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In this research work, pristine and various concentrations (2.4 wt%) of graphene oxide (GO)/carbon sphere (CS)–doped Al2O3 nanostructures (NSs) were synthesized with the chemical sol–gel method. Aluminum oxide (Al2O3) exhibits quick recombination of electrons and holes with a low specific surface to limit catalytic and antibacterial activities. Al2O3 doped with CS is good in wastewater treatment and reduces the size of NSs. The incorporation of graphene oxide (GO) into Al2O3 at different concentrations (2 and 4 wt%) enhances both the structural and chemical stabilities of the resulting material while concurrently decreasing the number of charge carriers and reducing the band gap energy. This modified Al2O3-GO composite exhibits promising potential for utilization in dye degradation and antibacterial activity. A series of characterizations were performed to investigate the structural, morphological, and optical properties. The NSs exhibited excellent catalytic activity (CA) against rhodamine B (RhB) dye in acidic, basic, and neutral media. The antimicrobial activity was tested against Escherichia coli. Pairs of electrons and holes are the primary building blocks for the production of reactive oxygen species (ROS), which causes bacteria to die. The significant inhibition zones against E. coli were calculated to be approximately 5.65 mm when compared to ciprofloxacin. Moreover, in silico investigations have revealed the possible inhibitory impact of produced nanomaterials (GO/CS-doped Al2O3) on DNA gyrase and FabI enzymes of fatty acid biosynthesis.
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1 INTRODUCTION
Water is a vital element for living things all around the world. Approximately 71% of the Earth’s surface is covered with water, and hardly 0.03% is freshwater (Wang et al., 2018; Ikram et al., 2020a). Approximately 97.5% of water is salty, whereas the remaining 2.5% is usable, thus there is a scarcity of fresh water supply when compared to its high demand. Clean and safe consuming water shortage is one of the main issues in growing international places (Gadgil, 1998), therefore, around 750 million people are facing shortage of water (Ikram et al., 2021). Water contamination is a major global concern owing to industrial and radiological discharges containing heavy metals (cadmium, lead, mercury, and arsenic), synthetic organic dyes, and agricultural pesticides (Jamal et al., 2022). Synthetic dyes are drastically utilized in several industries such as polymers, textiles, cosmetics, paints, and pharmaceuticals (Ahmad et al., 2020). Organic dyes in contaminated water are the fundamental reason for increase in waterborne illnesses (World Health Organization, 2003). Aquatic creatures digest these toxic dyes. At the same time, these species are consumed by humans, which is pernicious to human health and subsequently increases micro-contaminants in waters that become unsafe for the ecosystem. A variety of dyes, which include rhodamine B (RhB), indigo red, black T (EBT), methylene blue (MB), and rose blue, are manufactured by industries and are known to contaminate freshwater resources (Rafiq et al., 2021). These dyes, specifically RhB (non-biodegradable organic-cationic textile dye), should be converted into less harmful forms through appropriate processes. Additionally, aquatic microbial pollution is a crucial issue due to the increase in world population, urbanization, and the lack of sanitary systems. Different microorganisms cause many diseases, such as diarrhea, typhoid, mastitis, and hepatitis; mainly, mastitis (by fungi, bacteria, and viruses) is a considerable burden for the dairy industry. Clinical malformations in the mammal glands and tissues of cattle and the physical and chemical variations in milk are all related to mastitis (Niu et al., 2017). Infectious bacteria, Staphylococcus aureus of the gram-positive type and Escherichia coli of the gram-negative kind have been associated with mastitis in livestock and are also known to cause diarrhea and nosocomial infections in human beings (Haider et al., 2020a; Baqir et al., 2021).
To eliminate hazardous dyes and pathogenic microorganisms from wastewaters, numerous techniques such as chemical precipitation, membrane filtration, electrochemistry, and ion exchange have been implemented to remediate contaminated water (Ikram et al., 2022a; Khan et al., 2022). The main issues with these methods are large-scale costs, immense energy consumption, and derived pollution from deficient dye removal and transfer (Bhattacharya et al., 2013). Adsorption is often used to break down reactive dye molecules during wastewater treatment (Deveci and Mercimek, 2019; Datta et al., 2021). Catalytic degradation is a suitable treatment for the degradation of dyes. Catalytic degradation with metal oxides is extremely power efficient, has the least virulence, and is environmentally friendly (Ali et al., 2019).
