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Introduction: Copper oxide nanoparticles (CuONPs) are increasingly used in industrial and biomedical applications; however, their
potential to provoke systemic vascular and hemostatic disturbances remains poorly defined.

Methods: BALB/c mice were subjected to a single pulmonary instillation of CuONPs at doses of 3 pg or 30 pg per mouse, and the
endpoints were evaluated 24 h post-exposure. Prior to biological testing, the CuONPs were characterized by X-ray diffraction,
dynamic light scattering, zeta potential analyses and transmission electron microscopy, confirming their high crystallinity, relatively
uniform particle size distribution and good electrostatic stability.

Results: Exposure to CuONPs significantly shortened the thrombotic occlusion times in arterioles and venules; reduced prothrombin
and activated partial thromboplastin times; and elevated plasma platelet factor 4, fibrinogen, plasminogen activator inhibitor-1, and
C-reactive protein levels, indicating a shift toward a prothrombotic state. Oxidative stress is evidenced by increased levels of
thiobarbituric acid-reactive substances, depleted glutathione levels, and decreased nitric oxide levels. In parallel, CuONPs induced
significant upregulation of pro-inflammatory cytokines (tumor necrosis factor-o, interleukin (IL)-6, and IL-1p) and markers of DNA
damage and apoptosis, including 8-hydroxy-2'-deoxyguanosine, cytochrome C release, and cleaved caspase-3 expression.
Discussion: Collectively, these findings demonstrated that pulmonary exposure to low and high doses of CuONPs triggered systemic
oxidative stress and inflammation, leading to prothrombotic responses, DNA damage, and apoptosis. This study highlights the
potential vascular risks associated with CuONPs and underscores the importance of careful safety evaluation in biomedical and
environmental contexts.
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Introduction
The use of nanotechnology, which encompasses the design, production, and application of materials at the nanoscale, has
increased substantially in recent years. This growth is primarily driven by the unique physical, chemical, and biological
properties of nanoparticles, which are largely attributed to their high surface area and quantum effects.'> Consequently,
nanoparticles have found extensive applications in medicine (eg, targeted drug delivery and diagnostic imaging),
electronics (eg, smaller and more efficient devices), environmental protection (eg, water purification and pollution
control), and agriculture (eg, nanofertilizers and pesticides).’

Among the diverse nanomaterials produced, metallic nanoparticles synthesized from Cu, Zn, Ti, Mg, Au, alginate,
and Ag are particularly noteworthy. Copper oxide nanoparticles (CuONPs) are among the most prominent inorganic
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metal-oxide nanomaterials. Copper is an essential trace element in humans and animals, playing a critical role in
connective tissue cross-linking, as well as in iron and lipid metabolism.” In addition, copper is naturally present in the
environment through geological sources and anthropogenic emissions, including mining, smelting, combustion, and
industrial waste.” It exists in multiple forms, including zero-valent, ionic, and nanoparticulate states. All these cupric
forms exhibit differential levels of toxicity across biological systems. Engineered CuONPs are increasingly released into
the environment through wastewater effluents and agricultural systems, raising concerns regarding their environmental
persistence and biological impact.®

Human exposure to CuONPs occurs primarily in occupational and environmental settings. Workers involved in
nanoparticle synthesis, processing, packaging, and transportation are at increased risk, particularly in industries
such as asphalt and rubber manufacturing.” Inhalation represents the predominant route of exposure, although
ingestion, dermal absorption, and ocular contact may also contribute.” Following inhalation, nanoparticles can
deposit throughout the respiratory tract depending on their size, translocate across alveolar-capillary barrier, and
enter systemic circulation. In this regard, we and others have previously shown that pulmonary exposed nano-
particles can pass into the bloodstream and distribute to major organs, including the brain, kidney, heart and
liver.® !

The biodistribution of nanoparticles has been associated with a range of biological responses, including oxidative
stress, inflammation, DNA damage, and apoptosis, with oxidative stress recognized as a key underlying mechanism of
CuONPs-induced toxicity.'? A growing body of literature has explored CuONPs toxicity using both in vitro and in vivo
models. In vitro studies have demonstrated cytotoxic effects in human lung epithelial, endothelial, renal, and neuronal
cells, while in vivo studies have reported neurobehavioral impairments, altered locomotion, and developmental toxicity
in animal models.">"'® Increasing experimental evidence highlights the pulmonary toxicity of CuONPs following
inhalation exposure. For instance, CuONPs have been shown to induce dose-dependent pulmonary inflammation,
epithelial cell apoptosis, and oxidative stress, with increased reactive oxygen species (ROS) contributing to cellular
injury.'® In addition, exposure has been associated with collagen deposition and upregulation of a-smooth muscle actin,
suggesting a potential role in the development of pulmonary fibrosis.?® Sub-acute inhalation studies further demonstrate
sustained inflammatory responses and dynamic clearance kinetics, with copper persisting in lung tissue and exhibiting
a measurable half-life.?' Importantly, inhaled CuONPs have been shown to translocate beyond the lungs, leading to
increased copper levels in systemic circulation and secondary organs such as the heart, kidneys, and spleen, indicating the
potential for multi-organ effects following respiratory exposure.”' Despite these findings, quantitative data on human
exposure levels and established toxic thresholds, particularly for inhalation exposure, remain limited, hindering accurate
risk assessment.

