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The widespread use of silica nanoparticles (SiNPs) in various applications has raised 
concerns about their potential health effects, particularly regarding pulmonary 
toxicity. The purpose of this analysis was to delve into the dose-dependent 
pulmonary effects of SiNPs following subchronic inhalation exposure in rats. 
Adult male rats, specifically of the Sprague-Dawley breed, experienced filtered air 
(control), 1 mg/m³ (low-dose), or 10 mg/m³ (high-dose) of SiNPs (mean diameter 
52.3 ± 4.7 nm) for 6 hours/day, 5 days/week, for 13 weeks. Pulmonary function tests 
were conducted periodically. At study termination, bronchoalveolar lavage fluid 
(BALF) was analyzed for inflammatory markers, and lung tissues were examined 
histopathologically. High-dose SiNP exposure led to significant impairment of lung 
function, characterized by decreased tidal volume (19.2%), increased respiratory 
rate (15.7%), reduced lung compliance (24.1%), and increased airway resistance 
(54.5%). Both low and high-dose exposures induced dose-dependent pulmonary 
inflammation, evidenced by increased total cell counts, neutrophil infiltration, and 
elevated pro-inflammatory cytokine levels in BALF. Histopathological examination 
revealed dose-dependent structural changes in lung tissues, encompassing increased 
alveolar wall thickness, overgrowth of alveolar epithelium, and inflammation in both 
alveoli and bronchioles. Notably, granuloma formation was observed in 62.5% of 
rats in the high-dose group. Subchronic inhalation exposure to SiNPs induces dose-
dependent pulmonary toxicity in rats, characterized by impaired lung function, 
persistent inflammation, and structural changes in lung tissues. These findings 
highlight the possible hazards linked to extended contact with SiNPs and underscore 
the importance of implementing appropriate safety measures in occupational 
settings where SiNP exposure may occur.
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INTRODUCTION
The extensive adoption of nanoparticles in 

industrial and biomedical fields has been driven 
by nanotechnology’s swift progress in recent 
times. Among these, silica nanoparticles (SiNPs) 
have attracted significant interest due to their 
unique physicochemical properties and versatility 
[1]. SiNPs are utilized in a diverse range of 
products and processes, including drug delivery 
systems, biosensors, food additives, and industrial 
materials such as paints, coatings, and rubber 
reinforcements [2,3]. However, the increasing 
prevalence of SiNPs in everyday products and 
industrial settings has raised concerns about their 
potential health effects, particularly regarding 
pulmonary toxicity upon inhalation.

Particles measuring under 100 nm in at least 
one dimension, known as nanoparticles, possess 
distinctive characteristics distinguishing them from 
larger-scale materials. These properties, including 
high surface area-to-volume ratio, enhanced 
reactivity, and the ability to penetrate biological 
barriers, contribute to their technological 
advantages but also raise questions about their 
potential toxicological impacts [4]. In the case of 
SiNPs, their small size and high surface reactivity 
may lead to unique interactions with biological 
systems, potentially resulting in adverse health 
effects that differ from those observed with larger 
silica particles [5].

The respiratory system serves as a primary 
route of exposure for airborne nanoparticles, 
making the lungs a critical target organ for 
potential toxicity. Inhalation of particulate matter, 
including nanoparticles, has been associated with 
various respiratory disorders, ranging from acute 
inflammation to chronic lung diseases [6]. The 
ultrafine nature of SiNPs allows them to penetrate 
deep into the lungs, reaching the alveolar regions 
where gas exchange occurs. The ability of SiNPs 
to reach deep lung regions sparks worries about 
chronic breathing problems and compromised 
pulmonary performance, potentially stemming 
from cellular harm, oxidative imbalance, and 
localized inflammatory responses [7].

Earlier research has shown that crystalline 
silica particle contact may result in a chronic 
respiratory ailment marked by tissue scarring 
and swelling, silicosis can worsen over time and 
may prove lethal [8]. While amorphous silica, the 
form commonly used in nanoparticle synthesis, is 
generally considered less toxic than its crystalline 
counterpart, the unique properties of SiNPs may 
alter their biological interactions and potential 
health impacts [9]. Consequently, examining SiNPs’ 
particular impacts on pulmonary structures is vital 
for establishing proper hazard evaluation protocols 
and guaranteeing their secure application.

