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Nanoparticles (NPs) are receiving an increasing attention from many scientific communities due to their strong influence on human health. NPs are an important marker of air pollution caused by a variety of natural and anthropogenic sources. Due to their ultrafine size, they can be suspended in the atmosphere for a long time and can thus travel larger distances and cause several health issues after exposure. A variety of NPs that are found in indoor and outdoor settings cause respiratory and cardiovascular diseases. Exposure to NPs through active and passive smoking and household and occupational subjection is reported with thick septum, shortness of breath, and a high level of interleukin protein and tumour necrosis factor (TNF-α) that cause tumour generation in the exposed population. This comprehensive review summarises NPs' source, exposure, and impact on different organ systems. Respiratory models (experimental and computational) used to determine the particle's deposition, airflow transport, and health impact are also discussed. Further, muco-ciliary escalation and macrophage activity, the body's clearance mechanisms after exposure to NPs, have been mentioned. An in-depth analysis of exposure to NPs through inhalation and their health impact has been provided with detailed insights about oxidative stress, inflammation, genotoxicity, and tumourigenicity. Overall, this review offers scientific evidence and background for researchers working in the field of epidemiology, biochemistry, and toxicological studies with reference to atmospheric nanoparticles.
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INTRODUCTION

Among particles of various sizes present in the atmosphere, NPs are particles with sizes of 1–100 nm in diameter (Kumar et al., 2010; Nemmar et al., 2013). The residence time of particles in the diameter range of 0.1–10 μm is ~1 week. Coarser particulate matter is removed by settling, while smaller particles can only be removed via diffusion and coagulation (Scholl et al., 2012; Slezakova et al., 2013; Bakshi et al., 2015). Moreover, the fine size and higher atmospheric retention time of NPs are the basic reasons behind the difficultly in their removal from the atmosphere, consequently causing human health hazard. Nanoparticles originate from vehicular exhaust, combustion reactions, forest fires, and industrial emission; they are also produced in the bodies of insects, plants, and humans (Jeevanandam et al., 2018). The atmospheric concentration of nanoparticles is high in Asian countries due to the high rate of urbanisation, industrialisation, vehicular emission, extreme events (dust storms, volcanic eruption, forest fire, etc.), and episodic events (such as firework activity and crop residue burning) (Nakajima et al., 2007; Saxena et al., 2020; Sonwani et al., 2021). Most of the anthropogenic nanoparticles are made up of carbon, silicon, metal, or metal oxides (Querol et al., 2004). India's coal-fired plants emit more than 110,000 tonnes of particulate matter, 4.3 million tonnes of SO2, and 1.2 million tonnes of NOx per year (Oliveira et al., 2014).

According to the 2007 report of the Intergovernmental Panel on Climate Change (IPCC), nanoparticles act as precursors to coarser particles through their aggregation during the atmospheric ageing process thereby influencing the global climate and urban visibility. Due to their distinct chemical composition and reactivity, they also alter the atmospheric chemistry and global climate (Slezakova et al., 2013). Moreover, these particles are responsible for global warming (by absorbing solar radiation) and cooling effects (by scattering solar radiation), further affecting the global radiation budget (Buseck and Adachi, 2008). Another striking phenomenon is the production of atmospheric brown clouds (ABCs). A study found out that 70% of the ABCs over South Asia are made up of soot emitted from biomass burning, responsible for the melting of glaciers, climate change, and reducing sunlight, which further impacts agricultural production (Engling and Gelencsér, 2010).

NPs also play a significant role in plants by entering via two pathways, viz. apoplastic and symplastic, and thus interact with the cells and environment mostly using Van Der Waals, electrostatic, and stearic forces (Vera-Reyes et al., 2018). NPs-bound metal oxides are found to be one of the harmful agents for plants (Giorgetti, 2019). NPs are also one of the phytotoxic agents for plant species, besides tropospheric ozone, that affect the global food security system. NPs are believed to have adverse effects on human health as they enter via multiple exposure pathways such as dermal, inhalation, and ingestion (Sajid et al., 2015). These exposure pathways are known to have a direct connexion with the incipience of neurodegenerative disorders and defects in apoptosis (Chen et al., 2016). With inhalation exposure being the major pathway, NPs enter the body via the nasal passage where it gets deposited on the olfactory mucosa of the nasal chamber more than in any other part of the respiratory system (Seaton et al., 2010). They cause inflammatory responses and oxidative stress in the lungs, impairing the epithelial cells of the system (Rothen-Rutishauser et al., 2008; Nemmar et al., 2013). Bronchial epithelial cells are known to release interleukin 6, a pro-inflammatory cytokine, on exposure to nano-sized diesel exhaust particles (DEP) (Donaldson et al., 2007). The two most prevailing respiratory diseases, asthma and COPD, currently affecting 300 and 210 million people, respectively, across the world are also influenced by exposure to fine particles (Yhee et al., 2016). Moreover, NPs cause acute and chronic problems ranging from asthma and metal fume fever to fibrosis, carcinogenesis, and other chronic lung maladies (Bakand et al., 2012). Herr et al. (2003) also confirms that respiratory tract infections such as bronchitis, wheezing, and general health issues (tiredness, shivering, and nausea) are caused due to the presence of bioaerosols like pollen and fungi moulds in the air. In addition, some studies prove that exposure to NPs cause intestinal fibrosis, ulcers in the gastrointestinal tract, and oxidative DNA damage in caco-2 cells of the colon (Gerloff et al., 2009; Sajid et al., 2015). In low- and middle-income countries, around 4–8% of recorded mortality is solely caused by indoor smoke from solid fuel, urban air pollution, and occupational airborne particulates, after tobacco, leading to chronic respiratory diseases (Moitra et al., 2015). According to a 2009 WHO report, in India, 488,200 people die prematurely every year as a result of indoor air pollution, whereas 119,900 die prematurely every year because of outdoor air pollution. The number of deaths are increasing and alarmingly high due to rapid industrialisation, urbanisation, and change in lifestyle activities. The rapid population expansion in developing nations like India also impose a huge burden on the physical and mental health of people, especially those residing in megacities (Sonwani and Kulshreshtha, 2016; Saxena and Sonwani, 2019; Goel et al., 2021). The incidence of respiratory diseases in Delhi is 12 times the national average, and 30% of the population was found suffering from 166 different respiratory disorders (Gurjar et al., 2016). Many in vitro and in vivo models of the airway walls of lungs are used to evaluate the extent and outcome of exposure (Nakajima et al., 2007; Slezakova et al., 2013). Several countries are trying to devise measures that can reduce the adverse impacts of atmospheric pollutants (Slezakova et al., 2013; Saxena and Sonwani, 2020); however, there is a lack of studies on the effects of NPs on human health, especially in Asian countries.

Thus, the present review focuses on NPs' source, exposure, and impact on different human body systems, particularly the respiratory system. It also provides a detailed overview of the appearance of toxicological, genotoxic, and tumourigenic effects in the human body due to exposure to NPs. In particular, this is the first review that offers deep insights about the origin of atmospheric NPs, their transportation, deposition, and toxicity, which leads to hazardous diseases in humans.



SOURCES OF NANOPARTICLES

The sources of the nanoparticles in the atmosphere can be natural and anthropogenic. Details on the sources are described in Figure 1.
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FIGURE 1. Emission sources (Natural and anthropogenic) of nanoparticles in the environment (adopted from Buzea and Pacheco, 2017).



