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ARTICLE INFO ABSTRACT
Keywords: Since the clock of antimicrobial resistance was set, modern medicine has shed light on a new
Aluminum oxide cornerstone in technology to overcome the worldwide dread of the post-antimicrobial era.
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Research organizations are exploring the use of nanotechnology to modify metallic crystals from
macro to nanoscale size, demonstrating significant interest in the field of antimicrobials. Herein,
the antimicrobial activities of aluminum oxide (Al,O3), cobalt aluminum oxide (CoAl»04), and
aluminum doped zinc oxide (Zng 9Alp.10) nanoparticles were examined against some nosocomial
pathogens. The study confirmed the formation and characterization of Al;O3, CoAly04, and
Zng 9Alp.10 nanoparticles using various techniques, revealing the generation of pure nanoscale
nanoparticles. With inhibition zones ranging from 9 to 14 mm and minimum inhibitory con-
centrations varying from 4 mg/mL to 16 mg/mL, the produced nanoparticles showed strong
antibacterial activity against Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Staphylococcus aureus. Meanwhile, the bactericidal concentrations ranged from 8 mg/mL to 40
mg/mL. In culture, Zng 9Alp 10 NPs demonstrated a unique ability to inhibit the development of
nosocomial infections with high bactericidal activity (8 mg/mL). Transmission electron micro-
scope images revealed changes in cell shape, bacterial cell wall morphology, cytoplasmic mem-
brane, and protoplasm due to the introduction of tested nanoparticles. These results pave the way
for the use of these easily bacterial wall-piercing nanoparticles in combination with potent an-
tibiotics to overcome the majority of bacterial strains’ resistance.

1. Introduction

Disinfectants are the first line of defense that acts as a protective barrier against most types of infections. Despite recent ad-
vancements in the field of hygiene in industries, restaurants, schools, and hospitals, disinfection is considered one of the most critical
public health concerns globally. Above all, infectious microorganisms pose significant health risks due to the emergence of over 300
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new infectious diseases [1,2]. To combat this, numerous disinfection techniques have been utilized to minimize infections by killing or
inhibiting microorganisms. Miscellaneous compounds have been efficiently employed to protect facilities from microorganisms,
including alcohol, aldehydes, quaternary ammonium cations, and some other oxidizing agents like hydrogen peroxide. Although such
disinfectants are efficient, less expensive, plentiful in number, and do not produce hazardous substances after application, they have a
number of limitations, including toxicity, bacterial resistance, and corrosiveness [3].

To address these limitations, nanoparticles were considered the "golden ticket" that moved disinfectants to higher levels. According
to the International Organization for Standardization, a nanomaterial is defined as a material with an external size of 1-100 nm that
has also been in the multi-fold domain owing to its notable features. By optimizing their physicochemical characteristics, different
nanomaterials have been used as effective disinfectants [4,5]. As a result, numerous researchers are working to develop multifunc-
tional nanomaterials that may be used as powerful disinfectants in different fields, among them medical devices, food preservatives,
hospital-acquired disinfectants, and water disinfectants, among others [6]. The popularity of nano-based materials as an antimicrobial
agent is due to the fact that their minute size and high surface-to-volume ratio result in greater surface exposure to germs, resulting in
improved antimicrobial activity, which originates from the fact that such materials can use their reactive oxygen species to damage
microorganisms or bind to their DNA or RNA, limiting their reproductive process [7,8].

Aluminum oxide, often known as alumina, is a white oxide. Alumina is a broad term for corundum-like formations in which oxygen
atoms are packed hexagonally close together and alumina atoms occupy two-thirds of the octahedral positions in the lattice [9].
Alumina exists in numerous phases, including gamma, delta, theta, and alpha. The o alumina phase, on the other hand, is the most
thermodynamically stable. Alumina has numerous fascinating features in general, such as high hardness, high stability, high insu-
lation, and transparency [10]. Metal oxide materials are plentiful, with aluminum oxide nanostructure being the top-listed one that
finds extensive use in a variety of industrial applications [11-13].

