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Abstract 
The use of surgical face masks is commonplace throughout medical and occupational settings, 

but their use was extended to the public during the COVID-19 pandemic, resulting in an influx 

of manufacture and wastage. These masks are predominantly synthesised from polypropylene 

(PP), but the complete material list is unknown, and their exact composition varies between 

suppliers. These single-use masks are known to shed micro,-nanoplastic (MNP) debris directly 

into the respiratory system, and into the environment upon improper disposal. Plastics in the 

environment degrade into MNPs over time via several processes, eventually gaining the 

potential to become airborne. The scenarios of how these mask MNPs could be inhaled, were 

represented in this project by the use of the innermost layer of mask only (white), and the 

indirect environmental route; an amalgam of all three mask layers (blue). Despite much focus 

on the environmental impact of MNPs, the effects these particles could have to human health 

following inhalation, is largely unknown. Therefore, the aim of this project was to determine 

the toxicity of PP MNPs, and MNPs derived from face masks representative of two different 

inhalation exposure scenarios, using an advanced in vitro approach. All synthesized MNPs 

used a top-down approach; the cryogenic milling of commercial PP powder, 55-75 μm in 

diameter (purchased from Goonvean Fibres Ltd.), into particles ≤5 μm in diameter. Surgical 

masks MNPs were synthesized via repeated cryotome slicing. All MNP were characterised via 

pyrolysis-GC-MS, dynamic light scattering and zeta potential, and further by SEM and STEM-

EDX following aerosolisation. NCI-H441 type-II alveolar epithelial cells were cultured at the 

air-liquid interface, and were exposed to 0.5, 1.0 or 2.0 μg/cm2 of each MNP type for 24 hours. 

Carbon black (Printex 90) was used as positive particle control. Endpoint analyses of cell death 

(trypan blue exclusion), barrier integrity (dextran blue), pro-inflammatory response (IL-1β/IL-

6/IL-8) and genotoxicity (mononucleate micronucleus) were conducted, alongside Confocal 

LSM microscopy. STEM-EDX presented each MNP sample to consist predominantly of 

sodium and chlorine, with lesser expression of carbon, oxygen and titanium. Pyrolysis-GC-MS 

confirmed dominance of PP content in the tested MNPs, alongside the presence of additives, 

although this requires further investigation. Both mask MNPs presented significant 

concentration-dependent increases to IL-8 production and mononucleated micronucleus 

formation, peaking at 1.0 μg/cm2, but then decreasing at 2.0 μg/cm2 across all respirable MNP 

samples. Respirable PP MNPs also displayed similar trends to the mask MNPs, but these were 

not statistically significant findings. Current data therefore suggests that inhalation of MNPs 

do have the potential to produce hazardous responses to alveolar models in vitro. Future 

developments should improve on the realism of the model by the incorporation of immune cell 

co-culturing. To improve endpoint analysis, the introduction of oxidative stress evaluation and 

gene expression is necessary, in addition to the validation of a suitable genotoxic assay protocol 

for NCI-H441 cells.  
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Single-use surgical face masks are routinely used throughout medical practice and industry, 

they are intended to be single use, but are known to shed inhaled debris of various sizes and 

morphologies (Han & He, 2021). There is also growing evidence of adverse effects occurring 

when used for extending periods (Klimek, et al., 2020). Their use was widely extended to the 

public throughout the duration of the Covid-19 pandemic as a means to reduce the rate of 

transmission across the population. Due to the sudden increase in demand for the masks, their 

manufacture across the world greatly increased, and therefore their wastage. The influx of mask 

wastage resulted in an increase to masks not being correctly disposed of, leading to them 

infiltrating into bodies of water and landfill, where they will degrade and form Micro-, 

Nanoplastics (MNPs) with the potential to become airborne (Mbachu, et al., 2020), 

contributing to air pollution as particulate matter (PM). These masks are primarily constructed 

from polypropylene (PP), but the remaining materials are not fully understood. Chapter 1 will 

discuss what is currently known and unknown about MNPs, with a focus on PP where 

applicable, the anatomy and physiology of the lungs and how both of these areas can be 

translated into in vitro experimentation. 

1.1 The Lower Respiratory Tract 

1.1.1 Mechanism of Breathing 
The primary function of the respiratory system is to facilitate the intake of oxygen (part of 

gaseous exchange) for its delivery via erythrocytes (by binding to haemoglobin) to somatic 

cells and gametes, to allow them to perform their specialised functions, alongside growth, 

mitosis, and meiosis (Tidy, 2021). Some secondary functions of the respiratory system include 

protection from potentially harmful substances, facilitated by ciliated epithelial cells, mucous 

production, and mechanical reactions such as coughing, and sneezing (Bourouiba., et al, 2014). 

Gaseous exchange also describes the expiration of carbon dioxide (CO2), a product of oxidative 

phosphorylation, conducted by the mitochondria, which are found in the cytoplasm of cells, in 

turn regulating the pH of blood (de Goede, et al., 2018). 

Inhalation and exhalation are controlled 

primarily by two muscles, the diaphragm 

and the intercoastal muscles, but 

sternoclastoid and scalene muscles are 

additionally recruited when an individual is 

in respiratory distress. Collectively, these 

muscles mechanise airflow, by decreasing 

and increasing the pressure inside the thorax 

(by increasing and decreasing volume, 

respectively), in comparison to the air 

pressure outside of the thorax (Chaudhry & 

Bordoni, 2021), as depicted in figure 1.1. 

During inhalation, the diaphragm contracts, flattening and pulling downwards, simultaneously, 

the intercostal muscles contract, pulling the ribs upwards. Together, the volume of the thorax 

increases, decreasing pressure and expanding the lungs, and drawing air inwards, ultimately to 

Figure 1.1 - Inhalation and exhalation mechanics 

(created by myself, using Biorender.com) 
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the alveoli, where gaseous exchange occurs. The inverse occurs during exhalation, where an 

increase to thorax pressure forces air out of the lungs, and consists of a greater proportion of 

carbon dioxide, which is a product of aerobic respiration (Dugdale, 2020). 

1.1.2 Pathway of Respiratory System 
There are several organs and structures included within the respiratory system, which can be 

divided into two different groups based upon either functionality or anatomy. Grouped by 

function, the structures are divided into the conducting zone (nose and mouth to the 

bronchioles) which forms the path for inhaled gases to travel to the respiratory zone, and the 

respiratory zone (alveolar ducts to the alveoli), where gaseous exchange occurs. In terms of 

anatomy, the structures are grouped into the upper respiratory tract (outside/above thorax), 

containing the 

nose/mouth > pharynx > 

larynx, and the lower 

respiratory tract, which is 

depicted in figure 1.2 

(Taylor, 2021). 

Both of the lungs are 

anatomically similar, but 

structurally different 

(Betts et al., 2022). The 

right lung consists of 

three lobes, separated by 

a horizontal fissure and an 

oblique fissure, whereas 

the left lung only contains two lobes, divided by a single, oblique fissure. Additionally, the left 

lung houses an indent, called the cardiac notch, where the heart resides (Chaudhry & Bordoni, 

2021).  

Using computerised tomography of lungs and alveoli, it is possible to determine the total 

volume of the lungs, which is usually around 4000-6000 cm3 (Yuan et al., 2010). This can also 

be calculated by adding together the values of tidal volume (volume of air inhaled and exhaled 

in one breath cycle), inspiratory reserve volume (volume of air forcibly inhaled after tidal 

volume), expiratory reserve volume (volume of air forcibly exhaled after tidal volume), and 

residual volume (volume of air in lungs after maximal exhalation) (Kutz & Grotberg, 2021). 

The trachea is the largest pathway for air into the lungs, usually between 10 cm to 13 cm in 

length in adult humans, with walls 3mm thick and an external diameter between 1.8 cm to 2.3 

cm. The length of the trachea is lined with 18-22 cartilage C-rings, which retain the structural 

integrity of the trachea during the changes to pressure, preventing it from collapsing. The 

opening of the C-rings is lined with the trachealis muscle, a smooth muscle, which allows the 

diameter of the trachea to temporarily decrease during events such as coughing or swallowing 

(Furlow & Mathisen, 2018, and Mieczkowski & Seavey, 2021). The trachea splits into the two 

bronchi at the base, called the carina, each bronchus enters the respective lung at the hilum 

Figure 1.2 - Structure of the lower respiratory tract (pre-made template on 

Biorender.com) 
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(root of the lung) (Furlow & Mathisen, 2018, and Chaudhry & Bordoni, 2021). The bronchi 

follow a similar structure to the trachea, but are smaller, with the right bronchus having a 

slightly larger diameter than the left (Ball et al., 2021). Both the trachea and the bronchi are 

inner-most lined with ciliated epithelial cells and goblet cells (Kia'i & Bajaj, 2021). Ciliated 

epithelial cells have cilia on their apical surface, inwards to the trachea, which ‘beat’ to move 

mucous and debris out of the respiratory tract and out of the body through the mouth or nose, 

or into the digestive tract for destruction in the stomach (Yaghi & Dolovich, 2016). Goblet 

cells produce mucous, which entraps debris and pathogens that enter the respiratory tract. The 

viscosity and trapping-ability of mucous is due to the rich presence of mucin glycoproteins 

(Lillehoj & Kim, 2002). 

Bronchioles are not supported by cartilage rings, are significantly narrower, do not consist of 

any mucous-producing cells and gradient towards columnar epithelial cells, as they go deeper 

into the lung and branch further (Ball et al., 2021). Each lung contains an average of between 

22,300 (McDonough et al., 2011) and 17,427 (Verleden et al., 2014) bronchioles and are 1mm 

in diameter on average (Vasilescu et al., 2020). The end of terminal bronchi present the alveoli, 

small air sacs which account for around 140 m2 of the surface area of the lung and are the site 

of gaseous exchange. 

1.1.3 Cellular Structure of the Alveoli and Their Function 
The alveoli primarily facilitate the passing of oxygen and carbon dioxide across themselves 

into and out of the bloodstream respectively. There are two cell types which form the structure 

of alveoli, type I epithelial cells and type II epithelial cells. Type-I squamous epithelial cells 

can form up to 85%-95% of the surface of the alveoli, with the cuboidal type-II epithelial cells, 

not usually at a surface, and are notable by their presence of lamellar bodies (Knudsen & Ochs, 

2018). Sometimes individual cells may constitute multiple alveoli, with multiple of its surfaces 

fronting alveolar lumina, which may contribute to the structural integrity of the alveoli and is 

a feature which had not yet been incorporated into in vitro models of the air-blood barrier. The 

layers of epithelial cells between the alveoli and the encompassing endothelial capillary cells 

(diffusion barrier) are only around 2 μm in total (Knudsen & Ochs, 2018) and collectively form 

the air-blood barrier (Ball et al., 2021).  

Type-II alveolar epithelial cells constitute only 5-15% of the total alveolar surface, but up to 

60% of the total alveolar epithelial cells and 10-15% of total lung cells (Castranova et al., 

1988). These cells secrete pulmonary surfactant, containing the main active lipids of 

dipalmitoylphosphatidylcholine and phosphatidylglycerol, but they also secrete the proteins 

SP-A, SP-B, SP-C, and SP-D (Rooney et al., 1994. Batenburg and Haagsman, 1998) which are 

imperative to maintain function of the lungs, as the surfactant reduces surface tension of the 

air-liquid interface in the alveoli (Veldhuizen & Haagsman, 2000). These surfactants are 

released form the cells via exocytosis from lamellar vesicles (Ryan et al., 1975), and can 

similarly be returned into the cell via endocytosis, where its degradation products can be used 

to reconstitute vesicles (Williams, 1984. Hallman and Teramo, 1981. Chander et al., 1987). 

Type-I epithelial cells indirectly trigger the secretion of pulmonary surfactant by the 

stimulation of caveolae, mechanical sensors activated by plasma membrane stress (Diem et al., 

2020). Type-II cells are considered stem cells, as they have proven to differentiate into Type-I 
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cells (Mason et al., 1997. Griffiths et al., 2005. Reynolds et al., 2004. Gomperts and Strieter, 

2007. Uhal, 1997. Weiss et al., 2006) to repopulate the alveolae in both in vivo (Liu et al., 

2006) and in vitro studies (Brody and Williams, 1992. Danto et al., 1992. Dobbs et al., 1988. 

Kikkawa and Yoneda, 1974. Paine et al., 1988. Paine and Simon, 1996). 

The alveoli, and more specifically type-I and type-II alveolar epithelial cells, are the location 

at which gaseous exchange occurs, this is also the primary site at which inhaled nanomaterials 

could translocate into the circulatory system due to this region being the shortest path of 

traversal, and impact secondary organ systems (Sultana et al., 2013). Furthermore, if the rate 

of intake of inhaled particles is greater than their clearance, they will accumulate within 

compartments of the lung, depending on the particle characteristics such as size, as previously 

discussed, and is termed particle overload (Pauluhn, 2011). The overloading accumulation of 

insoluble particles such as coal dust, TiO2 and diesel soot, in the lungs of rats, presented 

prolonged inflammation, tumour formation and fibrosis (Olin, 2000). 

The exchange of gases between the alveoli and the encapsulating venous capillaries relies on 

gradients of gas partial pressures. The partial pressure of oxygen (pO2) is much greater in the 

alveoli than the capillary blood, as the haemoglobin returning to the lungs via the pulmonary 

artery, has been deoxygenated after supplying the rest of the body with oxygen and will 

therefore diffuse into the blood from the alveoli (Ahmed et al., 2020).  

The diffusion of carbon dioxide also relies of a gradient of partial pressure (pCO2); however, 

the gradient runs in the opposite direction (Petersson & Glenny, 2014) (Figure 1.3). CO2 is a 

product of the tricarboxylic acid cycle (TCA cycle; a cyclic process which is part of aerobic 

respiration, to synthesise adenosine triphosphate, ATP, for a vast array of functions) (Hopkins 

et al., 2021). CO2 is transported unbound to proteins, dissolving in the water component of 

blood to form carbonic acid, which acidifies the pH of blood (Alabduladhem & Bordoni, 2021). 

Excessive acidity increase (exacerbated after exercise and other events increasing CO2 

production), is detected by three mechanisms, chemoreflexes, central command and neural 

feedback from muscles. Ultimately, these mechanisms aim to reduce blood acidosis from 

carbonic acid, by increasing breathing rate and tidal volume temporarily (Guyenet & Bayliss, 

2015).  

Figure 1.3 - Process of Gaseous Exchange. The size of arrow indicates the decrease of diffusion of each gas as 

the haemoglobin becomes more O2 saturated, and less CO2 saturated. (created by myself, using Biorender.com) 
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1.2 The Atmosphere and Air Pollution 

1.2.1 Particulate Matter and Air Pollution 
The definition of air pollution according to the World Health Organisation is the presence of 

chemical, biological, or physical agents which contaminate the natural characteristics of the 

atmosphere of the indoor or outdoor environment (World Health Organisation, 2021a).  

Air pollution typically consists as gaseous pollutants and PM, which are solid or liquid particles 

floating in ambient air (Zhu, et al., 2021). Besides the physical state of the particles, either solid 

or liquid, all airborne matter which falls into these size categories is included, regardless of 

origin or material. The consistency of PM can vary depending on the location, for example salt-

based PM is more prevalent on the coasts, from aerosolised seawater, or higher prevalence of 

metal-based PM in underground-rail systems, which tend to be enclosed, poorly ventilated 

systems (Loxham & Nieuwenhuijsen, 2019). The most prominent and well-known air 

pollutants include the ‘Greenhouse Gases’, which consists of Methane (CH4), Carbon Dioxide 

(CO2), and Nitrous Oxide (N2O), which are commonly associated with the escalation of climate 

change (Pytlak, et al., 2021).  

Microparticles define 3-dimensional objects within the size range of 1 μm to 1000 μm in 

diameter (Boholm & Arvidsson, 2016), in contrast to nanoparticles which concern 3-

dimensional objects within the nanoscale range of 1 nm – 100 nm (Boholm & Arvidsson, 

2016). Particulate matter PM defines particles typically present in the ambient air, which can 

sediment onto the earth as a result of gravity. PM is classified into the aerodynamic diameter 

of particle and are usually monitored in classifications of PM10 (<10 μm in diameter, coarse), 

PM2.5 (<2.5 μm in diameter, fine), PM1 (<1 μm in diameter, very fine) and PM0.1 (nanoscale 

particles <0.1 μm in diameter, ultrafine particles) (figure 1.4). PM10 and PM2.5 are known to be 

two of the most significant contributors to air pollution and human health, but research into 

PM is problematic due to the vast heterogeneity of the materials within classifications (World 

Health Organisation, 2021b).  

Figure 1.4 - Scales of biological structures and relevant PM aerodynamic size categories (created by myself, using 

Biorender.com) 
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Contribution to air pollution can originate from both natural and manufactured processes. In 

nature, spontaneous wildfires, and volcanic eruptions are some of the natural events which 

release pollutants into the air, however due to the spontaneity and frequency of these events, 

their overall contribution to air pollution is less consistent than industrial processes. 

Industrialisation is a main contributor to air pollution, primarily concerning the burning of 

fossil fuels in all forms and applications. Some of the most common methods of fossil fuel uses 

being combustion engines and power stations (Bai et al, 2018). The distribution of PM origins 

are depicted in figure 1.5. 

  

Figure 1.5 - Emission and distribution of air pollutants in the UK in 2020 

(UK Government - Department for Environment, Food and Rural Affairs, 

2022) 
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1.2.2 History and Progression of Anthropogenic Pollutant Emission 
The production of anthropogenic air pollution would have originated from the discovery of 

fire, but to a much larger scale from the development of civilisations, from the mass burning 

of fuels for light sources, forges, breweries, furnaces and in cooking, as early as the Sumerian 

civilization from 4500 B.C. - 1900 B.C., Ancient Egyptian from 3100 B.C. - 30 B.C. Ancient 

Greek from 1100 B.C. - A.D. 140 and The Ancient Romans from 750 B.C. – A.D. 470 

(Jacobson, 2012. Walters, 2021).  

Additionally, the progression of mining ushered the release of pollutants and PM into the 

atmosphere, with some mined 

minerals, such as coal releasing 

PM and methane gas, is also 

feeding into air pollution 

generated by coal used for 

combustion (U.S EPA, 2003). The 

mining and use of coal rapidly 

accelerated during the Industrial 

Revolution between A.D. 1733 

and 1913 and demanded the 

introduction of UK regulations to 

limit the release of pollutants into 

the atmosphere such as the Railway Clauses Act (1845), the Smoke Nuisance Abatement Acct 

(1853) and the Alkali Act (1863). Despite these legislations, London, and several other UK 

cities developed a lingering smog (portmanteau of smoke and fog); a term introduced in 1905 

by Harold Antoine des Voix, a member of the London’s Coal Smoke Abatement Society. The 

danger of this smog peaked in 1952 and was responsible for over 4000 deaths across the city 

of London (Jacobson, 2012). 

Since 1970 however, air pollution emissions have greatly decreased in the UK, although only 

a minor decrease to ammonia emissions as seen in figure 1.6, (Marshall, et al., 2023). 

  

Figure 1.6 - Emission of air pollutants in the UK from 1970 to 2020 

(Walters, 2021). 
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1.2.3 Air Pollution Monitoring 
In the UK, the dominant rating for air pollution is the Daily Air Quality Index (DAQI), using 

a categorical scale of 1-10 and was initiated in January 2012. The DAQI monitors five 

parameters all measured in μg/m2: Ozone (O3) every eight hours, Nitrogen dioxide every hour, 

Sulphur dioxide every 15 minutes, PM2.5 and PM10 every 24 hours, summarised into table 1.1 

(Connolly, Fuller, Baker, & Willis, 2013).  

Table 1.1 - Monitored air pollutants in the UK and the corresponding severity rating to human health – Daily Air 

Quality Index (DAQI). Colour-coded in correspondence to the official index. 

 

Due to the long testing periods between Ozone (eight hours), PM2.5 and PM10 (both 24 hours) 

these cannot be indicative of sudden events of high, potentially dangerous levels of pollution. 

Therefore, the Committee on the Medical Effects of Air Pollutants (COMEAP) devised and 

recommended the use of trigger concentrations for these three measurements, which are 

monitored every hour by public information service organisations, unlike the overarching 

DAQI monitoring. The trigger concentrations are highlighted in table 1.2, alongside the 

respective Gilbert Skill Score (GSS), which is the verification measurement of whether a 

categorical forecast was a true event. GSS is calculated using the number of: ‘true event + false 

positive + no event - events due to chance’ (Connolly, Fuller, Baker, & Willis, 2013). 

  

Band Index 

Ozone Nitrogen 

dioxide 

Sulphur 

dioxide 

PM2.5 PM10 

8-hourly 

mean 

1-hourly 

mean 

15-minute 

mean 

24-hourly 

mean 

24-hourly 

mean 

μg/m3 μg/m3 μg/m3 μg/m3 μg/m3 

Low 1 0-33 0-67 0-88 0-11 0-16 

2 34-66 68-134 89-177 12-23 17-33 

3 67-100 135-200 178-266 24-35 34-50 

Moderate 4 101-120 201-267 267-354 36-41 51-58 

5 121-140 268-334 355-443 42-47 59-66 

6 141-160 335-400 444-532 48-53 67-75 

High 7 161-187 401-467 533-710 54-58 76-83 

8 188-213 468-534 711-887 59-64 84-91 

9 214-240 535-600 888-1064 65-70 92-100 

Very High 10 ≥241 ≥601 ≥1065 ≥71 ≥101 
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Table 1.2 - Monitored air pollutants in the UK and their corresponding GSS. 

