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ABSTRACT: The release of palladium nanoparticles (PdNPs)
from autocatalytic converters has raised concerns regarding public
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were evaluated, including liver and kidney biochemical changes, #

lung oxidative stress markers (SOD, CAT, GSH, LPO), lung

inflammatory markers (IL-1f, IL-8, IL-6, and TNF-), and histopathological alterations in the lungs. Additionally, the potential
mitigating effects of naringin on PANPs-induced toxicity were examined. The results demonstrate a significant increase in oxidative
stress, the onset of inflammation, and histological changes in lung alveolar sacs upon exposure to all tested particles. Specifically, 20@
PdANPs and PdNRs exhibited higher cytotoxicity and pro-inflammatory properties compared to 80@PdNPs. Naringin effectively
attenuated the pulmonary toxicity induced by PANPs by modulating oxidative and inflammatory pathways. These findings contribute
to the sustainable development of PdNPs for their future applications in the biomedical and environmental sectors, ensuring the

advancement of safe and sustainable nanotechnology.

1. INTRODUCTION

Pd is a precious and noble element that belongs to the class of
platinum group metals (PGMs) and occurs at a very low
concentration (~0.4 ng/g) in the earth’s upper continental
crust." Because of their outstanding catalytic properties, Pd is
extensively utilized in various industrial applications.”””
However, its most significant application, comprising over
84% of total Pd usage, lies within the automobile sector as an
autocatalyst. Specifically, Pd serves as a crucial component in
modern three-way catalytic converters (TWCs) installed in
vehicles to reduce air pollution, particularly in mitigating
vehicle exhaust emissions.

A TWC consists of a monolithic honeycomb support and
has a large catalytic surface area coated with alumina (y-Al,O;)
or silica (SiO,) washcoat. On the catalytic surface, Pd particles
of size 0.3 yum down to nanometer (1—100 nm) size range are
embedded that act as a catalyst for the conversion of noxious
polluted gases such as CO, NO,, and hydrocarbons into
harmless products such as carbon dioxide and water.”* With
the enforcement of stringent emission regulations and the
rapid expansion of urban areas, the production of Pd-rich
three-way catalytic converters (TWCs) has steadily risen.”"
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However, prolonged exposure to mechanical, chemical, and
thermal stresses can cause the catalytic surface of TWCs to
corrode and degrade. This deterioration results in the release
of fine (<2.5 ym) and ultrafine (<100 nm) Pd particles from
vehicle exhaust systems into both occupational and living
environments, emerging as a novel source of environmental
pollution.” Consequently, notable levels of Pd have been
detected in various environmental compartments, including
soil, vegetation, roadside dust, air, sewage, seawater, rainwater,
snow, and living organisms.n_w

Studies have shown that a significant portion of airborne Pd
samples, approximately 30—57%, exists as particulate matter
(PM) in the size range of 2.5—10 ym down to nanoparticle
size.'”~"” Nanoparticles (1—100 nm) pose a greater risk than
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microparticles and have been linked with increased morbidity
and mortality.””>' These risks stem from their small size,
which enables them to penetrate biological barriers and
interact with cells and tissues in ways that larger particles
cannot. Chronic exposure to nanoparticles has been linked
with respiratory, cardiovascular, and neurological diseases. On
inhalation, nanoparticles can penetrate deep into the lungs and
may cause inflammation and respiratory tract irritation, which
may lead to chronic respiratory diseases such as chronic
obstructive pulmonary disease (COPD), bronchial asthma
(BA), acute respiratory distress syndrome (ARDS), and lun

cancer or may exacerbate existing respiratory conditions.”

Nanoparticles may also enter the bloodstream, either directly
or through translocation from other organs, may interact with
vascular endothelial cells and contribute to cardiovascular
diseases and they may also cross the blood-brain barrier and
deteriorate neurological health.””

Workers in occupational settings and urban residents face a
heightened risk of chronic exposure to palladium nanoparticles
(PANPs) generated by traffic and industrial activities. This
exposure occurs primarily through inhalation and ingestion of
PANPs through contaminated food and water sources.”*™>*
Air-borne PANPs upon inhalation may accumulate within the
lungs and may enter the bloodstream, influence the immune
system, and disseminate throughout the body to target various
organs. In this regard, a few in vitro studies have observed the
effect of PANPs on exposure to lung cells. For instance,
Wilkinson et al. studied dose-dependent effect of PANPs on
primary bronchial epithelial cells (PBEC) and lung epithelial
cells (AS49). Consequently, PBEC cells were found to exhibit
cytotoxicity, increased cellular uptake, and caspase-dependent
apoptosis in a dose-dependent manner, while such effects were
not observed in AS549 cells. Moreover, elevated levels of IL-8
and a reduction in PGE2, an anti-inflammatory marker in
airways, were observed indicating an inflammatory response in
PBEC cells.”” In a separate investigation by Ji et al. (2017), 6—
10 nm sized PdNPs were introduced to 3D models
representing both healthy and chronic bronchitis-like mucosa,
constructed using PBEC and fibroblast cells. The results
demonstrated a significant rise in IL-8 production in the
chronic bronchitis model compared to the normal model,
suggesting an exacerbated inflammatory response induced by
traffic-related PANPs.>° Nevertheless, the current toxicological
data remains insufficient, underscoring the necessity for further
research into the size and morphology-dependent impact of
PdNPs on pulmonary function, particularly in animal models.

When lung cells are exposed to toxic substances such as
pollutants, chemicals, or pathogens, they may undergo
apoptosis as a protective mechanism to remove damaged
cells and prevent further harm to the tissue. Apoptotic cells
then trigger an inflammatory response by recruiting immune
cells such as macrophages, neutrophils, and lymphocytes.
Excessive apoptosis or impaired clearance of apoptotic cells
can prolong the inflammatory response, resulting in tissue
damage and the development of chronic lung diseases.’*”
Moreover, different morphologies and sized of PANPs may
exhibit distinct interactions with pulmonary tissues, potentially
influencing toxicity profiles. Therefore, understanding the
differential effects of PANPs in relation to their physicochem-
ical properties is crucial as it offers insights into the
pathogenesis of lung diseases such as inflammation, oxidative
stress, and fibrosis, which are linked with lung diseases such as
COPD, bronchial asthma, ARDS, and lung cancer.”>*?

