationship. Microbial communities are 
complex structures of microorganisms that adhere to surfaces and are protected by a self-produced matrix. The control of 
microbial propagation is crucial because these pathogens can confer resistance to antimicrobial agents and are involved 
in a variety of persistent bacterial infections [73]. The efficacy of ZnO-NPs in disrupting microbial structures, as shown 
by the decrease in formation with increasing concentrations of nanoparticles, aligns with other studies that have reported 
the anti-microbial properties of ZnO-NPs [74–77]. These studies suggest that ZnO-NPs can disrupt microbial integrity, 
enhance antibiotic penetration, or directly interact with microbial cells to inhibit their growth and viability. This finding sup-
ports the potential use of ZnO-NPs as a surface disinfectant, particularly in settings where microbial formation can lead to 
significant health and safety issues.

The antimicrobial properties of ZnO-NPs, including their ability to disrupt microbial membranes and induce oxidative 
stress, contribute to their effectiveness in microbial prevention [75,77,78]. This action is crucial for controlling infections, 
especially those caused by bacteria that are resistant to multiple drugs. Furthermore, the variability in microbial formation 
reduction across different microbial species highlights the broad-spectrum capabilities of ZnO-NPs. For instance, different 
studies have shown that ZnO-NPs can inhibit the formation in various bacterial strains, including S. aureus [76,79–83], E. 
coli [77,84], P. aeruginosa [84], and K. pneumonia [74,75], underlining the versatility of ZnO-NPs in antimicrobial applica-
tions. As noted in this study, the specific activity of ZnO-NPs against different bacterial phenotypes aligns with the broader 
research landscape. Moreover, the significance of ZnO-NPs extends to their combination with other agents to synergize 
effects and enhance antimicrobial and antivirulence activities against resistant strains. For instance, studies have shown 
that ZnO-NPs can work in conjunction with established antibiotics or bioactive compounds like piperine, enhancing their 
effectiveness and potentially reducing the antibiotics needed, which can help in the fight against antibiotic resistance 
[78,84]. Overall, the consistent reduction in microbial formation across various studies validates the potential of ZnO-NPs 
as an effective antimicrobial agent, which could be further explored in healthcare and industrial applications to manage 
and prevent infections.

The differential responses to ZnO-NPs, especially between microorganisms exhibiting MDR and multisensitive 
behaviours, are particularly insightful. MDR organisms require higher concentrations of ZnO-NPs to effectively inhibit their 
microbial formation, which aligns with their general resistance traits against antimicrobial agents. This resistance could 
be due to various adaptive mechanisms these bacteria have developed to survive in hostile environments. In contrast, 
multisensitive microbes, which are generally more susceptible to antibiotics, also show lesser resistance to the inhibitory 
effects of ZnO-NPs at lower concentrations [76,82,85]. These insights highlight the complex interactions between micro-
bial characteristics and the antimicrobial actions of nanoparticles, such as ZnO-NPs. They also emphasize the need for 
tailored approaches when using nanoparticles as antimicrobial agents, particularly in environments where related infec-
tions are prevalent. In addition, these findings are important for developing targeted strategies using ZnO-NPs in com-
bating associated infections, particularly in clinical settings where these communities can significantly contribute to the 
persistence and severity of infections. Further research could explore the specific interactions and mechanisms at play, 
potentially leading to more effective antimicrobial treatments that can be tailored according to the resistance profiles of the 
pathogens involved.

Furthermore, the study investigated the effect of ZnO-NPs on acid-fast bacilli (AFB) isolates using the CAP PT E1-03 
and E1-04 2021. The results showed that ZnO-NPs (0.01 g/mL) effectively eliminated AFB bacteria, demonstrating their 
bactericidal properties against these clinically significant microorganisms. This is particularly notable because AFB, which 
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includes mycobacteria like Mycobacterium tuberculosis, is known for its resistance to many conventional antibiotics [86]. 
According to a prior study, 90% of Mycobacterium spp. bacterial colonies destroyed after being exposed to 500–1000 
μg/mL of ZnO-NPs for just 6 hours [12]. A substantial decrease in the development of drug-resistant S. aureus, Myco-
bacterium smegmatis, and Mycobacterium bovis was reported when they were treated with a combination of zinc oxide 
nanoparticles and a low dosage of the anti-tuberculosis treatment, rifampicin (0.7 μg/mL) [12].

These pathogenic bacteria were effectively eradicated after being cultured for 24 hours with a concentration of 1000 μg/
mL of zinc oxide nanoparticles. Thus, it may be speculated that administering the exact dosage repeatedly can lead to a 
complete recovery in patients with these infectious diseases [12]. However, a previous study discovered that the minimum 
inhibitory concentration of rifampicin was reduced by fourfold when ZnO-NPs were combined with rifampicin against wild-
type (WT) Mycobacteria smegmatis, resulting in a subinhibitory concentration of only 32 μg/mL [87]. On the other hand, a 
previous study found that at 12.5 μg/mL, ZnO-NPs ranging in size from 12 nm to 53 nm inhibited the development of Myco-
bacteria tuberculosis [88]. The ability of ZnO-NPs to target and eliminate AFB suggests that these nanoparticles could be 
a valuable tool in treating infections caused by such infectious bacteria. Additionally, the effectiveness of ZnO-NPs against 
a range of pathogens, including drug-resistant strains, highlights their potential as a versatile antimicrobial agent in clinical 
settings. Overall, this study supports the potential use of ZnO-NPs in treating infections caused by AFB and other clini-
cally significant microorganisms, offering a promising alternative to traditional antibiotics, especially in the context of rising 
antimicrobial resistance.

Given their potent antimicrobial activity, especially against multidrug-resistant bacteria, ZnO-NPs synthesized in this 
study may hold practical value in real-world applications. These include their potential incorporation into hand sanitizers, 
surface disinfectants, wound dressings, and antimicrobial coatings for medical devices. Such applications are supported 
by the observed ability of ZnO-NPs to completely inhibit bacterial growth on various surfaces within short exposure times. 
However, to enable clinical or commercial use, future studies should investigate suitable formulation strategies, stability, 
and safety assessments for both human and environmental health.

Finally, in addition to nanoparticles, various interdisciplinary strategies such as smart materials, bioengineered devices, 
and advanced diagnostics have emerged to combat antimicrobial resistance. Innovations include self-assembling bioma-
terials, soft robots for targeted therapy, aggregation-induced emission-based tools for real-time pathogen detection, and 
systems for multi-pathogen diagnostics [89–91]. Biological factors like microbiota and herbal compounds also influence 
drug behaviour [92,93]. Nanoparticles can be effectively integrated into these technologies to enhance targeted antimicro-
bial action.

