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[. INTRODUCTION

Air pollution represents the most widely recognized
environmental health problem worldwide and the sixth
risk factor for premature mortality globally. Within the
air-pollution  spectrum, particulate matter is
highlighted as one of the major components
responsible  for the occurrence of severe
cardiovascular and respiratory diseases. The potential
adverse effect of particulate matter on human health of
airborne nanoparticles has emerged as a significant
issue  concurrently = with  urbanization and
industrialization. Ambient and indoor particulate
matter is composed of nanoparticles, defined here as
particles with diameters less than 100 nm. Ultrafine
particles (0.1-0.25 pm) represent an important
subgroup of nanoparticles. Due to their very small size
and high surface area, nanoparticles may retain toxic
substances and penetrate deep into the human
respiratory system, leading to various critical human-
health problems (Xia et al., 2016). Engineered
nanoparticles, often defined as having at least one
dimension that measures less than 100 nm, have been
widely adopted in many industrial, consumer, and
household applications. In parallel with the rapid
development of nanotechnology, the investigation of
the potential biosafety of engineered nanoparticles has
become an essential research topic. Environmental
pollution generated by engineered nanoparticles is
therefore of significant concern (D Byrne & A Baugh,
2008). The airborne environmental pollution by
nanoparticles emitted from engineered, unintentional,
and incidental sources is likely to become one of the
major health problems of the twenty-first century
(Duffin et al., 2007).
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II. NANOPARTICLES: CHARACTERISTICS AND
ATMOSPHERIC PATHWAYS

In 1772, the German chemist and natural philosopher
Johann Heinrich Pott (1692—-1777) began to suspect
that exposure to soot in chimneys triggered cancer in
those who needed to clean them. His intuitive hunch
was confirmed in 1775 by an adult who worked for
countless hours close to an industrial flame. Today, his
name is still known to the public based on the material
known as ‘Potts ss’ material. Since then, combustion
smoke continues to serve as a foundation of modern
solid-fuel and humid-equipment technology.
Airborne particles and vapours are released via a
plethora of natural and anthropogenic processes,
where the vaporisation of solid and vapours in
suspension at various degrees are emitted (D Byrne &
A Baugh, 2008). All conceivable states of matter can
be defined under various combustive material-species
or other ablation mechanisms throughout the entire
universe remain, nevertheless, generally, the
atmospheric size of any particles produced above 1 pm
is a rarity. The size, shape, surface chemistry, charge,
agglomeration, composition, and porosity of particles
and its vapour in suspension determines the
transglobular individual as particulate-all-aerosol
spectra and its deposition normally. Nanoparticles and
vapours are virtually non-existent.

The atmospheric origins are varied—there were
suitably nourishment material-formations described.
Human material-origin of stages of physical
development particulate are probable remain by
quantitative coefficients signify eventual larger
material of stream decelerating by atmosphere mass-
quantitative the that particles below Inm surface
distance-form destinations pulverisation obtain the
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III. MECHANISMS OF PULMONARY
INTERACTION

Nanoparticles follow atmospheric pathways until,
eventually, they deposit on different atmospheric
surfaces, including the skin and human body. Such
airborne contaminants penetrate deep into the
pulmonary system and other organs, triggering
pathological alterations in affected individuals. The
deposition of airborne nanoparticles in the respiratory
tract, their translocation to other organs via blood
circulation, and the varied cellular responses at the
molecular level represent three critical mechanisms of
nanoparticle-induced pulmonary contamination.

The deposition and uptake of airborne nanoparticles in
the respiratory tract vary with their size, shape,
agglomeration state, and surface properties. Particles
smaller than 10 um can traverse the upper airways, and
particles smaller than 2.5 um may reach the
bronchioles. Particles sized between 10 nm and 100
nm deposit most efficiently in the alveolar region and
bronchioles of the lungs, while those smaller than 10
nm can penetrate further into the airways and deposit
in the lung parenchyma. Inhaled nanoparticles that
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reach the alveolar region of the lungs may
subsequently be absorbed into biological fluids and
transported via the lymphatic system. Pollutants can
penetrate the epithelial surface of alveolar sacs,
whereas inhaled carbon-based nanoparticles may also
translocate from the lungs into the bloodstream.