Therefore, the current study is aimed at the following
objectives: (i) synthesis and characterization of spherical
PdNPs of mean size ~20 nm (20@PdNPs), ~80 nm (80@
PdNPs) and Pd nanorods (PdNRs). For the present study, we
have selected two distinct size ranges: one falling within a
smaller size range (15—30 nm, ~ 20 nm) and the other
encompassing a larger size range (60—100 nm, ~80 nm) (ii)
subacute oral treatment of female Wistar rats with 20@PdNPs,
80@PdNPs, and PANRs of environmental relevant concen-
tration (1 and 10 ug/kg) for consecutive 28 days; (iii)
assessment of size, shape, and dose-dependent liver and kidney
toxicity by analyzing their biochemical parameters; (iv)
assessment of size, shape, and dose-dependent pulmonary
toxicity by estimating oxidative stress and inflammatory
markers and by examining histological alterations in lungs;
(v) last, modulation of PANPs’ induced toxicity in lungs by
using naringin as a therapeutic agent.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. The chemicals such as
palladium(Il) chloride (PdCl2, CAS No.: 7647—10—1, >
99.9%), hydrochloride solution (HCI, 0.1 M, CAS No.: 7647—
01—0), sodium hydroxide (NaOH; CAS No.: 1310—73-2),
sodium borohydride (NaBH4; CAS No.:16940—66-2),
cetyltrimethylammonium bromide (CTAB; CAS No.: 57—
09—0), silver nitrate (AgNO3; CAS No.: 7761—88-8),
ascorbic acid (CAS No.: 50—81—7), sodium citrate tribasic
dihydrate (HOC(COONa)(CH2COONa),-2H20; CAS No.:
6132—04—3), and potassium iodide (CAS No.: 7681—11—0)
were purchased from Sigma -Aldrich, USA. Biochemical
enzyme assay Kkits were obtained from Erba Mannheim
diagnostics, London, UK. Lastly, ELISA kits were obtained
from Abbkine Scientific Co. Ltd., California, USA. All
chemicals used were of the highest purity and of analytical
grade.

2.2. Synthesis of ~20 nm Sized Palladium Nano-
particles (20@PdNPs). In a typical synthesis of 20 nm sized-
PdNPs (20@PdNPs), 0.01 M H,PdCl, solution was prepared
by mixing 0.035 g of PdCl, salt in 20 mL of Milli Q water and
500 uL of 1 M HCL Then, 100 uL of H,PdCl, solution was
added dropwise to 10 mL of 0.01 M of cetyltrimethylammo-
nium bromide (CTAB) solution and the solution was kept at
60 °C for half an hour. After 30 min, 100 yL of 0.1 M of
sodium borohydride (NaBH,) solution was added to the
solution and the temperature was raised to 90 °C. The solution
was kept on stirring for another 30 min. The change in color
from yellow to blackish brown-colored solution indicates the
formation of nanopalladium. The solution was cooled down
and black-colored particles were collected by centrifuging for 5
min at 7000 rpm. Further, the obtained particles were washed
thrice with double distilled water to get rid of the bound
surfactant and other impurities and stored at 4 °C.

2.3. Synthesis of ~80 nm Sized Palladium Nano-
particles (80@PdNPs). In this first report of the typical
synthesis of 80 nm sized PANPs (80@PdNPs), 15 mL of § X
1073 M solution of sodium borohydride was mixed with 30 mL
of 2 X 107 M of trisodium citrate tribasic dihydrate solution
(TSC) and was stirred vigorously at 60 °C to obtain a
homogeneous solution. After 30 min of stirring, S mL of 2 X
10~* M H,PdCl, solution was added dropwise to the obtained
clear solution and the temperature was raised to 90 °C. After
20 min of stirring, 100 yL of 0.1 M of NaOH was added to
maintain the pH at 10.5. The solution was stirred for a further
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Figure 1. Overview of the experimental study design.

20 min until a color change was observed. The color of the
reaction was changed from pale yellow color to dark brown
color indicating the formation of nanoparticles. The solution
was left to cool down and then suspended particles were
centrifuged for 10 min at 7000 rpm and the black-colored
particles were collected. The particles were further purified by
washing the particles thrice with double distilled water and
then stored at 4 °C.

2.4. Synthesis of Palladium Nanorods (PdNRs).
Palladium nanorods (PdNRs) were synthesized by using a
seedless reduction method performed according to Tang et al.
with certain modifications.”* In a typical synthesis, 600 uL of
0.0l M of yellow-colored H,PdCl, solution was added
dropwise to 20 mL of 100 mM of cetyltrimethylammonium
bromide (CTAB) solution and the solution was kept at 90 °C
for 1 h on the magnetic stirrer with minimal stirring. After 1 h,
400 puL of freshly prepared 0.1 M KI and 160 uL of 0.01 M
AgNO; salt were added to the solution in sequence and the
color of the solution immediately changed from yellow to
reddish-orange. After 5 min of stirring, 400 uL of 0.1 M of
freshly prepared ascorbic acid (AA) was added and the
reaction mixture was stirred for another 1 h at 90 °C. After 1 h
of heating, the color of the solution gradually changed from
reddish-orange to blackish-brown colored solution, which
indicated the formation of Pd nanorods. The black-colored
nanorods were collected in a separate vial by centrifuging the
solution for 15 min at 7000 rpm. The precipitate was further
purified by washing the nanorods thrice with ethanol and
water.

2.5. Characterization of PdNPs. 20@PdNPs, 80@
PdNPs, and PANRs were characterized by estimating the
characteristic absorption peak through a double beam Halo
DB-20R UV—vis spectrophotometer with a 1 cm quartz cell
and between 200 and 500 nm absorption wavelength range.
For the morphological analysis, high-resolution transmission
electron microscopy was carried out on a TEM instrument
(Thermo Fisher Scientific, Talos L120C) at 100 keV. The size
distribution histogram of PdNPs was plotted with the help of
Origin Pro 2022 and Image]J software.

2.6. Test Animals. For the present study, 65 healthy
female Wistar albino rats of 7—8 weeks, each weighing between
180 and 250 g, were procured from the Central Animal House
Facility of Jamia Hamdard, New Delhi. Wistar rats are an
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outbred strain of albino rats, which are generally used as a
multipurpose model in medical and biomedical research.” The
use of rats offers multiple advantages such as similar metabolic
pathways to humans, similar anatomical and physiological
characteristics, and large literature for comparative purposes.
Female Wistar rats were chosen for the present subacute
toxicity study because according to Pd sensitization studies on
urban population, there have been a rising number of positive
patch test results year by year, among which the female sex was
the most affected.*®*” Also, in previous in vivo toxicity studies,
the female Wistar rats model has been used for investigating
the impact of PANPs on cytokine serum levels and renal
function.”®*” The animals were housed in standard plastic
cages and were allowed to acclimatize under standard
experimental conditions, ie., 12 h light/dark cycle at a
temperature of 23 + 2 °C with a relative humidity of 50 +
10% prior to 1 week of the experiment. The rats were supplied
a standard pellet diet and water ad libitum.

2.7. Ethical Statement for the In Vivo Study. The
experimental protocol and treatments were approved by the
Institutional Animal Ethics Committee (IAEC) of Jamia
Hamdard, New Delhi, India (Approval No.1562, registration
No. 173/GO/ReBi/S/2000/CPCSEA). All experiments were
performed in compliance with the relevant laws of India and
institutional guidelines (CPCSEA, IAEC). All rats were
handled ethically according to the standard guide for the
care and use of laboratory animals.