Natural Sources

About 10% of the total aerosols in the atmosphere are generated by human activity, whereas the remaining 90% of atmospheric aerosols are naturally generated (Pipal et al., 2014; Jeevanandam et al., 2018; Sonwani and Saxena, 2021). Nanoparticles are abundant in nature and are released/produced from a variety of sources, mainly from biogenic emission, sea spray, forest fire, volcanic eruption, landslide, and dust storm. Organic compounds form a large proportion of atmospheric nanoparticles because of their ability to react with clouds and air particles (Riipinen et al., 2012). Both natural and anthropogenic sources make ambient air rich in VOCs, nitrogen oxides, and primary organic aerosols, which ultimately react to form secondary organic aerosols (SOA) (Tiwari and Saxena, 2021). About 90% of the SOA formation is because of biogenic volatile organic compounds (bVOCs) that constitute about 10–40% of the global organic aerosol mass (Volkamer et al., 2006; Saxena and Kulshrestha, 2016; Sonwani et al., 2016).

The chemical composition of NPs differs significantly from place to place as it depends on the types of local sources and their relative contributions. Very few studies have investigated the contribution of NPs in different ambient atmosphere. A study in Pittsburgh mentioned that NPs are mostly composed of organic carbon (OC) and salts of ammonium and sulphate constituting 45–55% and 35–40% respectively (Kuhn et al., 2005); Another study at two sites in Los Angeles found that the composition of OC ranged from 32 to 69%, EC from 1 to 34%, sulphate from 0 to 24%, and nitrate from 0 to 4% (Sardar et al. (2005). Moreover, a study based in two sites in Helsinki trace elements (Ca, Na, Fe, K, and Zn) in higher fractions as compared with heavy metals (Ni, V, Cu, and Pb) that contribute not more than 1% of the total weight of NPs (Pakkanen et al., 2001). Furthermore, incomplete combustion and geological sources are the other significant sources of nanoparticles production in the atmosphere. Forest fires and volcanic sources are the major combustion-generated sources, whereas volcanic eruption along with earthquakes, glaciation, and dust storms are the significant geological sources (Strambeanu et al., 2015). Volcanic ash plays a crucial role in the global transport of toxic chemical species released with NPs (Ermolin et al., 2018). Ash released during volcanic eruptions has a very complex structure and comprises both solid and liquid particulate matter. With time, its composition changes due to cooling and chemical reactions (Strambeanu et al., 2015). The concentrations of toxic elements (Ni, Zn, Cd, Ag, Sn, Se, Te, Hg, Tl, Pb, and Bi) in volcanic ash NPs are seemingly higher than the total content of these elements in any other samples (Ermolin et al., 2018). The eruption of Krakatoa volcano on 27 August 1883 was a remarkable historic event where the smoke column reached 80 km in height and particles were thrown into the ionosphere. This caused strange optical effects and a decline in the global temperature by 1.5°C for the next 2 years in North America and Europe (Strambeanu et al., 2015). Likewise, the Pinatubo eruption of 1991 (Luzon, Philippines) injected vast quantities of aerosol particles, SO2, and other sulphate particles into the atmosphere, causing a net effect of global cooling of ~0.5°C and significant ozone depletion (Buseck and Adachi, 2008).



Anthropogenic Sources

Urban areas are identified as the centre of anthropogenic sources for NPs as compared with natural sources (Slezakova et al., 2013; Jeevanandam et al., 2018). Anthropogenic sources are classified as either intentional or unintentional. Unintentional sources include incomplete combustion (automobiles and industries), biomass burning, and the incineration of non-biodegradable wastes. Intentional sources consist of the use of pesticides and fertilisers producing a lot of NPs. Based on origin, NPs are also classified into primary and secondary sources. Primary sources include ore extraction, industrial emissions, energy production, and transport activities. Primary sources can be both stationary and mobile. Stationary sources comprise emissions from thermal power plants, chemical and metallurgical industries, and mining activities. Thermal power plants are one of the largest sources of NPs, especially in metropolises where the number of power plants are higher than in any other region like semi-urban/rural areas (Sonwani et al., 2021). The mobile sources are mostly motor vehicles, ships, submarines, aeroplanes, engines, and rockets launched into the extra-atmospheric space (Strambeanu et al., 2015).

Vehicular exhaust is a major source of NPs, released after the incomplete combustion of fuel. It is amongst the leading causes for air pollution due to the rapid rise in vehicular fleet (Walsh, 2011; Banerjee and Christian, 2018). The global vehicle population exceeded 1 billion in 2002 and has continued to climb steadily since then (Walsh, 2011). The major constituents of exhaust include carbon monoxide (CO), hydrocarbons (HCs), nitrogen oxides (NOx), particulate matter (PM), sulphur oxides (SOx), volatile organic compounds (VOCs), and their secondary by-products (Walsh, 2011; Banerjee and Christian, 2018). Most particles in vehicle exhaust are in the size range of 20–130 nm for diesel engines and 20–60 nm for petrol engines (Buzea et al., 2007). The sulphur content in fuel is an important parameter as it triggers the nucleation mode in PM formation (Chen et al., 2017). These emissions and ultrafine particles pose a serious risk to environmental health as they are known to produce carcinogenic effects (Banerjee and Christian, 2018).

The second major producer of anthropogenic NPs in the atmosphere are the construction and mining sectors. Surface mining and excavation through mine shafts can produce nanoparticles directly, while NPs' indirect production can occur through decantation, sedimentation, and floatation (Strambeanu et al., 2015). Meteorology and demolition methods also affect the concentration of NPs in the atmosphere. Respirable asbestos fibres, lead, glass, wood, and other toxic particles besides dust are found at the sites of demolition, and these particles can rise high up in the air, sometimes even forming dust clouds that can travel several kilometres, affecting nearby regions (Kumar et al., 2013). The inhalation of metal fumes (copper and zinc) and dust (nickel, chromium, and cobalt) causes pulmonary fibrosis and, in severe cases, cancer, which attributes to 15% of occupational hazards (Buzea et al., 2007).



Transboundary Movement of NPs

The transboundary movement of air pollutants also play an important role in increasing the pollution load in a particular area, raising the NPs' level in the atmosphere. Air mass movement from desert and ocean area significantly affects the air quality in remote locations as it carries a variety of minerals and salts along with transported fine particles (Sonwani and Saxena, 2021). For example, African mineral dust is transported to the Caribbean basin, resulting in seasonal disturbance (Buzea and Pacheco, 2017). Likewise, volcanic eruptions in Iceland in 2011 and the forest fires in Indonesia's Sumatra in 1997 caused environmental havoc in Asia, especially in Singapore and Malaysia. The transportation of fine particle emissions from anthropogenic sources have also been reported by several authors across the world, particularly in the South Asian region (Abas et al., 2019; Cheong et al., 2019; Saxena et al., 2020). Crop residue burning (CRB) is also one of the main factors responsible for the air quality degradation in neighbouring states through transboundary movement, where a large fraction of emission from CRB affects the air quality in the Indo-Gangetic Plains (IGP) (Badarinath et al., 2009a; Saxena et al., 2021a). One of the most affected regions in the IGP is Delhi, which is often affected by CRB activities in the neighbouring states of Punjab and Haryana during the kharif season (Sarkar et al., 2018b; Saxena et al., 2021a). Interestingly, Delhi's air quality has also been affected in the Rabi season due to CRB in Haryana, reported in a recent study by Saxena et al. (2021b). At present, three-fourths of the crop residue, amounting to ~70–80 million tones, is disposed of by burning; therefore, it becomes a major source of NPs in the air and is well-known to aggravate respiratory disorders. The daily newspapers of northern India during October–November published reports on the incidences of thick clouds of smog formed due to crop residue burning by farmers, reducing the visibility that makes the Air Quality Index (AQI) severe (Badarinath et al., 2009b). In Asia, dust storms are more pronounced around the pre-monsoon period (March to early June) due to high temperatures and wind speed as compared with the other seasons. Such episodic events are largely responsible for contributing to NP pollution in downwind locations (Sarkar et al., 2018a). While in winters, low temperature, lower boundary layers, relatively stable atmosphere, and the transportation of air masses from the adjoining areas enhance the concentration of NPs in that particular area. Badarinath et al. (2009a), using multi-satellite data, reported that crop residue burning in the IGP affects the air quality over the south coast and the Arabian Sea coast of India every year with smoke columns as high as 2.5–3.5 kilometres (Pipal et al., 2014; Singh and Kaskaoutis, 2014; Ravindra et al., 2019).