The interaction between airborne nanoparticles and
human pulmonary surfactant can significantly impact
both the physiological function of the respiratory
system and the biocompatibility of pulmonary
nanomedicines. surfactant cycle
during respiration, a natural defense mechanism of the
lungs, is believed to limit the adhesion of airborne
pollutants to the lung epithelial surface. Particulate
matter (PM) depositions interfere with the surfactant
cycle, leading to disease conditions. The airborne
nanoparticles can adsorb onto pulmonary surfactant
and disrupt its structure. Such disruption can result in

The continuous

decreased surfactant activity and may trigger an
increase in the pulmonary surfactant pool size. When
nanoparticles adhere to pulmonary surfactant, they can
influence both its physical and physiological
properties. In addition, PM-adsorbed airborne
microorganisms may alter the microbiota composition
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in the respiratory tract, leading to further human health
consequences (Wang et al., 2020).

3.1. Deposition and Uptake in the Respiratory Tract

Nanoparticles, generally defined as items exhibiting at
least one dimension between 1 and 100 nm, originate
from diverse anthropogenic sources and are
transported through the atmosphere. Transport
mechanisms depend on physical and chemical
properties, governing deposition where
physicochemical routes influence material fate (M
Braakhuis et al., 2014). In urban areas, anthropogenic
particulate matter contains concentrations of
nanoparticles. Fine and ultra-fine aerosols enriched in
nanoparticles exist near roads, airports, industry, and
refineries. Bodies of nanomaterials are ubiquitous in
consumer products, food, cosmetics, fire retardants,

Air-Blood Barrier

Alveolar Sac

Alveolar Sac

Bloodstream Lymphatic System

Lymphatic System

and waste. Nanoparticles can penetrate atmospheric
infrastructure to give rise to airborne contamination,
human exposure, and health implications relevant in
everyday life.

3.2. Translocation and Systemic Reach

Health consequences of pulmonary nanoparticle
deposition depend on the retained loading and the fate
of the deposited material. Early reports indicate that
inhaled ultrafine particles from ambient air are
effectively eliminated from the alveolar region,
supporting only limited translocation between the lung
and systemic compartments. Subsequent studies
nevertheless revealed longer retention, suggesting that
some particles remain in situ for prolonged periods.
Continued monitoring of pulmonary burden after
exposure also demonstrated that very small
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Figure: Mechanism of Systemic translocation

nanoparticle shapes can escape from the lungs and
emerge rapidly in the cardiovascular system,
indicating the potential for translocation and systemic
exposure (Bachler et al., 2015). The translocation of
sub-100 nm gold nanoparticles from the alveolar
region into systemic circulation via the lymphatic
system has also been documented. Moreover, certain
counterindications suggest that translocation occurs
after substantial loading and are consistent with slower
elimination kinetics observed from the alveolar region
of certain nanoparticle types (Semmler-Behnke et al.,
2007). Consequently, while translocation remains
highly size-dependent, further research will be needed
to delineate the parameters governing pulmonary
accessibility.
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3.3. Cellular and Molecular Responses

The pathogenic mechanisms triggered after pulmonary
contamination with nanoparticles are complex and
multifactorial, ultimately leading to a variety of acute
and chronic adverse health outcomes. Pulmonary
exposure results in rapid local particle deposition,
followed by cellular uptake by airway epithelial cells
and alveolar macrophages after an average time of
only a few minutes post-exposure. Biochemical
alterations include the generation of reactive oxygen
species, reduction of glutathione, and activation of
proinflammatory pathways, such as the nuclear factor-
kB—associated cascade. Activation of intracellular
signaling pathways, the production and release of
proinflammatory cytokines such as interleukin-1,
interleukin-6, and tumor necrosis factor-o, and
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recruitment of inflammatory cells and inhibition of
epithelial barrier integrity characterize the initial
inflammatory response. In animal models, increased
neutrophil recruitment accompanies alterations in
epithelial barrier function and a reduction in

Stripped Protective
Surfactant Layer

pulmonary surfactant proteins in epithelial lining fluid
(Morimoto et al., 2014). These events contribute to
widespread lung inflammation, impaired pulmonary
function, and an increase in emphysema progression.

