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Abstract

:

This study targeted developing a novel Zinc oxide with alpha hematite nanoflowers (NFs)-loaded bee venom (Bv) (Bv-ZnO@αFe2O3 NFs) as a bio-natural product from bees to combine both the advantages of combination magnetic properties and the antimicrobial and anti-biofilm properties on isolated coliform bacteria from the effluent of wastewater treatment plants. About 24 isolates of treated wastewater isolates were multidrug resistant (MDR). The phylogenetic grouping of Escherichia coli (E. coli) and Klebsiella pneumonia (K. pneumonia) showed that the largest group was Group A, followed by Group B2 and Group B1. Fourier transform infrared (FTIR), The X-ray diffraction (XRD), and scanning electron microscopy-energy dispersive X-ray analysis (SEM− EDX) validated the coating operation’s contact with Bv onto ZnO@αFe2O3 NFs. According to high-resolution transmission electron microscopy (TEM) and selected area electron diffraction (SAED), pattern analyses for prepared nanoformulations exhibited a spherical shape of αFe2O3 (~9–15 nm), and floral needle shapes with uniform distribution of size with aggregation of ZnOαFe2O3 and Bv-ZnO@αFe2O3 NFs around (~100–200 nm). The toxicity of Bv-ZnO@αFe2O3 NFs was comparable up to 125 µg mL−1, when it reached 64.79% (IC50, 107.18 µg mL−1). The antibacterial activity showed different zones of inhibition against different isolates. The biofilm inhibitory activity of NPs and NFs showed a highly significant reduction (p < 0.001) in treated biofilms with ZnO@αFe2O3 and Bv-ZnO@αFe2O3. In essence, ZnO@αFe2O3 and Bv-ZnO@αFe2O3 NFs are promising antimicrobials for inhibiting the growth and biofilm of MDR E. coli and K. pneumonia isolates, thereby, biocontrol of wastewater.
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1. Introduction


Fecal coliform bacteria can cause illnesses both in the hospital and in the community. One of the essential characteristics is multiple resistance to broad-spectrum antibiotics. Due to the excessive use of antimicrobial medications as a treatment, multidrug-resistant (MDR) bacteria like E. coli and K. pneumonia have become more common in recent years [1]. Antibiotics are an important tool in lowering the sickness or mortality caused by bacterial infections in humans. The unrestricted use of antibiotics was the primary cause of MDR bacterial strains’ establishment and dissemination [2,3]. The requirement for water will surely increase as the world population continues to rise. As a result, there will be a greater need globally for effective and cost-effective water treatment solutions. An important development could result from the industry’s adoption of nanotechnology [4]. Wastewater treatment by using nanotechnology has attracted more attention in recent years owing to its important criteria as small sizes providing large specific surface areas; nanomaterials have great adsorption capacities and reactivity with heavy metals, organic pollutants, inorganic anions, and bacteria [5].



Antimicrobial drug resistance is on the rise, necessitating the quest for fresh candidates with fresh modes of operation [6,7,8]. Venoms and their peptides from a variety of creatures or critters, including bees, snakes, wasps, and scorpions, provide potential antibacterial medicines for use against diverse pathogenic diseases. Bee venom (Bv), one of several bee products rich in bioactive chemicals, is a natural substance that exhibits various effects against several illness causes [9,10]. Their Bv is made of bioactive molecules such as melittin, apamin, phospholipase, histamine, dopamine, norepinephrine, and other components [11,12]. Bee venom therapy has been utilized as a supplemental and alternative treatment. Furthermore, bee venom is an effective antimicrobial [13], anti-inflammatory, anti-apoptosis, anti-fibrosis, and anti-atherosclerosis agent [14,15], as well as an antibacterial agent against a variety of Gram-positive/negative bacteria strains [16,17,18]. Using bee product combinations instead of conventional medication, according to Zambrano et al. [19] and Tanuğur and Kekeçoğlu [20], may have beneficial results.



Drug delivery systems refer to nanotechnological devices that are designed to synthesize and store drug molecules in appropriate configurations. Moreover, they expedite the delivery of medications to the specific targeted site of the multidrug resistance microbial, hence optimizing treatment effectiveness and reducing non-specific accumulation in the body of the drugs [21,22,23]. Among that, the most widely used inorganic nanoparticles are metal-based nanoparticles (MNPs), which provide a potential defense against antibiotic resistance. They display efficacy against bacteria that have already gained resistance and employ modes of action that are entirely different from those reported for conventional antibiotics [24]. However, they target several biomolecules that interfere with the emergence of resistant strains [25]. Particularly, MNPs have proven to offer broad-spectrum antibacterial effects on Gram-positive and negative bacteria. For instance, αFe2O3NPs and ZnO NPs display concentration-dependent antibacterial action against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus [26,27].



We expected that the combination of metal nanoparticles such as ZnO@ αFe2O3 might exhibit a synergistic effect for an increased antibacterial effect where the reactive oxygen species (ROS) generation on the surfaces of alpha hematite Fe2O3 NPs along with bio-safe material with high catalytic and high photochemical activities of ZnO NPs. So, in this regard, we developed novel αFe2O3 nanoparticles exo situ the surface of ZnO nanoflowers by the coprecipitation of Zn2+ and Fe2+ via one reaction catalase in an easy and inexpensive method and loaded bee venom (Bv) as a bio-natural product from bees to combine both the advantages of combination nontoxic, antimicrobial, anti-biofilm properties and magnetic properties of Bv, ZnO nanoflowers, and αFe2O3 nanoparticles. After the process, the activity of the nanoflowers’ combination was investigated for targeting and eradicating multidrug-resistant fecal coliform biofilm isolates from nine sites throughout the effluent of wastewater treatment plants in Minya Governorate during January 2022 and February 2022.




2. Materials and Methods


2.1. Bee Venom Collection


The honeybee venom was collected from Carniolan hybrid Apis mellifera carnica. The commercial apiary in Motobes region, Kafr El-Sheikh Governorate, Egypt, during the active summer of 2022.




2.2. Bv-Collecting Device


The Bv-collecting electric shock device CJ 401 (Chung-Jin Biotech Ltd., Ansan, Republic of Korea) consists of a digital control board, five bee venom collection frames, wire electrodes, battery, input/output voltage: 12 VDC (timer ON: 3 s and timer-OF: 6 s). Finally, collector frames: 46 cm × 28 cm.




2.3. Bee Venom Collection


Honeybees were subjected to a bee venom-collecting electric shock device; there are five parallel wires of electrode-equipped Bv-collecting frames of the device. Every frame in a hive was put on top of the combs before being wired to an electro-stimulator. Bee workers are stimulated by electrical impulses to sting via a latex sheet that was put on a glass plate of the device frame. Bees that came in touch with the wires were mildly shocked by the electricity and stung the glass surface. The other bees were agitated and mobilized due to the alarm odor released by the venom, and they also began to sting. The fresh Bv frames were painstakingly packaged inside a unique container to ensure safe transmission to the laboratory throughout 24–48 h. A sharp scraper processed the dry Bv scraping under laboratory conditions.




