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The unregulated administration of currently available antimicrobial agents resulted in overspreading 
of resistant microbial phenotypes. In this study, Mucor racemosus was used for biosynthesis of zinc 
oxide nanoparticles (ZnO NPs) through fungi-based ecofriendly approach. The biosynthesized of 
ZnO NPs was initially considered based on analytical practices including UV–vis spectroscopy and 
transmission electron microscopy (TEM). Additionally, their cytotoxicity and anticancer activity were 
analyzed using suitable cell lines and their antioxidant effect was also assessed. Microbiologically, their 
inhibitory activity was comparatively evaluated against various methicillinresistant Staphylococcus 
aureus (MRSA) and methicillinsensitive Staphylococcus aureus (MSSA). Characterization of ZnO NPs 
displayed a distinct maximum absorption peak at 320 nm appeared in the UV–vis. Also, TEM revealed 
predominantly spherical ZnO NPs with particle size distribution ranging from 15 to 55 nm (mean size 
≃ 40 nm). The normal cell line (Wi-38) illustrated the biosafety of ZnO NPs, where results showed IC50 
of 197.2 µg/mL. Furthermore, ZnO NPs exhibited promising suppressive activity on Hep-G2 cancerous 
cell with IC50 of 51.4 µg/mL. Besides, ZnO NPs displayed antioxidant activity where IC50 was 69.2 µg/
mL. As well, the minimum inhibitory concentrations of ecofriendly ZnO NPs against the tested MRSA 
and MSSA isolates were ranged from 32 to 512 µg/mL. Also, their minimum bactericidal concentrations 
against the tested MSSA was in lower range, 32–1024 µg/mL, than the recorded range, 128–1024 µg/
mL, against the MSSA. Also, the crystal violet (CV) assay showed an eradication potential of the 
biosynthesized ZnO NPs on MRSA and MSSA biofilm in a range of 23.24–73.96% and 6.63–74.1%, 
respectively. In conclusion, the ecofriendly synthesized ZnO NPs with antioxidant and anticancer 
activities demonstrated promising inhibitory effect on planktonic growth form of MRSA and MSSA 
clinical isolates with capability to eradicate their preformed biofilm. To achieve their full potential, 
future research needs to enhance the synthesis process to make ZnO NPs more uniform and scalable, 
as well as investigate their action mechanisms at the molecular level.
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Staphylococcus aureus (S. aureus), a foremost human pathogenic Grampositive bacteria, associated with 
wide range of slight soft tissue infections and life-threatening chronic disorders1. The misuse or overuse of 
antimicrobial agents resulted in spreading of antimicrobial resistant S. aureus phenotypes including MRSA 
in communities and hospitals2. The MRSA particular phenotype showed first penicillin resistance in 1948s 
followed by resistance to methicillin and its related semisynthetic penicillins3. This phenotype is particularly 
a significant public health threat because it is resistant to over one antimicrobial class, namely beta-lactams 
including penicillins, cephalosporins, carbapenems, monobactams, cephems, and β-lactams/β-lactamase 
inhibitors, which dramatically lowers the number of drugs available for treatment4. Also, MRSA bacterial 
phenotype pose significant health threats to the global world as they can cause serious superficial skin and 
soft tissue infections, pneumonia, sepsis, and endocarditis5. Furthermore, human illness associated with MRSA 
strains have difficult and restricted treatment options due to spreading of multi-drug resistant (MDR) MRSA 
strains and mostly resulted in high mortality rate6. On the other hand, MSSA, being methicillin-susceptible 
but challenging to deal with due to virulence factors and the hazard of rapid infection progression, demands 
effective mitigation tools in both healthcare and community settings7. The bacterial cells adhesion, aggregation, 
biofilm structure maturation, and spreading represent the stages of the readily developed S. aureus biofilm with 
enhanced antimicrobial-resistance8. Consequently, S. aureus strains biofilms has a considerable impact on host 
immune responses against this pathogen9. Therefore, there arises a pressing demand for innovative methods of 
mitigation. Some recent advancements against such infections include the identification of novel antimicrobial 
agents such as lipoglycopeptides and bacteriophage therapy10. Despite all these advancements, MRSA and 
MSSA are still a challenge due to evolving resistance mechanisms, biofilm formation, and no excellent vaccine. 
The global burden is also fueled by inefficient surveillance mechanisms, inappropriate antimicrobial use, and 
unavailable advanced diagnostics in resource-constrained settings, making containment of such pathogens a 
perennial challenge11.

The unveiling of unusual and suitable alternates to control such infectious pathogens has become a highly 
endorsed target to control the continuous emergency of MDR pathogenic phenotype as well as, to overcome 
the time-consuming, labor-intensive, and expensive methods for new antimicrobial assembly12. The nano 
structure-based antimicrobials could become an excellent paradigm to combat infectious agents with various 
antimicrobial resistant behavior13,14. The nanoparticles (NPs) toxicity may be resulted from their tiny size which 
facilitates their biological barriers penetration with strong interaction and efficient targeting of microbial cells15. 
Nanoparticles have garnered significant attention from researchers across various scientific fields16–18. These 
particles were generally categorized as inorganic and organic NPs19. The inorganic group includes metallic, 
semi-metallic, and magnetic NPs, whereas the organic group primarily consists of carbon-based NPs20. The 
application of typical nano-scaled materials, with size range from 1 to 100 nm, represents a rapidly advancing 
field within nanoscience and nanotechnology21. In essence, nanotechnology involves manipulating materials at 
the atomic scale through a combination of engineering, chemical, and biological techniques. As a contemporary 
concept, nanotechnology has become amongst major and extensively studied parts of advanced science22,23.

Zinc (Zn) is a transition metal with excellent electrical and thermal conductivity, widely recognized for 
its essential role in biological systems24. Zinc oxide nanoparticles exhibit unique physicochemical properties, 
including a wide bandgap (~ 3.37 eV), high surface area, and remarkable stability, making them suitable for 
various biomedical applications25. Additionally, ZnO NPs demonstrate significant reactive oxygen species (ROS) 
generation, which contributes to their antimicrobial and oxidative stress-modulating properties26. Their inherent 
biocompatibility and low toxicity further support their potential for safe and controlled applications27,28.

ZnO NPs were selected for this study due to their well-documented antimicrobial efficacy, selective 
cytotoxicity, and strong antioxidant activity. Their stability, biocompatibility, and environmentally friendly 
synthesis make them promising candidates for biomedical and pharmaceutical applications, aligning with the 
principles of green nanotechnology29,30.

ZnO NPs synthesis can be achieved through two primary approaches, bottom-up and the top-down 
techniques31. In bottom-up approach, the structures constructed via atom by atom or molecule by molecule 
relying on self-assembly. Conversely, the top-down method reduces the size of a bulk material into nanoscale 
dimensions using physical or chemical techniques. Both approaches are commonly employed for NPs 
production32,33. Synthesis of NPs following chemical or physical technique usually employ harsh conditions, such 
as exposure to toxic chemicals, elevated pressures, and high temperatures. These factors can have environmental 
impacts or demand the use of advanced equipment34. On the other hand, the biological approach, also known 
as green technology, offers an environmentally friendly alternative utilized in NPs preparation. Nanotechnology 
integration with biological sciences provided new avenues for various scientific fields research35. Biological 
systems have been suggested as environmentally friendly alternatives to traditional physicochemical methods36. 
These systems utilize bacteria, fungi, algae or extracts from various plants as a source of capping agents to 
stabilize NPs37–44. Fungi are particularly well-suited in biogenic ZnO NPs synthesis due to their remarkable metal 
tolerance with ease of cultivation. In addition, they produce substantial amounts of extracellular proteins that are 
essential for NPs stabilization45. Compared to bacterial systems, fungal cultures offer several benefits, including 
greater biomass yield and the elimination of extra extraction procedures46. Mucor racemosus, a filamentous 
fungus, was chosen for ZnO NP synthesis due to its strong biogenic potential and enzymatic activity. This fungus 
secretes various extracellular metabolites, such as proteins, polysaccharides, and organic acids, which aid in metal 
ion reduction and nanoparticle stabilization47,48. These biomolecules naturally cap the nanoparticles, enhancing 
their stability, minimizing aggregation, and influencing their morphology49. Furthermore, fungal-derived 
functional groups can modify the surface properties of ZnO NPs, potentially improving their biocompatibility 
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and antimicrobial effectiveness27. The interaction between Mucor racemosus and ZnO NPs may also regulate 
nucleation and growth, leading to well-defined nanoparticles with favourable physicochemical traits. This 
green synthesis approach presents a safer and more sustainable alternative to conventional chemical methods, 
minimizing toxicity and environmental impact50.