Alveolar Collapse
(Atelectasis)

Slurrtant Layer

Figure: Pulmonary Surfactant Disruption

IV. HEALTH IMPLICATIONS: ACUTE AND
CHRONIC OUTCOMES

4.1. Inflammation and Oxidative Stress

The toxicity of nanoparticles (NPs) is fundamentally
rooted in their ability to induce oxidative stress. Unlike
larger particles, the high surface-to-volume ratio of
NPs results in a greater number of reactive surface
atoms. When inhaled, these particles trigger the
production of Reactive Oxygen Species (ROS) such as
hydroxyl radicals and superoxide anions. This process

overwhelms the lung's antioxidant capacity,
specifically depleting glutathione (GSH) levels.
Molecularly, this oxidative imbalance activates the
Mitogen-Activated Protein Kinase (MAPK) and
Nuclear Factor-kappa B (NF-kB) signaling pathways.
These pathways govern the transcription of pro-
inflammatory genes, leading to the secretion of
cytokines such as IL-1f, IL-6, and TNF-a. This acute
response causes a rapid influx of neutrophils into the
alveolar space, resulting in "micro-inflammation" that
can damage the delicate alveolar-capillary membrane
within hours (Xia et al., 2016)
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4.2. Pulmonary Function and Chronic Respiratory
Disease

Long-term exposure leads to chronic architectural
changes in the lung parenchyma. A critical mechanism
is the Epithelial-Mesenchymal Transition (EMT),

Polarized Alveolar
Epithelial Cells

Epithelial-Mesenchymal
Transition Leading to Fibrosis

where alveolar epithelial cells lose their polarity and
transform into myofibroblasts. This transformation
results in the excessive deposition of extracellular
matrix proteins, leading to Pulmonary Fibrosis (D
Byrne & A Baugh, 2008)
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Figure: Epithelial-Mesenchymal Transition (EMT)

Furthermore, NPs disrupt the pulmonary surfactant
system a phospholipid-protein complex essential for
reducing surface tension. NPs adsorb these surfactants
onto their surfaces, effectively "stripping" the alveoli
of their protective coating. This increase in surface
tension leads to alveolar collapse (atelectasis) and
contributes to the progression of Emphysema and
Chronic Obstructive Pulmonary Disease (COPD) by
reducing the lung's elastic recoil (Wang et al., 2020).

4.3. Cardiovascular and Multisystem Effects

The health implications of NP inhalation extend far
beyond the thoracic cavity. Due to their minute size,
NPs can translocate across the air-blood barrier into
the systemic circulation. Once in the blood, they
interact with vascular endothelial cells, promoting
atherosclerosis and systemic oxidative stress.
Clinically, this manifests as an increased risk of
myocardial infarction and cardiac arrhythmias.
Research has shown that NPs can trigger a "pro-
thrombotic" state by activating platelets and
interfering with the coagulation cascade. Furthermore,
particles reaching the brain via the olfactory bulb or
systemic circulation are linked to neuroinflammatory
responses, potentially accelerating neurodegenerative
diseases (Duffin et al., 2007).
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V. FACTORS MODULATING RISK

The pathogenicity of airborne nanoparticles is not a
fixed variable; rather, it is a complex "multifactorial”
equation. Unlike bulk materials, where toxicity is
often a simple function of mass, the risk associated
with nanoparticles is modulated by an interplay
between the particle's physical identity, the dynamics
of the exposure environment, and the biological
resilience of the host. Understanding these modulators
is critical for predictive toxicology and the
development of "Safe-by-Design" nanomaterials.

5.1. Particle Size, Shape, and Surface Chemistry

The physical dimensions and chemical "skin" of a
nanoparticle are the primary determinants of its
toxicokinetic profile.