Conclusion

The ZnO-NPs exhibit broad-spectrum antimicrobial properties, effective against both Gram-positive and Gram-negative 
bacteria, including MDR strains. Their ability to rapidly reduce microbial load on surfaces positions them as promising 
agents for clinical and environmental applications. Further research into optimizing their use, particularly in combination 
with other antimicrobials, could enhance their efficacy against infections that are resistant to treatment.

In this study, ZnO-NPs synthesized using Phoenix dactylifera root extract demonstrated minimum inhibitory concentra-
tions (MICs) as low as 9.7 µg/mL for E. faecium, S. pneumoniae, and Brucella spp., while higher concentrations (310 µg/
mL) inhibited resistant strains like P. aeruginosa (CRPA). Disc diffusion assays revealed strong antibacterial zones, rang-
ing from 24.0 mm against MRSA to 19.6 mm against ESBL-negative E. coli and K. pneumoniae. ZnO-NPs also eliminated 
CFUs on stainless steel, glass, and water surfaces within 60 minutes and inhibited AFB isolates, highlighting rapid bacteri-
cidal potential across clinical and environmental settings.

Future aspects of this research work include the development of ZnO-NP-based formulations such as topical creams, 
wound dressings, and hydrogel coatings for infection control in hospitals and outpatient settings. Their integration with 
conventional antibiotics should also be explored to evaluate possible synergistic effects, potentially reducing required 
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drug dosages and mitigating resistance. Additionally, ZnO-NPs may be employed as antimicrobial coatings on medical 
devices, surgical tools, and hospital surfaces to minimize healthcare-associated infections (HAIs). Their application in air 
and water purification systems, such as antimicrobial filters or sprays, holds promise for improving hygiene in both clinical 
and resource-limited environments. To enable safe clinical translation, comprehensive in various studies and cytotoxicity 
assessments are necessary to establish biocompatibility, particularly for skin, pulmonary, and systemic exposure. Mech-
anistic investigations are also warranted to elucidate nanoparticle-bacteria interactions and assess the risk of resistance 
development upon prolonged exposure. Ultimately, addressing the scalability of green synthesis methods and assessing 
the environmental impact of ZnO-NP disposal will be crucial for the sustainable and responsible use of these materials in 
healthcare and industry.

Supporting information

S1 Table. The mean of MIC values of the tested microorganisms. 
(DOCX)

S2 Table. The mean of inhibition zone diameter for Gram negative bacteria using disc diffusion assay. 
(DOCX)

S3 Table. The mean of inhibition zone diameter for Gram positive bacteria using disc diffusion assay. 
(DOCX)

S4 Table. Percent of reduction in CFU/mL calculations on each sample type after exposure to ZnO-NPs at differ-
ent time intervals performed by pour plate assay. 
(DOCX)

Author contributions

Formal analysis: Dalia Alqaffa, Ali M. Atoom, Mai Abdel Haleem A. Abusalah.

Investigation: Dalia Alqaffa, Ali M. Atoom.

Methodology: Dalia Alqaffa, Ali M. Atoom.

Resources: Rana Abu Huwaij, Awatef Al-Kaabneh, Maher A. Sughayer.

Supervision: Ali M. Atoom.

Visualization: Dalia Alqaffa, Bayan Tayseer Alzubi.

Writing – original draft: Dalia Alqaffa, Ali M. Atoom, Mai Abdel Haleem A. Abusalah, Manal Abdel Haleem A. Abusalah.

Writing – review & editing: Dalia Alqaffa, Ali M. Atoom, Mai Abdel Haleem A. Abusalah, Bayan Tayseer Alzubi, Rana Abu 
Huwaij, Awatef Al-Kaabneh, Manal Abdel Haleem A. Abusalah, Maher A. Sughayer.

References
	1.	 Elzein B. Nano Revolution: “Tiny tech, big impact: How nanotechnology is driving SDGs progress”. Heliyon. 2024;10(10):e31393. https://doi.

org/10.1016/j.heliyon.2024.e31393 PMID: 38818162

	2.	 Burlec AF, Corciova A, Boev M, Batir-Marin D, Mircea C, Cioanca O, et al. Current Overview of Metal Nanoparticles’ Synthesis, Characterization, 
and Biomedical Applications, with a Focus on Silver and Gold Nanoparticles. Pharmaceuticals (Basel). 2023;16(10):1410. https://doi.org/10.3390/
ph16101410 PMID: 37895881

	3.	 Gudkov SV, Burmistrov DE, Serov DA, Rebezov MB, Semenova AA, Lisitsyn AB. A Mini Review of Antibacterial Properties of ZnO Nanoparticles. 
Front Phys. 2021;9. https://doi.org/10.3389/fphy.2021.641481

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340470.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340470.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340470.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0340470.s004
https://doi.org/10.1016/j.heliyon.2024.e31393
https://doi.org/10.1016/j.heliyon.2024.e31393
http://www.ncbi.nlm.nih.gov/pubmed/38818162
https://doi.org/10.3390/ph16101410
https://doi.org/10.3390/ph16101410
http://www.ncbi.nlm.nih.gov/pubmed/37895881
https://doi.org/10.3389/fphy.2021.641481


PLOS One | https://doi.org/10.1371/journal.pone.0340470  February 13, 2026 20 / 23

	 4.	 Jin S-E, Jin H-E. Antimicrobial Activity of Zinc Oxide Nano/Microparticles and Their Combinations against Pathogenic Microorganisms for Bio-
medical Applications: From Physicochemical Characteristics to Pharmacological Aspects. Nanomaterials (Basel). 2021;11(2):263. https://doi.
org/10.3390/nano11020263 PMID: 33498491

	 5.	 Wang L, Hu C, Shao L. The antimicrobial activity of nanoparticles: present situation and prospects for the future. Int J Nanomedicine. 
2017;12:1227–49. https://doi.org/10.2147/IJN.S121956 PMID: 28243086

	 6.	 Ali SS, Morsy R, El-Zawawy NA, Fareed MF, Bedaiwy MY. Synthesized zinc peroxide nanoparticles (ZnO2-NPs): a novel antimicrobial, anti- 
elastase, anti-keratinase, and anti-inflammatory approach toward polymicrobial burn wounds. Int J Nanomedicine. 2017;12:6059–73. https://doi.
org/10.2147/IJN.S141201 PMID: 28860766

	 7.	 Ahmad I, Alshahrani MY, Wahab S, Al-Harbi AI, Nisar N, Alraey Y, et al. Zinc oxide nanoparticle: An effective antibacterial agent against pathogenic 
bacterial isolates. Journal of King Saud University - Science. 2022;34(5):102110. https://doi.org/10.1016/j.jksus.2022.102110