2.4. Isolation of Fecal Coliform Bacteria from Treated Wastewater Samples


In this study, multidrug-resistant, fecal coliform isolates were isolated from nine sites throughout the effluent of wastewater treatment plants in Minya Governorate between January 2022 and February 2022. Seventy-six samples were collected into sterilized bottles and transferred immediately to the laboratory. Analyses were initiated as soon as possible after collection (not more than 24 h). All sample analysis steps were carried out under aseptic conditions. The membrane filter technique was used by placing the membrane filter on an M-FC liquid medium agar (Oxoid, Basingstoke, UK) to detect and enumerate thermo-tolerant (fecal) coliform. Then, typical blue colonies were streaked on a CHROMagar™ ESBL (CHROMagar 4, place du 18 Juin 1940, F-75006 Paris, France) plate to differentiate between different types of pathogens. Independent interpretations were given to each culture plate. The type of coloration or the colorless aspect of each of the colonies growing on CHROMagar™ ESBL was recorded. E. coli were given a dark pink to reddish color and Klebsiella was given a metallic blue (Scheme 1).




2.5. Detection of Isolates’ Multidrug-Resistant Fecal Coliform


In all, 54 fecal coliform isolates were tested for antibiotic susceptibility using Kirby–Bauer Disc Diffusion Method [28]. The antimicrobials used were supplied by Bioanalyse®, Turkey and included Penicillins (Ampicillin AMP10 µg, Piperacillin PRL30 µg), Aminoglycosides (Gentamicin; CN 100 µg, Carbapenems (Meropenem; MEM 30 µg), Cephalosporins (Ceftazidime; CAZ 30 µg, Cefepime; FEP 30 µg, Cefpodoxime; CPD 10 µg, Cefotaxime; CTX 10 µg), Fluoroquinolones (Ciprofloxacin; CIP 5 µg, Ofloxacin; OFX 5 µg), Penicillins+β- lactamase inhibitors (Ampicillin-sulbactam SAM 20 µg), Sulphamethoxazole-trimethoprim; SXT 1.25/23.75 μg, Phenolics (Chloramphenicol; C 30 µg), and Monobactams (Aztreonam; ATM 10 µg) (Oxoid, UK). According to the Clinical and Laboratory Standards Institute, the zones of inhibition were determined, and the findings of the antimicrobial susceptibility test were classified as susceptible (S), intermediate (I), and resistant (R) (CLSI 2019) [29]. When an isolate was resistant to one antimicrobial agent in at least three separate classes, it was deemed MDR. The number of antibiotics the isolate is resistant to was divided by the total number of tested antibiotics to arrive at the multiple antibiotic resistance (MAR) index.




2.6. Phylogenetic Grouping of Fecal Coliform Bacteria by Multiplex PCR


Based on the presence or lack of three genes (chuA, yjaA, and tspE4.C2), triplex polymerase chain reaction (PCR) was used to classify the 33 MDR isolates into four separate phylogenetic groups (A, B1, B2, and D) and seven subgroups (A0, A1, B1, B22, B23, D1, and D2) as shown in Table S1 by using all the available combinations according to the technique of Clermont [30]. Phylogenetic grouping primers were documented in Table S2. In a 25 μL reaction mixture, multiplex PCR was accomplished using the following components: the master solution (12.5 μL, containing Tris-HCl (CAS 1185-53-1 EMPROVE® EXPERT), pH 8.5, (NH4)2SO4, 2 mM MgCl2, 0.2% Tween 20, 0.4 mM dNTPs, 0.2 units/L Ampliqon Taq DNA polymerase, and inert red dye), each primer (1 L from 10 M), nuclease-free water (2.5 μL), and template DNA (4 μL) [31]. The following settings were used for amplification as illustrated in Table S3. The PCR products were examined under UV transillumination by running the PCR products through 1.5% (w/v) agarose in Tris-Borate-EDTA (10X TBE) buffer (Genome Diagnostics Private Limited, Krishna Bhawan, Janak Puri, New Delhi, India) at 132 V for 20 min and seeing the results under UV transillumination.




2.7. Preparation of ZnO@αFe2O3 NFs


The coprecipitation technique utilized to synthesize ZnO@αFe2O3 NFs via a single catalase cross-link reaction may hold the most promise in simplicity and effectiveness. In brief, FeSO4 × 7H2O and ZnSO4 (Aladdin Chemical Reagent Company; Shanghai, China), were dissolved in 100 mL of distilled deionized water (DIH2O) in a 2:1 molar ratio and heated at 80 °C for 15 min. The iron and zinc solution was then quickly added to 100 mL−1 of 1.5 M NaOH and agitated at 1000 rpm for an hour at the same temperature. Eventually, the solution turned a hazy brown color. To eliminate any impurities or absorbed ions, the NFs were separated using a strong magnet and washed four times in DIH2O (Milli-Q water) and once in 0.01 M HCl. After that, the generated NFs were separated from the solution by centrifugation at 15,000 rpm for 5 min, which was subsequently dried in a fan oven at 60 °C overnight. Finally, DIH2O was used to dilute the NF solution to a total volume of 50 mL; unloaded ZnO, and αFe2O3 NPs were prepared according to our previously published papers with some modifications [26].




2.8. Bee Venom-Coated ZnO@αFe2O3 NFs


Following, 2.5% (w/v) of PVA (Shanghai, China) was coated onto 50 mL of ZnO@αFe2O3 NFs under vigorous magnetic stirring at 1000 rpm for 15 h at 25 to 27 °C (pH 7.2) according to the emulsion-coacervation method [32,33] with some modifications. Then, 20 mL−1 of 1.3% (w/v) of pure Bv in DIH2O was stirred for 10 min and added onto PVA-ZnO@αFe2O3 NFs and the mixture was vigorously stirred for 15 min at the same temperature previously. The surplus non-coated PVA polymers and all extra medicines were removed from the Bv-ZnO@αFe2O3 NFs by centrifugation at 7000 rpm for 15 min, many times, with additional ddH2O each time, and were dried in a vacuum for 24 h at 55–60 °C.




2.9. Characterizations of Prepared NFs


Fourier transform infrared (FTIR) spectra were acquired in KBr pellets using a Jasco FT-IR5300 model spectrophotometer. The surface of the material was investigated by scanning electron microscopy (SEM) (JSM 6390, JEOL DATUM Ltd., Tokyo, Japan) with electron energy-dispersive X-ray analysis (Carl Zeiss, Jena, Germany). The particle size and characterization of the samples were carried out by high-resolution transmission electron microscopy (TEM) (JCM-7000 Neo Scope™, Benchtop TEM; JEOL, Tokyo, Japan). The X-ray diffraction (XRD) patterns were obtained at ambient temperature using a Philips (XPERT MPD) X-ray diffractometer. The diffractometer used Cu Kα radiation with a voltage of 40 kV and a current of 45 mA. The scanning speed for the 2θ angle was set at 0.05°/min, spanning the range of 10–80°. The X-ray photoelectron spectroscopy (XPS) experiments were conducted using a VG ESCALAB MkII system equipped with an Al-Kα X-ray source and a 150 mm hemispherical analyzer. The analyzer had a pass energy of 20 eV. The calibration of the XPS system’s binding energy was performed by establishing the Au 4f7/2 peak at 84.0 eV [34], as the reference peak for all subsequent binding energy measurements. Before conducting the XPS experiment, the powder samples were subjected to pressing on an indium foil.