Also, fungi demonstrated significant capability in large-scale NPs synthesis51. Additionally, the adaptability of 
ZnO NPs associated with their wide utilization as antibacterial agents as well as other areas including medicinal 
diagnosis, electronics, and catalysis27,52,53. Additionally, they exhibit promising properties like anticoagulant, 
antidiabetic, and thrombolytic activities. Although, the common utilization of physical and chemical methods 
to synthesize ZnO NPs, such approaches are often expensive and pose environmental concerns50. Recently, the 
biosynthesis of ZnO NPs has progressed rapidly, offering an ecological, cleaner, non-hazardous, and biosafe 
alternative for conventionally utilized physical or chemical techniques50,54. In comparing with other metal oxide 
NPs, ZnO NPs possess wide arrangement of medical applications, including drug delivery, imaging, cancer 
treatments, anti-inflammatory effects, antibacterial and antidiabetic therapies, and wound closing55,56.

While ZnO NPs have attracted considerable attention for biomedical applications, their large-scale, eco-
friendly synthesis using fungal-mediated approaches remains insufficiently explored. This study presents an 
innovative mycosynthetic method for ZnO NPs using Mucor racemosus, providing a more sustainable and 
cost-effective alternative to conventional chemical and physical techniques. The extracellular proteins produced 
by Mucor racemosus contribute to nanoparticle stability, aligning with green nanotechnology principles and 
minimizing the environmental impact associated with chemical synthesis.

The core hypothesis of this research is that fungal-derived ZnO NPs will exhibit; (a) notable cytotoxicity 
against Hep-G2 cancer cells while preserving biocompatibility with normal human fibroblast cells (Wi-38). 
(b) Superior antimicrobial properties, particularly against biofilm-forming MRSA and MSSA clinical isolates, 
positioning them as a potential alternative for managing multidrug-resistant infections. (c) Strong antioxidant 
activity, highlighting their prospective role in mitigating oxidative stress-related disorders. The stability of 
the synthesized ZnO NPs in physiological conditions, including their behavior in biological fluids, has been 
addressed in the discussion section. This addition provides insights into factors influencing their stability, such 
as biomolecular capping, zeta potential, and dissolution behavior, which are crucial for their potential biomedical 
applications57 This study not only investigates the biological activity and therapeutic potential of ZnO NPs but 
also addresses key challenges related to their stability, selective cytotoxicity, and antimicrobial mechanisms. 
Through a biogenic synthesis approach, the research aims to advance the development of safe, scalable, and 
multifunctional nanomaterials for future biomedical applications. The study aimed to biosynthesize eco-friendly 
zinc oxide nanoparticles (ZnO NPs) using Mucor racemosus to combat antimicrobial resistance. The ZnO NPs 
were characterized using UV–vis spectroscopy and TEM, and their cytotoxicity, anticancer, antioxidant, and 
antimicrobial activities were evaluated against MRSA and MSSA, including biofilm disruption.

Materials and methods
Chemical and reagents
Analytical grade Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium hydroxide (NaOH) of 99% purity, and 
malt extract agar (MEA) and malt extract broth (MEB) fungal growth media utilized in the current work were 
bought from Sigma Aldrich in Cairo, Egypt. In all biological experiment, distilled water (dH2O) was utilized.

Clinical specimens and bacterial isolates
The examined 42 S. aureus clinical isolates were supplied by Microbiology Lab., Sayed Galal Teaching hospital, 
Al-Azhar University, Cairo, Egypt. These isolates were phenotypically identified and initially confirmed 
according to the Procop et al.58 guidelines. In brief, culture characteristics on nutrient agar, mannitol salt agar 
(MSA), and blood agar plates were considered for primary isolate identification. Light microscope examination 
of Gram-stained smears was then applied for detection of Gram reaction type and bacterial cells morphology 
and arrangement. As well, biochemical assays for catalase, coagulase, oxidase, and DNase tests were conducted 
for basic phenotypic identification of S. aureus isolates13.

Phenotypic and genotypic confirmation of MRSA
Firstly, the initial phenotypic differentiation between MRSA and MSSA isolates were conducted via oxacillin 
resistance screen agar test which assess the ability of the tested S. aureus isolates for growing on MSA 
supplemented with oxacillin resistance screening agar base (ORSAB) (Oxoid LTD, Basingstoke, UK)59.

As a confirmatory test, all the tested S. aureus isolates were secondly characterized following the cefoxitin 
disc diffusion test60. In brief, each tested bacterial suspension, adjusted to 0.5 McFarland, aseptically cultured 
into Muller Hinton agar (MHA) plate (Oxoid, UK) to obtain lawn bacterial growth followed by quietly placing 
of cefoxitin disc (30 µg) (Oxoid, UK). Following the incubation for 18 h at 35 °C, the inhibition zone diameter 
(IZD) around the tested disc was measured.

After confirmed identification of the tested isolates as phenotypically MRSA or MSSA, they were 
genotypically confirmed via PCR detection of the resistance-associated mecA virulence determinant61. In brief, 
the PCR amplification mixture was of genomic DNA extracted by boiling method (1 µL), mecA gene specific 
forward 3′-​G​T​G​A​A​G​A​T​A​T​A​C​C​A​A​G​T​G​A​T​T-5′ and reverse 3′-​A​T​G​C​G​C​T​A​T​A​G​A​T​T​G​A​A​A​G​G​A​T-5′ primers 
(1 µL) each, Cosmo PCR Red Master Mix (Willowfort, UK) (12.5 µL), and nuclease-free water (9.5 µL). Negative 
control containing all reaction mixture without bacterial DNA was included. The amplification program started 
with an initial denaturation phase at 94 °C for 4 min for 1 cycle followed by elongation phase of 35 cycles of: 
denaturation at 94 °C for 60 s, annealing at 55 °C for 60 s, and elongation at 72 °C for 60 s, and the amplification 
program completed with a final elongation phase for 10 min at 72 °C.
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Ethidium bromide stained agarose gel (1.5%) was employed for separation of the obtained PCR products 
based on electrophoresis at 100  V using Tris-acetate EDTA buffer (Sigma Aldrich, Germany) for 45  min. 
The stained mecA gene-specific bands was observe by UV transilluminator (HERMLE Labortechnik GmbH, 
Germany) and their molecular size determine by comparing with the 100 bp DNA ladder (Geneaid Biotech Lt., 
Taiwan).

Fungal growth conditions
Mucor racemosus (accession number MG547571) was isolated during our previous research62. Mucor racemosus 
was inoculated onto MEA and incubated at 30 ± 2 °C for 7 days, the fungus was preserved until use at 4 °C63,64.

Mucor racemosus mediated ZnO NPs
In 100 mL MEB, 2 Mucor racemosus disks were inoculated followed by incubation with shaking (200 rpm) for 7 
days at 30 ± 2 °C. The fungal biomass was then collected by centrifugation and resuspended in 100 ml dH2O for 
48 h at 30 ± 2 °C with shaking at 200 rpm followed by filtration using Whatman filter paper (No.1). Zinc nitrate 
(4 mM) was then added to the filtrate, incubated for 12 h with shaking (200 rpm) at 32 °C, with pH adjustment to 
8. The negative control experiment was included using dH2O instead of the tested fungal extract. The reduction 
process was considered based on the production of white precipitate that was collected by centrifugation for 
7 min at 15,000 rpm, rinsed using dH2O to eliminate all persisting contaminants, and oven-dried at 200 °C for 
6 h65.