Cobalt and aluminum oxides combine to form the binary oxide known as cobalt aluminate, which is a stable chemical with a blue
pigment known for its uses in glass, rubber, and plastics, among others [14]. Its distinctive optical characteristics cause it to be widely
used in microelectronics [15,16]. Nonetheless, cobalt nanoparticles are involved in different biomedical applications based on their
magnetic characteristics, such as site-specific medication delivery for cancer treatments and contrast enhancement agents for magnetic
resonance imaging [17-19].

Zinc oxide ZnO, an inorganic conductor and II-IV semiconductor, has a high exciton binding energy. ZnO film has undergone
extensive metal element doping in order to enhance its electrical and optical capabilities. The atomic substitution of Al for Zn results in
a free electron in the conduction band, which will increase its transparency and lower its electrical resistivity [20,21]. Aluminum
oxide’s distinct physical properties have favored its use in a variety of technologies, including photocatalysts, thermal mirrors, and gas
sensors [22,23].

Nosocomial infections, which are often commonly referred to as healthcare-related illnesses, represent a significant task in medical
facilities, causing increased mortality and morbidity among patients around the world. The root of this problem is microbial colo-
nization and development on the surface of biomedical implants and equipment [24]. Numerous harmful bacterial strains have been
commonly found inhabiting medical devices and surfaces, and they are easily spread to patients during routine medical procedures
[25,26]. The most frequent bacteria causing nosocomial infection include the gram-negative bacteria Pseudomonas aeruginosa,
Escherichia coli, and Klebsiella pneumonia, as well as the gram-positive bacterium Staphylococcus aureus. Antimicrobial resistance is an
inevitable evolutionary process that has been looming for decades, posing serious difficulties for all global healthcare systems. The
World Health Organization (WHO) reported that antimicrobial resistance had caused 700,000 fatalities by 2019, and this number
tends to increase to 20 million by 2050 [27]. To overcome such a dilemma, the bactericidal repercussions of Aly03, CoAly04, and
Zng 9Aly 10 nanoparticles in healthcare facilities’ ceramics can be used to avoid the spread of nosocomial infections, in public and
educational buildings to boost the hygienic situation, and in all kitchens, floors, and bathrooms to encourage hygiene. However, the
risk and toxicity of inhaled nanoparticles on humans rely on the duration of exposure and the chemical components, that may be
harmful if breathed as nanoparticles. Among these toxicity risks, oxidative stress and inflammation are considered to be at the top of
the of the list [28].

In the following investigation, co-precipitation was used to create aluminum oxide (Al3O3), cobalt aluminum oxide (CoAl»04), and
aluminum-doped zinc oxide (Zng 9Alj 10) nanoparticles. These nanoparticles’ antimicrobial potential was then assessed by the disk
diffusion method and time-Kkill assay against a variety of pathogenic bacteria, mostly nosocomial pathogens.

2. Materials and methods
2.1. Synthesis of oxides

Analytical-grade standards of zinc chloride (ZnCly), aluminum chloride (AICl3), cobalt chloride (CoCly.6H30), and sodium hy-
droxide (NaOH) were bought from Fluka, Germany, for the manufacture of Al,03, CoAl»04, and Zng 9Alp 10 nanoparticles using a
simple co-precipitation process. For the fabrication of Zng 9Aly ;O nanostructures, 0.9 M ZnCl; solution and 0.1 M AlCl;3 solution were
mixed in distilled water for 15 min. The pH of the aforementioned solution was then adjusted to be lower than 13 using acidic solution
drop by drop to obtain the material in the precipitated form. After correcting the pH, the resulting solution was agitated and heated for
2 h. Following that, the precipitate was extensively washed with distilled water to bring its pH value back to neutral. The same
procedure as previously described was used to create CoAl,O4 nanoparticles, but the molar ratios used were 2 M aluminum chloride
and 1 M cobalt chloride. The same technique was followed for AloO3 nanostructures, except that 2 M NaOH was added to 1 M
aluminum chloride, and after lowering the pH to around 13, the resultant solution was mixed and heated overnight to generate a
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creamy solution. All precipitate samples were dried in an oven at 100 °C for 2 h before being pulverized into powder. The samples were
calcined for 4 h at 550 °C in a chamber furnace.