2.10. Cell Viability and Cytotoxicity Study of Prepared NFs


The viability and cytotoxic percentage assessment of Vero-derived kidney epithelia isolated from the green monkey’s cell line were evaluated with MTT. After incubation, the medium was evacuated from the wells. MTT was then added to each well at a concentration of 6 µg/mL−1. A 60 μL solution of dimethylsulfoxide (DMSO, Solarbio Science and Technology, Beijing, China) was used to spread the cells. Finally, via a microplate reader, the specimens’ absorbance spectra were measured at 595 nm:


  %   C e l l   v i a b i l i t y = ( O D   t e s t − O D   b l a n k ) / ( O D   c o n t r o l − O D   b l a n k )  



(1)




where OD optical density test means the cells exposed to the αFe2O3 NPs, ZnO NFs, ZnO@αFe2O3 NFs, and Bv-ZnO@αFe2O3 samples; control means the control sample, and blank means the wells without Vero cells [35]. Log concentrations versus (%) cell viabilities were plotted with a logarithmic graph, which was then used to determine the IC50 values.




2.11. Antibacterial Susceptibility Assay of Prepared NFs


The susceptibility of 11 MDR E. coli and K. pneumonia isolates (representative to different phylogenetic groups) to four nanocomposites was assessed by agar well diffusion method [36,37]. Bacterial isolates were grown in BHI broth for an extended period, with the turbidity set at 5 × 105 CFU/mL−1. The nutrient agar medium was covered with the bacterial inoculum (Himedia, India). Using a micropipette, 0.1 mL−1 of a variety of NFs were distributed into wells with a diameter of 5 mm on plates. The wells were then incubated at 37 °C overnight. Each substance’s zone of inhibition was quantified.




2.12. Determination of MIC and MBC of NFs against Tested Isolates of Bacteria


Using the usual dilution approach, a broth microdilution assay was used to estimate the MIC in 96-multi-well microtiter plates (CLSI M07-A8). In order to obtain concentrations ranging from 512 to 2.5 g mL−1, 100 microliters of TSB (Himedia, Mumbai, India) were dispersed evenly across all wells. A volume of 100 microliters from each NF (1024–2.5 µg mL−1) was pipetted into the wells of the first row of the microtiter plate. Finally, 100 µL of freshly made, 0.5 McFarland matching turbid bacterial solution was put into each well. Each plate contained two columns that served as both positive and negative controls. Wrapped plates were incubated for 18–24 h at 37 °C. The plates were visually inspected for the presence or absence of turbidity against a dark background. The MIC was determined as the lowest concentration at which there was no discernible bacterial growth when compared to controls. By sub-culturing 20 µL from the clear wells of the MIC test on MHA, MBC was ascertained. The minimum amount of NFs (MBC) was needed to eradicate 99.9% of the original bacterial inoculum.




2.13. Screening of MDR Isolates for Biofilm Formation by Tissue Culture Plate Method


Eleven isolates (8 phylogenic different E. coli and 3 phylogenic K. pneumonia) isolated from nine sites throughout the effluent of wastewater treatment plants in Minya Governorate were screened for biofilm production by the Tissue Culture Plate Method [38]. Briefly, an overnight culture of each isolate was added to 10 mL−1 TSB supplemented with 1% filter sterile glucose (HiMedia, India), then it was incubated at 37 °C for 24 h. The culture was further diluted 1:100 with fresh medium; 200 µL of diluted culture was added into sterile 96-well flatbottomed microtiter plates. TCPs were incubated at 37 °C for 24 h. The blank wells were only inoculated with sterile TSB with 1% glucose. The experiment was conducted three times using the crystal violet staining method. The biofilms were measured, then content of the wells were removed, and the wells were washed twice with phosphate-buffered saline (PBS) (Solarbio, Beijing, China) to remove what was not attached, then the wells were air-dried for 45 min. The optical density (OD) was measured at 570 nm using an ELISA plate reader (Biorad, Hertfordshire, Watford, UK). The isolates were classified according to the calculated OD into non-biofilm producers (OD ≤ ODc), weak (ODc < OD ≤ 2ODc), moderate (2ODc < OD ≤ 4ODc), and strong producers (4ODc < OD) [39]. Three standard deviations (SD) over the mean OD of the negative control was established as the cut-off value (ODc).




2.14. In Vitro Evaluation of Anti-Biofilm Activity of NFs


The potential effect of 4 NFs on the inhibition of biofilm formation by E. coli isolate (E7) and K. pneumonia (K3) was assessed by a microplate biofilm assay. A microtiter plate with a U-bottom that has 96 wells and 100 µL of bacterial suspensions (108 CFU/mL−1) in each well was used. After incubating the microplates at 37 °C for 24 h, the final concentrations of the NFs were equal to the MIC, and the final volume was 200 µL per well. Three analyses were then carried out. The inoculum volume and NFs were changed to TSB and sterile water for the control wells. The microtiter plates’ contents were discarded, and the sides and bottom of the wells were carefully cleaned with phosphate-buffered saline (PBS, pH 7.2). This removed any free-floating, non-adherent bacterial cells. The microtiter plate wells were afterwards air-dried for 45 min. After drying, adherent “sessile” bacteria were fixed with sodium acetate (2%, w/v) (Merck, Germany), and the wells were then stained with crystal violet (0.1%, w/v), which was allowed to sit in the dark for 30 min. The extra color was then properly removed by washing the wells with sterile deionized water. The plates were then dried by air once more. Thermo Fisher Scientific’s multi-scan plate reader was used to measure absorbance at 570 nm after adding 200 µL of ethanol (95%, v/v) to each well. Inhibition of biofilm was determined from the formula described by [40,41]:


% Inhibition = 1 − (OD570 sample/OD570 control × 100)



(2)








2.15. Scanning Electron Microscopy (SEM)


Biofilm inhibition by different NFs was observed by SEM. The coverslips were put in 24-well flat-bottomed microtiter plates, and the NFs adjusted to MIC were added to the E. coli (E7) suspension 108 CFU, then incubated in static condition for 24 h. After a gentle PBS rinse, the coverslips were fixed with 2.5% glutaraldehyde (Sciences, Fort Washington, PA, USA) at 4 °C for two hours. Following glutaraldehyde fixation, the coverslips were cleaned with PBS for one hour and dehydrated using ethanol at increasing concentrations. Before being examined using SEM (JEOLJSM-7600F; JEOL Ltd., Tokyo, Japan), specimens were air-dried and coated with gold (Emmitech K550, Oldham, UK). The fixed cells were ethanol-dehydrated many times, air-dried, coated with gold-palladium, and analyzed under a SEM.