Nanotechnology plays a central part in the treatment of contaminated water. Nanomaterials-based inorganic semiconductors (ZnO, Bi2O3, CeO2, La2O3, TiO2, and Al2O3) have been extensively used as catalysts and bactericidal agents (Bhattacharya et al., 2013; Ikram et al., 2022b). Among these, Al2O3 has gained the attention of researchers in recent years attributed to its distinctive characteristics, which include greater surface area, mechanical strength, high hardness, and best chemical stability (Jiao et al., 2012). Al2O3 does not threaten the environment because it is chemically inert and does not undergo significant deterioration or transformation when exposed to environmental conditions. Under typical conditions of use, it is not anticipated to be harmful to the environment or human health. The precise manufacturing processes that are used have a direct bearing on the environmental impact of Al2O3 synthesis. Efforts are currently being made to reduce the environmental footprint of Al2O3 synthesis by employing more sustainable and friendlier methods (Jaishankar et al., 2014). The use of CS/GO in applications has positive effects on the environment, such as increasing the efficacy of wastewater treatment and decreasing the requirement for toxic chemicals (Holder et al., 2017). Moreover, it has appreciable applications in optical lenses, anticorrosive films, humidity sensors and electronic devices, and petrochemical industries (Jirátová and Beránek, 1982; Asada et al., 2008). Various phases of Al2O3 have band gap energy from 3.2 to 4.3 eV (Costina and Franchy, 2001). This considerable band gap energy restricts antimicrobial activity and dye degradation (Said et al., 2016).
The non-metals carbon, nitrogen, and sulfur have been found to decrease the band gap energy of metal oxides by doping (Ahn et al., 2008). Carbon spheres (CSs) have been utilized as a dopant material with remarkable adsorption properties, boasting a specific surface area of 207 m2/g (Ge et al., 2015). It has been demonstrated that the inclusion of carbon spheres (CSs) in nanomaterials increases their adsorption capacity, induces a redshift in their band gap energy, promotes good dispersion, and exhibits biocompatibility. CSs perform well in drug delivery systems, catalytic activities, antibacterial activities, and cellular labeling (Ge et al., 2015). Using carbon-based materials to formulate active catalysts enhances the antibacterial and catalytic activities of NSs and extends the lifetime of photo-generated electron–hole pairs. The graphene chemical derivative known as graphene oxide (GO) is a two-dimensional (2D) atomic sheet composed of sp2 carbon atoms, which possesses distinctive mechanical properties and exceptional catalytic performance (Bu et al., 2013). Thick sheets of GO have been widely considered for different applications (Amirov et al., 2017). Notably, GO exhibits high electron mobility and a wide surface area that reaches approximately 736.6 m2/g in theoretical terms (Montes-Navajas et al., 2013). In addition, GO demonstrates robust chemical stability while possessing numerous active sites and a high absorption activity (Yilmaz et al., 2022). GO is an excellent option for Al2O3-based catalysts because of the surface functionality of hydroxyl/carboxyl groups, and its ability for charge-separation properties results in excellent hydrophilicity and negative charge (Sharma et al., 2020). GO has desirable catalytic properties to improve CA and can eliminate organic dyes through the adsorption phenomenon due to its more excellent adsorption surface (Gordani et al., 2022).
This work aimed to study the impact of a fixed CS concentration and varied GO concentrations (2 and 4 wt%) on Al2O3 NSs synthesized by the sol–gel method. The effect of GO/CS-doped Al2O3 was examined by studying its catalytic degradation behavior, antimicrobial activity, and molecular docking analysis with various characterizations to study its optical, morphological, and structural properties.
2 EXPERIMENTAL SECTION
2.1 Materials
The chemical reagents employed in the experiment are aluminum nitrate nonahydrate (Al(NO3)3 9H2O; 97%, DUKSAN), sodium hydroxide (NaOH; 99%, Sigma-Aldrich), glucose (C6H12O6, Sigma-Aldrich), ethanol (C2H5OH; >99.8%, Sigma-Aldrich), hydrochloric acid (HCl; 37%, Sigma-Aldrich), graphite powder (99.5%, BDH Laboratory Supplies), potassium permanganate (KMnO4; 99.5%, AnalaR), sulfuric acid (H2SO4; 97%, AnalaR), hydrogen peroxide (H2O2; 50%, AnalaR), and deionized water (DI-H2O). All reagents have been used directly without any purification.
2.2 Synthesis of CS
The hydrothermal carbonization method was applied for CS synthesis. Glucose solution (1 M) was kept in the autoclave for 12 h at 180°C. Precipitates were found, washed with DI-H2O, and dried for 12 h at 100°C.