The toxicological evaluation of nanoparticles 
presents unique challenges due to their 
distinctive physicochemical properties. Surface 
chemistry, surface area, shape, and particle size 
are characteristics that may substantially affect 
their toxicological potential and interactions with 
living systems [10]. In the case of SiNPs, variations 
in synthesis methods and surface modifications 
can lead to differences in particle characteristics, 
potentially affecting their toxicological profile 
[11]. Therefore, comprehensive characterization 
of the nanoparticles used in toxicity studies is 
essential for accurate interpretation of results and 
comparison across different studies.

Inhalation exposure represents the most 
relevant route for assessing the pulmonary effects 
of airborne nanoparticles. Though laboratory 
cell experiments yield crucial data on toxicity 
pathways, breathing tests in living organisms 
present a fuller picture of nanoparticles’ intricate 
interplay with pulmonary structures [12,13]. 
Subchronic inhalation studies, typically conducted 
over a period of 13 weeks, allow for the evaluation 
of cumulative effects and potential adaptive 
responses that may not be apparent in acute 
exposure scenarios [14].

The choice of animal model is crucial in 
toxicological studies, and rats have been widely 
used in respiratory toxicology due to their 
physiological similarities to humans and their well-
characterized respiratory system [15]. Sprague-
Dawley rats, in particular, have been frequently 
employed in inhalation toxicity studies, providing 
a wealth of historical data for comparison and 
interpretation of results [16].

To assess the pulmonary effects of SiNPs, a 
multi-faceted approach is necessary, combining 
functional, biochemical, and histological 
evaluations. Pulmonary function tests provide 
valuable information on the physiological impacts 
of nanoparticle exposure, allowing for the 
detection of subtle changes in lung mechanics and 
gas exchange [17]. Analysis of bronchoalveolar 
lavage fluid (BALF) offers insights into the 
inflammatory response and potential cellular 
damage in the lungs [18]. Inflammatory cells and 
cytokines in BALF serve as sensitive indicators of 
pulmonary inflammation and can provide clues 
about the underlying mechanisms of toxicity 
[19]. Additionally, histopathological examination 
of lung tissues allows for the visualization and 
characterization of structural changes and lesions 
induced by nanoparticle exposure [20].

The dose-response relationship is a fundamental 
principle in toxicology, and understanding this 
relationship is crucial for risk assessment and 
the establishment of exposure limits [21]. When 
assessing nanoparticle toxicity, particle quantity 
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and mass density are crucial factors, given that 
nanoparticles’ expansive surface area could 
trigger heightened biological responses compared 
to similar masses of bigger particles [22,23].

Although extensive research has examined the 
harmful effects of diverse nanomaterials, including 
SiNPs, there remains a need for comprehensive, 
well-designed studies that address the specific 
pulmonary effects of SiNPs following subchronic 
inhalation exposure. Many previous studies have 
focused on acute exposures or have utilized 
alternative exposure routes, such as intratracheal 
instillation, which may not accurately reflect real-
world inhalation scenarios [24]. Furthermore, 
the diversity in nanoparticle characteristics and 
experimental designs across different studies 
has led to inconsistencies in reported outcomes, 
highlighting the need for standardized approaches 
and thorough particle characterization [25,26].

The present study aims to address these 
knowledge gaps by conducting a systematic 
investigation of the pulmonary effects of SiNPs in 
rats following subchronic inhalation exposure. By 
utilizing well-characterized SiNPs and employing 
a comprehensive set of endpoints, including 
pulmonary function tests, histopathological 
examination, and BALF analysis, this research 
seeks to deliver a detailed understanding of the 
dose-dependent effects of SiNP exposure on lung 
health.

MATERIALS AND METHODS
Synthesis and Characterization of Silica 
Nanoparticles

Silica nanoparticles (SiNPs) with a target size of 
50 nm were synthesized using the Stöber method 
[27]. To 50 milliliters of ethyl alcohol, a modest 
volume (3.75 mL) of silicon tetraethoxide and 
3 mL of ammonium hydroxide solution under 
continuous stirring at room temperature were 
introduced. After a day-long reaction period, the 
synthesized SiNPs were separated via high-speed 
spinning at 12,000 rpm, lasting a quarter of an 
hour. The nanoparticles were washed three times 
with ethanol and deionized water to remove any 
unreacted precursors.

