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ABSTRACT. The expanding use of aluminum oxide nanoparticles (Al:Os-NPs) across industrial applications
necessitates evaluating their biological interactions and potential environmental risks. This study provides a
comprehensive assessment of the cytotoxic, genotoxic, and molecular effects of Al.Os-NPs on Musca domestica
larvae, a suitable model for nanoparticle-induced toxicity. Biochemical analyses showed significant elevations in
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities following exposure, indicating
cellular damage. Flow cytometric analysis revealed marked alterations in cell cycle progression, including decreased
Go—G: phase populations and increased S, G>—M, and pre-G: (apoptotic) fractions, reflecting DNA damage and cell
cycle arrest. Complementary viability assays demonstrated substantial reductions in cell viability and increased early
and late apoptosis, while necrosis remained minimal. Molecular docking indicated strong and selective binding of
AlLOs-NPs to cytochrome P450, characterized by a stable hydrogen bond at SER410, suggesting preferential
interactions with detoxification pathways. Correspondingly, several cytochrome P450 genes, particularly CYP6A36
and CYP6G4, were significantly upregulated, reflecting an adaptive detoxification response to nanoparticle-induced
stress. Collectively, the findings demonstrate that Al.Os-NPs disrupt cellular homeostasis in insects through
oxidative, apoptotic, and detoxification-mediated mechanisms, providing important insights into the mechanistic
toxicology and environmental implications of aluminum-based nanomaterials.
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INTRODUCTION

Metal NPs are particularly noteworthy due to their remarkable versatility, making them valuable
across a variety of sectors, including industrial, biomedical, environmental, and electronic
industries [1]. However, the widespread use and release of metal NPs into the environment have
inevitably led to exposure of living organisms [2]. This growing exposure raises concerns about
their potential toxicological effects and environmental risks, particularly regarding their
interactions with biological systems [3]. Emerging research has begun to explore the toxic effects
of metal NPs, such as aluminum oxide (Al.Os NPs), particularly because underlying mechanisms
remain incompletely understood [4, 5].

Al20s NPs are among the most widely used metal nanoparticles and have a wide range of
applications, including coatings, textile functionalization, drug delivery systems, and as
aluminum-based adjuvants in vaccines to modulate immune responses and enhance vaccination
efficacy [6]. However, despite their beneficial uses, studies have shown that the accumulation of
Al:0s NPs in biological tissues can interfere with essential metabolic pathways, leading to
significant toxicological effects [7]. Aluminum oxide nanoparticles (Al2Os-NPs) are widely used
in catalysis, wastewater treatment, food packaging, and cosmetics, resulting in their release into
soil and aquatic ecosystems [8]. Although Al.Os-NPs have been reported to induce oxidative
stress and toxicity in mammalian and aquatic systems, their impacts on insects remain poorly
understood [9] . In particular, little is known about their potential to bioaccumulate, alter oxidative
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and apoptotic pathways, and interact with detoxification systems such as cytochrome P450
enzymes in insects. Previous studies have emphasized the ecotoxicological implications of metal-
based compounds, highlighting their potential to disrupt biological systems and compromise
environmental safety [10, 11].

Understanding the adverse effects of nanoparticles (NPs) in biological systems can
significantly enhance our knowledge of their interactions at the cellular and organelle levels [12].
Since insects inhabit a wide range of ecological habitats and play crucial roles in numerous trophic
networks, evaluating the effects of NPs on insect populations is essential. Such investigations may
also shed light on the potential for nanoparticle accumulation and transfer across trophic levels,
offering critical insights into their ecological persistence and magnification [13].

The house fly, Musca domestica L. (Diptera: Muscidae), is a globally distributed, highly
mobile insect species of considerable sanitary concern in both medical and veterinary contexts
[14]. Its capacity to disseminate a wide range of pathogens and diseases affecting humans and
animals has been well documented [15]. These include bacterial infections such as dysentery,
cholera, shigellosis, and avian influenza, as well as salmonellosis [16], as well as pathogens such
as Staphylococcus, Enterococcus, and Escherichia coli, the causative agents of typhoid fever,
tuberculosis, ophthalmia, anthrax, and others [17]. Notably, house flies have also been implicated
in the transmission of antibiotic-resistant bacterial strains [18].