Pollutant Pollution Band Trigger (μg/m3) GSS 

PM10 

Moderate and above 68 0.533 

High and above 107 0.348 

Very High and above 177 0.188 

PM2.5 

Moderate and above 50 0.591 

High and above 74 0.422 

Very High and above 101 0.260 

O3 

Moderate and above 105 0.791 

High and above 170 0.726 

Very High and above n/a n/a 

 

Micro,- nanoplastics (MNPs), in terms of monitoring, are not specifically quantified as a part 

of air pollution. MNPs are a constituent of particulate matter, separated based upon their size 

fractions, such as PM2.5 (Kirchsteiger et al., 2023). The reason for the non-specific monitoring 

of MNPs is partly due to their difficulty to distinguish from within PM, and the difficulty to 

reliably separate it into its constituents. The use for PM as a collective identifier spanning many 

different materials, also describes the difficulty to pinpoint the exact components within PM, 

which are responsible for causing potential adverse effects (WHO, 2006). PM2.5 is one of the 

most hazardous airborne materials monitored, hence the lowest concentration threshold, 

depicted in table 1.1. Some of the most significant constituents of PM2.5 include ammonium, 

nitrates, sulphates, elemental carbon matter and organic carbon matter (Dominici, et al., 2015. 

Liu, et al., 2022). In the outdoor urban air of Graz, Austria, between 2nd January and 31st March 

2017, ‘Ultrafine’ MNPs with diameter <0.1 µm, were determined to be 0.67% of the total PM2.5 

mass, and 1.7% of the organic mass. From which, three polymer types were found, 

polyethylene terephthalate (50%), PP (27%) and polyethylene (23%) (Kirchsteiger et al., 

2023). As more time passes for existing waste plastics to degrade, and more plastic is added 

into the environment, these figures are likely to increase year-on-year. Furthermore, there is 

the potential for a future spike in PP detection, following the widespread usage of masks 

throughout the COVID-19 pandemic, which are predominantly constructed from PP.  

1.2.4 Adverse Effects of Carbon-based PM2.5 Constituents in Air Pollution 
Air pollution both directly and indirectly affects human health. Direct effects of air pollutants 

arise from being inhaled and instigating a biological response. Some pollutants, usually larger 

particles, can be removed passively by the lungs’ ciliated epithelial cells which line the trachea 

and bronchi, pollutants removed this way typically do not cause adverse effects. Smaller PM 

(≤PM2.5) and gaseous pollutants can pass deeper into the lungs, into the alveoli, posing the risk 

to pass across the endothelial barrier into the bloodstream (Li, et al., 2017). At present, data 

specifically quantifying MNPs within PM2.5 is largely absent, however, studies have quantified 

organic carbon compounds within PM2.5, which consist of both aromatic hydrocarbon 

compounds, such as benzene and phenanthrene, and aliphatic hydrocarbon compounds 
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including plastic polymers. Across Central Europe at 60 urban, rural and kerbside-monitored 

sites, between 20% and 47% of PM2.5 was determined to be carbon-based matter; in the urban 

setting, 22% of PM2.5 were organic carbon compounds, and 14% elemental carbon (Putaud et 

al., 2010). Additionally, an incineration study of municipal solid waste by Wang et al., (2018), 

identified organic and elemental carbon emissions to be between 46.6% and 67.2% depending 

on the source. With such a large percentage of PM2.5 consisting of carbon-based materials 

partly of which contains MNPs it is highly important to develop more specific quantification 

techniques for MNPs, considering their accumulation and prevalence in the environment 

increasing each year, and resulting human exposure. 

The terms ‘Carbon Black’ (CB) and ‘Black Carbon’ (BC) are sometimes incorrectly used 

interchangeably. Although they both contain carbon, they are different materials (Watson & 

Valberg, 2001. Long et al., 2013). CB is a purposefully engineered nanomaterial, often used as 

an additive for nanocomposites (Wen et al., 2012) or commonly as printer ink toner, and 

consists of >99% elemental carbon, whilst forming aciniform aggregates (Gray & Muranko, 

2006). On the other hand, BC is soot generated from incomplete combustion. It is highly 

heterogeneous and can contain <50% elemental carbon, with the remainder consisting of a 

large percentage of organic carbon matter.  

There are also many indirect pathways in which human health is put at risk by air pollution, 

the three significant vectors of indirect human health risk are secondary pollutants, climate 

change and interference of ecosystems (Orru, Ebi, & Forsberg, 2017). Further increase of 

anthropogenic PM2.5 emissions over time can change the chemical and physical interactions of 

standard particles in the atmosphere, potentially leading to a chain reaction of altered particle 

reactions contributing to climate change (Fuzzi, et al., 2015). In addition to anthropogenic 

particles, biogenic volatile organic compounds would be altered by this pathway, due to 

increase of temperatures and alteration to plant metabolism, in turn, affecting secondary 

organic aerosols and other secondary particles (Carslaw, et al., 2010). Increases to atmospheric 

PM2.5 can affect the climate and therefore indirectly affect human health, to varying degrees, 

depending on the PM type.  
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1.3 Micro,- Nanoplastics 

1.3.1 Polypropylene and Additives 
Polypropylene is an organic polymer, commonly used in coatings, paints, packaging and 

textiles. Isotactic (iPP, methyl groups arranged on the same side, figure 1.7a), syndiotactic 

(sPP, alternating methyl groups, figure 1.7b) and atactic, which do not follow repeating units 

(aPP, irregular methyl group positions, figure 1.7c). Figure 1.7 was created by myself, using 

Chemdraw Office software. 

  

 

 

 

 

 

Atactic PP, also describes as linear low-density PP, is transparent due to lower crystallinity and 

low-strength in comparison to isotactic PP. Non-woven PP typically consists of isotactic PP, 

which is the mechanically strongest and most crystalline of the three forms, typically referred 

to as High-density PP. Propene can be reliably polymerised into isotactic PP via the use of 

Ziegler-Natta catalysis (Hagen et al., 2002). 

PP is often produced with the inclusion of additives, to grant the material additional or 

improved properties, to improve its current performance or tailor it to specific purposes. 

Antioxidants are added to improve the longevity of the product, by reducing oxidation rate. A 

common antioxidant additive is pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate), otherwise known as Irgonax 1010, at concentrations of up to 0.5% 

(PubChem, 2005c. Schymanski, 2019).  

Both halogenated and non-halogenated flame retardants are possible to incorporate as 

additives, such as 2,4,6-Tris(2,4,6-tribromophenoxy)-1,3,5-triazine (PubChem, 2005d) and 

potassium 3-(phenylsulfonyl)benzenesulfonate (PubChem, 2005a), respectively. Halogenated 

flame retardants are highly effective, but non-halogenated alternatives are safer to the 

environment and human exposure.  

There are two types of UV-stabilisers, ultraviolet light absorbers such as 2-[2-Methoxy-5-

(1,1,3,3-tetramethylbutyl)phenyl]-2H-benzotriazole (PubChem, 2015) which filter away 

Figure 1.7a - Isotactic PP Figure 1.7b - Syndiotactic 

PP 

Figure 1.7c- An example of an atactic PP polymer 
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ultraviolet light, and hindered-amine light stabilisers bis(2,2,6,6-tetramethyl-4-piperidyl) 

sebacate (PubChem, 2005b), which trap free-radical oxygen species from damaging the 

product.  

CB is proficient at absorbing heat, retaining the temperature of the atmosphere (Bond, et al., 

2013) and has also been used as a nanocomposite additive to plastic polymer polypropylene 

(PP) to increased resistance to ultraviolet-radiation, or as a black colourant (Wen et al., 2012). 

Degradation of the CB-PP co-polymer would lead to the release of both constituents, and 

therefore the potential of human exposure via inhalation for example.  

Titanium dioxide (TiO2) is used as a white pigment in the form of E171, and is typically found 

within paints, ink, cosmetics, food and commonly plastics, as a white pigment (Haider et al., 

2019). E171 is the form of TiO2, which typically contains two forms of TiO2; anatase and rutile 

(Verleysen et al., 2020), depicted in figure 1.8. There is conflicting evidence for the safety of 

TiO2 inhalation and has been debated amongst food safety agencies across the world for many 

years. The European Chemical Agency suggested TiO2 to be a category 2 carcinogen in 2017 

(CfRAR ECHA, 2017). This eventually led to a 6-month phasing-out period, banning the use 

of E171 specifically as a food additive across the EU, between 7th February 2022 until 7th 

August 2022 (Juelicher, 2022). The use of E171 as a food additive is still permitted in the UK 

and the USA however.  

 

Figure 1.8 - Structural differences between anatase and rutile TiO2 (created by myself, using Biorender.com). 
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1.3.2 Polypropylene-Based Face Masks 
Typical level-2 surgical face masks consist of three layers of material, covering the mouth and 

nose, which are constructed via two different processes, producing two different structures. 

The innermost and outermost layers are constructed via spunbonding, which produces a coarser 

fibre mesh, intended for retention of structure to the overall object. Whereas, the central layer 

is constructed via melt-blowing, for a tighter meshing, and is predominantly for filtration 

(Henneberry and Rossettie et al., 2020). Despite the knowledge of potential additives in PP, 

the extent of what is included within surgical face masks is not completely understood, with 

the only clear indication being that they are predominantly PP (Fadare & Okoffo, 2020, 

Koester, 2022). The only way to identify the constituents of face masks is to consult the 

appropriate patents, as packaging does not legally have to display all of the details. However, 

it is difficult to determine which available patents correspond to which brand of mask 

specifically. With the use of TiO2 in food being now banned in the EU, due to inhalation 

carcinogenicity concerns, European patents or World Intellectual Property Organisation 

(WIPO) (defined by patents starting with EP- or WO-, respectively) patents, interestingly still 

do document the use of TiO2 in level-2 masks. WIPO patents are valid in the 193 of their 

member states; many are also EP- coded countries. WO2007027413A1 (mentions both PP use 

and potential use of anatase TiO2 as germicidal agent), WO2017175143A1 (both PP and TiO2 

use, but no equivalent EP- patent). Both of these patents mention the potential use of TiO2 

within the masks, seemingly conflicting the EUs’ rationale to ban the use of TiO2 in foodstuffs, 

specifically due to inhalation concerns, considering debris from masks would also be inhaled. 

The European Commission guidance document regarding the regulatory requirements for 

medical face masks (i.e. those in medicine and placed more greatly onto the market during the 

COVID-19 pandemic), makes no comments towards the recognition of masks containing TiO2 

(European Commission, 2022). 

1.3.3 MNP Generation from Surgical Face Masks 
Poor recovery and recycling of plastics leads to the improper disposal of plastics and their 

infiltration into the environment, causing pollution (Geyer et al, 2017). Through mechanical, 

biological and photo- degradation, the plastics degrade over time, becoming continually 

smaller particles, eventually 

becoming microplastics and 

nanoplastics (PlasticsEurope, 2019. 

Galloway & Lewis, 2016) (figure 

1.19). These particles are small 

enough to enter organisms through 

consumption (primary or secondary 

consumption) or inhalation (Wright & 

Kelly, 2017).  

Despite much regulation in the ability 

for these masks to effectively filter 

objects and retain breathing 

Figure 1.9 - Depiction of generation of MNPs in the 

environment (created by myself, using Biorender.com) 

 

FIGURE 1.10 - Depiction of generation of MNPs in the 

environmentFigure 1.11 - Depiction of generation of MNPs in 

the environment (created by myself, using Biorender.com) 
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efficiency, current regulations do not account for the degradation of masks and inhalation of 

debris generated from these: International Organisation for Standardisation (ISO) Standards 

(ISO 22609, 16900), European Union Standards (EN 140, 143, 149, 14683), Chinese  

Standards (GB 19083, 2626; GB/T 32610, 38880; YY 0469; YY/T 0969), American Society 

for Testing and Materials (ASTM) Standards (F1862, F2100, F2101, F2299) and National 

Institute for Occupational Safety & Health (NIOSH) Regulation (42 CFR 84).  

There is little currently known regarding mask breakdown and potential toxic effects, besides 

their potential for environmental pollution, and the identification of particles and chemicals 

which could be released from their improper disposal (Fadare & Okoffo, 2020, Hui Li et al., 

2022).  

For surgical face masks, there are two key routes via which human exposure could occur. The 

first-hand exposure of mask-derived MNPs would be due to the use of the masks. Typically, 

these masks are designed to be single-use, then disposed of. In institutions such as hospitals, 

correct practice of personal protective equipment (PPE), including masks, are usually adhered 

to by implementation of Standard Operating Procedures (SOPs) for management and 

segregation of waste. The NHS follows HTM 07-01 (NHS, 2021) for disposal of PPE. 

However, the general public are likely to be more lenient, reusing masks after repeated 

mechanical abrasion and UV-exposure (photodegradation). In turn, this increases the formation 

and release of MNP debris generated by the masks, those from the interior layer, being closest 

to the respiratory system, could be inhaled by the user (Han et al., 2021). 

There is also the environmentally-relevant route for mask-derived MNPs to be inhaled by 

humans. The first stage of this process is the movement of discarded masks as ‘loose waste’ in 

landfill, entrance to bodies of water, or simply discarded as littering, all of which accelerate 

degradation and release of MNPs into the environment via processes described in figure 1.9 

(Morgana et al., 2021, Sullivan et al., 2021, Shukla et al., 2022), similarly to other plastic 

objects, over time (Schnurr et al., 2018, Fadare et al., 2020). The MNPs derived from the masks 

by these environmental processes would be representative of the mask as a whole. There are 

three layers to these masks, so MNPs from all three layers would be generated over time, and 

are distinct from each other structurally and/or chemically.  

At present it is unknown how extensively MNP mask waste is impacting the atmosphere. 

However, estimations of how much environmental impact they have now, can be used to 

predict how they may impact the atmosphere in the future. Based upon reports by Klemeš et al 

(2020) and Wang et al (2023) estimate that from mask production in 2020 alone, 150 million 

tons of PP waste, 60 million tons of other polymer waste, and 750 million tons of CO2 were 

produced, originating from 120 million discarded masks. Furthermore, 1.37 quadrillion MPs 

were estimated to be released into bodies of water from the waste masks as a result, with the 

potential to further degrade to NPs (Wang et al., 2023). 

In comparison, tyre-wear and road particles (TWRP) are a target for PM2.5 and inhalable 

particle quantification. Studies report a range of concentrations within the air, between 1.3%-

7% (Schauer et al., 2002. Blic, 2005. Kwak et al., 2013).  
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1.3.4 Human Exposure to Micro-, Nanoplastics 
The three main routes of MNP exposure arise from consumption, inhalation, and dermal 

contact (Prata et al., 2020). Depending on the type of MNP, its source the geographical location 

at which the exposure occurs, some routes would be more likely to occur than others.  Many 

studies investigate the exposure route of consumption; the drinking of contaminated water or 

seafood (Zhang et al., 2020, Gruber et al., 2022), whereas studies discussing their inhalation 

are much more limited in number. The human exposure to MNPs has received significant 

interest from scientific research, whilst minimal has been conducted for exposure through the 

air (Vianello et al., 2019). Therefore generally, there is limited research to determine the extent 

of MNPs in the air and their effects.  

Few articles have been published determining the airborne prevalence of MNPs in localised 

areas around the large medical Centres in Sao Paolo (Amato-Lourenço et al., 2022), and along 

six sites of the Weser River in North Germany (Kernchen et al., 2022). Due to variations in the 

climate, weather systems 

(particulate matter movement and 

distribution) and urbanisation 

(particulate matter production), it 

is difficult to determine the 

average distribution of particulate 

matter and other air pollutants 

over large areas. Airborne 

microplastic particles and fibres 

were investigated in the air 

surrounding the largest medical 

centre in Latin America (Sao 

Paulo). The air at three different sites were quantified across these three sites and a total of 38 

readings, and determined that the detected airborne micro-, nanoplastic were fibrous in 

structure (figure 1.10) (Amato-Lourenço et al., 2022). In the indoor home environment, 

Vianello et al (2019) determined the proportion of airborne MNPs to consist of 43% polyester, 

22% nylon, 17% polystyrene, and 4% polyurethane, which was quantified by focal plane array 

Fourier Transform Imaging micro Spectroscopy (FPA-µFTIR). In various other indoor 

settings, the composition of airborne MNPs vary greatly. Zhai et al (2023), discovered that the 

greatest contributor in different settings were 18.42% polyethylene in offices, 27.96% 

polyvinyl butyral in laboratories, with polyamide, polyethylene and silicone resin each 

accounting for 14.29% in a dining hall. 

Lung autopsies have been studied, to detect the presence of inhaled microplastics in human 

lungs from the air. Parenchymal tissue samples were collected from proximal and distal regions 

of the left lung from 20 individuals. In 13 sets of these samples, a total of 33 particles and four 

fibres were found via Raman spectroscopy. All detected particles were less than 5.5 μm in 

diameter and the fibres were between 8.12 and 16.8 μm in length; polypropylene and 

polyethylene were the most frequent microplastic type (Amato-Lourenço et al, 2021). Much 

Figure 1.10 - Quantification of airborne microplastic debris around the 

medical centre in Latin America (Amato-Lourenço et al., 2022). 
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research into microplastic effects to humans focuses on the digestive system, largely due to the 

understanding and presence of microplastics in the oceans, which fish ingest, and ultimately, 

humans (Galloway et al., 2015). However, reviews do exist which specifically discuss the 

inhalation of MNPs (Wright & Kelly, 2017. Prata, 2018) and human exposure as a whole. As 

this project intends to investigate the effects of inhaled MNPs derived from surgical face masks 

specifically, this limits the pool of suitable articles further. Inhaled MNPs also have the 

potential to pass across the alveolar barrier and enter systemic circulation, which could threaten 

more than just the respiratory system, namely the cardiovascular system due to proximity 

(Leslie et al., 2022. Li et al., 2017). 

It is largely unknown at present, how MNPs could impact secondary organ systems, such as 

the cardiovascular, renal, or hepatic systems. As the primary organ associated with inhalation, 

the impact of inhaled MNPs should be predominantly assessed on lung models. Assessing the 

fate of the MNPs and the lung models themselves following exposure, it would assist the 

understanding of the full impact on the organ systems. For example, dose calculations, 

estimating how/what types/size/morphologies of MNPs could pass (or accumulate) in the lung, 

if the MNPs are changed in any way before they pass into circulation, potential to induce 

systemic effects prior to reaching circulation (i.e. pro-inflammatory response). Each of these 

factors could alter how MNPs interact with secondary organs, and understanding them would 

help to develop more realistic and reliable models for assessment.  

Some microplastics are intentionally added to products. To qualify for intentional addition, a 

strict criteria must be adhered to, defined by the European Chemicals Agency ‘A material 

consisting of solid polymer-containing particles, to which additives or other substances may 

have been added, and in which ≥ 1% w/w of particles have (i) all dimensions 1 nm ≤ x ≤ 5 mm, 

or (ii), for fibres, a length of 3 nm ≤ x ≤ 15 mm and a length to diameter ratio of > 3. Polymers 

that occur naturally and have not been chemically modified (other than by hydrolysis) are 

excluded, as are polymers that are (bio)degradable.’. This legislation was finalised and came 

into effect from the 25th September 2023 (ECHA, 2019). MNPs included within this definition 

have to potential to also be considered engineered nanomaterials, depending on how they were 

created initially and their size; provided they are between 1-100 nm in any one of their 

dimensions. However, this definition does not accommodate unintentionally-created MNPs. 

1.3.5 Size Effect on MNP Inhalation 

There is a difference between the aerodynamic diameter and geometric diameter of a particle. 

Aerodynamic diameter defines the diameter of a particle, if it was a perfect sphere of standard, 

1 g/cm3 density, settling at its terminal velocity (DeCarlo et al., 2004).  

There is a general lack of understanding on the toxicological effects of MNPs, especially via 

inhalation. Additionally, the vast majority of studies across any field of MNP research use 

polystyrene NPs, making PP-specific studies difficult to discover. 

Different sizes of fluorescently-labelled PS-NPs have been tracked for their uptake within 

A549 alveolar epithelial cells in vitro. Particles of 40 nm in diameter were internalised at a 

significantly greater rate than particles of 20 nm or 100 nm in diameter (Varela et al., 2012). 
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There are many other studies investigating and proving the internalisation of commercially-

available fluorescently-labelled PS-NPs, using alveolar epithelial cell lines (Salvati et al., 2011. 

Yacobi et al., 2008), but others have additionally proved internalisation with PS-NP particle 

diameters in excess of 200 nm (Lehner et al., 2019) and 535 nm (Brown et al., 2001). 

Furthermore, PS-MNP particle diameters up to 1.01 μm have been observed to internalise in 

the HNX14C cell line (Zauner et al., 2001), L929 mouse fibroblasts and BMDM macrophages 

(Firdessa et al., 2014). L929 and BMBM cell lines were also observed to internalise PS-MNPs 

as large as 2.0 μm (Firdessa et al., 2014). The size of particle in conjunction with cell type 

determined the mechanism of how the particles were internalised. Typically, diffusion is the 

mechanism of transport as the particle size decreases, which is possible due to MNPs typically 

being lipophilic. 

As mentioned previously, masks are known to shed MNP debris, with TEM and SEM imagery 

confirming that these can be as small as 0.5μm in diameter (Han et al., 2021), and from the 

atmosphere those within the PM2.5 aerodynamic diameter range or smaller are those most likely 

to deposit into the alveoli. 

1.3.6 Morphology Effect on MNP Inhalation 
The morphology of an airborne particle affects its aerodynamic diameter. Perfectly spherical 

particles have a greater aerodynamic diameter in comparison to highly irregular particles and 

rod-shaped particles or fibres (Hassan & Lau, 2009), as factors such as surface area increase 

the drag factor of the particle, keeping it airborne for longer, resulting in a lower aerodynamic 

diameter and greater potential for alveolar deposition (Tang et al., 2004). To be defined as a 

fibre, the particle must be greater than a 3:1 ratio of length:diameter (Mossman et al., 2007). 

