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ABSTRACT

Obijective(s): Titanium dioxide nanoparticles (TiO, NPs), which are widely used in food and consumer
products, have been associated with oxidative stress and inflammatory toxicity. Eugenol, a naturally occurring
phenolic compound with well-established anti-inflammatory and antioxidant properties, may exert protective
effects when delivered through nanocarriers.

Materials and Methods: TiO, nanoparticles were synthesized via a co-precipitation method and subsequently
functionalized with eugenol (TiO,@eugenol). FTIR, XRD, DLS, zeta potential analysis, FE-SEM, and TEM
were used to characterize the nanoparticles. Thirty-six BALB/cJ mice were randomly assigned to six groups
(n = 6 per group). They received intraperitoneal injections of free eugenol, TiO, nanoparticles, or
TiO,@eugenol at low (50 mg/kg) or high (200 mg/kg) doses for 14 days. Following the treatment period,
serum concentrations of IL-1p, IL-6, and TNF-o were measured using ELISA; hepatic caspase-3/7 activity
was assessed; and histological examinations of the liver, kidney, and spleen were performed. Gene expression
of antioxidant markers (SOD3, GR, GPx) in liver tissue was evaluated by qRT-PCR.

Results: TiO, NPs significantly increased pro-inflammatory cytokines and hepatic caspase-3/7 activity. They
also induced necrosis and inflammatory alterations in the liver, kidney, and spleen. In contrast, TiO,@eugenol
markedly suppressed cytokine release and apoptotic activity while preserving tissue architecture. gRT-PCR
analysis showed that TiO, NPs downregulated antioxidant-related genes, whereas TiO,@eugenol
significantly upregulated their expression, indicating improved redox homeostasis.

Conclusion: Eugenol functionalization improved the biocompatibility profile of TiO, NPs and provided
substantial protection against TiO,-induced toxicity by attenuating inflammation, apoptosis, and oxidative
stress while restoring antioxidant defenses. These findings highlight the therapeutic potential of eugenol-
loaded TiO, nanoparticles and support further investigation in extended exposure models and disease-specific
applications.
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their bulk counterparts, including enhanced
reactivity, improved solubility, and altered
biological interactions [1, 2]. Among the wide range
of engineered nanomaterials, titanium dioxide
nanoparticles (TiO, NPs) have attracted
considerable attention due to their
biocompatibility, stability, photocatalytic activity,

INTRODUCTION

The advent of nanotechnology has
revolutionized multiple scientific disciplines by
enabling the design, modification, and application
of materials at the nanoscale. At this dimension,
materials  exhibit  unique  physicochemical
properties that differ substantially from those of
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and cost-effectiveness. These nanoparticles are
widely incorporated into cosmetics, sunscreens,
paints, and food additives owing to their UV-
blocking and whitening capabilities [3-5].
Furthermore, their emerging biomedical
applications—such as antimicrobial therapies and
targeted drug delivery—have intensified research
into their interactions with biological systems.
Despite these advantages, growing evidence
indicates that TiO, NPs may elicit unintended
cytotoxic and immunotoxic responses, particularly
following systemic exposure [6, 7].

Nanoparticles such as TiO, can interact with
biological fluids and tissues, forming a protein-rich
coating known as the bio-corona. This layer,
composed of proteins, lipids, and other
biomolecules, defines the nanoparticle's biological
identity and influences its cellular uptake,
biodistribution, and immunogenicity [8, 9]. Upon
internalization—particularly by immune cells such
as macrophages and dendritic cells—TiO, NPs may
initiate inflammatory signaling through
mechanisms involving oxidative stress,
inflammasome activation, and cytokine release [10,
11]. Prolonged exposure or accumulation of these
particles may consequently result in chronic
inflammation, tissue injury, or, in some cases,
tumorigenesis [12, 13]. A major pathway through
which nanoparticles exert toxicity is the excessive
generation of reactive oxygen species (ROS). This
occurs when the surface of TiO, NPs catalyzes redox
reactions under UV or visible light exposure. ROS
overproduction can induce oxidative damage to
proteins, lipids, and nucleic acids, ultimately
impairing cellular function and initiating apoptosis
or necrosis [14, 15]. The anatase crystalline form of
TiO, is particularly noted for its heightened
photocatalytic  activity and ROS-generating
capacity, making it more bio-reactive—and
potentially more toxic—than the rutile form [16,
17]. In light of these toxicological concerns,
naturally derived compounds with antioxidant and
anti-inflammatory properties have been explored
as potential modifiers to mitigate NP-induced
damage. One such compound is eugenol, a phenolic
phytochemical predominantly found in clove,
cinnamon, tulsi, and other aromatic plants. It
exhibits a broad spectrum of biological activities,
including antimicrobial, antioxidant, anti-
inflammatory, and anticancer effects [18-20]. These
properties position eugenol as a promising
candidate for functionalizing or loading onto
nanoparticles to enhance their therapeutic utility
while diminishing toxicity. Recent research suggests
that eugenol can attenuate inflammatory
responses by reducing cytokine production,
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scavenging ROS, and stabilizing cellular membranes
[20, 21]. When incorporated into nanoparticles,
eugenol not only enhances biocompatibility but
may also modulate immune function by lowering
macrophage activation and neutrophil recruitment.
Thus, eugenol-loaded TiO, NPs represent an
innovative approach that integrates the structural
advantages of nanomaterials with the biological
potency of phytochemicals. Furthermore, the
immune response to TiO, NPs is highly dependent
on the nanoparticle’s size, morphology, surface
charge, and surface functionalization. These
characteristics determine how the immune system
recognizes and interacts with the particle,
influencing processes such as opsonization,
phagocytosis, and cytokine production [10, 22]. In
the absence of surface modification, TiO, NPs are
often perceived as foreign entities, triggering
innate immune responses via toll-like receptors
(TLRs) and inflammasome pathways, such as
NLRP3. These interactions promote the release of
pro-inflammatory cytokines, including IL-1B and IL-
18, and recruit immune cells to the site of exposure
[23, 24]. The adaptive immune system may also be
activated, particularly if nanoparticles act as
haptens by binding to proteins and forming
complexes that can trigger antibody production or
T-cell activation. Such immune recognition can be
advantageous—for example, in vaccine adjuvant
design—or detrimental, leading to hypersensitivity
or autoimmune reactions [25-27]. Therefore,
regulating the immune-modulatory properties of
nanoparticles is essential to ensuring their safe and
effective use in biomedical and industrial
applications.