Beyond its significant role as a mechanical vector of numerous human and animal pathogens,
Musca domestica serves as a valuable invertebrate model for toxicological research [19] due to
its short life cycle, ease of laboratory rearing, and well-characterized developmental biology,
making it a practical and cost-effective organism for investigating the biological effects of
environmental toxicants, including nanoparticles. The house fly possesses a well-developed
innate immune system and detoxification machinery, making it a suitable model for evaluating
nanoparticle-induced cytotoxicity, genotoxicity, and molecular interactions. Owing to its frequent
environmental exposure to nanomaterials, M. domestica offers ecologically relevant insights into
nanoparticle uptake, distribution, and cellular responses. Therefore, its use in this study facilitates
the assessment of sub-lethal and mechanistic effects of aluminum oxide nanoparticles within a
realistic biological and ecological context.

Despite the increasing use of aluminum oxide nanoparticles across various industrial and
biomedical fields, their potential ecological risks, particularly to terrestrial insects, remain
underexplored. Most previous studies have focused on mammalian or aquatic models, leaving a
critical gap in understanding their impact on insect physiology and detoxification systems.
Furthermore, limited attention has been given to the integration of biochemical, cellular, and
molecular responses in response to nanoparticle exposure.

The novelty of this study lies in its integrative approach to evaluate the toxicological effects
of Al:Os nanoparticles in Musca domestica. Unlike previous studies, this work combines
bioaccumulation analysis, enzymatic biomarkers, cell cycle and apoptosis assays, gene expression
profiling of detoxification-related genes, and molecular docking simulations. Furthermore, this
study provides new evidence on the interaction between ALOs-NPs and cytochrome P450
enzymes at both molecular and transcriptional levels in an insect model, offering novel insights
into nanoparticle-induced detoxification mechanisms.

MATERIALS AND METHODS
Al,O3 nanoparticles and characterization
Aluminum oxide NPs were purchased from Sigma-Aldrich (product number 544833) < 50 nm

particle size (TEM). The nanoparticles were characterized by transmission electron microscope
as described in previous study [20]. In addition to transmission electron microscopy (TEM), the
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physicochemical properties of ALOs nanoparticles were further characterized using X-ray
diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) at Nanogate, Egypt.

Animals

A laboratory stock colony of M. domestica was established from the Medical Entomology
Research Institute, Giza, Egypt. The house fly colony was maintained in a laboratory at 27 °C and
55-60% relative humidity. Adults were kept in rearing cages, and larval feeding medium consisted
of bran, yeast powder, milk powder, and water (20: 1: 2: 20), respectively, according to Arriaga
and Cortez- Madrigal [21]. Proper rearing conditions were maintained across all developmental
stages.

Administration of Al,O3; nanoparticles.

Prior to administration, the solution was sonicated for 5 minutes and subsequently applied as
described by Mir et al. [22]. Newly hatched larvae were fed with the above-mentioned medium,
which contains the LCso of Al,O3as described in our previous work [20]. In the control group,
larvae were not exposed to nanoparticles. Experiments were run in triplicate, with 50 larvae in
each replicate.

Al;,03-NPs bioaccumulation in gut tissues of M. domestica

Al,03; NP accumulation was estimated in the larval gut using an atomic absorption spectrometer
(GBC 932AA, SensAA, Dandenong, Australia) according to [22], with slight modifications.

