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Abstract

:

Antimicrobial resistance is a major global health concern and one of the gravest challenges to humanity today. Antibiotic resistance has been acquired by certain bacterial strains. As a result, new antibacterial drugs are urgently required to combat resistant microorganisms. Species of Trichoderma are known to produce a wide range of enzymes and secondary metabolites that can be exploited for the synthesis of nanoparticles. In the present study, Trichoderma asperellum was isolated from rhizosphere soil and used for the biosynthesis of ZnO NPs. To examine the antibacterial activity of ZnO NPs against human pathogens, Escherichia coli and Staphylococcus aureus were used. The obtained antibacterial results show that the biosynthesized ZnO NPs were efficient antibacterial agents against the pathogens E. coli and S. aureus, with an inhibition zone of 3–9 mm. The ZnO NPs were also effective in the prevention of S. aureus biofilm formation and adherence. The current work shows that the MIC dosages of ZnO NPs (25, 50, and 75 μg/mL) have effective antibacterial activity and antibiofilm action against S. aureus. As a result, ZnO NPs can be used as a part of combination therapy for drug-resistant S. aureus infections, where biofilm development is critical for disease progression.
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1. Introduction


Antimicrobial resistance is a major worldwide health concern and one of humanity’s most severe threats today [1]. Antibiotic resistance has been acquired by certain bacterial strains. As a result, new antibacterial drugs are urgently required to combat resistant microorganisms [2]. The human body acts as a host to a wide range of microbial communities [3], and the complex interactions that exist between the host and its microbial community play a crucial role in human health and diseases [4].



The facultative non-pathogenic human microflora is dominated by the Gram-negative E. coli bacterium. However, some E. coli strains have acquired the property to cause urinary tract infections, gastrointestinal illnesses, and central nervous system illnesses in the most resistant human hosts [5]. The bacterium S. aureus is a Gram-positive bacterium, and it can grow in both aerobic and anaerobic environments as a facultative bacterium [6]. S. aureus is the most common bacterial pathogen and continues to endanger public health [7,8], causing a variety of symptoms in infected people and being found in normal human flora and the environment. S. aureus can be isolated from the skin and mucous membranes (most often the nasal parts) of healthy individuals.



Myconanotechnology is a term that combines mycology and nanotechnology [9], and it offers a lot of potential in nanoparticle synthesis [10]. As it is simple to grow fungi in bulk and the extracellular release of enzymes provides an advantage in downstream processing, the production of nanoparticles employing fungi has drawn a lot of attention. Fungi synthesize more proteins than bacteria, leading to increased nanoparticle production. Fungi have been extensively explored due to their characteristics and their rapid and eco-friendly production of metal nanoparticles [11]. It has been observed that the nanoparticles produced by fungi have homogeneous diameters and monodispersity. Nanoparticles are synthesized via a biological approach using intracellular and extracellular mechanisms [12]. Because the intracellular process requires an additional step to obtain pure nanoparticles, the extracellular method is preferable over the intracellular approach [13]. Microorganisms act as reducing and capping agents [14].



Nanotechnology is the study and application of particles with a size range of 1 to 1000 nm [15]. Nanoparticles have unique features due to their small size compared to their bulk counterpart, making them excellent for applications in domains such as electronics, energy, the environment, and health [10]. Physical, chemical, and biological processes can be used to synthesize nanoparticles with desired characteristics, such as size and form [16]. However, because of the high cost and toxicity of the chemicals employed in synthesis, physical and chemical procedures are rarely used. As a result, several studies on the biological or green synthesis of metallic nanoparticles, such as silver, gold, titanium dioxide, iron oxide, magnesium oxide, zinc oxide, copper, and aluminum oxide nanoparticles, have been conducted [17]. Scientists all around the globe have been attracted to zinc oxide nanoparticles (ZnO NPs) because of their therapeutic properties. Pathogenic bacteria can be killed with the use of zinc oxide nanoparticles as an antimicrobial treatment. Several plants and microbes have been reported to synthesize ZnO NPs through the biosynthesis process [18,19]. The antibacterial activity of ZnO NPs could be increased via doping with ions [20]. As the nanoparticles fill the gaps between larger particles and atomic or molecular structures, they are of tremendous scientific interest [21]. Controlling the size and form of nanoparticles to adjust their optical, electronic, and electrical properties is a challenge in nanotechnology. The ideal metal nanoparticles are perfect monodispersed metal nanoparticles [22]. Green synthesis, also known as biosynthesis, is a biological technique of synthesizing ZnO NPs that involves the employment of microorganisms, such as algae, fungus, yeast, bacteria, and plant extracts, as the reducing agents [23]. Despite the benefits of using microbes as reducing and stabilizing agents during the biosynthesis of ZnO NPs, extra caution is necessary due to the toxicity of certain bacteria, as well as incubation concerns.



Plant-growth-promoting microbes (PGPMs) are rhizosphere microorganisms that can colonize the root environment. Bacteria and fungi that can colonize the roots and rhizosphere soil are among the microorganisms that live in this zone. The group of plant-growth-promoting fungi (PGPFs) includes certain Trichoderma species that have been identified with plant roots, where they create a symbiotic association or act as endophytes [24]. Plants’ root-driven beneficial activities are mostly determined by their interactions with a wide range of microbial populations in the environment. Weindling was the first to describe the antibiotic synthesis of Trichoderma spp. [25]. There are several reports available regarding the Trichoderma species compounds proved to have antibacterial properties, volatile compounds (e.g., hydrogen cyanide, ethylene, monoterpenes, and alcohol), and non-volatile compounds (e.g., diketopiperazine, such as gliotoxin and gliovirin, and peptaibols) [26]. Trichoderma species are well-known for their capability to secrete a large number of secondary metabolites, such as plant growth promoters and a variety of enzymes [27]. The fungus genus Trichoderma is one of the most investigated groups of fungi utilized as biological control agents [28]. Trichoderma species are known to produce antibiotics or low-molecular-weight compounds [29]. Fungi, particularly Trichoderma species, are known to produce metabolites with antibacterial, anticancer, antioxidant, and antifungal properties among microbes. Trichoderma has been studied extensively as a biocontrol agent, biofungicide, biofertilizer, and plant growth enhancer. However, research into the medicinal potential of Trichoderma metabolites has received limited attention [30]. Therefore, in this study, ZnO NPs were synthesized from Trichoderma spp.



Traditional antimicrobial or antibiotic therapies used for bacterial diseases rely on the use of antimicrobial compounds or antibiotics that can inhibit or destroy microbial cell development. Pathogenic microbes, however, can build biofilms to defend themselves against inhibitory chemicals [31]. A colony of bacteria living in a self-produced matrix of biopolymers adhered to surfaces is referred to as a “biofilm”. Microbes prefer to form biofilms on surfaces, avoiding the detrimental effects of antibiotics and detergents, and they persist in hospitals, generating a high number of hospital-acquired diseases [32]. Given that S. aureus is found in the skin’s natural flora, it is likely that it is one of the most prevalent causal agents in hospital-acquired infections involving medical implants [33]. Furthermore, S. aureus has been shown to be resistant to larger dosages of antibiotics, perhaps contributing to the development of antibiotic-resistant insusceptible strains [34]. Based on our previous study [35], Trichoderma spp. isolated from rhizosphere soil was chosen for the biosynthesis of ZnO NPs and to determine their antibacterial activity against human pathogens. The present study is focused on the biosynthesis of ZnO NPs from Trichoderma spp. and their antibacterial action against human pathogens S. aureus and E. coli, as well as the inhibition of biofilm formation (S. aureus) by using different dosages of ZnO NPs.