2.8. Experimental Design. 2.8.1. Animal Grouping. To
study the effect of 20@PdNPs, 80@PdNPs, and PANRs on the
pulmonary function of female Wistar rats in a subacute toxicity
study, sixty-five rats were weighed and randomly divided into
13 groups with five animals (n = S) in each group as follows:

e Group 1: control, exposure to 1 mL of water
Group 2: exposure to 1 pg/kg of PANPs of size 20 nm
(20@PdNPs-1)
Group 3: exposure to 10 ug/kg of PANPs of size 20 nm
(20@PdNPs-10)
Group 4: exposure to 1 pg/kg of PANPs of size 80 nm
(80@PdNPs-1)
Group S: exposure to 10 ug/kg of PANPs of size 80 nm
(80@PdNPs-10)
Group 6: exposure to 1 ug/kg of Pd nanorods (PdNRs-
1)
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e Group 7: exposure to 10 ug/kg of PANRs (PdNRs-10)

e Group 8: exposure to 1 ug/kg of PANPs 20 nm +
Naringin (80 mg/kg body weight)

e Group 9: exposure to 10 ug/kg of PANPs 20 nm +
Naringin (80 mg/kg body weight)

e Group 10: exposure to 1 pug/kg of PANPs 80 nm +
Naringin (80 mg/kg body weight)

e Group 11: exposure to 10 pg/kg of PANPs 80 nm +
Naringin (80 mg/kg body weight)

e Group 12: exposure to 1 ug/kg of PANRs + Naringin
(80 mg/kg body weight)

e Group 13: exposure to 10 pg/kg of PANPs + Naringin
(80 mg/kg body weight)

The overview of the experimental study design is displayed
in Figure 1.

2.8.2. Dose Administration. To assess the impact of 20@
PdNPs, 80@PdNPs, and PANRs on pulmonary, hepatic, and
renal function in animals, a repeated dose 28-day subacute oral
toxicity study was conducted following OECD guideline 407
(Test No. 407). Sixty-five rats were randomly divided into 12
exposure groups and one control group, with five rats per
group (n = 5). The rats in the exposure groups (groups 2—7)
were orally administered repeated doses of water (negative
control group), as well as different concentrations of PdNPs
and PdNRs (1 pg/kg and 10 pg/kg) via oral gavage for
consecutive 28 days.

The doses of PANPs at their respective concentrations were
prepared by suspending the required amount of PANP solid
powder in an aqueous solution. The oral route of
administration was chosen for PANPs, as it is assumed that
individuals might be exposed to PANPs through ingesting food
and water contaminated with these particles. In this study, two
environmentally relevant doses were selected: 1 and 10 ug/kg,
to mimic possible occupational and living environment
exposure scenarios. Literature reports have indicated a highest
mean Pd airborne level of 7.7 + 4.15 ug/m? in occupational
settings.”” Considering a human breathing rate of 20 m>/day
and an average body weight of 70 kg, potential occupational
exposure via inhalation to PANP corresponds to 2.2 ug/kg.***!
The higher dose (10 ug/kg) was chosen to simulate potential
occupational exposure under normal and accidental conditions
where re-exposure may occur. The lower dose (1 ug/kg) was
chosen to simulate exposure levels resembling those of the
general population living near highways. Studies have reported
Pd levels ran%ing from 1 to 1000 pg/kg in road dust and
roadside soil.””~** Therefore, the selected doses in this study
resemble occupational and environmental exposure scenarios.

The remaining six groups (groups 8—13) were cotreated
with naringin (80 mg/kg) through intraperitoneal (IP)
administration as a protective drug to modulate toxicity.
Naringin, a flavanone-7-O-glycoside belonging to the family of
flavonoids, is naturally found in citrus fruits such as
grapefruits.”” Previous studies have established that naringin
exhibits strong antioxidant and anti-inflammatory activities
against pulmonary fibrosis by upregulating antioxidant
enzymes and suppressing inflammatory markers such as
TNF-a.**” Thus, naringin is expected to serve as an effective
therapeutic agent, providing protection against pulmonary
fibrosis and toxicity induced by PANPs. The therapeutic effects
of naringin have been demonstrated in a dose range of 60—120
mg/kg in previous studies.*”*” Therefore, an 80 mg/kg dose of
naringin was chosen for toxicity attenuation in this study.

2.8.3. Biological Sample Preparation. At the end of the
28th day of the experiment, the rats were fasted overnight and
sacrificed using diethyl ether as anesthesia. Subsequently, the
blood samples were collected by cardiac puncture and
collected in clean tubes containing heparin as an anti-
coagulating agent and immediately placed on crushed ice in
a box. The plasma serum was obtained from blood by
centrifuging the vials at 3500 rpm for 15 min at 4 °C and kept
at —80 °C for further analysis of various biochemical
parameters of the liver and kidney. Immediately, the lungs
were removed from the body, washed with a chilled saline
solution followed by the removal of their connective tissues,
and fat adhered to the organ tissue. The tissue samples from
the lung were stored in cold phosphate-buffered saline (PBS)
solution (10% w/v) and homogenized using a homogenizer
machine. The homogenized solution was centrifuged at
10,000g for 20 min at 4 °C and the obtained clear supernatant
was collected for further analysis of biochemical assays such as
oxidative stress markers and inflammatory markers analysis.
The remaining tissue samples were fixed in a 10% neutral
buffered formalin solution for histopathology processing.
Protein estimation was performed by the methodology given
by lowry et al. (1951) using bovine serum albumin (BSA) as a
protein standard.*®

2.9. Clinical Signs and Body Weight. To examine the
effect of exposure to 20@PdNPs, 80@PdNPs, and PANRs on
female Wistar rats, their clinical signs such as changes in the
skin, fur, nasal secretions, excretions, locomotive behavior, the
occurrence of skin lesions, respiratory pattern and signs of
unusual behavior such as repetitive circling, posture, irritability,
and self-mutilation were observed. The body weights of
animals were noted down once before the treatment (day 0)
and then on the weekly basis after the onset of the treatment
for 4 weeks.

2.10. Biochemical Parameters. Various liver enzymatic
and protein assays such as bilirubin levels, alanine transaminase
(ALT), aspartate transaminase (AST), alkaline phosphate
(ALP), total protein, albumin, globulin, and kidney bio-
chemical assays such as urea, creatinine, uric acid, sodium,
potassium, and chloride were performed by analyzing the
blood serum obtained from cardiac puncture approach as per
the instructions provided by reagent kits (Erba Mannheim
diagnostics, London, UK).