Determination of apoptotic and cell cycle

The incidence of apoptosis and cell cycle in the larval gut were analyzed using Annexin V-FITC,
following the manufacturer’s protocol (Annexin V-FITC apoptosis detection kit, Sigma—Aldrich,
Germany). Gut tissues were dissected on ice and homogenized in cold phosphate-buffered saline
(PBS, pH 7.4) at 4 °C. The resulting cell suspensions were centrifuged, and the cells were washed
three times with PBS. Subsequently, the cells were resuspended in 195 pL of binding buffer and
incubated with 5 pL of Annexin V-FITC for 10 minutes in the dark. After additional washing,
10 uL of propidium iodide (PI) was added to 190 pL of the resuspended cell solution. Stained
cells were immediately analyzed using flow cytometry (Becton Dickinson, Franklin Lakes, NJ,
USA), and data were processed with CellQuest Pro software (version 5.2.1, BD Biosciences,
2005).

Assessment of caspase-3 and caspase-9 enzymatic activities

The activities of caspase-3 and caspase-9, as indicators of apoptotic processes in control and
treated larvae, were quantified using specific luminescent assay kits (Caspase-Glo® 3 and 9,
Promega). For this assay, gut tissue homogenates were seeded at a density of 5 x 10* cells per
well in a 96-well microplate and incubated under assay conditions according to manufacturer
instructions. Following incubation, both control and treated larvae were equilibrated to room
temperature. Subsequently, 100 pL of the Caspase-Glo® 3 or 9 reagent was added to each well,
along with an equal volume (100 pL) of culture medium. The plate was gently agitated for 30
seconds at 500 rpm to ensure thorough mixing. After a 30-minute incubation at room temperature,
absorbance was recorded at 405 nm using a microplate reader (BioTek ELISA reader).
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Determination of aminotransferase enzyme (GPT /ALT and GOT /AST)

Levels of the enzymes AST (Aspartate Aminotransferase) (GOT) and ALT (Alanine
Aminotransferase) (GPT) in gut tissues were estimated colorimetrically according to the method
of Reitman and Frankel [23].

Gene expression of cytochrome P450
RNA isolation, cDNA synthesis, and quantitative PCR analysis (QPCR)

Total RNA was extracted from Musca domestica larvae treated with the LCso concentration of
aluminum oxide nanoparticles (Al2Os-NPs), as well as from untreated controls, using BIOZOL
reagent (Bioflux, Cat. No. 10760055-1), following the manufacturer’s protocol. First-strand
complementary DNA (cDNA) synthesis was carried out using 1000 ng of total RNA with the
GScript ULTRA First-Strand Synthesis Kit (GeneDireX, Inc., Taiwan). The reverse transcription
reaction was performed at 42 °C for 30 minutes, followed by enzyme inactivation at 70 °C for
5 minutes.

The relative gene expression levels of five cytochrome P450 genes, CYP6A, CYP6A36,
CYP6D1, CYP6D3, and CYP6G4, were quantified following the methodology of Hgjland et al.
(2014). Quantitative PCR was performed using the following thermal cycling conditions: initial
denaturation at 95 °C for 10 minutes, followed by 40 amplification cycles of 95 °C for 10 seconds,
60 °C for 10seconds, and 72 °C for 10 seconds. Each sample was run in triplicate. Primer
sequences used in the gPCR assays are provided in Table 1. The relative expression levels were
calculated using the 2-22¢ method [24], with B-actin serving as the reference gene.

Table 1. List of primer names used in the study and their sequences.

Primer name 5" - Primer sequence - 3
CYP6A F AATTTTGCCAATCGTGGTCTG
CYPBAR TCCACCATTACCAAGTGGCC
CYP6A36 F AAAGGCATGGCCGTTGTTAT
CYP6A36 R ACTTGAGAAGCGGCAAAATG
CYP6D1 F GCAAATGCACTCAGGATTTCC
CYP6D1R TGCCCAAGAGGGAGATGATAA
CYP6D3 F TGCCCCATAAGGGAGGGCT
CYP6D3 R AGACCATTGACTGGTACTAAAACCG
CYP6G4 F GCTGCAAAGCAAATTGGG
CYP6G4 R ACTACGCACCACATTCAG
actinF GAGAAATCCTATGAACTTCCCGACG
actinR GGATACCGCAAGATTCCATACCCAA

Molecular docking

Al:Os was modeled as a simplified molecular cluster to approximate potential interaction patterns
with caspase 3 (Uniprot ID: Q9VET9), cytochrome P450 (Uniprot ID: P33269), and P53 using
PDB ID (1TUP). The 3D structure of AL,O3 was obtained from PubChem (CID: 14769) and
geometry optimized using the Universal Force Field (UFF) in Avogadro 1.2.0 prepared using
Autodock Tools 1.5.6 by adding polar hydrogens and charges followed by conversion to PDBQT
format.