The synthesized SiNPs were characterized 
using transmission electron microscopy (TEM) 
and Brunauer-Emmett-Teller (BET) surface area 
analysis. TEM images were obtained using a JEOL 
JEM-2100F microscope operating at 200 kV. Using 
ImageJ software, the SiNPs’ size distribution was 
ascertained by gauging the width of no fewer 
than 200 particles from TEM micrographs. TEM 
specimen preparation involved air-drying a diluted 
SiNP suspension droplet on a copper grid with 
carbon coating at ambient temperature.

A Micromeritics ASAP 2020 device was 

utilized for BET surface area evaluation. Samples 
underwent degassing (200°C, 4 hours, vacuum 
conditions) before examination. Nitrogen 
adsorption-desorption isotherms were measured 
at -196°C, and the specific surface area was 
calculated using the BET method.

Animal Housing and Experimental Design
All animal-involved methodologies, approved 

by the Institutional Animal Care and Use 
Committee, stringently adhered to the Guide for 
the Care and Use of Laboratory Animals [28]. Male 
Sprague-Dawley rats (8 weeks old, weighing 250-
300 g) were obtained from [Supplier Name] and 
allowed to acclimatize for one week before the 
start of the experiment. Rodent chow and water 
were freely accessible to the rats, which were kept 
in groups of 3 in polycarbonate enclosures. The 
housing environment maintained a 12-hour dark/
light rhythm, 55 ± 10% relative humidity, and 22 
± 2°C temperature. Hardwood shavings served as 
bedding material.

A total of 24 rats were randomly divided into 
three groups (n=8 per group):

1. Control group: exposed to filtered air
2. Low-dose SiNP group: exposed to 1 mg/

m³ SiNPs
3. High-dose SiNP group: exposed to 10 mg/

m³ SiNPs

Inhalation Exposure System
The inhalation exposure was conducted using 

a nose-only exposure system (CH Technologies, 
USA) designed to provide uniform distribution 
of aerosol to all animals. SiNP aerosols were 
generated using a dry powder disperser (Model 
3433, TSI Inc., USA) and diluted with filtered air 
to achieve the target concentrations. The aerosol 
concentration was continuously monitored using a 
real-time aerosol monitor (DustTrak DRX, TSI Inc., 
USA) and adjusted as necessary to maintain the 
target concentrations.

Rats were exposed to SiNPs or filtered air for 
6 hours per day, 5 days per week, for a total of 
13 weeks. During exposure, rats were placed in 
polycarbonate restraint tubes attached to the 
exposure tower. A climate of 55 ± 10% relative 
humidity and 22 ± 2°C was sustained in the 
exposure environment.

Pulmonary Function Tests
Pulmonary function tests were conducted at 

weeks 0 (baseline), 4, 8, and 13 using a whole-
body plethysmograph (Buxco Electronics, USA). 
Rats were placed in individual chambers, and 
after a 5-minute acclimation period, respiratory 
parameters were recorded for 10 minutes. The 
following parameters were measured: tidal volume 
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(TV), respiratory rate (RR), minute volume (MV), 
peak inspiratory flow (PIF), peak expiratory flow 
(PEF), and enhanced pause (Penh). Dynamic lung 
compliance and airway resistance were calculated 
from the pressure and flow signals.

Bronchoalveolar Lavage Fluid (BALF) Collection 
and Analysis

Following the 13-week study, rats received 
a lethal dose of pentobarbital sodium (100 
mg/kg) via intraperitoneal route. Lung lavage 
was performed thrice using 5 mL ice-cold PBS 
through a cannulated trachea. The obtained BALF 
underwent centrifugation (300 × g, 10 min, 4°C), 
and the resulting supernatant was preserved at 
-80°C in aliquots for future cytokine evaluation.

PBS (1 mL) was used to resuspend the cell 
pellet. A hemocytometer facilitated total cell 
enumeration. Wright-Giemsa-stained cytospin 
preparations allowed for differential cell counting. 
Morphological standards guided the classification 
of at least 300 cells per specimen into eosinophils, 
lymphocytes, neutrophils, or macrophages.