2.2. Characterization of nanoparticles

XRD (Bruker D8 Focus X-ray Diffractometer) and Cuk,-radiation (A = 1.54056 ;\) in the 25° < 20 < 75° range were used to identify
the crystalline phases in the samples. The Debye-Scherrer equation was used to calculate the crystallite size of each sample. A TEM was
used to investigate particle size and shape (JOEL JEM-100CX). The ultraviolet-visible spectrophotometer V-670, at scan speed 100
nm/min in the range 200-700 nm, was used to analyze the optical absorption of AlyO3, CoAl204, and Zng 9Alp ;0 nanoparticle sus-
pension obtained by ultrasonic dispersion of 0.01 g of the sample powder in 10 ml of distilled water for 15 min. The samples’ FTIR
spectra were acquired using an FTIR 8400S Shimadzu spectrophotometer with KBr pellets in the 400 cm™* and 4000 cm-! bands.

2.3. Disk diffusion method

Following Clinical and Laboratory Standards Institute (CLSI) recommendations, the Kirby-Bauer disc diffusion technique was
performed to assess the sensitivity of the isolates to manufactured nanoparticles. Miiller-Hinton agar plates were incubated with
freshly produced cultures. Each bacterial suspension’s turbidity was calculated by selecting four to five colonies with a sterile loop,
mixing with 5 mL of sterile saline, and comparing to a 0.5 McFarland standard. The optical density of the 0.5 McFarland standard is
equivalent to the density of a bacterial solution, which is around 1.5 x 102 colony-forming units per milliliter (CFU/mL). The fungal
suspensions were spectrophotometrically adjusted to optical densities ranging from 0.09 to 0.11 at 530 nm. The inoculum concen-
tration varied from 0.4 x 10° to 5 x 10® CFU/mL. Using sterile forceps, the sterile paper discs (whatman No. 1, 6 mm in diameter)
soaked in 15 pl sterile Al;03, CoAlxO4, and Zng 9Alg ;0 stock suspensions. were deposited on the surface of the media that had been
inoculated with bacterial and fungal suspensions and incubated at 35 + 2 °C for 16-18 h, with the mean width of inhibitory zones
recorded in millimeters. For Staphylococcus species, vancomycin was used as a positive control, while ciprofloxacin was used for the
remaining bacterial strains. For fungal isolates, clotimazole was utilized as a positive control. The Clinical and Laboratory Standard
Institute guidelines were used to interpret the data.

2.4. Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)

Using batch cultures with varied dosages of the three Nps in suspension, the lowest concentration of nanoparticles that restricts
organism growth was reported. After introducing the NPs, 50 mL of Miiller-Hinton medium (in 250-mL sterile side-arm Erlenmeyer
flasks) were sonicated for 15 min to preclude NPs aggregation. After that, the flasks were inoculated with 1 mL of freshly prepared
bacterial suspension to achieve an initial bacterial concentration of 10® colony-forming units per milliliter and cultured in an orbital
shaker at 200 rpm and 30 °C. Throughout the incubation phase, the high rotational shaking speed was implemented to limit Nps
aggregation and boost settling. A lower rpm setting during incubation may result in an underestimation of the antibacterial activity of
the NPs. The trials also included a positive control (a flask containing Nps and nutritional medium but no inoculum) and a negative
control (a flask containing inoculum and nutritional medium devoid of NPs). The negative controls indicated a microbial growth trend
in the absence of NPs. The minimum inhibitory concentration (MIC) was computed as the lowest concentration of Nps that resulted in
no turbidity throughout incubation and was expressed in pg/mL. Bacterial cells were cultivated for 24 h in the presence of NPs that
suppressed bacterial growth at the least bactericidal concentration, followed by dispersion and reculturing on Miiller-Hinton plates to
figure out the minimal bactericidal concentration. The plates were then kept at 37 °C overnight [29].

2.5. Time kill study

The death rate of bacterial strains by a prescribed antibacterial agent was assessed at various time periods. The time-kill curve test
was performed in accordance with the method described in CLSI’'s M26-A document (Barry et al., 1999). The experiment was carried
out in flasks containing 20 mL of MHB inoculated with 5 x 10° CFU/mL and supplemented with the necessary amounts of Al,O3,
CoAl504, and Zng gAly ;0 (MICx1, MICx2, and MICx4). The flasks were shaken at 150 rpm in 37 °C conditions. The ODgggnm of the
cultures was monitored every 2 h after inoculation, with the final value reported after 24 h. To minimize unnecessary optical noise
generated by the light scattering features of the NPs all through optical measurements of the growing cultures, the very same liquid
medium lacking bacterial inoculum but possessing the same concentration of NPs cultured under identical conditions served as a blank
control.