2.3 Synthesis of pure and GO/CS-doped Al2O3
The sol–gel method was employed to obtain GO/CS-doped Al2O3 NSs, and 0.5 M (6.25 g/33 mL) of Al(NO3)3 9H2O was used to prepare NSs by constant stirring at 80°C. Furthermore, a fixed amount of ethanol was incorporated into the above solution. After 20 min, 1 M NaOH was introduced drop by drop to obtain precipitates until the pH ∼11 was maintained. The precipitated solution was stirred for 2 h and washed with deionized water using centrifugation at 7,000 rpm for 7 min twice. Finally, the pure product was dried at 120°C overnight and ground to obtain fine powders. GO was synthesized by the modified Hummer’s method in the laboratory (Ikram et al., 2020b). The process utilized in this study involved synthesizing a constant quantity of CS (187 mg) along with varying concentrations [2 wt% (125 mg) and 4 wt% (250 mg)] of GO-doped Al2O3 nanomaterials.
2.4 Catalytic activity
Catalytic activity (CA) of pristine and (2 and 4 wt%) GO/CS-Al2O3 was carried out against RhB dye. All reagents, which included RhB and NaBH4, were freshly prepared to ensure the purity of the experimental results. 10 mg/L of RhB solution was divided into three equal parts to maintain the pH for basic, neutral, and acidic mediums (Ullah et al., 2021). Together, 3 mL of the dye and 400 µL of NaBH4 were combined, and 400 µL of synthesized materials (acting as catalysts) were incorporated to check the degradation. A catalyst was employed to minimize the surface activation energy of the reaction, which increases reaction stability and efficiency. The absorption variation spectra were spectrophotometrically acquired using a UV-vis spectrophotometer at regular intervals. RhB shows its absorption signal at 554 nm (Vijayan et al., 2019). Reduction of RhB occurred, resulting in a color change from pink to colorless. The percentage degradation was calculated using the following formula
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where [image: image] is the initial absorbance and [image: image] is the final absorbance at a specific time after the incorporation of materials.
2.5 Isolation and identification of MDR E. coli
2.5.1 Sample collection and isolation
Direct milking into sterile glassware was used to collect raw milk samples from lactating cows marketed at various markets, veterinary hospitals, and farms in Punjab and Pakistan. The raw milk was promptly transported to the laboratory at a temperature of 4°C. To enumerate the coliform bacteria in the raw milk, MacConkey agar was utilized, and all plates were incubated at 37°C for 48 h.
2.5.2 Identification and characterization of bacterial isolates
Based on colonial morphology, Gram stain, and several biochemical tests, the initial identification of E. coli was made using the Bergey’s Manual of Determinative Bacteriology, as shown in Supplementary Figure S1 (Sinclair, 1939).
2.5.2.1 Antibiotic susceptibility
Mueller–Hinton agar (MHA) was used to conduct the antibiotic susceptibility test using the disk diffusion method (Bauer et al., 1966). The test was carried out to ascertain whether E. coli was resistant to the following antibiotics (classes): gentamicin (CN) 10 µg (aminoglycosides), ceftriaxone (CRO) 30 µg (cephalosporins), amoxycillin (AX) 25 μg (penicillin), imipenem (IPM) 10 µg (carbapenem), tetracycline (TE) 30 µg (tetracyclines), azithromycin (AZM) 15 µg (macrolides), ciprofloxacin (CIP) 5 µg (quinolones), Septran (SXT) 25 µg, and Augmentin (AMC) 30 µg (Feuerstein et al., 2022). E. coli purified cultures were developed and brought to 0.5 MacFarland turbidity. They were spread-plated on MHA (Oxoid Limited, Basingstoke, United Kingdom), and the antibiotic disks were positioned far enough away from each other on the inoculated plate’s surface to prevent the overlying of inhibition zones. The Clinical and Laboratory Standard Institute (NCCLS, 2007) was used to evaluate the results after 24 h at 37°C incubation on plates as presented in Supplementary Figure S2 and Supplementary Table S1. Multidrug resistant (MDR) was assigned to bacteria that tested positive for resistance to at least three drugs (Iwalokun et al., 2004).