	 8.	 Caron AJ, Ali IJ, Delgado MJ, Johnson D, Reeks JM, Strzhemechny YM, et al. Zinc oxide nanoparticles mediate bacterial toxicity in Mueller-Hinton 
Broth via Zn2. Front Microbiol. 2024;15:1394078. https://doi.org/10.3389/fmicb.2024.1394078 PMID: 38711974

	 9.	 Ansari MA, Khan HM, Khan AA, Sultan A, Azam A. Synthesis and characterization of the antibacterial potential of ZnO nanoparticles against 
extended-spectrum β-lactamases-producing Escherichia coli and Klebsiella pneumoniae isolated from a tertiary care hospital of North India. Appl 
Microbiol Biotechnol. 2012;94(2):467–77. https://doi.org/10.1007/s00253-011-3733-1 PMID: 22159886

	10.	 Mendes CR, Dilarri G, Forsan CF, Sapata V de MR, Lopes PRM, de Moraes PB, et al. Antibacterial action and target mechanisms of zinc oxide 
nanoparticles against bacterial pathogens. Sci Rep. 2022;12(1):2658. https://doi.org/10.1038/s41598-022-06657-y PMID: 35173244

	11.	 Babayevska N, Przysiecka Ł, Iatsunskyi I, Nowaczyk G, Jarek M, Janiszewska E, et al. ZnO size and shape effect on antibacterial activity and 
cytotoxicity profile. Sci Rep. 2022;12(1):8148. https://doi.org/10.1038/s41598-022-12134-3 PMID: 35581357

	12.	 Siddiqi KS, Ur Rahman A, Tajuddin, Husen A. Properties of Zinc Oxide Nanoparticles and Their Activity Against Microbes. Nanoscale Res Lett. 
2018;13(1):141. https://doi.org/10.1186/s11671-018-2532-3 PMID: 29740719

	13.	 Happy A, Soumya M, Venkat Kumar S, Rajeshkumar S. Mechanistic study on antibacterial action of zinc oxide nanoparticles synthesized using 
green route. Chem Biol Interact. 2018;286:60–70. https://doi.org/10.1016/j.cbi.2018.03.008 PMID: 29551637

	14.	 Kadiyala U, Turali-Emre ES, Bahng JH, Kotov NA, VanEpps JS. Unexpected insights into antibacterial activity of zinc oxide nanoparticles against 
methicillin resistant Staphylococcus aureus (MRSA). Nanoscale. 2018;10(10):4927–39. https://doi.org/10.1039/c7nr08499d PMID: 29480295

	15.	 Tiwari V, Mishra N, Gadani K, Solanki PS, Shah NA, Tiwari M. Mechanism of Anti-bacterial Activity of Zinc Oxide Nanoparticle Against  
Carbapenem-Resistant Acinetobacter baumannii. Front Microbiol. 2018;9:1218. https://doi.org/10.3389/fmicb.2018.01218 PMID: 29928271

	16.	 Klink MJ, Laloo N, Leudjo Taka A, Pakade VE, Monapathi ME, Modise JS. Synthesis, Characterization and Antimicrobial Activity of Zinc Oxide 
Nanoparticles against Selected Waterborne Bacterial and Yeast Pathogens. Molecules. 2022;27(11):3532. https://doi.org/10.3390/mole-
cules27113532 PMID: 35684468

	17.	 Hwang C, Choi M-H, Kim H-E, Jeong S-H, Park J-U. Reactive oxygen species-generating hydrogel platform for enhanced antibacterial therapy. 
NPG Asia Mater. 2022;14(1). https://doi.org/10.1038/s41427-022-00420-5

	18.	 Dimapilis EAS, Hsu C-S, Mendoza RMO, Lu M-C. Zinc oxide nanoparticles for water disinfection. Sustainable Environment Research. 
2018;28(2):47–56. https://doi.org/10.1016/j.serj.2017.10.001

	19.	 Sirelkhatim A, Mahmud S, Seeni A, Kaus NHM, Ann LC, Bakhori SKM, et al. Review on Zinc Oxide Nanoparticles: Antibacterial Activity and Toxicity 
Mechanism. Nanomicro Lett. 2015;7(3):219–42. https://doi.org/10.1007/s40820-015-0040-x PMID: 30464967

	20.	 Kalaba MH, El-Sherbiny GM, Ewais EA, Darwesh OM, Moghannem SA. Green synthesis of zinc oxide nanoparticles (ZnO-NPs) by Streptomyces 
baarnensis and its active metabolite (Ka): a promising combination against multidrug-resistant ESKAPE pathogens and cytotoxicity. BMC Micro-
biol. 2024;24(1):254. https://doi.org/10.1186/s12866-024-03392-4 PMID: 38982372

	21.	 Nandhini J, Karthikeyan E, Rajeshkumar S. Nanomaterials for wound healing: Current status and futuristic frontier. Biomedical Technology. 
2024;6:26–45. https://doi.org/10.1016/j.bmt.2023.10.001

	22.	 Andonegi M, Peñalba M, de la Caba K, Guerrero P. ZnO nanoparticle-incorporated native collagen films with electro-conductive properties. Mater 
Sci Eng C Mater Biol Appl. 2020;108:110394. https://doi.org/10.1016/j.msec.2019.110394 PMID: 31923954

	23.	 George D, Maheswari PU, Sheriffa Begum KMM, Arthanareeswaran G. Biomass-Derived Dialdehyde Cellulose Cross-linked Chitosan-Based 
Nanocomposite Hydrogel with Phytosynthesized Zinc Oxide Nanoparticles for Enhanced Curcumin Delivery and Bioactivity. J Agric Food Chem. 
2019;67(39):10880–90. https://doi.org/10.1021/acs.jafc.9b01933 PMID: 31508956

	24.	 Khatri V, Halász K, Trandafilović LV, Dimitrijević-Branković S, Mohanty P, Djoković V, et al. ZnO-modified cellulose fiber sheets for antibody immobi-
lization. Carbohydr Polym. 2014;109:139–47. https://doi.org/10.1016/j.carbpol.2014.03.061 PMID: 24815410

	25.	 Espitia PJP, Soares N de FF, Coimbra JS dos R, de Andrade NJ, Cruz RS, Medeiros EAA. Zinc Oxide Nanoparticles: Synthesis, Antimicrobial 
Activity and Food Packaging Applications. Food Bioprocess Technol. 2012;5(5):1447–64. https://doi.org/10.1007/s11947-012-0797-6