2.6. Transmission electron microscope

The impact of aluminum-doped zinc oxide nanoparticles was verified using a transmission electron microscope depending on MIC
values and time-kill curve data (JEM-1400 Plus). A universal electron microscope fixative was used to fix cells of untreated (control)
and treated E. coli. Ethyl alcohol and propylene oxide were applied for dehydration. The pellets were implanted in capsules and
polymerized before thin slices were produced using a LKB 2209-180 ultra-microtome and stained for 30 min with uranyl acetate and 2
min with lead acetate. A similar strategy was used to control bacterial cells. Cells were examined at magnifications of 20000x and
25000 x with an accelerating voltage of 80 KV.
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2.7. Statistical analysis

The means =+ standard errors (S.E.M.) were used to present all the data. The F-statistic of a one-way analysis of variance (ANOVA)
was used to evaluate the significance of differences between research. The Scheffé, Bonferroni, Holm, and Tukey HSD tests are the
subsequent multiple comparison tests. Which of the treatment pairs differ significantly from one another would probably be deter-
mined by these post-hoc tests. The two-tailed p-value was used to determine the statistical significance threshold. It was considered
significant at a level of <0.05 and highly significant at a level of <0.001. All experiments were accomplished using three trials to
ensure accuracy.

3. Result and discussion
3.1. Characterization of oxides

Fig. 1 depicts the XRD patterns of Al;03, CoAl;04, and Zng 9Al 1O nanoparticles generated by the co-precipitation technique. Fig. 1
(a) depicts an XRD pattern of fabricated alumina nanoparticles featuring three primary peaks positioned at 20 values of 37.71°, 45.86°,
and 66.97°, correlating to the planes (311), (400), and (440), respectively. Fig. 1 (b) depicts the XRD pattern of CoAlyO4 nanoparticles
exhibiting 5 major diffraction peaks with 26 values of 31.3°, 36.89°, 44.69°, 59.19°, and 65.4°, relating to the (220), (311), (400),
(511), and (440) planes, respectively. In Fig. 1 (c), Zng 9Alp 10 nanoparticles exhibit 9 major diffraction peaks at 20 values of 31.8°,
34.45°, 36.28°, 45.57°, 56.63°, 62.88°, 66.42°, 67.98°, and 69.11°, corresponding to the (100), (002), (101), (102), (110), (103),
(200), (112), and (201) planes, respectively. According to the Joint Committee on Powder Diffraction Standards (JCPDS) card nos.
29-63, 44-0160, and 36-1451, these planes are associated with y -alumina, spinel types CoAl,O4 with cubic structures, and Al-ZnO
with conventional hexagonal wurtzite structure [30-34]. The sharpness and intensity of the peaks of Aly03, CoAly04, and Zng 9Aly 10
show that the produced NPs are well-crystalline. Furthermore, no typical impurity phase peaks are detected.

The average lattice parameter (a) of Al;O3 and CoAl,04 NPs synthesized via co-precipitation is derived using Bragg’s law as stated
below and depicted in Table 1.

a=dvh?+k2+ 12 (D)
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Fig. 1. XRD patterns of co-precipitated (a) Al,03, (b) CoAl;04, and (c) Zng9Alg 10 NPs.
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Due to the pure hexagonal wurtzite structure of the Znj 9Aly 10 NPs, the lattice parameters a and c are calculated using the following
formula:
1 4(RP+hk+k*\ P
= = — 2
d> 3 ( a? + c? @
Where a and c are the lattice parameters in .IO\, d is the inter-planer distance in 10\, and (h, k, and 1) are the Miller indices.
The average size of the crystallites of Al;03, CoAl;04, and Zng 9Aly 10 NPs generated by the co-precipitation approach was derived
using the Debye-Scherrer equation below [35,36] based on the entire width at half maximum of the recorded diffraction peaks and
shown in Table 1.

p-_ K
B cos 0

(3)

D is the average crystallite size in nm, K is a constant or shape factor and equals to 0.9, 4 is the wavelength of the X-ray radiation,
Phkl is the peak width at half maximum intensity and @ is the peak position.