Despite the promising potential of TiO, NPs and
the protective properties of  eugenol,
comprehensive in vivo studies evaluating their
combined effects on cytotoxicity and inflammation
remain limited. The route of administration plays a
critical role in shaping the biodistribution and
toxicological profile of nanoparticles; however,
many existing studies rely primarily on in vitro
assays or assess only a single biological endpoint.
Although various investigations have characterized
phytochemical-nanoparticle conjugates or
explored TiO,-induced toxicity in vitro, relatively
few have provided an integrated, in vivo, head-to-
head comparison of a free phytochemical versus
the same compound delivered through an inorganic
nanocarrier. Additionally, much of the previous
work has been restricted either to physicochemical
characterization or to isolated biological
assessments. In this study, we combine (i) a
reproducible eugenol functionalization of TiO,
supported by comprehensive physicochemical
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characterization (TEM, XRD, FTIR, DLS/zeta
potential), (ii) in vitro release profiling with kinetic
analysis under physiologically relevant pH
conditions, and (iii) a 14-day in vivo comparison of
free eugenol and TiO,-loaded eugenol in liver,
kidney, and spleen using histopathology, systemic
cytokine profiling, apoptosis assays, and gene
expression analysis of the Nrf2/HO-1 antioxidant
axis. By integrating physicochemical,
pharmacological, and mechanistic endpoints, our
work provides a more translationally relevant
evaluation of the potential advantages and safety
profile of eugenol delivery via TiO, nanoparticles.
This research aims to investigate the comparative
effects of free TiO, NPs and eugenol-loaded TiO,
NPs on cytotoxicity and inflammatory responses
following intraperitoneal administration in a
murine model. By elucidating how eugenol
modulates the biological behavior of TiO» NPs, this
study contributes to the development of safer
nanoparticle designs for biomedical and industrial
applications. Furthermore, it adds to the growing
body of evidence supporting the incorporation of
plant-derived compounds in nanomedicine to
balance therapeutic efficacy with improved
biocompatibility.

MATERIALS AND METHODS
TiO» NPs synthesis and characterization

Titanium dioxide nanoparticles (TiO, NPs) were
synthesized via a co-precipitation method using
analytical-grade  reagents  without further
purification. Titanium tetrachloride (TiCl;) and
sodium hydroxide (NaOH) were mixed at a 1:1
molar ratio under ambient conditions. The resulting
white precipitate was collected by centrifugation,
thoroughly washed with distilled water, and filtered
through cellulose nitrate membranes. The purified
product was then dried at room temperature for 24
hours and subsequently sintered at 100 °C for an
additional 24 hours. Characterization of TiO, NPs
was performed using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD),
dynamic light scattering (DLS), zeta potential
analysis, field-emission scanning  electron
microscopy (FE-SEM), and transmission electron
microscopy (TEM).

Eugenol loading onto TiO, NPs

For drug loading, following the eugenol
calibration assay, 100 mg of synthesized TiO, NPs
was incubated with 50 mg of eugenol under
continuous magnetic stirring at ambient
temperature in the dark for 24 hours. After
centrifugation (10,000 rpm for 10 min), the
supernatant was collected to determine the loading
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efficiency. The precipitate, which contained the
eugenol-loaded TiO, NPs, was stored at -20 °C for
subsequent analyses. The amount of free eugenol
in the supernatant was quantified using UV-Vis
spectrophotometry at 280 nm after appropriate
dilution. A standard calibration curve was
constructed, and the drug-loading efficiency was
calculated using the equation below and further
confirmed by FTIR and zeta potential analysis.

Efficacy of loaded drug% =

Initial drug Concentration—Concentration of unloaded drug

X 100

Initial drug concentration

Evaluation of drug release in vitro

The release of eugenol was evaluated in PBS
solutions at pH 7.2 and pH 4 using the dialysis bag
diffusion method. Eugenol-loaded TiO, NPs (40 mg)
were suspended in 500 pL of PBS and sealed within
dialysis membranes. Each dialysis bag was
immersed in 20 mL of the corresponding PBS
solution and shaken at 100 rpm. At predetermined
time intervals (0.5, 1, 2, 4, 6, 8, 10, 12, 24, and 48
h), a 1-mL aliquot of the release medium was
withdrawn and replaced with an equal volume of
fresh PBS. The amount of eugenol released was
guantified using UV—Vis spectroscopy at 280 nm,
and the cumulative release (%) was calculated
accordingly.