Characterization of ZnO NPs
The establishment of ZnO NPs were fully characterized depending on various analysis. The created ZnO NPs 
using cell-free Mucor racemosus filtrate was analyzed and confirmed using UV–vis spectrophotometer (JENWAY 
6305 spectrophotometer) to measure absorbance between 300 and 800 nm. Additionally, the X-ray diffraction 
(XRD) profile was documented using Cu-Ka radiation where the values of 2θ was measured between 4° and 
80° through X’Pert Pro diffractometer (Philips, Eindhoven, Netherlands). The Debye–Scherrer equation was 
utilized for calculation of ZnO NPs average size66. Dynamic light scattering (DLS) (Malvern Instruments Ltd. 
in Worcestershire called the Malvern Zetasizer Nanoseries) was conducted for estimation of size distribution 
of different dispersed ZnO NPs. The biosynthesized NPs morphology was determined based on TEM imaging 
(JEM1230, Japan, Akishima, Tokyo, 196–8558). The Fourier transform infrared (FTIR) spectra of ZnO NPs was 
studied at 400–4000 cm− 1 (Agilent System Cary 660 FT-IR Model).

Antioxidant activity
In the current study, different ZnO NPs and ascorbic acid (standard control) concentrations in the range of 3.12–
200  µg/mL were examined for their diphenyl picrylhydrazyl (DPPH) radicals scavenging ability. The DPPH 
solution (800 µL) was mixed with each tested concentration (200 µL) with profuse shaking, and kept in darkness 
for 30 min at 25 °C followed by centrifugation at 13,000 rpm for 5 min67. Each tested concentration absorbance 
was measured at 517 nm in comparison with a blank. Antioxidant activity percentage was calculated by the 
following Equation:

	
Antioxidant activity (%) = Control absorbance − Sample absorbance

Control absorbance
× 100

In vitro cytotoxicity and anticancer activity
The biosynthesized ZnO NPs toxicity was determined against Wi-38 normal and Hep-G2 cancerous cell lines using 
the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT) protocol68 with minor modification. 
The cell quantity and the percentage of viable cell were totaled by the following Formula, respectively:

	
Viability % = ZnO NPs OD

Control OD
× 100

	 Inhibition % = 100 − Viability %

Microbiological assays
Well diffusion assay
The IZD, that reflect the biosynthesized ZnO NPs initial activity towards MRSA and MSSA, was measured 
following the agar well diffusion assay conducted under restricted aseptic conditions. In brief, each prepared 
bacterial isolate suspension of 0.5 McFarland standard concentration inoculated into MHA plate using sterile 
cotton swab that consent for growth in a lawn form. Four wells were then made on the MHA surface using sterile 
borer. One hundred microliters from 1000 µg/mL ZnO NPs suspension in dimethyl sulfoxide (DMSO) or 50 µg/
mL vancomycin (standard positive control) were then separately inoculated into two wells. The DMSO (8%) 
and zinc acetate (1000 µg/mL) were inoculated into the remaining two wells as negative controls. Each tested 
plate was then pre-incubated in the refrigerator for half an hour then incubated at 37 °C for 24 h followed by 
measuring of the observed IZD around each inoculated well69.

Consequently, the percentage inhibition (PI) described by Elkady et al.70 of ZnO NPs for all tested isolates 
was then calculated according to the following Formula:

	
Percent Inhibition (PI) = IZD caused by the ZnO NPs

IZD caused by vancomycin
× 100

Scientific Reports |        (2025) 15:18772 4| https://doi.org/10.1038/s41598-025-03421-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Broth microdilution assay
The quantitative capability of ZnO NPs to cease the growth of the tested MRSA and MSSA isolates was evaluated 
following broth microdilution assay. A 96-well microtiter plate was used for determination of each tested 
bacterial isolate MIC and MBC71. In brief, the tested ZnO NPs was dissolved in DMSO and two-fold serial 
dilution, in the range of 512 –16 µg/ml, was aseptically constructed in each raw of the microtiter plate using 
Muller Hinton broth. An equal volume of each tested bacterial suspension (10 µL), at a concentration equivalent 
to 0.5 McFarland standard, was then added to the wells of each raw with 200 µL final volume. After plates 
incubation at 37 °C for 24 h aerobically, the prepared resazurin solution (0.015%: 40 µL) was added to each well 
with additional plates incubation at 37 °C for 2 h. The lowest concentration in each raw without visible blur 
resazurin color switch into red was recorded as the MIC of ZnO NPs. For each tested isolate, the suspension 
from all wells with blue color was consequently inoculated into MHA plate followed by incubation for at 37 °C 
24 h. The lowest concentration of ZnO NPs caused no visible growth was reported as their MBC. Each tested 
bacterial strain tolerance to the tested ZnO NPs was then calculated according to the Formula:

	
Tolerance level = MBC

MIC

Consequently, the results recorded as NPs bacteriostatic or bactericidal activity at tolerance value ≥ 4 or ≤ 2, 
respectively.

Biofilm destructive assay
The CV staining assay, conducted as triplicate using 96 well microtiter plate, was used to evaluate the different 
capabilities of the tested MRSA and MSSA for biofilm formation and ZnO NPs effect on their preformed bacterial 
biofilm. Each 0.5 McFarland standard bacterial suspension (10 µL) was inoculated into each well of sterile 96-
well microtiter plate containing tryptic soya broth (TSB) containing 1% glucose (TSBG) with a final volume 
of 200 µL and statically incubated at 37oC for 48 h to allow bacterial cell surface attachment. Afterward, the 
planktonic bacterial growth was discarded followed by washing of remaining biofilms using phosphate buffered 
saline (PBS: pH 7.2) three times. Subsequently, two separate test procedure groups were applied.

In the first group, the quantitative ability of MRSA and MSSA isolates for biofilm formation was evaluated 
in presence of uninoculated TSBG as negative control (NC)72. Concisely, after desiccation for 1 h at 60 °C, the 
bacterial biofilms behind were stained using 2% CV for 15 min followed by discarding of the excess stain and 
washing with PBS (pH 7.2) three times. The bound dye, in each well, was then dissolved using 33% (v/v) glacial 
acetic acid (180 µL). Each assay was conducted in triplicate and the optical density (OD) was determined at 
570 nm (OD570). Afterwards, the mean OD and standard deviation (SD) for the NC were calculated. Subsequently, 
the cut-off optical density (ODc) was determined using the Formula:

	 ODc = mean OD of NC + 3 SD of NC

The MRSA and MSSA isolates were recorded as; non-biofilm forming at mean OD (ODm) ≤ ODc, weak-biofilm 
forming (+) at ODc < ODm ≤ 2 ODc, moderate-biofilm forming (++) when 2 ODc < ODm ≤ 3 ODc, or strong-
biofilm forming (+++) at 3 ODc ≥ ODm.