The TEM images and particle size histograms of co-precipitated Al;03, CoAl;04, and Zng 9Aly 10 NPs were depicted in Fig. 2. The
TEM pictures (Fig. 2(a—c)) reveal that the processed composites are composed of distinct, homogeneous, and almost spherical
nanoparticles. The resultant particle size histograms (Fig. 2(d-f)) matched the lognormal distribution profile, and the average particle
size values obtained are presented in Table 1. The particle sizes determined by TEM correspond well with the crystalline sizes
determined by the XRD method.

In the process of investigating how wavelength affected the charting of the absorbance spectra of the co-precipitated AlyOs,
CoAly0y4, and Zng 9Aly 10 NPs, Fig. 3 demonstrates the findings obtained. Fig. 3 (a) and (c) depict the ultraviolet-visible absorption
spectra of the materials AlpO3 and Zng 9Alp 10, respectively. Al,O3 material exhibit a large absorption peak at wavelength of 239 nm
which is in accordance with Piriyawong et al. [10]. Similarly, Zng ¢Alg;0 showed a large absorption peak at wavelength of 372 nm,
illustrating the findings of Alkahlout et al. [37] and Ahammed et al. [38]. These spectra revealed no further peaks, revealing the purity
of the Al,03 and Zng gAly 10 NPs’ production. The CoAl,04 NPs, on the other hand, exhibit two absorption peaks at wavelengths of
261 nm and 473 nm in their ultraviolet-visible absorption spectra, which is depicted in Fig. 3(b). Analysis using ultraviolet (UV)
spectroscopy revealed a symmetrical shift of the absorption edge towards the shorter wavelength.

FTIR spectra of Al,03, CoAly04, and Zng 9Alg 10 NPs prepared by the co-precipitation method are illustrated in Fig. 4 in the range of
4000-400 cm-'. Fig. 4 (a) depicts the FTIR spectrum of Al,03 NPs, which is categorized by a broad, unresolved band between 500 and
800 cm !, with two peak values at 589.15 cm ™' and 778.62 cm ™! that may be traced back to the stretching vibrations of AlOg and
AlOy4, which is in accordance with Manyasree et al. [35]; Fig. 4 (b) portrays two sharp bands at 666.77 cm ! and 563.1 cm’l, which
coincide to the spinel-like structure of CoAl,04 with Al®*cations, as stated by Khassin et al. [39]. Referring to previous studies per-
formed by Torkian & Daghighi [40] and Gholami et al. [41], the peak obtained in our study at 666.77 cm ™" is linked to AlOg vibrations,
whereas the peak at 563.1 em ™! is related to CoO, vibrations. The peaks at ~449.81 em ™! and ~668.7 cm ™! in the FTIR spectrum of
Zng 9Aly.10 NPs, depicted in Fig. 4(c), are indicative of the symmetric and asymmetric Zn-O vibrations, respectively [38]. For Al,03,
CoAl»04, and Zng 9Aly 10 NPs, the FTIR spectra indicate a band from 1500 cm 121750 cm’l, centered at 1636.79 cm’l, 1637.27 cm’l,
and 1649.80 cm™?, respectively. This peak is attributed to the bending vibrations of H-O-H, which are driven by the presence of
physisorbed water.

3.2. Disk diffusion method

The disk diffusion method was employed to investigate the susceptibility of several bacterial pathogens to nanosuspensions, and the
findings are shown in Fig. 5. To successfully report NPs antibacterial activity, a distinct inhibition zone should be created around the
nanosuspensions. In terms of the type of nanoparticles produced by the co-precipitation approach, aluminum-doped zinc oxide
nanoparticles had the highest antibacterial activity in comparison to all other nanoparticle treatments (p < 0.01). There was no
significant difference in the antibacterial properties of the other nanoparticles produced (aluminum oxide and cobalt aluminum oxide).
The inhibition zones for Zng Al ;0 were 14 mm, 13 mm, 12 mm, and 14 mm against E. coli, K. pneumoniae, P. aeruginosa, and S. aureus,
respectively. CoAl,O4 NPs had reduced antibacterial activity, with inhibition zones of 9 mm, 9 mm, 10 mm, and 11 mm against E. coli,
K. pneumoniae, P. aeruginosa, and S. aureus, respectively. The antibacterial activity of Al;03 NPs reflected an inhibition zone of 12 mm,
11 mm, 9 mm, and 11 mm for E. coli, K. pneumoniae, P. aeruginosa, and S. aureus, respectively. Referring to our findings, it was clear that