In vivo animal model

Thirty-six adult male BALB/c) mice were
selected for the study. All animals were similar in
age (6—8 weeks) and body weight (18-20 g) to
ensure consistency across experimental subjects.
The mice were obtained from the Royan Institute
for Biotechnology animal facility in Isfahan, Iran.
They were provided with a standard rodent diet
and had unrestricted access to water. To mimic
natural conditions, the animals were housed at 25
+ 2 °C with a 12-hour light/dark cycle, and the
relative humidity was maintained at 55 + 5%.
Before the experiment, the mice were allowed a
one-week acclimatization period. All experimental
procedures followed international guidelines for
the care and use of laboratory animals and were
approved by the Institutional Animal Ethics
Committee of Shahrekord University (Code:
IR.SKU.REC.1403.039). The mice were randomly
assigned to six experimental groups (n = 6 per
group) and received daily treatments at 9:00 a.m.
for 14 consecutive days. The Control group
consisted of healthy mice that received an
intraperitoneal (i.p.) injection of 100 uL deionized
distilled water, which served as the vehicle for both
TiO, NPs and Eugenol-loaded TiO, NPs
(TiO,@Eugenol). The Eugenol group received an i.p.

Nanomed J. 13(2): 356-370, 2026



F.N. Al-Naffakh et al. / Protective role of eugenol-TiO, NPs in cytotoxicity and inflammation

injection of eugenol at 20 mg/kg body weight,
dissolved in 1 mL of deionized distilled water; this
dosage was selected based on previous studies in
mice [28-31]. The Low-dose TiO, NPs group
received 50 mg/kg body weight of TiO, NPs
administered i.p. in 1 mL deionized distilled water,
while the High-dose TiO, NPs group received 200
mg/kg body weight of TiO, NPs prepared in the
same vehicle. The Low-dose TiO,@Eugenol group
received 50 mg/kg body weight of eugenol-loaded
TiO, NPs, and the High-dose TiO,@Eugenol group
was administered 200 mg/kg body weight of the
same formulation.

Tissue and serum collection

After the 14-day treatment period, all animals
were fasted overnight. The following morning, they
were necropsied under mild anesthesia to minimize
pain and stress. Blood samples were collected via
cardiac puncture and immediately processed by
centrifugation. The samples were centrifuged at
1500 g for 10 minutes at 4 °C to obtain serum,
which was then promptly stored at -80 °C for
subsequent immunological analyses. The liver,
kidney, and spleen were carefully excised from
each animal. Tissue samples were collected for
detailed microscopic evaluation and cytotoxicity
assessments. The liver and spleen were
mechanically homogenized with a tissue
homogenizer, and the homogenates were
centrifuged to separate cellular components by
density. The resulting supernatants were stored at
-80 °C, a temperature appropriate for maintaining
biomolecular integrity for future analyses.

ELISA analyze

The enzyme-linked immunosorbent assay
(ELISA) was performed to determine serum levels
of the inflammatory cytokines IL-6, IL-1B, and TNF-
o. Undiluted serum samples and standard solutions
were added to the microplate wells and incubated
with gentle shaking for two hours at room
temperature. After incubation, the wells were
washed five times with the washing buffer. A
conjugated detection antibody was then added,
followed by a one-hour incubation, and the wells
were rewashed. Subsequently, the HRP-avidin
reagent was added and incubated for 30 minutes.
After a final wash, the substrate solution was
added, and the reaction was allowed to proceed for
10 minutes before the stop solution was applied.
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Absorbance was measured at 450 nm using a
microplate reader, and cytokine concentrations
were quantified using a calibration curve generated
from standard solutions.

Assessment of Caspase-3/7 activity

A colorimetric Caspase-3/7 Assay Kit based on
the hydrolysis of the Ac-DEVD-pNA substrate—
which releases p-nitroaniline (pNA) detectable at
405 nm—was used to measure caspase-3 and
caspase-7 activities. Briefly, approximately 40 mg of
tissue was lysed in Caspase Lysis Buffer using
sonication or homogenization, and the lysates were
centrifuged at 12,000 rpm for 15 minutes at 4 °C.
The resulting supernatants were immediately
stored at —80 °C until further analysis. A calibration
curve was generated using a series of pNA
standards (0-50 uM). For the assay, 50 pL of each
sample, standard, or positive control was added in
duplicate to a 96-well microplate. A working
solution containing Caspase Buffer, DTT, and the
DEVD-pNA substrate (55.5 pL per well) was then
added, and the plate was incubated at 37 °C for 1.5—
2 hours. Absorbance was measured at 405 nm using
a microplate reader. Caspase activity was
calculated based on the standard curve and
expressed as nmol/min/mL (mU/mL).

gRT-PCR analysis

Total RNA was extracted from liver tissue using
TRIzol reagent, and cDNA was synthesized using an
M-MLV Reverse Transcription Kit with random
hexamers and oligo(dT) primers. The resulting
cDNA was stored at -20 °C until further analysis. For
guantitative real-time PCR (gPCR), gene-specific
primers were designed for the housekeeping gene
and for oxidative stress—related genes (SOD3, GPx,
and GR). Primer sequences are presented in Table
1. Each 10 pL gPCR reaction consisted of 5 puL Takara
SYBR Green Master Mix, 0.6 pL of 10 uM forward
and reverse primers, 1.2 uL cDNA, and 3 pL RNase-
free water. The thermal cycling protocol included
an initial denaturation at 95 °C for 5 minutes,
followed by 40 cycles of denaturation at 95 °C for
10 seconds, annealing at 58 °C for 15 seconds, and
extension at 72 °C for 10 seconds. A melt-curve
analysis was performed from 64 °C to 95 °C to verify
amplicon specificity. Relative gene expression
levels were calculated using the AACt method, with
ACTB serving as the internal reference gene.
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Tablel. Mouse qPCR forward and reverse primer sequences