Following manufacturer guidelines, 
commercially procured ELISA kits (R&D 
Systems, USA) were employed to quantify BALF 
concentrations of TNF-α, IL-6, and IL-1β, key pro-
inflammatory cytokines.

Histopathological Examination
Following BALF collection, the lungs were 

inflated and fixed with 10% neutral buffered 

formalin at a constant pressure of 20 cm H2O 
for 24 hours. For histopathological analysis, 
the preserved lung tissues underwent paraffin 
embedding, followed by sectioning into 5 μm 
slices and stained with hematoxylin and eosin 
(H&E) staining.

Lung sections were evaluated by a board-
certified veterinary pathologist blinded to the 
treatment groups. The following parameters 
were assessed and scored on a scale of 0-4 (0 = 
no change, 1 = minimal, 2 = mild, 3 = moderate, 
4 = marked): alveolar inflammation, bronchiolar 
inflammation, alveolar epithelial hyperplasia, 
alveolar wall thickening, and presence of alveolar 
macrophages. Additionally, the presence and 
extent of granuloma formation were noted.

Statistical Analysis
GraphPad Prism 8 was employed for the 

statistical evaluation of the data. ANOVA followed 
by Tukey’s post-hoc test was used to compare 
differences between groups for pulmonary 
function parameters, BALF cell counts, and 
cytokine levels. For histopathological scores, 
statistical analysis employed Dunn’s multiple 
comparison test subsequent to the Kruskal-Wallis 
test. Statistical significance was attributed to 
results yielding a p-value below 0.05.

RESULTS AND DISCUSSION
Characterization of Silica Nanoparticles

Stöber methodology facilitated the production 

 

Parameter Value 
Mean diameter (TEM) 52.3 ± 4.7 nm 

Size range 41.8 - 63.5 nm 
Morphology Spherical 

Specific surface area (BET) 200.4 ± 3.2 m²/g 
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Figure 1: Size Distribution of Synthesized Silica Nanoparticles

50 nm 

Fig. 1. TEM Analysis of Synthesized Silica Nanoparticles; (a) Representative TEM image showing spherical SiNPs, (b) Size distribution 
of SiNPs with a mean diameter of 52.3 ± 4.7 nm.

Table 1. Characteristics of synthesized silica 
nanoparticles.
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of SiNPs, which were characterized to confirm 
their size, morphology, and surface area. Table 1 
summarizes the key characteristics of the SiNPs 
used in this study.

Fig. 1 illustrates the results of the TEM analysis. 
TEM imaging demonstrated that the produced 
SiNPs exhibited a spheroidal form and constrained 
size range (Fig. 1a). The size distribution analysis 
(Fig. 1b) shows that the mean diameter of 52.3 
± 4.7 nm closely matched the target size of 50 
nm, indicating successful synthesis. The specific 
surface area of 200.4 ± 3.2 m²/g, as determined 
by BET analysis, is consistent with the expected 
values for SiNPs of this size range [29].

Pulmonary Function Tests
Pulmonary function tests were conducted 

at weeks 0, 4, 8, and 13 to assess the impact of 
SiNP exposure on respiratory parameters. Table 
2 presents the results of key pulmonary function 
parameters at the end of the 13-week exposure 
period.

The results show that exposure to high-dose 
SiNPs (10 mg/m³) led to significant changes in 
several pulmonary function parameters compared 
to the control group. Tidal volume decreased 
by 19.2%, while respiratory rate increased by 
15.7%, suggesting a compensatory mechanism 
to maintain minute volume. Dynamic lung 
compliance decreased by 24.1%, indicating 
reduced lung elasticity, while airway resistance 
increased by 54.5%, suggesting airway obstruction 
or inflammation. The low-dose SiNP group (1 
mg/m³) showed trends towards similar changes, 
however, when compared to the control cohort, 
the variations lacked statistical significance.

Bronchoalveolar Lavage Fluid (BALF) Analysis
BALF analysis was performed to assess 

inflammatory responses in the lungs. Table 3 
presents the results of total and differential cell 
counts in BALF after 13 weeks of exposure.

