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ABSTRACT

This research involved the synthesis of ZnO:Al nanoparticles with varying
doping levels (0%, 4%, 6%, and 8%). Subsequently, a comprehensive
analysis was conducted on the samples to evaluate their antibacterial,
structural, morphological, and optical characteristics. XRD analysis
confirmed a hexagonal Wurtzite structure in all samples, with peak
shifts toward higher angles as aluminum doping increased, indicating a
reduction in crystallite size. SEM images showed an increase in particle
size and improved homogeneity. UV-Vis analysis showed that an increase
in aluminum doping led to a rise in the optical band gap from 3.62 eV
in pure ZnO to 3.90 eV, suggesting alterations in the material’s electronic
structure. The antibacterial efficacy of the 8% ZnO:Al nanoparticles was
assessed against Staphylococcus aureus and Escherichia coli, revealing that
the 8% sample demonstrated the strongest antibacterial properties, with
more significant inhibition zones observed for S. aureus.
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INTRODUCTION

ZnO nanoparticles have attracted considerable
interest because of their broad band gap (~3.3
eV at ambient temperature) [1-4], remarkable
photocatalytic efficiency [5], superior optical
characteristics [6], and inherent antibacterial
capabilities [7-10]. These characteristics make
Zn0O nanoparticles highly applicable in biosensors
[11-13], optoelectronics [14, 15], environmental
catalysts [16, 17], antibacterial coatings [18], and
medical technologies [18, 19]. Recent studies
have focused on enhancing the properties of
ZnO by reducing particle size, altering synthesis
techniques, engineering defects, and doping with
different metal elements [20-25].

incorporation of metals like aluminum (Al)
[26], gallium (Ga) [27], and indium (In) [28] can
significantly enhance its electronic and optical
properties. For instance, in several studies,
aluminum-doped ZnO (ZnO:Al) has exhibited
improved electrical conductivity and reduced
resistance to ultraviolet (UV) light [29], making it
an ideal candidate for thin-film transistors (TFTs)
[30, 31], solar cells [32], and light-emitting diodes
(LEDs) [33]. Additionally, other investigations
have shown that ZnO:Al nanoparticles serve as
highly efficient photocatalysts for environmental
pollutant degradation, suggesting their potential
role in water and air purification [34].

Earlier research has shown that the Nonetheless, accurately controlling doping
* Corresponding Author Email: V.Rafee@pnu.ac.ir concentrations and understanding their effects on
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the crystal structure, particle size, and both optical
and electronic properties of these nanoparticles
continues to be a significant challenge. Meanwhile,
the worldwide issue of microbial resistance has
redirected research efforts toward new avenues
in antibacterial materials [35-37]. Multiple studies
have shown that ZnO nanoparticles can act as a
powerful alternative to conventional antibiotics
through cell wall disruption [38], oxidative stress
induction, and reactive oxygen species (ROS)
generation [39, 40]. Recent findings indicate that
the antibacterial activity of ZnO nanoparticles
depends on various factors such as particle size
[41], doping concentration [42], surface area
[41], and interaction with bacterial cells [41]. In
some studies, increasing the surface area of ZnO
nanoparticles has led to a substantial improvement
in antibacterial properties [41]. Additionally,
recent research has suggested that doping ZnO
with aluminum may enhance its antibacterial
activity, but the exact mechanism behind this
enhancement remains unclear [43].

In this study, Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) were selected as
representative bacterial strains for evaluating the
antibacterial efficiency of ZnO:Al nanoparticles.
These bacteria were chosen due to their clinical
significance and distinct structural differences. S.
aureus, a Gram-positive pathogen, is known for its
thick peptidoglycan layer, making it a major cause
of skin infections, pneumonia, and bloodstream
infections, often exhibiting antibiotic resistance
(e.g., MRSA). E. coli, a Gram-negative bacterium, is
frequently associated with foodborne illnesses and
urinary tract infections (UTIs), characterized by an
outer membrane containing lipopolysaccharides
(LPS), which can influence the interaction with
nanoparticles. By selecting these two bacteria, this
study aims to explore how ZnO:Al nanoparticles
interact with both Gram-positive and Gram-
negative bacterial structures, providing a broader
understanding of their antibacterial mechanisms
and potential applications in healthcare and
environmental disinfection.