Table 1
The average size and lattice parameter of Al,03, CoAl;04, and Zng 9Aly 10 NPs synthesized via co-precipitation.
Characterization Method Sample
Al,05 CoAl,04 Zng.oAlg 10
XRD Lattice parameter a A 7.91 8.05 3.2
Lattice parameter c A - - 5.4
Average crystallite size (nm) 4.6 11.5 24.3
TEM Average particle size (nm) 4.1 9.5 31.6
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size histograms depicted in (d-f).

Fig. 2. TEM images of (a) Aly03, (b) CoAl;04 and (c) Zng 9Alp 10 NPs with the particle
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Fig. 3. UV-visible absorption spectra for (a) Al;03, (b) CoAl,04, and (c) Zng 9Alp 10 NPs prepared by the co-precipitation
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Fig. 4. FTIR spectra for (a) Al;03, (b) CoAl;04, and (c) Zng oAl 10 NPs prepared by co-precipitation.

Zng.9Alp.10 and Aly03 had the highest antimicrobial activity against the gram-negative E. coli bacteria, and that activity decreased
when dealing with K. pneumoniae and P. aeruginosa (p < 0.01). The inhibition zone diameters detected against S. aureus were 11 mm,
11 mm and 14 mm for Aly03, CoAl;04 and Zng 9Alp 10, respectively. These results show no distinction between gram-positive and
gram-negative bacteria (p < 0.01). Several studies have been conducted to assess the antibacterial activity of Al,03 and ZnO nano-
particles against both gram-negative and gram-positive bacteria strains, all of which rely on the fact that metal oxide nanoparticles
may limit the growth of E. coli and S. aureus [35,42,43]. According to Manyasree et al. [35], the largest zone of inhibition by Al,O3 was
9 mm for E. coli and a lesser zone of inhibition of 6 mm for S. aureus. However, Ahmad et al. [43] found that the zone of inhibition
induced by ZnO nanoparticles varied from 16 to 18 mm for gram-negative bacteria (Escherichia coli, Klebsiella pneumonia, and Pseu-
domonas aeruginosa) and from 18 to 21 mm for gram-positive bacteria.

3.3. Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)

In the course of studying the antimicrobial activity of Al;O3, CoAly04, and Zng 9Aly.;O NPs against Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus, the minimum inhibitory concentrations (MIC) and minimum bacte-
ricidal concentrations (MBC) were conducted, and the results were reported in Table 2. Results showed that the MIC values of the
produced nanoparticles varied from 4000 pg/mL to 16000 pg/mL. Al203 nanoparticles had MIC values of 12000 pg/mL, 15000 pg/
mL, 16000 pg/mL, and 14000 pg/mL against E. coli, K. pneumoniae, P. aeruginosa, and S. aureus, respectively. Furthermore, CoA1204
nanoparticles had MIC values of 8000 pg/mL, 10000 pg/mL, 10000 pg/mL, and 8000 pg/mL against E. coli, K. pneumoniae,
P. aeruginosa, and S. aureus, respectively. Besides that, the MIC values of Zng¢Alp;O nanoparticles achieved against E. coli,
K. pneumoniae, P. aeruginosa, and S. aureus were 4000 pg/mL, 6000 pg/mL, 6000 pg/mL, and 4000 pg/mL, respectively. Concerning the



M. Omeiri et al. Heliyon 10 (2024) e31462

[y [ = [
& N S o))

Inhibition Zone (mm)
=
B

77077 %
/5

E. coli K. pneumoniae P. aeruginosa S. aureus

%= Al203 CoAl204 Zn0.9Al0.10

Fig. 5. Histogram showing the mean diameters of inhibition zones recorded for Al,O3, CoAl;04, and Zng.9Alp;0 NPs prepared by the co-
precipitation method.