Metallic nanoparticles have also been investigated for pulmonary delivery due to their potential advantages, including
targeted deposition and controlled release.”* However, these benefits must be balanced against concerns regarding
toxicity, biopersistence, and unintended systemic distribution. CutONPs are of particular interest given their widespread
industrial use, high likelihood of inhalation exposure, and strong redox activity, which may amplify biological
responses.” Notably, the toxic dose of copper nanoparticles, including zero-valent copper and copper(I) oxide, has
been reported to be up to ten times lower than that of ionic copper in some plants, aquatic organisms, rodents, and cell
cultures, indicating greater cytotoxicity.”>* And this property has been exploited in recent studies that proposed CuONPs
as potential drug carriers for chemotherapy.***

While previous studies have reported pulmonary inflammation and organ-specific toxicity associated with CuONPs,
a comprehensive evaluation of their acute systemic effects following pulmonary exposure remains lacking. In particular,
the extent to which pulmonary exposure contributes to downstream thrombotic, inflammatory, and genotoxic responses is
not fully understood. Therefore, the present study aimed to investigate the acute systemic effects of CuONPs following
pulmonary administration, with a specific focus on thrombotic events, systemic inflammation, oxidative stress, DNA
damage, and apoptosis using both in vivo and in vitro models. By addressing these endpoints, our work seeks to advance
understanding of CuONPs-induced toxicity and support future risk assessment and safe application of these

nanomaterials.
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Materials and Methods

Characterization of CuONPs
Dry black powder of spherical CuONPs was purchased from PlasmaChem (Schwarzschild St., Berlin, Germany). The
average particle size of the powder was 15-50 nm with a purity of >97%, according to the manufacturer.

Physicochemical characterization of CuONPs was conducted to confirm their crystalline structures, particle size
distributions, and surface charge properties. The crystalline phase and structural purity of the CuONPs were analyzed by
X-ray diffraction (XRD). The XRD pattern was recorded using Cu Ka radiation (A = 1.5406 A) over the 20 range of 20—
80°. The diffraction peaks were compared with Joint Committee on Powder Diffraction Standards (JCPDS) card no. 01-
080-0076 to identify the characteristic diffraction planes corresponding to the monoclinic phase of CuO. The particle size
distribution of the CuONPs was measured by dynamic light scattering (DLS) on a Zetasizer Nano ZS (Malvern
Instruments, UK). Prior to measurement, the nanoparticles were ultrasonically dispersed in deionized water to minimize
agglomeration. The zeta potential of the CuONPs suspension was determined using a Zetasizer Nano ZS instrument to
evaluate surface charge and colloidal stability. Measurements were performed at 25 °C in aqueous suspension at neutral
pH. All characterization procedures were carried out under controlled laboratory conditions following standard protocols
reported in the literature.”**” CuONPs were further characterized for their morphology, particle size and particle size
distribution using a transmission electron microscopy (TEM; Thermo Scientific Talos F200i). The well-suspended
CuONPs were immobilized on a Copper mesh with 400 pm Carbon Film. A TEM Bright Field Image at 50 nm
resolution, 5-second exposure, spot size 5 was recorded.

CuONPs were suspended in sterile saline (0.9% NaCl). To reduce nanoparticle aggregation, suspensions of CuONPs
were sonicated (Clifton Ultrasonic Bath, Clifton, NJ, USA) for 10 min and vortexed prior to dilution and intratracheal (i.t.)

instillation.

Animals and Dosing

BALB/C mice, aged 8—10 weeks, with an equal distribution of males and females, weighing 25 to 30g (Animal House of
the College of Medicine and Health Sciences, United Arab Emirates University) were housed in light- (12 h light: 12 h
dark cycle) and temperature-controlled (22 = 1°C) room. They had free access to commercial laboratory chow and tap
water.