This research focused on synthesizing ZnO:Al
nanoparticles with varying doping levels (0%,
4%, 6%, and 8%) to systematically examine the
influence of doping on their crystal structure,
optical characteristics, and antibacterial activity.
For this purpose, XRD, SEM, and UV-Vis analyses
were conducted to determine the crystal
structure, particle size, and optical properties,
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while their impact on the antibacterial activity
against S. aureus and E. coli was assessed using
disk diffusion, Minimum Inhibitory Concentration
(MIC), and optical density (OD,, ) reduction tests.

The objective of this study is to develop a better
understanding of the relationship between the
crystal structure, optical properties, and biological
performance of ZnO:Al nanoparticles, paving the
way for optimizing these materials for biomedical,
optoelectronic, and environmental applications.
The results of this research may contribute to
the design of highly efficient nanoparticles for
combating microbial resistance and enhancing the
photocatalytic and optoelectronic performance of
ZnO-based materials.

MATERIALS AND METHODS
Experimental Materials and Equipment

Zinc acetate dihydrate [Zn(CH,COO),-2H,0],
dimethyl sulfoxide (DMSO), aluminum nitrate
[AI(NO,),-9H,0], sodium carbonate [Na,CO,],
deionized water, S. aureus (ATCC 25923), E. coli
(ATCC 25922), Brain Heart Infusion Broth (BHIB),
Brain Heart Infusion Agar (BHIA), Mueller Hinton
Broth (MHB), Mueller Hinton Agar (MHA),
Nutrient Broth (NB), Nutrient Agar (NA), Resazurin
dye (0.02% w/v), X-ray diffraction (XRD) Siemens
D5000, scanning electron microscope (SEM) LEO
1455VP, UV-Vis spectrophotometer Perkin Elmer,
autoclave, laminar flow hood, spectrophotometer,
96-well microplate, microplate reader, incubator
with temperature control at 30°C and 37°C,
sonicator, micropipettes with volumes of 50, 100,
200, and 1000 pL, sterile loop, sterile swab.

Experimental Methods
Nanoparticle Synthesis

ZnO:Al nanoparticles with different doping
percentages (0%, 4%, 6%, and 8%) were synthesized
using zinc acetate dihydrate [Zn(CH,C0O0),-2H,0],
aluminum nitrate [AI(NO,),-9H,0], and sodium
carbonate [Na,CO,] as precursors. Initially, a
specific amount of zinc acetate was dissolved in
100 mL of ethanol, while aluminum nitrate was
dissolved in another beaker containing ethanol as
a solvent. The solutions were stirred at 65°C using
a magnetic stirrer (Top HS15 model M) for 20
minutes until a clear solution was obtained. Then,
the sodium carbonate solution was gradually added
to the mixture and stirred for 1 hour. The final
product was calcined at 500°C, resulting in ZnO:Al
nanoparticles with varying aluminum content [44].
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The synthesized nanoparticles were characterized
using X-ray diffraction (XRD) for crystal structure
analysis, scanning electron microscopy (SEM) for
morphology and particle size determination, and
UV—-Vis spectrophotometry for optical property
evaluation. Before conducting antibacterial tests,
the nanoparticles were suspended in dimethyl
sulfoxide DMSO and sonicated for 20 minutes to
ensure uniform dispersion.

Antibacterial Testing

The antibacterial activity of ZnO:Al nanoparticles
was assessed against E. coli (ATCC 25922) and S.
aureus (ATCC 25923) through disk diffusion, MIC,
Minimum Bactericidal Concentration (MBC) and