2.11. Markers of Oxidative Stress. Enzymatic and
nonenzymatic antioxidant assays such as superoxide dismutase
activity (SOD), catalase activity (CAT), lipid peroxidation
(LPO) test, and reduced glutathione (GSH) tests were
performed according to the protocol available in the
Supporting Information (Section S1). Protein estimation was
performed by the methodology given by Lowry et al. (1951)
using Bovine Serum Albumin (BSA) as a protein standard.*®

2.12. Inflammatory Markers Estimation Using ELISA.
The levels of interleukin (IL-6, IL-8, IL-15) and tumor
necrosis factor (TNF-a) in lung tissue homogenates of each
group were detected and quantified by enzyme-linked
immunosorbent assay (ELISA) kits containing dyed micro-
spheres conjugated with a monoclonal antibody specific for a
target protein (Abbkine Scientific Co. Ltd., California, USA)
using a serial standard dilution procedure for each parameter as
per the manufacturer’s instructions. Detailed protocol for
estimating cytokines using ELISA is provided in the
Supporting Information, S2. Cytokine levels were detected
using an Alere ELISA microplate reader (Alere AM 2100).
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Figure 2. (a) Ultraviolet—visible (UV—vis) spectra of palladium chloride salt, PdCl, (green line), PANPs of size 20 nm, 20-PdNPs (black line),
PdNPs of size 80 nm, 80-PdNPs (blue line) and palladium nanorods, PANRs (red line). (b—d) High resolution transmission electron microscopy
of (b) 20@PdNPs, (c) 80@PdNPs, and (d) PANRs and figures (i—iii) shows the corresponding histogram of size distribution analysis of particles.

2.13. Lung Histopathology Analysis. For histopatho- formalin for 48 h, then dehydrated using ethanol, and further
logical analysis of lung tissues, lung samples collected from the cleared with xylene. The dehydrated clean samples were
animals of all groups were fixed in 10% neutral buffered embedded in paraffin after 24 h and cut into S pgm sections.
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Figure 3. Lesions and wounds on the skin of female Wistar rats after the onset of the third week of exposure to PdNPs.

Lastly, the tissue sections were stained using hematoxylin and
eosin (H&E) dye as previously described.””” A light
microscope (Olympus BH-2, Japan) was used for further
analysis of any pathological changes in the lungs.

2.14. Statistical Analysis. All the experiments were done
in triplicate and data was expressed as mean =+ standard
deviation (SD). The statistical differences between control and
treated groups were analyzed using a two-way ANOVA
analysis of variance and were followed by post hoc multi-
comparison Tukey’s test. The difference was considered
statistically significant at a P value <0.05. The graphs were
plotted with the help of GraphPad prism ver. 9.3.1 software
(San Diego, CA, USA) and Origin Pro 2022 (version:
9.9.0.225).

3. RESULTS AND DISCUSSION

3.1. Characterization of PdNPs. 3.1.1. UV-vis Spec-
troscopy. To confirm the formation of colloidal 20PdNPs,
80PdNPs, and PdNRs, ultraviolet—visible (UV—vis) spectros-
copy technique was conducted in the wavelength range of
250—600 nm using a Halo DB-20R UV—vis spectrophotom-
eter. The obtained UV—vis spectra were compared with the
UV—vis spectrum of a PdCl, solution (Figure 2a).

The UV—vis spectrum of PdCl, exhibited a maximum
absorbance (Amax) at approximately 425 nm (400—450 nm),
which is known as the characteristic peak of Pd** ions.">*">
This peak is attributed to electronic d-d transition in Pd** ions
with a d® electron configuration. In contrast, the UV—vis
spectra of 20@PdNPs, 80@PdNPs, and PdNRs displayed a
different pattern. The characteristic peak of Pd** ions at
around 425 nm was absent, and a linear curve was observed
instead, indicating the formation of PANPs in their zerovalent
state (Pd’). This observation is consistent with previous
studies.””*>>® The disappearance of the characteristic Pd**
peak and the emergence of a linear curve in the UV—vis
spectra further confirm the successful formation of PANPs in
colloidal form.

3.1.2. Surface Morphology and Size Distribution Analysis.
Surface morphology and size distribution analysis of the
synthesized 20@PdNPs, 80@PdNPs, and PdNRs were
performed using transmission electron microscopy (TEM).
TEM images of the particles and their corresponding size
distribution histograms are presented in Figure 2b—d and
Figure 2i—iii.

To synthesize 20@PdNPs, CTAB was used as a capping
agent, and NaBH, served as a reducing agent. This method
resulted in the formation of slightly poly dispersed spherical

particles with an average size of approximately 23.4 + 12.7 nm
(~20 nm), as shown in Figure 2b and Figure 2i. The
polydispersity index was determined to be 0.5, indicating a
moderate level of size variation.

For the synthesis of 80@PdNPs, TSC was employed as a
capping agent, and NaBH4 was used as a strong reducing
agent. This method yielded monodispersed spherical particles
with an average size of approximately 83.2 + 13.8 nm (~80
nm), as depicted in Figure 2c and Figure 2ii. The
polydispersity index for these particles was found to be 0.15,
indicating a relatively narrow size distribution.

Pd nanorods were synthesized using a seedless method,
where CTAB served as a cationic surfactant and ascorbic acid
acted as a reducing agent. This approach resulted in the
formation of penta-twinned Pd nanorods with an average
length of approximately 71.8 + 8.3 nm, exhibiting distinct rod-
shaped structures. The polydispersity index for the Pd
nanorods was determined to be 0.1, indicating a relatively
uniform size distribution, as shown in Figure 2¢ and Figure 2iii.

3.2. Results of In Vivo Subacute Toxicity Study and
Toxicity Modulation by Naringin. 3.2.1. The Appearance
of Clinical Signs and Changes in Body Weight. The
appearance of clinical signs is a valuable indicator to study
the potential toxicity risks caused by xenobiotics. In the present
study, the rats were observed for behavioral changes,
respiratory distress, neurological changes, and dermatological
changes for a period of 28 days on exposure to PdNPs.
Behavioral changes such as hyperactivity, lethargy, or agitation
were observed. In the initial 2 weeks, no abnormal locomotive
behavior, or unusual behaviors such as repetitive circling or
changes in posture were observed. No unusual respiratory
pattern such as unusual wheezing, coughing or nasal secretions
were observed. No signs of neurotoxicity such as tremors,
paralysis or seizures were observed. There were no instances of
mortality among the rats during the 28-day duration. During
the third week, rats administered with an oral dose of 10 pg/kg
of both 20@PdNPs and 80@PdNPs exhibited skin lesions.
Notably, the severity of these lesions was more pronounced in
the 20@PdNPs-treated group compared to the 80@PdNPs-
treated group. Moreover, heightened irritability and frequent
itching were also noted. These observed side effects are likely
associated with Pd sensitization, given its potent capacity to
induce allergic contact dermatitis (Figure 3).

The body weight of rats in each group was measured on day
0, day 7, day 14, day 21, and day 28 (Figure 4). The initial
body weight of the control group (group 1) on day 0 was
recorded as 211.3 + 10.5 g, and the final body weight on day
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Figure 4. Body weight of female Wistar rats after subacute oral
treatment with PANPs of different sizes, shapes, and concentrations
for 28 days. Each data represents as mean + SD (n = §).