Pulmonary exposure was achieved by intratracheal (i.t.) instillation.”*® Mice were anesthetized with isoflurane and
positioned supine with an extended neck on an angled board. A Becton Dickinson 24 Gauge cannula was introduced into
the trachea via the mouth. A single dose of CuONPs (3 pg or 30 pug per mouse) or saline (control) was administered
(100 pL) using a sterile syringe, followed by an equal volume of an air bolus. Twenty-four hours after i.t. instillation of
saline or CuONPs, the mice were anesthetized using an intraperitoneal (i.p.) injection of sodium pentobarbital (45 mg/
kg), after which blood was collected from the inferior vena cava in 4% EDTA and centrifuged at 4 °C for 15 min at 900
g. The plasma samples obtained were stored at —80 °C as they awaited analysis, and various parameters of oxidative
stress, inflammation, DNA damage, and apoptosis were assessed.

This study was reviewed and approved by the United Arab Emirates University Animal Ethics Committee (approval #
ERA 2019 5876), and all experiments were conducted in accordance with the approved protocols and in compliance
with the Guide for the Care and Use of Laboratory Animals (National Research Council, 8th edition, 2011).

Experimental Pial Arterioles and Venules Thrombosis Model

In separate sets of animals, in vivo thrombogenesis in the pial arterioles and venules was assessed in BALB/c mice after
saline or CuONPs exposure for 24 h according to a previously described technique.’ Briefly, the animals were
anesthetized with urethane (1 mg/g BW, i.p.)., the trachea was intubated, and the right jugular vein was cannulated
with a 2F venous catheter (Portex, Hythe, UK) for fluorescein administration (Sigma, St. Louis, MO, USA). Thereafter,
craniotomy was performed on the right temporoparietal cortex with a handheld microdrill, and the dura was stripped
open. Only untraumatized preparations were used, and those showing trauma to either the microvessels or the underlying
brain tissue were discarded. Cerebral microcirculation was directly visualized using a fluorescence microscope
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(Olympus, Melville, NY, USA) connected to a camera and DVD recorder. A heating pad was used, and body temperature
was raised to 37°C, as monitored using a rectal thermoprobe connected to a temperature reader (Physitemp Instruments,
NJ, USA). A field containing arterioles and venules of 15-20 um in diameter was selected. Such a field was taped prior
to, and during the photochemical insult, which was carried out by injecting fluorescein (0.1 mL/mouse of 5% (w/v)
solution) via the jugular vein, which was allowed to circulate for 30—40 sec. The cranial preparations were then exposed
to stabilized mercury. Photochemically induced injury to arterioles and venules causes platelets to adhere to sites of
endothelial damage and aggregation. Platelet aggregates and thrombus formation grow in size until vascular occlusion is
complete. The time from injury to complete vascular occlusion (time to flow cessation) in arterioles and venules was
measured in seconds. At the end of the experiment, animals were euthanized with an overdose of urethane.

In vitro Platelet Aggregation in Mouse Whole Blood

In vitro platelet aggregation in whole blood collected from BALB/c mice after i.t. instillation of saline or CuONPs was
performed with slight modifications as previously described.”*® After anesthesia, blood from untreated mice was
withdrawn from the inferior vena cava, placed in citrate (3.2%), and 0.1 mL aliquots were added to the well of
a Merlin coagulometer (MC 1 VET; Merlin, Lemgo, Germany). Blood samples were incubated at 37.2°C with ADP
(0.1 uM) for 3 min and then stirred for another 3 min. At the end of this period, 25-uL samples were removed and fixed
on ice in 225 mL CellFix (Becton Dickinson, Franklin Lakes, NJ, USA). After fixation, single platelets were counted in
a VET ABX Micros with a mouse card (ABX). The occurrence of platelet aggregation induced by ADP caused
a decrease in the counted single platelets in the blood (decrease in the number of single platelets counted) obtained
from the saline and CuONPs treated groups compared with each other and with untreated (without ADP) whole blood
obtained from control (unexposed) mice.

Prothrombin Time (PT) and Activated Partial Thromboplastin Time (aPTT)

Measurements in Plasma

PT and aPTT were measured in plasma collected from treated mice using TEClot PT-S and TEClot aPTT-S kits (TECO
GmbH, Dieselstr. 1, 84088, Neufahrn, NB, Germany), according to the manufacturer’s instructions. Briefly, the PT and
aPTT were measured in platelet poor plasma (PPP), pre-incubated at 37°C for 3 min, followed by addition of PT and
aPTT reagent using a Merlin coagulometer (MC 1 VET, Merlin, Lemgo, Germany).