The binding sites were identified using DeepSite for docking grid generation. A grid box was
centered on the active site residues and generated by Autogrid 4. The docking parameters used
were: ga_pop_size of 300, ga_num_evals of 25000000, and ga_num_generations of 27000.
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Docking was performed with 100 runs and default settings. The best conformations were analyzed
for binding interactions using Discovery Studio Visualizer 4.0 (Biovia 2020).

Software and licensing

All computational analyses were conducted using a combination of free and licensed software, as
detailed below. The 3D structure of Al:Os was geometry-optimized using Avogadro 1.2.0
(GPLv2, open-source), which is fully free for academic use. Ligand preparation and molecular
docking were performed with AutoDock Tools 1.5.6 and AutoDock 4 / AutoGrid 4, which are
free for academic and research purposes under the AutoDock Academic License. Active site
prediction was carried out using DeepSite, an online platform available for non-commercial
academic research. Binding interactions were visualized using Discovery Studio Visualizer 4.0
(Biovia 2020). The analyses reported here were conducted using the free version of the software,
which is available for academic research; advanced licensed features were not used. All software
usage complied with the respective academic licensing agreements, ensuring reproducibility and
adherence to ethical research standards.

Statistical analysis

All experiments were performed with n = 3 biological replicates, each consisting of 50
individuals. Technical replicates were included for gPCR assays. Results are expressed as mean
+ SEM. Statistical significance was determined using one-way ANOVA followed by Tukey’s
HSD test.

RESULTS AND DISCUSSION
Al,Os-NPs characterizations and accumulation

A Transmission Electron Microscope (TEM) was used to determine the physical characteristics
of Al,O3-NPs, revealing that the particles were spherical or oval and aggregated. The size of the
particles ranged from 21.79 to 30.35 nm, with a mean diameter of 26.27 + 4.43 nm, which was
similar to the manufacturer’s reference (< 50). XRD analysis confirmed the crystalline nature of
Al20s nanoparticles, showing characteristic diffraction peaks corresponding to aluminum oxide
phases. FTIR spectra revealed distinct absorption bands attributed to Al-O stretching vibrations,
confirming the chemical structure and stability of the nanoparticles (Figure 1). FTIR spectrum of
nano-Al:Os exhibited a strong and broad absorption band in the region of 500-800 cm™, which is
attributed to ALOs stretching vibrations, confirming the formation of aluminum oxide
nanoparticles. The broad nature of this band may be related to the nanoscale size and structural
defects. Weak bands observed around 1600 cm™ and 3200-3500 cm™! correspond to bending and
stretching vibrations of adsorbed water molecules and surface hydroxyl groups, respectively. The
absence of characteristic peaks related to organic functional groups, such as C=0 and C-H,
indicates the high purity of the synthesized nanoparticles.
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Figure 1. Characterization of Al-Os nanoparticles by TEM (A), XRD (B) and FTIR (C).

Accumulation levels of Al.Os nanoparticles in the gut tissue of M. domestica larvae are
illustrated in Figure 2A. A significant increase (p < 0.05) in Al.Os concentration was observed in
treated larvae (mean 3.7 pg/mL) compared to the control group (mean 0.07 pg/mL. This marked
elevation in accumulation indicates the ability of Al.Os nanoparticles to penetrate and localize
within the larval gut following oral ingestion, suggesting the gut as a primary site for nanoparticle
uptake and interaction in insects.