2.16. Statistical Analysis


One-way ANOVA analysis of variance was applied to test differences in biofilm inhibition between treated biofilms with different NFs followed by the Bonferroni test to examine post hoc significance. The differences between means were statistically significant at p < 0.01 and p < 0.05.





3. Results


3.1. Culture and Identification of Fecal Coliform Bacteria from Treated Wastewater Samples


Out of 54 effluents from wastewater treatment plants from nine sites in Minya Governorate, 33 (61.11%) effluent isolates were verified as positive cultures, of which 21 were confirmed to be E. coli (63.64%) and 12 K. pneumoniae (36.36%) (Figure 1).




3.2. Detection of Antibiotic Susceptibility Pattern of Fecal Isolates


The rates of resistance to different antibiotics in 33 fecal coliform bacterial isolates from treated wastewater samples were 100% resistance for Ampicillin (AMP), Piperacillin (PRL), Ofloxacin (OFX) and Cefotaxime (CTX)), 75.9% for Ceftazidime (CAZ), 79.6% for Cefpodoxime (CPD), 85.2% for Cefepime (FEP). 77.8% for Aztreonam (ATM), 81.5% for Ampicillin/sulbactam (AMC), 64.3% for Sulphamethoxazole-trimethoprim (SXT), 29.6% for Chloramphenicol (C), 33.3% for Gentamicin (CN), 14.8% for Ciprofloxacin (CIP), and 0% for Meropenem (MEM) (Table 1). Of the treated wastewater isolates, 24 (72.73%) were MDR resistant to at least three distinct antimicrobial agents.




3.3. Phylogenetic Grouping by Multiplex PCR


The results of the phylogenetic grouping of E. coli and K. pneumoniae were recorded in Table 2. For E. coli, the results showed that Group A compile 66.7%, Group B2, 23.8%, Group B1, 4.8%, and finally, Group D, 4.8%.



In our study, the largest group was Group A followed by Group B2, then Group B1 and Group D (Figure 2 and Figure 3). While in the case of K. pneumoniae, it showed that Group A compile 58.3%, Group B2, 33.3%, and finally, Group B1, 8.3%. In this study, the largest group was Group A followed by Group B2 and Group B1 (Figure 2 and Figure 4).




3.4. Characterization of Prepared NFs


3.4.1. FTIR Spectra


The inverse spinel structure of the αFe2O3 NPs are shown in Figure 5A. FTIR shows an absorption band at 560 and 680 cm−1, which may be caused by the stretching vibration mode linked to the metal-oxygen absorption band (Fe-O bond). Wide and intense peaks between 1025 and 1406.11 cm−1 in Figure 5B indicate the stretching of the Zn-O bond. The H-C-H and C-O-C stretching vibration caused by PVA adsorbed on the surface of the magnetite NPs was verified by the peaks at 1050 cm−1. All samples showed a large absorption peak at 3420 cm−1, which may be attributable to the typical hydroxyl group (O-H) absorption. This revealed the presence of hydrogen bonding between the PVA polymer and the associated ZnO@αFe2O3 NFs (Figure 5C). Additionally, Figure 5D showed additional peaks at 1620, 1160, 1039, and 1018 cm−1 that correspond to C=C, C-OH, C-O, and C-N stretching bonds and are indicative of the peaks of Bv. The distinctive peaks shown in Figure 5E at 610 and 1360 cm−1 are the vibrational modes of the Fe-O and Zn-O bonds, respectively. The H-C-H vibration mode is shown by the peaks at 869 cm−1, which results from the influence of polymer molecules.




3.4.2. XRD and XPS


In order to evaluate the crystal phase and degree of crystallinity of the ZnO@α-Fe2O3 NFs in its initial state, the XRD pattern of the catalyst in its as-prepared form was provided. The XRD pattern of the ZnO@α-Fe2O3 NFs is shown in Figure 6A. ZnO@α-Fe2O3 exhibited a strong resemblance to the JCPDS 01-089-0596 pattern of α-Fe2O3 and the JCPDS 36–1451 pattern of ZnO. The ZnO@α-Fe2O3 NFs exhibited distinct and well-defined peaks in its crystallographic profile, indicating the presence of diffraction peaks at angles of 30.8°, 34.8°, 37.9°, 48.2°, 58.4°, 65.8°, 69.3°, 78.6°, 92.7°, and 96.1°. These peaks corresponded to certain crystallographic planes, namely, 100, 002, 101, 102, 110, 103, 112, 004, 202, and 104, respectively. The proposition is made that hematite was evenly distributed among the ZnO particles. The XPS spectra of ZnO@α-Fe2O3 NFs are shown in Figure 3. The ZnO@α-Fe2O3 composite is comprised of the elements zinc (Zn), iron (Fe), and oxygen (O). The resolution spectrum of ZnO@α-Fe2O3 NFs displayed two distinct binding energies at 1022.8 and 1040.7 eV, which were assigned to ZnO and Zn2+-O-Fe3+ species, respectively. Furthermore, the observed peaks corresponding to the Fe 2p energy level at 725.7 eV were ascribed to the presence of Fe3+-O-Zn2+ species. The analysis of the O1s high-resolution spectrum indicated the presence of binding energy around 540.3 eV, which might potentially be associated with α-Fe2O3 (Figure 6B).





3.5. Surface Morphology Analysis


3.5.1. TEM and Selected Area Electron Diffraction (SAED)


TEM analysis was used to investigate the surface morphological structure further. The TEM pictures of Fe2O3 NPs, ZnO NFs, ZnO@αFe2O3 NFs, and Bv-ZnO@αFe2O3 NFs are illustrated in Figure 7A–D at a reduced magnification scale of 100 nm, and the SAED patterns are shown in Figure 7E. TEM findings showed the presence of different morphological surfaces of the prepared formulations’ obtained material. Figure 7A shows the largest observed structures of NPs: small particle sizes, spherical-like structures, and particles in an agglomerated condition with an aggregation width of about 9–15 nm of αFe2O3 NPs. However, the morphological structure of ZnO NFs demonstrated flower needle-shaped formations with a width of about 70–80 nm (Figure 7B). Flower-spherical nano-composites of ZnO@αFe2O3 NFs with 100–200 nm size are deposited on the surface of ZnO NPs’ needles (Figure 7C). TEM analysis confirmed that the catalyst reaction of ZnO@αFe2O3-loaded Bv NFs is stable and retains its original shape even after loading the Bv processes carried out with rapid mixing, with an increase in the particle size around 200–300 nm (Figure 7D). The SAED pattern in Figure 7E shows concentric rings of brilliant spots, indicating the preferred orientation and highly crystalline structure of ZnO@αFe2O3 NFs. In Figure 5E, the planes (220) and (311) correspond to the cubic inverse spinel structure of Fe2O3 NFs, whereas the planes (101), (102), (110), and (103) correspond to the wurtzite structure of ZnO. This supports the development of NPs and is consistent with the FTIR data.