2. Materials and Methods


2.1. Collection of Rhizosphere Soil


For this study, 10 g of rhizosphere soil was collected by uprooting a plant. The soil samples were collected and stored in polythene bags at 4 °C until further use [36].




2.2. Isolation and Identification of Fungi from Rhizosphere Soil


The collected rhizosphere soil sample was serially diluted into different concentrations and vortexed well. The supernatants were then transferred to sterilized potato dextrose agar (PDA) medium obtained from Himedia, India, and they were incubated for 7 days at 26 ± 2 °C on plates with the standard antibiotic chloramphenicol. Following incubation, the fungal colonies obtained on the PDA plates were isolated and re-inoculated into freshly prepared sterile plates. The obtained single-spore colonies were subjected to morphological and molecular characterization procedures after a 7-day incubation period [37]. For the isolation of genomic DNA from the fungi, a DNA isolation kit was procured from Chromous Biotech, India, and it was used by following the method described in the manufacturer’s manual. 18S rRNA gene amplification was carried out using PCR, and the obtained gene sequence of the test strain was compared against the nucleotide collection (nr/nt) database using the BLAST program [38,39]. The gene sequences were deposited in GenBank, and the following accession number was obtained: OL826855. A similar study was carried out, where medicinal plants were used against Streptococcus pyogenes [40].




2.3. Green Synthesis of Zinc Oxide Nanoparticles (ZnO NPs)


In the present study, a green synthesis protocol was used for the synthesis of ZnO NPs from the rhizosphere soil fungus T. asperellum. The substrate zinc nitrate hexahydrate (Zn (NO3)2. 6H2O) was purchased from Sigma-Aldrich (analytical grade), and it was used for the synthesis of ZnO NPs without any further purification. The substrate solutions were prepared by dissolving 1 g of Zn (NO3)2.6H2O in 10 mL of double-distilled water, then adding 2 mL of a fungal extract of T. asperellum, and stirring the reaction mixture for ~5−10 min using a magnetic stirrer. A preheated muffle furnace, maintained at 400 ± 10 °C, was used where the obtained mixture was stored, and at that temperature, the reaction mixture boils, bubbles, and foam dehydrates in less than 3 min. The resulting product was calcinated for 2 h at 700 °C, and the final obtained product was used for further studies [41,42].




2.4. Characterization of Zinc Oxide Nanoparticles (ZnO NPs)


The formation of ZnO NPs was confirmed by recording UV–visible absorption spectra with a UV–visible spectrophotometer (SL 159 ELICO). The chemical composition and surface functional groups of the sample were evaluated by using Fourier transform infrared spectroscopy (FTIR) (Varian 3100). A powder X-ray diffractometer (PXRD) (Shimadzu) with Cu Kα (1.5418 Å) radiation and a nickel filter was used to examine the phase purity and crystalline nature of the ZnO NPs. The shape and surface morphology of the synthesized nanoparticles were analyzed by using scanning electron microscopy (SEM) (Hitachi Tabletop TM-3000) and an energy-dispersive analysis of X-rays (EDAX). To determine the size of the synthesized nanoparticles, high-resolution transmission electron microscopy (HRTEM) (JEOL JEM 2100), along with selected area electron diffraction (SAED), was used [43].




2.5. In Vitro Screening of ZnO NPs for Their Antibacterial Property against Human Pathogens


The pathogenic cultures of S. aureus (NCIM No. 2079) and E. coli (NCIM No. 2556) used in this study were National Collection of Industrial Microorganisms (NCIM) cultures. The antibacterial property of biogenic ZnO NPs against the selected pathogens was assessed by using the disc diffusion method. The standard 0.5 McFarland concentration of the selected bacterial culture was used to prepare a culture on Mueller–Hinton agar medium plates (procured from Himedia, India) using sterile swabs. Different concentrations of biogenic ZnO NPs (25, 50, and 75 µg/mL) were loaded onto the sterile discs. The test plate was placed with a positive control disc, a negative control disc, and biologically synthesized ZnO NPs. The standard antibiotic tetracycline (100 µg/mL) was used as a positive control, and sterile distilled water was used as a negative control before the plates were incubated at 28 ± 2 °C for 24 h. After incubation, the plates were examined for the inhibition zone, and the results were recorded in mm [44].



To determine the minimum inhibitory concentration (MIC) of the biosynthesized ZnO NPs against the selected pathogens, the broth microdilution protocol was followed with minor modifications. Different ZnO NP concentrations were prepared by diluting the stock solution of the ZnO NPs (1 mg/mL) with the dilution in the Mueller–Hinton Broth (MHB) medium and then by loading them onto sterile 96-well microtiter plates. To each well of the microtiter plate, 10 µL of bacterial suspension was added and incubated for 24 h at 28 °C. MHB was kept as a negative control, and the standard tetracycline at a concentration of 100 µg/mL was used as a positive control; all experimental tests were performed in triplicate. After 24 h of incubation, 20 µL of iodonitrotetrazolium chloride dye (INT) (0.5 µg/mL) was added to each well, followed by the incubation of the microtiter plates at 28 °C for 60 min. The MIC value indicates the sample concentration that prevents the color shift from colorless to red, where the colorless tetrazolium salt works as an electron acceptor and is reduced by active organisms to a red-colored formazan product [45].




2.6. Fluorescence Microscopy and Scanning Electron Microscopic Analysis


The biosynthesized ZnO NPs at a concentration of 75 µg/mL showed promising antibacterial activity. The dead and live cells of the treated E. coli and S. aureus were monitored by using fluorescent microscopy. The pathogenic bacteria E. coli and S. aureus were treated with the ZnO NPs (75 µg/mL) and incubated for 24 h at 37 °C. After incubation, the bacteria were stained with 1 µL of ethidium bromide and acridine orange, and then they were incubated in the dark for 10–15 min. The nuclei of the bacterial cells were stained green with acridine orange procured from Thermofisher, US, whereas the nuclei of the bacterial cells were stained orange with ethidium bromide procured from Thermofisher, US. Then, 10 μL of each of the test strains was put on a slide and viewed under a fluorescent microscope (Carl Zeiss, barrier filter O 515, excitation filter BP 490) at 40X magnification. SEM microscopy was used to investigate the morphological properties of the ZnO-NP-treated bacterial cells [43].