optical density (OD,,,) measurements. Mueller
Hinton Agar (MHA) plates were prepared for the
disk diffusion assay, with bacterial strains evenly
spread across the surface. Sterile disks loaded
with nanoparticle solutions at concentrations of
0.01%, 0.5%, and 1% were placed onto the agar,
and the plates were incubated at 37°C for 24
hours. The inhibition zone diameter was measured
to assess bacterial susceptibility. For the MIC test,
wells of a 96-well microplate from columns 1 to
10 were filled with 50 pL of BHI broth, followed by
the addition of 50 pL of sonicated nanoparticles
to the first column and serial two-fold dilutions
across the plate. Subsequently, 50 pL of bacterial
inoculum (10 CFU/mL) was added to each well,
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Fig. 1 XRD results for nanoparticles: (a) pure ZnO and Al-doped ZnO with doping levels of (b) 2%, (c) 4%, (d) 6%, and (e) 8%
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while positive control (column 11, containing
bacteria only) and sterility control (column 12,
containing only BHI broth) were included. The
microplate was incubated at 37°C for 24 hours,
followed by the addition of 20 pL of Resazurin dye
(0.02% w/v) to each well and further incubation
for 2 hours [45, 46]. The last well that remained
blue was recorded as the MIC value. To examine
bacterial growth in a liquid medium, 2 mL of
overnight bacterial culture of S. aureus and E.
coli was inoculated into 100 mL of nutrient broth
(NB) + 0.12% glucose, with four groups including
control (without nanoparticles), 0.01%, 0.5%, and
1% nanoparticle concentrations. The samples
were incubated at 30°C for 24 hours, and bacterial
growth was assessed by measuring optical density
at 600 nm (OD_ ) using a spectrophotometer [47].
RESULTS AND DISCUSSION
Structural and  Morphological
Nanoparticles

X-ray Diffraction (XRD) Results

To investigate the structural properties of the
synthesized nanoparticles, X-ray diffraction (XRD)
analysis using the Siemens D5000 device was
performed. The XRD patterns were recorded in the
20 range from 20° to 80° with a step size of 0.02°
to obtain precise information on the crystalline
structure of the nanoparticles [48].

The XRD patterns (Fig. 1) confirm the hexagonal
(Wurtzite) structure in all samples (pure ZnO and
Zn0 doped with 2%, 4%, 6%, and 8% aluminum).
These results indicate that the aluminum doping

Analysis  of

process has not induced any phase transition, and
the Waurtzite structure remains stable.

In all samples, the most intense diffraction
peak corresponds to the (101) plane, indicating
the preferred orientation of the crystallites. A
comparison of the diffraction patterns shows that
as the aluminum content increases; the diffraction
peaks shift toward higher angles. This shift can be
attributed to the substitution of aluminum ions
(with an ionic radius of 0.53A) for instead of zinc
jons (with an ionic radius of 0.60A) in the ZnO
crystalline structure. This substitution leads to
a contraction of the crystal lattice, reducing the
lattice parameters and consequently shifting the
diffraction peaks to higher angles (increase in 28).

Calculation of Crystallite Size
The average crystallite size was determined
using the Debye-Scherrer equation [49]:

D=0.942/Bcos6 (1)

Where D, K, A, B, and 0 are the crystallite size
(nm), the Scherrer constant (approximately 0.9),
the X-ray wavelength (1.54 A for Cu—Ka), the full
width at half maximum (FWHM) of the diffraction
peak, and the diffraction angle respectively.

The calculated results are presented in Table
1, showing that as the aluminum concentration
increases, the crystallite size decreases. This
reduction capeakn be attributed to increased
lattice strain, the introduction of crystal defects,
and restricted crystallite growth due to aluminum

Table 1. Average crystallite size of Al-doped ZnO samples with different

aluminum doping percentages.

Sample Crystallite Size (nm)  (101) Peak Angle (°) FWHM
ZnO (pure) 28.28 36.24 0.300
ZNo.98Alo.020 25.24 36.21 0.360
ZNo.96Al0.040 15.45 36.19 0.571
ZN0.94Alo.060 14.40 36.16 0.606
ZNo.92Al0.080 12.26 36.20 0.712

Table 2. Average nanoparticle size of Al-doped ZnO samples with
different aluminum doping percentages.

Aluminum Percentage (%)

Average Nanoparticle Size (nm)

2%
4%
6%
8%

30
50
54
73
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doping. Furthermore, the increase in FWHM for
samples with higher aluminum content confirms
this size reduction.