In the second group, the eradication activity of biogenic ZnO NPs against MRSA and MSSA preformed 
biofilm was assessed73. Concisely, the preformed bacterial biofilm cultivated in presence of the MIC of the tested 
ZnO NPs at 37oC for another 24 h followed by removing of excess culture media and washing. The CV (1%: 
150 µL) solution was added followed by incubation for 15 min. The redundant dye was then rinsed away with 
PBS (pH 7.2) followed by naturally drying. Finally, the residual biofilms were destained for 20 min using 33% 
acetic acid and quantified using a microplate reader via determination of OD at 595 nm. The biofilms clearance 
percentage for each tested material was then calculated following the Formula:

	
Biofilm clearance (% ) = 1 − OD595 of tested material treated cells

OD595 of untreated cells
× 100

Statistical analysis
The Microsoft Excel 2021 software was used to calculate the mean (M), median, standard deviation (SD), standard 
error (SE), and relative standard deviation (RSD) from the primary data with consequent presentation of the 
findings obtained from experiments conducted in triplicates as the mean ± SD. Furthermore, the correlation 
coefficient between variables was conducted using Pearson correlation coefficient (r) value by Microsoft Excel 
2021, in which a positive value indicate a direct relationship and negative value indicates an inverse relationship. 
Also, the calculated percentage and frequency descriptive statistics were applied for results investigation. As 
well, statistical analysis of data including figures construction were managed using the GraphPad Prism v8. 
Where applicable, one-way analysis of variance (ANOVA) was used to analyze the differences between the tested 
samples and untreated controls, the statistically significant difference was indicated at P value ≤ 0.05.

Results and discussion
Antimicrobial resistance by various microbial species associated with the development of serious diseases. So, 
proper observation and identification measures should be conducted for controlling the current unacceptable 
antimicrobial resistance scenario. The fast and effective S. aureus identification is essential for routine 
microbiology laboratories testing. In our study, 42 S. aureus isolates were phenotypically identified based on 
their typical bacteriological features. These isolates were able to grow and ferment the mannitol sugar in MSA, 
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produce distinctive golden yellow colonies when cultured on nutrient agar, and cause β-hemolysis on blood agar. 
Microscopically, all isolates were Gram-positive cocci with predictable grape-like arrangement. Biochemically, 
these isolates were able to produce oxidase, catalase, DNase, and coagulase enzymes. In a related research 
conducted by Shahzad et al.74. S. aureus isolates growing on MSA were preliminary identified based on the 
catalase and coagulase tests and hemolysin production. Further confirmation was based on their morphological 
characteristics observed on various culture media and biochemical properties. Also, Minhas et al.75 identify S. 
aureus clinical isolates because of their cultural, microscopic, and biochemical characteristics.

According to the oxacillin resistant screening agar test results, it was noticeable that 27 S. aureus isolates were 
grown on MSA/oxacillin discriminating media and consequently classified as oxacillin resistant. Conversely, the 
other 15 S. aureus isolates were identified as oxacillin sensitive since they failed to grow on the selective media. 
Interestingly, the Clinical Laboratory Standard Institute guidelines (CLSI, 2023) interpretation of cefoxitin 
disc diffusion test results clarified that only 26/27 the obtained oxacillin resistant S. aureus isolates showed 
IZD ≤ 21 mm and confirmed as belonged to MRSA phenotype while the remaining oxacillin resistant S. aureus 
isolate (1/27) showed IZD ≥ 22 mm and recorded as MSSA. On the other hand, the 15 oxacillin sensitive isolates 
exhibited IZD ≥ 22 mm and subsequently definitely recorded as MSSA (Fig. 1). In similar studies, IZD ≤ 21 mm 
around cefoxitin disc was reasoned for phenotypic MRSA detection76.

At the molecular side, PCR recognition of the expected band for mecA gene at approximately 147 bp (Fig. 2), 
in only phenotypically categorized MRSA isolates, indicates their confirmed genotypic identification. In similar 
study conducted in Egypt, mecA gene was harbored in all phenotypically identified MRSA and not detected in 
their tested MSSA77. Also, the mecA gene detection was the basis for genotypic differentiation between MRSA 
and MSSA clinical isolates78. The positive correlation between the cefoxitin disc test findings and presence of 
mecA gene illustrated the usefulness of diffusion test as a quick and cost-effective screening method for MRSA 
identification and the importance of molecular technique for MRSA confirmation.

Fig. 2.  Representative gel electrophoresis of the PCR-based mecA gene magnification products. Lanes, M; 
100 bp DNA ladder, 1; negative control, 2–10; pointed to positive mecA gene results with specific bands, at 
about 147 bp, in phenotypically identified MRSA isolates 1–9, respectively.

 

Fig. 1.  Disc diffusion assays showing cefoxitin disc (30 µg) effect on representative MRSA (A) and MSSA (B) 
clinical isolates.
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Biogenic synthesis and characterization of ZnO NPs
Biologically derived ZnO NPs offer significant advantages over traditional synthesis methods, including reduced 
production costs, enhanced biocompatibility, and lower toxicity79. Recently, biogenic ZnO NPs have shown 
hopeful applications in antibacterial and biomedical fields27,80. Our study demonstrates that the cell-free filtrate 
of Mucor racemosus can efficiently produce ZnO NPs, achieving higher yields, minimized aggregation, and the 
generation of smaller NPs81. Observing a color change in the biomass filtrate, likely due to metal precursor 
interactions, was an early indicator of ZnO NP formation. Similar approaches have been adopted by Kalpana 
et al.82, who used Aspergillus niger culture filtrates, while Abdelhakim et al.83 utilized Alternaria tenuissima 
supernatants for ZnO NP biosynthesis. Additionally, Phanerochaete chrysosporium has been applied by Sharma 
et al.84, and Abdelkader et al.85 used Aspergillus niger for ZnO NP biofabrication. Numerous studies also highlight 
using various biological sources, including plant extracts and microbial media, to biosynthesize ZnO NPs86–88.

The biosynthesized ZnO NPs were characterized using physicochemical analyses as well as the topographic 
assessments. The obtained UV–vis spectrum of biogenic ZnO NPs presented in Fig. 3. An initial visual sign of 
ZnO NP formation was a color change, resulting in a white precipitate. This observation was further supported 
by UV–vis spectrophotometry, which offered preliminary confirmation of ZnO NP synthesis, with distinctive 
peak at 320  nm in the spectra. Similarly, Kalpana et al.82 detected comparable ZnO NPs peak at 320  nm. 
Additionally, Mohd Yusof et al.86 recorded surface plasmon resonance (SPR) values of 349 nm and 351 nm for 
ZnO NPs synthesized from Lactobacillus plantarum TA4 using cell biomass and supernatant, respectively. Umar 
et al.88 reported that ZnO NPs typically exhibit a UV–vis absorption peak around 370 nm, while Al-Askar et 
al.89 recorded an ecologically synthesized ZnO NPs with highest SPR peak at 360 nm using Pluchea indica plant. 
The use of Mucor racemosus for large-scale nanoparticle production is a sustainable alternative to traditional 
methods, offering environmental benefits such as reduced hazardous waste, lower energy consumption, and 
minimal greenhouse gas emissions. By utilizing natural biomolecules and renewable substrates like agricultural 
waste, this approach promotes a circular economy and resource efficiency. The resulting nanoparticles are 
biocompatible and biodegradable, reducing environmental persistence and contamination risks. Aligning 
with green chemistry principles, this method highlights the potential for a more sustainable and eco-friendly 
nanotechnology industry.

The particle size and morphology of biosynthesized ZnO NPs using Mucor racemosus were examined utilizing 
TEM examination. The TEM image (Fig. 4A) showed predominantly spherical ZnO NPs with distribution of 
particle size in the range of 15–55  nm, and a mean size of approximately 40  nm. The NPs were uniformly 
dispersed (Fig.  4A) with no evidence of aggregation or clumping. In comparison, Aspergillus sojae-derived 
ZnO NPs, synthesized using mycelial-cell free filtrate, formed nanoclusters with multiple shape, such as oval 

Fig. 3.  The UV–vis spectrophotometer of biosynthesized ZnO NPs.
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and quasi-spherical65. Mohd Yusof et al.86 reported that high-resolution TEM (HR-TEM) images of ZnO NPs 
synthesized from Lactobacillus plantarum supernatants with flower-like shape in case of NPs-CFS while the 
NPs-CB revealed irregular morphology, and the NPs size was 291.1 nm and 191.8 nm, respectively. Also, another 
study carried out by Salih et al.90 observed spherical ZnO NPs in the range of 16–35 nm. Abdelhakim et al.83 
study similarly demonstrated biosynthesized spherical shaped ZnO NPs by Alternaria tenuissima with mean size 
of 15.45 nm. Moreover, Fouda et al.91 reported minor aggregation amongst biosynthesized ZnO NPs that were 
spherical in shape with size range of 10–45 nm and average NPs size of about 25 nm.