Gene name Sequence Product size

F-mACTB 5'- GGACTCCTATGTGGGTGACG-3’ 119 bp

R-mACTB 5'- AGGTGTGGTGCCAGATCTTC-3/
F-mGpx 5’-AATACCTTGAACTGAATGCAC-3' 111 bp

R-mGpx 5'-GAGTTCTCGCCTGGCTCCTG-3'

F-mSOD3 5'- TTGACCCGGTTGAGAAGATAG-3’ 171b

R-mSOD3 5’- ATCTCGGCAGCATCCACCTC-3' P
F-mGR 5’- GGCAGCTCCATCTCAGTCCG -3- 126 bp
R-mGR 5’- CTTTCAGGGCACTTGGTACTC-3’

Statistical analysis confirmed the crystalline nature and polymorphism of

All experiments were performed in triplicate.
Statistical analyses were conducted using Student’s t-
test and one-way ANOVA, followed by appropriate
post hoc tests. Differences were considered
statistically significant at p < 0.05.

RESULTS
Description of TiO2 NPs
The synthesis of titanium dioxide (TiO,)

nanoparticles was performed using a precipitation
method. The FTIR spectrum (Figure 1A) showed a
broad absorption band between 450 and 800 cm™,
corresponding to the stretching vibrations of Ti—O and
Ti—O-Ti bonds. A peak at 1120 cm™" was attributed to
the stretching modes of C-0, C—N, and CHj; groups,
while the peak at 1380 cm™ was explicitly associated
with CHs stretching. The band observed at 1628 cm™
indicated the presence of hydroxyl groups on the
nanoparticle surface. XRD analysis (Figure 1B)
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Fig. 1. TiO, NPs characterization. A) FTIR spectra of TiO, NPs, B) XRD pattern of TiO, NPs, C)

the TiO, NPs. The diffraction pattern displayed
characteristic reflections corresponding to the (101),
(004), (200), (211), (204), (220), (215), and (312)
planes, consistent with the presence of anatase and
rutile phases, both commonly observed in TiO,
nanoparticle structures. DLS measurements revealed
an average hydrodynamic diameter of 73.8 nm with a
polydispersity index (PDI) of 0.38 (Figure 1C),
indicating a relatively narrow size distribution suitable
for predictable biological and physicochemical
behavior. The zeta potential of -44 mV (Figure 1D)
demonstrated strong colloidal stability and uniform
dispersion in agueous media. FE-SEM imaging (Figure
1E) showed that the TiO, NPs were predominantly
spherical, with uniform morphology and distribution
at a magnification scale of 500 nm. TEM analysis
(Figure 1F) further confirmed the spherical
architecture of the nanoparticles, revealing a slightly
roughened surface at the 100 nm scale.
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Size and PDI of TiO, NPs determined to be 73.8 nm and 0.383, respectively, through DLS, D) Zeta potential of TiO, NPs obtained using the Zetasizer and
found to be -44 mV. E) FE-SEM images of TiO, NPs to identify the surface morphology. The scale bars used here is 500 nm. F) TEM image of TiO, NPs. The
scale bar used here is 100 nm.
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Fig. 2. TiO,@Eugenol characterization indicating the successful loading of eugenol into TiO, NPs. A) FTIR spectra of TiO, NPs, eugenol,
and TiO,@Eugenol B) Zeta potential of TiO,@Eugenol obtained using the Zeta sizer and found to be -15.6 mV.

Loading efficiency of eugenol

The eugenol loading efficiency was 99.4%. To
verify the successful loading of eugenol onto the
nanoparticles, FTIR and zeta potential analyses
were conducted. The results of these assessments
are shown in Figures 2A and 2B, respectively. Zeta
potential measurements revealed a marked
reduction in the negative surface charge of the

nanoparticles—from -44 mV to -15 mV—
confirming the presence of eugenol on the
nanoparticle surface. Consistently, the FTIR

spectrum of the loaded nanoparticles displayed
overlapping characteristic peaks of both pure TiO,
NPs and pure eugenol, indicating effective
incorporation of eugenol. The absence of additional
peaks suggests that no new chemical bonds or
compounds were formed during loading.

at pH 5.5 and pH 7.4 (the latter mimicking
physiological conditions). In both media, the
cumulative release increased over time, indicating
sustained release over the 48 hours. The release
rate was consistently higher under neutral
conditions compared to acidic conditions,
confirming the pH-responsive behavior of the TiO,
nanoparticles. After approximately 8 hours, the
release rate increased in both environments, with a
more pronounced difference emerging between
neutral and acidic media. At pH 7.4, eugenol release
continued to rise gradually, reaching approximately
68% at 24 hours, followed by a plateau phase. In
contrast, at pH 5.5, release occurred more slowly,
reaching about 52% at 24 hours before stabilizing.
Kinetic modeling of the release data indicated that
the Higuchi model provided the best fit (R? = 0.97),
suggesting  a diffusion-controlled release