28 was 217 + 14.7 g. The control group exhibited a gradual
increase in body weight over the course of the study. However,
compared to the control group, a gradual decrease in body
weight was observed in rats from group 2 to group 7.
Specifically, rats given high oral doses (10 ug/kg) of PANPs
showed a greater decrease in weight compared to those given
lower doses of Pd particles, indicating a significant impact on
body weight. The decrease in body weight was most
pronounced in group 3 rats (20@PdNPs, 10 ug/kg) compared
to the other groups. On the other hand, animals in groups 8 to
13 that were treated with naringin displayed relatively stable or
slightly increased body weights, similar to the control group.
However, no statistically significant differences were observed
in any of the cases (Table 1).

3.2.2. Alterations in Biochemical Parameters. The
ingestion of xenobiotics can cause alterations in liver and
kidney enzyme levels, necessitating the evaluation of
biochemical parameters to determine the metabolic health of
animals. Liver function was assessed through the analysis of
parameters such as total bilirubin, direct and indirect bilirubin,
aspartate transaminase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), total protein, albumin,
and globulin levels (Table 2). Significant changes were
observed in these parameters in all groups compared to the

control, indicating liver dysfunction. Particularly, rats exposed
to higher doses of 10 ug/mL of 20@PdNPs, 80@PdNPs, and
PdNRs exhibited significantly elevated total bilirubin levels (p
< 0.01). Group 3 rats treated with 10 ug/kg of 20@PdNPs
showed the highest increase in direct bilirubin levels,
suggesting possible hepatocellular injury due to higher doses.

ALP, AST, and ALT are vital markers for evaluating hepatic
injury resulting from xenobiotic exposure. In this study, a
highly statistically significant increase in AST levels (p < 0.001)
was observed in group 3 rats treated with 10 ug/kg of 20@
PdNPs compared to the control group. Similarly, group 7 rats
treated with 10 pig/kg of PANRs exhibited a significant rise in
AST values compared to the control group (p < 0.01). ALT
levels followed a similar trend, with group 3 and group 7 rats
showing significantly higher values than the control (p < 0.01).
Likewise, ALP levels showed a significant increase in higher
doses compared to the control group. Notably, group 3 rats
treated with 10 ug/kg of 20@PdNPs exhibited the highest
ALP levels (p < 0.01) among the studied groups.

Kidney function was assessed by analyzing parameters such
as urea, creatinine, uric acid, sodium, potassium, and chloride
levels. Urea, creatinine, and uric acid are essential markers for
evaluating kidney health (Table 3). In this study, a significant
increase in urea levels compared to the control group was
observed in groups administered a daily dose of 10 ug/kg of
20@PdNPs and 80@PdNPs and PANRs (p < 0.05). Similarly,
high creatinine levels were observed in all groups compared to
the control group, with significant changes in group 3 rats
(20@PdNPs, 10 ug/kg), group 6 rats (PANRs, 1 ug/kg), and
group 7 rats (PdNRs, 10 ug/kg) (p < 0.05). Elevated levels of
uric acid were also observed in all groups compared to the
control group, with significant changes in group 3 rats (20@
PdNPs, 10 ug/kg), group S rats (80@PdNPs, 10 ug/kg), and
group 7 rats (PdNRs, 10 ug/kg). However, the changes in
sodium, potassium, and chloride levels were not found to be
significant.

In conclusion, the increased levels of liver and kidney
enzymes indicate hepatic and renal impairment caused by the
toxicity induced by palladium nanoparticles. Furthermore, the
study demonstrates the impact of varying sizes and shapes of
metal particles on these biochemical parameters, emphasizing
the importance of careful evaluation in toxicological studies.

Table 1. Body Weight of Female Wistar Rats after Subacute Oral Treatment with PANPs of Different Sizes, Shapes, and

Concentration for 28 Days”

group day 0
group 1 (Control) 2113 + 10
group 2 (PANPs, ~ 20 nm, 1 ug/kg) 2183 + 4.5
group 3 (PdNPs, ~ 20 nm, 10 pg/kg) 208 + 19
group 4 (PdNPs, ~ 80 nm, 1 ug/kg) 225 + 30
group S (PANPs, ~ 80 nm, 10 pg/kg) 2203 + 14
group 6 (PdNRs, 1 pug/kg) 211 + 9
group 7 (PANRs, 10 ug/kg) 219 + 13
group 8 (20@PdNPs+ Nar, 1 ug/kg) 227 + 10
group 9 (20@PdNPs + Nar, 10 ug/kg) 2153 + 13
group 10 (80@PdNPs + Nar, 1 ug/kg) 2083 + S
group 11 (80@PdNPs + Nar, 10 ug/kg) 232 +£3
group 12 (PdNRs + Nar, 1 ug/kg) 238+ 3
group 13 (PdNRs + Nar, 10 ug/kg) 228 + 32

day 7 day 14 day 21 day 28
2115 = 10 213 £ 9.5 216.6 + 13 217 £ 15
2173 + 6 217 + 6.2 215.6 + 7 215 + 4
206.6 + 18 201 +9 1973 + 8 194 + 8

224 + 31 222 + 27 220 + 26 219 + 27
219 + 13 217 + 12 214 + 13 212 + 12
210 + 8 209 + 8 208 + 7 205 + 8
2183 + 12 217 + 12 214 + 11 210 £ 11
2263 + 9 228 +9 229 + 10 230 + 10
216 + 9 216 + 10.5 218 + 11 219 + 13
209 + 4.3 211 +§ 211 + 4 212 + 4
233 + 10 239 + 12 243 + 5 241 + 13
233 £3 238 + 7 238 + 6 2413+ 6
226 + 10 230 + 5 231 + 4.7 232+ 5

“Each data represents as mean + SD. Two way-ANOVA, Tukey’s multiple comparison test. No statistically significant difference was observed.
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Table 2. Changes in the Biochemical Activity of Liver after 28-Day Subacute Oral Treatment of PANPs of Different Sizes,

Shapes, and Concentrations”

experimental groups

control 20@PdNPs, 1 20@PdNPs, 10
parameter (group 1)  pg/kg (group 2)  pg/kg (group 3)
total bilirubin (mg/ 0.8 + 0.03 2.5 + 0.1%* 3+ 0.01
dL)
direct bilirubin (mg/ 0.2 + 0.03 1+ 0.1% 2 + 0.02
dL)
indirect bilirubin 0.6 £ 0.01 1.6 + 0.02 1.2 + 0.01
(mg/dL)
AST (U/L) 203 + 8 2774 + 0.8% 301 + 66,175
ALT (U/L) 71+ 6 151 + 16* 173 + 2%%
alkaline phosphatase 78 £2 117 + 28* 172 £ 10.5%*
(ALP) (U/L)
total protein (g/dL) 32+ 0.1 3+0.1 3+ 0.1%
albumin (g/dL) 1.8+ 02 0.8 + 0.05 1.4 £ 0.08
globulin (g/dL) 14 + 008 1.8 + 0.03 1+ 003