The results in Table 1 indicate that in the
sample with 8% aluminum, the crystallite size
reaches its minimum value. This reduction can be
attributed to the incorporation of aluminum into
the ZnO structure, increasing lattice strain and
consequently reducing crystallite size.

Scanning Electron Microscope (SEM) Analysis

To study the surface morphology, particle
dimensions, and size distribution of nanoparticles,
scanning electron microscopy (SEM) using the LEO
1455VP device was performed. SEM images clearly
show that increasing the aluminum content leads
to an increase in the average nanoparticle size.
Furthermore, in samples with higher aluminum
concentrations, the nanoparticles exhibit a more
uniform distribution and increased adhesion
between particles.

The analysis of Fig. 2 and the results of Table 2
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indicate that, with an increase in the percentage
of aluminum nanoparticles, the particle size has
increased, and samples with higher Al content
(6% and 8%) exhibit larger particles and greater
agglomeration, whereas samples with lower Al
content (2% and 4%) have smaller particles with
a more uniform distribution. The 2% Al (98% ZnO)
sample has the smallest particle size and a more
homogeneous distribution, while the 8% Al (92%
Zn0) sample has the largest particle size and higher
agglomeration. This trend indicates that increasing
the amount of aluminum nanoparticles leads to an
increase in particle size and agglomeration.

As the aluminum percentage increases,
particle growth becomes more pronounced,
and aluminum appears to promote ZnO particle
aggregation. Samples with lower Al content (2%
and 4%) likely have a higher specific surface area,
making them more suitable for catalytic or sensing
applications. The increase in aluminum content
may reduce the effective surface area and lead
to an increase in ZnO cluster size. In electronic

Date 126 Oct 202
Time :10:46:56.
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Fig. 2. SEM images of Al-doped ZnO nanoparticles with different doping levels: (a) 8% Al, (b) 6% Al, (c) 4% Al, and (d) 2% Al.
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and catalytic applications, samples with lower Al
content (such as 2% and 4%) may exhibit better
performance due to their higher specific surface
area. Therefore, the increase in aluminum has led
toanincreasein structural defectsandinterparticle
forces, resulting in enhanced agglomeration and,
consequently, the growth of nanoparticle size
observed in SEM.

Optical Properties Analysis of Nanoparticles
UV-Vis Spectroscopy Analysis

To study the optical properties of nanoparticles,
a UV-Vis spectrophotometer (Perkin Elmer) was
used. The absorption spectra of the samples
were recorded in the 200-800 nm range to
investigate electronic transitions and the effect of
aluminum doping on the optical properties of the
nanoparticles.

Fig. 3 shows the absorption spectra of pure ZnO
nanoparticles and ZnO doped with 2%, 4%, 6%,
and 8% aluminum. The absorption peak of pure
ZnO is observed at approximately 370 nm, which
is consistent with previous reports on the ZnO
band gap. In the doped samples, as the aluminum
percentage increases, the absorption peak shifts
toward shorter wavelengths (blue shift), indicating
an increase in the band gap energy.

This shift in the absorption peak position can
be attributed to several factors, including the

increase in nanoparticle size due to aluminum
doping, which enhances quantum confinement
effects and increases the band gap energy, as well
as the Burstein—Moss effect, where an increase in
the concentration of free charge carriers results in
the filling of lower energy states in the conduction
band, causing an apparent increase in the optical
band gap.

Band Gap Energy Calculation

To determine the band gap energy of the
nanoparticles, the Tauc plot method was used.
The equation applied is as follows [50]:

ahv = (hv - Eg)" (2)

Where a, hy, A, Egand n are the absorption
coefficient, the photon energy, a constant, the
optical band gap energy, a parameter dependent
on the nature of the electronic transitions, which is
2 for direct allowed transitions in semiconductors.

To accurately determine the band gap energy,
a plot of (ahv)? versus hv was created, and the
extrapolated intercept of the linear region with the
x-axis was taken as the optical band gap energy.