3.5.2. SEM-EDX and HRTEM


The structural and morphological characteristics of ZnO@αFe2O3 were examined using SEM and HRTEM. Figure 8A displays the representative SEM image. The composite material consisting of ZnO@αFe2O3 had a layered structure with irregularities and small particles on the surface. These characteristics are believed to be a result of the formation of oxide phases by the calcination of sulphate. Figure 8B shows the findings of an SEM-EDX analysis that revealed the presence of iron at 40.04%, zinc at 10.16%, and oxygen at 49.8%. A prominent peak at 6.54 keV was also seen, indicating the presence of iron (Fe), while peaks at 0.483 keV and 1.283 keV were connected to the presence of oxygen (O) and zinc (Zn), respectively. Several elements identified by SEM-EDX, such as Au, Si, and Cl, serve as capping agents for biogenic ZnO and Fe2O3 NPs, and have previously been demonstrated. The HRTEM image of the ZnO@αFe2O3 sample revealed distinct lattice fringes of ZnO particles. These fringes exhibit an interplanar spacing of 0.247 nm, as shown in Figure 7C. This spacing corresponds to the (110) facet, which is consistent with the findings obtained from XRD analysis. Likewise, the discernible lattice fringes shown by αFe2O3, with an interplanar spacing of 0.492 nm, are indicative of the (102) facet, as confirmed by XRD (Figure 8C).





3.6. Cell Viability and Cytotoxicity of NPs and NFs


The capacity of Bv and αFe2O3 NPs, ZnO NFs, and Bv- ZnO@αFe2O3 NFs to block normal Vero cells with concentrations ranging between 31.25 and 1000 µg mL−1 for 24 h at a temperature of 37 °C, at a rate of three replicates for each concentration, as well as the control sample without treatment for comparison. Calculating the percentages of growth inhibition rate compared to the control (100% growth), the amount of the toxicological impact was also assessed, as shown in Figure 8. Toxicity (%) of Bv, αFe2O3 NPs, ZnO NFs, and Bv-ZnO@αFe2O3 against Vero cells was dose-dependent with the concentrations. The toxicity present in Bv was similar up to 62.5 µg mL−1 (IC50, 72.17 µg mL−1). While in αFe2O3 NPs and ZnO NFs, the toxicity present was similar up to 250 and 125 µg mL−1 where the toxicity reached 85.11% (IC50, 185.45 µg mL−1) and 65.24% (IC50, 104.69 µg mL−1), respectively. The toxicity of Bv-ZnO@αFe2O3 NFs was comparable up to 125 µg mL−1, when it reached 64.79% (IC50, 107.18 µg mL−1). Further analysis of Bv > αFe2O3 NPs > ZnO NFs > Bv-ZnO@αFe2O3 NFs revealed that the lowest amount of cytotoxic activity against Vero cells was present at concentrations < 250 µg mL−1, and that the maximum toxicity was present at concentrations > 250 µg mL−1 (Figure 9A). Additionally, the morphological characteristics of Vero cells exposed to various concentrations of Bv, αFe2O3 NPs, ZnO NFs, and Bv-ZnO@αFe2O3 NFs were reported compared to untreated cells. Using the absorbance values revealed after the red dye was captured, and the pertinent concentrations of the Bv, αFe2O3 NPs, ZnO NFs, and Bv-ZnO@αFe2O3 NFs utilized in the cytotoxicity tests, the 3T3 Phototox program was used to determine the IC50 of generated samples in various cell lines. The treated Vero cells displayed notable differences from the control and morphological changes in cells at concentrations of 125 and 500 µg mL−1 of the samples of NPs and NFs, cells’ destructuration were evident and had distinguishable morphological signs of apoptosis (Figure 9B), and morphological alterations were evident in a concentration-dependent manner in the case of αFe2O3 NPs, αFe2O3 NPs, and ZnO NFs’ treatment. Furthermore, Bv-treated cells were more damaged than NPs and NFs-treated cells, which were less homogeneous with a loss of membrane integrity, rounding, and shrinkage but remained intact at 31.25 and 62.50 µg mL−1 (Figure 9B).




3.7. Antibacterial Susceptibility Assay of NPs and NFs


Antibacterial activity analysis of four different NPs and NFs (ZnO, αFe2O3, ZnO@αFe2O3, and Bv-ZnO@αFe2O3 NFs) was performed by the aforementioned agar well diffusion method. As demonstrated in the results in Table 3, the ZnO NFs displayed greater antibacterial activity with the zone of inhibition (2 cm) against E. coli isolate E1 followed by K. pneumonia K1 (1.8 cm). The αFe2O3 NPs showed the zone of inhibition (4 cm) against E7 followed by E5 (3.5 cm). ZnO@αFe2O3 NFs’ zone of inhibition was highest in the E7 isolate (2.6 cm) and then (2.2 cm) in the E3 isolate. Maximum inhibition of Bv-ZnO@αFe2O3 NFs was found in K3 (4.5 cm) followed by E1 (3.8 cm) (Table 3).




3.8. MIC and MBC Determination of NFs


The antibacterial activity of NFs was assessed by measuring MICs and MBCs for two strong biofilm producer isolates E7 and K3. Table 4 showed that E7 MICs’ values were 320 µg/mL−1, 80 µg/mL−1, 160 µg/mL−1, and 10 µg/mL−1 while MBCs’ values were 100 µg/mL−1, 40 µg/mL−1, 97 µg/mL−1, and 20 µg/mL−1 for ZnO, αFe2O3, ZnO@αFe2O3, and Bv-ZnO@αFe2O3, respectively; on the other hand, K3 isolate MICs were 160 µg/mL−1, 40 µg/mL−1, 80 µg/mL−1, and 5 µg/mL−1 while MBCs were 80 µg/mL−1, 10 µg/mL−1, 40 µg/mL−1, and 2.5 µg/mL−1 for ZnO, αFe2O3, ZnO@αFe2O3, and Bv-ZnO@αFe2O3, respectively.




3.9. Biofilm Formation of Isolates and Anti-Biofilm Activity of NPs and NFs


The results clarified that all the MDR examined isolates (E. coli and K. pneumonia) were biofilm producers: 27.3% (3/11) were weak biofilm producers, 27.3% (3/11) were strong biofilm producers, and 45.5% (5/11) were strong biofilm producers. The biofilm inhibitory activity of the four used NFs, ZnO, αFe2O3, ZnO@αFe2O3, and Bv–ZnO@αFe2O3NFs, showed a highly significant reduction (p < 0.001) in treated biofilms with ZnO@αFe2O3 and Bv-ZnO@αFe2O3 (78.16 ± 0.86 and 79.13 ± 1.26), respectively, compared with ZnO and αFe2O3 NFs-treated biofilms (25.13 ± 1.42 and 26.63 ± 2.04), respectively, for the E7 isolate. Also, for K. pneumonia (K3), there was a highly significant reduction (p < 0.001) in treated biofilms with ZnO@αFe2O3 and Bv–ZnO@αFe2O3 NFs (79.06 ± 1.55 and 87.30 ± 1.11), respectively, compared with ZnO and αFe2O3 NFs-treated biofilms (27.70 ± 1.60 and 30.36 ± 1.22) (Figure 10).