2.5.2.2 Antimicrobial activity
Using the agar well diffusion method on 10 characteristic isolates of MDR E. coli obtained from mastitis milk, the in vitro antibacterial action potential of pristine and (2 and 4 wt%) GO/CS-doped Al2O3 nanoparticles was assessed. On MacConkey agar, 1.5 × 108 CFU/mL (0.5 McFarland standard) MDR E. coli were swabbed onto Petri dishes. A sterile cork borer was used to create 6 mm wide wells. Various concentrations of pure and (2.4%) GO/CS-doped Al2O3 were used, such as 0.5 mg/50 µL and 1.0 mg/50 µL. The positive control was ciprofloxacin (0.005 mg/50 µL) (Naika et al., 2015), while the negative control was DI-H2O (50 µL) (Haider et al., 2020b).
2.5.2.3 Statistical analysis
The inhibition zone (millimeters) was used to measure the antimicrobial efficiency with one-way analysis of variance (ANOVA) in SPSS 20 (Haider et al., 2020a), diameters of the inhibition zones were examined, and results were declared statistically significant at p < 0.05.
2.6 Molecular docking analysis
Molecular docking on DNA gyrase and enoyl-[acyl-carrier-protein] reductase (FabI) from E. coli were the objectives concerning the nucleic acid and fatty acid biosynthesis pathways, respectively, with PDB identifier (PDB ID: 5MMN; resolution: 1.90 Å) (Panchaud et al., 2017; Ikram et al., 2022c) and FabI (PDB ID: 1MFP; resolution: 2.33) (Seefeld et al., 2003). Three-dimensional (3D) structures were downloaded from the Protein Data Bank using the matching PDB IDs. The sybyl X-2.0 software (Altaf et al., 2020; Mehmood et al., 2022) was used to predict molecular docking via sketch module–built ligand structures. The water molecules containing their natural ligands were removed, polar H-atoms were added to the molecule, and energy was preserved. PyMOL was used to create a 3D depiction of binding interactions.
3 RESULTS AND DISCUSSION
The hydrothermal carbonization method applied for CS synthesis is represented in Figure 1A. GO synthesized by the modified Hummer’s approach in the laboratory is depicted in Figure 1B. The sol–gel method used to synthesize the pristine and (2.4%) GO/CS-doped Al2O3 is represented in Figure 1C.
[image: Figure 1]FIGURE 1 | Schematic illustration of the synthesis of (A) carbon sphere, (B) graphene oxide, and (C) (2 and 4 wt%) GO/CS-Al2O3.
The phase composition, crystallinity, crystal structure, and crystalline size of the synthesized pristine and (2 and 4 wt%) GO/CS-doped Al2O3 NSs have been investigated using XRD analysis. The XRD patterns indicated the diffraction angle in the range of 2θ = 15°–65° and are shown in Figure 2A. Al2O3 exhibits the diffraction peaks at 18.7°, 19.4°, 27.6°,29.3°, 37.9°, 39.4°, 47.5°, 52.8°, 55.3°, 58.8°, and 63.2° corresponding to crystal planes (005), (103), (106), (115), (118), (206), (218), (1013), (315), (317), and (319), respectively. The peaks obtained indicate that the structure of Al2.67O4 is a tetragonal one and belongs to the space group P-4m2, and the space group number 119 matched up with the JCPDS card number 01-088-1609, the mentioned peaks are also matched with the JCPDS card number 00-031-0026 of Al2O3. With the incorporation of GO/CS, the peak intensity slightly increased, and the full width at half maxima decreased, which increased the crystallinity and crystalline size of the synthesized sample indicated in the XRD analysis spectra. The crystallite size (D) of the synthesized NSs has been calculated through the Debye–Scherrer’s formula D = 0.89λ/βcosθ. The measured value of crystallite sizes are 17.6, 24.8, 15.7, and 14.7 nm with corresponding (206), (118), (206), and (206) planes for pristine and GO/CS-doped Al2O3, respectively. The diffraction angles and effect of peak broadening substantially influenced the crystalline size. The practical consequences show that the crystalline size increases with CS incorporation and reduces with increasing GO/CS concentrations (2 and 4 wt%).
[image: Figure 2]FIGURE 2 | (A) X-ray diffraction spectra before degradation of dye, (B) FTIR spectra, and (C–F) SAED images of GO/CS-doped Al2O3 NSs.