The shape of particles alone is not enough to determine how the particle may interact with 

biological systems, and currently, there is not enough research into the morphological effects 

of inhaled MNPs to determine any toxicity trends. This lack of knowledge is exacerbated due 

to the large majority of toxicological studies investigate commercially-produced PS-NPs, 

which are spherical and used for their accessibility, with very little investigation into MNPs of 

any other morphology. As a result, it is only possible to speculate on the potential morphology 

effects of MNPs, based upon those discovered from other materials, namely carbon allotropes 

or metal. It is also important to consider that any MNP morphology studies which do exist, are 

often in ecotoxicological studies, using models rarely relevant to human health. 

Asbestos fibres and carbon nanotubes (CNTs) are some of the most well-researched fibrous 

materials for their toxicological effect on the lungs. The morphology of material can greatly 

influence toxicity. Research into MNP morphology suggests that polyester microfibres 

instigate a greater adverse response than polyethylene microplastic particles in Ceriodaphnia 

dubia waterfleas (Ziajahromi et al, 2017), however it is difficult to definitively say this is the 

trend across all MNPs, because this study used two different plastics, each with different 

morphology and therefore cannot represent every MNP. 
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Many allotropes of carbon nanomaterials have been subject to toxicity studies. In terms of 

cytotoxicity, pristine C60 fullerene was the only allotrope to not exhibit cytotoxicity in alveolar 

macrophages, and did not induce an inflammatory response, all other allotropes tested resulted 

in cytotoxic effects: single-walled carbon nanotubes (SWCNT), multi-walled carbon nanotubes 

(MWCNT), carbon black, nanographite and single-walled carbon nanohorns (SWCNH) (Yuan 

et al., 2019). Shorter CNTs can be entirely internalised by macrophages in vitro, however 

longer CNTs can trigger frustrated phagocytosis, which is the continuous causation of an 

immune response alongside the production of reactive oxygen species and pro-inflammatory 

cytokines (Andersen, Wilbroe, & Moghimi, 2012).  

Similarly, in metal nanoparticles, size and morphology have great influence on their interaction 

with cells and organ systems, in conjunction with the specific metal. Polyethylene glycol-

modified (PEGylated) gold nanorods circulated for greater periods in the circulatory system 

and accumulated less in the liver than the same material with a spherical morphology of the 

same size in female mice (Arnida, et al., 2011). Furthermore, star-shaped gold nanoparticles, 

presented greater toxicity then spherical gold nanoparticles in both in vitro fibroblasts and 

RFPEC (microvascular endothelial cells) (Favi et al., 2015). 

Fe2O3 Iron oxide NPs also display a similar toxicity trend, where rod-shaped instigated the 

greatest response, although iron oxide presented greater cytotoxicity, production of tumour 

necrosis factor-α and reactive oxygen species in mouse (RAW 264.7) macrophages (Lee, et al., 

2014).  

Engineered micromaterials and nanomaterials can pose threats to health, and how the material 

interacts with organisms is attributed to a combination of the size, shape and the material itself. 

Typically, the smaller the particles are in diameter and the more convoluted the geometry, the 

greater their surface area : volume ratio becomes, increasing likelihood of interactions 

occurring with cellular objects (Johnston, et al., 2010).  

Encompassing fibres generally however, it is expected that following chronic exposure they 

induce a pro-inflammatory response in the lungs, leading to secondary genotoxicity as a result 

of continuous ROS production. Longer fibres typically induce greater toxicity due to their size 

preventing their phagocytosis (H. Greim, P. Borm, R. Schins, K. Do, 2001).  

1.3.7 What is Known of the Adverse Effects of Inhaled Micro,- Nanoplastics? 
There are a few studies which are demonstrating some adverse effects. An occupational report 

by Klimek et al., (2020) investigated 46 occupational-worker patients which presented with 

irritant rhinitis following prolonged use of filtering facepiece 2 (FFP2) respirators (not triple-

layer level-2 masks) continuously for longer than two hours. Nasal lavages proved 

accumulation of PP fibres, with symptoms and accumulation significantly subsiding after three 

days of no exposure. Klimek et al., (2020) additionally hypothesized that due to the shortage 

of Personal Protective Equipment (PPE) available throughout the Covid-19 pandemic, the 

influx of non-CE PPE purchased to compensate may have greatly contributed to the increase 

of irritant rhinitis cases observed, as these occupational-workers encountered would have been 
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using respirators prior to the pandemic, and the poorer safety standards of cheaper masks 

allowed for easier degradation. This report unfortunately only identifies a correlation between 

the two factors from a small number of identified patients. Additionally, the study was 

assessing nasal lavages and not samples from the deeper lung, so the detected MNPs would be 

larger than those expected from the deep lung, therefore it is not sufficient to apply to the 

entirety of this project. 

As previously stated, the vast majority of MNP inhalation studies focus on PS-NPs, due to their 

accessibility for assessments, however it is not representative of all MNPs. Additionally, most 

existing research will investigate how size differences of spherical PS-NPs impact health, with 

little variation to any other property. More studies need to be conducted on non-PS-MNPs. 

Some studies suggest orally-

ingested PP MNPs in mice, can 

elicit oxidative stress, inflammation 

and cell death in intestinal cells 28 

days post-administration (Jia et al., 

2023). However, a vast majority 

utilise polystyrene MNPs, out of the 

133 articles collated for the review 

conducted by Xu et al., (2022), 105 

documented spherical polystyrene 

MNPs, but 117 recorded adverse 

responses occurring (figure 1.11).  

When A549 cells, cultured in vitro, were exposed to PS-NPs approaching <25 nm in diameter, 

the expression of pro-inflammatory factors such as IL-6, IL-8, NF-κb and TNF-α, and pro-

apoptotic proteins such as BAX, caspase-8 and caspase-9 were upregulated, in addition to 

significant increases to apoptosis induction after 24 hours (Xu et al., 2019). The particles 

around this size were readily internalised into the cells within an hour post-incubation 

(Debbage & Jaschke, 2008), and could potentially disrupt the cellular membranes at <20 nm 

(Kihara et al., 2021). Barrier disruptions can increase the cells’ potential to internalise 

additional particles or chemicals, which may be more acutely toxic than PS-NPs.  

In as little as 2 hours post-exposure to PS-NPs 64 nm in diameter, a significant increase to IL-

8 was observed, which then decreased at 4 hours. This indicated a rapid internalisation, which 

was hypothesised to induce an oxidative stress response attributed to trigger the IL-8 expression 

(Brown et al., 2001). Sipos, et al., (2019), identified the increase to inflammation and oxidative 

stress in A549 cells following exposure to PS-NPs 200 nm in diameter. Following which, they 

determined that the damage to membrane integrity was attributed to the oxidative stress 

response. Significant cell viability loss was observed from 25 nm diameter particles at 

concentration of 25 µg/mL, 160 µg/mL with 70 nm diameter (Xu, et al., 2019), but the effect 

on viability seems to decrease as the particle size increases. Increases in particle size into the 

Figure 1.12 - Common features of MNP review articles concerning 

human health (Xu et al., 2022). 

 

Figure 1.11 - Visualisation of top-down and bottom-up 

approachFigure 1.13 - Common features of MNP review articles 

concerning human health (Xu et al., 2022). 

 

Figure 1.12 - Visualisation of top-down and bottom-up approaches 

(created by myself, using Biorender.com) 

 

Figure 1.11 - Visualisation of top-down and bottom-up 

approachFigure 1.14 - Common features of MNP review articles 

concerning human health (Xu et al., 2022). 

 

Figure 1.11 - Visualisation of top-down and bottom-up 

approachFigure 1.15 - Common features of MNP review articles 

concerning human health (Xu et al., 2022). 
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micro-scale, to 1 µm and 10 µm in diameter, and increasing the length of exposure starting 

from 72 hours, a major loss of cellular tight junctions was observed, then after 96 hours of 

exposure, resemblance to the original cell was absent (Goodman et al., 2021).  

1.4 Application into in vitro Laboratory Research  

1.4.1 Lung Models 
Using cell lines, it is also possible to formulate co-culture models, which increase the 

complexity of the system and increase its realism in comparison the whole lung. Due to the use 

of multiple cell types, it is possible to curate many combinations of cell models to represent 

whichever specific structure necessary. Immortalised cell lines are much more commonly used 

in in vitro assessment due to their ease of culturing and can be cultured continuously (Hiemstra 

et al., 2018). Additionally, willing client-bases must be obtained for the donation of cell 

samples. The acquisition of these cells requires a collection of the cells from the client, via 

methods such as biopsies, brushing or reconstructed from lung sects. Primary cultures can be 

successfully cultures at the air-liquid interface (ALI) (Fulcher & Randell, 2012), and once 

established they can replicate the gene expression and morphology of the equivalent structure 

in situ (Pezzulo et al., 2011). 

Two of the most commonly used alveolar in vitro model is the monoculturing of either A549 

cells or NCI-H441 cell lines (both are type-II alveolar epithelial papillary adenocarcinoma cell 

lines). Both of these cell lines can be additionally cultured at the ALI, improving the replication 

of the lung environment, and allowing for them to receive particle exposure via dry-powder or 

aerosol exposure. There are differences between these two cell lines, one of such is the average 

doubling time of each, with A549 taking around 22 hours, whereas NCI-H441 take up to 58 

hours. However, Ren et al. (2016) concluded that NCI-H441 cells were more closely 

resembling of the alveolar epithelium than A549 cells due to their junctional protein expression 

and formation of a more functional barrier with greater electrical resistance, despite their 

slower cell cycle.  

The incorporation of additional cell types into in vitro models increases their complexity and 

their relevance to the in situ structure they are representing. The additional cell type(s) can vary 

depending on the purpose of the research (Lehmann et al., 2011, Amann et al., 2014, Lawal et 

al., 2018). Costa et al (2019) recreated the site of gaseous exchange using a triple-cell ALI 

culture model, utilising NCI-H441 cells (type-II alveolar epithelial) and d-THP-1 

macrophages, and HPMEC-ST1.6R (microvascular endothelium) on the apical transwell 

membrane surface, with an additional layer of HPMEC-ST1.6R on the basolateral transwell 

membrane surface. Alternatively, HPMEC-ST1.6R cells could be substituted with type-I 

alveolar epithelial hAELVi cells to construct a more representative model of the alveoli 

specifically (Kletting, 2017. Bateman et al., 2023). Co-cultures could also be implemented with 

a focus towards the immunological responses, such as the model devised by Lehmann et al., 

(2011), which utilised monocyte-derived macrophages and monocyte-derived dendritic cells 

in conjunction with A549 type-II alveolar epithelial cell line or 16HBE14o– bronchial 

epithelial cell line.  
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The most realistic in vitro lung models to represent the human system use primary cells, but 

due to short viability, complexity in manufacture, and cost, they are not often used in in vitro 

research. One of the most prominent producers of in vitro lung models is Epithelix, which use 

primary cells donated from clients to synthesize in vitro models cultured at the ALI. For 

example, the AlveolAirTM model contains type-I pneumocytes, type-II pneumocytes and 

endothelial cells, all cultured at biologically-relevant ratios at the ALI (Epithelix - AlveolAir). 

Cell line co-cultures are commonly used to harbour a compromise between the complexity and 

realism of the intended biological structure, whilst remaining flexible and robust, to ensure 

reproducibility.  

1.4.2 Exposure Methods and in vitro Particle Toxicology 

The two key differences between particle exposure for in vitro assessment is based within the 

culturing environment of the cells. Alveolar epithelial cells can be cultured both in submerged 

or ALI conditions, and this affects how they can be exposed to particles, and how realistic they 

are in comparison to their representative model. For example, culturing alveolar epithelial cells 

at the ALI is more representative of the alveolar environment than submerged conditions but 

does require additional setup in comparison to submerged culturing (Meldrum et al., 2019). 

Furthermore, the method to expose these cells to particles differs; submerged conditions require 

only a concentration of particle suspension to be added into the cell culture medium, whereas 

culturing at the ALI opens up multiple methods of exposure. Administration of particles can 

still occur via the cell culture medium from the basal well, however the typical methods of 

exposure for ALI models uses dry-powder deposition systems, or aerosol exposure systems 

such as the Vitrocell Cloud12 (Barasova & Rothen-Rutihauser, 2019).  

As previously stated, both A549 and NCI-H441 type-2 alveolar epithelial cell lines secrete 

pulmonary surfactant in vitro, when cultured at the ALI, which can reduce the uptake of 

positively-charged silica nanoparticles 41.2 nm in diameter (Radiom et al., 2020). This could 

also potentially reduce the uptake of other engineered nanomaterials such as MNPs. 

CB is used across many in vitro studies and models, the toxicological effects of which are well-

documented and therefore it instils confidence in the results when used in comparison to 

unknown samples. It is often used in studies related to occupational health hazards via 

inhalation. In addition to, but to a lesser degree, it can be argued that CB is a relevant particle 

control to use for PP toxicology studies, as CB and PP can be manufactured as nanocomposites 

together, so simultaneous exposure may occur depending on the source.  

In lung epithelial cells, CB toxicity can induce hyperplasia, and due to the increased cell 

production, increases the likelihood of a cancerous mutation and tumour formation. The 

mechanism of this is determined to be due to histones modification and DNA methylation, 

diminishing the ability to regulate cell proliferation (Niranjan & Thakur, 2017). Furthermore, 

CB has been found to induce elevation of systemic levels of TNF-α, IL-1β, IL-2 and IL-6 

amongst many other pro-inflammatory markers (Niwa et al., 2008. Cheng et al., 2023), and 

additionally IL-8 in the lungs (Zhang et al., 2014).  
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As there is limited research available for in vitro lung model exposure to PP or mask MNPs, it 

is logical to cover a range of toxicological assessments to develop as broad of an idea as 

possible behind the effects that these MNPs could have when inhaled on the lungs. Most MNP 

studies investigate the effects of polystyrene (PS) MNPs. Key points to investigate are 

cytotoxicity or cell death, genotoxicity, inflammatory response, cellular morphology, and 

barrier integrity, with assessment of oxidative stress and reactive oxygen species production 

helping to mesh the full pathway of toxic responses together, if any.  

There are some standout endpoint assessments which should be conducted with a greater 

priority based upon effects determined by existing assessments on CB. CB has been found to 

induce elevated systemic levels of TNF-α, IL-1β, IL-2 and IL-6 amongst many other pro-

inflammatory markers following inhalation (Niwa et al., 2008. Cheng et al., 2023), and 

additionally IL-8 in the lungs specifically (Zhang et al., 2014). Furthermore, multiple studies 

have used IL-1β, IL-6 and IL-8 to determine pro-inflammatory responses using in vitro models, 

based off of the knowledge that alveolar CB and PM2.5 exposure can induce all of these.  

IL-8 is a chemoattractant chemokine for neutrophils to the site of secretion and then proceeds 

to activate them (Pease & Sabroe, 2002). Due to the proximity of the alveoli to a capillary bed 

and being one of the main interleukins secreted by type-2 alveolar epithelial cells, IL-8 

secretion is important to assess in this model (Boggaram et al., 2016. Meldrum et al., 2022). 

IL-6 is the other main interleukin secreted by type-2 alveolar epithelial cells but is more directly 

involved with cell death and apoptosis (Rincon & Irvin, 2012. Boggaram et al., 2016. Meldrum 

et al., 2022). IL-1β can be secreted by alveolar type-2 epithelium, and similarly to IL-6 mostly 

influential over apoptosis. In comparison to IL-8, it is scarcely produced in response to 

stimulus. All of these three interleukins, however, are main pro-inflammatory markers secreted 

by alveolar macrophages, in addition to TNF-α (García et al., 1999). TNF-α can be used as a 

positive control for pro-inflammatory assessments, due to its ability to induce strong responses 

in RnD Systems Sandwich ELSIA Kits, when following the SOP.  

Cell viability assays determine acutely toxic responses. Exposing unprotected (without the 

temperature change suppression from cyrovials and insulated containers) mammalian cells to 

-80°C causes them to freeze too rapidly, allowing the formation of ice crystals which pierce 

the cellular membranes. It is an effective way to damage mammalian cells enough to achieve 

a very low viability (Song & Zhu, 2020). 

Assessing the potential of a particle to cause genetic or chromosomal damage is relevant for 

determining tumourigenesis potential in a whole organism. The Micronucleus assay is an 

effective in vitro assay for genotoxic potential assessment, determined by methyl 

methanesulfonate (MMS), is a highly clastogenic DNA-alkylating agent, and due to this it is 

commonly used as a positive control for genotoxic assessments (Lundin, 2005). Cytokinesis-

block (with cytochalasin-b) MN assay should be conducted in preference over non-blocked 

(non-cytochalasin-b) alternative, on the event that the tested material is both genotoxic and 

cytostatic (Fenech, 2006). Cytochalasin-b should be applied to the tested cells for 1-2 cell 

cycles; long enough to ensure cell division would have occurred (OECD, 2023). However, cells 

which proliferate at a slow rate, such as the NCI-H441 cell line (58 hours), would require 
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application of cytochalasin-b for 58-116 hours; the time for the cellular model to be kept at the 

ALI should be kept to a minimum to retain the model quality. 

Adherent cells and cell lines can completely cover the base of the container in which they are 

growing. Using this, it is possible to conduct barrier integrity assays, such as 

transepithelial/endothelial electrical resistance (TEER) (Srinivasan et al., 2015), or paracellular 

pathways to assess integrity can be studied, by using non-digestible polysaccharides such as 

dextran (Frost et al., 2019). Colour or fluorescent-conjugated dextran molecules <70 kDa, can 

diffuse across monolayers via tight junctions, with damage increasing the rate of diffusion 

(Thomas et al., 2017. Azizi et al., 2015). 

1.4.3 MNPs Synthesis and Their in vitro Exposure 

Intentional MNP synthesis is typically conducted using two broad approaches: a top-down 

approach, which involves the degradation of macroplastics or standard sources of plastics into 

smaller particles via mechanical or chemical degradation; or a bottom-up approach where the 

particles are chemically synthesized from reagents (Ivleva, 2021). Top-down approaches 

(figure 1.12) include milling and centrifugation processes which mechanically break the 

materials down, fragmenting them into smaller particles although research into these processes 

is relatively young. A top-down approach such as cryogenic milling techniques such as those 

described by Kühn et al., (2018) and Parker I., (2023) utilise centrifugal grinding mills, which 

are intended to grind coarse particles into a 

smaller and more homogenous population. 

However, is not the most effective method by 

itself to acquire the smallest particles, and was 

subsequently followed by ball milling by Parker, 

et al., (2023), and then by size fractionation via 

sieving. These friction-based methods of 

synthesis produce significant heat, and due to the 

potential melting of plastic, constant application 

of liquid nitrogen must be conducted to maximise 

the plastics’ brittleness. In comparison, the 

bottom-up approach (figure 1.12) typically 

utilises nanoprecipitation of MNPs, but at present 

the ability to control the size of the particles is 

absent, despite these observed particles being 

consistently <1 μm in diameter (Tanaka et al., 

2021, 2023). This basis of this method involves the injection of a polymer solution into an 

antisolvent, which precipitates the polymers as nanoparticles for extraction.  

The determination of polydispersity index (PDI) isn’t a major factor in assessing the toxic 

effect of particles by itself, but can be used to help understand whether the MNP synthesis 

method is capable of producing a homogeneous population. 

It can be assessed using Dynamic Light Scattering (DLS), and is calculated from the 

relationship between two factors, both of which are additionally determined by DLS: the Z-

Figure 1.12 - Visualisation of top-down and bottom-

up approaches (created by myself, using 

Biorender.com) 

 

Figure 1.11 - Visualisation of top-down and bottom-
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average (mean particle diameter, d) and the standard deviation (SD) of particle diameter (σ). 

𝑃𝐷𝐼 = (𝜎/𝑑)2 (Raval et al., 2019). For example, if a sample has an SD of 100 nm and a Z-

average of 500 nm, then PDI = 0.08, which is at the low-end of a ‘narrow monodisperse’ 

population, whereas if SD = 900 nm and Z-average = 1000 nm, then PDI = 0.81, which is a 

‘broad polydisperse’ population (Nobbmann, 2021). 

An understanding of the particles themselves is necessary in order to develop idea as to why 

certain events are happening, even before implementing them into exposure systems. The key 

points to cover here are: Average size (or aerodynamic diameter), realism to purpose and lung 

model, their ability to co-operate with exposure system (i.e. are they too large to pass through 

exposure system? would these particles realistically interact with these cells?); Zeta potential 

(i.e. handing - material loss, cellular interactions (Shao et al., 2015)); morphology (as discussed 

previously, i.e. fibrous/rod-shaped/spherical etc); elemental analysis (determination of what 

constitutes the material, are there any contaminants from the production process).  

In an ideal particle inhalation toxicology assessment, the aerodynamic diameter of the particles 

would be calculated. The aerodynamic diameter of a particle is defined as its diameter, at equal 

terminal velocity as if that particle was a perfect sphere of standard, 1 g/cm3, density (DeCarlo 

et al., 2004). It is possible to calculate the aerodynamic diameter from the geometric diameter 

provided you know/can assess the particle density (ρP), density of gaseous medium (such as 

atmospheric pressure, ρ0), and the dynamic shape factor (χ) (de Boer et al., 2002. Moebs et al.). 

𝐴𝑒𝑟𝑜. 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 𝐺𝑒𝑜. 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ×  √
𝜌𝑃

𝜌0 𝜒
 (Miyamoto et al., 2020). 
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Zeta potential is the measure of electrical charge of a particle at the ‘slipping plane’, which is 

an imaginary boundary of a field of ionic charge. Figure 1.13 depicts a particle, the ionic field, 

separated into the strongly-bound stern layer and the looser diffuse layer, and the slipping plane 

where zeta potential is measured (Lowry et al., 2016). More positive zeta potential values of 

nanoparticles of the same material have been 

shown to elicit increased cell death due to much 

greater interaction force to cells, a feature that 

Shao et al (2015) demonstrated using 

biopolymer nanoparticles. 