Recent studies have increasingly explored the toxicological effects of nanoparticles (NPs) on
biological systems, particularly given their growing industrial and commercial applications [26].
Due to the ethical and logistical constraints of conducting such studies in humans or mammalian
models, alternative invertebrate models, such as the house fly (Musca domestica), have gained
attention for evaluating environmental toxicity [27] [28]. The present study employed M.
domestica to assess the bioaccumulation and molecular impacts of aluminum oxide nanoparticles
(A20s-NPs), an emerging nanomaterial of widespread use. Musca domestica is ecologically
relevant, easy to rear, and possesses a well-characterized physiology, making it a suitable model
for nanoparticle toxicity studies. Given the potential for environmental exposure through
industrial waste, packaging materials, and contaminated food or water, oral administration was
chosen to mimic realistic exposure routes [29] [30]. This enabled the examination of intestinal
uptake, systemic distribution, and cellular interactions of Al:Os-NPs under conditions that
resemble environmental exposure [22].

Nanoparticles are known to traverse epithelial barriers and reach systemic circulation, aided
by their small size and surface chemistry, which enable them to overcome acellular and cellular
defenses [31]. Consistent with findings reported by [10, 11], our results support the view that
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metal oxide nanoparticles exert toxicity primarily through oxidative stress and disruption of
detoxification pathways.

Our results confirm the internalization of Al-Os-NPs in larval tissues, consistent with prior
findings [32], and suggest their passage through the gut barrier into the hemolymph. The dense
extracellular matrix and selective permeability of intestinal tissues play a key role in modulating
this uptake, particularly favoring particles < 20 nm [33]. Once internalized, the nanoparticles
induced significant biochemical and cellular disruptions.
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Figure 2. A: Accumulation of Al:Os nanoparticles in the gut of Musca domestica larvae;
B: Effect of Al:Os Nanoparticles on ALT and AST activities in Musca domestica
Larvae. Data are expressed as mean+ SE.

Determination of aspartate and amino-transferase (AST), alanine aminotransferase (ALT)

Alterations in alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities
following treatment with Al-Os nanoparticles in M. domestica larvae were determined (Figure
2B). Both ALT and AST activity levels were elevated in the Al.Os-treated group compared to the
control, with a more pronounced increase in AST activity.

Elevated AST and ALT levels indicated hepatocellular stress and tissue injury, possibly linked
to increased energy demand under stress via amino acid catabolism [34]. This enzymatic response
is commonly observed under pathological conditions and reflects metabolic shifts associated with
NP-induced toxicity.

Cell cycle results

Treatment with Al:Os nanoparticles led to a substantial decrease in the percentage of cells in the
G0-G1 phase compared to the control group (Figure 3), indicating a possible disruption in normal
cell cycle progression and proliferation. Conversely, a marked increase in the S and G2—M phase
populations was observed in the Al.Os-treated group indicating induction of cell cycle arrest at
the DNA synthesis and mitotic phases, possibly due to DNA damage or interference with cell
division mechanisms. Additionally, the elevated percentage of cells in the Pre-G1 phase in the
treated group may reflect an increase in apoptotic or sub-G1 cells, supporting the cytotoxic impact
of Al2Os nanoparticles.
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Figure 3. Effect of Al,O3 nanoparticles on cell cycle distribution of Musca domestica larvae. Data
are presented as mean + SD.

Treatment with Al:Os nanoparticles significantly reduced the percentage of viable cells
compared with the control group, suggesting cytotoxic effects. In contrast, the Al.Os-treated group
exhibited a substantial increase in both early and late apoptotic cell populations, with a marked
elevation in total apoptosis (Figure 4). This indicates that Al-Os nanoparticles strongly induce
programmed cell death pathways. Necrotic cell levels remained relatively low and comparable
between the two groups, implying that apoptosis, rather than necrosis, is the dominant mode of
cell death induced by AlOs exposure. Collectively, Al:Os nanoparticles significantly compromise
cell viability and promote apoptotic cell death in M. domestica larvae, highlighting potential
implications for insect cellular homeostasis and nanoparticle-induced toxicity.