Eugenol release results mechanism.
As shown in Figure 3, a clear difference was
observed between the release profiles of eugenol
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Fig. 3. Eugenol release profile over 48 hours at pH 4.5 (red curve) and pH 7.2 (blue curve).
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with TiO2 NP, Eugenol and TiO2@Eugenol. *P < 0.05, ** P <0.01, and *** P < 0.001, and **** indicate P < 0.0001

Assessment of inflammatory factors in serum

To quantify the inflammatory interleukins TNF-
a, IL-1B, and IL-6 in serum samples from treated
mice, an ELISA assay was performed (Figure 4).
Analysis of IL-1B levels showed a significant dose-
dependent increase in mice treated with TiO, NPs.
In contrast, mice receiving eugenol-loaded NPs
exhibited a marked reduction in IL-1B levels. This
decrease was comparable between the two
eugenol-loaded NP treatment groups (50 and 200
mg/kg).

Another inflammatory interleukin assessed in
this study was IL-6. In mice treated with a high dose
of TiO, NPs (200 mg/kg), IL-6 levels increased
markedly, approximately 1.2-fold (P < 0.001). In
contrast, treatment with TiO,@eugenol reduced IL-
6 levels, with the 50 mg/kg dose producing a
greater decrease than the 200 mg/kg dose. Mice
receiving eugenol alone also exhibited lower IL-6
levels, further supporting its anti-inflammatory
effect.

In addition to assessing inflammatory
interleukins, TNF-a levels were also evaluated. The
analysis revealed a significant elevation in serum
TNF-a in mice treated with both the low and high
doses of TiO, NPs (P < 0.001). In contrast, mice
receiving TiO,@eugenol showed a marked
reduction in TNF-a levels at both concentrations.
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Notably, compared with the nanoparticle-treated
groups, the TiO,@eugenol-treated mice exhibited
nearly a twofold decrease in TNF-a levels. A similar
reduction was also observed in mice treated with
eugenol alone, further confirming its anti-
inflammatory activity.

Evaluation of Caspase-3/7 activity

Another parameter evaluated in this study was
caspase activity in liver extract samples from mice
treated with either TiO, NPs alone or eugenol-
loaded NPs. The results showed that caspase-3/7
activity increased by approximately 1.5-fold and
1.8-fold in mice treated with 50 and 200 mg/kg of
TiO, NPs, respectively. In contrast, treatment with
TiO,@eugenol at 50 mg/kg resulted in a substantial
reduction in caspase activity compared with TiO,
NPs alone (P < 0.0001). A decrease in caspase
activity was also observed in mice treated with
TiO,@eugenol at 200 mg/kg, although this
reduction did not reach statistical significance.

Overall, eugenol-loaded NPs demonstrated a
pronounced inhibitory effect on caspase-3/7
activity.

Histological analysis of liver, kidney, and spleen
To evaluate the effects of the nanoparticles on
inflammation and tissue damage, liver, spleen, and

Nanomed J. 13(2): 356-370, 2026
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kidney specimens were collected from treated
mice. The samples were stained with hematoxylin
and eosin (Figures 5, 6, and 7), and the extent of
tissue alterations was examined. Histopathological
analysis revealed that treatment with TiO, NPs at
doses of 50 and 200 mg/kg led to a marked increase
in necrosis and inflammation in hepatic tissue, the
red and white pulp regions of the spleen, and renal

QTS " 3 [ P

Fig. 5. Pathological Analysis of Liver Tissue: (A) Liver sample from the co|

tissue. In contrast, mice treated with eugenol-
loaded NPs exhibited considerably reduced
inflammation and necrosis. Liver sections from
these groups displayed tissue morphology
comparable to that of normal controls, and spleen
samples also demonstrated significantly lower
levels of structural damage and inflammatory
infiltration.

100 pm

ntrol group. (B) Liver sample from the group treated with 50 mg/kg of

NPs, showing hepatocyte necrosis (indicated by the white arrow). (C) Liver sample treated with 200 mg/kg of NPs, displaying hepatocyte
necrosis (white arrow) and central vein congestion (black arrow). (D) Liver sample from the eugenol treated group, where cells appear in normal
condition. (E) Liver sample treated with eugenol-loaded NPs at 50 pg, with cells in a normal state. (F) Liver sample treated with eugenol-loaded
NPs at 200 mg/kg, showing no hemorrhage or necrosis in the liver tissue.

Py Ko i S AR S

Fig. 6. Pathological Analysis of Spleen Tissue: (A) Spleen sample from the

L

control group. (B) Spleen sample from the group treated with 50 ug of

NPs, showing pulp necrosis (black arrow) and inflammation (white arrow). (C) Spleen sample treated with 200 pg of NPs, displaying necrosis in

both red and white pulp (black and white arrows). (D) Spleen sample from the eugenol-treated group, where cells appear in normal condition.