INHALATION EXPOSURE AND THE EFFECT OF NPs ON THE RESPIRATORY SYSTEM

Human exposure to NPs through inhalation produces various respiratory ailments. Ezzati et al. (2004) argued that indoor air pollution due to domestic fuel combustion acts as the eighth-largest risk factor for the global burden of disease. The indoor nanoparticle pollution in households is mainly due to the smoke from inefficient burning stoves and biomass fuels used most commonly in rural areas. Traditional practises, illiteracy, and unawareness are some of the key problems that inhibit the people of rural areas from shifting to modern chulas and ecofriendly fuels. The most popular fuel used for domestic cooking in rural regions is the unprocessed biomass solid fuel, known to cause 50 times more pollution than gas stoves (Ravindra et al., 2019). According to a study in rural Senegal, West Africa, out of 1,103 Senegalese women, only 1% used propane gas cylinders (combustion pollution-free) as their primary cooking equipment (Hooper et al., 2015). A 10-year long research carried out in 11 villages of Bangladesh reported 946 cardiopulmonary deaths, out of which 884 people used solid fuels and only 62 deaths were reported in gas-supplied households (Alam et al., 2012). A survey done in 15 homes in Xuanwei and Fuyuan, China, demonstrated experimentally how combustion-derived nanoparticles were generated using all kinds of stoves, while they were significantly reduced with the use of chimneys (Hosgood et al., 2012). An experimental study conducted in Uttar Pradesh, India, reported the average concentration of black carbon (an important fraction of fine particles) emissions was 6–20 μg/m3 and 3–1,070 μg/m3 for an urban and rural kitchen, respectively (Ravindra et al., 2019). Project Surya, carried out in India, advocated for the use of improved cookstoves widely proposed as a black carbon mitigation measure for Indian households and hence suggested a need for extensive testing and improved machinery for traditional cookstoves (Kar et al., 2012). Such eco-friendly sustainable techniques can reduce the concentration of NPs in the atmosphere.

Cigarette smoking is yet another common reason for exposure to NPs. One cigarette is known to emit almost 8.8 × 109 nanoparticles. Pertaining to the high particle concentrations and the rapid dilution in air, studies on identifying different types of particles present in cigarette smoke are limited. A study in Netherlands experimentally proved how a longer duration of puff and higher concentrations of tar values in one cigarette contribute directly to a large number of NPs (Williams et al., 2013). Adam et al. (2009) demonstrated the increase in NPs in low-ventilation conditions. They also studied how NP concentration was directly proportional to the number of puffs from a cigarette. Studies suggest an increased incidence of cancers, increased body mass index (BMI), and lower lung function in passive smokers than non-smokers (Gordon et al., 2002; Mohammad et al., 2013). Benzene, 1,3-butadiene, and particulate-bound 2,5-dimethylfuran (DMF) are human carcinogens that showed increased levels in non-smokers due to cigarette smoke exposure, thereby proving the adverse effects of passive smoking (Gordon et al., 2002). Occupational health hazards due to exposure to NPs are a common problem rising in developing and under-developed nations. Elevated cases of respiratory and cardiovascular disorders have been recorded in traffic officers due to their excessive exposure to vehicular exhaust. A collaborative study done by India and the United Kingdom in 2017, wherein various medical tests of 532 traffic officers (exposed to atmospheric NPs) were compared with 150 office workers (working in indoor environments), reported 50% increased cases of thick sputum, pain in joints, and shortness of breath in traffic officers (Bajaj et al., 2017). A similar study conducted in Kathmandu, Nepal, observed increased levels of inflammatory interleukins and tumour necrosis factor (TNF-α) in traffic officers (Shakya et al., 2019). NPs released from welding, flour dust, and diesel exhaust have long-term inflammatory and carcinogenic effects. Welding fumes contain large quantities of partially oxidised, ionised, and reactive metallic nanoparticles (Nasterlack et al., 2008). Another study suggested that the exposure to NPs can cause the production of reactive oxygen species (ROS), cytotoxicity, genotoxicity, and stimulation of ToxTracker reporter cell lines (Bajaj et al., 2017). Asbestos fibre (in all its commercial forms) is classified as one of the potential carcinogens by the International Agency of Research on Cancer (IARC) (Donaldson et al., 2011). Tungsten carbide-cobalt dust fumes (WC-Co particles) released during mining and drilling showed deposition in keratinocytes (epidermal cells; skin cell), DNA damage, inhibition of DNA repair, and alterations in gene expression and cell function after short-term exposure (Armstead and Li, 2016). Donaldson et al. (2011) determined the bio-persistence of different size fractions of occupational fibres in several human body systems. Longer slender fibres are usually more persistent, thereby causing various health hazards in our body. Figure 2 illustrates the clearance and deposition mechanisms of these fibres in our body and their potential impacts on humans. The detailed impact of nanoparticles from inhalation to disease site is described in Figure 3.


[image: Figure 2]
FIGURE 2. Demonstration of clearance and deposition mechanisms of NP fibres and with their potential impacts on human body (adopted and modified from Donaldson et al., 2011).
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FIGURE 3. Overview of pathway of nanoparticles from inhalation to disease site.



Mechanism of Exposure to NPs

Authors provide detailed insights about the NP's inhalation, deposition, clearance, and impacts on the respiratory system and related human body systems. A summary of the effects of NPs on various organs and organ systems of the human body are mentioned in Table 1.


Table 1. Summary of effects of nanoparticles on various organs and organ systems of the human body.

[image: Table 1]


Inhalation

Human lungs have an internal surface area between 75 and 140 m2 and about 3,00,106 alveoli (Buzea et al., 2007). Lungs have a direct contact with the outside environment and hence acts as the main gateway for the entry of nanoparticles into the body. They are also considered important and the primary target site to study the effects of nanoparticles (Bakand et al., 2012; Pacurari et al., 2016).

Air is inhaled via nasal and oral routes that pass through the pharynx, progresses into the tracheobronchial tree, and finally reaches the alveoli. The transport of particles dependent on the structure of the respiratory airway, which can be described using the Weibel bifurcating tubes' model, classified into the conducting zone and respiratory zone, as already described in detail. Owing to their small size and high retention time, NPs can diffuse and accumulate in the alveolar region and some may pass through the alveolar epithelium and capillary endothelial cells to enter the cardiovascular system and other internal organs (Buzea et al., 2007; Qiao et al., 2015). Furthermore, electron microscopy proves that the penetration of nanoparticles can occur in both the outer and inner cellular compartments, deep inside the cytoplasm and karyoplasm of pulmonary epithelial and mesothelial cells of the lungs (Bakand et al., 2012).