Size-Dependent Deposition and Penetration: Size
governs the physical laws such as Brownian motion
and diffusion that dictate where a particle lands.
Particles in the 1-20 nm range behave almost like gas
molecules, allowing them to penetrate the interstitial
spaces of the lungs and enter the systemic circulation
with ease. Particles closer to 100 nm are more likely to
be trapped by alveolar macrophages but are harder for
the mucociliary escalator to clear compared to larger
micro-particles.
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The "Fiber Pathogenicity" of Shape: Shape influences
how immune cells interact with the material. High-
aspect-ratio nanoparticles (HARNS), such as carbon
nanotubes (CNTs) or nanowires, mimic the needle-
like structure of asbestos. When an alveolar
macrophage attempts to engulf these long structures, it

ROS

R&CKION

Alveolar Surface

undergoes "frustrated phagocytosis." The macrophage
is physically unable to close its membrane around the
fiber, leading to thecontinuous leakage of lysosomal
enzymes and reactive oxygen species (ROS) into the
surrounding lung tissue, causing chronic "smoldering"
inflammation (Morimoto et al., 2014).
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Figure: Alveolar Macrophage Attempting To Engulf High-Aspect-Ratio Nanoparticles

Surface Chemistry and Charge: The reactivity of a
nanoparticle is concentrated on its surface. Particles
with a high surface-free energy are more chemically
aggressive. Furthermore, surface charge (zeta
potential) plays a vital role; positively charged
nanoparticles (cationic) often show higher toxicity
because they are strongly attracted to the negatively
charged phospholipids of the cell membrane, leading
to membrane poration and direct cellular entry.
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5.2. Dose, Exposure Scenarios, and Time Frames
In nanotoxicology, the traditional "Sola dosis facit
venenum" (the dose makes the poison) must be
updated to include the surface area dose.
Mass vs. Surface Area: Because nanoparticles are so
light, measuring exposure in $mg/m”"3$ can be
misleading. particles with a combined surface area
larger than a football field. This massive surface area
provides an enormous platform for catalytic reactions
and protein adsorption within the lung (Duffin et al.,
2007).
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Figure: Mass vs Surface Area Comparison
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Exposure Dynamics: We must distinguish between
acute-high-dose (occupational accidents, such as a
filter failure in a lab) and chronic-low-dose (living
near a highway for 30 years). In acute scenarios, the
lung's primary response is edema and rapid neutrophil
recruitment. In chronic scenarios, the particles slowly
accumulate in the "interstitium" (the space between
cells), leading to a gradual buildup of scar tissue
(fibrosis).

The "Overload" Phenomenon: When the rate of
deposition exceeds the rate of clearance (the ability of
macrophages to move particles out of the lung), "lung
overload" occurs. This state paralyzes the lung's self-
cleaning mechanisms, leading to the permanent
retention of toxic materials.

5.3. Individual Susceptibility and Genetic Factors
Biological variability means that two people exposed
to the same air may have vastly different health
outcomes.

Pre-existing Conditions: Individuals with "primed"
immune systems such as those with asthma, COPD, or
cystic fibrosis exhibit heightened sensitivity. In these
patients, the inflammatory signaling triggered by
nanoparticles can  cause an  exaggerated
bronchoconstriction or a "cytokine storm" that would
be milder in a healthy individual.

Genetic Susceptibility: Recent research has focused on
Single Nucleotide Polymorphisms (SNPs). For
instance, individuals lacking the GSTMI1 gene (a key
part of the glutathione system) have a reduced ability
to neutralize the oxidative stress caused by
nanoparticles. Similarly, variations in the NQO1 gene
affect how the body handles the quinones often found
on the surface of combustion-derived nanoparticles
(Xia et al., 2016).

Life Stage Factors: The "developing lung" of a child
has a larger relative surface area and a higher breathing
rate, meaning they inhale more nanoparticles per
pound of body weight than adults. Conversely, the
"aging lung" has reduced elastic recoil and a weakened
macrophage response, making the elderly more
susceptible to the cardiovascular triggers of
translocation.