Physicochemical assessment of the materials 

following their production is imperative to 

determine whether the material is correct following production, and it also enables to form 

predictions of how the material could interact with the cell models and why (Tantra, et al., 

2016).  

Using the cellular models mentioned above it is possible to expose these cells to chemicals and 

particles in a variety of ways. Most commonly, the exposure via submerged conditions, where 

cells are cultured in a flask and a concentration of particle or chemical is added to the cell 

culture medium. However, in the interest of inhalation models, it is possible to conduct 

exposures at the air-liquid interface, using either aerosol exposure systems or dry-powder 

systems. Due to the exposure conditions this project intends to replicate, an aerosol system 

would be more suitable than a dry-powder system for exposure. Throughout this thesis, the use 

of ‘Vitrocell’ refers to the Vitrocell Cloud 12 Aerosol Exposure system. 

  

Figure 1.13 - Zeta potential diagram (created by 

myself, using Biorender.com) 

 

Figure 2.3 - The behaviour of commercial 

polypropylene in various solutions. ddH2O (A), PBS 

(B), 1% DMSO (C), 1% BSA (D), 0.1% Tween20 

(E), 0.1% Pluronic F-127 (F).Figure 1.12 - Zeta 

potential diagram (created by myself, using 

Biorender.com) 
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1.5 Aims, Objectives, Hypothesis 

1.5.1 Aims 

The aim of this project is to determine the constituent materials/elements of level-2 face masks, 

and to determine the impact that PP MNPs and MNPs derived from surgical level-2 face masks 

could potentially have on human lungs when inhaled.  

1.5.2 Objectives 

• Synthesis of PP MNPs, and two distinct batches of MNPs derived from surgical face 

masks, representative of (A) the debris inhaled from mask misuse, and (B) the MNPs 

generated from whole-mask waste in the environment.  

- Conduct characterisation on the created MNPs: size distribution, zeta potential, 

morphology, elemental analysis 

• Cultivate a monoculture of NCI-H441 type-2 alveolar epithelial cells, at the air-liquid 

interface, and deposit a concentration range of the created MNPs. 

• After 24 hours, process the cell models to undergo a range of endpoint assessments to 

scope the particle exposure effect 

- pro-inflammatory response, cell viability, genotoxicity, barrier integrity and 

cellular morphology 

1.5.3 Hypothesis 

The surgical mask MNPs will instigate the greatest adverse effects in comparison to PP MNPs 

due to the potential presence of additive chemicals, which are unknown. The whole-mask 

MNPs will produce a greater response than the innermost layer only, due to the additional two 

layers of material, which are structurally different, and the blue layer of which, is coloured so 

by an unknown additive which could cause an adverse response. At the current state of 

research, an increase to IL-8 production is expected across the MNP samples. 
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2.1 Outline of Data Collection Methods 

Figure 2.1 - Graphical outline of exposure approach and data acquisition (created by myself, using 

Biorender.com) 

 

 

Figure 2.2 - Graphical outline of exposure approach and cellular endpoint analysis (created by myself, using 

Biorender.com) 
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2.2 Chemicals and Reagents 
Table 2.1 - List of materials and chemicals, and their source companies 

Roswell Park Memorial Institute (RPMI) 1640 Cell Culture 

Medium  

Gibco, UK  (31870-025) 

Phosphate Buffered Saline (PBS)  Gibco, UK (10010-015) 

Penicillin/Streptomycin (P/S)  Gibco, UK (15140-122) 

Trypsin-Ethylenediaminetetraacetic acid (EDTA) 0.05%  Gibco, UK (25300-062) 

L-Glutamine 200mM  Gibco, UK (25030-024) 

Foetal Bovine Serum (FBS)  Gibco, UK (A5256701) 

Giemsa MN Staining Buffer Gurr Gibco, UK (10582-013) 

Sodium Chloride (NaCl) Sigma Aldrich, UK (S3014-5KG) 

Bovine Serum Albumin (BSA) Sigma Aldrich, UK (A7906-100G) 

Triton-X100 Sigma Aldrich, UK (23,472-9) 

Paraformaldehyde (PFA)  Sigma Aldrich, UK (158127) 

Glycine Sigma Aldrich, UK (1003262288) 

Trypan Blue (0.4%) Sigma Aldrich, UK (T8154-100ML) 

Dimethyl Sulfoxide (DMSO)  Fisher Scientific, UK (J66650.AK) 

Ethanol (EtOH) Absolute Fisher Scientific, UK (E/0650DF/17) 

Tween20 Fisher Scientific, UK (BP337-100) 

Xylene Fisher Scientific, UK (383940050) 

Dibutylphthalate Polystyrene Xylene (DPX) Fisher Scientific, UK (D5330/05) 

Pluronic F-127 Fisher Scientific, UK (P6866) 

Phalloidin (Alexaflour 633) Fisher Scientific, UK (A22284) 

DuoSet Human IL-1β/IL-1F2 R&D Systems, USA (DY201-05) 

DuoSet Human IL-6 R&D Systems, USA (DY206) 

DuoSet Human IL-8/CXCL8 R&D Systems, USA (DY208) 

Substrate Solution R&D Systems, USA (DY999) 

Blue Dextran  GE Healthcare (17-0360-01) 

Tris(hydroxymethyl)aminomethane (Tris) Melford Biolaboratories Ltd. (T6040) 

DAPI with Vectashield Vector Laboratories, USA (H-1200) 

Giemsa Stain Gurr VWR Chemicals, UK (MFCD00081642) 

Immersol 518F Zeiss, UK (10539438) 

 

2.2 Material Preparation 
Prior to their cellular deposition, material characterisation or endpoint assessment, the 

formation of the MNPs was conducted at Imperial College London using novel techniques. 

Commercial, non-respirable PP MNPs (C-PP) and commercial respirable PP MNPs (R-PP) 

preparation will be discussed in section 3.2.1, whereas the preparation for mask MNPs will be 

detailed in section 4.2.1. 
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2.3 MNP Characterisation 

2.3.1 Pyrolysis - Gas Chromatography - Mass Spectrometry 
Pyrolysis-Gas-Chromatography Mass-Spectrometry (pyro-GC-MS) (LECO Pegasus® BT 4D 

GCxGC TOF MS + OPTIC 4. LECO, UK) was conducted using some of the dry mass of MNPs 

created. Each type of MNP individually underwent thermal desorption (350°C), and pyrolysis 

(800°C), both of which elicit different classes of degradation.  

The ChromaTOF® software (LECO, UK) was used to identify the eluted compounds 

represented by the spectral peaks generated, by cross-referencing the retention indices of each 

peak (or collection of peaks) with the known compound retention indices of the National 

Institute of Standards and Technology (NIST) Library (NIST MS Search 2.3), using a plastic-

focused data processing protocol derived from compounds eluted from tyre-wear. The presence 

of PP was confirmed using targeted analysis within each sample, which is typically eluted as 

2,4-dimethyl-1-heptene or other C9H18 compounds (Ballice & Reimert, 2002). 

Untargeted analysis was used determined the presence of other eluted compounds, by the 

application of filtering criteria; peaks without a NIST Library retention index were removed 

from the list, and any peaks or peak groups which had a similarity score of less than 800 to a 

NIST Library compound were also removed. From the detected compounds, -siloxanes were 

also omitted, as they are indicative of glass contaminants from the sample vial. 

The lists of eluted compounds for each material were merged together respectively for thermal 

desorption and pyrolysis. For each degradation level, all of the eluted compounds across all 

materials were cross-referenced, removing all duplicate peaks, to produce a list of all unique 

compounds for each material. The product datasheet states that the size of C-PP particles were 

<90 μm diameter (Withers, 2019), so to confirm this, a high-resolution inverted microscope to 

determine the average diameter of the particles, and to observe the agglomeration of the 

particles. 

2.3.2 Size Distribution, Dynamic Light Scattering and Zeta Potential 
Dynamic Light Scattering (DLS) was conducted using a Zetasizer Nano ZS (Malvern 

Panalytical, UK) with ZEN0040 low-volume disposable cuvettes. Each MNP was suspended 

in ddH2O at 100 μg/mL and run ten times each at 25°C and 37°C (room temperature and 

average internal human temperature, respectively), refreshing the tested volume between each 

run, following washing with Ethanol Absolute and air-drying, to determine the Polydispersity 

Index (PDI), the homogeneity of the suspended particles.  

Zeta potential was measured using an MNP suspension concentration of 1 mg/mL drawn into 

DTS1070 disposable folded capillary cells. Ten individual runs each at 25°C and 37°C, were 

conducted for each material, and the capillary cells were washed with Ethanol Absolute and 

air-dried in between each run, whilst a new, clean capillary cell was used per material.  
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2.3.3 Suspension 
Due to PP being an organic compound without any polar regions, it does not suspend 

effectively in water, without agitation, it returns to the surface of the water within a couple of 

minutes. Using a variety of different dispersants, the ability to suspend C-PP was investigated. 

These dispersants were double-distilled water (ddH2O) (figure 2.3A), PBS (figure 2.3B), 1% 

DMSO (figure 2.3C), 1% BSA (figure 2.3D), 0.1% Tween20 (figure 2.3E), and 0.1% Pluronic-

F127 (figure 2.3F). However, exposing lung models to these materials questions the realism of 

their use in this system, as all suspensions other than water, are not materials which are typically 

inhaled. Both Tween20 and Pluronic-f127 are detergents, and Tween20 can be used for 

mammalian cell lysis at concentrations as low as 0.05% (Neugebauer, 1990), exposing cell 

models to this would interfere with the assessment of PP toxicity.  

  
A B C D E F 

Figure 2.3 - The behaviour of commercial polypropylene in various solutions. ddH2O (A), PBS (B), 1% DMSO 

(C), 1% BSA (D), 0.1% Tween20 (E), 0.1% Pluronic F-127 (F). Images photographed by myself. 
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2.4 Cell Culture 

2.4.1 Type-II alveolar epithelial Cell Line (NCI-H441) 
All tissue culture was conducted inside a standard Class II Laminar Flow Hood (Scanlaf Mars, 

Denmark). When working with toxic materials a designated Class II Laminar Flow Hood fitted 

with additional particle filtration was used. NCI-H441 (type-II alveolar epithelial cell line. 

American Type Culture Collection (ATCC) number: CRM-HTB-174TM) (ATCC, 2023) cells 

were acquired from liquid nitrogen, stored in cryovials containing 95% CCM and 5% DMSO, 

to a total volume of 2 mL. To thaw, the vials were placed into a buoyancy aid inside a water 

bath (set to 37°C) for two minutes. Whilst thawing, 15 mL of RPMI 1640 Cell Culture Medium 

(CCM) (Gibco®, UK), featuring 10% FBS, 1% P/S, and 1% L-Glutamine was pipetted into a 

T-75 vented cell culture flask and placed into the incubator to equilibrate. The thawed cells 

were pipetted into a 15 mL falcon tube and topped with 10 mL CCM. The tube was centrifuged 

at 125g for five minutes to form the cell pellet. The supernatant was removed, and the pellet 

was resuspended in 1 mL CCM before being transferred into the T-75 flask. 

2.4.2 Passaging of NCI-H441 
Every three or four days, when cells became highly confluent, they were passaged by removing 

the media and washed once with 7 mL of sterile PBS (Gibco®, UK). The PBS was poured off 

and replaced by 4 mL trypsin-EDTA (0.02%), then the flask was returned to the incubator for 

10 minutes to detach the adherent cells. Every second day in-between passaging, the running 

flask would undergo a media change, where the current CCM would be removed from the flask 

and replaced with fresh CCM. After most cells had detached, the flask was returned to the 

culture hood, 6 mL CCM was added to the flask to neutralise the trypsin, and all 10 mL of 

suspension was transferred into a 15 mL falcon tube and centrifuged at 125g for five minutes. 

The supernatant was poured away, and the formed pellet was resuspended in 1 mL CCM. From 

the resuspended cells, 100 μL was transferred into a fresh flask containing 15 mL CCM and 

were distributed evenly throughout the flask. 
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2.4.3 Cell Seeding 
Following centrifugation during the passaging process, the resuspended cell pellets for each 

harvested flask were compiled into a single 15 mL tube. The cell suspension was assessed using 

a Luna IITM automated cell counter (Logos Biosystems, France). Into an Eppendorf tube, 10:10 

μL volume ratio of cell suspension:(0.4%) Trypan Blue mixture was prepared and transferred 

onto a Luna II slide to determine live cell count, and the necessary CCM dilution for cell 

seeding (2.5x105 cells/mL). The seeding concentration of was chosen due to consistency in 

forming 1-2 layers of confluent cells at the ALI 72-hours post seeding (Ren et al., 2016), in 

12-well inserts (Corning, USA). A volume of 1.5 mL CCM was pipetted into each basal well 

of the 12-well Companion Plate and 1mL into each apical well (Corning, USA) as depicted in 

figure 2.4A.  

The seeded inserts were incubated at 37°C for 96 hours, after which the basal wells received a 

media change, and the apical wells were taken to the ALI by removing the apical well media 

(figure 2.4B). The plates were returned to the incubator for 24 hours. Cells were seeded for 

three consecutive weeks for each material sample to achieve a triplicate of distinct biological 

replicates for each endpoint to be conducted.  

Figure 2.4 - Depiction of well layout following cell seeding (A). Depiction of well layout following transfer to 

ALI (B). (created by myself, using Biorender.com) 

A B 



Page | 48  
 

2.5 Aerosol Exposure and Deposition Measurement 
To deposit material onto the ALI cell cultures, the Vitrocell® Cloud12 (Vitrocell Systems, 

Germany) (referred to as ‘Vitrocell’, from here on in) was utilised, alongside Aeroneb® Lab 

Nebulizer Unit, and 4.0-6.0 

μm Median Mass 

Aerodynamic Diameter, 

(MMAD) pore mesh 

nebulisers (Aerogen, Ireland). 

An established SOP was 

followed throughout the 

deposition process. The 

Vitrocell was used inside a 

designated toxic material 

handling hood, and at least 30 

minutes prior to use, it is 

switched on and the baseplate 

is left to heat up to 37°C (± 1°C fluctuation). Once heated, 3 mL of CCM was added into each 

well of the Vitrocell, except for the quartz crystal microbalance (QCM) well. The cultured 

apical wells were placed into the base wells containing CCM. Data acquisition was activated, 

to determine the stability of the signal prior to exposure, and was acceptable if fluctuation was 

within ± 25 ng/cm2 in 30 seconds. Once acceptable, 200 μL of material suspension was added 

into the nebuliser, data acquisition restarted and the nebuliser was activated until the suspension 

had fully passed through, at which point, the nebuliser was deactivated and timed for six 

minutes. After six minutes had passed, the exposure chamber was removed for 1 minute to 

allow the QCM to dry, and then replaced onto the base module for two minutes. Mass 

deposition was determined by the mean average of the last 30 values recorded during the two-

minute period when the exposure chamber had been replaced onto the system (Bannuscher et 

al., 2022). Appropriate quality control measures were also conducted throughout, by the SOPs’ 

recommendations. 

2.6 Microscopy 

2.6.1 Scanning Electron Microscopy (SEM) 
Transmission Electron Microscopy (TEM) grids placed into the Vitrocell TEM grid holder and 

into a dry base module well and inserted alongside cellular depositions. The target deposition 

on these grids was 1.0 μg/cm2.  

One TEM grid was mounted onto the SEM stage and inserted into the SEM, immediately 

followed by image calibration. The castle method was used to collect representative images of 

each material, with images being collected at x3000, x15,000 and x40,000 magnification. 

Brightness and focus were adjusted throughout image collection to maximise the quality of the 

images collected. The most effective image collected for each material at each magnification 

was selected as the representative.  

Figure 2.5 - Vitrocell Cloud12 Aerosol Exposure System. Image 

photographed by myself. 

 

Figure 3.1 - Visualisation of The Electrical Double-Layer theoryFigure 

2.5 - Vitrocell Cloud12 Aerosol Exposure System. Image photographed by 

myself. 

 

Figure 3.2 - Visualisation of The Electrical Double-Layer theory (created 

by myself, using Biorender.com) 

 

Figure 4.1 - Estimated mask revenue and unit sales per year between 2019 

and 2022.Figure 3.3 - Visualisation of The Electrical Double-Layer 

theoryFigure 2.5 - Vitrocell Cloud12 Aerosol Exposure System. Image 

photographed by myself. 

 

Figure 3.4 - Visualisation of The Electrical Double-Layer theoryFigure 

2.5 - Vitrocell Cloud12 Aerosol Exposure System. Image photographed by 

myself. 
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2.6.2 Scanning-Transmission Electron Microscopy – Energy-Dispersive X-Ray 

(STEM-EDX) 
The TEM-FEI TALOS was used to acquire additional information from the deposited samples 

which the SEM could not provide. TEM images were acquired following the same process as 

the SEM, as described in 2.6.1, but using different magnifications in relation to the viewed 

artefacts. Images acquired from TEM were collected as a representative.  

In addition to TEM, STEM-EDX was conducted to collect High-Angle Annular Dark-Field 

(HAADF) images which mapped the elements detected in the viewed sample at 14,000x 

magnification. All elements were open to detection, however, only maps for the detected 

elements were plotted and used as a representative for the sample. Each elemental map was 

overlayed onto the dark-field image to depict the density and distribution of each element in 

the image. Sodium and chlorine were grouped together in their presentation, as they are both 

present within the nebulised suspension. 

2.6.3 Confocal Laser Scanning Microscopy (LSM) 
To fix the samples for confocal Laser Scanning Microscopy (LSM) imaging, the media was 

removed and the transwell membranes were washed three times with PBS. Both the apical and 

basal wells were filled with Paraformaldehyde (PFA), for 15 minutes, before being replaced 

with glycine and the plate being sealed and kept at 4°C until use. The glycine was removed, 

and the wells washed with ice-cold PBS three times, before adding Triton X-100 for 15 minutes 

to permeabilise the cells and being washed again with ice-cold PBS three times The membranes 

were cut from the wells and placed cells-down into PBS to hold, whilst a drop of 1:100 4′,6-

diamidino-2-phenylindole (DAPI) and 1:1000 Phalloidin was placed onto parafilm. The 

membrane (still cells-down) was transferred onto the DAPI/phalloidin drop, and another drop 

was added to the topside, and incubated at room temperature, in darkness for 45 minutes. Three 

wells of a 6-well plate were filled with PBS, and the membranes were transferred across all 

three wells to wash them, then placed cells-up onto a microscope slide, and a drop of 

Dibutylphthalate Polystyrene Xylene (DPX) was added to the topside, before affixing a cover 

slip. The cover slips were secured using clear nail varnish and stored at 4°C in darkness until 

they were imaged the following day. 

Representative images were taken at 200x magnification and 630x magnification (10x eyepiece 

+ 20x / 63x objective), across the top concentration exposure for each material sample. The 

smart setup function was used to provide the best signal outcome multi-channel image between 

phalloidin and DAPI, of the LSM setting. Master gain was adjusted accordingly to balance the 

fluorescence of each fluorophore prior to taking the image and by using the ‘range indicator’ 

function. 

The two fluorophores used were DAPI, which binds to dense regions of adenine-thymine in 

DNA, and AlexafluorTM 633 Phalloidin, which binds to the membrane protein, F-actin.  
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2.7 Trypan Blue Exclusion (TBE) Assay 
The basal well media was collected for use in the Enzyme-Linked Immunosorbent Assays 

(ELISAs). The Trypan Blue Exclusion Assay was conducted 24 hours following exposure. 

Each corresponding apical well was washed with 1mL sterile PBS, which was then replaced 

by 500 μL 0.4% trypsin-EDTA and returned to the incubator for 10 minutes, after which, an 

additional 500 μL trypsin-EDTA was added for a further 10 minutes. Once cells had mostly 

detached, they were lightly agitated by a pipette tip, and transferred into a 10 mL falcon tube. 

1 mL of CCM was re-added into each apical well and agitated to maximise the collection of 

cells, and also transferred into the same falcon tube, before another 1 mL CCM was added to 

the top of the falcon tube. The falcon tubes were balanced and centrifuged at 125g for five 

minutes to form a pellet. The supernatant was poured away, and the pellet was resuspended in 

1 mL CCM. A mixture of 10:10 μL volume ratio of Trypan Blue:cell suspension was made as 

in section 2.4.3, and using the haemocytometer, the % cell viability and live cell count were 

calculated in cells/mL. This was conducted in biological triplicate. 

2.8 Blue Dextran 
Firstly, the media was collected for use in the ELISAs, and the apical wells were washed three 

times with sterile PBS. This endpoint assessment had two different positive controls; one did 

not contain an epithelial cell monolayer, and the other did contain a monolayer, but was 

exposed to trypsin following the method in section 2.7 (these cells were only exposed to 

trypsin, not removed from the well).  

In the basal well, 1mL of fresh media was added, and 250 μL of (2.5 mg/mL) Blue Dextran 

solution (in sterile PBS) was added to the apical well and returned to the incubator for two 

hours. After two hours had passed, the plate was removed from the incubator and 3x200 μL of 

media from the basal well of each exposure condition was pipetted into different wells of a 96-

well plate as technical triplicate. The plate was then read by a spectrophotometer (Tecan – 

SunriseTM, Switzerland) to determine the absorbance of each media sample. Each technical 

triplicate was additionally conducted as biological triplicate. 

2.9 Mononucleated Micronucleus Assay 
This assay followed the mononucleated form of the protocol from the Organisation for 

Economic Cooperation and Development (OECD)-approved Micronucleus assay - Test 

number 487: In vitro Mammalian Cell Micronucleus Test (OECD, 2023). The most common 

version of this method would use cytochalasin-b, followed by the scoring of binucleated cells 

containing a micronucleus, followed by the calculation of the Cytokinesis-Block Proliferation 

Index (CBPI). In this approach, cytochalasin-b was not used, mononucleated cells containing 

a micronucleus were scored, and corresponding cell death (% viability) by using the TBE assay. 