	26.	 Ullah S, Shaban M, Siddique AB, Zulfiqar A, Lali NS, Naeem-ul-Hassan M, et al. Greenly synthesized zinc oxide nanoparticles: An efficient, cost- 
effective catalyst for dehydrogenation of formic acid and with improved antioxidant and phyto-toxic properties. Journal of Environmental Chemical 
Engineering. 2024;12(5):113350. https://doi.org/10.1016/j.jece.2024.113350

https://doi.org/10.3390/nano11020263
https://doi.org/10.3390/nano11020263
http://www.ncbi.nlm.nih.gov/pubmed/33498491
https://doi.org/10.2147/IJN.S121956
http://www.ncbi.nlm.nih.gov/pubmed/28243086
https://doi.org/10.2147/IJN.S141201
https://doi.org/10.2147/IJN.S141201
http://www.ncbi.nlm.nih.gov/pubmed/28860766
https://doi.org/10.1016/j.jksus.2022.102110
https://doi.org/10.3389/fmicb.2024.1394078
http://www.ncbi.nlm.nih.gov/pubmed/38711974
https://doi.org/10.1007/s00253-011-3733-1
http://www.ncbi.nlm.nih.gov/pubmed/22159886
https://doi.org/10.1038/s41598-022-06657-y
http://www.ncbi.nlm.nih.gov/pubmed/35173244
https://doi.org/10.1038/s41598-022-12134-3
http://www.ncbi.nlm.nih.gov/pubmed/35581357
https://doi.org/10.1186/s11671-018-2532-3
http://www.ncbi.nlm.nih.gov/pubmed/29740719
https://doi.org/10.1016/j.cbi.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29551637
https://doi.org/10.1039/c7nr08499d
http://www.ncbi.nlm.nih.gov/pubmed/29480295
https://doi.org/10.3389/fmicb.2018.01218
http://www.ncbi.nlm.nih.gov/pubmed/29928271
https://doi.org/10.3390/molecules27113532
https://doi.org/10.3390/molecules27113532
http://www.ncbi.nlm.nih.gov/pubmed/35684468
https://doi.org/10.1038/s41427-022-00420-5
https://doi.org/10.1016/j.serj.2017.10.001
https://doi.org/10.1007/s40820-015-0040-x
http://www.ncbi.nlm.nih.gov/pubmed/30464967
https://doi.org/10.1186/s12866-024-03392-4
http://www.ncbi.nlm.nih.gov/pubmed/38982372
https://doi.org/10.1016/j.bmt.2023.10.001
https://doi.org/10.1016/j.msec.2019.110394
http://www.ncbi.nlm.nih.gov/pubmed/31923954
https://doi.org/10.1021/acs.jafc.9b01933
http://www.ncbi.nlm.nih.gov/pubmed/31508956
https://doi.org/10.1016/j.carbpol.2014.03.061
http://www.ncbi.nlm.nih.gov/pubmed/24815410
https://doi.org/10.1007/s11947-012-0797-6
https://doi.org/10.1016/j.jece.2024.113350


PLOS One | https://doi.org/10.1371/journal.pone.0340470  February 13, 2026 21 / 23

	27.	 Ghaffar S, Abbas A, Naeem-Ul-Hassan M, Assad N, Sher M, Ullah S, et al. Improved Photocatalytic and Antioxidant Activity of Olive Fruit 
Extract-Mediated ZnO Nanoparticles. Antioxidants (Basel). 2023;12(6):1201. https://doi.org/10.3390/antiox12061201 PMID: 37371931

	28.	 Abbas A, Mansoor S, Nawaz MH, Chaudhry AA, Ijaz K, Riaz S, et al. Growth of diazonium-functionalized ZnO nanoflakes on flexible carbon cloth 
for electrochemical sensing of acetone in the liquid phase. RSC Adv. 2023;13(17):11537–45. https://doi.org/10.1039/d3ra01268a PMID: 37063710

	29.	 Assad N, Abbas A, Fayyaz Ur Rehman M, Naeem-Ul-Hassan M. Photo-catalytic and biological applications of phyto-functionalized zinc oxide 
nanoparticles synthesized using a polar extract of Equisetum diffusum D. RSC Adv. 2024;14(31):22344–58. https://doi.org/10.1039/d4ra03573a 
PMID: 39010906

	30.	 Siddique AB, Shaheen MA, Abbas A, Zaman Y, Bratty MA, Najmi A, et al. Thermodynamic and kinetic insights into azo dyes photocatalytic deg-
radation on biogenically synthesized ZnO nanoparticles and their antibacterial potential. Heliyon. 2024;10(23):e40679. https://doi.org/10.1016/j.
heliyon.2024.e40679 PMID: 39717568

	31.	 Yuvakkumar R, Suresh J, Nathanael AJ, Sundrarajan M, Hong SI. Novel green synthetic strategy to prepare ZnO nanocrystals using rambutan 
(Nephelium lappaceum L.) peel extract and its antibacterial applications. Mater Sci Eng C Mater Biol Appl. 2014;41:17–27. https://doi.org/10.1016/j.
msec.2014.04.025 PMID: 24907732

	32.	 Agarwal H, Venkat Kumar S, Rajeshkumar S. A review on green synthesis of zinc oxide nanoparticles – An eco-friendly approach. Resource- 
Efficient Technologies. 2017;3(4):406–13. https://doi.org/10.1016/j.reffit.2017.03.002

	33.	 Rosli NA, Teow YH, Mahmoudi E. Current approaches for the exploration of antimicrobial activities of nanoparticles. Sci Technol Adv Mater. 
2021;22(1):885–907. https://doi.org/10.1080/14686996.2021.1978801 PMID: 34675754

	34.	 Naser R, Abu-Huwaij R, Al-khateeb I, Abbas MM, Atoom AM. Green synthesis of zinc oxide nanoparticles using the root hair extract of Phoenix 
dactylifera: antimicrobial and anticancer activity. Appl Nanosci. 2021;11(5):1747–57. https://doi.org/10.1007/s13204-021-01837-0

	35.	 Naiel B, Fawzy M, Halmy MWA, Mahmoud AED. Green synthesis of zinc oxide nanoparticles using Sea Lavender (Limonium pruinosum L. 
Chaz.) extract: characterization, evaluation of anti-skin cancer, antimicrobial and antioxidant potentials. Sci Rep. 2022;12(1):20370. https://doi.
org/10.1038/s41598-022-24805-2 PMID: 36437355

	36.	 Abu-Huwaij R, Abbas MM, Al-Shalabi R, Almasri FN. Synthesis of transdermal patches loaded with greenly synthesized zinc oxide nanoparticles 
and their cytotoxic activity against triple negative breast cancer. Appl Nanosci. 2021;12(1):69–78. https://doi.org/10.1007/s13204-021-02166-y