The FTIR analysis was employed to investigate the chemical structure of pristine and GO/CS-doped Al2O3 NSs and the existence of the different functional groups in the 4,000–400 cm−1 region that is represented in Figure 2B. The band that appeared between 700 and 500 cm−1 is associated with Al-O-Al and Al-O vibrations, the intensity increased upon doping, and the peaks shifted to a lower wavenumber (Atrak et al., 2018; Mahmoud et al., 2022). The broadband observed at approximately 3,356 cm−1 and the weak band at 1,649 cm−1 were attributed to the stretching vibrations of the O-H group. These spectral features indicate that the material was exposed to a damp atmosphere, which had resulted in the development of the observed O-H vibrations (Gao et al., 2017; Moeen et al., 2022). On CS/GO doping, the band appeared at 1,052 cm−1 assigned to C-O vibration, demonstrating the doping effect and indicating the collaboration of the doped material (Cintrón and Hinchliffe, 2015).
The use of selected area electron diffraction (SAED) analysis has facilitated the identification of the crystalline nature of the synthesized materials and their classification as a single, polycrystalline, or semi-crystalline crystal. The synthesized samples indicate bright circular rings of Al2O3 and (2 and 4 wt%) GO/CS-doped Al2O3 NSs that are polycrystalline, as shown in Figures 2C–F. The indexed rings are in good agreement with the findings of the XRD analysis, which strongly indicates that the products were developed of an exceptionally crystalline nature.
The surface morphology of the synthesized pristine GO/CS-doped Al2O3 NSs was identified using the FE-SEM analysis which is shown in Figures 3A–D. The pristine sample shows the aggregation of Al2O3 nanoparticles and the CS-doped Al2O3 specimen shows the increase in the size of the particle and also the agglomeration of nanoparticles. With the incorporation of GO at low and high concentrations, the aggregation and agglomeration increased which show that the nanoparticles are linked with each other. The agglomerated nanoparticles are further explained in the TEM morphological images that indicate the rod- and wire-like morphologies.
[image: Figure 3]FIGURE 3 | FE-SEM images of (A) Al2O3, (B) CS-doped Al2O3, (C) 2% GO/CS-doped Al2O3 NSs, and (D) 4% GO/CS-doped Al2O3 NSs.
The TEM analysis was utilized to indicate the topography and morphological information of pristine and (2 and 4 wt%) GO/CS-doped Al2O3 NSs as displayed in Figures 4A–D. Al2O3 exhibits the agglomeration and aggregation of nanowires (NWs). Upon CS doping, the agglomeration decreased the overlapping of nanorod (NR)- and NW-like morphological structures. With the low concentration of GO doping, the nanowires were generated as shown in Figure 4C. At a high concentration of 4% GO, the rod-like structure of the material was observed to be covered with a sheet, leading to an increase in agglomeration. Consequently, the level of crystallinity was reduced.
[image: Figure 4]FIGURE 4 | TEM images of (A) Al2O3, (B) CS-doped Al2O3, (C) 2% GO/CS-doped Al2O3 NSs, and (D) 4% GO/CS-doped Al2O3 NSs.
The interlayer distance between the lattice fringes of the prepared NSs in the HR-TEM micrograph is calculated using the Gatan software, as shown in Figures 5A–D. The measured d-spacing value of pristine Al2O3 is 0.24 nm, corresponding to the (206) plane. The CS-doped Al2O3 has a d-spacing value of 0.18 nm corresponding to the plane (218). The (2.4 wt%) GO/CS-doped Al2O3 NSs have a d-spacing value of 0.23 nm related to the plane (206). The interlayer d-spacing closely matches the XRD measurement and is compatible with JCPDS card number 01-088-1609.
[image: Figure 5]FIGURE 5 | HR-TEM images of (A) Al2O3, (B) CS-doped Al2O3, (C) 2% GO/CS-doped Al2O3 NSs, and (D) 4% GO/CS-doped Al2O3 NSs.
The chemical composition of the synthesized NSs was identified using the EDS analysis and shows the elemental composition of synthesized material with atomic percentages of elements (Figures 6A–D). EDS represents Al2O3 constituents Al and O peaks, while C peaks confirm the presence of doped (CS/GO) materials. The Na peaks appeared due to the incorporation of NaOH to maintain the pH during synthesis (Ikram et al., 2022d). The samples had a gold coating to them such that there would be no surface charge but help with secondary electron emission. In research laboratories, gold is the ideal conductive metal for coating, acts as a superb conductor, and does not rust (Bilal et al., 2022). The Cu tape in the sample holder is responsible for the appearance of the Cu peak (Shujah et al., 2022). However, the sample preparation and experimental design were responsible for the appearance of the manganese (Mn) and niobium (Nb) peaks.