The results of Table 3 indicate that as the
aluminum doping percentage increases, the
band gap energy increases. This increase can
be attributed to lattice defects, increases in
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Fig. 3. UV-Vis results of pure ZnO nanoparticles and Al-doped ZnO with doping levels of
2%, 4%, 6%, and 8% aluminum.
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nanoparticle size, and quantum confinement
effects. Additionally, a significant amount of
aluminum might introduce extra energy states in
the conduction band, influencing the optical band

gap.

Absorption Intensity Analysis and Doping Effects

As observed in the absorption spectra, the
absorption intensity of doped samples is lower
comparedto pureZnO. This reduction in absorption
intensity can be attributed to increased light
scattering, a decrease in electronic state density,
and changes in the band structure due to doping.
In the 8% aluminum-doped sample, the lowest
absorption intensity is recorded, suggesting that
excessive doping may reduce the optical efficiency
of the nanoparticles. The shift of the absorption
peak toward shorter wavelengths (blue shift) due
to aluminum doping further confirms the direct
influence of doping on the electronic structure of
Zn0 nanoparticles.

Antibacterial Properties Analysis of Nanoparticles
Evaluation of Antimicrobial Effects of Nanoparticles

To study the antibacterial effects of the
synthesized nanoparticles, biological assays
were performed using S. aureus (ATCC
25923) and Escherichia coli. The impact of
nanoparticles on bacterial growth was evaluated
using bacterial growth assessment in liquid
medium, determination of Minimum Inhibitory
Concentration (MIC), and determination of MBC.
Nanoparticle samples were suspended in Dimethyl
sulfoxide (DMSO) and sonicated for 20 minutes for

uniform dispersion.

Bacterial Growth Evaluation in the Presence of
Nanoparticles

In this experiment, the effect of different
nanoparticle concentrations on the growth of S.
aureus and E. coli was analyzed in Nutrient Broth
(NB) and Brain-Heart Infusion Broth (BHIB). For
each test, 2 mL of overnight bacterial culture was
added to 100 mL of culture medium containing
nanoparticles at concentrations of 0.01%, 0.5%,
and 1%, followed by incubation at 30°Cfor 24 hours.
The results showed that a 0.01% nanoparticle
concentration had no significant effect on
bacterial growth, while a 0.5% concentration
reduced the optical density (OD) of the bacterial
solution by 1.9 times compared to the control
(p<0.05). Additionally, a 1% concentration caused
a 4.5-fold OD reduction in S. aureus cultures and
a 3.3-fold reduction in E. coli cultures relative to
the control group. These findings indicate that
higher nanoparticle concentrations exhibit greater
inhibitory effects on bacterial growth, with 8%

aluminum-doped nanoparticles demonstrating
the strongest antimicrobial effect.
Determination of Minimum Inhibitory

Concentration (MIC)

The MIC of nanoparticles was determined
using the serial dilution method in a 96-well
plate according to the CLSI M07-A10 protocol.
The procedure involved adding 50 plL of Brain-
Heart Infusion Broth (BHI) to wells in columns
1 to 10, performing twofold serial dilutions of

Table 3. The calculated band gap values.

Aluminum Percentage (%)

Band Gap (eV)

0% (Pure ZnO)

2%
4%
6%
8%

3.62
3.65
3.75
3.88
3.90

Table 4. Presents the MIC values of the nanoparticles.

Sample S. aureus (ug/mL)  E. coli (ug/mL)
ZnO (Pure) 250 500
Zno.ggAlo.ozo 150 320
Zno.96Al0.040 90 200
ZNo.94Alo.060 50 120
Zno.nglo.ogo 25 80
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nanoparticles in the respective wells, adding 50 pL
of S. aureus culture to each well, using column 11
as a positive bacterial growth control, and column
12 as a sterile (bacteria-free) control. After 24
hours of incubation at 37°C, 20 uL of Resazurin
dye (0.02% w/v) was added to each well, followed
by an additional 2-hour incubation. The MIC
results of Table 4 showed that nanoparticles
with 8% aluminum had the lowest MIC value
for S. aureus, antibacterial activity was stronger
against S. aureus than E. coli, indicating a higher
efficacy against Gram-positive bacteria, and the
MIC of 8% aluminum-doped nanoparticles was
approximately 10 times lower than that of pure
Zn0 nanoparticles.