	37.	 Obaid RZ, Abu-Huwaij R, Hamed R. Development and Characterization of Anticancer Model Drug Conjugated to Biosynthesized Zinc Oxide 
Nanoparticles Loaded into Different Topical Skin Formulations. Jordan j pharm sci. 2023;16(2):486. https://doi.org/10.35516/jjps.v16i2.1545

	38.	 Hamed R, Obeid RZ, Abu-Huwaij R. Plant mediated-green synthesis of zinc oxide nanoparticles: An insight into biomedical applications. Nanotech-
nology Reviews. 2023;12(1). https://doi.org/10.1515/ntrev-2023-0112

	39.	 Hamed R, Obeid RZ, Huwaij RA, Qattan D, Shahin NA. Topical gel formulations as potential dermal delivery carriers for green-synthesized zinc 
oxide nanoparticles. Drug Deliv Transl Res. 2025;15(3):885–907. https://doi.org/10.1007/s13346-024-01642-6 PMID: 38837118

	40.	 CLSI/NCCLS. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically. Wayne, PA: Clinical and Laboratory Stan-
dards Institute 2018.

	41.	 CLSI/NCCLS. Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts. Wayne, PA: Clinical and Laboratory Standards Insti-
tute 2017.

	42.	 CLSI. Performance Standards for Antimicrobial Disk Susceptibility Tests. Wayne, PA: Clinical and Laboratory Standards Institute, 2018.

	43.	 CLSI. Performance Standards for Antimicrobial Susceptibility Testing. Clinical and Laboratory Standards Institute. 2023.

	44.	 CLSI. Method for antifungal disk diffusion susceptibility testing of yeasts. Wayne, PA: Clinical and Laboratory Standards Institute. 2018.

	45.	 CLSI. Method for antifungal disk diffusion susceptibility testing of nondermatophyte filamentous fungi. Wayne, PA: Clinical and Laboratory Stan-
dards Institute. 2010.

	46.	 Cappuccino JG, Welsh CT. Microbiology: A Laboratory Manual. Pearson Education. 2016.

	47.	 Tankeshwar A. Pour Plate Method: Procedure, Uses, (Dis) Advantages: Microbe Online; 2024 [cited 2024 12/07]. Available from:  
https://microbeonline.com/pour-plate-method-principle-procedure-uses-dis-advantages/#:~:text=Each%20colony%20represents%20a%20
%E2%80%9Ccolony-forming%20unit%E2%80%9D%20%28CFU%29.%20The,formula%3A%20CFU%2FmL%3D%20CFU%20%2A%20
dilution%20factor%20%2A%201%2Faliquot

	48.	 CLSI. Susceptibility Testing of Mycobacteria, Nocardia spp., and Other Aerobic Actinomycetes. Wayne, PA: Clinical and Laboratory Standards 
Institute. 2011.

	49.	 Matyszczuk K, Krzepiłko A. Model Study for Interaction of Sublethal Doses of Zinc Oxide Nanoparticles with Environmentally Beneficial Bacteria 
Bacillus thuringiensis and Bacillus megaterium. Int J Mol Sci. 2022;23(19):11820. https://doi.org/10.3390/ijms231911820 PMID: 36233126

	50.	 Mammari N, Lamouroux E, Boudier A, Duval RE. Current Knowledge on the Oxidative-Stress-Mediated Antimicrobial Properties of Metal-Based 
Nanoparticles. Microorganisms. 2022;10(2):437. https://doi.org/10.3390/microorganisms10020437 PMID: 35208891

	51.	 Jothiprakasam V, Sambantham M, Chinnathambi S, Vijayaboopathi S. Candida tropicalis biofilm inhibition by ZnO nanoparticles and EDTA. Arch 
Oral Biol. 2017;73:21–4. https://doi.org/10.1016/j.archoralbio.2016.09.003 PMID: 27653145

	52.	 Gudkov SV, Burmistrov DE, Serov DA, Rebezov MB, Semenova AA, Lisitsyn AB. A mini review of antibacterial properties of ZnO nanoparticles. 
Frontiers in Physics. 2021;9:641481.

https://doi.org/10.3390/antiox12061201
http://www.ncbi.nlm.nih.gov/pubmed/37371931
https://doi.org/10.1039/d3ra01268a
http://www.ncbi.nlm.nih.gov/pubmed/37063710
https://doi.org/10.1039/d4ra03573a
http://www.ncbi.nlm.nih.gov/pubmed/39010906
https://doi.org/10.1016/j.heliyon.2024.e40679
https://doi.org/10.1016/j.heliyon.2024.e40679
http://www.ncbi.nlm.nih.gov/pubmed/39717568
https://doi.org/10.1016/j.msec.2014.04.025
https://doi.org/10.1016/j.msec.2014.04.025
http://www.ncbi.nlm.nih.gov/pubmed/24907732
https://doi.org/10.1016/j.reffit.2017.03.002
https://doi.org/10.1080/14686996.2021.1978801
http://www.ncbi.nlm.nih.gov/pubmed/34675754
https://doi.org/10.1007/s13204-021-01837-0
https://doi.org/10.1038/s41598-022-24805-2
https://doi.org/10.1038/s41598-022-24805-2
http://www.ncbi.nlm.nih.gov/pubmed/36437355
https://doi.org/10.1007/s13204-021-02166-y
https://doi.org/10.35516/jjps.v16i2.1545
https://doi.org/10.1515/ntrev-2023-0112
https://doi.org/10.1007/s13346-024-01642-6
http://www.ncbi.nlm.nih.gov/pubmed/38837118
https://microbeonline.com/pour-plate-method-principle-procedure-uses-dis-advantages/#:~:text=Each%20colony%20represents%20a%20%E2%80%9Ccolony-forming%20unit%E2%80%9D%20%28CFU%29.%20The,formula%3A%20CFU%2FmL%3D%20CFU%20%2A%20dilution%20factor%20%2A%201%2Faliquot
https://microbeonline.com/pour-plate-method-principle-procedure-uses-dis-advantages/#:~:text=Each%20colony%20represents%20a%20%E2%80%9Ccolony-forming%20unit%E2%80%9D%20%28CFU%29.%20The,formula%3A%20CFU%2FmL%3D%20CFU%20%2A%20dilution%20factor%20%2A%201%2Faliquot
https://microbeonline.com/pour-plate-method-principle-procedure-uses-dis-advantages/#:~:text=Each%20colony%20represents%20a%20%E2%80%9Ccolony-forming%20unit%E2%80%9D%20%28CFU%29.%20The,formula%3A%20CFU%2FmL%3D%20CFU%20%2A%20dilution%20factor%20%2A%201%2Faliquot
https://doi.org/10.3390/ijms231911820
http://www.ncbi.nlm.nih.gov/pubmed/36233126
https://doi.org/10.3390/microorganisms10020437
http://www.ncbi.nlm.nih.gov/pubmed/35208891
https://doi.org/10.1016/j.archoralbio.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27653145