IJIRT 190643

VI. METHODS FOR ASSESSMENT AND
MONITORING

6.1. Inhalation Exposure Assessment

Traditional air quality monitoring has historically
relied on gravimetric analysis, which measures the
total mass of particles (e.g., $PM_{2.5}$ in $\mu
g/m”3$). However, in the realm of nanotechnology,
mass is an insufficient metric; a billion nanoparticles
may weigh less than a single grain of sand but possess
a massive cumulative surface area.

Particle Number Concentration (PNC): Modern
assessment utilizes Condensation Particle Counters
(CPC). These devices "grow" nanoparticles by
condensing a vapor (usually butanol or water) onto
them until they are large enough to be detected by a
laser. This allows for the measurement of the exact
number of particles per cubic centimeter, which is a
far more accurate predictor of inflammatory potential
than mass.

Fast Mobility Particle Sizing (FMPS): For real-time
analysis, FMPS instruments measure the electrical
mobility diameter of particles. By charging the aerosol
and measuring how the particles deflect in an electric
field, researchers can generate a distribution spectrum
of particle sizes (from 5 nm to 500 nm) with one-
second resolution.

Lung Deposited Surface Area (LDSA): This is
considered the most biologically relevant metric.
Using nanoparticle surface area monitors (NSAM),
researchers can estimate the total surface area of
particles that will actually deposit in the alveolar
region, providing a direct link between atmospheric
concentration and internal dose.

6.2. Imaging and Biomarkers of Early Effect

Because nanoparticle damage occurs at the molecular
level long before it shows up on a standard X-ray,
specialized imaging and biochemical "fingerprints"
are required.

Exhaled Breath Condensate (EBC): This non-invasive
method involves cooling a patient’s exhaled air to
collect a liquid sample of the "airway lining fluid."
Scientists then analyze this fluid for biomarkers like 8-
isoprostane (a gold-standard marker for lipid
peroxidation) and malondialdehyde (MDA). High
levels of these compounds indicate that nanoparticles
are actively "burning" the cell membranes of the lung
through oxidative stress.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1386



© January 2026 | IJIRT | Volume 12 Issue 8 | ISSN: 2349-6002

Positron Emission Tomography (PET/CT): To study
translocation, nanoparticles are "labeled" with
radioactive isotopes like $°{64}Cu$ or $"{18}FS.
Using PET scans, researchers can track the real-time
movement of these particles as they exit the lungs and
accumulate in secondary organs such as the liver,
spleen, or even across the blood-brain barrier.
Electron Microscopy (TEM/SEM): To confirm
cellular uptake, Transmission Electron Microscopy
(TEM) is used to visualize particles inside specific
organelles, such as mitochondria or the nucleus. This
allows researchers to see if particles are causing direct
physical damage to DNA or disrupting the
"powerhouse" of the cell (Bachler et al., 2015).
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6.3. In Vitro and In Vivo Models for Mechanistic
Insight

The 2025 research landscape is rapidly moving away
from traditional animal testing toward "New Approach
Methodologies" (NAMs) that more accurately reflect
human biology.

Lung-on-a-Chip Technology: These are microfluidic
devices where human lung epithelial cells are grown
on one side of a porous membrane, and human blood-
vessel (endothelial)A vacuum system mimics the
mechanical "stretch" of breathing. This allows
scientists to observe exactly how nanoparticles cross
the air-blood barrier under realistic physiological
conditions without using rodents, which have different
lung architectures than humans.

Vacuum System
(Mimics Breathing)

Vacuum Channel

Microfluidic Chip

Figure: Lung-on-a-chip Architecture

Air-Liquid Interface (ALI) Culturing: In standard cell
cultures, cells are submerged in liquid. However, lung
cells in the body are exposed to air. ALI systems allow
nanoparticles to be "puffed" onto the cells in an
aerosol form, mimicking the actual act of inhalation.
This provides a much more accurate representation of
how dry engineered nanoparticles or ambient soot
interact with the pulmonary surfactant.

In Vivo "Aerosol Recovery" Studies: When animal
models are used, researchers now employ whole-body
inhalation chambers rather than "instillation" (where
liquid is dropped into the lung). This ensures the
particles are distributed naturally according to their
aerodynamic diameter, allowing for a true study of the
"clearance kinetics"—how fast the body can remove
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the particles via the lymphatic system (Semmler-
Behnke et al., 2007).