2.7. Antiadherence Assay


Inoculate 50 μL of the ZnO NPs at various concentrations (25, 50, and 75 μg/mL) into selected wells. From a 24 h bacterial culture, make a bacterial suspension (1 × 108 CFU/mL) in 15 mL. To obtain a 106 CFU/mL bacterial suspension, carry out a 1:100 dilution in a separate centrifuge tube. Using a suitable pipette, add 50 μL of the diluted bacterial concentration to the relevant wells. In this study, the organism was only permitted to grow without the ZnO NPs in the control set. To avoid the evaporation of the water from the test wells, fill the neighboring wells of the microplate with sterile distilled water. Water evaporation in the test wells might tamper with the results. Place the plate in an incubator at 37 °C for 18 to 24 h, covered with the lid. Remove the 96-well plate from the incubator and slowly decant or pipette the nutrient broth (NB). Allow the plate to air dry beneath the biosafety cabinet after rinsing it three times with sterile, double-distilled water. Turn the plates upside down to speed up the drying process. Before moving onto the next stage, make sure that they are completely dry. Fill the test wells with 100 mL of aqueous crystal violet (1 percent w/v), and let it stain the bacterial cell walls for 10 to 15 min. Into a sink, decant the crystal violet. Allow the test wells to dry beneath the biosafety cabinet after three rinses with sterile, double-distilled water. To solubilize the crystal violet, dissolve 30 % (v/v) glacial acid in water, and let it stand for 15 min. In each of the test wells, make sure that there is a clear blue/violet solution with no apparent residue. Examine the UV absorbance at 570 nm of each well. Using the formula below, calculate the antiadherence activity of the ZnO NPs and tetracycline [45,46].


   Antiadherence   activity   %  =    Absorbance   of   control  −  Absorbance   of   ZnO   NPs     Absorbance   of   control       ×    100  












2.8. Antibiofilm Assay


To make a 106 CFU/mL bacterial suspension, follow procedures similar to those of the antiadherence assay. In a fresh 96-well microplate, inoculate 100 μL of the diluted bacterial suspension in NB into each well and incubate the plate for 24 h at 37 °C. Remove all of the NB broth from the microplate, and wash the wells three times with sterile phosphate-buffered saline (PBS) to avoid damaging the biomass growing on the bottom and the walls of the wells. In this study, we use 100 μL of sterile NB as a control, the ZnO NPs suspended in NB with the test concentrations of 25, 50, and 75 μg/mL, and NB containing a concentration of tetracycline of 100 μg/mL. Remove the 96-well plate from the incubator, and slowly decant or pipette the NB. Allow the plate to air dry beneath a biosafety cabinet after rinsing it three times with sterile, double-distilled water. Turn the plates upside down to speed up the drying process. Before moving on to the next stage, make sure that they are completely dry. Fill the test wells with 100 mL of aqueous crystal violet (1% w/v), let it stain the bacterial cell walls for 10 to 15 min, and then decant the crystal violet. Allow the test wells to dry beneath the biosafety cabinet after three rinses with sterile, double-distilled water. To solubilize the crystal violet, dissolve 30% (v/v) glacial acid in the water, and allow it to stand for 15 min. In each of the test wells, make sure that there is a clear blue/violet solution with no apparent residue. The UV-spec absorbance at 570 nm of each well was examined. Using the formula below, calculate the antibiofilm activity of the test material and tetracycline [47,48,49,50].


  A n t i b i o f i l m   % =   A b s o r b a n c e   o f   c o n t r o l − A b s o r b a n c e   o f   Z n O N P s   A b s o r b a n c e   o f   c o n t r o l      ×    100  












2.9. Microscopic Studies


2.9.1. Bright-Field Microscopic Studies


After biofilm formation, the Gram-stained sample of S. aureus was examined under a bright-field microscope with a 100X objective in an oil immersion medium. Similarly, the samples with the ZnO NPs and tetracycline treatment were examined under a microscope [51].




2.9.2. Scanning Electron Microscopy (SEM)


The biofilm morphology was studied using a modified SEM approach. The test samples were fixed in 3% glutaraldehyde at 4–6 °C for 24 h. At each interval, the cells were washed three times with 0.1 M PBS for 10 min each time. The cultures were dehydrated for 10 min in the different gradient alcohol concentrations (50–100%). To keep the specimen from drying out, it was placed in 100% alcohol and attached to an aluminum stub with carbon tape before being sputter-coated with gold [52].





2.10. Statistical Analysis


All the obtained results of the antibacterial experiments were analyzed statistically using SPSS software (version 20.0) and Microsoft Excel.





3. Results and Discussions


3.1. Collection, Isolation, and Identification of Fungi from Rhizosphere Soil


The rhizosphere soil sample was collected from Eleusine coracana (Ragi) in Ramanagara district, southern Karnataka. Only Trichoderma spp. were isolated from the collected rhizosphere soil. The fungal colonies were grown on potato dextrose agar (PDA) medium plates supplemented with antibiotics, and the plates were incubated at 28 °C for 6–7 days. The isolated fungi were identified based on cultural and colony characteristics and a microscopic observation by using standard manuals Barnett and Hunter [53]; based on this, the fungi were identified as Trichoderma spp.




3.2. Molecular Characterization of Fungi Isolated from Rhizosphere Soil


The fungi isolated from Eleusine coracana (Ragi) were subjected to molecular characterization, which was validated by database searches using BLAST tools at the National Centre for Biotechnology Information (Bethesda, MD, USA); this revealed the fungi to be Trichoderma asperellum with a 99% similarity. Similar studies were conducted by Tomah et al. [29]; in this report, Trichoderma spp. were isolated from the soil sample and identified by using molecular methods.




3.3. Characterization of Biosynthesized Zinc Oxide Nanoparticles (ZnO NPs)


UV–Vis spectroscopy is a commonly used approach for the characterization and confirmation of synthesized ZnO NPs based on surface plasmon resonance (SPR) peaks. A characteristic absorption peak was observed at 373 nm by using UV–Vis spectroscopy for the synthesized ZnO nanoparticle suspension. The reported absorption peaks of the ZnO NPs are in good accordance with those in previous research, where absorption peaks have been found between 355 and 380 nm. Our results agree with those of Shaikhaldein et al. [54], who obtained an absorption peak at 380 nm. In a study conducted by Mahamuni et al. [55], the absorption peak recorded in each spectrum was found to be in the range of 360–380 nm, which is a characteristic feature of pure ZnO. The study conducted by Wang et al. [56] obtained a maximum peak at 330 nm, confirming that the synthesized nanoparticles in this study were ZnO NPs (Figure 1).



The application of the FTIR approach in the analyses of biosynthesized ZnO NPs has been useful in identifying the biomolecules involved in the formation of ZnO NPs [57]. The absorbance was recorded at 400 cm−1 to 600 cm−1 in the FTIR spectrum, confirming that ZnO nanoparticles were synthesized using T. asperellum (Figure 1). Our results agree with the results of Pillai et al. [58], who found a noticeable peak at 482 cm−1, confirming the presence of ZnO NPs in this study. In a study conducted by Selim et al. [59], the FTIR spectra showed a peak at 442 cm−1 for biosynthesized ZnO NPs. Jayappa et al. [60] reported that absorption peaks found at 475 cm−1, 486 cm−1, and 473 cm−1 depict the inter-atomic vibrations that cause stretching vibrations in metallic ZnO (Figure 1).



ZnO NPs are subjected to intense rays from XRD machines during XRD examinations, and these rays pierce through the ZnO NPs and offer crucial details about their structure [55]. The PXRD graph’s unique peaks confirmed and validated the biosynthesized ZnO nanostructure with the Trichoderma spp. fungus extract. The obtained PXRD patterns of the biosynthesized ZnO NPs revealed the presence of distinct peaks and are well-matched with JCPDS No. 89-7102. The crystalline structure of the synthesized ZnO NPs was observed to have stiff and narrow diffraction peaks, with no substantial variations in the diffraction peaks, indicating that the crystalline product was impurity-free. Peaks were absent from other phases or contaminants, indicating that the product was pure-phase ZnO NPs. Scherrer’s formula was applied to the first intense PXRD peaks, and the sizes of the green synthesized ZnO NPs were found to be between 44 nm and 78 nm. The XRD peaks found in this work are comparable to the XRD patterns previously reported for ZnO nanoparticles produced using Xylaria acuta. The results are equivalent to those of nanoparticles produced with a crystallographic hexagonal wurtzite structure [61] (Figure 1).