So, flow cytometric analysis revealed cell cycle arrest and a marked increase in apoptotic
populations. Apoptosis appeared to be mediated by the mitochondrial (intrinsic) pathway, as
evidenced by significant upregulation of caspase-9 and caspase-3 activities. This aligns with
previous studies reporting NP-induced oxidative stress and ROS generation as key mechanisms
of cytotoxicity [35]. ROS not only disrupt cellular homeostasis but also damage DNA directly or
through lipid peroxidation and protein oxidation, ultimately triggering apoptosis [36].
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Figure 4. Flow cytometry analysis of apoptosis and viability in Musca domestica larvae treated
with Al2Os-NPs. Data are presented as mean + SD.

Caspases activities

Figure 5A illustrates the activities of caspase-3 and caspase-9 in control and Al.Os-treated groups.
A significant increase in the activities of both caspases was observed in the AL:Os-treated group
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compared to the control group. Specifically, caspase-3 activity is markedly elevated, indicating
strong activation of the execution phase of apoptosis. Similarly, caspase-9 activity is also
increased, suggesting the involvement of the intrinsic (mitochondrial) apoptotic pathway.

Supporting this, previous research has shown that nanoparticles can bind to sulfur- and
phosphorus-containing biomolecules, leading to enzyme denaturation and impaired organelle
function [27, 37]. The current findings are consistent with these mechanisms, further confirming
that Al.Os-NPs compromise cell viability and promote ROS-dependent apoptosis.
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Figure 5. A: Activities of apoptotic markers caspase-3 and caspase-9 in Musca domestica larvae
following exposure to Al:Os-NPs. B: Relative Expression Levels of Cytochrome P450
Genes (CYP6A, CYP6A36, CYP6D1, CYP6D3, and CYP6G4) in Musca domestica
larvae following exposure to Al.Os Nanoparticles.

These results suggest that Al:Os exposure induces apoptosis, likely through the intrinsic
pathway, as indicated by the activation of caspase-9, followed by downstream activation of
caspase-3. The data support the hypothesis that Al.Os has pro-apoptotic effects at the cellular
level, potentially through mitochondrial-mediated mechanisms.

Gene expression analysis of cytochrome P450 genes

Quantitative real-time PCR analysis revealed that exposure to Al:Os nanoparticles at the LCso
concentration significantly altered the transcriptional profiles of several cytochrome P450 (CYP)
genes in Musca domestica larvae (Figure 5B). Notably, CYP6A36 and CYP6G4 were markedly
upregulated in treated larvae compared to the control group, with fold increases of 4.2 + 0.38 and
3.6 + 0.44, respectively (p < 0.01). Similarly, CYP6D1 and CYP6D3 also exhibited significant
upregulation (2.9 + 0.27 and 3.1 + 0.31-fold, respectively; p < 0.05). In contrast, CYP6A
expression increased only modestly (1.5 £ 0.19-fold), which was not statistically significant (p >
0.05).

These results suggest that Al.Os-NP exposure activates specific detoxification-related genes
in M. domestica, particularly those belonging to the CYP6 family. The observed gene-specific
upregulation suggests a potential adaptive metabolic response to mitigate nanoparticle-induced
stress, with CYP6A36 and CYP6G4 emerging as key players in detoxification.

Importantly, detoxification responses were also activated by NP exposure. Insects possess a
robust detoxification system, primarily involving cytochrome P450 monooxygenases (CYPs),
which metabolize xenobiotics including insecticides and environmental pollutants [38] [39]. In
our study, increased expression of specific P450 genes suggests an adaptive response to Al2Os-
induced stress. CYP enzymes are known for their broad substrate specificity, high catalytic
efficiency, and gene amplification or transcriptional upregulation during toxicant exposure [40]
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[41] [42] [43] [44]. Such overexpression has been reported across various insect taxa [45], [46],
[47], and our findings support the role of CYPs in mitigating nanoparticle toxicity.