VII. RISK MITIGATION AND PUBLIC HEALTH
IMPLICATIONS

7.1. Workplace Controls and Personal Protective
Equipment

The management of nanoparticle risk in occupational
settings follows the Hierarchy of Controls, a tiered
system designed to remove the hazard at its source
rather than relying solely on the worker's behavior.
Engineering Controls (HEPA and ULPA Filtration):
The primary defense in laboratories and factories is the
use of specialized filtration. High-Efficiency
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Particulate Air (HEPA) filters are rated to capture
99.97% of particles at 300 nm. However, because
nanoparticles exhibit Brownian motion (random zig-
zagging), they are often easier to catch than slightly
larger particles. For ultra-toxic nanomaterials, Ultra-
Low Penetration Air (ULPA) filters are used, which
are rated for 99.999% efficiency at the 100 nm scale.
These systems must be integrated into Local Exhaust
Ventilation (LEV) and "Glove Boxes" to ensure that
the "nanopowder" never enters the ambient air of the
facility.

Respiratory Protection and the "Seal Gap" Problem:
While N95 and P100 respirators are physically capable
of filtering nanoparticles, their real-world
effectiveness is often compromised by face-seal
leakage. Because nanoparticles are so small, even a
microscopic gap between the mask and the wearer’s
skin acts as a high-flow "highway" for contaminants.
In 2025, industrial standards increasingly mandate
Powered Air-Purifying Respirators (PAPR) for high-
exposure tasks, which use a blower to create positive
pressure inside the mask, pushing air out of any gaps
and preventing the inhalation of ambient
nanoparticles.

7.2. Regulatory Landscape and Safety Standards
The legal framework for nanoparticles has evolved to
treat "nanoforms" as distinct chemical entities, even if

they share the same name as their "bulk" counterparts
(e.g., nano-silver vs. bulk silver).

EU REACH and the "Nanoform" Mandate: As of late
2024 and into 2025, the European Chemicals Agency
(ECHA) requires that any manufacturer producing or
importing more than one tonne of a substance must
provide a specific "nano-dossier" if more than 50% of
the particles are between 1-100 nm. This includes data
on solubility, surface area, and zeta potential,
recognizing that the toxicological profile of a
nanoparticle changes based on its surface charge and
shape.

US NIOSH and OSHA Standards: In the United
States, the Occupational Safety and Health
Administration (OSHA) enforces Recommended
Exposure Limits (RELs) established by NIOSH. A
landmark standard is the REL for Carbon Nanotubes
(CNTs) and Carbon Nanofibers, set at 1.0 pg/m? (8-
hour time-weighted average). This is one of the lowest
exposure limits in industrial history, reflecting the
high risk of asbestos-like pulmonary fibrosis
associated with these fibers.

International ISO Standards: ISO/TC 229 provides
global standards for the "Safe-by-Design" (SbD)
approach. This encourages companies to reduce risk at
the molecular level—for instance, by applying a
"passivating" coating to a nanoparticle to reduce its
oxidative reactivity before it is ever shipped to a
customer.

The Hierarchy of Workplace Controls

Local Exhaust \
Ventilation (LEV)
& Glove Boxes

Powered Air-Purifying
Respirators (PAPR)
'~ Prevent “Face-Seal
Leakage

Figure: The Hierarchy of Workplace Controls
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7.3.  Communication, Education, and Ethical
Considerations

Risk mitigation is not just a technical challenge; it is a
communication challenge. The "invisible" nature of
nanoparticles makes them a difficult hazard to manage
in the public eye.

Safety Data Sheets (SDS) 2.0: There is a global push
to update SDS to include "nano-specific" warnings.
Traditional SDS often list a material as "non-toxic"
based on its bulk properties, which can be dangerously
misleading when the material is processed into a
nanopowder.

Environmental Justice: Public health officials are
increasingly focused on the "incidental" nanoparticle
exposure in low-income urban areas. Communities
located near major freight corridors or ports are
exposed to high concentrations of Ultrafine Particles
(UFPs) from diesel combustion. Mitigating this risk
requires large-scale public health interventions, such
as the installation of high-grade air filtration in schools
and hospitals located in high-traffic zones.