D = 0.9 × λ/(β cosθ)








where λ is the wavelength of the X-ray (1.542 Å), β refers to the full width at half maximum (FWHM in radian) caused by the crystallites, and θ refers to the Bragg angle.



Signals were created and recorded by the detector when the ZnO NPs were subjected to electron beams. Information on the shape, orientation, and crystalline structure of ZnO NPs may be derived from the recorded signal [56]. The surface morphologies of the ZnO NPs synthesized by T. asperellum were recorded at different magnifications and depicted in SEM images, which revealed the form and size of the zinc oxide nanoparticles. The SEM micrographs revealed a variety of nanoparticle combinations, as well as unique ZnO NPs. The produced forms of the ZnO NPs with various surface morphologies were also demonstrated using SEM images. An EDAX analysis was used to determine the qualitative and quantitative differences between the materials involved in the making of the nanoparticles. The synthesized nanoparticles were found to have the greatest proportions of zinc and oxygen in the analysis. The additional elements, as well as zinc, were detected in the synthesized ZnO NPs using an EDAX spectrum. The presence of metallic zinc oxide in the biosynthesized ZnO NPs was confirmed by the EDAX analysis. Our results are in good agreement with the results obtained by Shobha et al. [35], indicating that the biologically synthesized ZnO NPs had a similar elemental proportion of zinc and oxygen (Figure 2).



The TEM images revealed agglomerated ZnO NPs that were composed of well-dispersed minute particles. The size of the synthesized ZnO NPs ranged from 44 nm to 78 nm, according to the TEM investigation. The HRTEM and SAED patterns were found to correspond to ZnO compounds. The TEM picture depicts agglomerated, tiny ZnO NPs. Well-defined crystal planes can be seen in the high-resolution TEM picture. The particle size of the biosynthesized ZnO NPs from T. asperellum ranged from 44 nm to 78 nm. The (hkl) values corresponding to the significant peaks in the PXRD profiles fit the SAED patterns very well [60] (Figure 2).




3.4. In Vitro Screening of Zinc Oxide Nanoparticles (ZnO NPs) for Their Antibacterial Activity against Human Pathogens


A wide variety of metabolites, such as alkaloids, terpenoids, and flavonoids, are known to be produced by fungi and exhibit various properties, such as antibacterial, antiviral, anti-inflammatory, antitumor, and antifungal properties [62]. In a similar study, gold nanoparticles were synthesized from Bauhinia tomentosa Linn leaf extracts and tested for antibacterial activity against E. coli and S. aureus [63]. In the present study, S. aureus and E. coli were used to examine the antibacterial activity of ZnO NPs. By measuring the inhibition zone surrounding the disc, the antibacterial activity of the ZnO NPs was studied. The disc diffusion approach was used to investigate the antibacterial activity of the biosynthesized ZnO NPs, where the discs were placed on Mueller–Hinton agar (MHA) medium plates that were pre-swabbed with the bacteria. The inhibition zone was measured and tabulated. The MIC values of the biosynthesized ZnO NPs were determined using the 96-well microplate technique. Because of their smaller size and high surface-to-volume ratio, ZnO NPs have considerable antibacterial activity [61]. The current work clearly shows that ZnO NPs may be used as antibacterial agents against the human pathogens S. aureus and E. coli (Table 1).



The antibacterial activity of the biosynthesized ZnO NPs was further confirmed using fluorescence microscopy. The control bacterial cells were green under fluorescence microscopic inspection, which is a marker of healthy morphology in microorganisms, but the ZnO-NP-treated bacterial cells were red, with noticeable modifications in the cell wall, such as collapse, shrinkage, and a non-homologous surface. The absence of ZnO NPs (control microbial cells) resulted in the normal shape of microbial cells, as shown in the micrographs. However, the bacterial cells treated with the ZnO NPs showed morphology changes, such as ruptured cell membranes, oozed-out contents, and the aggregation of cells. Scanning electron microscopy (SEM) studies were undertaken to develop a better understanding of how the ZnO NPs cleaved the bacterial cell membrane and to predict the mechanism of the cell membrane rupture caused by the ZnO NPs. Furthermore, the effect of the ZnO NPs on the bacterial cells in comparison to the untreated bacterial cells was assessed by using SEM. The absence of ZnO NPs (control bacterial cells) resulted in the normal shape of bacterial cells, as seen in the micrographs. The bacterial cells treated with the ZnO NPs, however, displayed morphological changes, with the cell membrane rupturing, contents oozing out, and cells clumping together (Figure 3).




3.5. Determination of Biofilm Formation


The violet stains showed biofilm development according to the methodology. This indicates that the NB medium was enough for biofilm formation, whereas a 0.2% (w/v) crystal violet concentration was suitable for a naked-eye inspection and spectrophotometer measurement (Figure 4). The biosynthesized ZnO NPs were proved to have efficient activity against planktonic bacteria using the minimum inhibitory concentration (MIC) assay. The affinity of the ZnO NPs for planktonic microorganisms was further investigated. The particles’ antibiofilm effectiveness was tested against Gram-positive microorganisms (S. aureus).




3.6. Assessment of Antiadherence Assay


The antiadherence properties of ZnO NPs and tetracycline has been determined by using an antiadherence assay, which uses a 96-well microplate. The biomass of the bacterial cell was quantified using a microplate reader at 570 nm, revealing a declining trend in biomass attachment as the quantity of the examined ZnO NPs increased. According to the findings, the ZnO NPs at 75 μg/mL had a strong antiadherence activity of 53.24 ± 1.37%. When compared to the control, the tetracycline at 100 μg/mL had no significant antiadherence action (Figure 5). The crystal violet staining of the biofilms was used to test the adherence of the biofilm bacteria on the microplates in order to determine whether the ZnO NPs inhibited biofilm development. At 25 μg/mL of ZnO NPs, biofilm development was dramatically reduced. The ZnO-NP-induced suppression of S. mutans on the oral surface has been recently established in research [64]. A similar study was carried out, where eugenol was investigated for its inhibitory property against the adherence and biofilm formation of Streptococcus mutans [65]. In another previous study, aquatic extracts of Viscus album and Apium graveolens showed antibiofilm and antiadherence against clinical bacterial isolates [66].




3.7. Assessment of Antibiofilm Assay


The antibiofilm properties of the ZnO NPs and tetracycline were determined using a 96-well microplate. When compared to the control (NB alone), the biomass of the bacterial cells was quantitatively examined on a microplate reader at an absorbance of 570 nm. The results revealed a considerable reduction in biofilm formation with an increase in the quantity of the biologically synthesized ZnO NPs. According to the results, the ZnO NPs at 75 μg/mL had a significant antibiofilm activity of 68.46 ± 1.72%. Meanwhile, the antibiofilm activity of the positive control tetracycline at a greater concentration of 100 μg/mL was measured to be 39.23 ± 4.61% (Figure 6). Reactive oxygen species (ROS) formation takes place when foreign particles come into contact with a bacterial solution, and this plays a crucial role in bacterial inhibition. Biofilm formation inhibition was investigated in planktonic S. aureus exposed to reagents for 24 h at the start. The ZnO NPs were more efficient than the tetracycline in eradicating the premade biofilm produced by S. aureus, according to a conventional crystal violet test for biofilm biomass. A similar study was conducted on S. mutans, where a solvent fraction of Trachyspermum ammi was used to evaluate the expressions of the genes involved in biofilm formation [67].