PLOS One | https://doi.org/10.1371/journal.pone.0340470  February 13, 2026 22 / 23

	53.	 Kahsay MH. Synthesis and characterization of ZnO nanoparticles using aqueous extract of Becium grandiflorum for antimicrobial activity and 
adsorption of methylene blue. Appl Water Sci. 2021;11(2). https://doi.org/10.1007/s13201-021-01373-w

	54.	 El-Fallal AA, Elfayoumy RA, El-Zahed MM. Antibacterial activity of biosynthesized zinc oxide nanoparticles using Kombucha extract. SN Appl Sci. 
2023;5(12). https://doi.org/10.1007/s42452-023-05546-x

	55.	 Khan SH, Pathak B, Fulekar MH. A study on the influence of metal (Fe, Bi, and Ag) doping on structural, optical, and antimicrobial activity of ZnO 
nanostructures. Adv Compos Hybrid Mater. 2020;3(4):551–69. https://doi.org/10.1007/s42114-020-00174-0

	56.	 Khalid A, Ahmad P, Alharthi AI, Muhammad S, Khandaker MU, Faruque MRI, et al. Synergistic effects of Cu-doped ZnO nanoantibiotic against 
Gram-positive bacterial strains. PLoS One. 2021;16(5):e0251082. https://doi.org/10.1371/journal.pone.0251082 PMID: 33989295

	57.	 Assad N, Naeem-Ul-Hassan M, Ajaz Hussain M, Abbas A, Sher M, Muhammad G, et al. Diffused sunlight assisted green synthesis of silver 
nanoparticles using Cotoneaster nummularia polar extract for antimicrobial and wound healing applications. Nat Prod Res. 2025;39(8):2203–17. 
https://doi.org/10.1080/14786419.2023.2295936 PMID: 38146228

	58.	 Ullah S, Khalid R, Rehman MF, Irfan MI, Abbas A, Alhoshani A, et al. Biosynthesis of phyto-functionalized silver nanoparticles using olive fruit 
extract and evaluation of their antibacterial and antioxidant properties. Front Chem. 2023;11:1202252. https://doi.org/10.3389/fchem.2023.1202252 
PMID: 37324561

	59.	 Abebe B, Zereffa EA, Tadesse A, Murthy HCA. A Review on Enhancing the Antibacterial Activity of ZnO: Mechanisms and Microscopic Investiga-
tion. Nanoscale Res Lett. 2020;15(1):190. https://doi.org/10.1186/s11671-020-03418-6 PMID: 33001404

	60.	 Rajalakshmi R, Doss A, Rani TPKP, Manikandan B, Rajeswari G, Aranganayaki J. Eco-friendly synthesized zinc oxide nanoparticles—an antibacte-
rial agent. Biomass Conv Bioref. 2023;15(1):1013–26. https://doi.org/10.1007/s13399-023-05141-5

	61.	 Elgazzar E, Ayoub HA, El-Wahab ZA, Mostafa WA. Integration of ZnO nanorods with silver ions by a facile co-precipitation for antimicrobial, larvi-
cidal, and ovicidal activity. BMC Biotechnol. 2023;23(1):23. https://doi.org/10.1186/s12896-023-00790-w PMID: 37474922

	62.	 Junejo B, Eryilmaz M, Rizvanoglu SS, Palabiyik IM, Ghumro T, Mallah A, et al. Pharmacological assessment of Co3O4, CuO, NiO and ZnO 
nanoparticles via antibacterial, anti-biofilm and anti-quorum sensing activities. Water Sci Technol. 2023;87(11):2840–51. https://doi.org/10.2166/
wst.2023.150 PMID: 37318927

	63.	 SM, NH, PPV. In Vitro Biocompatibility and Antimicrobial activities of Zinc Oxide Nanoparticles (ZnO NPs) Prepared by Chemical and Green Syn-
thetic Route— A Comparative Study. BioNanoScience. 2020;10(1):112–21. https://doi.org/10.1007/s12668-019-00698-w

	64.	 Siddique AB, Amr D, Abbas A, Zohra L, Irfan MI, Alhoshani A, et al. Synthesis of hydroxyethylcellulose phthalate-modified silver nanoparticles and 
their multifunctional applications as an efficient antibacterial, photocatalytic and mercury-selective sensing agent. Int J Biol Macromol. 2024;256(Pt 
1):128009. https://doi.org/10.1016/j.ijbiomac.2023.128009 PMID: 37995781

	65.	 Jabbar A, Abbas A, Assad N, Naeem-Ul-Hassan M, Alhazmi HA, Najmi A, et al. A highly selective Hg2+ colorimetric sensor and antimicrobial agent 
based on green synthesized silver nanoparticles using Equisetum diffusum extract. RSC Adv. 2023;13(41):28666–75. https://doi.org/10.1039/
d3ra05070j PMID: 37790097

	66.	 Irfan MI, Amjad F, Abbas A, Rehman MFU, Kanwal F, Saeed M, et al. Novel Carboxylic Acid-Capped Silver Nanoparticles as Antimicrobial and 
Colorimetric Sensing Agents. Molecules. 2022;27(11):3363. https://doi.org/10.3390/molecules27113363 PMID: 35684301

	67.	 Akbar N, Aslam Z, Siddiqui R, Shah MR, Khan NA. Zinc oxide nanoparticles conjugated with clinically-approved medicines as potential antibacte-
rial molecules. AMB Express. 2021;11(1):104. https://doi.org/10.1186/s13568-021-01261-1 PMID: 34245385

	68.	 Thakral F, Bhatia GK, Tuli HS, Sharma AK, Sood S. Zinc Oxide Nanoparticles: from Biosynthesis, Characterization, and Optimization to Synergistic 
Antibacterial Potential. Curr Pharmacol Rep. 2021;7(1):15–25. https://doi.org/10.1007/s40495-021-00248-7

	69.	 Al-Tameemi AI, Masarudin MJ, Abdul Rahim R, Mills T, Timms VJ, Neilan BA, et al. Biosynthesis of zinc oxide nanoparticles using the superna-
tant of Weissella cibaria UPM22MT06 and its antibacterial and cytotoxicity properties. Biologia. 2023;78(11):3315–28. https://doi.org/10.1007/
s11756-023-01506-3

