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Abstract

The rapid advancement in nanotechnology has led to the widespread use of Nanoparticles (NPs) in various industrial, medical and consumer 
products. While nanoparticles offer numerous benefits, their potential toxicity to human health is a growing concern, particularly regarding 
respiratory exposure. The interaction of nanoparticles with airway epithelial cells is a critical area of study, as these cells are the first line 
of defense against inhaled substances. This article examines the effects of nanoparticles on airway epithelial cells and evaluates the 
toxicity assessment techniques employed to study these interactions.
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Introduction

Nanoparticles: Properties and applications
Nanoparticles are particles with dimensions between 1 and 100 

nanometers. They can be classified based on their origin (natural or 
engineered), composition (metallic, carbon-based, polymeric, etc.) 
and shape (spherical, tubular, etc). Some common types of 
nanoparticles include:

Metallic nanoparticles: Silver (Ag), gold (Au) and Titanium Dioxide 
(TiO2).

Carbon-based nanoparticles: Fullerenes, Carbon Nanotubes (CNTs) 
and graphene.

Polymeric nanoparticles: Polystyrene, Polyethylene Glycol (PEG).

Quantum dots: Semiconductor nanoparticles.

Applications
   Nanoparticles are used in various fields, including: 

Medicine: Drug delivery, imaging and diagnostics. 

Electronics: Conductive inks, sensors and displays. 

Cosmetics: Sunscreens and anti-aging products. 

Environmental: Water purification and pollutant detection.

Airway epithelial cells
The airway epithelium is a layer of cells lining the respiratory tract, 

from the nasal passages to the alveoli in the lungs. It serves multiple 
functions:

Barrier function: Protects against pathogens, particles and harmful 
substances.

Mucociliary clearance: Mucus production and ciliary movement trap 
and expel particles.

Immune response: Releases cytokines and chemokines to modulate 
immune reactions.

Cell types
The airway epithelium comprises several cell types, including:

Ciliated cells: Move mucus and trapped particles out of the airways.

Goblet cells: Secrete mucus.

Basal cells: Serve as progenitor cells for epithelial repair and 
regeneration.

Club cells: Secrete protective proteins and p articipate in 
detoxification. Interaction of nanoparticles with airway epithelial cells
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Description

Mechanisms of Interaction
Nanoparticles can interact with airway epithelial cells through 

various mechanisms:

Physical interaction: Direct contact with the cell surface.

Endocytosis: Cellular uptake of nanoparticles via vesicular transport.

Transcytosis: Transport across the epithelial barrier.

Indirect effects: Release of soluble factors or secondary messengers.

Effects on cellular functions
Cytotoxicity: Nanoparticles can induce cell death through 

apoptosis, necrosis or autophagy. This can be assessed by 
measuring cell viability, membrane integrity and apoptotic markers.

Oxidative stress: Many nanoparticles generate Reactive Oxygen 
Species (ROS), leading to oxidative damage to cellular components 
such as lipids, proteins and DNA. Biomarkers of oxidative stress 
include lipid peroxidation products, antioxidant enzyme activity and 
DNA damage.

Inflammation: Exposure to nanoparticles can trigger inflammatory 
responses in airway epithelial cells. This is characterized by the 
release of pro-inflammatory cytokines (e.g., IL-6, TNF-α) and 
chemokines (e.g., IL-8).

Barrier function disruption: Nanoparticles can compromise the 
integrity of the epithelial barrier by altering tight junction proteins 
(e.g., occludin, claudins) and increasing permeability.

Genotoxicity: Nanoparticles can cause DNA damage directly or 
indirectly through ROS generation. Assays such as the comet assay 
and γ-H2AX foci formation are used to detect DNA strand breaks and 
other genotoxic effects.

Toxicity assessment techniques
In vitro models using cultured airway epithelial cells are 

widely employed to study nanoparticle toxicity. These models offer 
controlled conditions and high-throughput capabilities. Key in vitro 
models include:

Monolayer cultures: Simplest model using a single layer of cells. 
Useful for initial screening of cytotoxicity and mechanistic studies.