A comparative analysis of biosynthesized nanoparticles reveals significant variations in size and morphology 
depending on the biological source used. ZnO nanoparticles synthesized using Aspergillus niger exhibited a 
compact rod-like and clustered structure, with a size range of 80–130  nm92. In contrast, ZnO nanoparticles 
derived from Moringa oleifera leaf extract were significantly smaller, with an average diameter of 25–30 nm, 

Fig. 4.  Myco-synthesized ZnO NPs TEM image (A) and DLS (B).
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and displayed a spherical morphology without aggregation93. Silver nanoparticles (AgNPs) synthesized 
using Azadirachta indica showed a spherical shape with a particle size of approximately 33  nm94. Similarly, 
gold nanoparticles (AuNPs) synthesized using Bacillus subtilis ANR 88 exhibited a predominantly spherical 
morphology, with a much smaller size range of 4–18 nm95. Furthermore, nickel oxide nanoparticles (NiO NPs) 
produced from Sargassum wightii displayed cubic and hexagonal structures with an average crystallite size of 
15–20 nm96.

These findings highlight that the size and morphology of biosynthesized nanoparticles are strongly 
influenced by the biological system used for synthesis. ZnO NPs obtained from Moringa oleifera exhibit a 
smaller, well-dispersed spherical shape, which may enhance their bioavailability and surface reactivity, making 
them suitable for biomedical applications. In contrast, Aspergillus niger-derived ZnO NPs, with their larger and 
more compact rod-like structure, may offer advantages in photocatalytic and environmental applications. Silver 
and gold nanoparticles, being smaller in size and highly uniform in morphology, are widely recognized for their 
antimicrobial and biomedical potential. Meanwhile, the cubic and hexagonal nature of NiO NPs suggests distinct 
physicochemical properties that could be beneficial in catalytic and electronic applications. This comparative 
evaluation provides valuable insights into how the choice of biological synthesis method can tailor the structural 
characteristics of nanoparticles for specific applications.

Additionally, TEM analysis of ZnO NPs produced by Phanerochaete chrysosporium revealed NPs size in the 
range of 5–200 nm, as reported by Sharma et al.84. Examination of colloidal solution based on DLS was utilized 
for determination of ZnO NPs size and distribution. Insights into the influence of stabilization, the surrounding 
environment, as well as the capping agents are crucial factors that control the NPs hydrodynamic diameter97. 
The sensitivity of DLS to the aggregate’s existence make this technique particularly effective in monitoring early-
stage aggregation. Our DLS results revealed biosynthesized ZnO NPs average size about 59 nm (66% volume) 
(Fig.  4B). In a similar study, Omran and Kwang-Hyun65, reported biogenic ZnO NPs with average size of 
276.7 nm and polydispersity index (PDI) value equal 0.101. Additionally, Abdelkader et al.85 reported an average 
hydrodynamic diameter of 225.46 ± 3.27 nm for the ZnO NPs, with a PDI value about 0.186 ± 0.05. The PDI 
value provides insight into the uniformity of the colloidal NPs, with a lower PDI indicating a more homogeneous 
distribution98. In our study, the recorded PDI value of 0.186 signifies a high degree of homogeneity in the NPs 
population.

The stability of ZnO NPs under physiological conditions is a crucial factor determining their biomedical 
applicability, particularly in drug delivery, antimicrobial therapies, and tissue engineering99. Stability in biological 
fluids such as blood, plasma, and intracellular environments ensures prolonged circulation time, bioavailability, 
and controlled interactions with target cells100. Although direct stability assessments were not conducted in this 
study, insights from previous literature suggest that biosynthesized ZnO NPs often exhibit enhanced stability due 
to the presence of capping agents derived from biological extracts. These natural stabilizers prevent aggregation, 
improve dispersion, and modulate surface charge, which collectively influence their interactions in biological 
environments101. One key factor influencing nanoparticle stability is the zeta potential, which determines 
electrostatic repulsion between particles. Studies have indicated that biosynthesized ZnO NPs with a sufficiently 
high zeta potential ( > ± 30 mV) maintain better colloidal stability in physiological conditions, reducing the 
likelihood of aggregation102,103. Additionally, ZnO NPs synthesized via green methods often feature biomolecule 
coatings that enhance stability by preventing aggregation and reducing protein corona formation, which can 
affect cellular interactions and toxicity104. Their solubility is pH-dependent, with slight dissolution in acidic 
conditions leading to controlled Zn²⁺ ion release, beneficial for antimicrobial and therapeutic applications. 
However, excessive dissolution may affect long-term stability, requiring further optimization105. Based on these 
factors, the biosynthesized ZnO NPs in this study are expected to exhibit reasonable stability under physiological 
conditions due to biomolecular capping.

To investigate the interactions between the active metabolites of Mucor racemosus and the created ZnO 
NPs, the FTIR spectrum was analyzed. The fungal filtrate, containing proteins and enzymes, have fundamental 
function during NPs synthesis and stabilization106. The spectra of FTIR for biosynthesized ZnO NPs (Fig. 5A) 
were recorded across the 400–4000 cm−1 wavenumber range. Notable absorption peaks were detected which 
include 3209, 2892, 1783, 1621, 1421, 1306, 1155, 1104, 1025, 892, 703, 597, and 505 cm−1. These peaks represent 
specific functional groups including C–H stretching from CH2, C=O and C–O vibrations from COO− groups, 
and O–H stretching associated with H2O molecules90. Additional bands indicative for primary amines and 
phenolic compounds were also identified. In ZnO NPs spectrum, a distinctive 703 cm− 1 absorption peak was 
observed, potentially linked to NPs interaction and conjugation. Further analysis in Fig. 5A revealed the COO− 
and O–H groups occurrence. Also, protein stretch was detected at 505 cm− 1, aligning with previous findings107. 
In agreement with Omran and Kwang-Hyun65, the peaks detected in the range of 400–1000 cm− 1 were attributed 
to Zn–O bond vibrations in ZnO NPs. These observations are consistent with reports from other studies on ZnO 
NP biosynthesis82–84.

The obtained XRD pattern of ZnO NPs, biosynthesized utilizing Mucor racemosus, displayed in Fig. (5B). 
Our results revealed crystalline structure of the biosynthesized hexagonal ZnO NPs. The XRD pattern showed 
characteristic peaks of diffraction related to 100, 002, 101, 102, 110, 103, 220, 112, and 201 planes, confirming 
ZnO NPs hexagonal phase. Specifically, nine distinct peaks of diffraction at 2θ angle of 31.8°, 34.5°, 36.4°, 47.6°, 
56.5°, 63.0°, and 67.5° were detected. No peaks from impurities were detected, indicating that the ZnO NPs 
are of high purity (Fig.  5B). The most prominent peak at 2θ = 36.4° (101) corresponds to the primary facet, 
suggesting a well-ordered structure with minimal impurity content. The size of crystallite was estimated based 
on Scherrer equation, that depend on the full width at half maximum (FWHM) of the most intense peak at the 
plane 101. The biosynthesized ZnO NPs average crystallite size was found to be 45 nm. This observation agrees 
with previous studies, such as those by Omran and Kwang-Hyun65, who identified Bragg reflections at 2θ values 
of 31°, 34°, 36°, 47°, 56°, 62°, 67°, 69°, and 77°, corresponding to specific ZnO lattice planes. Similarly, Venu 
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Gopal and Kamila66 calculated an average crystallite sizes of 23, 19, and 37 nm for ZnO synthesized from various 
salts of zinc including acetate, nitrate, and sulfate salt, respectively). Additionally, Batoo et al.108 study reported 
crystallite size with a mean of about 39 nm for biogenic ZnO NPs synthesized using Ganoderma multipileum.