(E) Spleen sample treated with eugenol-loaded NPs at 50 pg, showing reduced necrosis compared to NPs alone. (F) Spleen sample treated with
eugenol-loaded NPs at 200 pg, with decreased necrosis and clearly distinguishable red and white pulp.
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Fig. 7. Pathological Analysis of Kidney Tissue: (A) Kidney sample from

Real-time quantitative data analysis

As illustrated in Figure 8, treatment with bare
TiO, NPs at concentrations of 50 ug and 200 ug
induced an apparent reduction in the expression of
transcripts  encoding  antioxidant  enzymes,
including SOD3, GR, and GPx. The extent of gene
suppression was dose-dependent, with significantly
greater inhibition observed at the higher
concentration (P < 0.01), indicating potential pro-
oxidant effects of bare NPs at elevated doses. In
contrast, administration of eugenol alone or
eugenol-loaded NPs resulted in a pronounced
upregulation of these antioxidant-related genes.
Specifically, liver tissues exposed to eugenol-loaded
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control group. (B) Kidney sample from the group treated with 50 pug of
NPs, showing degeneration of renal tubular cells (white arrow). (C) Kidney sample treated with 200 pg of NPs, displaying degeneration of kidney
cells (white arrow) and hemorrhage (black arrow). (D) Kidney sample from the eugenol treated group, where cells appear in normal condition,
with an enlargement of Bowman's space. (E) Kidney sample treated with eugenol-loaded NPs at 50 ug, where cells are in a normal state. (F)
Kidney sample treated with eugenol loaded NPs at 200 pg, showing normal kidney tissue, renal tubules, and glomeruli.

NPs exhibited a 1.7-fold increase in SOD3
expression, along with 1.5-fold and 1.2-fold
increases in GR and GPx, respectively, compared
with untreated controls and bare NP-treated
groups. Notably, no statistically significant
differences were observed between the 50 ug and
200 pg doses of eugenol-loaded NPs, suggesting a
saturation effect or a potential upper limit in
transcriptional activation within this dosage range.
Collectively, these findings highlight eugenol's
protective role against NP-induced oxidative stress
and underscore its potential to modulate redox
homeostasis at the molecular level through
eugenol-functionalized nanocarriers.

ERELd

Gpx genes

relative expression of

Fig. 8. Gene expression changes of SOD3, GR, and GPx under treatments with titanium dioxide NPs alone, eugenol alone, and eugenol-
loaded NPs. Statistical significance of expression differences is shown in comparison to the control group and between loaded and
single treatments: *p<0.01, **: p<0.001, ***: p<0.0001, ****: P<0.00001.
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DISCUSSION

With the expanding use of TiO, nanoparticles
(TiO2 NPs) in industrial and consumer products,
human exposure has become increasingly
unavoidable, leading to their accumulation in
various organs. Such accumulation has been linked
to oxidative damage, apoptosis, genotoxicity, and
chromosomal instability [32, 33]. In the present
study, we investigated the inflammatory, oxidative,
and histopathological effects of TiO, NPs in their
bare form and when functionalized with eugenol.

TiO, NP exposure is well documented to induce
the production of inflammatory cytokines,
primarily by activating immune cell responses and
key inflammatory signaling pathways. TiO, NPs
disrupt the inhibitory function of IkB, thereby
facilitating NF-kB translocation into the nucleus and
promoting the transcriptional upregulation of
major inflammatory cytokines. This mechanism has
been reported across multiple organs, including the
lungs and brain, underscoring the systemic nature
of TiO, NP-induced inflammation [34, 35]. In
addition to NF-kB activation, TiO, NPs enhance the
expression of Toll-like receptors (TLRs), particularly
TLR2 and TLR4, on the surface of immune cells.
These receptors are critical components of the
innate immune system, recognizing pathogen-
associated molecular patterns and amplifying
downstream inflammatory  signaling.  Their
upregulation further intensifies NF-kB activation,
thereby contributing to the increased cytokine
production observed following nanoparticle
exposure [36].

The immune response to TiO, NPs also triggers
the recruitment of inflammatory cells, primarily
neutrophils and macrophages. These cells infiltrate
affected tissues and secrete additional cytokines,
creating a self-sustaining inflammatory loop that
intensifies tissue damage [37]. Histopathological
evaluations in multiple studies have confirmed such
immune cell infiltration in organs exposed to TiO,
NPs. Furthermore, TiO, NPs induce tissue-specific
inflammation in organs such as the lungs, heart,
and brain, resulting in observable structural
damage. The extent and pattern of inflammation
vary across organs, suggesting differential
susceptibility and distinct response mechanisms
[37-40]. Another essential aspect of TiO, NP-
induced immunotoxicity is the disruption of the
Th1/Th2 cytokine balance. Exposure to these
nanoparticles tends to shift the immune response
toward a Thl-dominant profile, accompanied by
elevated transcriptional activation of inflammatory
cytokines such as IL-1B and TNF-a. This imbalance
may further potentiate chronic inflammation and
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contribute to long-term immune dysregulation
[37].

In contrast, eugenol-loaded NPs significantly
attenuated this inflammatory response, even at
higher concentrations. The anti-inflammatory
effects of eugenol, particularly when delivered via
nanoparticles, arise from a combination of
molecular and cellular mechanisms that
synergistically modulate inflammatory signaling. A
central aspect of eugenol’s activity is the
downregulation of  key pro-inflammatory
mediators. It markedly suppresses cytokine
production and, subsequently, reduces the
synthesis of critical inflammatory factors, such as
nitric oxide (NO) and prostaglandins, thereby
dampening the inflammatory cascade [41-43]. In
addition to its immunomodulatory properties,
eugenol possesses potent antioxidant activity. By
effectively neutralizing reactive oxygen species
(ROS), including superoxide and hydroxyl radicals, it
mitigates oxidative stress—a well-established
trigger of inflammatory signaling pathways. This
reduction in ROS levels stabilizes cellular redox
balance, thereby limiting ROS-mediated injury and
inflammation [44]. At the intracellular level,
eugenol interferes with major inflammatory
signaling pathways, most notably the NF-kB and
MAPK cascades, including ERK1/2 and p38.
Inhibition of these pathways results in decreased
expression of inflammation-related genes and
reduced recruitment of immune cells to sites of
tissue injury [45]. Furthermore, eugenol modulates
immune cell behavior by reducing leukocyte
adhesion and migration into inflamed tissues. It
also suppresses macrophage activation and the
subsequent release of inflammatory mediators, all
without exerting cytotoxic effects on immune cells.
This targeted immunoregulation helps limit tissue
damage while preserving normal immune function
[44].