80@PdNPs, 1 80@PdNPs, 10  Pd-NRs, 1 g/ Pd-NRs, 10 pg/
ng/kg (group 4)  pg/kg (group 5) kg (group 6 kg (group 7)
3 + 0.04 3.2 +£0.02 2 + 0.14* 3.1 £0.01

1.7 + 0.04%* 2.1 + 0.01 1+ 0.04* 1.9 & 0.03%%%
12 + 0.04%* L1 + 0.09* 1+£002%% 12+ 003
238 + 3% 244 + 2% 248 + 1.7% 284 + 2.2
146 + 2% 138 + 3 134 + 1* 168 + 2%
152 + 0.8% 153 + 1.8% 146 + 7% 168 + 37+
2.5 + 0.07* 3102 42 £ 0.1 2.7 + 0.09

13 030 LS + 0.02 17 + 08 1.2 + 0.03

1.3 + 0.04 12 + 001 2.5 + 0.1% 1.5 + 02

“Untreated cells were treated as control. Data is expressed as mean + SD. Asterisk (*) represents significant differences. Two way-ANOVA,

Tukey’s multiple comparison test. *Significance of p < 0.05, **significance of p < 0.01, ***significance of p < 0.001.

Table 3. Changes in the Biochemical Activity of the Kidney after 28-Day Subacute Oral Treatment of PANPs of Different Sizes,

Shapes, and Concentrations”

experimental groups

control 20@PdNPs, 1 ug/ 20@PdNPs, 10 ug/ 80@PdNPs, 1 ug/ 80@PdNPs, 10 ug/ PdNRs, 1 ug/kg PdNRs, 10 ug/kg

parameter (group 1) kg (group 2) kg (group 3) kg (group 4) kg (group S) (group 6 (group 7)

urea (mg/dL) 32+2 34+ 14 42 + 2% 36 +2 42.3 + 3% 393+ 4 44 + 1.6%

creatinine 03 + 0.1 0.5+ 0.1 0.7 + 0.16* 04 + 0.1 0.5 + 0.1 0.9 + 0.2* 0.8 + 0.03*
(mg/dL)

uric acid (mg/ 3+02 6.5 + 0.8% 13 &+ 1%* 9.5 + 0.8% 104 + 2% 9.3 + 0.1% 11 + 1.5%
dL)

sodium 137 + 4 139 £ 4 136 + 3.5 139 + 3.6 138 £ 2.5 135£3 137 £ 4.3
(mmol/L)

potassium 84+ 09 12 £ 0.5 11 + 1.5 12 + 0.5 12 + 0.5 123 + 0.8 124 + 0.8
(mmol/L)

chloride 110 £ 8.5 117 £ 2 116 + 4 118 £ 7 118 + 3 118 + 3 117 £ 3.2
(mmol/L)

“Untreated cells were treated as control. Data is expressed as mean +

SD. Asterisk (*) represents significant differences. Two way-ANOVA,

Tukey’s multiple comparison test. *Significance of p < 0.05, **significance of p < 0.01, ***significance of p < 0.001.

3.2.3. Alterations in Oxidative Stress Parameters and
Treatment with Naringin. Reactive oxygen species (ROS) and
oxidative stress play a significant role in the pathogenesis of
lung diseases such as COPD, asthma, and pulmonary fibrosis.”*
Oxidative stress can result from exposure to air pollutants
causing damage to cellular components and exacerbating
inflammation. Oxidative stress arises from an imbalance
between reactive species and antioxidants in the system.”” In
our study, we assessed four crucial oxidative stress markers:
superoxide dismutase (SOD), catalase (CAT), lipid perox-
idation (LPO), and glutathione (GSH).

SOD is an important enzymatic antioxidant that acts as the
first line of defense against free radicals and reactive oxygen
species (ROS). It reduces the levels of O*~ by converting it
into hydrogen peroxide (H,0,) and molecular oxygen within
the cell mitochondria.*® Figure SA demonstrates a significant
decrease in SOD activity in rats treated with higher doses (10
ug/kg) of PANPs and PANRs (p < 0.001). Among them, 20@
PdNPs showed the greatest depletion of SOD levels, indicating
higher oxidative damage and suppression of antioxidant
defenses upon uptake by pneumocytes compared to 80 nm-
sized and rod-shaped nanoparticles. However, the coadminis-
tration of low and high doses of 20@PdNPs, 80@PdNPs, and
PdNRs with naringin led to a noticeable reduction in oxidative

32752

damage to lung cells by significantly improving cellular
antioxidant potential.

Figure SB presents the catalase activity in lung tissues,
indicated by the consumption of hydrogen peroxide in ymoles
per minute per milligram of protein. Catalase acts as an
antioxidant enzyme that mitigates oxidative stress by
converting harmful cellular hydrogen peroxide into water and
oxygen. A decrease in catalase levels in lung tissue indicates
excessive generation of ROS, while an increase indicates a
healthy defense system against ROS species. In our study, the
decrease in catalase levels was more significant (P < 0.01) in
rats treated with 10 pg/kg of PANPs compared to those treated
with 1 ug/kg (P < 0.05) and the control group. Among the
20@PdNPs, 80@PdNPs, and PANRs, 20@PdNPs showed the
lowest antioxidant activity, while 80@PdNPs showed the
highest, although no significant difference was observed among
all three. Co-treatment with Naringin resulted in a drastic
improvement in antioxidant activity, surpassing even the
control group, indicating the revival of the antioxidant defense
system.

Glutathione (GSH), a nonenzymatic low-molecular anti-
oxidant, plays a crucial role in scavenging reactive oxygen
species (ROS) and reactive nitrogen species (RNS) due to its
thiol (-SH) moiety.”” GSH exists in oxidized (GSSG) and
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Figure 5. Alteration in enzymatic and nonenzymatic antioxidant
activity in lung tissue of rats after 28 days of subacute oral treatment
with PdNPs of different sizes, shapes, and concentrations and
cotreatment with naringin. (A) SOD activity in lungs, (B) CAT
activity in lungs, (C) GSH levels in lungs, and (D) MDA levels in
lungs. Untreated cells were taken as control. Data are expressed as
mean = SD (n = S). Asterisk (*) represents significant differences.
Two way-ANOVA, Tukey’s multiple comparison test.

reduced forms, with the reduced form being predominant. An
increase in the GSSG:GSH ratio and a decrease in GSH

activity levels indicate severe oxidative stress.”® As shown in
Figure SC, a significant decline in GSH levels was observed in
rats treated with 1 pg/kg of 20@PdNPs (P < 0.0S) compared
to the control group, while rats treated with 1 ug/kg of 80@
PdNPs and PANRs did not exhibit significant changes. In rats
treated with 10 ug/kg, a significant decrease in GSH levels was
observed for all three types of nanoparticles compared to the
control group (P < 0.01). However, cotreatment with low and
high doses of 20@PdNPs, 80@PdNPs, and PdNRs, along with
naringin, resulted in a replenishment of GSH levels.