Deposition

The site of NP deposition in the respiratory tract depends on the particle's aerodynamic diameter (Ferreira et al., 2013). Many fibres with larger diameters are mostly deposited at the “saddle points” in the branching respiratory airways. Thus, they are unable to penetrate deep into the respiratory tract (Buzea et al., 2007). For smaller particles, deposition is mostly governed by Brownian movements. Energy filtering transmission electron microscopy (EFTEM) provides the evidence that aerosol NPs of 20 nm size, within 24 h of inhalation, bypass most of the clearance mechanisms and get deposited in the alveolar region of the lungs (Geiser, 2010).

According to the classical model developed by the International Commission on Radiological Protection (ICRP), NPs (≤20 nm diameter) have a high probability to reach the alveolar region (Kreyling et al., 2006; Ferreira et al., 2013). Thus, particles larger than 20 nm in diameter are restricted in the previous sections of the respiratory tract through mucociliary escalation and macrophage activity. Such activities help with the clearance of particles in the tract before they enter the pulmonary region.



Clearance

The deposition is chiefly determined by particle size, the ventilatory parameters, and airway characteristics, whereas the clearance of particulate compounds, once deposited, is dependent on the physicochemical characteristics of the compound. During inhalation, larger particles are deposited at the extra-thoracic region (nose and larynx) and intrathoracic bifurcations due to impaction. These upper respiratory airways are covered with mucus (a complex fluid containing mucins [hydrogel-forming glycoproteins] that protect the body from environmental influences) (Moller et al., 2004; Kirch et al., 2012). This mucus layer traps the large particles, which are transported out by ciliary beating, removing the inhaled NPs, making it the dominant pathway of clearance from the regions of trachea, bronchus, and upper bronchioles (Moller et al., 2004; Geiser, 2010; Kirch et al., 2012). The outer viscoelastic mucus blanket has an underlying periciliary layer that provides conditions for an efficient ciliary beating cycle. The tips of the cilia reach the mucus blanket and accelerate this layer by a coordinated beating (Kirch et al., 2012). Upon entering the pharyngeal region, the mucus along with the NPs are finally swallowed and undergo further processing in the gastrointestinal tract (Henning et al., 2010). Smaller particles penetrate deep inside the lungs where air velocity decreases substantially and are deposited in the bronchioles and alveoli. This is the site where NPs undergo mucus transport and macrophages participate in the phagocytosis of biogenic NPs like viruses, protozoans, and bacteria (Moller et al., 2004). Macrophage-associated clearance is a much slower process as compared with mucociliary clearance (Henning et al., 2010). Most of these NPs translocate to the connective tissues and involve in the blood circulation, bringing the NPs in contact with the macrophage populations in the non-alveolar region. NPs are mostly cleared by interstitial and intravascular macrophages, as surface macrophages are relatively less effective in NP clearance (Geiser, 2010). After the inhalation and deposition of NPs on the surfactant layer with the underlying epithelial lining fluid, they come in contact with several proteins and biomolecules (including opsonins that enhance phagocytosis by marking an antigen), which makes NPs more susceptible to macrophages. It was observed that there was less phagocytosis in the absence of opsonins; moreover, rapid phagocytosis by alveolar macrophages was reported in the case of opsonin-directed migration towards the NPs (Kreyling et al., 2006).



Lung Burden

A significant difference is observed in the behaviour and clearance of soluble and insoluble NPs in the lungs. Soluble NPs dissolve in the aqueous fluid and further goes into the cardiovascular systems. In contrast, the insoluble NPs (black carbon) are removed through mucociliary escalator or macrophage phagocytosis (Buzea et al., 2007). It has been reported that the insoluble NPs cause more tissue damage, inflammation, and lung tumours (Ferreira et al., 2013). The insoluble NPs accumulate more rapidly, exceeding the macrophage clearing capacity, and hence the defence mechanisms of the lungs fail to operate, resulting in lung injury (Buzea et al., 2007). It was also observed that acute lung inflammation is induced by the production of IL-1β and TGF-β1 for a shorter period in the bronchoalveolar lavage fluid. However, a longer exposure duration leads to collagen production, causing lung burden and potential pulmonary fibrosis (Lin et al., 2014).

Human health hazards due to lung burden is directly associated with the increasing cases of premature mortality, especially in developing nations. The determination of lung burden is dependent on the rate of particle deposition, rate of clearance, and residence time of the NPs (Buzea et al., 2007). Morphological observations and retrospective evidence indicate a slower particle clearance of insoluble NPs in large mammalian species (humans and primates) and a greater tendency for retained lung burden, which can translocate from the original alveolar deposition sites to the interstitial compartment of the respiratory system (Warheit, 2004). A long-term exposure to NPs causes high lung burden that leads to carcinogenesis in the lung tissues (Buzea et al., 2007). However, this level of exposure rarely happens in humans, suggesting lower chances of acquiring the malady (Donaldson and Poland, 2012).



Nano-Toxicity

Figure 4 explains the impact of toxicity generated through NP inhalation on human body. Human lungs constitute pseudostratified epithelium in the lung–blood stream barrier. The airways are composed of thin columnar epithelium, together with the bronchial epithelium (3–5 mm) and bronchiolar epithelium (0.5–1 mm), that all protected with mucous layer (Praphawatvet et al., 2020). The lung tissue consists of more than 40 different cells, so to study the aggregated effect of NPs on lungs, different cell models were made and tested. The exposure to NPs primarily affects the epithelial lining of the respiratory system, where A549 cell lines (derived from the human adenocarcinoma of the lung) are most often used in toxicity testing, and Calu-3, 16HBE14o-, and BEAS-2B cell lines are used as models for the bronchial barrier system (Fröhlich and Salar-Behzadi, 2014).


[image: Figure 4]
FIGURE 4. Impacts of nanoparticle generated toxicity to the human body (adopted from Li et al., 2010; Chakraborty et al., 2018).


The size of NPs is inversely proportional to the damage they cause in the respiratory tract, as smaller particles easily reach and get deposited in the distal parts of the respiratory tract (Donaldson et al., 2005).

Four main types of toxicological effects of nanoparticles are discussed as follows:

• Oxidative Stress

• Inflammation

• Genotoxicity

• Tumourigenicity


Oxidative Stress

Oxidative stress is the prime consequence of nano-toxicity that occurs due to the imbalance between free radicals and antioxidants in the body in such a way that the extra free radicals with uneven number of electrons react inadvertently with other molecules to produce an imbalance in the respiratory system (Sharma et al., 2012).

Reactive Oxygen Species (ROS) Generation. The production of ROS is one of the important oxidative steps for creating toxicity in human lungs. The overproduction of ROS is caused by NPs' activity in the mitochondrial electron transport chain of the cell (Donaldson et al., 2010). Metallic NPs trigger Fenton-type reactions causing free-radical-mediated toxicity, and carbon NPs are known to affect mitochondrial reactions (Martin and Sarkar, 2017). The increased potential of hydrogen peroxide (H2O2) (due to special oxygen transfer properties of some metals) causes the generation of highly reactive hydroxyl radicals (OH·), and this process is called as Fenton's reaction (Li et al., 2008).

[image: image]

The extent of ROS production (produced by a particular NP) depends on the catalytic activity of surface groups. In a particle of 30 nm in size, about 10% of its molecules are expressed, whereas in the case particles of 10 and 3 nm in size, only around 20 and 50% molecules are expressed respectively (Hao and Chen, 2012).