Anticancer activity
The biosynthesized ZnO NPs from fungi have shown promising anticancer effect based on their unique 
properties, including high surface area with enhanced activity. Fungal biosynthesis of ZnO NPs offers an 
ecofriendly method, leveraging the natural ability of certain fungi to reduce zinc ions into NPs109. In the current 
study, the biosafety of myco-synthesized ZnO NPs was shown through evaluation of its cytotoxicity against Wi-
38 normal cell line (Fig. 6A). The results revealed cell viability of 99.23, 98.8, 94.23, 81.86 and 66.76% based on 

Fig. 5.  Myco-synthesized ZnO NPs FTIR (A) and XRD (B) spectra.
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the exposed ZnO NPs concentrations including 7.81, 15.62, 31.25, 62.5 and 125 µg/mL, respectively. Moreover, 
IC50 of myco-synthesized ZnO NPs against Wi-38 cell line was 197.2 µg/mL.

According to these ZnO NPs biosafety findings, its anticancer effect was carried out at different concentrations 
in the range of 7.81–250 µg/mL (Fig. 6B). Results showed promising anticancer effect of myco-synthesized ZnO 
NPs of 94.13, 81.63, 59.53, 32.16% upon exposure to concentration ranged from 31.25 to 250 µg/mL, respectively. 
Furthermore, the IC50 of about 51.4 µg/mL for the myco-synthesized ZnO NPs was observed.

Previous studies reported that, ZnO NPs which synthesized by fungi have promising anticancer activity. 
Hammad et al.110 used Fusarium chlamydosporum for biosynthesis of ZnO NPs with anticancer potential toward 
CACO2 and HCT-116. Also, myco-synthesized ZnO NPs form Aspergillus niger showed promising anticancer 
activity against111. Moreover, Gao et al.92 employed A. niger for biosynthesis of ZnO NPs that displayed anticancer 
activity against Hep-G2 cancerous cell line with IC50 26.75 ± 1.04 µg/mL.

Several mechanisms are involved in ZnO NPs anticancer properties. These NPs could induce cancer cells 
apoptosis in via disrupting mitochondrial function with caspases activation, leading to programmed cell death. 
Additionally, ZnO NPs produce reactive oxygen species (ROS), that cause oxidative stress associated with 
destruction of critical cellular components, ultimately promoting cell death112. They also interfere with cell cycle 
progression, particularly causing arrest at the G1/S or G2/M phases, which hinders cancer cell proliferation. 
Furthermore, ZnO NPs can disrupt angiogenesis with consequent hindering of blood supply to the tumor cells 
through delaying of new blood vessels formation113. Collectively, these mechanisms highlight ZnO NPs’ capacity 
as an effective tumor controlling agent for cancer treatments which offer a promising alternative for conventional 
therapeutic agents.

Fig. 6.  Cytotoxicity of myco-synthesized ZnO NPs against Wi-38 normal (A) and Hep-G2 cancerous (B) cell 
lines.

 

Scientific Reports |        (2025) 15:18772 11| https://doi.org/10.1038/s41598-025-03421-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Antioxidant activity
Nanoparticles have gained significant attention for their potential antioxidant activity, which is crucial in 
mitigating oxidative stress and related diseases. These nanoscale materials, including metal oxides, carbon-
based NPs, and polymeric NPs, can scavenge free radicals, enhancing cellular defense mechanisms114,115. In this 
study, the antioxidant activity of myco-synthesized ZnO NPs was noticeable (Fig. 7). Results revealed significant 
antioxidant activity of myco-synthesized ZnO NPs at 50, 100, and 200 µg/mL at a percentage of 41, 58.63, and 
68.36%, respectively. Furthermore, IC50 of myco-synthesized ZnO NPs was 69.2 µg/mL.

These ZnO NPs antioxidant potential may be correlated to the scavenging of ROS, such as OH and H2O2 
radicals, with consequent prevention of cellular destruction. Additionally, the ZnO NPs tiny size with high surface 
area enhance its contact with free radicals, effectively neutralizing them116. Also, these NPs could improve the 
endogenous antioxidant activity mediated by catalase and superoxide dismutase enzymes, which further bolsters 
the cell’s defense against oxidative damage117. Moreover, ZnO NPs could lower the oxidative stress associated 
signaling pathways, promoting cellular survival and reducing inflammation118. This dual action of direct 
scavenging and enzymatic enhancement emphasizes the ZnO NPs potential in remedial applications targeted 
the prevention of disorders associated with oxidative stress. The antioxidant activity of ZnO NPs is primarily 
attributed to their ability to scavenge ROS and regulate oxidative stress pathways. ZnO NPs can interact with 
free radicals, reducing oxidative damage through electron transfer and radical neutralization mechanisms116. 
Additionally, they may enhance the activity of antioxidant enzymes such as superoxide dismutase (SOD) and 
catalase, which play a crucial role in mitigating cellular oxidative stress. The gradual release of Zn²⁺ ions also 
contribute to their protective effects by influencing cellular redox balance and promoting the expression of 
antioxidant defence mechanisms. These properties suggest that ZnO NPs have potential therapeutic applications 
in oxidative stress-related diseases, including neurodegenerative disorders, cardiovascular conditions, and 
inflammatory diseases. However, further studies are needed to optimize their stability, bioavailability, and safe 
dosage for biomedical applications119.

Antimicrobial activity
A remarkable interest have directed towards ZnO NPs due to their biomedical applications and antibacterial and 
antifungal activities120. In the current study, microbiological assay based on agar diffusion (Fig. 8) illustrated the 
variable initial qualitative antibacterial efficacy of ZnO NPs (1000 µg/mL) against both MRSA and MSSA clinical 
isolates (Table 1). A noticeable wide range of IZD, 9 ± 0 to 34.7 ± 0.6 mm and 6 ± 0 to 33 ± 0 mm, was recorded 
against the tested MRSA and MSSA isolates, respectively. Fortunately, the obtained IZD were nearly comparable 
with vancomycin standard antibacterial agent that showed IZD range of 11 ± 0 to 33 ± 1.73 and 0 ± 0 to 31 ± 0 mm 
against the tested MRSA and MSSA isolates, respectively. Also, the calculated PI of ZnO NPs was 34.9-188.2% for 
MRSA and 53.3-166.4% for MSSA clinical isolates. Statistically, the findings showed the significant/insignificant 
difference of biogenic ZnO NPs activity against the tested MRSA and MSSA isolates. Statistically, the well 
diffusion assay findings showed inverse relationship of correlation coefficient (r) between the IZD caused by 
biogenic ZnO NPs activity and presence of mecA gene and the subsequent methicillin resistance which means 
a decrease in IZD with presence of mecA gene. As the calculated P value was 0.00071, this correlation was 
statistically significant. Furthermore, a negative correlation (r = -0.0508) was observed amongst vancomycin 

Fig. 7.  Myco-synthesized ZnO NPs antioxidant potential as determined by DPPH method using 
concentrations ranged from 3.12 to 200 µg/mL.
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susceptibility (measured as an IZD) and methicillin resistance in S. aureus. However, this correlation was not 
statistically significant (P = 0.2159).