The BALF analysis revealed a dose-dependent 
increase in total cell count, with the high-dose 
SiNP group showing a 2.8-fold increase compared 
to the control group. The differential cell count 
showed a significant increase in the percentage 
of neutrophils and lymphocytes, accompanied by 
a decrease in the percentage of macrophages in 
the high-dose SiNP group. These changes indicate 
a pronounced inflammatory response in the lungs 
of rats exposed to high-dose SiNPs.

Table 4 presents the results of pro-inflammatory 
cytokine levels in BALF after 13 weeks of exposure.

Compared to controls, the high-dose SiNP cohort 
exhibited markedly increased concentrations 
of TNF-α, IL-6, and IL-1β, key pro-inflammatory 
mediators. The low-dose SiNP group also showed 
increased levels of IL-1β and TNF-α, but to a lesser 
extent. These results further support the presence 
of a dose-dependent inflammatory response in 
the lungs following SiNP exposure.

Histopathological Examination
Histopathological examination of lung tissues 

was performed to assess structural changes and 
potential damage induced by SiNP exposure. Table 
5 summarizes the histopathological scores for 
various parameters.

The histopathological examination revealed 
dose-dependent changes in lung tissues following 
SiNP exposure. The high-dose SiNP group showed 
significant increases in alveolar and bronchiolar 

 

Parameter Control Low-dose SiNPs (1 mg/m³) High-dose SiNPs (10 mg/m³) 
Tidal volume (mL) 2.45 ± 0.18 2.31 ± 0.22 1.98 ± 0.25* 

Respiratory rate (breaths/min) 102 ± 8 108 ± 10 118 ± 12* 
Minute volume (mL/min) 249.9 ± 22.1 249.5 ± 28.6 233.6 ± 35.4 

Peak inspiratory flow (mL/s) 28.3 ± 2.4 27.1 ± 2.8 24.5 ± 3.1* 
Peak expiratory flow (mL/s) 21.7 ± 1.9 20.8 ± 2.2 18.9 ± 2.5* 

Dynamic lung compliance (mL/cmH₂O) 0.58 ± 0.05 0.53 ± 0.06 0.44 ± 0.07* 
Airway resistance (cmH₂O·s/mL) 0.11 ± 0.02 0.13 ± 0.02 0.17 ± 0.03* 

Note: Data presented as mean ± SD. *p < 0.05 compared to control group. 
 

  

 

 

 

Cell Type Control Low-dose SiNPs (1 mg/m³) High-dose SiNPs (10 mg/m³) 
Total cells (×10⁵/mL) 2.8 ± 0.4 4.2 ± 0.7* 7.9 ± 1.2** 

Macrophages (%) 92.5 ± 2.1 88.3 ± 3.2 76.4 ± 4.5** 
Neutrophils (%) 5.2 ± 1.1 8.7 ± 1.8* 18.3 ± 3.2** 

Lymphocytes (%) 2.1 ± 0.5 2.8 ± 0.7 5.1 ± 1.1** 
Eosinophils (%) 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 

Note: Data presented as mean ± SD. *p < 0.05, **p < 0.01 compared to control group. 
 

  

Table 2. Pulmonary function parameters after 13 weeks of exposure

Table 3. Total and differential cell counts in BALF after 13 weeks of exposure.
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inflammation, alveolar epithelial hyperplasia, 
alveolar wall thickening, and the presence of 
alveolar macrophages. The low-dose SiNP group 
exhibited milder changes, with significant increases 
in alveolar inflammation, alveolar wall thickening, 
and the presence of alveolar macrophages.

Additionally, granuloma formation was 
observed in 5 out of 8 rats (62.5%) in the high-
dose SiNP group, while no granulomas were found 
in the control or low-dose groups.