	70.	 Zheng H, Zhong B, Wang Q, Li X, Chen J, Liu L, et al. ZnO-Doped Metal-Organic Frameworks Nanoparticles: Antibacterial Activity and Mecha-
nisms. Int J Mol Sci. 2023;24(15):12238. https://doi.org/10.3390/ijms241512238 PMID: 37569611

	71.	 Krishnamoorthy R, Athinarayanan J, Periyasamy VS, Alshuniaber MA, Alshammari G, Hakeem MJ, et al. Antibacterial Mechanisms of Zinc Oxide 
Nanoparticle against Bacterial Food Pathogens Resistant to Beta-Lactam Antibiotics. Molecules. 2022;27(8):2489. https://doi.org/10.3390/mole-
cules27082489 PMID: 35458685

	72.	 Mohd Yusof H, Mohamad R, Zaidan UH, Abdul Rahman NA. Microbial synthesis of zinc oxide nanoparticles and their potential application as an 
antimicrobial agent and a feed supplement in animal industry: a review. J Anim Sci Biotechnol. 2019;10:57. https://doi.org/10.1186/s40104-019-
0368-z PMID: 31321032

	73.	 Bamford NC, MacPhee CE, Stanley-Wall NR. Microbial Primer: An introduction to biofilms - what they are, why they form and their impact on built 
and natural environments. Microbiology (Reading). 2023;169(8):001338. https://doi.org/10.1099/mic.0.001338 PMID: 37526065

	74.	 K S, Nechikkadan S, Theresa M, Krishnankutty RE. ZnO nanoparticles induced biofilm formation in Klebsiella pneumoniae and Staphylococcus 
aureus at sub-inhibitory concentrations. Folia Microbiol (Praha). 2024;69(6):1175–83. https://doi.org/10.1007/s12223-024-01158-z PMID: 38564153

	75.	 Ahmed NA, Othman AS. Green fabrication of ZnO nanoparticles via spirulina platensis and its efficiency against biofilm forming pathogens. Microb 
Cell Fact. 2024;23(1):92. https://doi.org/10.1186/s12934-024-02360-x PMID: 38539154

https://doi.org/10.1007/s13201-021-01373-w
https://doi.org/10.1007/s42452-023-05546-x
https://doi.org/10.1007/s42114-020-00174-0
https://doi.org/10.1371/journal.pone.0251082
http://www.ncbi.nlm.nih.gov/pubmed/33989295
https://doi.org/10.1080/14786419.2023.2295936
http://www.ncbi.nlm.nih.gov/pubmed/38146228
https://doi.org/10.3389/fchem.2023.1202252
http://www.ncbi.nlm.nih.gov/pubmed/37324561
https://doi.org/10.1186/s11671-020-03418-6
http://www.ncbi.nlm.nih.gov/pubmed/33001404
https://doi.org/10.1007/s13399-023-05141-5
https://doi.org/10.1186/s12896-023-00790-w
http://www.ncbi.nlm.nih.gov/pubmed/37474922
https://doi.org/10.2166/wst.2023.150
https://doi.org/10.2166/wst.2023.150
http://www.ncbi.nlm.nih.gov/pubmed/37318927
https://doi.org/10.1007/s12668-019-00698-w
https://doi.org/10.1016/j.ijbiomac.2023.128009
http://www.ncbi.nlm.nih.gov/pubmed/37995781
https://doi.org/10.1039/d3ra05070j
https://doi.org/10.1039/d3ra05070j
http://www.ncbi.nlm.nih.gov/pubmed/37790097
https://doi.org/10.3390/molecules27113363
http://www.ncbi.nlm.nih.gov/pubmed/35684301
https://doi.org/10.1186/s13568-021-01261-1
http://www.ncbi.nlm.nih.gov/pubmed/34245385
https://doi.org/10.1007/s40495-021-00248-7
https://doi.org/10.1007/s11756-023-01506-3
https://doi.org/10.1007/s11756-023-01506-3
https://doi.org/10.3390/ijms241512238
http://www.ncbi.nlm.nih.gov/pubmed/37569611
https://doi.org/10.3390/molecules27082489
https://doi.org/10.3390/molecules27082489
http://www.ncbi.nlm.nih.gov/pubmed/35458685
https://doi.org/10.1186/s40104-019-0368-z
https://doi.org/10.1186/s40104-019-0368-z
http://www.ncbi.nlm.nih.gov/pubmed/31321032
https://doi.org/10.1099/mic.0.001338
http://www.ncbi.nlm.nih.gov/pubmed/37526065
https://doi.org/10.1007/s12223-024-01158-z
http://www.ncbi.nlm.nih.gov/pubmed/38564153
https://doi.org/10.1186/s12934-024-02360-x
http://www.ncbi.nlm.nih.gov/pubmed/38539154


PLOS One | https://doi.org/10.1371/journal.pone.0340470  February 13, 2026 23 / 23

	76.	 Abdelghafar A, Yousef N, Askoura M. Zinc oxide nanoparticles reduce biofilm formation, synergize antibiotics action and attenuate Staphylococcus 
aureus virulence in host; an important message to clinicians. BMC Microbiol. 2022;22(1):244. https://doi.org/10.1186/s12866-022-02658-z PMID: 
36221053

	77.	 Hayat S, Ashraf A, Zubair M, Aslam B, Siddique MH, Khurshid M, et al. Biofabrication of ZnO nanoparticles using Acacia arabica leaf extract 
and their antibiofilm and antioxidant potential against foodborne pathogens. PLoS One. 2022;17(1):e0259190. https://doi.org/10.1371/journal.
pone.0259190 PMID: 34986148

	78.	 Shaik MR, Kandaswamy K, Guru A, Khan H, Giri J, Mallik S, et al. Piperine-coated zinc oxide nanoparticles target biofilms and induce oral cancer 
apoptosis via BCl-2/BAX/P53 pathway. BMC Oral Health. 2024;24(1):715. https://doi.org/10.1186/s12903-024-04399-z PMID: 38907185

	79.	 Lallo da Silva B, Caetano BL, Chiari-Andréo BG, Pietro RCLR, Chiavacci LA. Increased antibacterial activity of ZnO nanoparticles: Influence of 
size and surface modification. Colloids Surf B Biointerfaces. 2019;177:440–7. https://doi.org/10.1016/j.colsurfb.2019.02.013 PMID: 30798065

	80.	 Palanikumar L, Ramasamy SN, Balachandran C. Size-dependent antimicrobial response of zinc oxide nanoparticles. IET Nanobiotechnol. 
2014;8(2):111–7. https://doi.org/10.1049/iet-nbt.2012.0008 PMID: 25014082