In Abo-Shama et al.121 study, different ZnO NPs concentrations exhibited promising initial activity against 
S. aureus where the largest IZD (26.0 ± 0.57 mm) was caused by 170 µg/mL ZnO NPs. Also, the agar diffusion 
technique for screening of ZnO NPs antibacterial activity revealed a dose dependent antibacterial effect with 

Isolatesa

Character

Isolates

Character

Agar well diffusion assay Agar well diffusion assay

ZnO NPs C

PI (%)

ZnO NPs C

PI (%)IZD (mm) IZD (mm)

RS1 16.7 ± 0.6 18 ± 0 92.8 RS22 20.7 ± 0.6 11 ± 0 188.2

RS2 22.7 ± 0.6 20.67 ± 0.58 109.8 RS23 15.7 ± 0.6 15.33 ± 1.15 102.4

RS3 12 ± 1 21 ± 0 57.1 RS24 9 ± 0 12.33 ± 1.15 73

RS4 20.3 ± 0.6 24 ± 0 84.6 RS25 30.7 ± 1.2 27.67 ± 0.58 110.9

RS5 27.7 ± 0.6 32.67 ± 0.58 84.9 RS26 34.7 ± 0.6 33 ± 1.73 105.1

RS6 18.3 ± 0.6 15.33 ± 0.58 119.4 SS1 32.3 ± 1.2 31 ± 0 104.2

RS7 22.3 ± 0.6 20 ± 0 111.5 SS2 28 ± 0 28.67 ± 0.58 97.3

RS8 25.3 ± 0.6 21.67 ± 0.58 116.7 SS3 30 ± 1 28 ± 0 107.1

RS9 25.7 ± 0.6 22 ± 0 116.8 SS4 22.7 ± 0.6 27.33 ± 0.58 83.1

RS10 17 ± 0 23.67 ± 0.58 71.8 SS5 7.7 ± 0.6 10 ± 0 77

RS11 18.7 ± 0.6 19.33 ± 0.58 96.7 SS6 12 ± 0 21.67 ± 0.58 55.4

RS12 11.3 ± 0.6 32.33 ± 0.58 34.9 SS7 27 ± 0 25.67 ± 0.58 105.2

RS13 26.3 ± 1.2 18.67 ± 0.58 140.9 SS8 33 ± 0 25 ± 0 132

RS14 15.7 ± 0.6 20.67 ± 0.58 75.9 SS9 23.3 ± 0.6 14 ± 0 166.4

RS15 25.7 ± 0.6 15.33 ± 0.58 167.6 SS10 8 ± 0 15 ± 0 53.3

RS16 14.3 ± 0.6 15.67 ± 0.58 91.2 SS11 18.3 ± 0.6 19.33 ± 0.58 94.7

RS17 23.3 ± 1.2 20.67 ± 0.58 112.7 SS12 20.3 ± 1.2 8 ± 0 128.7

RS18 27.7 ± 0.6 20 ± 0 138.5 SS13 31.3 ± 0.6 27.67 ± 0.58 113.1

RS19 19.7 ± 0.6 19.67 ± 0.58 100 SS14 6 ± 0 11 ± 0 54.5

RS20 24.3 ± 0.6 29.33 ± 0.58 82.8 SS15 8 ± 0 12.33 ± 0.58 64.9

RS21 16.7 ± 0.6 20 ± 1 92.59 SS16 27.7 ± 0.6 30.33 ± 0.58 91.3

Table 1.  ZnO NPs activity against MRSA and MSSA isolates from well diffusion assay. a RS1-RS26: MRSA 
clinical isolates (1–26), SS1-SS16: MSSA clinical isolates (1–16) ZnO NPs: zinc oxide nanoparticles, C: 
vancomycin, IZD; inhibition zone diameter, and PI; percent inhibition.

 

Fig. 8.  Representative agar well diffusion assay showed variable MRSA (A) and MSSA (B) clinical isolates 
growth inhibitory effect by ZnO NPs 1000 µg/mL (well 1), vancomycin 50 µg/mL as a positive control (well 2), 
zinc acetate 1000 µg/mL (well 3), and DMSO 8% as a negative control (well 5).
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maximum cytotoxicity, IZD = 19.0 ± 0.7 mm and 18.25 ± 0.5 mm, against MSSA and MRSA, respectively at ZnO 
NPs concentration of 2000 µg/mL122. Similarly, the obtained IZD of ZnO NPs against the tested MRSA and 
MSSA isolates were in the range of 14 to 24 mm123. Parallel findings of antimicrobial susceptibility of ZnO NPs 
(5 µg/ml), determined by disc diffusion assay, was illustrated the ZnO NPs inhibitory effect on the growth of 
Gram-positive bacteria including MRSA strains with IZD of 11–14 mm124. These findings illustrate the initial 
antibacterial activity against the tested MRSA and MSSA strains. Statistical analysis of the treatment outcomes 
for MRSA isolates using ZnO NPs versus the control (vancomycin) revealed no significant differences, with a P 
value of 0.8643. Similarly, the treatment of MSSA isolates showed no statistically significant differences, yielding 
a P value of 0.9842.

Quantitative antimicrobial activity
Zinc oxide NPs are one of the considerably used nanomaterials for healthcare applications due to their 
biodegradability and tunable chemical and physical properties104. Additionally, ZnO NPs represent promising 
material for biomedical research, especially antimicrobial potential125. In our study, the quantitative broth 
microdilution assay (Fig. 9) clarified the potent capability of biogenic ZnO NPs for growth inhibitory effect on 
the tested MRSA and MSSA isolates (Table 2). The obtained MIC of biogenic ZnO NPs was ranged from 32 to 
512 µg/mL against the tested MRSA and MSSA isolates. Also, the MBC of ZnO NPs towards MSSA strains were 
in lower range of 32–1024 µg/mL than its MBC range, 128–1024 µg/mL, against the MSSA. Statistical analysis 
of the MIC values for MRSA and MSSA strains demonstrated no significant differences between the two groups, 

Fig. 9.  Broth microdilution assays showing variable growth inhibiting effect of ZnO NPs. Rows 1 and 2 
correspond to representative MRSA clinical isolates number 25 and 26, respectively while rows 3 and 12 
correspond to representative MSSA clinical isolates number 1 and 10, respectively. Columns from A to F 
represent twofold ZnO NPs serial dilution ranged from 512 to 16 µg/mL. The negative and positive control 
tests are represented by column G and H, respectively.
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with a P value of 0.359. This indicates that the observed variations in MIC values are likely attributable to random 
chance rather than a true difference in susceptibility between the MRSA and MSSA strains. Furthermore, variable 
biogenic ZnO NPs bacteriostatic or bactericidal antibiosis effect were expected from the recorded 1–8 tolerance 
level for each tested MRSA and MSSA isolate. Our observations revealed a positive correlation value (r = 0.1418) 
with statistically insignificance between the bacteriostatic or bactericidal activity of ZnO NPs and methicillin 
resistance (mecA gene existence) with P = 0.4416. These observations confirm the insignificant difference of 
biogenic ZnO NPs activity against the tested MRSA and MSSA isolates. Which means a more bacteriostatic 
activity was observed with methicillin resistance or occurrence of mecA gene.

In related research, high ZnO NPs bactericidal effect was noted against MRSA with an equal MIC and 
MBC. On the other hand, much higher activity was reported against their tested MSSA126. Also, a similar 
study finding recorded ZnO NPs MIC of 1 and 2 mg/ml and MBC of 0.5 and 1.5 mg/ml for MRSA and MSSA, 
respectively122. Our results were also in accordance with Riahi et al.127. research that described an equal ability 
of ZnO NPs for growth inhibition towards MRSA and MSSA. According to their calculated tolerance level, their 
ZnO NPs were classified as bactericidal agent against their tested MRSA and MSSA isolates. In another related 
study, Abdelraheem et al.128 recorded MICs of ZnO NPs ranged from 128 to 2048 µg/mL amongst different 
antimicrobial resistant S. aureus isolates. Also, Khan et al.129 reported ZnO NPs with MIC of 200 µg/mL towards 
MRSA strains of. As well, ZnO NPs with MIC and MBC of 31.25  µg/mL and 125  µg/mL, were recognized 
for S. aureus isolates, respectively130. The different inhibitory concentrations of ZnO NPs, which indicate their 
variable activity against MRSA and MSSA, could be due to the preparation method and NPs size which affects 
their efficacy. However, the recorded low MIC, MBC, and tolerance level of ZnO NPs against MRSA and MSSA 
suggest their successful potential for treating infections associated with antimicrobial resistance bacterial 
phenotype. The correlated MIC, MBC, and tolerance level of ZnO NPs against MRSA and MSSA illustrate their 
overcoming of some resistant mechanisms in MRSA.