3.8. Microscopic Studies


The bright-field compound microscopic photographs revealed a decrease in the cells when they were Gram-stained, based on microscopic examinations. When compared to the negative control (NB alone), the positive control (tetracycline-treated) and the ZnO-NP-treated wells showed a lower number of cells (Figure 7).



After 24 h of incubation, SEM micrographs of the tested bacterium, S. aureus, treated with the ZnO NPs were taken. The SEM micrographs assisted in elucidating the mechanism/relationship between the bacteria and the ZnO NPs, as well as their antibacterial activity (Figure 7). In the case of S. aureus, it is obvious from the micrographs that the ZnO NPs initially adhered to the cell’s outer membrane and then penetrated the cell entirely, perhaps resulting in cell death. The use of SEM to visualize the bacterial biofilms revealed a wide range of morphological changes in the biofilm topologies (Figure 7 and Figure 8). There were remarkably fewer dispersed cell aggregates and fewer viable cells in the aggregates in the biofilms after 24 h of exposure to the ZnO NPs. The ZnO NPs were shown to be superior in inhibiting S. aureus biofilm formation when the biofilm biomass was measured [68,69]. These findings show that the ZnO NPs were more efficient than the tetracycline in inhibiting biofilm development and in disrupting the preformed biofilms of S. aureus.





4. Conclusions


The present study highlights the biosynthesis of ZnO NPs from T. asperellum. The synthesized nanoparticles were characterized by UV–visible spectroscopy, PXRD, FTIR, SEM with EDAX, and TEM with SEAD patterns. This research focused on the biological synthesis of ZnO NPs, which is both cost-effective and environmentally friendly. Nanosized particles are more efficient in inhibiting the growth of microbes. Our studies emphasize that biologically synthesized ZnO NPs can be used as efficient antimicrobial agents in various fields, as ZnO NPs are non-toxic; have antimicrobial, barrier, and mechanical properties; and belong to the Generally Recognized as Safe (GRAS) category. Additionally, the non-central symmetry and biocompatible nature of ZnO make it the most important nanomaterial in research and applications. Based on our findings, we can conclude that the use of ZnO NPs is effective against the vast majority of pathogenic bacteria and biofilm-producing bacteria. ZnO NPs can be used for surgical instruments, which usually become colonized by bacterial biofilms. The future prospects of this study are to check the stability of these nanoparticles and their mode of action at the molecular level.







Author Contributions


Conceptualization, T.R.L. and M.A.A.; methodology, B.S., S.B. and B.S.A.; software, S.C., T.R., T.R.L. and M.A.A.; validation, T.R.L. and M.A.A.; formal analysis, M.G., U.H., B.A. and M.S.A.; investigation, B.S., B.S.A. and S.B.; resources, M.S.A.; S.W.; data curation, W.A. and M.S.A.; writing—original draft preparation, S.B., B.S., T.R.L. and M.A.A.; writing—review and editing, B.S., B.S.A., S.B., M.G., U.H., B.A., M.S.A., S.W., W.A., T.R.L. and M.A.A.; visualization, T.R.L. and M.A.A.; supervision, T.R.L. and M.A.A.; project administration, T.R.L. and M.A.A.; funding acquisition, M.G. and U.H. All authors have read and agreed to the published version of the manuscript.




Funding


The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through the Small Groups Project under grant number (RGP. 1/343/43).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is available in this manuscript.




Acknowledgments


The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through the Small Groups Project under grant number (RGP. 1/343/43). The author would like to acknowledge the University Grants Commission (UGC), New Delhi, India, for providing financial support under the UGC startup grant No. F.30-580/2021(BSR) dated 12.11. The authors acknowledge Bangalore University for financial support, U.O. No. Dev: D2a: BU-RP:2020-21.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barreto-Santamaría, A.; Arévalo-Pinzón, G.; Patarroyo, M.A.; Patarroyo, M.E. How to Combat Gram-Negative Bacteria Using Antimicrobial Peptides: A Challenge or an Unattainable Goal? Antibiotics 2021, 10, 1499. [Google Scholar] [CrossRef]

	



Breijyeh, Z.; Jubeh, B.; Karaman, R. Resistance of Gram-negative bacteria to current antibacterial agents and approaches to resolve it. Molecules 2020, 25, 1340. [Google Scholar] [CrossRef]

	



Martinez, J.E.; Vargas, A.; Perez-Sanchez, T.; Encio, I.J.; Cabello-Olmo, M.; Barajas, M. Human Microbiota Network: Unveiling Potential Crosstalk between the Different Microbiota Ecosystems and Their Role in Health and Disease. Nutrients 2021, 13, 2905. [Google Scholar] [CrossRef]

	



Charbonneau, M.R.; Isabella, V.M.; Li, N.; Kurtz, C.B. Developing a new class of engineered live bacterial therapeutics to treat human diseases. Nat. Commun. 2020, 11, 1738. [Google Scholar] [CrossRef]

	



Nataro, J.P.; Kaper, J.B. Diarrheagenic Escherichia coli. Clin. Microbiol. Rev. 1998, 11, 142–201. [Google Scholar] [PubMed]

	



Taylor, T.A.; Unakal, C.G. Staphylococcus aureus; StatPearls Publishing: Treasure Island, FL, USA, 2017. [Google Scholar]

	



Yang, R.; Hou, E.; Cheng, W.; Yan, X.; Zhang, T.; Li, S.; Guo, Y. Membrane-Targeting Neolignan-Antimicrobial Peptide Mimic Conjugates to Combat Methicillin-Resistant Staphylococcus aureus (MRSA) Infections. J. Med. Chem. 2022, 65, 16879–16892. [Google Scholar] [CrossRef] [PubMed]

	



Druvari, D.; Antonopoulou, A.; Lainioti, G.C.; Vlamis-Gardikas, A.; Bokias, G.; Kallitsis, J.K. Preparation of Antimicrobial Coatings from Cross-Linked Copolymers Containing Quaternary Dodecyl-Ammonium Compounds. Int. J. Mol. Sci. 2021, 22, 13236. [Google Scholar] [CrossRef] [PubMed]

	



Seetharaman, P.K.; Chandrasekaran, R.; Periakaruppan, R.; Gnanasekar, S.; Sivaperumal, S.; Abd-Elsalam, K.A.; Kuca, K. Functional Attributes of Myco-Synthesized Silver Nanoparticles from Endophytic Fungi: A New Implication in Biomedical Applications. Biology 2021, 10, 473. [Google Scholar] [CrossRef] [PubMed]

	



Cruz-Luna, A.R.; Cruz-Martínez, H.; Vasquez-López, A.; Medina, D.I. Metal Nanoparticles as Novel Antifungal Agents for Sustainable Agriculture: Current Advances and Future Directions. J. Fungi 2021, 7, 1033. [Google Scholar] [CrossRef] [PubMed]

	