Measurement of Systemic Markers of Inflammation, Coagulation and Fibrinolysis:
Detection of C-Reactive Protein (CRP), Fibrinogen, Platelet Factor 4 (PF4) and

Plasminogen Activator Inhibitor-1 (PAI-I)

The plasma concentrations of CRP (GenWay Biotech, Inc., San Diego, CA, USA), fibrinogen (Molecular Innovation,
Southfield, MI, USA), PF4 (R&D Systems, Minneapolis, MN, USA), and PAI-1 (Molecular Innovation, Southfield,
USA) were determined using an ELISA Kit.

Measurement of Proinflammatory Cytokines: Detection of Tumor Necrosis Factor

Alpha (TNF-a), Interleukin 6 (IL-6) and Interleukin Ip (IL-1p) in Plasma
TNF-a, IL-6, and IL-1B levels were measured in the plasma using ELISA Kits (Duo Set, R&D Systems, Minneapolis,
MN, USA), according to the manufacturer’s instructions.

Oxidative Stress and Lipid Peroxidation Evaluation: Measurement of Thiobarbituric
Acid Reactive Substance (TBARS), Reduced Glutathione (GSH) and Nitric Oxide
(NO)

NADPH-dependent membrane lipid peroxidation was quantified in the plasma by TBARS, using malonedialdehyde as
a standard (Sigma-Aldrich Fine Chemicals, St Louis, MO, USA).?’ The GSH concentration in the plasma was measured
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using a commercially available kit (Sigma-Aldrich Fine Chemicals, St Louis, MO, USA). NO was measured in the
plasma using a total NO assay kit from R&D Systems (Minneapolis, MN, USA), which detects the more stable NO
metabolites, NO,  and NO;.>°

Oxidative DNA Damage Evaluation by Measurement of 8-Hydroxy-2-Deoxyguanosine
(8-OH-dG) in Plasma
8-OH-dG was quantified in the plasma using an ELISA kit (Cayman, Ann Arbor, MI, USA) according to the

manufacturer’s instruction.’

Estimation of Cleaved Caspase-3 and Cytochrome C in Plasma
The quantification of cleaved caspase-3 (R&D Systems, Minneapolis, MN, USA) and cytochrome C (R&D Systems,
Minneapolis, MN, USA) in plasma was done using commercially available ELISA Kkits.

Statistics

All statistical analyses were performed using GraphPad Prism v7 (GraphPad Software Inc., San Diego, CA, USA). Data
normality was assessed using the Shapiro—Wilk test. Normally distributed data were analyzed using one-way ANOVA
followed by Holm—Sidak’s post hoc test. Non-normal data (TNFa, IL-6, PAI-1, TBARS, and NO levels) were analyzed
using the Kruskal-Wallis test, followed by Dunn’s post hoc test. Results are expressed as the mean = SEM, and statistical

significance was set at P < 0.05.

Results

Characterization of CuONPs

Figure 1A shows the XRD pattern of the CuONPs. The diffraction peaks of the CuONPs reflect the high crystallinity of
the powder compared to the standard JCPDS card no. 01-080-0076.2° CuONPs showed sharp peaks at 20 values of 32.8,
35.9, 39.0, 49.1, 53.8, 58.6, 61.8, 66.3, 68.3, 72.7 and 75.4, which represent the diffraction planes of the (110), (002),
(111), (—202), (020), (202), (—113), (=311), (200), (311), and (—222), respectively.?’ These findings confirm the high
purity of CuONPs. In contrast, Figure 1B shows that the DLS particle size distribution of CuONPs with an average size
of 120.7 nm was detected. The unimodal particle size distribution of the CuONPs indicates their high homogeneity.
Moreover, the CuONPs showed an average zeta potential of —17.7 mV, as demonstrated in Figure 1C). This revealed
negatively charged surfaces, which were attributed to the presence of hydroxyl (-OH) groups on the surfaces of the
CuONPs. This is also an indication of the electrostatic stability of the CuONPs in aqueous media under neutral pH

conditions.
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Figure | X-ray diffraction (XRD) pattern (A) of the synthesized sample showing characteristic peaks indexed to the standard JCPDS card number (#) 01-080-0076,
confirming crystalline structure of copper oxide nanoparticles(CuONPs); (B) dynamic light scattering (DLS) size distribution indicating an average hydrodynamic diameter of
120.7 nm; and (C) zeta potential distribution curve showing the surface charge of the particles, demonstrating their colloidal stability in suspension.
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Figure 2 Transmission electron micrograph showing morphology (A) particle size distribution and average particle size of copper oxide nanoparticles (CuONPs, (B)).