3.10. Biofilm Inhibition for E. coli by SEM


To observe the biofilm inhibition by different NPs and NFs, SEM was applied for E. coli (E7). SEM images indicated that the control group’s bacterial cells had clearly developed biofilms with matrix material (Figure 11A). On the contrary, the presence of MIC of ZnONFs and αFe2O3NPs (Figure 11B,C), respectively, caused the amount of biofilm to decrease, while there was an obvious reduction in the case of treatment with ZnO@αFe2O3 and Bv–ZnO@αFe2O3 NFs (Figure 11D,E), respectively. The results of the anti-biofilm activity were supported by SEM pictures.





4. Discussion


MDR is becoming more prevalent worldwide, drastically reducing therapy options. Future control of MDR Gram-negative bacilli around the world needs to be highly considered. In this study, about 72.73% isolates of treated wastewater isolates were MDR with resistance to one antimicrobial agent in at least three different groups. Indeed, most of the previous studies focused on E. coli, as a result of using it as an indicator of fecal contamination and to evaluate the spread of antimicrobial resistance (AMR (within the aquatic environment [42]. Studies provided little information on antibiotic-resistant heterotrophic and non-coliform bacteria [43]. These microorganisms can be found in activated sludge and are vital for the emergence and spread of antibiotic resistance (AMR) [44,45]. In this study, about 63.64% were confirmed to be E. coli, which is higher than the previous study by Haberecht et al., who reported that the percentage of total detected bacteria, E. coli, was 37% in wastewater [46]. These elevations in E. coli in wastewater were described in previous studies as being due to the proximity of fecal contamination from humans and animals [47,48,49,50]. However, as reported in previous studies, K. pneumoniae strains were considered to have come from hospitals and receiving wastewater treatment plants [51,52,53]. This theory explains why this study’s treated wastewater contained 36.36% more K. pneumoniae than expected. In agreement with that study, Johnson and Stell presented phylogenetic grouping data that showed isolates in phylogenetic Groups A and B1 which were typically commensal strains, while subgroups D and B2 were related to extra intestinal illnesses [45,54]. In our study, the results of phylogenetic grouping in E. coli isolates showed that the largest group was Group A followed by Group B2, then Group B1 and Group D. In addition, in K. pneumoniae isolates, the largest group was Group A followed by Group B2 and Group B1. The phylogenetic subtype distribution of the MDR strains from treated wastewater, close to the average distribution of total isolates, suggests that the environmental water pathogen might originate from both humans and animals, concurrent with previous studies [55,56].



For simplicity and efficiency, the coprecipitation process used to synthesize ZnO@αFe2O3 NFs via one catalase cross-link reaction could be the most promising [57]. An XRD and XPS confirmed the success of synthesized ZnO@αFe2O3 NFs compared to the previous studies [58,59,60], and FTIR analysis revealed functional groups such as C=C, C-OH, C-O, H-C-H, and C-N. These findings were consistent with prior studies [61,62,63,64]. The existence of a protective organic covering on the NFs’ surface generated by Bv was revealed by TEM, adding to previously published evidence on the involvement of active chemicals and other organic components in preventing aggregate formation [26]. Additionally, TEM, HRTEM, and SEM-EDX analysis demonstrated that the ZnO@αFe2O3- loaded Bv NFs’ catalyst reaction is stable and maintains its original shape even after loading the Bv processes, which are carried out with rapid mixing and result in an increase in particle size of about 200–300 nm; the apparent size increase may be attributable to the success of the Bv-loaded process. Concentric rings of bright spots in the selected area electron diffraction (SAED) pattern attest to the preferred orientation and extremely crystalline structure of ZnO@αFe2O3 NFs [65,66]. The size and shape of NPs affect their reactivity, surface area, rate of absorption into microbial cells, cell surface contact, protein binding, and other features; these factors are crucial for antibacterial applications. The findings show that the proposed nanoparticles of sizes between 100 and 200 nm were sufficiently tiny to fulfill the steric requirement for fast diffusion across the bacterial outer membrane [67]. These results confirmed the successful one-reaction catalase of prepared ZnO@αFe2O3 NFs. It was also found that the bio-coating shell process for ZnO@αFe2O3NPs by Bv honey product did not affect the phase change of formulations. In the current study, the antimicrobial effect of ZnO, Bv-ZnO, ZnO@αFe2O3, and Bv–ZnO@αFe2O3 on 11 isolates (8 phylogenic different E. coli and 3 K. pneumonia) isolated from nine sites throughout the effluent of wastewater treatment plants in Minya Governorate was assessed.



The antibacterial activity was evaluated by observing the inhibition zones as shown in Table 3. This technique makes dispersible nanoparticles (NPs) come into direct contact with the bacteria. The zone’s diameter was shown to rise in opposition to E. coli and K. pneumonia in the case of Bv-ZnO and Bv-ZnO@αFe2O3 as the NC has substantially greater antibacterial efficacy compared to ZnO@αFe2O3 and bare ZnO. The bactericidal effect of ZnO is owed to ROS formation on the surface, damaging the bacterial membrane [68]. The antibacterial activity of Fe2O3 depends on the presence of Fe2+/Fe3+ cations on the particle surface, which has catalytic activity towards the reduction of H2O2 to produce ROS [69], which is an oxidative stress required for bacterial cell damage. Additionally, the interaction between positive and negative charges on Fe2O3 and the bacterial surface plays a crucial role in bacterial death [70]. The results of our study are supported by previous studies [67,71], which examined the higher antibacterial activity of metal oxides on Gram-positive and Gram-negative bacteria, including E. coli and K. pneumonia, as compared to ZnO monoxide. Also, there was a notable synergistic antimicrobial effect of iron oxide nanoparticles loaded with Bv [72].The antibacterial characteristics of Bv, which interact with bacterial cell membrane components and efficiently harm bacterial cells, may be influenced by peptides, enzymes, physiologically active amines, and non-peptide components [73,74].



Thus, the synergistic effect between the three substances Bv, ZnO, and αFe2O3 explains the increased inhibition zones observed after using the NFs (Bv-ZnO and Bv-ZnO@αFe2O3) in all examined samples. Also, that combination helps in reducing toxicity and immunogenicity, allowing their introduction into wastewater as a treatment option. Hence, the widespread application of nanocomposites is mainly determined by their safety in the environment. According to the results in Table 4, all used NPs and NFs proved to have MIC and MBC activities against E. coli isolate (E7) and K. pneumonia isolate (K3); this finding aligns with those attained by [75,76,77], which postulated that a variety of elements, including the technique of manufacture, particle size, and bacterial strains, might affect the bactericidal activity of the employed nanocomposites. Previous investigations [78,79] revealed BV’s potent antibacterial action against K. pneumonia and E. coli supported our work. The bactericidal action of bee venom against Gram-positive and Gram-negative bacteria was also established in earlier research in Korea [80,81].