The Ethics of "Safe-by-Design": There is an emerging
ethical debate regarding the responsibility of
nanotechnology companies. If a company can design
a nanoparticle that is equally effective for its industrial
purpose but 50% less toxic to human lungs, do they
have a legal and moral obligation to use the safer
variant? This concept of "Inherent Safety" is becoming
a cornerstone of 21st-century environmental law.

VIII. RESEARCH GAPS AND FUTURE
DIRECTIONS

Despite  significant  advancements in  our
understanding of nanoparticle-induced pulmonary
damage, several "black boxes" remain in the scientific
literature. Addressing these gaps is the current frontier
of environmental health and toxicology.

8.1. The Biological "Protein Corona" and Molecular
Identity

When nanoparticles enter the lung, they do not remain
"bare." Within milliseconds, they are coated by a
complex layer of proteins, lipids, and sugars from the
pulmonary surfactant and epithelial lining fluid. This
layer, known as the "Protein Corona," effectively
gives the nanoparticle a new biological identity.

The Gap: Current models often test "clean"
nanoparticles in the lab, which does not reflect the
"dirty" reality of the human body.

IJIRT 190643

Future Direction: Research must focus on how the
specific composition of a person’s lung fluid (which
changes with age or illness) alters the corona, as this
coating determines whether a nanoparticle is
"ignored" by the immune system or targeted for an
inflammatory attack (Wang et al., 2020).

8.2. Chronic Low-Dose Epidemiology and the
"Exposome"

Most toxicological data is derived from high-dose,
short-term animal studies. However, the human
population is subject to the "Exposome" a lifetime of
cumulative, low-dose exposure to a cocktail of
ambient and engineered nanoparticles.

The Gap: There is a lack of multi-decade longitudinal
studies that track the "nano-burden" in human tissues
and correlate it with late-onset diseases like
Alzheimer’s or chronic kidney disease.

Future Direction: Utilizing "Bio-banks" and advanced
mass spectrometry to quantify the accumulation of
metals and carbon-based NPs in the organs of
deceased urban residents will provide a clearer picture
of long-term risks (Xia et al., 2016).

8.3. The Shift Toward "Green Nanotechnology"
The ultimate goal of the field is the development of
"Safe-by-Design" (SbD) materials.
The Gap: Many currently used industrial nanoparticles
are "biopersistent," meaning they cannot be broken
down by the body’s enzymes and remain in the lungs
for years.
Future Direction:  Engineering "Eco-friendly"
nanoparticles that are designed to degrade into
harmless metabolites once they have performed their
function (e.g., in drug delivery or industrial catalysis)
is the most promising route for minimizing 21st-
century environmental health problems (M Braakhuis
etal., 2014).

IX. CONCLUSION

The investigation into the pulmonary contamination
by airborne nanoparticles reveals a paradigm shift in
environmental health. We have moved from the 18th-
century intuitive observations of Johann Heinrich Pott
regarding soot and cancer to the 2lst-century
molecular understanding of oxidative stress, surfactant
disruption, and systemic translocation. Nanoparticles
represent a unique "stealth" threat; their ability to
bypass the mucociliary escalator, penetrate the
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alveolar-capillary barrier, and enter the systemic
circulation makes them far more dangerous than their
"bulk" counterparts. The evidence provided by Xia et
al. (2016), Duffin et al. (2007), and Morimoto et al.
(2014) underscores that the mass-based air quality
standards of the past are no longer sufficient. To
protect public health, regulatory frameworks must
adopt Particle Number Concentration (PNC) and
Surface Area as the primary metrics for safety.

In conclusion, the rapid expansion of nanotechnology
offers immense benefits for human progress, but it
necessitates a parallel expansion in toxicological
vigilance. By integrating Lung-on-a-Chip modeling,
real-time LDSA monitoring, and Safe-by-Design
engineering, society can harness the power of the
nanoscale while safeguarding the fundamental
integrity of the human respiratory and cardiovascular
systems.