Figure 2A shows the TEM micrograph of the CuONPs. All non-agglomerated NPs showed an almost round
morphology with a homogeneous particle size distribution and an average particle size of 23.5 nm (Figure 2B).

Effect of CuONPs on Photochemically Induced Thrombosis in Pial Arterioles and

Venules of Mouse in vivo

Figure 3 illustrates the effect of CuONPs on the thrombotic occlusion time. CuONPs induced a significant dose-
dependent shortening of thrombotic occlusion time in both arterioles and venules at both tested doses. Compared with
the control, significance was achieved for both doses of CuONPs (P < 0.0001). In addition, significant shortening was
observed at higher doses (30 pg/mouse) of CuONPs, P < 0.0001 in arterioles and P < 0.01 in venules, compared to the
lower dose (3 pg/mouse) of CuONPs tested.
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Figure 3 Thrombotic occlusion time in pial arterioles (A) or venules (B) following 24 hrs of intra-tracheal; instillation of saline (control) or copper oxide nanoparticles
(CuONPs). Data are mean + SEM (n = 8 in each group).
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Figure 4 In vitro effect in whole blood of mice on platelet aggregation following 24 hrs of intra-tracheal instillation of saline (control) or copper oxide nanoparticles
(CuONPs) in mice. Data are mean + SEM (n =6 in each group).

Effect of CuONPs on Platelet Aggregation in vitro

Figure 4 illustrates the effect of CuONPs on platelet aggregation in the whole blood. The in vitro ADP (0.1uM)
incubation of whole blood collected from mice exposed to 30 pg CuONPs/mouse caused significant platelet aggregation
compared with mice instilled with saline (P < 0.0001) and mice exposed to 3 pg CuONPs/mouse (P < 0.01).

Effect on CuONPs on PT and aPTT in vitro

Figure 5 shows the PT and aPTT in PPP collected from saline (control) or CuONPs-instilled mice. Compared to the
control, a significant decrease in PT (Figure 5A) was observed in mice treated with 30 ug CuONPs/mouse (P < 0.0001).
A similar significant decrease was also observed with aPTT (Figure 5B) in mice exposed to 30 pg CuONPs/mouse
compared to the control. The level of significance was also achieved with 30 ug CuONPs compared to 3 pg CuONPs for
both PT and aPTT (P < 0.0001).

Effect of CuONPs of Systemic Markers of Inflammation, Coagulation and Fibrinolysis
The plasma concentrations of CRP, fibrinogen, PF 4 and PAI-1 are shown in Figure 6. After 24 h of exposure, a significant
increase in CRP (Figure 6A) was observed at 3 ug/mouse (P < 0.001) and 30 pg/mouse (P < 0.0001) compared to the
control. Comparing between the doses, significant increase was observed at 30 pg/mouse, compared to 3 pg/mouse
(P < 0.0001).

CuONPs significantly increased fibrinogen levels (Figure 6B) at 3 pg/mouse (P < 0.01) and 30 pug/mouse (P < 0.0001)
compared with the control. Among the two doses, 30 pg/mouse showed a significant increase (P < 0.0001) compared to
the lower dose.

A similar significant increase was observed in PF4 (Figure 6C) at 3 ug/mouse (P < 0.01) and 30 pg/mouse (P <
0.0001) compared with the control. Comparing the two doses, higher dose showed significant increase (P < 0.01)
compared to the lower dose.

As for PAI-1 (Figure 6D), CuONPs significantly increased its concentration only at the higher dose of 30 pug/mouse
(P < 0.0001).
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Figure 5 Prothrombin time (PT, (A)) and activated partial thromboplastin time (aPTT, (B)) measured following 24 hrs of intra-tracheal instillation of saline (control) or
copper oxide nanoparticles (CuUONPs) in mice. Data are mean * SEM (n = 8 in each group).

Effect of CuONPs of Cytokines Concentrations in Plasma

The concentrations of TNF-a, IL-6, and IL-1f are shown in Figure 7. After 24 h of exposure, the administered CuONPs
caused a dose-dependent increase in the levels of all the cytokines. The increase was statistically significant at 30 pg/
mouse for TNF-a (P < 0.0001), IL-6 (P < 0.0001), and IL-1p (P < 0.001) compared with the control. A significant
increase was also observed for IL-1f at 3 pg/mouse (P < 0.01) compared to the control.