Another noteworthy finding was that low-dose
eugenol exerted a stronger inhibitory effect on IL-6
levels and caspase-3/7 activity than the higher
dose. This outcome may reflect a hormetic
response, wherein low concentrations of phenolic
compounds activate protective antioxidant and
anti-inflammatory pathways. In contrast, higher
concentrations may paradoxically induce mild
oxidative stress and diminish overall efficacy.
Similar biphasic dose-dependent effects of eugenol
have been reported in previous studies [46, 47].

Apoptosis analysis by caspase-3/7 activity
revealed a notable increase in hepatic caspase
activation following TiO, exposure, reaching up to
1.8-fold at 200 mg/kg, consistent with the observed
cytotoxic and inflammatory responses. In contrast,
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caspase activity was significantly reduced in mice
treated with eugenol-loaded NPs, particularly at
the 50 mg/kg dose, supporting eugenol's protective
role. Previous studies have demonstrated the
accumulation of TiO, NPs in rat tissues following
intraperitoneal administration, with toxicity
mediated mainly by reactive oxygen species (ROS)
[48, 49]. Treatment with eugenol-loaded NPs has
been shown to substantially reduce caspase
activation in hepatic cells by mitigating oxidative
stress, suppressing inflammatory signaling, and
preserving cellular membrane integrity. These
interconnected mechanisms collectively protect
hepatocytes against apoptosis during liver injury. A
central protective mechanism is eugenol's
antioxidant activity, which efficiently scavenges
free radicals and reduces lipid peroxidation (LPO) in
hepatic tissue. By reducing oxidative stress,
eugenol helps prevent mitochondrial dysfunction—
a key trigger of the intrinsic apoptotic pathway that
leads to caspase activation, particularly caspase-3
[50]. In this study, free eugenol provided only
modest protection against TiO,-induced oxidative
stress and inflammation. This limited therapeutic
effect aligns with the known pharmacokinetic
limitations of eugenol, including its low solubility,
chemical instability, and rapid systemic clearance
[51]. In contrast, TiO,@eugenol NPs exhibited
markedly stronger protective effects, evidenced by
reduced levels of TNF-a, IL-1f, and IL-6; decreased
caspase-3 and caspase-7 activity; and restored
expression of antioxidant genes. These enhanced
outcomes can be attributed to the nanoparticle-
based delivery system, which improves eugenol
stability, prolongs its bioavailability, and enables
controlled release at the target site [52, 53].
Collectively, these findings underscore the
therapeutic advantage of nanoparticle
functionalization in maximizing the protective
potential of phytochemicals such as eugenol.