[image: Figure 6]FIGURE 6 | EDS analysis of (A) Al2O3, (B) CS-doped Al2O3, (C) 2% GO/CS-doped Al2O3 NSs, and (D) 4% GO/CS-doped Al2O3 NSs.
Ultra-visible absorption spectroscopy has been used over the wavelength range of 200–500 nm to evaluate the optical absorption properties and band gap of the synthesized pristine and (2 and 4 wt%) GO/CS-doped Al2O3, as shown in Figure 7A. The λmax of the undoped and doped NSs are observed in the 285–300 nm range due to π-π* and n-π* transition by various functional groups (such as >C=O, -OH, etc.) present in the material (Penner, 2017), while the λmax of Al2O3 was approximately 288 nm as reported in a previous work (Yuan et al., 2015). By applying the Tauc’s plot equation, the direct band gap of pure Al2O3 was observed at 4.2 eV (Omanwar et al., 2018), as shown in Figure 7B. The doping of CS and (2 and 4 wt%) GO/CS band gap energy decreased 4.1, 4.0, and 3.9 eV due to the redshift in the wavelength by the Brustein–Moss effect (Zhu et al., 2016). A decrease in the band gap may be attributed to increased crystallized size upon doping (Ikram et al., 2022d).
[image: Figure 7]FIGURE 7 | (A) UV-vis absorption spectra and (B) energy band gap calculation.
The catalytic activity is significantly dependent upon the crystallite size, surface area, and morphology of the catalyst (Ikram et al., 2022d), along with the pH and temperature of the dye solution that have a significant impact on the CA of the catalyst (Tju et al., 2017). Using a UV-vis spectrophotometer, the catalytic activities of pure and doped Al2O3 were investigated. The lysis of RhB seems negligible in all mediums with NaBH4 while the undoped, CS, and (2.4%) GO/CS-doped Al2O3 NSs showed maximum degradation in neutral medium (75.5%, 78.55%, 79.55%, and 81.11%), respectively, at a pH of ∼7. In a basic medium with a pH of ∼12, the CA was observed to be higher (65.85%, 72.85%, 76.57%, and 72.71%) than it was in an acidic medium (71.28%, 73.14%, 74.28%, and 69.28%). This trend is depicted in Figures 8A–C, which is attributed to the presence of hydroxyl (OH) groups generated by the addition of NaOH (Vijayan et al., 2019). Additionally, the cationic nature of RhB further favors a basic medium, as the electrostatic attraction between the positively charged surface of the catalyst and RhB molecules increases (Javaid and Qazi, 2019). By changing the pH of the solution, the dye degradation efficiency was altered due to the enhancement of repelling electrostatic forces between RhB and H+ ions produced from the acidic solution; the CA of the acidic solution was reduced (Javaid and Qazi, 2019).
[image: Figure 8]FIGURE 8 | Catalytic activity of pure and (2 and 4 wt%) GO/CS-doped Al2O3 NSs in (A) acidic medium (B) basic medium, and (C) neutral medium.
It has been demonstrated that the synthesized NSs can catalytically degrade the dye through the transfer of electrons from NaBH4 to the dye molecule. Using UV-vis spectroscopy, the catalytic reduction of RhB by incorporating the reducing agent NaBH4 influenced the degradation when using NSs. The degradation of RhB dye was monitored and the consequences are shown in Figures 9A–C.
[image: Figure 9]FIGURE 9 | UV-vis spectra of dye reduction: (A) acidic medium, (B) neutral medium, (C) basic medium.
The incorporation of 2% GO/CS-Al2O3 resulted in an increased percentage of degradation in all media, as there was an increase in the number of active sites in the catalyst lattice. However, in the case of 4% GO/CS-Al2O3, the increase in active sites was observed only in acidic and basic media. This is likely due to the agglomeration of the nanomaterial caused by the higher GO content in the catalyst, which may have resulted in a shielding effect that affected the active sites. Additionally, it is possible that a reaction occurred between H+ and OH− ions in acidic and basic media, respectively, and the surface of GO contains oxygenated functional groups such as COOH and OH, resulting in the deformation of its structure (Javaid and Qazi, 2019).