Biofilm destructive assay
Biofilms creation represent a crucial mechanism in numerous bacterial infections that basically responsible for 
more than 80% of bacterial associated humans’ disorders. S. aureus characterized by potent extracellular matrix 
or biofilm formation which contain proteins, nucleic acids, and carbohydrates that allow their survival and 
spreading. So, alternative techniques for controlling these humans’ bacterial diseases is a critical requirement. 
Recently, antibacterial effects based on metallic NPs, such as ZnO-NPs, emerged as an efficient approach for 
fighting bacterial biofilm drug resistance122,131.

Isolatesa

Character

Isolates

Character

ZnO NPs broth microdilution assay against 
MRSA

ZnO NPs broth microdilution assay against 
MSSA

MIC MBC

MIC index Antibiosis effect

MIC MBC

MIC index Antibiosis effectµg/mL µg/mL

RS1 256 512 2 Bactericidal RS22 128 256 2 Bactericidal

RS2 128 512 4 Bacteriostatic RS23 128 512 4 Bacteriostatic

RS3 256 512 2

Bactericidal

RS24 512 512 1 Bactericidal

RS4 128 128 1 RS25 64 512 8
Bacteriostatic

RS5 32 32 1 RS26 64 256 4

RS6 128 256 2 SS1 128 256 2 Bactericidal

RS7 128 256 2 SS2 32 128 4 Bacteriostatic

RS8 32 256 8
Bacteriostatic

SS3 128 256 2
Bactericidal

RS9 32 128 4 SS4 64 128 2

RS10 128 128 1 Bactericidal SS5 256 1024 4
Bacteriostatic

RS11 128 512 4 Bacteriostatic SS6 32 128 4

RS12 512 1024 2 Bactericidal SS7 128 256 2 Bactericidal

RS13 32 128 4

Bacteriostatic

SS8 32 128 4
Bacteriostatic

RS14 128 512 4 SS9 128 512 4

RS15 64 512 8 SS10 64 128 2

BactericidalRS16 256 512 2 Bactericidal SS11 256 512 2

RS17 64 256 4 Bacteriostatic SS12 512 1024 2

RS18 64 128 2

Bactericidal

SS13 64 512 8 Bacteriostatic

RS19 128 256 2 SS14 512 1024 2
Bactericidal

RS20 64 128 2 SS15 512 512 1

RS21 128 512 4 Bacteriostatic SS16 128 512 4 Bacteriostatic

Table 2.  ZnO NPs inhibitory concentrations against MRSA and MSSA clinical isolates. a RS1-RS12: MRSA 
clinical isolates (1–12), MIC; minimum inhibitory concentration, MBC; minimum bactericidal concentration, 
and Tindex; therapeutic index.
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In our study, the CV staining assay illustrates the different ability of the tested MRSA and MSSA to 
biosynthesize variable biofilm degree (Fig. 10). Consequently, the tested MRSA isolates were classified into non 
(9/26; 34.6%), weak (6/26; 23.1%), moderate (5/26; 19.2%), and strong biofilm former (6/26; 23.1%). On the 
other hand, the tested MSSA isolates were classified into non (9/16; 56.25%), weak (4/16; 25%), moderate (1/16; 
6.25%), and strong biofilm former (2/16; 12.5%). Statistically, analysis of findings CV assay discovered positive 
relationship (r = 0.26422) between the capability for biofilm creation in S. aureus isolates and their methicillin 
resistance however this correlation was found to be statistically insignificant (P = 0.0945).

Also, this assay demonstrated the biogenic ZnO NPs eradication potential on MRSA and MSSA biofilm. The 
MIC of the ZnO NPs reduced the exposed MRSA and MSSA preformed biofilm in a range of 23.24–73.96% and 
6.63–74.1%, respectively (Fig. 11). Statistically, the negative correlation (r=-0.1094) between ZnO NPs biofilm 
eradication potential and methicillin resistance indicated an inverse relationship between biofilm clearance and 
presence of mecA gene or methicillin resistance. This correlation illustrated insignificance (P = 0.6106). The 
results revealed high biogenic ZnO NPs activity against the preformed MSSA biofilm. Furthermore, a significant 
inverse correlation was observed between biofilm formation potential by S. aureus and biofilm clearance by 
biogenic ZnO NPs (r=-0.1085).

Our findings were in accordance with related research in which the biogenic ZnO NPs eradicate MRSA 
ATCC 33,591 biofilm in a concentration reliant way and maximum biofilm reduction (75.79 ± 0.785%) at 25 µg/
mL ZnO NPs132. In other related antibiofilm studies, ZnO NPs revealed optimum inhibition in microbial 
biofilm formation. The MRSA cultured for 24 h in presence of ZnO NPs ranged from 0.25 to 2 mg/ml showed 
decreased biofilm formation in the range of 3–51%132. Also, the antibiofilm effect of ZnO-NPs (54  µg/mL) 
against MRSA ATCC 43,300 showed considerable biofilm reduction of 77.35 ± 2.67%133. Similarly, Lahiri et 
al.134 work demonstrated an effective destruction of the major oral bacterial biofilms produced by Alcaligenes 
faecalis and Porphyromonsas gingivalis after treatment with ecofriendly-synthesized ZnO NPs by 92.27 ± 1.22% 
and 95.27 ± 1.28%, respectively. Also, zinc imidazole framework NPs (ZIF-8 NPs) revealed both MRSA 
biofilm formation suppression and biofilm eradication capabilities through reduction of various adhesion-
related proteins expression135. Inclusively, the findings illustrated the biogenic ZnO NPs effective inhibition or 
eradicative ability and consequent elimination of bacterial biofilm. This ability for bacterial biofilm degradation 
could be due to debilitation of the extracellular polymeric structural components of the biofilm including 
proteins and carbohydrates that provides the biofilm with adequate strength. Additionally, this antibiofilm 
activity could be due to ROS production that considerably interfere with biofilm integrity via interrupting the 
bacterial exopolysaccharide biosynthesis.

Conclusions
This study successfully demonstrated ZnO NPs mycosynthesis using Mucor racemosus, highlighting an 
ecological and helpful method for NPs biosynthesis. Characterization techniques established their spherical 
shape and suitable diameter. These NPs exhibited significant anticancer activity against Hep-G2 cells and showed 
acceptable biosafety level towards Wi-38 normal cell line. Additionally, the antioxidant properties of the eco-

Fig. 10.  Different biofilm categories represented MRSA and MSSA clinical isolates.
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friendly ZnO NPs further underscore their potential for biomedical applications. The high isolation rate of MRSA 
strains worrying for the need for constant monitoring of their spreading and searching for alternative treatment 
strategies involving their prevention and control. Valuable research finding was the effective inhibitory activity of 
ZnO NPs synthesized via an ecofriendly method exhibited against MRSA and MSSA at low concentration. Also, 
these NPs can combat the antimicrobial resistant bacterial isolates through significant eradication of their pre-
formed biofilm in biomedical settings. While this study highlights the promising potential of myco-synthesized 
ZnO NPs as a hopeful bioactive agent, several research gaps remain. Exploration of their efficacy against a 
broader spectrum of pathogens are needed to establish their versatility. Also, cytotoxicity testing utilizing a 
broader range of normal cell lines are required to further validate the selectivity of ZnO NPs toward cancer 
cells. Additionally, their long-term stability, biocompatibility, potential in vivo toxicity, and precise mechanisms 
underlying their bioactivities are yet to be fully elucidated.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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