Mughal, B.; Zaidi, S.Z.J.; Zhang, X.; Hassan, S.U. Biogenic Nanoparticles: Synthesis, Characterisation and Applications. Appl. Sci. 2021, 11, 2598. [Google Scholar] [CrossRef]

	



Santos, T.S.; Passos, E.M.D.; Seabra, M.G.; Souto, E.B.; Severino, P.; Mendonça, M.D.C. Entomopathogenic fungi biomass production and extracellular biosynthesis of silver nanoparticles for bioinsecticide action. Appl. Sci. 2021, 11, 2465. [Google Scholar] [CrossRef]

	



Chitra, K.; Annadurai, G. Bioengineered silver nanobowls using Trichoderma viride and its antibacterial activity against gram-positive and gram-negative bacteria. J. Nanostructure Chem. 2013, 3, 9. [Google Scholar] [CrossRef]

	



Jadoun, S.; Chauhan, N.P.S.; Zarrintaj, P.; Barani, M.; Varma, R.S.; Chinnam, S.; Rahdar, A. Synthesis of nanoparticles using microorganisms and their applications: A review. Environ. Chem. Lett. 2022, 20, 3153–3197. [Google Scholar]

	



Soltys, L.; Olkhovyy, O.; Tatarchuk, T.; Naushad, M. Green Synthesis of Metal and Metal Oxide Nanoparticles: Principles of Green Chemistry and Raw Materials. Magnetochemistry 2021, 7, 145. [Google Scholar] [CrossRef]

	



Koul, B.; Poonia, A.K.; Yadav, D.; Jin, J.O. Microbe-Mediated Biosynthesis of Nanoparticles: Applications and Future Prospects. Biomolecules 2021, 11, 886. [Google Scholar] [CrossRef]

	



Abomuti, M.A.; Danish, E.Y.; Firoz, A.; Hasan, N.; Malik, M.A. Green Synthesis of Zinc Oxide Nanoparticles Using Salvia officinalis Leaf Extract and Their Photocatalytic and Antifungal Activities. Biology 2021, 10, 1075. [Google Scholar] [CrossRef]

	



Chaudhary, A.; Kumar, N.; Kumar, R.; Salar, R.K. Antimicrobial activity of zinc oxide nanoparticles synthesized from Aloe vera peel extract. SN Appl. Sci. 2019, 1, 136. [Google Scholar] [CrossRef]

	



Abbas, A.M.; Hammad, S.A.; Sallam, H.; Mahfouz, L.; Ahmed, M.K.; Abboudy, S.M.; Mostafa, M. Biosynthesis of Zinc Oxide Nanoparticles Using Leaf Extract of Prosopis juliflora as Potential Photocatalyst for the Treatment of Paper Mill Effluent. Appl. Sci. 2021, 11, 11394. [Google Scholar] [CrossRef]

	



Barani, M.; Fathizadeh, H.; Arkaban, H.; Kalantar-Neyestanaki, D.; Akbarizadeh, M.R.; Turki Jalil, A.; Akhavan-Sigari, R. Recent Advances in Nanotechnology for the Management of Klebsiella pneumoniae—Related Infections. Biosensors 2022, 12, 1155. [Google Scholar] [CrossRef]

	



Thakkar, K.N.; Mhatre, S.S.; Parikh, R.Y. Biological synthesis of metallic nanoparticles. Nanomed.: Nanotechnol. Biol. Med. 2010, 6, 257–262. [Google Scholar]

	



Panigrahi, S.; Kundu, S.; Ghosh, S.; Nath, S.; Pal, T. General method of synthesis for metal nanoparticles. J. Nanopart. Res. 2004, 6, 411–414. [Google Scholar] [CrossRef]

	



Abdo, A.M.; Fouda, A.; Eid, A.M.; Fahmy, N.M.; Elsayed, A.M.; Khalil, A.M.A.; Soliman, A.M. Green Synthesis of Zinc Oxide Nanoparticles (ZnO-NPs) by Pseudomonas aeruginosa and Their Activity against Pathogenic Microbes and Common House Mosquito, Culex pipiens. Materials 2021, 14, 6983. [Google Scholar] [CrossRef]

	



Patkowska, E.; Mielniczuk, E.; Jamiołkowska, A.; Skwaryło-Bednarz, B.; Błażewicz-Wozniak, M. The Influence of Trichoderma harzianum Rifai T-22 and other biostimulants on rhizosphere beneficial microorganisms of carrot. Agronomy 2020, 10, 1637. [Google Scholar] [CrossRef]

	



Pandya, J.R.; Sabalpara, A.N.; Chawda, S.K. Trichoderma: A particular weapon for biological control of phytopathogens. Int. J. Agric. Technol. 2011, 7, 1187–1191. [Google Scholar]

	



Phupiewkham, W.; Sirithorn, P.; Saksirirat, W.; Thammasirirak, S. Antibacterial agents from Trichoderma harzianum strain T9 against pathogenic bacteria. Chiang Mai J. Sci. 2015, 42, 304–316. [Google Scholar]

	



Nuankeaw, K.; Chaiyosang, B.; Suebrasri, T.; Kanokmedhakul, S.; Lumyong, S.; Boonlue, S. First report of secondary metabolites, Violaceol I and Violaceol II produced by endophytic fungus, Trichoderma polyalthiae and their antimicrobial activity. Mycoscience 2020, 61, 16–21. [Google Scholar] [CrossRef]

	



Fan, H.; Yao, M.; Wang, H.; Zhao, D.; Zhu, X.; Wang, Y.; Chen, L. Isolation and effect of Trichoderma citrinoviride Snef1910 for the biological control of root-knot nematode, Meloidogyne incognita. BMC Microbiol. 2020, 20, 299. [Google Scholar] [CrossRef]

	



Tomah, A.A.; Abd Alamer, I.S.; Li, B.; Zhang, J.Z. A new species of Trichoderma and gliotoxin role: A new observation in enhancing biocontrol potential of T. virens against Phytophthora capsici on chili pepper. Biol. Control 2020, 145, 104261. [Google Scholar] [CrossRef]

	



Saravanakumar, K.; Chelliah, R.; Ramakrishnan, S.R.; Kathiresan, K.; Oh, D.H.; Wang, M.H. Antibacterial, and antioxidant potentials of non-cytotoxic extract of Trichoderma atroviride. Microb. Pathog. 2018, 115, 338–342. [Google Scholar] [CrossRef]

	



Gill, E.E.; Franco, O.L.; Hancock, R.E. Antibiotic adjuvants: Diverse strategies for controlling drug-resistant pathogens. Chem. Biol. Drug Des. 2015, 85, 56–78. [Google Scholar] [CrossRef]

	



Singh, S.; Datta, S.; Narayanan, K.B.; Rajnish, K.N. Bacterial exo-polysaccharides in biofilms: Role in antimicrobial resistance and treatments. J. Genet. Eng. Biotechnol. 2021, 19, 140. [Google Scholar] [CrossRef]

	



Gajdacs, M. The continuing threat of methicillin-resistant Staphylococcus aureus. Antibiotics 2019, 8, 52. [Google Scholar] [CrossRef]

	



Miklasinska-Majdanik, M.; Kępa, M.; Wojtyczka, R.D.; Idzik, D.; Wąsik, T.J. Phenolic compounds diminish antibiotic resistance of Staphylococcus aureus clinical strains. Int. J. Environ. Res. Public Health. 2018, 15, 2321. [Google Scholar] [CrossRef] [PubMed]