Effect of CuONPs on Lipid Peroxidation and Oxidative Stress Markers

The TBARS, GSH, and NO levels following exposure to CuONPs are shown in Figure 8. After 24 h of exposure, a dose-
dependent increase in TBARS (Figure 8A) was observed for CuONPs. The level of significance was achieved at 30 pg/
mouse compared with both the control (P < 0.0001) and 3 pg/mouse (P < 0.05). Compared with the control group,
CuONPs caused a dose-dependent decrease in GSH (Figure §B) at 3 pg/mouse and 30 pg/mouse (P < 0.0001 for both).
A significant decrease was also observed at 30 pg/mouse (P < 0.0001) compared to that at 3 pg/mouse. A dose-dependent
decrease in NO (Figure 8C) was also observed in CuONPs-exposed mice compared with that in the control. However, the
level of significance was only observed at the dose of 30 pg/mouse (P < 0.0001).

Effect of CuONPs on Oxidative DNA Damage

Figure 9 shows the concentration of 8-OH-dG in the plasma 24 h after i.t. instillation of either saline or CuONPs. After
24 h of exposure, the level of 8-OH-dG significantly increased in a dose-dependent manner in the CuONPs-treated group
(P <0.0001 for both) compared with the control. The level of significance was also achieved at 30 pg/mouse (P < 0.001)
compared to 3 pg/mouse.

Effect of CuONPs on Markers of Apoptosis

Figure 10 illustrates the levels of cleaved caspase-3 and cytochrome C in the plasma of either saline- or CuONPs-
instilled mice. A significant dose-dependent increase in cleaved caspase-3 was observed 3 pg/mouse and 30 pg/mouse
(P < 0.0001 for both) compared with that in the control. A significant dose-dependent increase in cytochrome C was
also observed at 3 pg/mouse (P < 0.001) and 30 pg/mouse (P < 0.0001) compared to the control. For both cleaved
caspase-3 and cytochrome C, the level of significance was also higher at 30 pg/mouse (P < 0.0001) than at 3 ug/
mouse.

8 https: International Journal of Nanomedicine 2026:21



Ferdous et al

A P<0.0001 B) P<0.0001
4000+ ' P<0.001 P<0.0001 150+ ' p<0.01 P<0.0001
I I 1 e r I 1
— 3000- E
= 2100+
a N—
£ 2000+ ' o
B o)
o
o £ 50- I
© 41000- 5
i 2
0 0 | |
Saline 3 30 Saline 3 30
CuONPs (ng/mouse) CuONPs (ng/mouse)
C D
) P<0.0001 ) S
20000+ ' P<0.01 P<0.01 3000+ | 1
| ||| 1
__15000- e
E g 20004
= >
<) |
£10000- ' 2
N )
'ﬁ_" -1 E 10004
5000 -
0 0
Saline 3 30 Saline 3 30
CuONPs (ng/mouse) CuONPs (ng/mouse)

Figure 6 C-reactive protein (CRP, (A)), fibrinogen (B), Platelet factor 4 (PF4, (C)) and Plasminogen activator inhibitor-1 (PAl-1, (D)) concentrations in plasma following
24 hrs of intra-tracheal instillation of saline (control) or copper oxide nanoparticles (CuONPs) in mice. Data are mean = SEM (n =8 in each group).
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Figure 7 Tumor necrosis factor a (TNF o, (A)), interleukin-6, (IL-6, (B)), and IL-1B (C) in plasma following 24 hrs of intra-tracheal instillation of saline (control) or copper
oxide nanoparticles (CuONPs) in mice. Data are mean + SEM (n =8 in each group).

Discussion
In the present study, we evaluated the systemic effect 24 h after a single i.t. instillation of 3 pg/mouse or 30 pg/mouse
CuONPs. Our findings revealed that CitONPs can induce acute dose-dependent systemic effects including thrombosis,

inflammation, oxidative stress, DNA damage, and apoptosis.
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P<0.0001
| |
250+ P<0.0001 P<0.001
| ]
£ 2004
»n —
©
Q. = 1504
cE
(o))
S £ 100
5
Q 50
0
Saline 3 30

CuONPs (ng/mouse)

Figure 9 8-hydroxy-2-deoxyguanosine (8-OH-dG) levels in plasma following 24 hrs of intra-tracheal instillation of saline (control) or copper oxide nanoparticles (CuONPs)

in mice. Data are mean + SEM (n = 8 in each group).