Biofilms continue to grow and act as a type of crust to protect the microbes underneath. The crust increases bacterial resistance to the effects of the chemicals, physical agents, and disinfectants employed in the wastewater treatment process [82]. The aggregation of Bv peptides can interact with bacterial membranes, producing ion channels and toroidal pores, increasing the permeability of the cytoplasmic membrane of the bacterial cell, and causing its damage. This distinctive intervention system allows antimicrobial peptides to damage the bacteria at different stages [83]. They may also help other substances, such as antibiotics and nanoparticles, get inside the cell, producing significant bactericidal effects with their mechanisms [84,85].



In this work, biofilm inhibitory activity varied between the used NPs and NFs. From the aforementioned results shown in Figure 6, it was found that ZnO@αFe2O3 and Bv-ZnO@αFe2O3 had a solid potential to inhibit biofilm activity by 78.16 ± 0.86 and 79.13 ± 1.26 against E. coli isolate (E7) and by 79.06 ± 1.55 and 87.30 ± 1.11 for K. pneumonia isolate (K3). The increased anti-biofilm effect produced in the case of Bv-ZnO@αFe2O3 may be owed to many reasons, as Bv caused a significant increase in anti-biofilm activity of the used substances; these findings are supported by Dosler et al. [86], who found that Bv melittin caused the inhibition of biofilm formation by sub-MIC concentrations. Picoli et al. found low biofilm production by E. coli isolate (56.3%) due to Bv melittin [87]. The effect of BV is to eliminate biofilm in Gram-positive and Gram-negative bacteria [88,89]. Furthermore, αFe2O3NPs have a less significant antibacterial activity than its significant anti-biofilm potential as it facilitates the delivery of different antimicrobial agents conjugated with it into the biofilm by its magnetic field. [88,90,91]. Bare ZnO NFs against the E7 isolate showed inhibition in biofilm formation by 25.13 ± 1.42, which is similar to the findings of [92]. As biofilm in this study was inhibited by 20% in E. coli isolates after using ZnO NFs, Applerot et al. mentioned a higher inhibitory effect of ZnO NFs in their study than ours. This difference is owed to many factors as different methods are used for the evaluation of biofilm formation, bacterial strain, and NFs’ size as the greater antibacterial action depends on the size of the NFs since the surface area to volume ratio rises with decreasing particle size [93]. ZnO NFs have the ability to inhibit biofilm relay on DapE protein enzymatic activity inhibition that shows protein is vital for the synthesis of peptidoglycans, affecting biofilm formation at its initial stage [94]. Thus, combining the three substances in the Bv-ZnO@αFe2O3 NFs is considered a good candidate for application in controlling fecal coliforms isolated from wastewater compared to other methods.



There are some limitations in this work that need additional investigation. Firstly, it is necessary to examine the in vitro releasing profile of Bv from Bv-ZnO@Fe2O3. Furthermore, due to limited financial resources, we were unable to conduct a comparative investigation of the developed formulations with typical bare ZnO@αFe2O3 NFs using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), which are widely recognized as the most effective methods for physiochemical characterization of various components. Furthermore, it is advisable to conduct in vivo experiments in order to validate the effectiveness of the formulations we have developed. Additionally, we recommend comparing the effectiveness of Bv-conjugated nanoflowers in the removal of MDR bacteria with other conventional techniques previously applied in WWTPs, such as chlorination and ozonation, or even ultraviolet radiation in future studies.




5. Conclusions


The obtained results in this study showed high levels of MDR fecal coliform isolated from treated wastewater samples. Meanwhile, using ZnO, αFe2O3, and ZnO@αFe2O3 and especially, Bv-ZnO@αFe2O3 NFs assisted in creating effective anti-biofilm activity and reducing the related biological health risk for isolated K. pneumonia and E. coli isolates. These qualities make them suitable for use as antimicrobials, eliminate the threat of antimicrobial resistance, and serve as a good option for application in controlling fecal coliforms isolated from wastewater compared to other methods. Also, they can be used as a pre-treatment and disinfection technique for wastewater. Additional research based on the bioactivities of such biosynthesized NFs will focus on the antibacterial impact to combat the latest wave of various multi-resistant pathogens.
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Scheme 1. Illustration of the structure of Bv-ZnO@αFe2O3 NFs and the process of eradicating isolated bacteria. 
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Figure 1. Growth of two different isolated fecal coliform bacteria on CHROMagar™ ESBL medium; dark pink to reddish colonies represents E. coli and metallic blue colonies represent K. pneumoniae. 
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Figure 2. Pie chart showing percentages of subgroups for (A) E. coli isolates and (B) K. pneumoniae isolates. 
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Figure 3. Triplex PCR-based phylogenetic profile of E. coli isolates. Lane M contained a 100–1000 bp marker showing phylogenetic genes (arpA400 bp—chuA 279 bp—yjaA 211 bp—TspE4C2 152 bp); Lane 8 and 10, subgroup B23; Lane 12, subgroup B22; Lane 11, subgroup B1; Lane 4, subgroup D1; Lane 2, 5, 6, and 9 subgroup A1; Lane 1, 3, subgroup A0, and Lane 7 is unknown. 
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Figure 4. Triplex PCR-based phylogenetic profile of K. pneumoniae isolates. Lane M contained a 100–1000 bp marker showing phylogenetic genes (arpA400 bp—chuA 279 bp—yjaA 211 bp—TspE4C2 152 bp); Lane 1 and 5, subgroup B23; Lane 3, subgroup B22; Lane 2, 4 and 6, subgroup A1. 
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Figure 5. FTIR spectra of bee venom honey natural product and prepared nanoparticles and nanoflowers: (A) αFe2O3 NPs, (B) ZnO NFs, (C) ZnO@αFe2O3 NFs, (D) Bv, and (E) Bv-ZnO@αFe2O3 NFs. 
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Figure 6. (A) XRD pattern and (B) XPS spectra of ZnO@α-Fe2O3 NFs. 
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Figure 7. Average particle size and data regarding size diameter mean of size distributions of prepared samples: (A) αFe2O3, (B) ZnO, (C) ZnO@αFe2O3, and (D) Bv-ZnO@αFe2O3 NFs measured by TEM (scale bar = 100 nm; direct magnifications = 80,000–10,000×), and (E) the SAED patterns of ZnO@αFe2O3 NFs. 
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Figure 8. (A) SEM image (magnification 200 nm), (B) SEM-EDX microphotographs, (C) HRTEM images, and (a–c) the elemental mapping images of ZnO@αFe2O3 composite. 
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Figure 9. (A) Cell viability and (B) morphological features of Vero cells treated with different concentrations of Bv, αFe2O3 NPs, ZnO NFs, and Bv-ZnO@αFe2O3 NFs. 
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Figure 10. The biofilm inhibition of MDR E. coli E7 and K. pneumonia K3 treatment with prepared NPs and NFs. Statistical differences using one-way ANOVA (* p < 0.05). 






Figure 10. The biofilm inhibition of MDR E. coli E7 and K. pneumonia K3 treatment with prepared NPs and NFs. Statistical differences using one-way ANOVA (* p < 0.05).