The deposition of nanoparticles leads to the formation of molecular oxygen-dependent superoxide anion radicals ([image: image]), H2O2, and hydroxyl radicals (OH·). These chemical species are proven to have cytotoxic responses in BEAS-2B bronchial epithelial cells. It was also reported that inflammatory phagocytes (macrophages and neutrophils) are also released from the respiratory system in response to NPs. Such inflammatory phagocytes induce oxidative outburst as a defence mechanism and ultimately raises the number of ROS in that particular region (Martin and Sarkar, 2017).

The Creation of Oxidative Stress. Oxidative stress is caused in the body either due to the overproduction of ROS or by the weakening of the processes of antioxidant defence. Another factor that determines the presence of oxidative stress in a region is the GSH/GSSG ratio, i.e., the cellular glutathione/glutathione disulphide ratio. Low values of this ratio indicate stress and toxicity in the tested region, where stress is created when lower quantities of glutathione are present and glutathione disulphide accumulates (Nel et al., 2006; Hao and Chen, 2012).

An in vitro study by scientists in Korea on BEAS-2B cell lines clearly indicated a rise in oxidative stress due to silica nanoparticle exposure as well as the induction of HO-1 (heme oxygenase-1—an antioxidant enzyme) via the Nrf-2–ERK MAP kinase signalling pathway, which suggests how oxidative stress disrupts the ROS balance of the cells (Huang et al., 2010). Meanwhile, in another study done in the United States, oxidative stress caused by ZnO NPs was directly linked to the increased calcium levels in cells, causing cellular dysfunction, impaired signal transduction, and other diseased states (Nho, 2020). Scientists have raised concerns over the inadequate results pertaining to NP exposure gained by in vitro models and have therefore adapted a more realistic approach by switching to in vivo models to study these xenobiotics (Ursini et al., 2014).

A study conducted in China in 2012 on the different organs of carp (Cyprinus carpio), wherein three different concentrations of 0.5, 5, and 50 mg/L of zinc oxide (ZnO) nanoparticles were tested for their effects on the concentrations of antioxidant enzymes (e.g., superoxide dismutase [SOD], catalase [CAT], etc.) before and after administration, indicated an increased mucus production and apoptosis of cells at higher concentrations and exposure time of ZnO NPs (Cho et al., 2012). TiO2 nanoparticles on a 90-day exposure increased the concentration of ROS as well as the level of lipid peroxidation and therefore decreased the antioxidant capacity of the lungs, leading to the creation of oxidative stress, which is the direct cause of inflammation and genotoxicity (Lu et al., 2014). Oxidative response is directly linked to inflammatory response as it is proven to cause chronic inflammation. The macrophages of the immune system are known to produce free radicals (the cause of oxidative stress) and pro-inflammatory hormones. A mitogen-activated protein kinase (MAPK) pathway activates and produces transcription factors that ultimately produce proteins responsible for inflammation, cell stress, cancer in the cell, etc.



Inflammation

Our immune system is divided into innate and adaptive immune systems. The innate immune system is the first line of defence against any foreign particle encountering on entering the body. If the innate immune system is not able to deactivate the foreign particle (antigen) on its own, it then induces the adaptive immune system, which is much more complex and effective. This activation is carried out by the dendritic cells in the body. Nanoparticles, being foreign particles, also activate dendritic cells, which in turn generate ROS, cytokines, and chemokines and activate naïve T-cells and various inflammasomes.

Determinants of Inflammation. NPs elicit an inflammatory response in the respiratory system as well as the other systems of the body (Medina et al., 2007; Clift et al., 2011; Padmanabhan and Kyriakides, 2015). A well-known determinant of an NP's ability to cause inflammation is the zeta potential (ξP) of the particle. ξP is the electric potential created when charged groups (present at the surface of a particle) interact with the suspension medium. Since the medium in human body is acidic, if more positively charged groups are present on the surface, more will be the solubility of that particle in the medium and hence there will be more interaction with macrophages, leading to inflammation (Schins, 2013). Magnesium and zinc oxide nanoparticles show high solubility in these solutions. A study reported that non-biodegradable NPs and cationic polymers induce even more inflammation than biodegradable and anionic makeshifts as titanium- and silicon-based NPs induce more inflammation than zinc (Nishi et al., 2020).

The presence of white blood cells (WBCs) in blood is another measure used to determine the presence of inflammation in the body. Inflammation is noticed based on the increase in WBC count above the normal range, which signals a decreasing immunity. When NPs enter via inhalation, their deposition in the lungs leads to the release of pro-inflammatory hormones, and they encounter alveolar macrophages (as they constitute the first line of immunity). Thus, the inactive macrophages become activated to stimulate the movement of various types of pro-inflammatory cytokines (IL-1 family, IL-6, IL-8, and i-CAM pro-inflammatory protein expression) to the affected site (Clift et al., 2011; Foldbjerg et al., 2011). An experiment was performed in the United Kingdom using eight different metal oxides in an in vivo rat model to investigate the effect of exposure on bronchoalveolar lavage fluid (BALF). This study reported that the cerium and nickel metal oxides are associated with an immediate neutrophilic cytotoxicity pattern, wherein the increased levels of IL-1β, MIP-2, and LDH indicate neutrophilic inflammation, and the same has been observed for copper and zinc by the end of 4 weeks of exposure (Magdolenova et al., 2014). Another study demonstrates that particle size is directly linked to inflammation, and this has been proven by an experiment performed on rats, wherein they were exposed to equal masses of titanium dioxide in two particle size ranges, showing more retention of ultrafine particles in the lung interstitium and the development of an increased inflammatory response (Peters et al., 2007). It was also reported that A549 cells (human alveolar carcinoma cells) were used to detect the change in cytokine secretion after treating the cell lines with TiO2 NPs and an increased release of the pro-inflammatory hormone interleukin-6 (Medina et al., 2007). Moreover, an in vivo experiment with nickel oxide NPs on rats' lungs found that chronic lung inflammations persist for long durations after exposure (Brown et al., 2001). A similar study done by Padmanabhan and Kyriakides (2015) showed that rats exposed to C13 ultrafine particles were deposited more in olfactory bulb on Day 7 than on Day 1, which clearly indicates how these particles get circulated in the body after inhalation.

The Adverse Effects of Inflammation. Inflammation results in the destruction of cilia in the respiratory tract and hence impairs the movement of mucus (mucus basically traps infectious agents and dirt) through cilia. Inflammation also leads to epithelial injury by breaking the epithelial barrier between the lung surface and blood stream, leading to clotting, decreased lung function, the impaired circulation of blood and oxygen in the body. Pneumonitis and the inflammation of lung tissue are the symptoms of lung cancer, pulmonary fibrosis, chronic obstructive pulmonary disease (COPD), asthma, and cystic fibrosis. Various types of pulmonary fibrosis are the main causes of death in patients diagnosed with chronic lung diseases (Chen et al., 2006). This has been proved in a study done on rats, wherein they were exposed to a long multi-walled carbon nanotube for 30 days, which showed the presence of irreversible granuloma, considered as chronic inflammation in lungs (Lu et al., 2014). Inflammation also results in blood clotting, which activates thrombosis cascade at different locations, ultimately leading to problems in the cardiovascular system, upsetting the cardiac rhythm and increasing the chances of cardiac arrest in the body (Donaldson et al., 2005).



Genotoxicity

Genotoxicity can be induced either by the direct interaction of NPs with DNA or indirectly because of oxidative stress or inflammation. Based on different studies and consequent effects, genotoxicity can be divided into primary and secondary genotoxicity. Primary genotoxicity occurs when ultrafine particles enter the nucleus and cause modifications in DNA. Another primary indirect mechanism is related to the DNA repair cascade. Secondary genotoxicity is caused by oxidative stress and inflammation induced by NPs (Zhu et al., 2013; Magdolenova et al., 2014). Figure 5 shows silica NPs' deposition in the lungs (via p53 signalling) and the related genotoxicity involved in the tumour formation in rats.