Air-Liquid Interface (ALI) cultures: Cells are cultured at the 
interface of air and liquid, mimicking the in vivo airway environment. 
ALI cultures allow differentiation into ciliated and mucus-secreting 
cells, providing a more physiologically relevant model.

Co-culture systems: Incorporate multiple cell types (e.g., epithelial 
cells with immune cells) to study cell-cell interactions and complex 
responses.

Organoids: Three-dimensional cultures that replicate the 
architecture and function of airway tissues. Organoids offer advanced 
models for studying long-term effects and tissue-specific responses.

In vivo models
Animal models provide comprehensive data on the systemic 

effects of nanoparticles. Commonly used models include rodents 
(mice and rats) exposed to nanoparticles via inhalation, intratracheal 
instillation or oropharyngeal aspiration. Key endpoints include:

Lung function: Pulmonary function tests (e.g., spirometry) assess 
the impact on respiratory mechanics.

Histopathology: Examination of lung tissue for inflammation, 
fibrosis and cellular damage.

Biomarker analysis: Measurement of inflammatory cytokines, 
oxidative stress markers and genotoxicity indicators in lung tissue 
and Bronchoalveolar Lavage Fluid (BALF).

Advanced techniques
High-Content Screening (HCS): Combines automated microscopy 

and image analysis to evaluate multiple cellular parameters 
simultaneously. HCS allows for the assessment of cytotoxicity, 
oxidative stress and morphological changes.

Omics technologies: Transcriptomics, proteomics and 
metabolomics provide comprehensive insights into the molecular 
changes induced by nanoparticles. These techniques identify 
biomarkers and pathways involved in toxicity.

Computational modeling: In silico models predict nanoparticle 
behavior and toxicity based on physicochemical properties and 
biological interactions. Computational approaches complement 
experimental data and guide hypothesis generation.

Silver nanoparticles (AgNPs)
Mechanism: AgNPs release silver ions (Ag⁺) that generate ROS 

and induce oxidative stress.

Effects: Studies have shown that AgNPs cause cytotoxicity, 
inflammation and disruption of tight junctions in airway epithelial 
cells.

Assessment: In vitro studies using ALI cultures and in vivo rodent 
models have demonstrated dose-dependent toxic effects of AgNPs on 
lung tissue.

Carbon Nanotubes (CNTs)
Mechanism: CNTs can penetrate cells and cause physical damage, 

oxidative stress and inflammation.

Effects: Long and rigid CNTs are more likely to induce fibrosis and 
granuloma formation in the lungs compared to short and flexible 
CNTs.
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Assessment: Co-culture models and rodent studies have 
been used to evaluate the pro-fibrotic and inflammatory 
responses to CNT exposure.

Challenges and future directions
  Physicochemical characterization: Comprehensive characterization 
of nanoparticles (size, shape, surface chemistry) is essential for 
understanding their biological interactions and toxicity.

Dose metrics: Standardizing dose metrics (e.g., mass, surface 
area, number concentration) is crucial for comparing toxicity data 
across studies.

Relevance of models: Ensuring that in vitro and in vivo models 
accurately represent human exposure and responses remains a 
challenge.

Future directions
Advanced in vitro models: Development of more complex models, 

such as organ-on-a-chip systems, that better replicate human airway 
physiology and responses.

Integrated approaches: Combining experimental data with 
computational modeling and omics technologies for a holistic 
understanding of nanoparticle toxicity.

Regulatory frameworks: Establishing guidelines for the safe use 
and disposal of nanoparticles to protect human health and the 
environment.

Conclusion
The interaction of nanoparticles with airway epithelial cells is a 

critical area of study for assessing the potential health risks 
associated with nanomaterial exposure. Various toxicity 
assessment techniques, including in vitro and in vivo models, 
provide valuable insights into the mechanisms and effects of 
nanoparticle toxicity. Advanced technologies and integrated 
approaches hold promise for improving our understanding of 
nanoparticle-cell interactions and guiding the development of safer 
nanomaterials. As nanotechnology continues to evolve, ongoing 
research and collaboration among scientists, regulators and 
industry stakeholders will be essential to ensuring the safe and 
sustainable use of nanoparticles.
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