Data was collected as a technical quadruplet in biological triplicate.  

The purpose for the assessment of mononucleated cells is to determine the genetic damage 

prior to cellular division, whereas the binucleated approach identified both genetic damage 

which has occurred both prior to, and during cellular division. Therefore, if conducting the 

exact same experiments, but both the mononucleated and binucleated approaches were 

conducted on the same appropriate cell line, then the prevalence of micronuclei in binucleated 
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cells could be greater than in mononucleated, due to their formation by multiple mechanisms 

(Kirsch-Volders, 2001. Fenech et al., 2003).  

A positive control of Methyl methanesulphonate (MMS), a known and potent clastogen, was 

used at a concentration of 1.5 μg/mL. 

2.9.1 Harvesting 
After 24 hours post-exposure, each apical well was washed with 1 mL PBS three times, the 

basal well media was changed, and the plate was returned to the incubator for a 24-hour 

recovery period.  

The plates were removed from the incubator after 24 hours, and the apical wells were washed 

once more with PBS. The TBE method as previously written was conducted, with one 

adjustment; the cell pellet was resuspended in PBS instead of CCM. The remaining cell 

suspension proceeded with the Mononucleated micronucleus (mono/MN) assay.  

2.9.2 Slide Preparation 
Four glass slides per condition/concentration were mounted onto Cytospin clips and placed 

inside the Cytospin. Into mount, 100 μL of the corresponding cell suspension was added, before 

being spun 10 minutes. The slides were removed and immediately fixed in 90% Methanol at -

20°C for 10 minutes. The slides were air-dried overnight. Once dry, the cytodots were stained 

with a 1:4 volume ratio mixture of Gurr Giemsa stain:Gurr staining buffer and let to permeate 

for 12 minutes, before being washed three times in vats of staining buffer. The slides were 

again air-dried overnight. The slides were submerged in xylene for five seconds, then laid flat 

to air-dry and a drop of DPX mounting medium was placed onto the cytodot and a cover slip 

was laid on top and pressed to release air bubbles. 

2.9.3 Scoring 
The castle-method was used to count unique cells on each slide. Each condition for each 

material had four slides, and 1000 mononucleated cells were counted on each slide, whilst also 

noting how many of which also contained a micronucleus, which was identified by the 

following characteristics: the same colour as the main nucleus, the same shape as the main 

nucleus, and if it is <1/3 of the size of the main nucleus. 
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2.10 Interleukin-1β, Interleukin-6, Interleukin-8 Sandwich Enzyme-

Linked Immunosorbent Assays (ELISAs) 
Reagent diluents were made for each ELISA type. Both IL-1β and IL-6 reagent diluents were 

a solution of 1% BSA in PBS, whereas IL-8 required a solution of 0.1% BSA, 0.05% Tween 

20 in Tris-buffered saline (20 mM Tris base + 150 mM NaCl). Each ELISA required the 

specific standard concentration, capture antibodies, detection antibodies, and Streptavidin-

HRP from the corresponding lot number. Wash buffer consisted of 0.05% Tween20 in PBS, 

block buffer consisted of 1% BSA in PBS, and stop solution consisted of 2N H2SO4.  

All ELISAs were conducted accordingly to the SOP produced by R+D Systems. The IL-1β 

ELISA required undiluted supernatant, whereas the IL-6 and IL-8 both required 1:10 dilutions, 

in respective reagent diluent, for suitable interleukin detection. Tumour Necrosis Factor-α 

(TNF-α) was used as a positive control across all ELISAs at the concentration of 1 μg/mL. 

Three biological replicates were conducted for each interleukin, in technical triplicate. 

The working concentration (specific to lot number used) of the respective capture antibodies 

were diluted in PBS (without BSA), 50 μL of which was added into each well of a 96-well 

half-plate. The plate was covered in foil and incubated at room temperature overnight.  

In a container was filled with 500 mL wash buffer, the plates were washed three times, then 

aspirated and blotted onto paper towels. Each well was filled with 50 μL block buffer and 

incubated at room temperature for one hour. The plates were again washed and aspirated as 

before, and 50 μL of the appropriate supernatant samples were added to the wells in technical 

and biological triplicate. The first three columns of wells were reserved for a standard curve, 

by using a dilution series of a known concentration of interleukin, acquired by dilution factor 

of two, six times, in reagent diluent. The starting IL-1β concentration was 250 pg/mL, IL-6 

was 600 pg/mL and IL-8 was 2000 pg/mL. The plates were covered and left to incubate for 

two hours at room temperature. This incubation step was followed by the addition of 50 µL of 

detection antibodies at their working concentration; the plate was covered and left to incubate 

at room temperature for a further two hours. 

Aspiration and washing was repeated again, and the wells were filled with 50 μL Streptavidin-

HRP at a dilution specific to the lot number, in reagent diluent. The plates were re-covered and 

incubated for 20 minutes at room temperature. The plates were washed again, and 50 μL of 

substrate solution was added to each well, the plates were covered and incubated at room 

temperature for 20 minutes. The substrate solution was a 1:1 ratio of Reagent A (H2O2) and 

Reagent B (Tetramethylbenzidine), and these should only be mixed immediately before 

application. After incubation, 50 μL of stop solution was added to each well, to prevent further 

colour change, and the plates were immediately read on the spectrophotometer (Tecan – 

SunriseTM, Switzerland). 
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2.11 Data and Statistical Analysis 
All graphical data presents the mean average as a horizontal line, and each biological replicate 

as a point, in relation to the negative control as a fold-increase. Exceptions for this are the 

mononucleated micronucleus prevalence (presented as mean average ± Standard Error of the 

Mean), and blue dextran graphs which are presented as the raw mean average and raw 

biological replicate. These differences are both detailed in their respective figure legends. The 

labelled statistical analysis significance (*/#) corresponds to the one-way Analysis of Variance 

(ANOVA) and Tukey’s Multiple Comparisons Post-hoc analysis on the raw data. Statistical 

analysis was conducted using Prism GraphPad 9 software (updated to Prism GraphPad 10 as 

of 27/06/2023). Significance across the results is labelled as one icon (*/#) if p<0.05, or two 

icons (**/# #) if p<0.001. 
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3.1 Introduction 
Studies amalgamating the novel degradation techniques of PP MNPs, and their in vitro 

inhalation exposure are absent, which highlight a significant knowledge gap. The majority of 

MNP research primarily investigates the effects of PS MNPs and cannot be used as a 

representative covering the vast range of different plastics. As each different plastic possesses 

different phys-chem properties, conjugates, and structure, each of which play a part in the 

potential adverse effects to the human lungs upon inhalation. milling, degradation and handling 

required to effectively acquire the desired size range consistently. Additionally, there are no 

routine or standardised method for the milling of any plastic into MNPs for toxicological 

research, as MNPs are a relatively young concept in the toxicological field.  

There is currently no documentation for the use of MNPs through a Vitrocell Cloud12 system 

or their cellular exposure at the ALI, so there was no guidance on biologically relevant mass 

depositions to use with in vitro ALI alveolar monocultures. Therefore, deposition masses 

derived from occupational CB exposures (Søs Poulsen et al., 2013) were utilised. Additionally, 

as much in vitro research on carbon black has been conducted, it was adopted as a positive 

particle control for use in comparison to PP, and to determine whether the exposure system, 

and endpoint assessments worked correctly.  

Polypropylene powder is often used as an adulterant in industrial coatings and paints, but is 

also the main (and only) listed material used in the construction of surgical face masks. 

Inhalation exposure to pure PP is primarily a material which would be a more relevant safety 

concern in an industrial setting but is present within ambient air and water systems (Li et al., 

2018). In 2023, PP dominated 20.0% of global market share for plastic polymers, second to 

polyethylene at 24.0%. However, Plastics Europe (2022) discerned from the Conversio Market 

& Strategy GmbH and nova-Institute, that 19.3% of polymers produced for the market in 2021 

by any means globally, were PP, which was the greatest share by 4.9%. This large proportion 

of production highlights the necessity to research the impact that inhaling PP MNPs could have 

to humans. Despite this, there is a high variation of identified atmospheric MNP proportion 

between quantification studies. For example, some studies have identified PP to be the most 

prevalent or a highly-prevalent MNP, in contrast to many others who did not detect PP at all 

(Luo et al., 2024). 

Both PP MNPs directly from purchase and cryomilled PP will be investigated in this chapter. 

The purchased PP powder is advertised to be <90 μm diameter particles, with no defined lower 

limit, >50% of which are between 55-75 μm in diameter. This size range does not represent the 

size of particles which would interact with the alveoli, typically requiring particles to possess 

an aerodynamic diameter <5 μm. Therefore, a cryomilling technique following an approach 

similarly conducted by Parker, et al., (2023), would be necessary to represent this.  
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The aim of this chapter is to determine how PP MNPs could potentially impact the human lung 

upon inhalation, by using various toxicological endpoint assessments, on an in vitro alveolar 

model exposed to aerosolised PP MNPs. 

This will be conducted by the following objectives: 

• Synthesise R-PP MNPs using novel degradation techniques and characterise their 

average diameter, polydispersity index, zeta potential, morphology, and elemental 

composition. 

• Expose NCI-H441 monocultures, cultured at the air-liquid interface, to these PP MNPs 

for 24 hours. 

• After 24 hours, harvest the necessary components of the models to determine a range 

of endpoint assessments: pro-inflammatory response, cell death, genotoxicity, 

monolayer barrier integrity and cellular morphology.  

It is hypothesized that PP MNPs will not instigate an overall toxicological response as CB 

would but based upon their exposure to models representative of other organs, an increase to 

IL-8 production is expected. 
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3.2 Methods 

3.2.1 Outline of Milling Process 

 

Figure 3.5 - Outline of C-PP to R-PP milling process (created by myself, using Biorender.com) 

3.2.2 Particle Milling and Preparation 
The preparation of R-PP MNPs will be described in sections 3.2.1.1. CB, and C-PP required 

no prior manipulation. Manipulation of C-PP was necessary to acquire R-PP. 

3.2.1.1 Milling and Extraction 

The C-PP powder (Goonvean Fibres Ltd., UK) was added to a steel homogenisation vial at a 

ratio of 1:1 g dry volume:steel mill balls. For 24 cycles, these vials were submerged in liquid 

nitrogen for three minutes, followed by 30 seconds at 10,000x rpm in a Cryolysis Evolution 

cryogenic tissue homogeniser, (Bertin Industries, France).  

Ethanol Absolute was pipetted along the walls of each vial and to the inside of the lid, to allow 

transfer into a 50 mL Falcon tube. The contents of each falcon tube were poured onto the top 

of a stack of Endecott’s Sieves, with descending pore sizes of 20 μm, 10 μm, 5 μm, then the 

receiver which collects particles <5μm in diameter. The contents contained in the receiver were 

collected and dried in the drying oven. 

3.2.2 Material Characterisation 

3.2.2.1 Pyrolysis-GC-MS 

A dry mass of R-PP was used for pyro-GC-MS following the method in section 2.3.1. 

3.2.2.2 Size Distribution, DLS, Zeta Potential 

Size distribution, DLS and zeta potential were conducted as described in section 2.3.2, utilising 

PP and R-PP. 
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3.2.3 Cell Handling 
Cell passaging was conducted as in section 2.4.2 and seeding was conducted as noted in section 

2.4.3.  

3.2.4 Aerosol Exposure 
Prior to aerosolisation, all suspensions underwent sonication to break apart agglomerated and 

improve the efficiency of deposition, following the laboratory SOP. The probe was activated 

at 10% power, alternating 10 seconds on:off, for a total of four minutes uptime. Aerosol 

exposure was conducted as described in section 2.5 using CB, C-PP and R-PP. However, C-

PP was ineffective with the exposure system, so the only target deposition of 0.5 μg/cm2 was 

achievable. 

3.2.5 Microscopy 
SEM was conducted as described in section 2.6.1, STEM-EDX as in section 2.6.2, and 

Confocal LSM as in section 2.6.3, using CB, C-PP and R-PP. 

3.2.6 Trypan Blue Exclusion Assay 
The TBE assay was carried out in accordance with the method outlined in section 2.7, using 

CB, C-PP and R-PP. 

3.2.7 Blue Dextran Assay 
The process for the Blue Dextran monolayer permeability assay followed the description in 

section 2.8, using CB, C-PP and R-PP. 

3.2.8 Mononucleated Micronucleus Assay 
This assay was conducted as described in section 2.9, using CB, C-PP and R-PP. 

3.2.9 Pro-inflammatory Cytokine Sandwich ELISAs 
All interleukin ELISAs were conducted, with the necessary adjustments to reagents and 

samples based upon whichever interleukin was being quantified, as described in section 2.10, 

using CB, C-PP and R-PP. 
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3.3 Results 

3.3.1 Characterisation 

3.3.1.1 Dynamic Light Scattering (DLS) 

Both the DLS and Zeta potential assessment demonstrated the heterogeneity of the commercial 

PP samples, both before and after milling. Both temperatures of C-PP PDI analysis returned 

the same values, 0.73±0.27, which peak at the maximum value and suggest the sample is 

greatly heterogenous. Additionally, the variance of R-PP also peaked at the maximum value of 

1, but had midpoints of 0.75 and 0.96 at 25°C and 37°C, respectively (table 3.1). The R-PP 

MNPs possessed a more negative zeta potential than the C-PP MNPs as demonstrated in table 

3.1. Temperature also affected the zeta potential, decreasing at the higher temperature. 

Variance within the PP was relatively low (6.83 mV at 25°C, and 9.13 mV at 37°C) in 

comparison to R-PP (33.71 mV at 25°C and 29.97 mV at 37°C) (table 3.1).  

Table 3.1 - Polydispersity Index midpoint and midpoint-range, and Zeta Potential midpoint and midpoint-range 

of C-PP and R-PP at 25°C and 37°C. 
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3.3.1.2 Pyrolysis Gas-Chromatography Mass-Spectrometry  

During Thermal Desorption (350°C), PP eluted into 14 unique compounds detected through 

pyrolysis-GS-MS, but 18 total peaks, with duplicate peaks of ‘Ethanol, 2-(2-butoxyethoxy)-, 

acetate’, ‘2-Propanol, 1-chloro-, phosphate (3:1)’, ‘1,2-Benzenedicarboxylic acid, bis(2-

methylpropyl) ester’, and ‘Hexanedioic acid, bis(2-ethylhexyl) ester’ (figure 3.2).  

 

Figure 3.6 - Bar Chart displaying all unique compounds eluted from C-PP powder during Thermal Desorption 

(350°C), their number of recorded peaks, and the area under each peak. 
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When the temperature was increased to 800°C, targeted analysis of the sample allowed for the 

identification of polypropylene within the elute. Polypropylene typically eluted to 2,4-

dimethyl-1-heptene, but also sometimes eluted to other C9H18 compounds, but for simplicity, 

were all compiled to 2,4-dimethyl-1-heptene. After targeted analysis of PP, untargeted analysis 

was used to determine the other remaining compounds listed in figure 3.3, and their respective 

areas under the peak.  

 

Figure 3.7 - Bar Chart displaying all unique compounds eluted from C-PP powder during Pyrolysis (800°C), their 

number of recorded peaks, and the area under each peak. 
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3.3.2 Aerosolisation  

3.3.2.1 Mass Deposition 

 

Figure 3.8 - Deposition Data for CB. (A) Deposition scatter chart displaying the added mass of each individual 

deposition. (B) Deposition scatter chart showing the accumulative addition of mass throughout each cellular 

exposure. (C) Table showing the three chosen deposition targets, the actual achieved deposition medians, and 

variation within each target. Each point represents one deposition reading. 

Target depositions of 0.5, 1.0 and 2.0 μg/cm2, required one, two and four depositions of CB 

respectively, each of 200 μL at 900 μg/mL concentration, except for the third replicate of LSM 

samples, which only required one, two and three depositions to acquire each, for a total of 23 

readings as seen in figures 3.4A and 3.4B. The mean average deposition was 0.561 μg/cm2, as 

shown in figure 3.4A, and from this, the midpoint of the mass depositions were calculated for 

each target, and their variance. Figure 3.4C shows how the target concentrations were 

successfully met within these ranges.  

 



Page | 63  
 

 

Figure 3.9 - Deposition Data for C-PP. (A) Deposition scatter chart displaying the added mass of each individual 

deposition. (B) Deposition scatter chart showing the accumulative addition of mass throughout each cellular 

exposure. (C) Table showing the three chosen deposition targets, the actual achieved deposition medians, and 

variation within each target. Each point represents one deposition reading. 

Only the lowest deposition target of 0.5 μg/cm2 was achievable. Based upon these depositions 

in figures 3.5A and 3.5B it could have taken between 8-12 runs to achieve 2.0 μg/cm2, at which 

point the cells would have been out of incubation in excess of two hours, which opposes the 

SOP for this approach (Barasova and Rothen-Rutihauser, 2019). C-PP presented a negative 

correlation of input concentration vs deposited mass in figure 3.5A, where there was also a 

large variation between nebulisation of the same concentration.  
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Figure 3.10 - Deposition Data for R-PP. (A) Deposition scatter chart displaying the added mass of each individual 

deposition. (B) Table showing the three chosen deposition targets, the actual achieved deposition medians, and 

variation within each target. Each point represents one deposition reading. 

Figure 3.6 does not have a cumulative deposition graph like every other sample material as 

shown in figures 3.4B and 3.5B, and that is due to the use of multiple input concentrations 

throughout cellular exposures, hence it cannot be drawn.  

R-PP followed a positive correlation between input concentration and mass deposition shown 

in figure 3.6A. All target masses were achieved successfully within the range of the accuracy 

and precision of the system as demonstrated in figure 3.6B. Achieving top concentration took 

either four or five depositions depending on the variation.  
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3.3.3 Microscopy 

3.3.3.1 SEM and TEM 

x3,000 x15,000 x40,000 

   

   

Figure 3.11 - SEM imagery for C-PP following deposition at magnifications of x3,000, x15,000, and x40,000 

Figure 3.12 - SEM imagery for R-PP following deposition at magnifications of x3,000, x15,000, and x40,000 

The deposition of C-PP onto TEM grids presented the formations in figure 3.7. Each dried 

droplet of aerosol formed a ring of material, containing at least one larger artefact confirmed 

to be PP, and patches of smaller artefacts which were presumably NaCl. The general 

appearance of the PP artefacts are a smooth, yet irregular shape, however their surface structure 

appear to have consistent angular grooves, which could be present due to manufacturing 

processes. Due to the average particle size of C-PP, all of the input sample could not be 

represented following aerosolisation and deposition, as larger particles were unable to pass. 

Deposition of R-PP formed several larger PP artefacts, surrounded by smaller artefacts. 

Respirable PP underwent cryomilling prior to deposition, so a more irregular, fractured 

appearance is observed (figure 3.8). 

x3,000 x15,000 x40,000 
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Figure 3.13 - TEM imagery for R-PP following deposition at magnifications of x510, x3,300 and x14,000 

TEM imagery also presents the larger artefact surrounded by smaller surrounding artefacts, 

however, due to the contrast, it is easier to observe the hazy-region highlighted by the circle, 

than the SEM imagery (figure 3.9). 

 3.3.3.2 STEM-EDX 

The main detected elements in PP STEM-EDX were carbon, sodium, chlorine oxygen and 

titanium. Despite PP being a hydrocarbon polymer, the most dense and abundant elements 

detected from the sample was sodium and chlorine. Oxygen and titanium are most dense in the 

hazy region observed connected to the large artefact, as highlighted in figure 3.10, whereas 

carbon was most dense in the outer edge of the large artefact.   

x510 x3,300 x14,000 

   

A B  

  

 

C D E 

   

Figure 3.14 - R-PP STEM-EDX imagery following aerosolisation. Full HAADF elemental image (A), Carbon 

(B), Sodium + Chlorine (C), Oxygen (D) and Titanium (E) at x14,000 magnification 
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3.3.2.3 Confocal LSM Microscopy 

A B C 

   

D  E 

 

 

 
Figure 3.15 - Confocal LSM Microscopy for negative control (A), NaCl vehicle control (B), carbon black (C), 

C-PP (D), and R-PP (E) following deposition, displaying a multi-channel image of Alexafluor 633 Phalloidin and 

DAPI 

Cell density is consistent across negative control, NaCl vehicle control and C-PP, although the 

cytoskeleton appears less defined in regions of the C-PP sample. Cytoskeleton of R-PP appears 

defined, although the population of nuclei is less dense. CB is difficult to interpret due to the 

obfuscation of the image by the particles, however, it is possible to determine that the nuclei 

are more granular following exposure to CB than the other samples (figure 3.11). 
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3.3.3 Cellular Endpoints 

3.3.3.1 Cell Death – Trypan Blue Exclusion Assay 

Figure 3.16 - % Viability (i) and live cell count (ii) of NCI-H441 cells following 24-hours exposure to Carbon 

Black (A), C-PP (B), and R-PP (C). Data presented as each replicate (points) and mean average between replicates 

(bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 
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Carbon black elicited a dose-dependent decrease for cell viability following 24-hours exposure, 

becoming a significant decrease compared to the -ve control at a concentration of 1.0 μg/cm2 

(p≤0.05) seen in figure 3.12A(i). Live cell count also demonstrates a dose-dependent decrease, 

but does not follow the trend as tightly as %viability does, and is not considered statistically 

significant except for the relation between the +ve and -ve controls (p≤0.05) shown in figure 

3.12A(ii). These data are also biologically significant, as there is large and clear decrease in 

cell viability and are derived from realistic exposure levels. 

Despite only one tested concentration of C-PP (0.5 μg/cm2) did demonstrate a significant 

decrease in cell viability (p≤0.05), although determining whether this is a dose-dependent 

decrease is impossible due to only one concentration as seen in figure 3.12B(i). Live cell count 

for non-respirable PP does not follow an observed trend, demonstrated in figure 3.12B(ii), but 

again the +ve control is a significant decrease in live cell count compared to the -ve control 

(p≤0.05). The statistical significance of C-PP cell viability percentage is unlikely to be 

biologically significant, as there is only one tested concentration and therefore not possible to 

determine whether a trend of data could occur at additional concentrations. 