	



Shobha, B.; Lakshmeesha, T.R.; Ansari, M.A.; Almatroudi, A.; Alzohairy, M.A.; Basavaraju, S.; Chowdappa, S. Mycosynthesis of ZnO nanoparticles using Trichoderma spp. isolated from rhizosphere soils and its synergistic antibacterial effect against Xanthomonas oryzae pv. oryzae. J. Fungi 2020, 6, 181. [Google Scholar] [CrossRef] [PubMed]

	



Goswami, D.; Dhandhukia, P.; Patel, P.; Thakker, J.N. Screening of PGPR from saline desert of Kutch: Growth promotion in Arachis hypogea by Bacillus licheniformis A2. Microbiol. Res. 2014, 169, 66–75. [Google Scholar] [CrossRef] [PubMed]

	



Ru, Z.; Di, W. Trichoderma spp. from rhizosphere soil and their antagonism against Fusarium sambucinum. Afr. J. Biotechnol. 2012, 11, 4180–4186. [Google Scholar]

	



Shahid, M.; Singh, A.; Srivastava, M.; Rastogi, S.; Pathak, N. Sequencing of 28SrRNA gene for identification of Trichoderma longibrachiatum 28CP/7444 species in soil sample. Int. J. Biotechnol. Wellness Ind. 2013, 2, 84–90. [Google Scholar] [CrossRef]

	



Dou, K.; Lu, Z.; Wu, Q.; Ni, M.; Yu, C.; Wang, M.; Zhang, C. MIST: A multilocus identification system for Trichoderma. Appl. Environ. Microbiol. 2020, 86, e01532-20. [Google Scholar] [CrossRef]

	



Adil, M.; Khan, R.; Rupasinghe, H.V. Application of medicinal plants as a source for therapeutic agents against Streptococcus pyogenes infections. Curr. Drug Metab. 2018, 19, 695–703. [Google Scholar] [CrossRef]

	



Lakshmeesha, T.R.; Sateesh, M.K.; Prasad, B.D.; Sharma, S.C.; Kavyashree, D.; Chandrasekhar, M.; Nagabhushana, H. Reactivity of crystalline ZnO superstructures against fungi and bacterial pathogens: Synthesized using Nerium oleander leaf extract. Cryst. Growth Des. 2014, 14, 4068–4079. [Google Scholar] [CrossRef]

	



Shelar, G.B.; Chavan, A.M. Myco-synthesis of silver nanoparticles from Trichoderma harzianum and its impact on germination status of oil seed. Biolife 2015, 3, 109–113. [Google Scholar]

	



Nayak, S.; Bhat, M.P.; Udayashankar, A.C.; Lakshmeesha, T.R.; Geetha, N.; Jogaiah, S. Biosynthesis and characterization of Dillenia indica-mediated silver nanoparticles and their biological activity. Appl. Organomet. Chem. 2020, 34, e5567. [Google Scholar] [CrossRef]

	



Mohammed, H.A.; Al Fadhil, A.O. Antibacterial activity of Azadirachta indica (Neem) leaf extract against bacterial pathogens in Sudan. Afr. J. Med. Sci. 2017, 3, 246–2512. [Google Scholar]

	



Debenedetti, S.L. TLC and PC. Isolation, Identification, and Characterization of Allelochemical/Natural Products; CRC Press: Boca Raton, FL, USA, 2009; pp. 103–134. [Google Scholar]

	



Sangeetha, J.; Thangadurai, D. Staining Techniques and Biochemical Methods for the Identification of Fungi In Laboratory Protocols in Fungal Biology; Springer: New York, NY, USA, 2013; pp. 237–257. [Google Scholar]

	



Moodley, T. An In-Vitro Study of a Modified Bioactive Orthodontic Cement. 2017. Available online: http://etd.uwc.ac.za/xmlui/handle/11394/5833 (accessed on 10 August 2022).

	



Andriani, Y.; Mohamad, H.; Bhubalan, K.; Abdullah, M.I.; Amir, H. Phytochemical Analyses, Anti-Bacterial and Anti-Biofilm Activities of Mangrove-Associated Hibiscus tiliaceus Extracts and Fractions against Pseudomonas aeruginosa. J. Sustain. Sci. Manag. 2017, 12, 45–51. [Google Scholar]

	



Campbell, M.; Zhao, W.; Fathi, R.; Mihreteab, M.; Gilbert, E.S. Rhamnus prinoides (gesho): A source of diverse anti-biofilm activity. J. Ethnopharmacol. 2019, 241, 111955. [Google Scholar] [CrossRef]

	



Adil, M.; Baig, M.H.; Rupasinghe, H.V. Impact of citral and phloretin, alone and in combination, on major virulence traits of Streptococcus pyogenes. Molecules 2019, 24, 4237. [Google Scholar] [CrossRef]

	



Leoney, A.; Karthigeyan, S.; Asharaf, A.S.; Felix, A.J.W. Detection and categorization of biofilm-forming Staphylococcus aureus, Viridans streptococcus, Klebsiella pneumoniae, and Escherichia coli isolated from complete denture patients and visualization using scanning electron microscopy. J. Int. Soc. Prev. Community Dent. 2020, 10, 627. [Google Scholar] [CrossRef]

	



Li, T.; Wang, P.; Guo, W.; Huang, X.; Tian, X.; Wu, G.; Lei, H. Natural berberine-based Chinese herb medicine assembled nanostructures with modified antibacterial application. ACS Nano 2019, 13, 6770–6781. [Google Scholar] [CrossRef]

	



Barnett, H.L.; Hunter, B.B. Illustrated Genera of Imperfect Fungi; APS Press: St. Paul, MN, USA, 1998; p. 218. [Google Scholar]

	



Shaikhaldein, H.O.; Al-Qurainy, F.; Khan, S.; Nadeem, M.; Tarroum, M.; Salih, A.M.; Alfarraj, N.S. Biosynthesis and Characterization of ZnO Nanoparticles Using Ochradenus arabicus and Their Effect on Growth and Antioxidant Systems of Maerua oblongifolia. Plants 2021, 10, 1808. [Google Scholar] [CrossRef]

	



Mahamuni, P.P.; Patil, P.M.; Dhanavade, M.J.; Badiger, M.V.; Shadija, P.G.; Lokhande, A.C.; Bohara, R.A. Synthesis and characterization of zinc oxide nanoparticles by using polyol chemistry for their antimicrobial and antibiofilm activity. Biochem. Biophys. Rep. 2019, 17, 71–80. [Google Scholar] [CrossRef]

	



Wang, D.; Cui, L.; Chang, X.; Guan, D. Biosynthesis and characterization of zinc oxide nanoparticles from Artemisia annua and investigate their effect on proliferation, osteogenic differentiation and mineralization in human osteoblast-like MG-63 Cells. J. Photochem. Photobiol. B 2020, 202, 111652. [Google Scholar] [CrossRef]

	



Akintelu, S.A.; Folorunso, A.S. A review on green synthesis of zinc oxide nanoparticles using plant extracts and its biomedical applications. Bionanoscience 2020, 10, 848–863. [Google Scholar] [CrossRef]

	