[image: Microbiolres 14 00102 g010]







[image: Microbiolres 14 00102 g011] 





Figure 11. Scanning electron microscope visualization of E. coli (E7) biofilms treated by differently prepared samples: (A) Control (B) ZnO NFs, (C) αFe2O3, (D) ZnO@αFe2O3NFs NFs, and (E) Bv-ZnO@αFe2O3NFs (scale bar = 5 and 10 nm). 
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Table 1. Antibiotic susceptibility patterns of fecal isolates.
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Antimicrobial Agent

	
Disk

Content

	
Interpretive Categories and

Zone Diameter Breakpoints




	
S

	
I

	
R






	
Ampicillin (AMP)

	
10 μg

	
0

	
0

	
100%




	
Piperacillin (PRL)

	
30 μg

	
0

	
0

	
100%




	
Ofloxacin (OFX)

	
5 μg

	
0

	
0

	
100%




	
Cefotaxime (CTX)

	
10 μg

	
0

	
0

	
100%




	
Ceftazidime (CAZ)

	
30 μg

	
20.4%

	
3.7%

	
75.9%




	
Cefpodoxime (CPD)

	
10/10 μg

	
16.7%

	
3.7%

	
79.6%




	
Cefepime (FEP)

	
10 μg

	
11.1%

	
5.6%

	
83.3%




	
Aztreonam (ATM)

	
10 μg

	
14.8%

	
7.4%

	
77.8%




	
Ampicillin/sulbactam (AMC)

	
20 μg

	
14.8%

	
3.7%

	
81.5%




	
Sulphamethoxazole-trimethoprim (SXT)

	
5 μg

	
24.1%

	
11.1%

	
64.8%




	
Chloramphenicol (C)

	
30 μg

	
48.1%

	
22.2%

	
29.6%




	
Gentamicin (CN)

	
100 μg

	
50%

	
16.7%

	
33.3%




	
Ciprofloxacin (CIP)

	
1.25/23.75 μg

	
64.8%

	
20.4%

	
14.8%




	
Meropenem (MEM)

	
30 μg

	
72.2%

	
27.8%

	
0%











 





Table 2. Phylogenetic analysis of 33 isolates (21 E. coli + 12 K. pneumoniae).
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Phylogroup/Subgroup

	
Number (%) of Subgroup

for E. coli

	
Number (%) of Phylogroup

for E. coli

	
Number (%) of Subgroup for

K. pneumoniae

	
Number (%) of

Phylogroup for

K. pneumoniae






	
A0

	
(chuA−, yjaA−, TspE4.C2−)

	
2

	
A = 13

(61.9%)

	
1

	
A = 7

(58.3%)




	
A1

	
(chuA−, yjaA+, TspE4.C2−)

	
11

	
6




	
B1

	
(chuA−, yjaA−, TspE4.C2+)

	
1

	
B1 = 1

(4.8%)

	
1

	
B1 = 1

(8.3%)




	
B22

	
(chuA+, yjaA+, TspE4.C2−)

	
3

	
B2 = 5

(23.8%)

	
1

	
B2 = 4

(33.3%)




	
B23

	
(chuA+, yjaA+, TspE4.C2+)

	
2

	
3




	
D1

	
(chuA+, yjaA−, TspE4.C2−)

	
1

	
D = 1

(4.8%)

	
0

	
D = 0




	
D2

	
(chuA+, yjaA−, TspE4.C2+)

	
0

	
0




	
Unknown

	
(chuA−, yjaA+, TspE4.C2+)

	
1

	
Unknown = 1

(4.7%)

	
0

	
Unknown = 0




	
Total

	

	
21

	
63.6%

	
12

	
36.4%











 





Table 3. Zone of inhibition of different E. coli and K. pneumonia and biofilm production.






Table 3. Zone of inhibition of different E. coli and K. pneumonia and biofilm production.





	
Isolate Code

	
Biofilm Category

(Average

OD570 ± SD)

	
Resistance Profile

	
MAR

Index a

	
Zone of Inhibition of Different Nanoparticles (cm)




	
ZnO

	
ZnO@αFe2O3

	
αFe2O3

	
Bv-ZnO@αFe2O3






	
E1

	
Weak

0.92 ± 0.014

	
Amp, PRL, OFX, CTX,

CPD, CIP, STX, ATM, CN

	
0.64

	
2

	
3

	
1.8

	
3.8




	
E2

	
Moderate

1.92 ± 0.024

	
Amp, PRL, OFX, CTX,

CPD, CIP, ATM, C, CAZ

	
0.64

	
1

	
1.5

	
2

	
3




	
E3

	
Moderate

2.40 ± 0.047

	
Amp, PRL, OFX, CTX,

STX, CN, C, CAZ, CPD, FEP, ATM

	
0.79

	
1

	
1.5

	
2.2

	
3.3




	
E4

	
Weak

1.19 ± 0.051

	
Amp, PRL, OFX, CTX, ATM, AMC, CPD

	
0.5

	
1

	
1.8

	
2

	
2.5




	
E5

	
Strong

3.4 ± 0.141

	
Amp, PRL, OFX, CTX,

AMC, C, CIP, CAZ, CN, ATM,

	
0.71

	
0

	
1.6

	
1.5

	
2.4




	
E6

	
Moderate

1.75 ± 0.008

	
Amp, PRL, OFX, CTX, SXT, CN

	
0.42

	
1

	
2.2

	
2

	
3




	
E7

	
Strong

4.23 ± 0.012

	
Amp, PRL, OFX, CTX,

CPD, SXT, CIP, C, ATM, AMC,

FEP, CAZ, CN

	
0.93

	
0.5

	
3.5

	
2.6

	
4




	
E8

	
Moderate

1.89 ± 0.008

	
Amp, PRL, OFX, CTX, AMC, CN

	
0.43

	
0

	
1.3

	
1.2

	
1.9




	
K1

	
Weak

1.06 ± 0.029

	
Amp, PRL, OFX, CTX, AMC, CIP, ATM, CAZ

	
0.57

	
1.8

	
2.4

	
2

	
3.2




	
K2

	
Moderate

2.61 ± 0.017

	
Amp, PRL, OFX, CTX, AMC, C, CN, CAZ

	
0.57

	
1

	
3.7

	
1

	
3.9




	
K3

	
Strong

3.66 ± 0.029

	
Amp, PRL, OFX, CTX,

CPD, SXT, CAZ, CN, CIP, C, ATM, AMC

	
0.85

	
0

	
2.5

	
2

	
4.5








a Multiple antibiotic resistance index (average MAR index = 0.5).













 





Table 4. MICs and MBCs of different NPs and NFs against E. coli (E7) and K. pneumonia (K3).






Table 4. MICs and MBCs of different NPs and NFs against E. coli (E7) and K. pneumonia (K3).





	
Nanomaterials

	
E. coli (E7)

	
K. pneumonia (K3)




	
MIC µg/mL−1

	
MBC µg/mL−1

	
MIC µg/mL−1

	
MBC µg/mL−1






	
ZnO

	
320

	
100

	
160

	
80




	
αFe2O3

	
80

	
40

	
40

	
10




	
ZnO@αFe2O3

	
320

	
97

	
80

	
40




	
Bv-ZnO@αFe2O3

	
10

	
20

	
5

	
2.5
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