[image: Figure 5]
FIGURE 5. Diagrammatic depiction of a study where Silica nanoparticles were deposited in lungs via p53 signalling and then tested in-vitro on lung cell models as well in-vivo on live rats induced aberrant p53 signalling and malignant tumours, respectively (adopted from Stueckle et al., 2017).




Primary Genotoxicity

Direct Primary Genotoxicity

The oxidation of DNA results in mutagenic modifications such as the hydroxylation of adenine and guanine, thereby leading to the formation of DNA adducts (Donaldson et al., 2005; Berube et al., 2007). DNA adducts are a result of the covalent modifications in DNA in the presence of certain carcinogens. Particulate carcinogens such as asbestos, crystalline silica, etc., have the ability to directly enter the cellular membranes and nucleus. They then interact/disrupt the process and functionality of the different components of the mitotic spindle and ergo produces dysfunctionalities (Magdolenova et al., 2014). These foreign NPs can disrupt all cellular processes including mitosis, the replication of DNA, and the transcription of DNA into mRNA. A study reported that aluminium NPs induced structural damage and DNA instability, besides other mechanisms that explained the DNA damage (including single-strand breaks and double-strand breaks), DNA deletions, and genomic instability in the form of an increase in 8-hydroxy-20 -deoxyguanosine levels (Donaldson et al., 2013; Chakraborty et al., 2018). Cobalt-chromium nanoparticles significantly increased single- and double-strand breaks and the chromosomal aberrations in mice on exposure, consequently affecting the brain cells in the resulting offspring (Clift et al., 2011).

Indirect Primary Genotoxicity

In the indirect method, NPs attach to the nuclear proteins responsible for DNA repair mechanisms, disrupting their functioning and hence indirectly favouring slip-ups in the nuclear processes. Topoisomerases are the enzymes responsible for carrying out this repair cascade. An experiment showed that Carbon-60 fullerenes can bind to human topoisomerase-II alpha in the ATP-binding domain and therefore disturb its enzymatic activity (Donaldson et al., 2013; Magdolenova et al., 2014).



Secondary Genotoxicity

Secondary genotoxicity refers to the errors created in the structure and function of nuclear components due to the increased ROS production and inflammation, ultimately leading to disrupted DNA sequences. Nanoparticles trigger ROS production in phagocytes (macrophages, neutrophils, etc.), which induces DNA damage and mutagenesis in the neighbouring cells (Donaldson et al., 2013; Magdolenova et al., 2014). It has been reported that in any mechanism, silica triggers the production of ROS leading to the activation of NF-kβ (necrosis factor) and AP-1 (primarily in gene expression), causing an increase in the quantities of growth factors and oncogenes that causes mutations and ultimately cancer (Hong et al., 2017). Exposure to diesel exhaust particles produces inflammation, leading to epigenetic changes that include impairment in gene expression, the formation of adducts, cell proliferation, and interruptions in DNA repair (Shi et al., 1998). In another experiment, researchers demonstrated how the A549 cell line (present in alveoli) is more susceptible to DNA damage than the BEAS-2B cell line (present in bronchi) using FPG comet assay (Medina et al., 2007). A study undertaken in Denmark on the A549 cell lines clearly demonstrates that silver NPs induce oxidative stress correlated to cytotoxicity and genotoxicity (Berube et al., 2007).



Tumourigenicity

The MAPK/ERK pathway (also known as the Ras-Raf-MEK-ERK pathway) is a chain of proteins in the cell that communicates a signal from a receptor on the cell's surface to the DNA in the cell nucleus. The signal starts when a signalling molecule binds to the receptor on the cell surface called epidermal growth factor receptor (EGFR). In normal state, extracellular ligands such as epidermal growth factors bind to this receptor and phosphorylates activates it, signalling a cascade of docking proteins that ultimately result in the making of mRNA, which gets encoded to form various proteins.

In this case, ROS and sometimes direct NPs interact with these receptors, and abnormal proteins could either be formed or not due to the changes in the DNA code. When one of the proteins in the pathway mutates, it can become stuck in the “on” or “off” position, which is a fundamental step in the development of many cancers. The entry of NPs plays a major role in increasing the levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the body. 8-OHdG can give rise to G-to-T transversion mutations in the key genes known to be involved in the development of cancer, hence giving rise to tumours (Guo et al., 2017). Thus, an excessive level of 8-OHdG is directly proportional to the occurrence of carcinogenicity that weakens the immunity. A study observed the levels of 8-OHdG in the urine and white blood cells of 130 workers handling indium tin oxide who were easily exposed to metal oxide NPs (Falcone et al., 2018). Other pathways include p53 inactivation and caveolin-1 overexpression. p53 inactivation occurs when NPs decrease the phosphate levels (required to activate proteins) in cells and therefore increase the chances of tumour formation (Stueckle et al., 2017). Likewise, there are many proteins that are found in high concentrations in the body in the presence of a tumour, and such high levels of proteins are often used to test the presence of neoplasm (the abnormal growth of cells). Caveolin-1 protein's overexpression is associated with carcinogenesis and metastasis. A study reported the inhalation exposure to Titanium oxide NPs on mice, wherein an increased level of squamous cell carcinoma antigen (SCC-Ag) (tumour marker) was observed in high concentrations due to the formation of tumours (Shi et al., 1998).

Tumour suppressor genes in the body are responsible for expressing proteins that prevent the uncontrolled growth of cells forming tumours and hence the decrease chances of genomic mutability. Mutated tumour suppressor genes due to the genotoxicity caused by NPs aren't able to carry out their function, eventually leading to the loss of growth regulation (Luanpitpong et al., 2010). Liou et al. (2017) identified the appearance of cancer stem-like cells on chronic exposure to carbon NPs. Ceria NPs have an ability to generate ROS and cause DNA damage, leading to alveolar papillary neoplasm and carcinoma. Carcinoma also depends on particle size, bio-persistence, and the co-morbidity in an individual. Other recent in vivo studies confirm that the iron oxide NPs as an important cause of hyperplasia and fibrosis of the lungs (Manke et al., 2013). Thus, an excessive increase in fibrosis leads to the death of an individual. Chromium, nickel, and iron oxides released with NPs from welding fumes act as major carcinogens for the human body that significantly increase the chances of tumour formation (Chen et al., 2006).






EFFECT OF NANOPARTICLES ON OTHER SYSTEMS

As discussed previously, the respiratory system is one of the most important pathways for the entry of airborne pollutants into the body and the distribution of NPs to the other biological systems of the body. The retained NPs in the lungs come in contact with the alveoli–blood barrier (present between the alveoli of the lungs and the transporting vessels of the circulatory system), which helps in the exchange of gases stored by alveoli to the entire body and vice versa by the process of diffusion of air particles. The retained NPs seep into these vessels through endocytosis in the alveolar epithelial cells and get transported to the other organs via blood. Endocytosis is a process by which a cell transports particles in and out of the cell by the formation of vacuoles. The second mechanism involves in the diffusion of these ultrafine particles into the olfactory bulbs of neurons via the nasal epithelial barrier for reaching the central nervous system of the body. This system is spread throughout the body and therefore the NPs travel and get deposited in distant places of the different systems of the body (Iversen et al., 2011; Elsaesser and Howard, 2012). Figure 6 shows the impact of exposure to NPs on the different systems of the human body.
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FIGURE 6. Impact of Nanoparticles on various systems of the human body.