A P<0.0001 B)
1000- I L 1.5- P<0.0001
P<0.0001 P<0.0001 T
= | |
?‘, 800+ ' . % P<0.001 P<0.0001
% c | || 1
o ~ 1.0+
o = 600 o
c £ )
T 2 400- o
> £ 0.5- ST
o S
o 2004 €
(&)
0 0.0
Saline 3 30 Saline 3 30

CuONPs (ng/mouse)

CuONPs (ng/mouse)

Figure 10 Cleaved caspase-3 (A) and cytochrome C (B) levels in plasma following 24 hrs of intra-tracheal instillation of saline (control) or copper oxide nanoparticles

(CuONPs) in mice. Data are mean + SEM (n = 8 in each group).

https:

10

International Journal of Nanomedicine 2026:21



Ferdous et al

The CuONPs used in present study were comprehensively characterized using XRD, DLS, zeta potential analyses and
TEM to evaluate their structural and colloidal properties. The XRD pattern exhibits distinct and sharp diffraction peaks
corresponding to monoclinic CuO (JCPDS 01-080-0076), confirming the high crystallinity and phase purity of the
nanoparticles. DLS analysis revealed a relatively uniform particle size distribution with an average hydrodynamic
diameter of 120.7 nm, which is larger than the 15-50 nm range reported by the manufacturer. This is further supported
by TEM analysis, which shows that non-agglomerated nanoparticles exhibit an almost spherical morphology with an
average particle size of 23.5 nm. Furthermore, the zeta potential value of —17.7 mV demonstrated good electrostatic
stability, suggesting sufficient surface charge to minimize aggregation. Collectively, these results confirm that the
obtained CuONPs possess high crystallinity, good electrostatic stability, and a consistent nanoscale distribution suitable
for subsequent experimental applications.

L.t. instillation was selected as the mode of CuONPs delivery in this study because mice are obligate nose breathers
and provide controlled, localized, and reproducible means of introducing nanoparticles directly into the lower respiratory
tract. This method bypasses the variability associated with inhalation exposure systems while ensuring that a precise and
uniform dose reaches the pulmonary region, allowing for a more accurate assessment of nanoparticle-induced biological
effects. Moreover, i.t. instillation is widely used in toxicological studies to investigate systemic responses to particulate
matter and engineered nanomaterials, making it a well-established approach for mechanistic evaluation.®**!

CuONPs (3 pg/mouse and 30 pg/mouse) were selected to represent the low- and high-exposure scenarios, respec-
tively, within a biologically relevant range. Previous studies using CuONPs via i.t. instillation have adopted similar
dosing schemes; for example, doses of 3, 35, and 100 pg/mouse have been employed to assess pulmonary infection
defenses and systemic responses in mice.’> Moreover, doses of 30, 50, and 100 pg/mouse have been used in
neurotoxicity studies, demonstrating clear dose-dependent effects on oxidative stress and histopathology in the brain
following pulmonary administration.*® Thus, our selected dose levels provide a meaningful framework for understanding
the pulmonary and systemic effects of CuONPs exposure.

Over the past decade, numerous studies and reviews have highlighted the potential toxicity of metal-oxide nanopar-
ticles, including their hemocompatibility and cardiovascular effects.>* = Platelets, key cellular components of the blood,
play a central role in hemostasis and thrombosis. Under normal physiological conditions, circulating platelets do not
adhere to microvascular endothelium. However, upon vascular injury, platelet adhesion, aggregation, and subsequent
thrombus formation occur in both venules and arterioles in vivo. The thrombotic occlusion time in these vessels is widely
used in experimental research as an indicator of blood coagulation status because it reflects the kinetics of thrombus
formation in response to a prothrombotic stimulus.?*>® Shortened occlusion times were indicative of a hypercoagulable
state, whereas prolonged times were indicative of hypocoagulability. In the present study, we observed a significant
reduction in thrombotic occlusion time in CuONPs-instilled mice compared with controls, demonstrating the prothrom-
botic potential of the tested nanoparticles. These findings are consistent with our previous investigations on silver
nanoparticles (AgNPs), diesel exhaust particles, and cerium oxide nanoparticles.”**>***° Importantly, unlike our earlier
work, the current study specifically evaluates CuONPs, which have distinct physicochemical and biological character-
istics, thereby extending our research into a different and previously unexamined class of metal-oxide nanoparticles. To
further elucidate the mechanisms underlying the prothrombotic effects of CuONPs, we examined in vitro platelet
aggregation in whole blood, as well as coagulation pathway activation. Similar to previous studies, the addition of
ADP to the whole blood of CuONPs-exposed mice induced significant platelet aggregation, with a more pronounced
effect observed at a higher dose (30 pg/mouse). In addition, we observed shortening of both the PT and aPTT pathways
in response to CuONPs exposure compared with the controls. Taken together, these findings indicate that CuONPs
exposure promotes a hypercoagulable state. We further studied the effects of CuONPs on hemostatic markers, including
fibrinogen, PAI-1, PF4, and CRP. The significant increase in these markers collectively supports the interpretation that
CuONPs exposure promotes a prothrombotic state.*' ** Elevated PF4 levels indicate heightened platelet activation and
degranulation, which are the key initiating steps in thrombus formation.** Increased fibrinogen not only reflects systemic
inflammation but also enhances clot formation by serving as a substrate for fibrin, thereby facilitating platelet aggregation
and stabilizing thrombi.*' Elevated PAI-1 levels suggest impaired fibrinolysis, as inhibition of plasminogen activators
reduces clot breakdown and prolongs thrombus persistence.42 Finally, increased CRP levels confirmed systemic
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inflammation, which was closely linked to endothelial activation and a procoagulant shift in vascular homeostasis.**
Together, these biomarkers demonstrate the convergence of platelet activation, coagulation cascade amplification,
fibrinolytic inhibition, and inflammation, providing strong mechanistic evidence that CuONPs induce hypercoagulability
and increase the risk of thrombosis.