R-PP does not exhibit a statistically significant dose-dependent decrease to cell % viability, 

although the mean average does decrease with an increase to concentration (figure 3.12C(i)). 

However, live cell count is significantly decreased at 2.0 μg/cm2 (p≤0.05) when compared to 

0.5 μg/cm2, as shown in figure 3.12C(ii), but not statistically significant when compared to the 

negative control. As there is no statistical significance amongst the data, there is also no 

biological significance. 
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3.3.3.2 Membrane Integrity – Dextran Blue Assay 

 

 

Figure 3.17 - Absorbance of basal well media of NCI-H441 cells following 24-hours exposure to Carbon Black 

(A), C-PP (B) and R-PP (C), after two hours of Dextran Blue solution diffusion. Data presented as each replicate 

(points) and mean average between replicates (bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 
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Carbon black was the only material which exhibited a significant response, or any observed 

response at all. At the lowest concentration of 0.5 μg/cm2, the permeability of the monolayer 

culture had been significantly compromised (p≤0.05), and by the top concentration of 2.0 

μg/cm2, significance was great (p≤0.001), as seen in figure 3.13A. Similarly to the cell viability 

data, CB also presents biological significance, but due to great permeability increase again at 

realistic exposure levels. 

At the only tested non-respirable C-PP deposition, both +ve controls from the carbon black set 

(trypsin-EDTA and no cells) displaying a significant increase to absorbance (p≤0.001), during 

the R-PP testing, only the no cells control exhibited any significance (p≤0.05) as shown in 

figure 3.13B.  

No significant response to membrane integrity was observed across any of the tested R-PP 

depositions (figure 3.13C). Both of the +ve controls, Trypsin-EDTA and no cells (p≤0.001) are 

significantly different to the -ve control.  

Neither C-PP or R-PP are biologically significant for this endpoint, as there was no observed 

statistically significant increase to permeability anyway. 
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3.3.3.3 Genotoxicity – Mononucleated Micronucleus  

 

Figure 3.18 - % Mononucleated micronucleus formation (i) and % viability (ii) of NCI-H441 cells following 24-

hours exposure to Carbon Black (A), C-PP (B), and R-PP (C). Data presented as mean average MN formation ± 

standard error of the mean (i), and as each replicate (points) and mean average between replicates (bar) (ii). 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 
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All conditions and concentrations of CB tested, including NaCl vehicle control, were 

statistically significant (p≤0.05, but p≤0.001 for MMS +ve control) increases to 

mononucleated-micronucleus formation compared to the -ve control, which can be seen in 

figure 3.14A(i). The accompanying cell % viability for genotoxic assessment did not exhibit 

any statistical significance, despite the visual dose-dependent decrease, except for the MMS 

+ve control as seen in figure 3.14A(ii), which for this assessment is not intended to be 

cytotoxic, but as a clastogenic genotoxic agent. As the positive particle control, CB is 

biologically significant in this assessment, due to the dose dependent increases. However, the 

vehicle control also induced a MN% increase not too dissimilar to the CB particle tests, despite 

not being statistically significant. 

C-PP presented a significant increase to MN formation at the only tested concentration (figure 

3.14B(i)); the mean average increased to 8.48% from 5.12% in the negative control. No 

significant effects were observed in cell viability (figure 3.14B(ii)). C-PP was not biologically 

significant in this assessment, as the only tested dose was not a statistically significant increase, 

and is a similar value to the vehicle control. 

MN formation following R-PP exposure presented a dose-dependent increase up to 1.0 μg/cm2, 

then decreased at 2.0 μg/cm2. The increases were not significant compared to the negative 

control, except for the positive control (figure 3.14C(i)). The accompanying cell viability was 

also not statistically significant, despite displaying a dose dependent decrease (figure 

3.14C(ii)). R-PP presents a biologically significant effect, being statistically significant at all 

three concentrations, with a visibly greater MN% prevalence even compared to the NaCl 

vehicle control. Additionally, the MN% prevalence rivals that of the CB positive particle 

control, especially at 1.0 μg/cm2, which is greater than CB at any concentration.  
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3.3.3.4 Pro-inflammatory Response – ELISAs – IL-1β, IL-6, IL-8 

 

Figure 3.19 - Pro-inflammatory IL-1β (i) and IL-6 (ii) cytokine and IL-8 (iii) chemokine production from NCI-

H441 cells, following 24-hours exposure to Carbon Black (A), C-PP (B) and R-PP (C). Data presented as each 

replicate (points) and mean average between replicates (bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 
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Carbon black did not show any significant increases to IL-1β production at any concentration 

in figure 3.15A(i), or IL-6 production, except at top concentration of 2.0 μg/cm2 (p≤0.05), 

which was also a significant increase from the NaCl vehicle control and 0.5 μg/cm2 (p≤0.05) 

as seen in figure 3.3.15A(ii). IL-8 on the other hand, in figure 3.14A(iii) had presented a strong 

dose-dependent production increase, being significant at every concentration (p≤0.05 at 0.5 

μg/cm2, then p≤0.001 at 1.0 μg/cm2 and 2.0 μg/cm2). The top concentration demonstrates a 

greater IL-8 increase than the TNF-α +ve control did (p≤0.05), although statistical significance 

was determined to be the same level in both.  

Both IL-1β and IL-6 for C-PP did not demonstrate any significant or observable changes at the 

only tested concentration as seen in figures 3.15B(i and ii). However, 0.5 μg/cm2 did instigate 

a significant increase (p≤0.05) to IL-8 production, as figure 3.15B(iii) shows. 

None of the tested ELISAs for R-PP demonstrate significant changes across any tested 

concentration, as seen in figure 3.15C. At 2.0 μg/cm2 and TNF-α +ve control there are 

anomalous readings for IL-1β production, which are vastly greater than the other two readings 

for the condition. Despite these readings, only the +ve control is significantly different to the -

ve (p≤0.05). The readings for IL-6 production at 1.0 μg/cm2, 2.0 μg/cm2 and the +ve control 

also have a large variance, which can be observed in figure 3.15C(ii), however only the +ve 

control is statistically significant (p≤0.001). Similarly, again for IL-8, there is a large outlying 

reading for both 2.0 μg/cm2 and +ve control seen in figure 3.15C(iii). 
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3.4 Discussion  

3.4.1 Introductory 
Many quantification studies have determined the ubiquitous presence of MNPs within the 

atmosphere and environment, but the investigation of how these MNPs impact human health 

is a relatively young target for research. In 2018, 96% of MNP studies focused on the marine 

systems (Li et al., 2018), with toxicological research stemming from this primarily 

investigating the consumption of MNPs via water or seafoods. Polypropylene is one of the 

most common types of plastic used for product manufacture, and when observed in pollution 

quantification studies (Di & Wang, 2018. Ferrario, 2021. Hernández-Fernández et al., 2023). 

As previously stated, the typical mechanism for CB toxicity is initiated by uptake into 

eosinophils and mast cells, leading to fibroblast activation, and in relation to lung models, 

epithelial cell hyperplasia, which is one of the proposed routes leading to cancer. The other 

cancerous route associated with CB is DNA methylation and histones modification, which can 

supress the regulation of cellular growth and replication (Niranjan & Thakur, 2017). As there 

are so many MNPs in existence, and being relatively young field, there is limited understanding 

as to the mechanisms of induced toxicity. Toxicity and mechanistic assessment is dominated 

by exposure to polystyrene MNPs via various routes. However, PP and PS are not the same 

material, so current research cannot be directly associated with PP exposure, but could act as a 

guide (Stapleton, 2021). PS exposures have indicated reductions to neurotransmitter activity 

(Lei et al., 2018), accumulation in reproductive organs (Fournier et al., 2020. Xu et al., 2021. 

An et al., 2021), decreased cell proliferation rate (Ding et al., 2021), and increases to pro-

inflammatory cytokine production (Hwang et al., 2019) and oxidative stress (Sun et al., 2021).  

3.4.2 Characterisation analysis 
STEM-EDX analysis presented that the larger artefacts present were not identified to be 

primarily carbon; the main expected element for these particles. With additional collaboration 

from Dr Stephanie Wright, she confirmed that these artefacts are PP, based upon their 

morphology. However, the 

elemental analysis suggests 

this is incorrect, as the larger 

artefacts are detected to be 

electron dense regions of 

Sodium and Chlorine, which 

are indicative of the NaCl 

vehicle control during 

aerosolisation. However, there 

is an explanation which can 

explain this phenomenon. PP as an MNP, is a known electrostatic hydrophobe, and when in a 

colloidal system, the surfaces of hydrophobes are negatively charged when in contact with 

water, the formation of an electrical double-layer occurs (Nauruzbayeva et al., 2020). The 

central particle is negatively charged at its surface, and when in contact with an ion-containing 

Figure 3.20 - Visualisation of The Electrical Double-Layer theory 

(created by myself, using Biorender.com) 

 

Figure 4.2 - Estimated mask revenue and unit sales per year between 2019 

and 2022.Figure 3.21 - Visualisation of The Electrical Double-Layer 

theory (created by myself, using Biorender.com) 

 

Figure 4.3 - Estimated mask revenue and unit sales per year between 2019 

and 2022. 
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liquid (in this particular model, water containing Na+ and Cl- ions) the positively-charged Na+ 

ions form a layer surrounding the particle, called the stern layer. The stern layer is loosely 

surrounded by a mixed-charged ion layer, called the diffuse layer (but regarding PP 

specifically, this layer is a negatively-charge CL- ion layer). The outer edge of the diffuse layer 

is called the slipping plane, at which the measurement of zeta potential is conducted and due 

to the accruement of mostly negatively-charged ions throughout the diffuse layer, the zeta 

potential is a negative value (Analytik, 2020). This theory is visualised in figure 3.16. As a 

result of this phenomenon, elemental analysis using this approach may initially present a false-

negative response for carbon, so further investigation could be necessary to explain this. 

Additionally, the incorporation of the NaCl vehicle control has the potential to interfere with 

the cellular endpoint analysis as well as the PP particles, therefore cellular exposures to only 

the NaCl vehicle control were conducted also.  

The negativity of the zeta potentials and its effect on agglomeration indicate a biologically 

relevant assessment. The objects which humans may be exposed to may be larger than just the 

individual particles, but could be agglomerates of particles (Demerjian & Mohnen, 2008). 

Therefore, deposition into different compartments of the lung may vary. 

3.4.3 Cellular endpoint analysis 
Literature suggests that MNPs can be internalised by mammalian cells up to diameters as great 

as 10μm in some cell types via endocytosis, and this is how the resultant toxic effects could 

potentially arise, in conjunction with the particular surface characteristics of the specific MNP 

exposure (Matthews et al., 2021). However, studies also report lung type-II epithelial cell 

internalisation of PS-MNPs up to 0.2 μm in diameter (dos Santos et al., 2011. Kuhn et al., 

2014. Ji et al., 2021).  

The most significant responses from R-PP exposure observed in this project were increased 

pro-inflammatory cytokines production (IL-6 and IL-8) and genotoxicity, with increased 

mononucleated micronucleus formation. Although the results were not statistically significant 

for IL-6 and IL-8 production there is a dose dependent increase. At even greater concentrations 

than those tested here, these effects could become both statistically and biologically significant, 

so this indicates potential support for the initiation of an acute immune response found across 

literature and would initiate the chemoattraction of neutrophils in mammals to aid MNP 

clearance. The dose-dependent increase of IL-6 production suggests the onset of an acute phase 

response initiated by alveolar epithelial cells, but IL-6 is predominantly produced by 

macrophages to a greater degree. IL-1β, however is not expected to elicit an increase, as there 

are no antigen presenting cells present within the model. The introduction of macrophages as 

a co-culture model therefore should present a greater IL-6 response and would increase realism 

to a whole human system. 

Both CB and R-PP demonstrated dose-dependent significant increases to MN formation. R-PP 

exposures presented a dose-dependent increase up to 1.0 μg/cm2, whilst decreasing at 2.0 

μg/cm2. Alongside this decrease in MN formation to 2.0 μg/cm2, cell viability also decreased 
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at top concentration, although not a statistically significant result, which could account for 

decrease to MN prevalence, with the initiation of cell death instead. The additional 24-hour 

period necessary to wait before the harvesting of the cells for this assay allow the cells more 

time to replicate, as NCI-H441 cells are relatively slow, replicating every 58 hours, and the 

combination of this assay, in conjunction with the original cell death assay, suggest that these 

death effects take longer than the acute inflammatory response to arise. It support of Woo (et 

al., 2023) could therefore be suggested that generation of reactive oxygen species (ROS) 

generated via mitochondrial damage may be responsible for many of these effects, through 

activation of the NF-κB signalling pathway, which is known to elicit the production of 

inflammatory cytokines and eventually cell death or DNA damage, which could lead to cancer. 

3.4.4 Limitations 
A practical limitation is the electrostatic interactions of the PP samples with the many surfaces 

throughout the handling and exposure process, the concentration of the MNP suspension and 

input concentration into the exposure system is lower than it theoretically was. Based upon the 

lack of solubility, great agglomeration, and difficulty in handling MNPs, these materials are 

electrostatically attracted to many of the surfaces used throughout handling, resulting in loss at 

every stage, including the aerosolisation itself, as the nebuliser heads, exposure chamber, and 

the transwell inserts are all made from various plastics, electrostatically attracting the MNPs. 

In addition, sonication had no lasting effect on the suspensions, reverting to a surface layer 

within a couple of minutes, and further impacting the concentration of the suspension to be 

lower than calculated.  

C-PP was not expected to present any significant responses from a practical standpoint, as only 

the lowest mass deposition was achievable due to the size of the particles. Less than 50% of 

which were identified as 55-75 μm diameter (Withers, 2019), in comparison to the pores in the 

Vitrocell Cloud12 nebuliser pores only being 4-6 μm MMAD. Therefore, due to the size of the 

C-PP particles, they are not expected to trigger any significant responses in the alveoli, as the 

particles are too large to pass into the deep lung or internalise into epithelial cells. In humans, 

the cilia lining the trachea and bronchi would aid the removal of particles this large 

(Bustamante-Marin & Ostrowski, 2016), before reaching the alveoli, represented by the use of 

NCI-H441 type II epithelial cells. Whereas R-PP successfully demonstrated an input 

concentration-dependent increase to deposition mass, and due to the size of the particles these 

would have the potential to deposit into the deep lung structures (Thakur et al., 2020). 

A methodological limitation encountered involves the mononucleated micronucleus assay, 

which was adapted from a cytokinesis-block binucleated micronucleus assay approved by 

OECD (OECD, 2023). NCI-H441 cells replicated too slowly (54 hours) for the cytochalasin-b 

to take effect, which was left to expose for only 24 hours, so the time for the cytochalasin-b to 

take effect was too short. Due to initially acquiring poor results, a simple trial was run to 

determine whether the poor results were caused by lack of cytochalasin-b traversing the 

transwell membrane, so a series of +ve (MMS) and -ve controls (incubator) were run on cells 

cultured in transwell inserts in ALI, or quasi-ALI conditions, where a small volume of 200 μL 
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of cytochalasin-b dilution was added to the upper surface in the apical well. There were minor 

increases to micronucleus formation in the quasi-ALI cells, however these still returned 

insufficient responses, so the mononucleated approach was adopted instead, in which cyto-b 

was absent.  

At the current state of research, there are no other publications investigating the culturing of 

NCI-H441 cells and their suitability for the micronucleus assay, let alone the incorporation of 

ALI culturing, with my own published abstract for the Inhaled Particles 13 Conference (2023), 

being the only returned document with mention of this (Hodgetts et al., 2023). As this is the 

only investigation of this cell line with the mononucleated micronucleus assay, it is not yet 

possible to definitively conclude whether NCI-H441 cells are suitable for the assay. The OECD 

suggest that at least 20 experiments with comparable conditions are necessary to determine 

accurate negative control values (OECD, 2023). Typically, negative controls should present 

1.5-2.0% micronucleus formation here. Although most of the values for these are no greater 

than 2.5% for these three material test batches, there were some outlying values of 5.82% for 

the CB set, and 7.39% for C-PP, with the other two values for C-PP being 3.32% and 4.66%. 

This breadth of values may suggest that the NCI-H441 cell line is genetically unstable and may 

be unsuitable for the mononucleated micronucleus assay.  

Another limitation, which was unavoidable, was simply the light interaction of the transwell 

membranes with the fluorescent microscope and confocal LSM microscope. Initially, cellular 

morphology was attempted on a fluorescent microscope, but due to the illumination of the 

entire sample, the membrane flooded the image with light, and prevented the ability to focus 

effectively on the nuclei and cytoskeleton, therefore, cellular morphology was moved onto the 

confocal LSM, which has a much more direct area of illumination. The light could pass through 

the insert more effectively, developing a greater contrast between the background and the 

cellular foreground. Despite the enhanced illumination and image capability, the insert 

membranes were still not completely transparent nor level, so the contrast was not ideal and 

caused interference to the cells, especially at lower magnification.  
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3.4.5 Knowledge gaps + future direction 
Determination of an oxidative stress response should still be collected from future research, as 

it was absent form this study. Oxidative stress and production of ROS are a key to the toxic 

responses and adverse outcome pathways. Understanding their occurrence will further develop 

the full breath of impact which MNPs could potentially cause to alveoli.  

As this study investigated a single 24-hour exposure, analysed responses are considered acute, 

but does not represent chronic or repeated exposures. Therefore, longer exposure periods or 

repeated particle depositions, for continuous and repeated exposures respectively. 

There are more realistic in vitro lung models available to use, such as the additional co-

culturing of type-I epithelial cells and/or macrophages, to simulate more cell types of the 

alveoli and the realism of their interactions. However, the development of this would increase 

the need to optimise the micronucleus assay even further and would increase the complexity 

of every endpoint assay involved. Alternatively, models of primary cells could be purchased, 

such as the Epithelix MucilAir (Epithelix, since 2006), which are cultured from live donors, 

and can be tailored to originate from ‘healthy’ donors, or those with pre-existing respiratory 

conditions such as asthma, or cells from cigarette smokers. Despite the greater realism of 

commercial primary models such as these, they are very expensive, so a cost-benefit analysis 

should be conducted. So generally, novel studies would be better suited to less expensive, more 

reproducible models initially. On the other hand, in vivo models, such as embryonic zebrafish 

could be utilised to investigate whole-organism effects. However, with such models as 

embryonic zebrafish, specific respiratory investigations are not effective, and other in vivo 

models should be more appropriate. Ethical approval and laboratory licensing could limit this 

opportunity, especially considering the implementation of the NC3Rs for animal studies. 

In addition to further cellular experimentation, further investigation into the phys-chem of the 

MNPs should be done to fully understand all of the potential interaction derived from in the 

environment. For example, the use of Raman-IR spectroscopy should provide additional 

elemental and compound analysis on top of that collected from pyro-GC-MS and STEM-EDX, 

as it would bypass the melding issue encountered during pyro-GC-MS, and would assist with 

predicting potential adverse effects. This also leads into the development and optimisation of 

the synthesis and exposure processes, maximising yield, minimising contamination, and 

improving the transferral of sample materials onto the cellular models, with minimal sample 

loss. 

3.4.6 Realism 
MNPs are already ubiquitous across the environment and atmosphere, however the extent that 

these have on human health is largely unknown, and polypropylene is one of the most 

commonly found MNPs and is used primarily as an additive to coatings or as a structural 

plastic, such as in surgical face masks. As most of the toxicological research investigates the 

consumption of MNPs, the approach simulating the inhalation of MNPs was used. A dry 

powder Vitrocell was also available to use as an alternative to the aerosol system, however this 
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system requires multiple grams of material for an exposure, which was not possible due to the 

mass yields from MNP acquisition. Polyethylene terephthalate (PET) MNPs can act as nuclei 

for water vapour attraction (Wlasits et al., 2023), so PP could also act in this same way due to 

their electrostatic interactions, and therefore using the aerosol exposure system for MNPs is 

still suitable and representative of a realistic state at which humans would be exposed to MNPs. 

Initial findings demonstrate that there are potential impacts to human in vitro lung models when 

exposed to R-PP MNPs over 24 hours. IL-6 and IL-8 production, and micronucleus formation 

presented statistically significant effects. Further research must be conducted to reinforce these 

findings however, utilising the same methods and with a variety of MNPs. The collaboration 

between the material preparation techniques, exposure system (with MNP use) and the cellular 

model interaction with MNPs, have not been previously researched, so repetition of these 

methods will support the reliability of the processes and responses, and their translation into in 

vivo laboratory studies, and human exposures. 
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3.4.7 Conclusion 
Table 3.2 - Summary of CB, C-PP and R-PP endpoint statistical significance. Darker shades of yellow-orange 

arbitrarily depict greater mean average difference, in comparison to the negative control, following exposure 

response. Statistical significance depicted by ‘#’, and absence of ’#’ depicts no statistical significance. (#) 

depicts statistical significance for accompanying dataset – [live cell count] in Cell Death, and [% viability] in 

Mono/MN. Data not applicable for 1.0 and 2.0 μg/cm2 for C-PP due to methodological limitations. 

# = p<0.05, ## = p<0.001 

Material 

 

Assessment 
CB C-PP R-PP 

Mass Target 

(μg/cm2) 
0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0 

Cell Death  # ## # N/A N/A    

Barrier Int.  # ##  N/A N/A    

Mono/MN 
# ## 

## 

(#) 
 N/A N/A  # # 

IL-1β     N/A N/A    

IL-6     N/A N/A    

IL-8 # ## ##  N/A N/A    

 

To conclude, the deposition of R-PP MNPs elicit some adverse responses in type-II alveolar 

cells when cultured at the ALI, summarised in table 3.2. R-PP provided a guide as to how the 

mask samples could interact with the cell model in Chapter 4. Being predominantly PP-based, 

the masks could instigate similar responses (increases to IL-6 production, IL-8 production and 

micronucleus formation). However, as masks contain additives rather than PP alone, these 

effects demonstrated from the pure respirable-PP sample should be exacerbated in the mask 

samples, or display additional effects, depending on what the additives are within the masks.  