REFERENCES

[1] Xia, T., Zhu, Y., Mu, L., Zhang, Z. F., & Liu,
S. (2016). Pulmonary diseases induced by
ambient ultrafine and engineered nanoparticles
in twenty-first century.

[2] D Byrne, J. & A Baugh, J. (2008). The
significance of nanoparticles in particle-
induced pulmonary fibrosis.

[3] Duffin, R., L. Mills, N., & Donaldson, K.
(2007). Nanoparticles-A Thoracic Toxicology
Perspective.

[4] Wang, F., Liu, J., & Zeng, H. (2020).
Interactions of particulate matter and
pulmonary surfactant: Implications for human
health.

[5] M Braakhuis, H., VDZ Park, M., Gosens, 1., H
De Jong, W., & R Cassee, F. (2014).
Physicochemical
nanomaterials ~ that  affect

characteristics of

pulmonary
inflammation.

[6] Bachler, G., Losert, S., Umehara, Y., von
Goetz, N., Rodriguez-Lorenzo, L., Petri-Fink,
A., Rothen-Rutishauser, B., & Hungerbuehler,
K. (2015). Translocation of gold nanoparticles
across the lung epithelial tissue barrier:
Combining in vitro and in silico methods to
substitute in vivo experiments.

[71  Semmler-Behnke, M., Takenaka, S., Fertsch,
S., Wenk, A., Seitz, J., Mayer, P., Oberddrster,
G., & G. Kreyling, W. (2007). Efficient

IJIRT 190643

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Elimination of Inhaled Nanoparticles from the
Alveolar Region: Evidence for Interstitial
Uptake and Subsequent Reentrainment onto
Airways Epithelium.

Morimoto, Y., [zumi, H., & Kuroda, E. (2014).
Significance of Persistent Inflammation in
Respiratory Disorders Induced by
Nanoparticles.

Bachler, G., Losert, S., Umehara, Y., von
Goetz, N., Rodriguez-Lorenzo, L., Petri-Fink,
A., Rothen-Rutishauser, B., & Hungerbuehler,
K. (2015). Translocation of gold nanoparticles
across the lung epithelial tissue barrier:
Combining in vitro and in silico methods to
substitute in vivo experiments. Particle and
Fibre Toxicology, 12(1), 18.12

D Byrne, J., & A Baugh, J. (2008). The
sig’nificance of nanoparticles i*n particle-
induced pulmonary fibrosis. Free Radical
Research, 42(10), 830-838.

Duffin, R., Mills, N. L., & Donaldson, K.
(2007). Nanoparticles—A thoracic toxicology
perspective. Aerosol Science and Technology,
41(1), 37-50.

M Braakhuis, H., Park, M. V., Gosens, 1., De
Jong, W. H., & Cassee, F. R. (2014).
Physicochemical
nanomaterials ~ that  affect

characteristics of
pulmonary
inflammation. Particle and Fibre Toxicology,
11(1), 18.

Morimoto, Y., Izumi, H., & Kuroda, E. (2014).
Significance of persistent inflammation in
respiratory disorders induced by nanoparticles.
Journal of Occupational Health, 56(5), 322-
336.

Semmler-Behnke, M., Takenaka, S., Fertsch,
S., Wenk, A., Seitz, J., Mayer, P., ... &
Kreyling, W. G. (2007). Efficient elimination of
inhaled nanoparticles from the alveolar region:
Evidence for interstitial uptake and subsequent
reentrainment onto airways epithelium.
Environmental Health Perspectives, 115(5),
728-733.

Wang, F., Liu, J, & Zeng, H. (2020).
Interactions of particulate matter and
pulmonary surfactant: Implications for human
health. Environmental Science: Nano, 7(5),
1313-1339.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1390



© January 2026 | IJIRT | Volume 12 Issue 8 | ISSN: 2349-6002

[16] Xia, T., Zhu, Y., Mu, L., Zhang, Z. F., & Liu,
S. (2016). Pulmonary diseases induced by
ambient ultrafine and engineered nanoparticles
in twenty-first century. Particle and Fibre
Toxicology, 13(1), 29.

IJIRT 190643 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1391