Our evaluation of proinflammatory cytokines revealed significant increases in TNF-o, IL-6, and IL-1f levels
following pulmonary instillation of CuONPs compared with saline-treated controls. This elevation may result from
a robust local inflammatory response in the lung, which subsequently spills into the systemic circulation, or from the
direct translocation of nanoparticles across the air-blood barrier.*> The upregulation of these cytokines indicates that
CuONPs trigger pulmonary inflammation, which in turn likely contributes to systemic effects such as endothelial
activation and dysfunction, elevated acute-phase protein levels, and enhanced platelet activation with subsequent
coagulation cascade stimulation.

In parallel, pulmonary exposure to CuONPs resulted in significantly increased TBARS levels along with decreased
levels of NO and reduced GSH. TBARS is a well-established marker of lipid peroxidation, reflecting enhanced oxidative
stress and membrane damage, whereas GSH serves as a critical intracellular antioxidant, and its depletion indicates
impaired redox defense capacity.***” Reduced NO bioavailability is particularly relevant in the vascular context because
NO normally exerts vasodilatory, anti-inflammatory, and antithrombotic effects, and its suppression favors endothelial
dysfunction, platelet activation, and vascular inflammation.*’ Together, these alterations in oxidative stress markers
support our interpretation that CuONPs induce a systemic pro-oxidant environment that amplifies both prothrombotic and
proinflammatory responses observed in our study. Consistent with our findings, previous studies have shown that
CuONPs elevate lipid peroxidation and deplete antioxidant defenses in the liver and kidney and that nanoparticle-
induced oxidative stress can impair NO signaling, thereby promoting platelet hyperreactivity and thrombosis.*”>° These
results collectively suggest that oxidative stress is a central mechanism linking CuONPs exposure to vascular and
inflammatory dysfunctions.

We further examined the effects of CuONPs on DNA damage and apoptosis and observed significant increases in
8-OH-dG, cleaved caspase-3, and cytochrome C. Similar responses were noted in our previous studies investigating the
pathophysiological effects of pulmonary exposure to AgNPs and cerium oxide nanoparticles.’''*** 8-OH-dG is a well-
established biomarker of oxidative DNA damage, formed by the hydroxyl radical-mediated oxidation of guanine bases;
elevated levels indicate heightened ROS activity and compromised genomic stability.’' Caspases are the key mediators of
apoptosis. Cleaved caspase-3 functions as a critical executioner of apoptosis, marking the progression of programmed
cell death, often in response to mitochondrial dysfunction or excessive ROS.>? Cytochrome C release from the
mitochondria into the cytosol is a defining feature of the intrinsic apoptotic pathway, linking oxidative mitochondrial
injury to downstream caspase activation.”® Together, the increased levels of 8-OH-dG, cytochrome C, and cleaved
caspase-3 in CuONPs-exposed mice corroborate earlier findings of disrupted redox balance and demonstrate that
oxidative insults extend beyond lipids and proteins to encompass DNA damage, mitochondrial dysfunction, and

activation of apoptotic cascades.

Conclusion

Our study provides a comprehensive assessment of CuONPs 24 h after i.t. instillation, using both in vivo and
in vitro models. We observed acute systemic toxicity, including oxidative stress, inflammation, DNA damage,
apoptosis, and enhanced thrombotic responses, with more pronounced effects observed at higher doses. Although
limited by a single exposure route, only two doses, a narrow size range, and short-term evaluation, our findings
consistently indicate that CuONPs can induce systemic effects beyond the site of deposition. These results
underscore the need for further investigation with varied exposure routes, dosing regimens, and long-term
assessments to fully delineate the pathophysiological effects of CuONPs. Importantly, our data highlight the
necessity for caution in their biomedical and industrial use given their potential to trigger proinflammatory and
prothrombotic responses.
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