Pillai, A.M.; Sivasankarapillai, V.S.; Rahdar, A.; Joseph, J.; Sadeghfar, F.; Rajesh, K.; Kyzas, G.Z. Green synthesis and characterization of zinc oxide nanoparticles with antibacterial and antifungal activity. J. Mol. Struct. 2020, 1211, 128107. [Google Scholar] [CrossRef]

	



Selim, Y.A.; Azb, M.A.; Ragab, I.; Abd El-Azim, M.H. Green synthesis of zinc oxide nanoparticles using aqueous extract of Deverra tortuosa and their cytotoxic activities. Sci. Rep. 2020, 10, 3445. [Google Scholar] [CrossRef]

	



Jayappa, M.D.; Ramaiah, C.K.; Kumar, M.A.P.; Suresh, D.; Prabhu, A.; Devasya, R.P.; Sheikh, S. Green synthesis of zinc oxide nanoparticles from the leaf, stem and in vitro grown callus of Mussaenda frondosa L.: Characterization and their applications. Appl. Nanosci. 2020, 10, 3057–3074. [Google Scholar] [CrossRef] [PubMed]

	



Sumanth, B.; Lakshmeesha, T.R.; Ansari, M.A.; Alzohairy, M.A.; Udayashankar, A.C.; Shobha, B.; Almatroudi, A. Mycogenic synthesis of extracellular zinc oxide nanoparticles from Xylaria acuta and its nanoantibiotic potential. Int. J. Nanomed. 2020, 15, 8519. [Google Scholar] [CrossRef]

	



Anwar, J.; Iqbal, Z. Effect of growth conditions on antibacterial activity of Trichoderma harzianum against selected pathogenic bacteria. Sarhad J. Agric. 2017, 33, 501–510. [Google Scholar] [CrossRef]

	



Gnanamoorthy, G.; Ramar, K.; Ali, D.; Yadav, V.K.; Kumar, G. Synthesis and effective performance of Photocatalytic and Antimicrobial activities of Bauhinia tomentosa Linn plants using of gold nanoparticles. Opt. Mater. 2022, 123, 111945. [Google Scholar] [CrossRef]

	



Wang, S.; Huang, Q.; Liu, X.; Li, Z.; Yang, H.; Lu, Z. Rapid antibiofilm effect of Ag/ZnO nanocomposites assisted by dental led curing light against facultative anaerobic oral pathogen Streptococcus mutans. ACS Biomater. Sci. Eng. 2019, 5, 2030–2040. [Google Scholar] [CrossRef]

	



Adil, M.; Singh, K.; Verma, P.K.; Khan, A.U. Eugenol-induced suppression of biofilm-forming genes in Streptococcus mutans: An approach to inhibit biofilms. J. Glob. Antimicrob. Resist. 2014, 2, 286–292. [Google Scholar] [CrossRef]

	



Oubaid, E.N.; Chabuck, Z.A.G.; Al-Saigh, R.J.; Hindi, N.K.K.; Kadhum, S.A. Pathogenic and antimicrobial properties of aquatic extracts of Viscus album. Asian J. Plant Sci. 2022, 21, 360–367. [Google Scholar] [CrossRef]

	



Khan, R.; Adil, M.; Danishuddin, M.; Verma, P.K.; Khan, A.U. In vitro and in vivo inhibition of Streptococcus mutans biofilm by Trachyspermum ammi seeds: An approach of alternative medicine. Phytomedicine 2012, 19, 747–755. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.; Vishakha, K.; Das, S.; Dutta, M.; Mukherjee, D.; Mondal, J.; Ganguli, A. Antibacterial, anti-biofilm activity and mechanism of action of pancreatin doped zinc oxide nanoparticles against methicillin resistant Staphylococcus aureus. Colloids Surf. B 2020, 190, 110921. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.I.; Behera, S.K.; Paul, P.; Das, B.; Suar, M.; Jayabalan, R.; Mishra, A. Biogenic Au@ ZnO core–shell nanocomposites kill Staphylococcus aureus without provoking nuclear damage and cytotoxicity in mouse fibroblasts cells under hyperglycemic condition with enhanced wound healing proficiency. Med. Microbiol. Immunol. 2019, 208, 609–629. [Google Scholar] [CrossRef] [PubMed]








[image: Jof 09 00133 g001 550] 





Figure 1. Characterization of biosynthesized ZnO NPs using T. asperellum: (a) UV—vis spectra; (b) FT-IR spectrogram; (c) PXRD patterns. 
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Figure 2. (a) High-magnification SEM image of ZnO NPs synthesized from T. asperellum: (b) energy-dispersive X-ray spectroscopy (EDAX) analysis; (c) TEM images of ZnO NPs synthesized from T. asperellum; and (d) SAED pattern of ZnO NPs synthesized from T. asperellum. 






Figure 2. (a) High-magnification SEM image of ZnO NPs synthesized from T. asperellum: (b) energy-dispersive X-ray spectroscopy (EDAX) analysis; (c) TEM images of ZnO NPs synthesized from T. asperellum; and (d) SAED pattern of ZnO NPs synthesized from T. asperellum.



[image: Jof 09 00133 g002]







[image: Jof 09 00133 g003 550] 





Figure 3. Fluorescence microscopic images of (a) E. coli control, (b) E. coli treated with ZnO NPs at a concentration of 75 μg/mL, (c) S. aureus control, (d) S. aureus treated with ZnO NPs at a concentration of 75 μg/mL. 
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Figure 4. Crystal violet assay carried out to determine the antibiofilm activity of samples against S. aureus biofilms. (a) S. aureus forming a biofilm after 24 h of incubation in a microtiter well, (b) a well after crystal violet staining, (c) a control (tetracycline) well containing the crystal violet biofilm, and (d) a well with ZnO NPs (75 μg/mL) after decanting the crystal violet reduction of biofilms. 
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Figure 5. Antiadherence assay using tetracycline as positive control and S. aureus as growth control. The experiment was evaluated based on triplicate results with standard deviation (n = 3, p < 0.05). * Indicates a significant difference when compared to the negative control (NB only). 
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Figure 6. Antibiofilm assay using tetracycline as positive control and S. aureus as growth control. The experimental results were evaluated based on triplicate results with standard deviation (n = 3, p < 0.05). * Indicates a significant difference when compared to the negative control (NB only). 
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Figure 7. Micrographs of S. aureus biofilms. Adherence of S. aureus onto the coverslips; control (NB alone), tetracycline, and ZnO nanoparticles (75 μg/mL), as examined by CV staining. 
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Figure 8. SEM micrographs of biofilm mass: (a) zinc oxide nanoparticles attached to the S. aureus biofilm, (b) biofilm of S. aureus disturbed after 24 h of treatment with ZnO NPs. 
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Table 1. ZnO NP antibacterial activity against S. aureus and E. coli.
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Concentrations of ZnO NPs (μg/mL)

	
Disc Diffusion Values (mm)

	
MIC Values (µg/mL)




	
S. aureus

	
E. coli

	
S. aureus

	
E. coli






	
25

	
3.18 ± 0.12

	
2.52 ± 0.49

	
25

	
50




	
50

	
6.23 ± 0.42

	
5.69 ± 0.38

	
12.5

	
25




	
75

	
9.82 ± 0.73

	
7.37 ± 0.27

	
6.25

	
12.5




	
Positive

100 μg/mL

	
8.37 ± 0.12

	
6.14 ± 0.19

	
50

	
50




	
Negative

	
0

	
0

	
0

	
0
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