Although at present, it is not exactly known how relative these deposition masses are to current 

exposure to inhaled PP MNPs, but this project does provide insight into how the human lungs 

could be affected if MNP prevalence in the atmosphere continues to increase and their fate 

when inhaled by humans.  
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Chapter 4 - Investigating the Impact of 

Inhaled MNPs derived from Surgical Face 

Masks, Their Physicochemical 

Characterisation and Their Impact on 

Human Alveolar Monocultures in vitro 
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4.1 Introduction 
Surgical masks have been routinely used across medical practice and occupational settings, 

however throughout the Covid-19 pandemic, the use of these masks was extended to the 

majority of the general public. 

As a result, the demand for 

these masks soared during 

2020 and 2021 outlined in 

figure 4.1 (Richter, 2023), 

inevitable resulting in an 

influx of disposed material.  

Improper use and disposal of 

these masks leads to their 

degradation and their 

potential to form MNPs, via 

two main routes. Firstly, the direct route is dominated by improper use, as these are deemed 

single-use masks, they are intended to be correctly disposed of after a single use. Retaining and 

reusing FFP2 respirators for continuous and repeated periods of time, may induce symptoms 

of irritant rhinitis, attributed to significant presence and accumulation of PP fibres within nasal 

lavage fluid (Klimek et. al., 2020). Nasal mast cells were determined to stimulate tryptase 

secretion, with no elevation of eosinophil activation or IgE production. PP presence in the 

lavages significantly decreased after a period of mask absence. FFP2 respirators are less 

accessible than surgical masks due to their enhanced filtration ability and fit for purpose 

regulations. Therefore, surgical masks are  generally less robust and may shed an increased 

number of particles. These PP fibres are indicative of the innermost layer of the mask, being 

closest to the respiratory system, breaking down, therefore, one of the mask samples curated 

for this project consist of a milled powder of the innermost layer, dubbed ‘White’ due to its 

colour. 

Alternatively, the indirect scenario pertains to the improper disposal of masks into landfill and 

bodies of water (Morgana et al., 2021). Over time these masks degrade, usually mechanically, 

biologically, or chemically, although theories and research into photodegradation is gaining 

momentum, causing the breakaway of particles and fibres from the mask. These continue to 

degrade further into MNPs and have the potential to become airborne if small enough, typically 

<5 μm aerodynamic diameter, and then inhaled. This route can involve the entire mask forming 

MNPs, therefore, a batch of mask powder particles formed from all three mask layers was 

created, dubbed ‘Blue’, also due to its colour. 

The aim of this chapter is to determine how respirable surgical mask-derived MNPs could 

potentially impact the human lung upon inhalation, arisen by their improper use, or by their 

degradation in the environment, represented by two distinct batched of MNPs. This will be 

conducted by using various toxicological endpoint assessments, on an in vitro alveolar model 

exposed to aerosolised PP MNPs. 

 

Figure 4.6 - Estimated mask revenue and unit sales per year between 2019 

and 2022. 

 

Figure 4.7 - Estimated mask revenue and unit sales per year between 2019 

and 2022. 

 

Figure 4.8 - Estimated mask revenue and unit sales per year between 2019 

and 2022. 

 

Figure 4.9 - Estimated mask revenue and unit sales per year between 2019 

and 2022. 
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This will be conducted by the following objectives: 

• Synthesise two batched of mask-derived MNPs using novel degradation techniques and 

characterise their average diameter, polydispersity index, zeta potential, morphology, 

and elemental composition. 

• Expose NCI-H441 monocultures, cultured at the air-liquid interface, to these MNP 

batches individually for 24 hours. 

• After 24 hours, harvest the necessary components of the models to determine a range 

of endpoint assessments: pro-inflammatory response, cell death, genotoxicity, 

monolayer barrier integrity and cellular morphology.  

It is hypothesized that whole mask (blue)-MNPs will instigate a greater adverse response due 

to the potential presence of additive chemicals/dyes, which are currently unknown, but the 

innermost (white)-MNPs will instigate a response similar to R-PP MNPs. Primarily an increase 

to IL-8 production is expected.  
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4.2 Methods 

4.2.1 Outline of Milling Process 

Figure 4.10 - Outline of both mask milling processes (created by myself, using Biorender.com) 

4.2.2 Mask Milling and Preparation 

4.2.1.1 Acquisition of masks 

Three brands of mask were purchased from two popular high-street pharmacists Boots and 

Superdrug: Boots – ‘Boots Protective Face Masks’ (£4.50 for five masks), Boots – ‘LyncMed 

Face Mask’ (£10.00 for 50 masks), and Superdrug – ‘Termin8 Disposable Medical Face Mask’ 

(£9.99 for 50 masks).  

4.2.1.2 Cryomilling of Masks – Cryo-homogenisation 

The masks were cut into small pieces, ~1cm2 and equal volume of each mask was inserted into 

the vial. Two batches of mask pieces were prepared, the innermost layer of the mask (white 

mask), and all three layers of the mask (‘blue mask’). To each vial, 1:1 g mass ratio of mask : 

mill balls were added. These underwent the same protocol as described in section 3.2.1.1. It 

was very ineffective however, by the end, the samples were contaminated with steel 

contaminant fragments from the milling balls and the yield was abysmal. So, an alternative 

method was attempted, shown in figure 4.2 and described in the following section 4.1.2.3. 

4.2.1.3 Cryomilling of masks - Cryostat  

Multiple layers of mask were folded together, submerged, and frozen into a petri dish 

containing Millipore ddH2O, at -80°C. Once frozen, the sample was carved out and mounted 

into the Cryostat using mounting media. The Cryostat stage was set to move in 2 μm increments 

every wheel rotation. The shavings were collected, reconstituted and refrozen, in preparation 

to run through the Cryostat again.  
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4.2.2 Material Characterisation 

4.2.2.1 Pyrolysis-GC-MS 

A dry mass of White mask and Blue mask MNPs were used for pyro-GC-MS following the 

method in section 2.3.1. 

4.2.2.2 Size Distribution, DLS, Zeta Potential 

Size distribution, DLS and zeta potential were conducted as described in section 2.3.2, using 

White mask and Blue mask MNPs. 

4.2.3 Cell Seeding 
Cell passaging was conducted as in section 2.4.2 and seeding was conducted as noted in section 

2.4.3, using White mask and Blue mask MNPs. 

4.2.4 Aerosol Exposure 
Prior to aerosolisation, all suspensions underwent sonication to break apart agglomerated and 

improve the efficiency of deposition, following the laboratory SOP. The probe was activated 

at 10% power, alternating 10 seconds on:off, for a total of four minutes uptime. Aerosol 

exposure was conducted as described in section 2.5, using White mask and Blue mask MNPs. 

4.2.5 Microscopy 
SEM was conducted as described in section 2.6.1, STEM-EDX as in section 2.6.2, and 

Confocal LSM as in section 2.6.3, using White mask and Blue mask MNPs. 

4.2.6 Trypan Blue Exclusion Assay 
The TBE assay was carried out in accordance with the method outlined in section 2.7, using 

White mask and Blue mask MNPs. 

4.2.7 Blue Dextran Assay 
This assay was conducted as described in section 2.8, using White mask and Blue mask MNPs. 

4.2.8 Mononucleated Micronucleus Assay 
All interleukin ELISAs were conducted, with the necessary adjustments to reagents and 

samples based upon whichever interleukin was being quantified, as described in section 2.9, 

using White mask and Blue mask MNPs. 

4.2.9 Pro-inflammatory Cytokine Sandwich ELISAs 
The process for the Blue Dextran monolayer permeability assay followed the description in 

section 2.10, using White mask and Blue mask MNPs. 
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4.3 Results 

4.3.1 Characterisation 

4.3.1.1 DLS 

Table 4.1 - Polydispersity Index midpoint and midpoint-range, and Zeta Potential midpoint and midpoint-range 

of PP and respirable-PP at 25°C and 37°C. 

 

The polydispersity indices of both mask samples are greater at 37°C than 25°C, with blue mask 

PDI is greater on average than white mask. The zeta potential across all four tests are negative, 

similarly to pure PP, and white mask became more negative at 37°C in comparison to 25°C, 

whereas blue mask the inverse was observed (table 4.1). 

  



Page | 89  
 

4.3.1.2 Pyrolysis Gas-Chromatography Mass-Spectrometry 

 

Figure 4.11 - Bar Chart displaying all unique compounds eluted from White Mask powder during Thermal 

Desorption (350°C), their number of recorded peaks, and the area under each peak. 

Figure 4.12 - Bar Chart displaying all unique compounds eluted from White Mask powder during Pyrolysis 

(800°C), their number of recorded peaks, and the area under each peak. 

The white mask sample eluted into a vast array of compounds, from Thermal Desorption in 

figure 4.3, it eluted into 36 unique compounds, with a total of 66 hits across two runs. Thermal 

desorption analysis was untargeted, so PP was not actively searched for, as it can only be 

detected at pyrolytic temperatures. 2,4-dimethyl-1-heptene, amongst other C9H18 compounds 

are typical eluents for PP, so for pyrolysis, targeted analysis was conducted to confirm its 

presence, and based on the linear values from the peak area, was at 2.95x more abundant than 

the most abundant compound found by untargeted analysis (1-hexene,3,3,dimethyl-), and 

1789.72x more abundant than the least abundant compound detected (Naphthalene, 1-methyl-

), as seen in figure 4.4. during pyrolysis, white mask eluted into 25 unique compounds, 

including 2,4-dimethyl-1-heptene, with a total of 39 hits across two sample runs. 
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Figure 4.13 - Bar Chart displaying all unique compounds eluted from Blue Mask powder during Thermal 

Desorption (350°C), their number of recorded peaks, and the area under each peak. 

 

Figure 4.14 - Bar Chart displaying all unique compounds eluted from Blue Mask powder during Pyrolysis 

(800°C), their number of recorded peaks, and the area under each peak. 

During thermal desorption, Blue mask eluted into 31 unique compounds, listed in figure 4.5, 

with 49 hits across two sample runs. Ethanol, 2-(2-butoxyethoxy)-, acetate was the most 

abundant compound eluted from the blue mask sample during thermal desorption, 273.23x 

more abundant than Tetradecane, the least abundant eluent. Following pyrolysis, blue mask 

also underwent targeted analysis to determine the presence of 2,4-dimethyl-1-heptene, eluent 

of PP. Similarly to white mask, 2,4-dimethyl-1-heptene was greatly more abundant than every 

other eluent, 3.28x more abundant than 1-dodecanol, 3,7,11-trimethyl-, and 1555.89x more 

abundant than 1-dodecene, the least abundant eluent. Figure 4.6 also shows that blue mask 

eluted into 16 unique compounds, with 29 total hits across two sample runs.  
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4.3.2 Aerosolisation  

4.2.1 Mass Deposition 

 

Figure 4.15 - Deposition Data for White Mask. (A) Deposition scatter chart displaying the added mass of each 

individual deposition. (B) Deposition scatter chart showing the accumulative addition of mass throughout each 

cellular exposure. (C) Table showing the three chosen deposition targets, the actual achieved deposition medians, 

and variation within each target. Each point represents one deposition reading. 

There was a large range of white mask deposition; 394.904 ng/cm2 between the highest 

(513.615 ng/cm2) and smallest deposition (118.711 ng/cm2). The 0.5 and 1.0 μg/cm2 targets 

were successfully acquired within precision range, but 2.0 μg/cm2 was under range by 119 

ng/cm2 as described in figure 4.7C. This was attributed to adherence to the SOP, and keeping 

samples out of incubation for less than two hours (Barasova and Rothen-Rutihauser, 2019) 

demonstrated in figure 4.7B.  



Page | 92  
 

 

Figure 4.16 - Deposition Data for Blue Mask. (A) Deposition scatter chart displaying the added mass of each 

individual deposition. (B) Deposition scatter chart showing the accumulative addition of mass throughout each 

cellular exposure. (C) Table showing the three chosen deposition targets, the actual achieved deposition medians, 

and variation within each target. Each point represents one deposition reading. 

Blue mask average deposition was 305.601 ng/cm2 per 200 μL at 100 μg/mL concentration, 

blue mask depositions were on average 107.211 ng/cm2 greater with 412.812 ng/cm2 and only 

recorded a 4.892 ng/cm2 smaller range than white mask (figures 4.8A). The target of 0.5 μg/cm2 

was successfully achieved, however, 1.0 μg/cm2 and 2.0 μg/cm2 were both above target 

precision as calculated in figure 4.8C.  

 

  



Page | 93  
 

4.3.2.2 SEM and TEM 

x3,000 x15,000 x40,000 

   

   

Figure 4.17 - SEM imagery for White Mask at magnifications of x3,000, x15,000, and x40,000 

The aerosolised white mask SEM images in figure 4.9 also follow the same group structure as 

PP does, as seen in figures 3.7 and 3.8, due to the process of the aerosolisation, deposition and 

then drying of the sample. Typically, the white mask particles possess many flat edges in 

comparison to C-PP or R-PP. It can be observed that there are more MNP particles per cluster 

compared to PP and appear more consistently 5μm in diameter or smaller. 

x3,000 x15,000 x40,000 

   

   

Figure 4.18 - SEM imagery for Blue Mask at magnifications of x500, x3,000, x15,000, and x40,000 

The blue mask clusters observed in figure 4.10 also follow the same deposition clustering as 

all MNP SEM images collected, larger MNP particles surrounded by patches of NaCl crystals. 

However, the blue mask MNPs possess a ‘molten’ appearance unlike every other observed 

MNP in this project.   
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x700 x2,300 x14,000 

   
Figure 4.19 - TEM imagery for White Mask following deposition at magnifications of x700, x2,300 and x14,000 

Figure 4.11 changes the contrast of the samples, to allow the observation of the hazy areas, 

emanating from the larger artefacts, as also observed in figure 3.9. Furthermore, less 

contrasting ‘leaching’-effects are highlighted by the red ring, also stemming from the larger 

artefacts. 

x900 x7,000 x11,000 

   
Figure 4.20 - TEM imagery for Blue Mask following deposition at magnifications of x900, x7,000 and x11,000 

As previously also observed, the hazy regions surrounding the larger artefacts are also present, 

however the blue mask MNP images (figure 4.12), they appear more crystalline when 

compared to the other equivalent imaged from the other MNPs. These regions also appear 

flecked, with scattered light dots throughout these hazy regions. The large artefacts observed 

here from blue mask MNPs, still appear less angular than the other observed MNP samples.  
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4.3.2.3 STEM-EDX 

A B  

  

 

C D E 

   
Figure 4.21 - STEM-EDX imagery (A) for White mask following deposition, displaying Carbon (B), Sodium + 

Chlorine (Chloride) (C), Oxygen (D) and Titanium (E) at x14,000 magnification 

Figure 4.22 - STEM-EDX imagery (A) for Blue mask following deposition, displaying Carbon (B), Sodium + 

Chlorine (Chloride) (C), Oxygen (D) and Titanium (E) at x14,000 magnification 

A B  

  

 

C D E 
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The main detected elements in white mask STEM-EDX were carbon, sodium, chlorine oxygen 

and titanium. The most dense and abundant elements detected from the sample was sodium 

and chlorine, which are concentrated on the shapes of the large artefacts. Carbon, oxygen and 

titanium are most dense in the hazy regions observed connected to the large artefact (figure 

4.13). 

The main detected elements in blue mask STEM-EDX were carbon, sodium, chlorine oxygen 

and titanium. The most abundant elements detected from the sample was sodium and chlorine, 

which were most densely concentrated in the regions of the large artefacts. Oxygen and 

titanium are most dense in the hazy regions observed connected to the large artefact (figure 

4.14). However, the density of detected carbon, oxygen and titanium is lower than observed in 

the white mask sample.  

4.3.2.4 Confocal LSM Microscopy 

White Mask Blue Mask 

  
Figure 4.23 - Confocal LSM Microscopy for White Mask and Blue Mask following deposition, displaying a 

multi-channel image of Alexafluor 633 Phalloidin and DAPI 

Cell density is consistent across both mask MNP samples. Cytoskeleton of both samples is 

visible, but definition is inconsistent throughout. The nuclei are more defined in the blue mask 

image, however the nuclei present greater proportion of granularity than white mask (figure 

4.15). 
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4.3.3 Cellular Endpoints 

4.3.3.1 Cell Death – Trypan Blue Exclusion Assay 

 

Figure 4.24 - % Viability (i) and live cell count (ii) of NCI-H441 cells following 24-hours exposure to White 

Mask MNPs (A) and Blue Mask MNPs (B). Data presented as each replicate (points) and mean average between 

replicates (bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 

Neither % viability or live cell count for white mask indicated any statistically significant 

changes, except for the +ve controls seen in figure 4.16A(i) and 4.16A(ii).  

No statistically significant changes were observed after blue mask exposure either in figure 

4.16B(i) and 4.16B(ii) except for the +ve controls, although an average viability decrease of 

10.42% was recorded between the -ve control and 2.0 μg/cm2.  

Biologically, there is no significance from these results. White showed no effect at any 

concentration, and whilst blue did present a viability decrease compared to the negative control, 

when compared to the NaCl vehicle control, there was no observed effect.  
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4.3.3.2 Membrane Integrity – Dextran Blue Assay 

 

Neither white mask in figure 4.17A, or blue mask in figure 4.17B displayed any effect to 

monolayer permeability, all tested conditions and concentrations held consistent results within 

each other and against each other, with absorbance readings rarely straying above 0.05-0.06. 

Only the +ve controls displayed any changes (p≤0.001) across both samples, except for 

Trypsin-EDTA +ve control for white mask. Therefore, both materials were not statistically or 

biologically significant. 

 

  

Figure 4.30 - Absorbance of basal well media of NCI-H441 cells following 24-hours exposure to White Mask 
(Left) and Blue Mask (Right), and two hours of Dextran Blue solution diffusion. Data presented as each 
replicate (points) and mean average between replicates (bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 

 

Figure 4.31 - Depiction of the routes of how mask MNPs can potentially be inhaled by humansFigure 4.32 - 

Absorbance of basal well media of NCI-H441 cells following 24-hours exposure to White Mask (Left) and 
Blue Mask (Right), and two hours of Dextran Blue solution diffusion. Data presented as each replicate 
(points) and mean average between replicates (bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 

 

Figure 4.33 - Depiction of the routes of how mask MNPs can potentially be inhaled by humans (created by 
myself, using Biorender.com) 

 

 

 

Figure 4.34 - Depiction of the routes of how mask MNPs can potentially be inhaled by humansFigure 4.35 - 

Absorbance of basal well media of NCI-H441 cells following 24-hours exposure to White Mask (Left) and 
Blue Mask (Right), and two hours of Dextran Blue solution diffusion. Data presented as each replicate 
(points) and mean average between replicates (bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 

 

Figure 4.36 - Depiction of the routes of how mask MNPs can potentially be inhaled by humansFigure 4.37 - 

Absorbance of basal well media of NCI-H441 cells following 24-hours exposure to White Mask (Left) and 
Blue Mask (Right), and two hours of Dextran Blue solution diffusion. Data presented as each replicate 
(points) and mean average between replicates (bar) within each concentration. 
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4.3.3.3 Genotoxicity – Mononucleated Micronucleus  

Figure 4.38 - % Mononucleated micronucleus formation (i) and % viability (ii) of NCI-H441 cells following 24-

hours exposure to Carbon Black (A), C-PP (B), and R-PP (C). Data presented as mean average MN formation ± 

standard error of the mean (i), and as each replicate (points) and mean average between replicates (bar) (ii). 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 

The mononucleated-micronucleus (Mono/MN) prevalence trend observed in both mask 

samples figure 4.18A(i) and 4.18B(i), is similar to that also seen in figure 3.14C(i), following 

R-PP exposure, increasing in frequency up to 1.0 μg/cm2 and decreasing at top concentration 

of 2.0 μg/cm2. Despite both mask samples following this trend, in figure 4.18B(i) blue mask 

boasts greater statistical significance, demonstrated at every MNP concentration (p≤0.05 at 0.5 

and 2.0 μg/cm2, then p≤0.001 at 1.0 μg/cm2), compared to white mask in figure 4.18A(i) 

(p≤0.05 at 1.0 and 2.0 μg/cm2) and is not significant at 0.5 μg/cm2. White mask demonstrates 

no effect to accompanying viability, maintaining consistent and steady 92.72%±6.33% 

viability across every data point in figure 4.18A(ii). On the other hand, blue mask 

accompanying % viability in figure 4.18B(ii), appears to follow a similar trend to R-PP seen in 

figure 3.14C(ii), having much greater variation than white mask, and a large outlier result at 

2.0 μg/cm2. These data suggest that all concentrations are biologically significant, considering 

the great difference compared to both the negative control and NaCl control.  
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4.3.3.4 Pro-inflammatory Response – ELISAs – IL-1β, IL-6, IL-8 

 

Figure 4.39 - Pro-inflammatory IL-1β (i) and IL-6 (ii) cytokine and IL-8 (iii) chemokine production from NCI-

H441 cells, following 24-hours exposure to White Mask MNPs (A) and Blue Mask MNPs (B). Data presented as 

each replicate (points) and mean average between replicates (bar) within each concentration. 

# - significance to -ve control, *  - significance between concentrations. 

Number of symbols determines level of significance: 1x symbol = p≤0.05, 2x symbols = p≤0.001 

Little-to-no IL-1β or IL-6 production was detected following white mask exposure seen in 

figures 4.19A(i and ii), with only the +ve controls displaying significance (p≤0.05 for IL-1β, 

and p≤0.001 for IL-6). The IL-8 production in figure 4.19A(iii), however, displays a dose-

dependent increase, becoming significant at 2.0 μg/cm2 (p≤0.05) and the +ve control (p≤0.001). 