A limitation of this study is the absence of
biodistribution analysis, which prevents
confirmation of the precise organ-specific
accumulation of TiO, and TiO,@eugenol
nanoparticles. Such investigations are essential for
more accurately correlating histological and
molecular alterations with actual tissue exposure.
Another limitation is the potential toxicity
associated with high-dose eugenol. Although
eugenol has demonstrated potent antioxidant and
anti-inflammatory activities, several studies have
reported that, at elevated doses, it may exert
hepatotoxic and pro-oxidant effects [54, 55].
Therefore, caution is warranted when extrapolating
the protective effects observed here to higher or
chronic dosing regimens. Future work should
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include biodistribution studies, pharmacokinetic
profiling, and long-term toxicity evaluations to
more comprehensively assess safety. Another
limitation is that caspase-3/7 activity was evaluated
only in liver tissue. This decision was based on the
well-established tendency of TiO, nanoparticles to
preferentially accumulate in the liver following
systemic exposure [56, 57], as well as the focus of
our gene expression analysis on hepatic antioxidant
pathways. However, apoptosis in other organs,
such as the kidney and spleen, may also contribute
to systemic toxicity. Future studies should
therefore incorporate multi-organ apoptosis
assessments to provide a more complete
evaluation of both protective and adverse effects.
Moreover, eugenol treatment restores the
activity of endogenous antioxidant defenses,
including SOD and GPx, as well as reduced
glutathione (GSH) levels. This restoration of redox
balance contributes to cellular stability and inhibits
oxidative signals that drive apoptotic cascades [58].
In addition to its antioxidant effects, eugenol exerts
significant anti-inflammatory activity by
suppressing the production of inflammatory
mediators that are known to be elevated during
hepatic inflammation and injury. Because these
cytokines play a critical role in promoting apoptotic
signaling—particularly through extrinsic
pathways—their downregulation leads to reduced
caspase activation and diminished hepatocyte
death [59]. Eugenol also plays an essential role in
membrane stabilization, preserving the structural
integrity of hepatocyte membranes and limiting
cellular leakage and damage. This membrane-
protective action reduces stimuli that trigger
apoptotic signaling and further contributes to
hepatoprotection [60]. Notably, both in vitro and in
vivo studies have demonstrated that eugenol
directly modulates apoptotic pathways by reducing
caspase-3 expression and activity, a key
executioner enzyme in the apoptotic process. The
use of nanoparticles as a delivery system enhances
these protective effects by improving eugenol’s
bioavailability and cellular uptake, thereby
amplifying its therapeutic potential [59, 61].
Histological examination of the liver, spleen,
and kidney further confirmed the systemic toxicity
of TiO, NPs. Pronounced necrosis, hemorrhage, and
inflammatory cell infiltration were evident in all
three organs. Consistent with these findings, Liu et
al. (2009) also reported substantial TiO, NP
accumulation in the liver of mice [62]. In contrast,
mice treated with eugenol-functionalized NPs
exhibited markedly attenuated pathological
alterations. Hepatic architecture, renal tubular
structures, and splenic tissue displayed near-normal
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morphology, underscoring the enhanced
biocompatibility and therapeutic potential of eugenol-
loaded NPs. TiO, NPs induce toxicity primarily through
oxidative stress, generating ROS that drive lipid
peroxidation, glutathione depletion, reduced
antioxidant enzyme activity, DNA damage, and
inflammation in vital organs such as the liver, kidney,
and spleen. These molecular effects are accompanied
by elevated biochemical markers (e.g., ALT, ALP) and
histological indicators of tissue injury.
Functionalization of TiO, NPs with eugenol
substantially mitigated these toxic manifestations.
Eugenol reduced lipid peroxidation, restored
antioxidant defenses (e.g., GSH, SOD, GPx), decreased
DNA damage, and normalized liver and kidney
function markers. Furthermore, it improved
mitochondrial integrity and reduced blood cell
cytotoxicity [63]. At the molecular level, real-time PCR
analysis revealed significant downregulation of key
antioxidant genes (SOD3, GR, GPx) in animals treated
with TiO, NPs, particularly at higher doses, supporting
oxidative stress as a major mechanism of TiO,-induced
toxicity. In contrast, treatment with eugenol-loaded
NPs resulted in robust upregulation of these
antioxidant markers, with SOD3 expression increasing
by 1.7-fold, GR by 1.5-fold, and GPx by 1.2-fold. One of
the principal molecular mechanisms underlying
eugenol's antioxidant and cytoprotective effects is its
activation of the Nrf2/HO-1 antioxidant pathway [51].
This pathway plays a pivotal role in maintaining redox
homeostasis by enhancing the expression of
endogenous antioxidant enzymes and suppressing
oxidative injury [1£]. Under physiological conditions,
nuclear factor erythroid 2 2-related factor 2 (Nrf2) is
sequestered in the cytoplasm by its repressor, Kelch-
like ECH-associated protein 1 (KEAP1), which targets it
for ubiquitination and proteasomal degradation.
Upon oxidative stress or eugenol exposure, structural
modifications in KEAP1 prevent Nrf2 degradation,
thereby stabilizing Nrf2 and promoting its nuclear
translocation [64-66]. Among the downstream targets
of Nrf2, heme oxygenase-1 (HO-1) serves as a critical
effector. Activation of the Nrf2/HO-1 axis by eugenol
reduces intracellular ROS levels, enhances antioxidant
enzyme activity, and provides substantial protection
against oxidative stress-induced apoptosis. These
protective effects have been documented across
various cell types, including pancreatic B-cells,
hepatocytes, and immune cells, in which eugenol-
mediated Nrf2 activation mitigates oxidative injury
and promotes cell survival [66, 67]. Notably,
experimental inhibition of Nrf2 abolishes eugenol's
protective actions, further emphasizing the centrality
of this pathway in mediating its antioxidant and
cytoprotective effects [68].
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CONCLUSION

Overall, this study's findings demonstrate that
bare TiO, NPs induce pronounced inflammatory and
oxidative effects, particularly at higher
concentrations. However, incorporation of eugenol
into these nanoparticles not only mitigates these
adverse outcomes but also enhances their therapeutic
profile by reducing inflammation, apoptosis, and
oxidative stress. Additionally, nanoparticle-based
delivery markedly improves the pharmacokinetic
properties of eugenol, including its solubility, stability,
and cellular uptake. This enhanced delivery facilitates
greater tissue penetration and increases local eugenol
concentrations, thereby augmenting its anti-
inflammatory and antioxidant efficacy, as reported in
various experimental models. These results highlight
the value of functionalizing nanoparticles with
bioactive compounds, such as eugenol, to enhance
biocompatibility and therapeutic efficacy. Further
investigations—particularly those employing chronic
exposure models and translational or clinical
settings—are warranted to validate these findings and
refine dosing strategies for future biomedical
applications.

Future studies should extend these findings
beyond short-term exposure by incorporating chronic
or repeated-dose models to better characterize the
long-term safety and efficacy of TiO,@eugenol NPs.
Comprehensive pharmacokinetic and biodistribution
analyses will also be essential for determining
systemic availability, organ-specific accumulation, and
clearance mechanisms. Additionally, evaluating these
nanoparticles in disease-specific contexts—such as
metabolic liver disease, fibrosis, or cancer—where
oxidative stress and inflammation play central
pathological roles may further clarify their therapeutic
potential and translational relevance.
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