Effect of Nanoparticles on the Digestive System

The digestive system also called as the gastrointestinal tract consists mainly of the oesophagus, stomach, and intestines. NP exposure to the gut mostly occurs either through water or food intake. The presence of silver NPs increases the interleukin-8 levels, directly linked to inflammation and increased mucus production (Georgantzopoulou et al., 2015). Depending on their size, some NPs escape the junctions between the intestinal epithelial cells to enter blood vessels, perturbing the mucus and epithelial cell layers. Furthermore, they finally accumulate in the lamina propria of the intestines where they disrupt the function of goblet cells (Zhang et al., 2014). If there are already underlying conditions such as Crohn's disease or ulcerative colitis in the individual, then the rate of NP accumulation is even higher, leading to inflammation in the intestinal areas (Lomer et al., 2004; Jones et al., 2015). Consequently, the toxicity levels get increased and will lead to colon cancer and other carcinomas.



Effect of Nanoparticles on the Cardiovascular System

NPs can enter our body via inhalation (intranasal or intra-tracheal) or by oral exposure to the gastro-intestinal tract, which subsequently reaches the circulatory system. These can cause significant alterations in the normal functioning of the system. The increase in blood pressure, decrease in heart rate, and altered vascular tone and dysfunction are some of the initial effects of NPs on the cardiovascular system (Yu et al., 2016). Depending upon the physical properties, concentration, and retention time of NPs, they can have angiogenic/antiangiogenic, vasodilation/vasoconstriction, pro-oxidant/antioxidant, cytotoxic, apoptotic, and phagocytic effects on our body (Gonzalez et al., 2016). Individuals with pre-existing cardiovascular diseases are more susceptible to these changes. Such persons are more prone to sudden cardiac arrests, heart attacks, and blood clotting due to the assimilation of NPs in the blood stream. Epidemiological studies have revealed evidence of both the acute and chronic effects of NPs (Donaldson et al., 2013). An increased ROS generation because of nanoparticles has been observed as the main cause for these maladies due to the increased oxidative stress (Miller et al., 2012).

Silver NPs that are currently used in pacemakers, drugs, and coupled antibodies have a dual and opposite effect on blood composition, angiogenesis (vessel formation), and the permeability of membranes (Gonzalez et al., 2016). Long-term exposure to TiO2 NPs can lead to their accumulation in the heart, causing sparse cardiac muscle fibres, inflammation, cellular necrosis, and cardiac biochemical dysfunction. A study on SiO2 NPs in old rats suggested increased Fbg concentrations and blood viscosity along with myocardial ischemic damage and atrioventricular blockage (Yu et al., 2016). Experiments performed on rodents by Mills and Miller (2011) support the aforementioned results and also provide evidence to endothelial cell dysfunction, the inhibition of NO pathways, and the enhanced responsiveness to vasoconstrictors.



Effect of Nanoparticles on the Excretory System

The kidney contains a network of blood capillaries in each nephron that philtres the toxins from blood; therefore, it is quite susceptible to xenobiotics and the bioaccumulation of toxins (Pujalté et al., 2011). NPs, after glomerular filtration, tend to concentrate in the proximal convoluted tubules (PCT), which can lead to internalisation via tubular cells through endocytosis. A study on TH1 cells exposed to inorganic NPs showed not only the acceleration of NP-induced nephrotoxicity but also the DNA damage in these cells (Sramkova et al., 2019). Similar effects were observed by another study when tubular cells in mice were exposed to copper NPs (Pujalté et al., 2011). This will further lead to genetic disorders and chromosomal aberrations in the genetic material.

Wang et al. (2009) observed that the smaller the particle, the greater its toxicity. This study on HEK293 cells (cultured human embryonic kidney cells) demonstrated that kidney cells underwent shrinkage and nuclear condensation, which are signs of apoptosis on exposure to SiO2 nanoparticles at dosage levels of 20–100 μg/ml. ROS production in HEK293 cells and oxidative stress induction also indicate the nephrotoxic potential by nanoparticles. Impaired nephrotoxic potential causes dysfunction in the elasticity of nephrons and may cause cerebral epilepsy. The cytotoxicity of NPs was also evaluated in the IP15 (glomerular mesangial) and HK-2 (epithelial proximal) cell lines (Pujalté et al., 2011). The study observed that ZnO and CdS nanoparticles exerted cytotoxic effects on glomerular and tubular human renal cells. These effects were correlated with metal composition, particle size, and metal solubility (Pujalté et al., 2011).



Effect of Nanoparticles on the Neural System

Neurons together with neuroglial cells constitute the nervous tissue making up the nervous system. NPs can reach the central nervous system (CNS) via different routes, most commonly by inhalation that can reach the brain through the upper respiratory tract to the olfactory bulb to the trigeminal nerve to the trigeminal nucleus and thalamus to the blood-brain barrier and ultimately to different parts of the brain (Haase et al., 2012; Feng et al., 2015). NPs produce toxicity effects on neural cells by accumulating in different regions of the brain and affecting the expression of genes that helps in the development and function of CNS (Yang et al., 2010). The malfunctioning of CNS can show symptoms like depression, lack of concentration, and even mental retardation. ZnO NPs induce significant cytotoxicity, including a decrease in viability, apoptosis, cell cycle alterations, and different kinds of genetic damage such as oxidative DNA damage (Valdiglesias et al., 2013). Studies show induced inflammation in rats' brain due to manganese oxide inhalation. Silver NPs cause oxidative stress and the upregulation of oxidative stress-related genes in the cortex and hippocampus of mice (Haase et al., 2012; Feng et al., 2015).



Effect of Nanoparticles on the Endocrine System

In the past few decades, there has been a substantial rise in disorders of the immune system. One of the reasons associated with it is the exposure of workers and the general population to contaminants that exert adverse effects on endocrine-disrupting chemicals (EDCs) (e.g., CdTe quantum dots), which play a prime role in altering the hormonal and homeostatic systems (Iavicoli et al., 2013; Lu et al., 2013). A study shows how 150 μg/kg of iron oxide NPs administered in male rats increased the T3 thyroid hormone and decreased the thyroid-stimulating hormone, thus creating a net imbalance (Jiang et al., 2019). Commencing with overstimulation, palladium NPs have shown to gradually act on hormone receptors, blocking the signal cascades (Leso et al., 2018). Some studies have observed that diabetic animals are more prone to hormonal disbalance that non-diabetic ones due to NP exposure (Li et al., 2009; Lu et al., 2013).



Effect of Nanoparticles on the Reproductive System

One of the main reasons for the recent spike in infertility cases has been attributed to the accumulation of NPs. An experimental study on high-fat diet rats shows that administering silica NPs (which are common at workplaces) decreased sperm concentration and motility rates and increased the abnormality rates of sperm (Zhang et al., 2020). TiO2 NPs exhibit genotoxic effects as they cross the blood–testis barrier and causes inflammation and cytotoxicity, thus a significant loss of sperm DNA integrity was observed (Santonastaso et al., 2019). NPs affect the reproductive system by inducing cytotoxicity in ovarian cells, thereby disrupting the process of oogenesis and eventually causing the overproduction of ROS, apoptosis, and sex-hormone imbalance in the body (Iavicoli et al., 2013). In a study, an animal administered with MoO3 showed a significant decrease in the right ovary's weight and uterine weight, which ultimately led to an adverse effect on the reproduction process (Asadi et al., 2019). Hence, NPs are significantly responsible for decreasing birth rates and causing abnormalities in offsprings. In urban areas, such cases are commonly found in females who are exposed to air pollutants, particularly particulate matter (especially NPs), due to their daily lifestyle.