Determination ~ of = Minimum  Bactericidal
Concentration (MBC)

After determining the MIC, the MBC was also
evaluated. For this purpose, 10 pL from wells
containing MIC and higher concentrations were
plated on Brain-Heart Infusion Agar (BHA) and
incubated at 37°C for 24 hours.

Table 5 presents the MBC values of ZnO:Al
nanoparticles for E. coli and S. aureus. The results
indicate that nanoparticles with 8% aluminum
doping exhibit the lowest MBC values (50 pug/mL
for S. aureus and 168 ug/mL for E. coli), highlighting
their strong bactericidal effect. In contrast, pure
ZnO shows the highest MBC values (4125 pg/mL

for S. aureus and 8500 pg/mL for E. coli), indicating
a weak antimicrobial effect. Additionally, MBC
values for E. coli are consistently higher than
those for S. aureus, which aligns with the greater
resistance of Gram-negative bacteria due to their
outer membrane. These findings underscore
the role of aluminum doping in enhancing the
antibacterial efficacy of ZnO nanoparticles.

Table 6 displays the MBC/MIC ratios of ZnO:Al
nanoparticles for S. aureus and E. coli. The ratios
for E. coli are approximately 3% higher than those
for S. aureus, reflecting the greater resistance
of Gram-negative bacteria due to their outer
membrane. Notably, the 8% aluminum-doped
nanoparticles exhibit the lowest ratios (2 for
S. aureus and 1.9 for E. coli), indicating a strong
bactericidal effect, while pure ZnO shows the
highest ratios (16.5 for S. aureus and 15.0 for E.
coli), suggesting a predominantly bacteriostatic
effect. These findings highlight the enhanced
antibacterial potency with increasing aluminum
doping.

Additionally, in Fig. 4, Fig. 5 and Table 7, the
labels are specified as follows: 1 =0.01%, 2 = 0.5%,
3=1%, 4 = DMSO, and 5 = Blank disc.

Analysis of Zone of Inhibition Measurements

In this study, the effect of ZnO:Al nanoparticles
with different aluminum doping percentages
on the growth of S. aureus and E. coli was

Table 5. Presents the MBC values of the nanoparticles.

Sample S. aureus (ug/mL)  E. coli (ug/mL
ZnO (Pure) 4125 8500
Zno.gsAlo.on 900 1984
Zno.95A|0.040 720 1640
Zno.gaAlo.ueo 600 1488
Zno.nglo.osO 50 168

doping percentages at various nanoparticle concentrations (0.01%, 0.5%, 1% and Control groups include DMSO and a blank disc).
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investigated. For this purpose, the zone of
inhibition measurements were carried out in the
presence of ZnO:Al nanoparticles with various
aluminum doping percentages (0%, 4%, 6%, and
8%) at different nanoparticle concentrations
(0.01%, 0.5%, and 1%). These measurements are
presented in Table 7, which shows the zone of
inhibition for each aluminum doping percentage
at different nanoparticle concentrations.

The results showed that ZnO:Al nanoparticles
with 8% aluminum doping had the highest effect on
inhibiting the growth of S. aureus, with the zone of

inhibition reaching 15 mm at the 1% concentration
(as seen in Fig. 4, which presents the inhibition
zones in the presence of ZnO:Al nanoparticles).
In contrast, the effect of nanoparticles on E. coli
was weaker, with the maximum zone of inhibition
reaching 11 mm.

Additionally, the results in the graphs of Fig.
5 demonstrated that as the aluminum doping
percentage increased, the antibacterial effect of
ZnO:Al nanoparticles also improved, especially
against S. aureus. Nanoparticles with 4%
aluminum doping and without aluminum doping

Table 6. MBC/MIC Ratios for ZnO:Al

Nanoparticles.