The induction of CYP6A36 and CYP6G4 by Al.Os-NPs suggests a role of P450-mediated
detoxification in nanoparticle tolerance. These genes are known to be associated with insecticide
resistance and xenobiotic metabolism, supporting the hypothesis that nanoparticles may trigger
overlapping defense pathways [48].

Molecular docking

Molecular docking studies revealed differences in the binding affinity and modes of interaction
between Al,Os; and the two proteins, caspase 3 and cytochrome 450 (Tables 2 and 3).

Table 2. AG and binding affinity for each protein with Al2Oa.

Receptor AG (Kcal /mol) Redocking AG Ligand
autodock (H-dock docking score) | (Kdeep) efficiency
caspase 3 (Uniprot ID: Q9VET9) +0.44 -51. 76 -3.17 -0.63
cytochrome P450 (Uniprot ID: -5.58 -52.30 -3.27 -0.65
P33269).

For caspase 3, Al,O3; showed a positive AG value of +0.44 kcal/mol in Autodock, indicating
an unfavorable interaction. This was consistent with the redocking result from HDOCK, which
also gave an unfavorable docking score of -51.76. The Kdeep AG value of -3.17 kcal/mol also
indicates a lack of strong binding. The ligand efficiency was low at -0.63. Analysis of the binding
mode reveals an unfavorable acceptor-acceptor interaction between AL203 and the GLY130
residue. A weak C-H bond is also seen with THR 131. Overall, these results suggest AL203 has
poor binding affinity for caspase 3 (Table 2).

In contrast, for cytochrome P450, AL,O; displayed a favorable negative AG value of -5.58
kcal/mol in Autodock, indicating stronger binding affinity. The redocking HDOCK score of -
52.30 and Kdeep AG value of -3.27 kcal/mol corroborate this stronger affinity. The ligand
efficiency is slightly better at -0.65. The binding mode reveals a hydrogen-bond interaction
between Al,O; and the key residue, SER 410, in the active site. This specific interaction likely
contributes to the preferential binding of Al,O5 to cytochrome P450 compared to caspase 3 (Table
3).

Table 3. 2D, 3D and interactions of each protein.

Protein 2D Interaction
caspase 3 Unfavourabl
(Uniprot e Aceptor -

ID: Aceptor
QIVETY) o 9 o (GLY 130 -
R 6 vaa 2.44A)
PN : C-H bond
(THR131 -
377 A)
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cytochrom H-Bond
e P450 (SER 410 -
(Uniprot 2.86A)
ID:
P33269) 286 (SER

o U o A410

In summary, in silico analysis suggests that Al.Os; exhibits a relatively higher binding
tendency toward cytochrome P450 compared to caspase-3. The docking results indicate more
favorable interaction patterns with cytochrome P450, which may be attributed to potential
interactions with active site residues such as serine. However, these findings should be interpreted
with caution, as the modeling of metal oxide nanoparticles in docking studies represents a
simplified approximation. Therefore, the observed interactions may reflect potential binding
tendencies rather than definitive molecular interactions.

In summary, this study provides compelling evidence that dietary exposure to Al.Os-NPs
results in significant bioaccumulation, oxidative stress, apoptotic cell death, and activation of
detoxification pathways in M. domestica. These findings contribute to the growing body of
literature on nanoparticle toxicology and highlight the utility of M. domestica as a sensitive and
effective model organism for evaluating nanomaterial-induced hazards.

Despite the findings of this study, an important limitation should be acknowledged. The study
was conducted under controlled laboratory conditions, which may not fully reflect environmental
complexity. Future research should incorporate broader ecological assessments with multi-dose
response.

CONCLUSION

Al2Os nanoparticles induce pronounced toxicity in Musca domestica larvae through coordinated
disruption of cellular homeostasis, characterized by apoptosis activation and detoxification
responses. The combined biochemical, molecular, and in silico evidence highlights cytochrome
P450 enzymes as key targets in nanoparticle interaction and stress adaptation. These findings
provide mechanistic insight into nanoparticle-induced toxicity and underscore the potential
ecological risks associated with their environmental dissemination.
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