The increased catalytic activity can be attributed to the large surface area of the GO/CS-doped Al2O3 NSs. As a consequence of this, the catalytic degradation of RhB by 4 wt% GO/CS-doped Al2O3 NSs was significantly improved, and the dye was degraded efficiently. The plot of Ct/C0 vs. time for RhB degradation reveals that the dye continuously degraded with the increase of time over NSs, indicating the rapid degradation of the RhB dye (Rahman et al., 2013; Rahman et al., 2017). The catalytic degradation kinetics has the rate constant (k) calculated by determining the slopes of the ln(C0/Ct) function against the passage of time as indicated in Figures 10A, B. The calculated values for the degradation rate constant k for pristine and doped NSs are 0.03763, 0.04138, 0.04378, and 0.04452 min−1. In addition, the stability of 4% GO/CS-doped Al2O3 was investigated using XRD that indicated the XRD pattern of the synthesized sample after degradation of the RhB dye exhibited that the peak intensity decreased so that crystallinity decreased, which is shown in Figure 10C. The prepared samples are stable up to a maximum of three cycles, as shown in Figure 10D. After the third cycle, there was a reduction in crystallinity of the QDs as a result of the dissolution and corrosion of the catalyst.
[image: Figure 10]FIGURE 10 | (A) Plot of the concentration ratio (Ct/C0) vs. time, (B) plot of ln (C0/Ct) vs. time spectra for dye reduction, (C) X-ray diffraction spectra after degradation of dye, and (D) reusability of the catalyst in the neutral medium.
The catalytic mechanism is shown in Figure 11, in which the reducing agent and nanocatalyst are prime factors essential for the degradation of the RhB dye. The CA redox reaction involved the e− transfer from the reductant to the oxidant. As a result, the breakdown of the dye occurred by electron absorption. In the presence of NaBH4, the reaction was prolonged and less effective. Nanocatalysts (Al2O3 and (2.4 wt%) GO/CS-doped Al2O3) were incorporated into oxidation–reduction reactions to overcome these issues. NaBH4 acted as the reducing agent for the degradation of RhB (which acts as the oxidizing agent by receiving e−), and the catalyst acts as an electron relay by transferring electrons from NaBH4 to RhB. NSs increased the adsorption of BH4− ions along with dye molecules through many active sites, resulting in quicker and more efficient degradation of the dye (Ikram et al., 2021; Bari et al., 2022). Reducing agents together with the nanocatalyst's presence increases the degradation percentage.
[image: Figure 11]FIGURE 11 | Schematic description of catalytic performance.
The catalyst’s small size and greater surface area provide more active sites, enhancing the catalytic activity. Microporosity blocks the active sites if the catalyst has a large surface area and degradation efficiency diminishes. The reaction is slow without a catalyst, and incorporating a catalyst increases the degradation of the dye (Shujah et al., 2022).
The agar well diffusion method was used to assess the antibacterial activity of pure and doped Al2O3 NSs against E. coli, as shown in Table 1 with a detailed depiction of combined isolates presented in Supplementary Table S2. E. coli displayed an inhibitory zone between (2.75 and 4.70 mm) and (3.95 and 5.65 mm) at low and high dosage concentrations. The quantification of the E. coli inhibition zone was compared to that of ciprofloxacin, which acted as the positive control with an inhibition zone measurement of 9.55 mm. DI-H2O was used as the negative control, resulting in an inhibition zone measurement of 0 mm. Al2O3 and dopant materials showed maximum inhibitory zones when present in high concentrations. Figure 12A is the graphical representation of the inhibition zone measurement for antimicrobial analysis of pristine and GO/CS-doped Al2O3 NSs for the high and low inhibition zones when compared with ciprofloxacin. The % age efficacy for E. coli was calculated by dividing the sample’s inhibition zone with the positive control inhibition area which increased 28.79%–49.21% and 41.36%–59.16% efficacy at low and high concentrations, correspondingly, as shown in Figure 12B.
TABLE 1 | Inhibition zone at low and high concentrations for E. coli.
[image: Table 1][image: Figure 12]FIGURE 12 | Graphical representation of inhibition zones: (A) comparative study of inhibition zones and (B) % age efficiency of pristine and GO/CS-doped Al2O3 for E. coli.
Both the concentration and size of the particles have an impact on the antibacterial activity. Because of their smaller sizes, particles generate more reactive oxygen species (ROS). ROS causes cytoplasmic constituents to be extruded, which ultimately leads to the death of pathogens by way of penetration through the microorganism's membrane (Mustajab et al., 2022).
The mechanism underlying the bactericidal activity of prepared samples is reactive oxygen species (ROS), which generates oxidative stress on the bacterial cell wall (Ikram et al., 2022e).
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These species then encourage the extrusion of cytoplasmic components, which ultimately kill bacteria by breaching their membrane (Imani, 2011). The schematic diagram of the antibacterial mechanism is depicted in Figure 13.