Lipid peroxidation, an important consequence of nano-
particle-induced cytotoxicity, serves as a key oxidative stress
biomarker. The peroxidation of membrane lipids by reactive
species can lead to a loss of membrane flexibility, increased
cellular fluidity, and eventual cell death.”” Malondialdehyde
(MDA) levels, the end-product of lipid peroxidation, are used
to estimate the extent of lipid peroxidation. Figure SD displays
MDA levels in lung tissues from our subacute study. A
significant increase in MDA levels compared to the control
group was observed in rats treated with 1 ug/kg of 20@PdNPs
and 80@PdNPs (P < 0.05). In rats treated with 10 ug/kg of
PANPs, enhanced levels of MDA were observed for all three
types of particles, with the most significant effect seen in rats
treated with 20@PdNPs (P < 0.01). Co-administration of
naringin in rats treated with 1 pg/kg of PANPs led to a
decrease in MDA levels compared to the group given the 1 ug/
kg dose alone, although the decrease was not statistically
significant. In the case of rats treated with 10 pg/kg of PANPs
and cotreated with Naringin, a significant decline in MDA
levels was observed for 20@PdNPs (P < 0.01), 80@PdNPs (P
< 0.05), and PdNRs (P < 0.05). No significant difference in
MDA values was observed in rats treated with 1 and 10 pg/kg
of PANPs and cotreated with naringin compared to the control
group. Overall, our findings demonstrate that the coadminis-
tration of naringin in PdNP-exposed animals effectively
suppressed oxidative stress.

3.2.4. Alteration in Inflammatory Markers and Treatment
with Naringin. Inflammation in the lungs involves the
recruitment and activation of immune cells such as macro-
phages, neutrophils, and lymphocytes. These cells respond to
the pro-inflammatory signals released by apoptotic cells and
contribute to the clearance of cellular debris and pathogens.E-
levated secretion of pro-inflammatory biomarkers is often
associated with the initiation of lung diseases, including
pneumonia, fibrosis, chronic obstructive pulmonary disease
(COPD), or acute or subacute lung injury.‘so’61 Lung injury
occurs in two phases, with the first phase involving alveolar
damage, microvascular injury, and a cascade of inflammatory
events, such as the influx of inflammatory cells and the release
of inflammatory mediators. In this study, our focus was on
common pro-inflammatory cytokines associated with lung
injuries, namely, interleukin (IL)-15, IL-8, IL-6, and tumor
necrosis factor-alpha (TNF-a). These inflammatory mediators
can be measured in plasma, serum, or bronchoalveolar lavage
fluid (BALF).

IL-1f is a key pro-inflammatory mediator actively present in
the early stages of lung injury and serves as a potent inducer of
lung damage, including lung fibrosis. It is also responsible for
the release of various pro-inflammatory chemokines, such as
IL-6, IL-8, macrophage inflammatory protein (MIP)-1a, and
monocyte chemotactic protein (MCP)-1.°>°* Figure SA shows
a dose-dependent upregulation of IL-18 levels following
exposure to all three types of PANPs. Higher doses (10 ug/
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kg) of 20@PdNPs, 80@PdNPs, and PdANRs exhibited a
statistically significant increase in IL-1/ levels compared to the
control group rats (P < 0.01). However, at lower doses (1 pug/
kg) of 20@PdNPs, 80@PdNPs, and PANRs, only 20@PdNPs
showed a statistically significant increase compared to the
control group (P < 0.05). Co-treatment of the PdNPs-exposed
groups with naringin resulted in a slight decrease in IL-1f3
secretions compared to the untreated PANPs groups, with the
reduction being statistically significant only in rats treated with
10 pg/kg of PANPs (P < 0.05).

IL-8 is a pro-inflammatory chemokine belonging to the
cytokine class, which plays a vital role in the chemotaxis of
monocytes and neutrophils, guiding these cells to the site of
inflammation.®* Our study observed elevated levels of IL-8
secretion in both the lower (P < 0.05) and higher (P < 0.01)
dose groups of 20@PdNPs, 80@PdNPs, and PANRs compared
to the control group (Figure 6B). Moreover, higher levels of
IL-8 secretion were observed in the higher dose group
(PANPs-10) compared to the lower dose group (PdNPs-1).
Among all three types of PANPs, Pd nanorods exhibited the
highest levels of IL-8 secretion. Co-treatment with naringin
resulted in a reduction in IL-8 levels, although the reduction
was statistically significant only in the PANPs-10 group.

IL-6 is another crucial soluble pro-inflammatory mediator
produced in response to infections or tissue damage. Figure 6C
represents the concentration of IL-6 in the lungs of female
Wistar rats exposed to PdNPs for 28 days. Significantly
elevated levels of IL-6 biomarkers were observed in rats treated
with 1 ug/kg (P < 0.01) and 10 pug/kg of all PANPs (P <
0.001) compared to the control group. In animals dosed with
10 ug/kg of PANPs, higher levels of IL-6 biomarkers were
observed compared to the lower dose group. The difference in
IL-6 secretion levels among rats treated with 20@PdNPs, 80@
PdNPs, and PdNRs was not statistically significant. Co-
treatment with naringin showed a significant reduction in IL-6
levels in both the lower and higher dose groups, indicating the
anti-inflammatory effects exhibited by naringin. These findings
are consistent with previous studies demonstrating a dose-,
size-, and shape-dependent increase in IL-6 secretion.”">"

Finally, TNF-q, a pro-inflammatory cytokine, is expressed by
alveolar macrophages in the early stages of acute lung injury in
response to pathogen stimulation. This cytokine stimulates
various other cell signals to recruit immune cells, such as
monocytes, neutrophils, and lymphocytes, to the site of
inflammation.”> Our study observed elevated expression of
TNEF-a biomarkers in the lungs of rats exposed to lower and
higher doses of PANPs (Figure 6D). The difference in TNF-a
levels between the control group rats and the PANP-treated
group rats was statistically significant for both doses. Notably,
rats treated with a higher dose of PANPs exhibited higher levels
of TNF-a secretion (P < 0.01) compared to the lower dose
group (P < 0.05). Among the PANPs, 20@PdNPs and PANRs
exhibited higher levels of TNF-a compared to 80 nm-sized
PdNPs. A similar observation was reported in our previous in
vitro study, where different sizes of spherical and rod-shaped
PANPs were exposed to macrophage cell lines.”' Co-treatment
with an 80 mg/kg dose of naringin resulted in a significant
reduction in TNF-a secretions in rats treated with 20@PdNPs,
80@PdNPs, and PdNRs, indicating the anti-inflammatory
effects of naringin.