RESPIRATORY MODELS

Specific models have been devised to understand the structure and effects of NPs on individual organs. The Weibel bifurcating tubes' model with 23 bifurcation units describes the branching pattern of lungs, i.e., the 23 levels of bifurcations—G0–G23. The first 16 bifurcations (G0–G16) comprise the conducting zone, while the rest (G17–G23) comprise the respiratory zone involved in the exchange of gases. This model helps in understanding the structure of the airway path (Qiao et al., 2015), and models similar to the organ have been prepared to study the effects of NPs on other body systems. To comprehend and quantify the rates and mechanism of particle deposition, clearing, and impact, the models were divided into experimental and computational methods (Qiao et al., 2015). The experimental methods include in vivo and in vitro experiments on a model organism exposed to different doses of NPs to determine deposition, clearing, and health impacts (Ji and Yu, 2012; Qiao et al., 2015).

A computational method like computational fluid dynamics (CFD) is primarily used an effective tool in predicting the airflow, particle transport, deposition, and the particle number concentration in fine particles. It is also used in the field of NP instrumentation, evolution of NP dynamics in different environment (human respiratory tract, workplaces, aerosol transport/delivery system, energy systems, etc.), and NP synthesis (Qiao et al., 2015).


Experimental Models

Respiratory tract dosimetry is a biologically based, mechanistic method that is a useful experimental technique to estimate the exposure concentrations of an inhaled substance in a model organism (Kuempel et al., 2006) that can be extrapolated to human equivalent exposure levels by adjusting the lung mass and lung surface area (Kuempel et al., 2006; Ji and Yu, 2012). The multiple-path particle dosimetry model (MPPD) developed by the Chemical Industry Institute of Toxicology (CIIT, currently known as the Hamner Institutes for Health Sciences) and the Dutch National Institute for Public Health and the Environment (RIVM) is used in the assessment of deposition and clearance of course to ultrafine particles (Ji and Yu, 2012). MPPD provides a quick, inexpensive, and efficient means to assess the internal estimates of tissue dose. This model is an efficient tool to determine the percentage change in the particulate load of respirable deposits in the human respiratory system. MPPD estimates particle deposition in the tracheobronchial region where most of the respirable particulate deposition occurs as compared with the pulmonary region (Goel et al., 2021). As the respiratory tract is divided into various regions based on anatomical function, sub-models of ventilation and aerosol transport are constructed (Asgharian et al., 2014). Settings like flow characteristics, orientation, inspiratory fraction, and parameters including multiple respiratory volumes can be altered to meet the needs of the experiment (Manigrasso et al., 2019). Another popular in vitro model is the air–blood barrier (ABB) models that elucidates the biological mechanisms related to the potential effects of inhaled nanoparticles. In this model, the effect of NPs on the cell lines of respiratory epithelium, endothelium, and monocyte cells are studied (Bengalli et al., 2017).



Computational Models

The CFD method is mostly used to highlight the impact of several factors including upstream flow, inlet profiles, and turbulent enhanced dispersion (Longest and Vinchurkar, 2007). Like MPPD, the airway is divided into subdivisions called tiny meshes that can help quantify the deposition of particles (Longest and Vinchurkar, 2007; Garcia and Kimbell, 2009; Qiao et al., 2015). Two approaches have been used to investigate the deposition study. First is the Eulerian approach that uses a constant laminar flow rate with non-stop fluid process, dilute particle phase (treated as interpenetrating fields), Brownian motion (depending on the concentration gradient), and a diffusion coefficient (depending on particle size). This model is used to calculate the deposition efficiency of various particle sizes. Deposition efficiency (DE) can be calculated using the following equation:
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where [image: image],

Lpipe is the pipe length, Uinlet is the inlet velocity, and R is the pipe radius. This approach neglects particle inertia and is effective for studying a large number of particles (Inthavong et al., 2011). The assumption of laminar flow is supported by the low Reynolds number (Re) (Longest and Vinchurkar, 2007; Garcia and Kimbell, 2009). The second approach is called the Lagrangian approach that considers all the above variables along with particle inertia. This is effective in studying individual particle motion. The trajectories of each particle are traced by integrating a force balance equation on the individual particles:
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Here, Fg is the gravity term; FD is the drag force per unit particle mass; FB is the amplitude of the Brownian force component; FL is the lift due to shear; and FT is the thermophoretic force. In comparison, the Eulerian model is less computationally demanding due to the single convection–diffusion equation that controls the fluid–particle interrelationship (Inthavong et al., 2011).

Apart from the aforementioned models, the World Health Organisation (WHO) recently introduced new models for the assessment of air quality. Air quality models like the AirQ model and the AirQ 2.2 software are currently in use (Conti et al., 2017). Air quality models use mathematical and numerical methods to simulate the physical and chemical processes caused by air pollutants that trigger their dispersion and chemical transformation in the atmosphere. The purpose of these models is to relate the effects of emission sources with the pollutant concentrations and to cheque whether they are crossing the standard limits or not.




CONCLUSION

The health effects of nanoparticles are well-known, and their exposure can cause serious respiratory and cardiovascular diseases. Epidemiological and toxicological studies have mentioned that nanoparticles are much toxic than coarser particles due to their ultrafine size, chemical reactivity, and longer residence time in the atmosphere. It has also be observed that as particles decrease in size, their ability to penetrate deep inside the lungs increases. The source of nanoparticles varies from anthropogenic activities (vehicular emission, industrial emission, welding fume, cigarette smoke, etc.) to natural activities (forest fire, dust storm, volcanic eruption, etc.). The transport of NP in the lungs is explained with the Weibel bifurcating tubes' model, classified into the conducting zone and respiratory zone. Owing to the ultrafine size and high retention time, nanoparticles diffuse and accumulate in the alveolar region, and some pass through the alveolar epithelium and capillary endothelial cells to enter the cardiovascular system and other internal organs. Different types of clearance mechanisms are exhibited by the human body to counter the effect of NP exposure and protect the body before the onset of the disease. Mucociliary escalation clears the upper respiratory tract, while macrophages with certain proteins help ingest the deep deposited material. Regardless, insoluble NPs get bioaccumulated in the respiratory zone over time, causing lung burden. Such NPs are attacked by phagocytes as a part of the immune response. The exposure to NPs cause the generation of ROS, resulting in cytotoxicity that leads to genotoxicity and tumourigenesis. The overproduction of ROS and the weakening of antioxidant defence system cause oxidative stress, known to trigger the release of more pro-inflammatory hormones that lead to inflammation as well as acute and chronic lung diseases. Thus, NPs cause damage in single-stranded and double-stranded DNA or deletions of its parts and induce mutations in the genetic material, generating neoplasms and carcinomas in the lungs. Besides the harm caused in the lungs, NPs also cause damage in the other body systems including the cardiovascular and gastrointestinal system and lead to cardiac arrest and ulcer, respectively. Comorbid individuals are always at a higher risk of several health complications due to NP accumulation.

This is the first comprehensive review about NPs' source, exposure, and impact on different human body systems, focusing on the respiratory system. The review provides detailed insights about the complex mechanism of NP transportation, clearance, and deposition in lungs that cause lung burden after long-term NP exposure. It offers a detailed overview of the influence of NP exposure in causing toxicological, genotoxic, and tumourigenic effects on the human body. It also mentions the experimental and computational respiratory models, which can be important tools to understand NP's transportation, clearance mechanism, and deposition patterns in human body.
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