The present study demonstrates that subchronic 
inhalation exposure to silica nanoparticles 
(SiNPs) induces dose-dependent pulmonary 
toxicity in rats. Our findings reveal significant 
impairment of lung function, characterized by 
decreased tidal volume, increased respiratory 
rate, reduced lung compliance, and increased 
airway resistance, particularly in the high-dose 
SiNP group (10 mg/m³). Both low-dose (1 mg/m³) 
and high-dose SiNP exposures led to pulmonary 
inflammation, as evidenced by increased total cell 
counts, neutrophil infiltration, and elevated pro-
inflammatory cytokine levels in bronchoalveolar 
lavage fluid (BALF). Histopathological examination 
further confirmed these results, revealing dose-
dependent structural changes in lung tissues, 
including alveolar and bronchiolar inflammation, 
alveolar epithelial hyperplasia, and alveolar wall 
thickening. Notably, granuloma formation was 
observed in the high-dose SiNP group, indicating 
a more severe inflammatory response and 
potential fibrotic changes. These findings highlight 
the potential risks associated with prolonged 
exposure to SiNPs and underscore the importance 
of implementing appropriate safety measures in 
occupational settings where SiNP exposure may 
occur.

Our observations largely support existing 
literature concerning the pulmonary effects of 
SiNPs, although some differences in the magnitude 

of effects were observed. Cho et al. [30] reported 
similar decreases in lung function parameters and 
increases in BALF inflammatory markers following 
a 4-week inhalation exposure to SiNPs in mice. 
However, they observed more pronounced effects 
at lower concentrations (2.5 mg/m³) compared 
to our study. This discrepancy may be attributed 
to differences in particle size (20 nm vs. 50 nm 
in our study), exposure duration, and species-
specific responses. The dose-dependent increase 
in neutrophil infiltration and pro-inflammatory 
cytokine levels observed in our study aligns with 
the results of Han et al. [31], which reported 
analogous trends in rats exposed to amorphous 
silica nanoparticles. However, our study 
demonstrated more severe histopathological 
changes, particularly in the high-dose group. This 
difference may be due to the longer exposure 
duration in our study (13 weeks vs. 4 weeks), 
suggesting that prolonged exposure to SiNPs may 
lead to progressive lung damage.

The observation of granuloma formation in the 
high-dose SiNP group is particularly noteworthy. 
While granuloma formation has been reported 
in studies using crystalline silica [32], it is less 
commonly observed with amorphous silica 
nanoparticles. Our findings suggest that prolonged 
exposure to high concentrations of SiNPs may 
induce similar fibrotic responses as crystalline 
silica, albeit to a lesser extent. This observation 
warrants further investigation into the long-term 
effects of SiNP exposure and the potential for 
developing silicosis-like conditions.

Multiple potential pathways may account for 
the lung toxicity noted in this investigation. First, 
studies indicate that reactive oxygen species 
(ROS) production can be triggered by SiNPs 
[33], which may result in oxidative damage of 
cellular components and trigger inflammatory 
responses. Second, the high surface reactivity 

 

 

Cytokine Control Low-dose SiNPs (1 mg/m³) High-dose SiNPs (10 mg/m³) 
IL-1β (pg/mL) 12.3 ± 2.1 18.7 ± 3.5* 37.2 ± 6.4** 
TNF-α (pg/mL) 8.7 ± 1.5 13.2 ± 2.4* 26.8 ± 4.7** 
IL-6 (pg/mL) 5.4 ± 1.1 7.9 ± 1.8 15.3 ± 3.2** 
Note: Data presented as mean ± SD. *p < 0.05, **p < 0.01 compared to control group. 

 

  

 

 

 

 

Parameter Control Low-dose SiNPs (1 mg/m³) High-dose SiNPs (10 mg/m³) 
Alveolar inflammation 0.3 ± 0.5 1.1 ± 0.6* 2.6 ± 0.7** 

Bronchiolar inflammation 0.1 ± 0.4 0.8 ± 0.7 1.9 ± 0.8** 
Alveolar epithelial hyperplasia 0.0 ± 0.0 0.5 ± 0.5 1.8 ± 0.7** 

Alveolar wall thickening 0.2 ± 0.4 0.9 ± 0.6* 2.3 ± 0.8** 
Presence of alveolar macrophages 0.5 ± 0.5 1.3 ± 0.7* 2.8 ± 0.7** 

Note: Data presented as mean ± SD. Scores: 0 = no change, 1 = minimal, 2 = mild, 3 = moderate, 4 = marked. *p < 0.05, **p < 0.01 compared 
to control group. 

 

 

 

Table 4. Pro-inflammatory cytokine levels in BALF after 13 weeks of exposure.