Sample

S.aureus E. coli

ZnO (Pure)
ZNo.98Alo.020
Zno.gsAlo.cmo
Zno.94A|o.050
ZNo.92Al0.080

1.2 - A (Zn0 92% , Al 8%) Bl coli

i B s. aureus

0Dy (nm)

0 0.01 0.5 1

Zn(Q: Al concentrations (%)

1.2 C (Zn0 96% , A14%) L. coli
112 Bl s aoreus
p (.99

10 .93
0.8 0.82

z O

= 0.66

Z 0.6

g 0.51
0.4+ 1.37

032

0.2 4

0 0.01 0.5 1

ZnO: Al concentrations (%o)

16.5 15.0

6 5.8

8 7.6

12 11.8

2 1.9
1.2 B (ZnO 94% , Al6%) ME coli

1.11 S. aureus

0Dy (nm)

0 0.01 0.5 1

Zn(Q: Al concentrations (%)

1.2+ D (ZnO 100% , Al0%) B coli
109 Bl s aoeus

1.0 1.01

.91
0.8
01.71

0.6 0.61

0D (nm)

0.4 -
0.29

0.2

0.08 0.11

0 0.01 0.5 1

ZnO: Al concentrations (%o)

Fig. 5. Effect of different concentrations of ZnO:Al nanoparticles with various aluminum doping percentages on the growth
of S. aureus and E. coli.
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Table 7. Zone of inhibition measurements for S. aureus and E. coli in
the presence of ZnO:Al nanoparticles with different aluminum doping
percentages at various nanoparticle concentrations (0.01%, 0.5%, 1% and
Control groups include DMSO and a blank disc).

Zone of Inhibition (mm)

nanoparticles Organism (Diameter)

1 2 3 4 5
I B
S T -
comn g1 BB b
oo Spre 0o w0

(0%) showed weaker effects in inhibiting bacterial
growth. Increasing the nanoparticle concentration
also positively influenced the growth inhibition
zone for S. aureus.

In conclusion, these results indicate that ZnO:Al
nanoparticles with different aluminum doping
percentages can effectively inhibit the growth of
certain bacteria, especially S. aureus. Therefore,
these nanoparticles could have potential
applications in antibacterial and medical fields,
particularly in combating infections caused by S.
aureus.

Possible Mechanism of Antibacterial Activity of
Nanoparticles

The antibacterial activity of ZnO:Alnanoparticles
can be attributed to several mechanisms, including
the generation of ROS, where ZnO and aluminum-
doped nanoparticles produce ROS that cause
membrane damage and bacterial cell destruction.
Another mechanism is the electrostatic interaction
with the bacterial membrane, as ZnO nanoparticles
carry a positive charge, allowing them to interact
with the negatively charged bacterial membrane
and disrupt its permeability [9].

Additionally, disruption of membrane proteins
occurs when ZnO nanoparticles interact with thiol
(-SH) groups of membrane proteins, altering their
function and ultimately leading to cell death.
Furthermore, biofilm inhibition and reduced cell
adhesion play a role, as nanoparticles may prevent
bacterial biofilm formation, thereby inhibiting
bacterial attachment and colonization on surfaces.

CONCLUSION
This study demonstrated that aluminum doping
significantly affects the physical properties and
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antibacterial performance of ZnO nanoparticles.
Structurally, aluminum incorporation into the
ZnO crystal lattice reduced crystallite size, shifted
XRD diffraction peaks, and improved particle
homogeneity. In terms of optical properties, the
increase in the optical band gap and the blue shift
in absorption confirmed the modifications in ZnQO’s
electronic structure, enhancing its efficiency for
photonic and catalytic applications.

Antibacterial assessments revealed that 8%
ZnO:Al exhibited the highest inhibitory effect
on bacterial growth, with S. aureus being more
sensitive to the nanoparticles than E. coli. This
difference is likely due to variations in the bacterial
cell wall structures and stronger electrostatic
interactions between the nanoparticles and S.
aureus.

Given these findings, ZnO:Al nanoparticles
hold great potential for optoelectronic devices,
antibacterial coatings, biosensors, and biomedical
applications. Further studies on their thermal
stability, electrical behavior, and cytotoxicity are
recommended to optimize their industrial and
biomedical applications.
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