Table 2
Minimum inhibitory concentration (MIC) and minimum bactericidal concentration recorded for co-precipitated Al,O3, CoAl,O4, and Zng 9Alp 10 NPs
against different bacterial strains.

pathogens MIC (pg/mL) MBC (pg/mL) MIC index MBC/MIC
Al,O3 CoAly04 Zng.9Alp 10 Al,O3 CoAl,04 Zng.9Alp 10 Al,O3 CoAl,04 Zng 9Alp 10
E. coli 12000 8000 4000 - 24000 8000 - 3 2
K. pneumoniae 15000 10000 6000 - 40000 12000 - 4 2
P. aeruginosa 16000 10000 6000 - 40000 12000 - 4 2
S. aureus 14000 8000 4000 - 24000 8000 - 3 2

MBC of the synthesized NPs, Al;03 NPs did not show any exceptional results when tested against the four bacterial strains. For that of
CoAly04 NPs, the MBC values documented against E. coli and S. aureus were equivalent to that of MICx3; MBC were equivalent to
MICx4 in the case of K. pneumoniae and P. aeruginosa. When testing the MBC for Zng gAlg 1O NPs, it was clear that the values were twice
that of the MIC when tested against E. coli, K. pneumoniae, P. aeruginosa, and S. aureus. Based on the MIC index derived in Table 2,
CoAl»04 and Zng 9Al 10 NPs have been shown to exhibit a bactericidal effect on the tested microorganisms (p < 0.01). In this context,
earlier investigations revealed varying MIC and MBC values for metal oxide NPs [35,36]. Manyasree et al. [31] revealed that the MIC of
AlyO3 for E. coli and S. aureus was 4 mg/mL. In contrast to our findings, Klink et al. [36] observed a low MIC for S. aureus (6.25 mg/mL)
and a high MIC for E. coli (25 mg/mL). In addition, Pasquet et al. [44] reported that the MBC values of ZnO NPs recorded 18 ug/mL, 14
pg/mL, and 16 pg/mL for E. coli, P. aeruginosa, and S. aureus, respectively. Because resistance to conventional antimicrobial agents has
been growing, even towards those recognized as the superweapon against certain infections as reported by multiple studies, the use of
these NPs can outperform their use, even at the high concentrations required to inhibit and kill the bacterial strains [45,46].

3.4. Time-kill study

The time-kill study has been commonly employed to assess the concentration level of an antimicrobial agent with bactericidal
properties. Such bactericidal activity can be exploited in the treatment of bacterial infections in concentration and time-dependent
manner [47]. It is an effective technique to study the dynamic interaction between the antimicrobial agent under study and the mi-
crobial strain [48]. MHB were used to test the antimicrobial activity of three concentrations of each nanoparticle Al,O3, CoAl;04, and
Zng9Alp10 (MIC X 1, MIC X 2 and MIC X 4). Each bacterium’s growth pattern in culture conditions lacking nanoparticles was
employed as a control. Figs. 6-8 demonstrate the antibacterial activities of the tested concentrations (MIC X 1, MIC X 2, and MIC X 4) of
Aly03, CoAl;04, and Zng 9Alp 10 NPs, respectively, against Escherichia coli (A1), Klebsiella pneumoniae (B1), Staphylococcus aureus (C1),
and Pseudomonas aeruginosa (D1) after being cultivated in MHB and incubated at 37 °C for 24 h.

After monitoring the growth of Al,Os-treated bacterial isolates in culture media for 24 h, it was clear that the growth was reduced
significantly (p < 0.01) in comparison to the positive control. On the other hand, monitoring bacterial growth in culture media
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Fig. 6. Effect of MIC x 1, MIC x 2 and MIC x 4 of Al;03 NPs on Escherichia coli (A), Klebsiella pneumoniae (B), and Staphylococcus aureus (C), and
Pseudomonas aeruginosa (D) cultivated in MHB during different time intervals.

(supplemented with varying amounts of CoAl;04 and Zng 9Alp ;O NPs) revealed that bacterial growth was nearly totally suppressed (p
< 0.01). All amounts tested were efficient at inhibiting bacterial growth (p < 0.01). MIC X 4 was the most powerful antibacterial
therapy among the three concentrations of the tested nanoparticles generated (p < 0.01), followed by MIC X 2 and MIC X 1. As a result
of these findings, the antibacterial activity of AlyO3, CoAl;04, and Zng 9Alp 10 NPs was concentration-dependent. Our findings are
consistent with those of Sirelkhatim et al. [49] and Ahmad et al. [39], who found that ZnO NPs displayed concentration-dependent
bactericidal action against Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus. Moreover,
many studies have found that Al,O3 at different concentrations can cause a growth delay in all tested strains of S. aureus [43,49].