3.2.5. Histological Changes in Lungs. The histopatho-
logical examination of a normal lung’s alveolar sac constitutes
of large air sacs lined with thin blood capillaries (alveolar
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Figure 6. Alteration in pro-inflammatory cytokine levels after 28 days
subacute oral treatment with PANPs of different sizes, shapes, and
concentrations and cotreatment with naringin. (A) IL-1f5 levels in
lungs, (B) IL-8 levels in lungs, (C) IL-6 levels in lungs, and (D) TNE-
a levels in lungs. Untreated cells were taken as control. Data are
expressed as mean + SD (n = S). Asterisk (*) represents significant
differences. Two way-ANOVA, Tukey’s multiple comparison test.

septa). Within the blood capillaries, cells such as type I
pneumocytes, type II pneumocytes, and red blood cells can be
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Figure 7. (a) Histological changes in rat lungs of control group showing normal interalveolar septa (}) and normal alveoli. (b—m) Histological
changes in rat lungs induced by PdNPs and naringin where (inverted triangle) signifies hemorrhage, («>) shows thickening of interalveolar septa,
() shows emphysematous changes, and (—) shows mononuclear cell infiltration. Scale bar: 100 mm.

Table 4. Scoring of the Histopathological Alterations in the Lung Tissues of Rats after a 28-Day Subacute Oral Toxicity Study

of PANPs of Different Sizes, Shapes, and Concentrations”

mononuclear cell

group infiltration hemorrhage
G1: Control — —
G2: Pd-NPs, 20 nm, 1 ug/kg +++ +
G3: Pd-NPs, 20 nm, 10 ug/kg +++ ++
G4: Pd-NPs, 80 nm, 1 ug/kg ++ -
GS: Pd-NPs, 80 nm, 10 ug/kg ++ ++
G6: Pd-NRs, 1 ug/kg + -
G7: Pd-NRs, 10 ug/kg +++ -
G8:20-PdNPs + Nar, 1 ug/kg + -
G9:20-PdNPs+ Nar, 10 ug/kg + —
G10:80-PdNPs+ Nar, 1 ug/kg + —
G11:80-PdNPs + Nar, 10 ug/kg + -
G12: PdNRs + Nar, 1 ug/kg + —

G13: PdNRs+ Nar, 10 ug/kg ++ _

?(=): none, (+): mild, (++) moderate, (+++) severe.

thickened alveolar emphysematous alveolar

septa congestion changes fibrosis
+++ +++ + -
+++ ++ + -
- + - -
++ ++ ++ -
+ + + -
+++ +++ ++ -
+ + - -
+ - - -
+ - - -
+ - - -
++ + + -
++ - + -

observed. Type I pneumocytes, also known as epithelial cells,
constitute the majority (approximately 95%) of lung cells and
possess a flat and squamous shape. Converselz, type 1I
pneumocytes exhibit a dome or cuboidal shape.’*

Upon analyzing the histopathological changes in lung
tissues, a control group rat displayed a normal alveolar sac in
the lung section (Figure 7a). However, rats in groups 2 and 3,
administered with 1 pg/kg and 10 ug/kg of 20@PdNPs,
exhibited thickened alveolar septa, significant infiltration of
macrophages, hemorrhage, and signs of emphysematous
changes, indicating the onset of lung inflammation (Figure
7b,d). Conversely, rats in groups 8 and 9, which were cotreated
with naringin, displayed milder mononuclear cell infiltration,
thinner alveolar septa, and reduced hemorrhage (Figure 7c,e),
indicating the potential anti-inflammatory effects of naringin.

32755

Regarding the lung histopathology results of rats in group 4,
administered with 1 ug/kg of 80@PdNPs, did not exhibit as
severe changes as rats in groups 2, 6, and 7, which were
administered 20@PdNPs and PdNRs. Conversely, rats in
group S (10 ug/kg, 80@PdNPs) displayed more severe
changes compared to group 4 (1 pug/kg, 80PdNPs), such as
increased macrophage infiltration, congestion, signs of
hemorrhage in the air sac, and thickened interalveolar septa
(Figure 7f and 7h). Notably, cotreatment with naringin
showed noticeable lung recovery, indicating its anti-inflamma-
tory effects (Figure 7g,i).

Histopathological images of rats in groups 6 and 7,
administered with 1 and 10 pg/kg of PANRSs, also exhibited
various changes in the alveolar sacs of the lungs, including
mononuclear cell infiltration, thickened interalveolar septa, and
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emphysematous changes (Figure 7jl). Overall, significant
histological changes were induced in the lungs by higher
doses of all Pd particles. However, 20@PdNPs exerted
significant alterations in lung tissues even at lower doses.
Notably, cotreatment with naringin greatly reduced these
histological abnormalities in lung tissues. Table 4 shows the
scoring of histopathological alterations in lung tissues.

4. CONCLUSIONS

The current investigation illustrates the size and shape-
dependent pulmonary toxicity of PANPs in female Wistar
rats, emphasizing the influence of size, shape, and dosage
during a 28-day oral exposure. The results of the present study
revealed size and shape-dependent alterations in biochemical
changes in liver and kidney enzymes, lung oxidative stress,
heightened inflammatory markers, and notable histological
lung abnormalities, indicating lung injury. These effects were
more pronounced on exposure to PdNPs with higher
concentrations (10 ug/kg). Notably, PANPs of 20 nm size
exhibited the most severe effects compared to 80 nm PdNPs
and PdNRys, likely due to their enhanced ability to circulate in
the bloodstream, penetrate tissues, and accumulate in organs,
thereby increasing toxicity. Exposure to Pd nanorods also
induced substantial oxidative stress, lung inflammation, and
alterations in lung histopathology, surpassing the effects
observed with 80@PdNPs. Additionally, naringin demonstra-
ted therapeutic potential by ameliorating PdNPs-induced
toxicity through the modulation of oxidative and inflammatory
pathways.

Given the increasing use of PANPs in various industrial and
biomedical applications, understanding their potential pulmo-
nary toxicity is crucial for risk assessment and occupational
health. Moreover, analyzing impact of different size and shape
of PANPs sheds light on the underlying mechanism of lung
pathogenies and provides precise risk assessment. Overall, this
study provides valuable insights into the underlying mecha-
nisms of PdNPs-induced lung toxicity and underscores the
protective effects of naringin in mitigating pulmonary toxicity.
By characterizing the toxicity profiles of various PdNP
configurations, regulatory agencies and industries can develop
targeted guidelines and safety measures. However, further
long-term studies of PANPs exposure on pulmonary health,
such as chronic inflammation, fibrosis, or carcinogenicity, are
required to have the holistic understanding of toxicity induced
by PdNPs. Also, while size and shape are important
determinants of nanoparticle behavior, they represent only a
subset of the factors influencing toxicity. Other factors, such as
surface coating, aggregation state, and exposure duration, also
play critical roles and are essential for further studies for the
development of safe and sustainable nanotechnology.
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PGMs, platinum group metals; PANPs, palladium nano-
particles; VEC, vehicle exhaust catalysts; TWC, three-way
catalytic converter; (ALT), alanine transaminase; (AST),
aspartate transaminase; AST, aspartate transaminase; ALP,
alkaline phosphatase
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