[image: Figure 13]FIGURE 13 | Schematic diagram of antibacterial mechanism.
The electron–hole pair is the main component in the emission of ROS. The ROS destroys the bacterial cell membrane mechanically, killing the organism (Imani, 2011). NSs attach to the cell wall like a helical, disorganized spring and penetrate the biological membranes, forming interlinks with the deoxyribonucleic acid (DNA) molecular structure. The functional groups of the components can directly connect with the phospholipids in the cell membrane if the permeability of the cell is increased along with the cytoplasmic leakage (Kasai et al., 2019). Cationic (Al+3) interaction with the negatively charged cell membrane is another likely route for cell rupture, which ends in cell death (Mustajab et al., 2022).
Considerable research (Arularasu et al., 2020; Raza et al., 2021) has investigated the microbicidal potential of metal ion–containing nanoparticles and their ability to interact with bacteria through electrostatic, Van der Waals, or hydrophobic forces (Dakal et al., 2016; Shahzadi et al., 2022). The molecular analysis of the produced nanomaterials revealed their potential interactions with active site residues of specified enzyme targets as shown in Figure 14A. These nanocomposites exhibit modest binding energies toward DNA gyrase, demonstrating their crucial interaction with essential amino acids. Docked complexes exhibited H-bonds with Gly77, Arg76 (CS-doped Al2O3), and Gly77, and Thr165 (GO/CS-doped Al2O3) with binding scores of 2.98 and 3.34, as shown in Figures 14B, C, indicating its potential function as an inhibitor for DNA gyrase.
[image: Figure 14]FIGURE 14 | 3D view of binding interaction of nanocomposites within the active site of DNA gyraseE.coli, (A), CS-doped Al2O3 (B), and GO/CS-doped Al2O3 (C).
In FabIE.coli, the produced nanocomposites exhibited identical binding patterns as shown in Figure 15A, with CS-doped Al2O3 exhibiting single H-bonds with the Ile192 amino acid of the active pocket and an overall crucial score of 2.90, as shown in Figure 15B. By contrast, GO/CS-doped Al2O3 exhibited a docked complex with H-bonds inside the active site, namely, Thr156, Met159, and Ala196, and a binding score of 3.42 (Figure 15C).
[image: Figure 15]FIGURE 15 | 3D view of binding interaction of nanocomposites within the active site of FabIE.coli (A), CS doped Al2O3 (B), and GO/CS-doped Al2O3 (C).
In silico findings are comparable to the in vitro bactericidal activity against E. coli. CS-doped Al2O3 and its composites GO/CS-doped Al2O3 are potential inhibitors that require further exploration.
4 CONCLUSION
In this study, we successfully synthesized Al2O3, CS-doped Al2O3, and various concentrations (2 and 4 wt%) of GO/CS-doped Al2O3 via the sol–gel method. Various characterizations have been employed to investigate structural, morphological, and optical properties. The XRD analysis confirmed the tetragonal structure of aluminum oxide, with different composition phases appearing as Al2.67O4 and Al2O3, indicating the polycrystalline nature of the synthesized nanoparticles. The crystalline size of the prepared pristine and GO/CS-doped NSs was calculated as 17.6, 24.8, 15.7, and 14.7 nm. The existence of the Al-O functional group was characterized by the FTIR analysis. The TEM analysis confirmed the morphology and topography of nanorods and quantum dots. The interlayer d-spacing was investigated using the HR-TEM analysis and measured as 0.24, 0.18, 0.23, and 0.23 nm for pristine and GO/CS-doped NSs. The elemental composition of the synthesized nanoparticles was analyzed through the EDS analysis, which confirmed the presence of both aluminum and oxygen. The catalytic degradation of the RhB dye was measured by using NaBH4 as the reducing agent and GO/CS doped nanoparticles as a catalyst to enhance the reaction. The highest degradation was measured as 74.28, 76.57, and 81.11% for the acidic, basic, and neutral mediums. The 2% GO/CS-Al2O3 acted as a superior catalyst for the degradation of the RhB dye. The 2% GO/CS-Al2O3 enhanced the % degradation in all mediums because of increased active sites in the catalyst. The antimicrobial activity against E. coli was investigated by measuring the inhibition zones for low and high doses of NSs, that is, 4.70 and 5.65 mm. In silico predictions agree with the antibacterial activities against E. coli and suggest the given nanocomposites as possible inhibitors of β-lactamase and FabI.
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