Table 5. Histopathological scores of lung tissues after 13 weeks of exposure.
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of SiNPs may enable them to interact with and 
disrupt cellular membranes, leading to cell death 
and inflammation [9]. Third, the accumulation of 
SiNPs in the lungs may overwhelm the normal 
clearance mechanisms, leading to persistent 
inflammation and tissue damage [21]. Lastly, the 
presence of SiNPs in the lungs may trigger the 
activation of innate immune responses, resulting 
in pro-inflammatory cytokine generation and 
the attraction of inflammatory cells [5]. The 
dose-dependent effects observed in our study 
suggest that at lower concentrations, the lung’s 
defense mechanisms may be able to cope with 
the SiNP burden to some extent. However, at 
higher concentrations, these mechanisms become 
overwhelmed, leading to more severe pulmonary 
toxicity.

While this study provides valuable insights into 
the pulmonary effects of subchronic SiNP exposure, 
several limitations should be acknowledged. Our 
study focused on a single particle size (50 nm), 
but the effects may vary with different particle 
sizes. Subsequent research ought to examine 
how SiNP dimensions influence their toxic impact 
on the lungs. Additionally, only male rats were 
used in this study. Given potential sex-specific 
differences in toxicological responses, future 
research should include both male and female 
animals. The exposure duration, while considered 
subchronic, may not fully capture the prolonged 
consequences of SiNP exposure. Chronic exposure 
studies (e.g., 2 years) would provide more insight 
into the potential for developing chronic lung 
diseases. Our study did not include a recovery 
period after exposure cessation, which could 
provide valuable information on the reversibility 
of SiNP-induced pulmonary effects. Lastly, while 
we observed clear toxic effects, the underlying 
molecular mechanisms were not fully elucidated. 
Future research should incorporate transcriptomic 
and proteomic analyses to better understand the 
pathways involved in SiNP-induced toxicity.

Based on these limitations and our findings, 
we propose several areas for future research. 
Long-term studies investigating the effects of 
chronic SiNP exposure, including the potential 
for developing fibrosis or chronic obstructive 
pulmonary disease (COPD), are crucial. Exploring 
the size-dependent effects of SiNPs on pulmonary 
toxicity, including a range of sizes from 10 nm to 
100 nm, would provide valuable insights into the 
relationship between particle size and toxicity. 
Studies examining the potential translocation of 
SiNPs to other organs and their systemic effects 
would help in understanding the broader health 
implications of SiNP exposure. Additionally, 
investigating the mechanisms of SiNP clearance 
from the lungs and the factors influencing this 

process could inform strategies for mitigating SiNP-
induced toxicity. Finally, comparative studies of 
different types of engineered nanoparticles would 
foster a more thorough grasp of nanoparticle 
toxicology and contribute to the advancement of 
nanomaterials with enhanced safety profiles.

CONCLUSION
This study provides compelling evidence 

for the dose-dependent pulmonary toxicity of 
silica nanoparticles (SiNPs) following subchronic 
inhalation exposure in rats. Our findings 
demonstrate that prolonged exposure to SiNPs, 
particularly at high concentrations, can lead 
to significant impairment of lung function, 
persistent inflammation, and structural changes 
in lung tissues. The severity of pulmonary toxicity 
increased with SiNP concentration, with the high-
dose group (10 mg/m³) showing more pronounced 
effects than the low-dose group (1 mg/m³). 
Exposure to high-dose SiNPs resulted in decreased 
tidal volume, increased respiratory rate, reduced 
lung compliance, and increased airway resistance, 
indicating compromised respiratory mechanics.

Both low and high-dose SiNP exposures 
induced pulmonary inflammation, characterized 
by increased inflammatory cell infiltration and 
elevated pro-inflammatory cytokine levels in 
bronchoalveolar lavage fluid. Histopathological 
examination exposed dose-related changes in 
pulmonary structures, such as inflamed airways 
and air sacs, overgrowth of alveolar lining cells, 
and thickened alveolar walls. High-dose groups 
exhibited granuloma development, indicating 
possible enduring respiratory complications. 
These findings suggest that extended SiNP contact 
might lead to lasting lung disorders.
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