	81.	 Azizi-Lalabadi M, Ehsani A, Divband B, Alizadeh-Sani M. Antimicrobial activity of Titanium dioxide and Zinc oxide nanoparticles supported in 4A 
zeolite and evaluation the morphological characteristic. Sci Rep. 2019;9(1):17439. https://doi.org/10.1038/s41598-019-54025-0 PMID: 31767932

	82.	 Abdelraheem WM, Khairy RMM, Zaki AI, Zaki SH. Effect of ZnO nanoparticles on methicillin, vancomycin, linezolid resistance and biofilm formation 
in Staphylococcus aureus isolates. Ann Clin Microbiol Antimicrob. 2021;20(1):54. https://doi.org/10.1186/s12941-021-00459-2 PMID: 34419054

	83.	 Abd El-Hamid MI, Y El-Naenaeey E-S, M Kandeel T, Hegazy WAH, Mosbah RA, Nassar MS, et al. Promising Antibiofilm Agents: Recent Break-
through against Biofilm Producing Methicillin-Resistant Staphylococcus aureus. Antibiotics (Basel). 2020;9(10):667. https://doi.org/10.3390/antibiot-
ics9100667 PMID: 33022915

	84.	 Hamed S, Emara M. Antibacterial and Antivirulence Activities of Acetate, Zinc Oxide Nanoparticles, and Vitamin C Against E. coli O157:H7 and P. 
aeruginosa. Curr Microbiol. 2023;80(2):57. https://doi.org/10.1007/s00284-022-03151-6 PMID: 36588146

	85.	 Valadbeigi H, Sadeghifard N, Kaviar VH, Haddadi MH, Ghafourian S, Maleki A. Effect of ZnO nanoparticles on biofilm formation and gene 
expression of the toxin-antitoxin system in clinical isolates of Pseudomonas aeruginosa. Ann Clin Microbiol Antimicrob. 2023;22(1):89. https://doi.
org/10.1186/s12941-023-00639-2 PMID: 37798613

	86.	 Gygli SM, Borrell S, Trauner A, Gagneux S. Antimicrobial resistance in Mycobacterium tuberculosis: mechanistic and evolutionary perspectives. 
FEMS Microbiol Rev. 2017;41(3):354–73. https://doi.org/10.1093/femsre/fux011 PMID: 28369307

	87.	 Mistry N, Bandyopadhyaya R, Mehra S. ZnO Nanoparticles and Rifampicin Synergistically Damage the Membrane of Mycobacteria. ACS Appl 
Nano Mater. 2020;3(4):3174–84. https://doi.org/10.1021/acsanm.9b02089

	88.	 Taranath TC, Patil BN. Limonia acidissima L. leaf mediated synthesis of zinc oxide nanoparticles: A potent tool against Mycobacterium tuberculo-
sis. Int J Mycobacteriol. 2016;5(2):197–204. https://doi.org/10.1016/j.ijmyco.2016.03.004 PMID: 27242232

	89.	 Wang B, Chen Y, Ye Z, Yu H, Chan KF, Xu T, et al. Low-Friction Soft Robots for Targeted Bacterial Infection Treatment in Gastrointestinal Tract. 
Cyborg Bionic Syst. 2024;5:0138. https://doi.org/10.34133/cbsystems.0138 PMID: 38975252

	90.	 Wu T, Fu Y, Guo S, Shi Y, Zhang Y, Fan Z, et al. Self‐assembly multifunctional DNA tetrahedron for efficient elimination of antibiotic‐resistant bacte-
ria. Aggregate. 2023;5(1). https://doi.org/10.1002/agt2.402

	91.	 Wang W, Wang J, Hu Z, Yan X, Gao Q, Li X, et al. Advancing Aggregation‐Induced Emission‐Derived Biomaterials in Viral, Tuberculosis, and Fun-
gal Infectious Diseases. Aggregate. 2024;6(3). https://doi.org/10.1002/agt2.715

	92.	 Zhang Y, Liu X, Luo J, Liu H, Li Y, Liu J, et al. Dual recombinase polymerase amplification system combined with lateral flow immunoassay for 
simultaneous detection of Staphylococcus aureus and Vibrio parahaemolyticus. J Pharm Biomed Anal. 2025;255:116621. https://doi.org/10.1016/j.
jpba.2024.116621 PMID: 39644678

	93.	 Li H, Zhou Y, Liao L, Tan H, Li Y, Li Z, et al. Pharmacokinetics effects of chuanxiong rhizoma on warfarin in pseudo germ-free rats. Front Pharma-
col. 2023;13:1022567. https://doi.org/10.3389/fphar.2022.1022567 PMID: 36686675

https://doi.org/10.1186/s12866-022-02658-z
http://www.ncbi.nlm.nih.gov/pubmed/36221053
https://doi.org/10.1371/journal.pone.0259190
https://doi.org/10.1371/journal.pone.0259190
http://www.ncbi.nlm.nih.gov/pubmed/34986148
https://doi.org/10.1186/s12903-024-04399-z
http://www.ncbi.nlm.nih.gov/pubmed/38907185
https://doi.org/10.1016/j.colsurfb.2019.02.013
http://www.ncbi.nlm.nih.gov/pubmed/30798065
https://doi.org/10.1049/iet-nbt.2012.0008
http://www.ncbi.nlm.nih.gov/pubmed/25014082
https://doi.org/10.1038/s41598-019-54025-0
http://www.ncbi.nlm.nih.gov/pubmed/31767932
https://doi.org/10.1186/s12941-021-00459-2
http://www.ncbi.nlm.nih.gov/pubmed/34419054
https://doi.org/10.3390/antibiotics9100667
https://doi.org/10.3390/antibiotics9100667
http://www.ncbi.nlm.nih.gov/pubmed/33022915
https://doi.org/10.1007/s00284-022-03151-6
http://www.ncbi.nlm.nih.gov/pubmed/36588146
https://doi.org/10.1186/s12941-023-00639-2
https://doi.org/10.1186/s12941-023-00639-2
http://www.ncbi.nlm.nih.gov/pubmed/37798613
https://doi.org/10.1093/femsre/fux011
http://www.ncbi.nlm.nih.gov/pubmed/28369307
https://doi.org/10.1021/acsanm.9b02089
https://doi.org/10.1016/j.ijmyco.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27242232
https://doi.org/10.34133/cbsystems.0138
http://www.ncbi.nlm.nih.gov/pubmed/38975252
https://doi.org/10.1002/agt2.402
https://doi.org/10.1002/agt2.715
https://doi.org/10.1016/j.jpba.2024.116621
https://doi.org/10.1016/j.jpba.2024.116621
http://www.ncbi.nlm.nih.gov/pubmed/39644678
https://doi.org/10.3389/fphar.2022.1022567
http://www.ncbi.nlm.nih.gov/pubmed/36686675