3.5. Transmission electron microscope

The morphological alterations in Escherichia coli cells after exposure to Zng 9Aly 10 NPs were seen using TEM microscopy. Based on
the micrographs obtained from the TEM, which are shown in Fig. 9 at 20000x Al and 25000x A2 magnification, it is clear that the
shape of the untreated cell, its wall, and intracellular structures were intact. In contrast, Zngy 9Aly.1O NPs-treated Escherichia coli cells
were deformed. At magnifications of 20000x B1 and 250000x B2, the TEM pictures clearly showed the change in cell shape, in
addition to the alteration and disintegration of bacterial cell wall morphology, the cytoplasmic membrane, and protoplasm. In
addition, it is obvious that the cell witnessed a leakage in the protoplasm. According to these observations, Zng 9Aljy 10 Nps deformed
and destroyed the bacterial cell wall and cytoplasmic membrane, resulting in protoplasm leakage and cell death. These results are in
accordance with those of Liang et al. [50], who recorded that the microscopic analysis of bacterial cell surfaces showed alteration after
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Fig. 7. Effect of MIC x 1, MIC x 2 and MIC X 4 of CoAl,O4 NPs on Escherichia coli (A1), Klebsiella pneumoniae (B1), Staphylococcus aureus (C1), and
Pseudomonas aeruginosa (D1) cultivated in MHB during different time intervals.

being treated with ZnO nanoparticles. These nanoparticles adhered to the surface of the bacterial cell and attached to the bacterial cell
wall, resulting in the rupture of the membrane. The primary mechanism behind the antimicrobial potential of nanoparticles is not
limited to their ability to disrupt microbial membranes. Rather, the ability of nanoparticles to impede biofilm formation, due to its
higher surface area-to-mass ratio, is thought to be crucial in the development of bacterial resistance, as it offers refuge and protection to
microorganisms, enabling them to escape from most antibiotics and undergo mutations that they can then exchange with other
bacterial cells [51].

4. Conclusion

The use of nanomaterials in medicine has grown dramatically over the last decade. Metal nanoparticles have recently been tested
for their antimicrobial properties, despite being severely hampered in most industries. The novel aspect of this work lies in the fact that
distinct microbial species, including both gram-positive and gram-negative bacteria, was included in the evaluation of the antimi-
crobial activity of three different nanoparticles in the same study through the use of different antimicrobial testing techniques. It
clearly demonstrates the effectiveness of cobalt aluminum oxide (CoAl;04) and aluminum-doped zinc oxide (ZnggAlp;0) nano-
particles as antimicrobial agents against different pathogens, mainly nosocomial ones. However, Aluminum oxide (AlyO3) did not
show promising results on its own. These antimicrobial nanoparticles can be incorporated into paints and coated ceramics in food
industries and medical facilities, creating a permanent hygiene environment and conquering plenty of infections. In the field of
antimicrobial resistance, nanomaterials could be considered the salvation for plenty of infections. However, none of these nano-
technologies can stand alone in facing pathogenic resistance evolution and thus warding off resistant bacterial infections. Since
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nanoparticles are smaller (<100 nm), have a consistent size and structure, and are chemically stable, their application as antimi-
crobials outweighs that of antibiotics. Additionally, by engaging with the efflux pumps that cause resistance to many antimicrobials,
nanoparticles can enter the cell membrane of bacteria more effectively than conventional antimicrobial drugs. This may illustrate how
antimicrobial medicines can be used in conjunction with nanoparticles to increase their activity and lessen their toxicity to human
cells. It is very important to integrate different antimicrobial therapies and end up with a multi-dimensional killing approach mainly
through the use of such nanoparticles as carriers for high potential antimicrobial agents to end up with promising bacterial-killing
machine. While the previously suggested method shows promise, it presents certain difficulties with regard to the expenses,
release, and management of these nanoparticles.
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