The same trends with both IL-1β and IL-6 production in figures 4.19B(i and ii) were seen in 

blue mask also, showing little-to-no effect, with only the +ve controls again demonstrating 

significance (both p≤0.05). There was also a reading for IL-6 at 2.0 μg/cm2 which could be 

deemed anomalous. IL-8 production in figure 4.19C(iii) was the only cytokine to follow a dose-

dependent increase and display any significance, starting at 1.0 μg/cm2 (p≤0.05 at 1.0 μg/cm2, 

then p≤0.001 at 2.0 μg/cm2 and +ve control). 

Only the top concentration of IL-8 in the blue sample can be deemed biologically significant. 

Despite the steady dose-dependent increase for blue IL-1β, the increase was not significant, 

and for the white IL-8 increases, due to two points for both 1.0 and 2.0 μg/cm2 showing minimal 

effect. 
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4.4 Discussion 

4.4.1 Introductory 
The two batches of MNPs procured for this chapter are both derived from commercially-

available Type-IIR face masks, purchased from high-street pharmacist stores. As previously 

mentioned in the introduction to this chapter, these masks were developed into two batches; 

White, containing the innermost layer only, to simulate the direct inhalation of shed MNPs, 

and Blue, the entire mask, to simulate the indirect inhalation as a product of disposal 

degradation, summarised in figure 4.20 (Han et al., 2021. Morgana et al., 2021). 

PP is listed to be the main 

plastic component of these 

masks. However, they are 

known to contain additives for 

a range of additional 

properties as discussed 

previously, such as TiO2, 

which may have an effect on 

the adverse responses. Current 

research into the mask 

manufacturing process states 

that the closest layer to the respiratory system and the outermost blue layer are both made via 

spunbonded PP, which consist of coarser fibres and contribute the rigidity of the entire structure 

– 20 g/m2 – in contrast to the central layer which is designed to conduct the most filtration and 

is synthesized via melt-blowing PP – 25 g/m2 (Henneberry and Rossettie et al., 2020).  

The cryomilling technique adopted for the commercial PP as discussed in section 3.2.1, was 

not suitable for the masks, the mass yield was poor, with the cut mask sections being mostly 

intact by the end of the process, and the extracts were laden with steel fragment contamination 

from the vials and milling balls. The reasons for the poor degradation could be due to 

overpacking of the mask, and the limited space of which the milling balls could access. The 

exact density of the masks is not currently known; however, it is estimated that each layer is 

20-25 g/m2 (Henneberry and Rossettie et al., 2020), whilst the density of the C-PP powder is 

0.90-0.91 g/cm3 according to the product datasheet. Therefore, an alternative novel technique 

was adopted utilising the cryostat, to efficiently maximise the chance of each particle, in at 

least one orientation, was less than the median mass aerodynamic diameter (MMAD) diameter 

of the Vitrocell Cloud12 nebuliser head pores. 

  

Figure 4.40 - Depiction of the routes of how mask MNPs can potentially 

be inhaled by humans (created by myself, using Biorender.com) 

 

 

 

Figure 4.41 - Depiction of the routes of how mask MNPs can potentially 

be inhaled by humans (created by myself, using Biorender.com) 

 

 

 

Figure 4.42 - Depiction of the routes of how mask MNPs can potentially 

be inhaled by humans (created by myself, using Biorender.com) 

 

 

 

Figure 4.43 - Depiction of the routes of how mask MNPs can potentially 

be inhaled by humans (created by myself, using Biorender.com) 
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4.4.2 Characterisation 
Increasing the temperature of suspension increased the PDI and both temperatures were within 

the acceptable limit for particle homogeneity acceptance (ISO 22412:2017, 2017). Also, the 

negative zeta potential of both mask samples at both temperatures supports the same observed 

effect of agglomeration and the loss of material when handling, from the contacting with 

surfaces as previously discussed in section 3.4 leading to inefficient material deposition and 

input concentrations being practically lower than their theoretical calculations. 

STEM-EDX HAADF imagery also suggests that the electric double-layer theory 

(Nauruzbayeva et al., 2020) has taken effect, as discussed in section 3.4. The deposited 

artefacts should be presenting as mostly carbon but are mostly signalling as sodium and 

chlorine, which could mislead analysis as a false negative result for the presence of carbon. 

Additionally, the material present on the white mask images on both SEM and TEM are more 

angular than blue mask, which appears more rounded and molten in shape. This suggests that 

the melt-blown central layer has a lower melting point of 121°C to 128.8°C (Kamin et al., 

2020) than the spunbond external layers. An exact melting point for spunbond PP cannot be 

found, but literature states values between 139.3°C and 186.2°C (Kamin et al., 2020. Yamada 

et al., 2003) for PP fibres. However, exposure to these temperatures is not possible during the 

cryotome process of milling, so the cause of why the blue mask MNPs appear to be melted 

could be due to the intensity of electron beams when observed in TEM and SEM, which can 

reach 150°C at the surface of materials (Science Learning Hub, 2021).  Furthermore, based on 

the pyro-GC-MS results, there is support for the melt-merging of the blue mask, as these MNPs 

consistently eluted to a lower number of unique compounds than the white mask MNPs across 

both the thermal desorption and pyrolysis temperatures. This also suggests that there may be 

additives in the central melt-blown layer and/or the outer blue mask layer, which also form 

different unique compounds when compared to the innermost layer alone.  

4.4.3 Cellular Endpoints 
Both of the mask samples were statistically significant at top concentration, and blue mask also 

at 1.0 μg/cm2, in the production of IL-8. Production of IL-1β and IL-6 did not present any 

significant changes. No significant cell viability decreases were observed across either white 

or blue mask MNPs, although the overall viability was lower from the blue mask exposures. 

However, cell viability following exposure to the NaCl vehicle control alone was lower for the 

blue mask set than white mask, so this may suggest the cells cultured for the blue set were more 

predisposed to adverse effects at the time, despite this difference not being statistically 

significant. 

The mononucleated micronucleus assay presented a similar trend to R-PP, where MN 

formation peaks at 1.0 μg/cm2 and then decreases again at 2.0 μg/cm2 concentration, whilst still 

retaining statistical significance against the negative control at both. However, the difference 

is the greater drop in accompanying cell viability at the top concentration in blue mask, which 

mimics the trend from the R-PP data unlike the white mask, although none of the three MNP 

exposures presented a statistically significant decrease in viability. This drop of mono/MN 
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formation at top concentration could be justified by the accompanying decrease in cell viability, 

however this is not supported from the white mask data, and further genotoxic investigation 

must ensue. The reason as to why cell viability decreased in both R-PP and blue mask, but not 

white mask is unknown. 

4.4.4 Limitations 
The same practical limitations as discussed in section 3.4, also apply here regarding material 

handling, confocal LSM and mononucleated micronucleus assay.  

Any form of the micronucleus assay is not currently optimised for NCI-H441 cells. The use of 

NCI-H441 cells in the binucleated assay is ineffective, due to their long population doubling 

time of 58 hours (Meldrum et al., 2022), which was demonstrated initially in this project, and 

the reason of conversion to the mononucleated adaptation. However, the mononucleated 

adaptation has not been conducted before using NCI-H441 cells, also as previously discussed, 

and therefore these genotoxicity results are not strong enough on their own to dictate whether 

mask MNPs do induce deoxyribose nucleic acid (DNA) damage. The negative control results 

from the white and blue mask exposures were more consistent than those from CB, C-PP and 

R-PP in section 3, having a range of 0.82% for white, and 0.54% for blue, but this is still not 

enough to validate the genetic stability of the cell line. 

From the use of pyro-GC-MS and STEM-EDX in this project, it is still not possible to 

determine the full chemical profile of the masks, or all of the materials used in their 

manufacture. For example, from the STEM-EDX analysis, Titanium and Oxygen was detected 

in all MNP images, at greatest density in the surrounding hazy areas to the main artefacts, but 

with sporadic signals detected across the whole image. The use of titanium dioxide (TiO2) in 

the manufacture of all of these plastics could be an explanation for this, which is used as a 

white colourant in applications such as paints, ink, cosmetics, food, as white food colourant 

E171, and plastics (Haider et al., 2019). Its use in masks is noted in patent filings as previously 

discussed. Two inhalation exposure studies documented that TiO2 increased both benign and 

malignant lung cancer prevalence in rats at high doses, but three additional studies on mice and 

rats opposed this, presenting no increase to prevalence (IARC, 2010), so the consumption of 

E171 was allowed to continue. In 2017, the European Chemical Agency proposed TiO2 as a 

Category 2 carcinogen upon inhalation (CfRAR ECHA, 2017), although many more recent 

studies disagree on the toxicity of TiO2 on other organs (Urrutia-Ortega et al., 2016. Blevins et 

al., 2019. Brand et al., 2020). TiO2 is not observable from the pyro-GC-MS findings due to the 

boiling temperature of TiO2 being unobtainable with the protocol and equipment, requiring 

nearly 3000°C (OSHA, 2021).  

4.4.5 Knowledge Gaps and Future Direction 
Time and amount of mask MNPs were limited in this project, and the largest focus was on the 

in vitro toxicity responses, so it was not possible to address every angle of the material analysis, 

so a separate material sciences study should be conducted on the mask MNPs to fulfil this. 

Additional methods could also be incorporated in future study, such as Raman spectroscopy, 
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which is a non-destructive elemental analysis, could be adopted. This approach uses light to 

determine the chemical composition of the samples (HORIBA Scientific), with the additional 

benefit of not melting the MNPs unlike pyro-GC-MS and triggering the of the merging layers. 

This would also be used to assist the other two means of elemental analysis to support or 

contradict their findings.  

To assist the STEM-EDX analysis, additional assessment using dry-powder dropcast MNP 

samples could be conducted prior to their aerosolisation, which would prevent interference 

from NaCl, and the double electric-layer from forming, which blocks the elemental signals 

from the material underneath. Furthermore, the assessment of each mask layer individually 

could help pinpoint the exacerbation in responses from the blue mask sample in comparison to 

the white mask exposures, as this would also prevent the melt-merging effect observed in the 

blue mask MNPs and allow for a more detailed understanding of composition. Future 

investigation into a more detailed analysis of the chemical composition of the masks and 

additives will be necessary, as the complete assessment of this was beyond the scope of the 

project, although developing an insight was necessary. 

Determining the oxidative stress responses is also imperative to investigate, to further 

understand the mechanisms of how the increases to IL-8 and mono/MN productions are 

triggered. For example, oxidative stress responses are known to instigate both a pro-

inflammatory response via NF-κB signalling pathways (MacNee, 2001. Hoshino & Mishima, 

2008) and oxidative DNA damage (Valko et al., 2004) leading to cancers in the respiratory 

system. 
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4.4.6 Realism 
Fully understanding the constituent materials in the masks will help pave the way to develop 

solutions for the use of more sustainable, safer alternatives in their manufacture. For example, 

a suitable biodegradable alternative to PP could be developed based upon materials similar to 

polylactic acid, which is currently used in food and beverage containment, but also has 

applications in medicine in tissue engineering, regenerative medicine, and some medical 

equipment (DeStefano et al., 2020). Given further research and understanding, it could be 

possible to implement biodegradable plastics into the manufacture of more items. Patents grant 

insight into the potential materials used to construct the masks, but quantifying them requires 

further research to develop a hazard profile. 

From the increasing use of biodegradable plastics, instead of non-biodegradable single-use 

plastics, the resulting annual wastage of single-use plastics should decrease in theory. 

Therefore, reducing the rate of which these MNPs are leaching into the environment. Reducing 

the rate of which MNPs leach into the environment, would allow MNP removal processes to 

become more effective such as coagulation (Ma et al., 2019), membrane bioreactor separation 

(Poerio et al., 2019), and MNP biodegradation (Rai et al., 2021), because the replacement rate 

of MNPs into the environment would decrease. Despite the initial promise that biodegradable 

plastic-like polymers may possess, they are more limited in functionality, they have even less 

toxicity understanding than commodity plastics, and at present, the representation of their 

ability to degrade is misleading. Polylactic Acid for example, is a common ‘biodegradable’ 

plastic-like polymer, which is often used as a food packaging. Its ability to degrade is regulated 

within the European Standard of BS EN 13432:2000 (European Standards, 2007). However, 

this standard only applies to polylactic acid used in food packaging, and its potential to degrade 

with the intervention of industrial composting, where conditions are consistently >60°C with 

continuous airflow and humidity. In the environment, polylactic acid products are estimated to 

degrade from between 30 years (Narancic et al., 2018. Chamas et al., 2020) to as little as 1% 

in 100 years (Narancic & O'Connor, 2019), depending on the composition. For masks 

specifically, an alternative such as polylactic acid may not be suitable for purpose, due to the 

heat and humidity generated by exhalation, contributing to premature degradation. 

  



Page | 106  
 

4.4.7 Conclusion 
Table 4.2 - Summary of white and blue mask MNP endpoint significance. Darker shades of yellow-orange 

arbitrarily depict greater mean average difference, in comparison to the negative control, following exposure 

response. Statistical significance depicted by ‘#’. Absence of ’#’ depicts no statistical significance. (#) depicts 

statistical significance for accompanying dataset – [live cell count] in Cell Death, and [% viability] in 

Mono/MN. 

# = p<0.05, ## = p<0.001 

Material 

 

Assessment 
White Mask Blue Mask 

Mass Target (μg/cm2) 0.5 1.0 2.0 0.5 1.0 2.0 

Cell Death       

Barrier Int.       

Mono/MN  # # # ## # 

IL-1β       

IL-6       

IL-8   #  # ## 

 

In conclusion, table 4.2 summarises the significant effects induced as a result of the simulated 

inhalation of mask MNPs on type-II alveolar epithelial cells cultured at the ALI. The findings 

from the inhalation of the blue mask MNPs supports the hypothesis, however based upon the 

elemental analysis and characterisation data, it is not possible to yet determine exactly why this 

is. Additives to the construction of masks cannot be elucidated from this data cannot yet be 

identified due to the merging of the mask layers and the double electric-layer of NaCl following 

aerosolisation. 
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Chapter 5 - General Discussion 
  



Page | 108  
 

5.1 Introductory 
This project aimed to identify potential toxic adverse effects, if any, to NCI-H441 alveolar 

type-II epithelial cell-line cells, cultured at the ALI, following a 24-hour exposure to 

aerosolised PP of respirable and non-respirable diameters, and MNPs derived from level-2 

surgical face masks in vitro. Very limited research exists into the inhalation of MNPs, and 

therefore exposure concentrations of PP or mask MNPs were unable to be obtained from 

current quantification data and therefore preventing conversion into an in vitro relative. 

Preliminary mass depositions were decided based upon in vitro conversion masses derived 

from carbon black exposures from an industrial setting (Søs Poulsen, et al., 2013), although 

these deposition values were adjusted in this project for two reasons: material yield from 

milling was limited, especially from the masks; and in practice, the deposition of the MNPs 

was inefficient and it was unachievable to reach 3.1μg/cm2 without compromising the cellular 

models outside of incubation (Meldrum, et al., 2019). 

R-PP samples were used as a representative control particle against the mask MNPs. There are 

no previous studies covering the same endpoints, using the same models, or the same exposure 

systems for C-PP or R-PP, hence the purpose of their initial assessment against CB as their 

positive particle control. Against the mask MNPs, R-PP (or pure PP MNPs of similar, relevant 

size) may be considered a comparative particle, and so any observed differences to adverse 

effects in the mask MNPs should be due to the additives within the masks. So overall, C-PP 

and R-PP may act as a representative control particle against the mask MNPs, but the scope of 

this project was not to establish a suitable PP control particle. 

5.2 Milling, Handling and Characterisation 
MNPs are difficult to handle due to the electrostatic charge they possess (Shao, et al., 2015), 

and is supported by the zeta potential findings from this project. They attract to many surfaces, 

namely plastics or glass, which constitutes most surfaces the MNPs come into contact within 

laboratory practice. Material adhered to each contacted surface and resulted in a loss every time 

a transferral occurs.  

Both of the novel milling approaches used for MNPs synthesis are not currently standardised, 

so the ability to compare these MNPs between other studies is difficult to accomplish. 

However, each approach was successful in forming suitable quantities of R-PP and mask MNPs 

at respirable diameters (Thakur, et al., 2020), to total masses which could be carried across all 

exposures. But as the two different approaches were necessary to produce MNPs from the 

different plastic sources, it is not possible to determine if one is more effective than the other. 

SEM and TEM imagery of R-PP and white mask MNPs appeared generally angular, however, 

blue mask particles appeared melted, with rounded morphology. The reason why the blue mask 

MNPs appeared this way is not confirmed, but could be due to the lower melting temperature 

of the melt-blown central layer of the mask; 121°C to 128.8°C (Kamin et al., 2020), compared 

to the external spunbond layers; 139.3°C to 186.2°C (Kamin et al., 2020. Yamada et al., 2003), 

melting by the heat generated by the electron beams of the electron microscopes, which are 

expected to reach around 150°C at the surface of observed materials (Science Learning Hub, 

2021). Pyro-GC-MS also suggests the possibility of this occurring, because the blue mask 
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sample eluted into a lower number of unique compounds than white mask, so an amalgam of 

the three layers could have formed, and therefore separated into a lower number of compounds. 

5.3 Cellular Endpoints 
Existing studies do not investigate PP on NCI-H441 cells cultured at the ALI, most studies that 

investigate toxicity of MNPs use polystyrene particles usually in the with micro-scale on 

intestinal models (Paul et al., 2020). These studies however, suggest pro-inflammatory, ROS 

production leading to oxidative stress and genotoxicity (González-Acedo et al., 2021).  

IL-8 production and micronucleus formation (genotoxicity) presented the greatest significance 

in this project, which supports general findings from other MNP toxicity studies, which do not 

investigate inhalation or PP, indicating a pro-inflammatory response and potential to cause 

genotoxicity. Whereas there were little-to-no response from any other endpoints, as 

summarised in table 5.1, which suggests further assessment into oxidative stress-induced 

genotoxicity is necessary. The micronucleus assay is not widely used as a genotoxicity 

assessment, and its use has not been recorded on NCI-H441 cells prior to this project, except 

from its notation by Meldrum et al (2022), who stated this cell cycle replicates too slowly (58 

hours) and is therefore not suitable for use with cytochalasin-b and the cytokinesis-block 

variation of the assay, so the mononucleate variation was adopted, which does not use 

cytochalasin-b (OECD, 2023). Additionally due to the limited assessment on this cell line, it is 

not possible to yet determine whether the cell line is genetically stable enough to be suitable 

for this assay. In general, blue mask MNPs instigated the most significant results across the 

MNP toxicity tests, which supports the hypothesis of this project.  

Table 5.1 - Summary of endpoint statistical significance. Darker shades of yellow-orange depict greater mean 

average difference, in comparison to the negative control, following exposure response. Statistical significance 

depicted by ‘#’. Absence of ’#’ depicts no statistical significance. (#) depicts statistical significance for 

accompanying dataset – [live cell count] in Cell Death, and [% viability] in Mono/MN. Data not applicable for 

1.0 and 2.0 μg/cm2 for C-PP due to methodological limitations. 

# = p<0.05, ## = p<0.001 

Material 

 

Assessment 
CB C-PP R-PP White Mask Blue Mask 

Mass Target 

(μg/cm2) 
0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0 

Cell Death  # ## # N/A N/A          

Barrier Int.  # #  N/A N/A          

Mono/MN # ## ##(#)  N/A N/A  # #  # # # ## # 

IL-1β     N/A N/A          

IL-6     N/A N/A          

IL-8 # ## ##  N/A N/A      #  # ## 
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5.4 Realism 

The two distinct batches of mask material were representative of the two routes of which mask-

derived MNPs could be inhaled. The direct route of inhalation was represented by the white 

mask sample and consisted of the innermost layer only. The theory behind the white mask 

MNPs was to replicate those from the improper use of masks, referring to the repeated or 

excessive long-term use of these masks, despite being single-use only. It has also been 

theorised by Klimek et al. (2020) that the shortage of PPE available during the pandemic caused 

the outsourcing of non-CE certified equipment with poor safety and manufacturing standards, 

degrade more easily and could additionally be responsible for the increase of the occupational-

worker patients assessed throughout that study.  

On the other hand, the blue mask MNP batch, is intended to represent the indirect route of 

inhalation and the more environmentally-inclined of the two mask MNPs. This material 

represents the improper disposal and wastage of the masks, their degradation in landfill and 

bodies of water, and release of MNPs into the atmosphere which are inhaled. Due to the 

addition of two more layers in comparison to the white mask MNPs, it was expected that blue 

mask MNPs would instigate a greater toxic response in general, when compared to white mask 

MNPs (Han et al., 2021). However, as the constituents of masks are not fully understood or 

known, the extent of potential impact could not be predicted based upon toxicity of other 

known materials. 

Product descriptions pass over the constructive material(s) of masks fully, other than being 

‘mostly polypropylene’. Absence of material and chemical naming could cause issues, but it is 

not necessary to list on labelling in some cases. The UK Government states that all information 

does not have to be included on every type of labelling, but if information is included, it cannot 

be ‘misleading’ (Gov.UK, 2015). There are only three essential requirements that packaging 

must adhere to at the very minimum: package volume and weight; packaging must permit the 

reuse or recovery depending on the specific requirements; and that the use of noxious or 

hazardous substances should be kept to minimum (Trade, 2015). 

TiO2 particles have been found within face masks (Verleysen et al., 2022), which is typically 

used as a white colourant, even in foods as E171, and was approved by the FDA in 1966, prior 

to the discovery of potential genotoxicity risks (Blaznik et al., 2021). STEM-EDX conducted 

in this project did detect signals of both titanium and oxygen which could support Verleysen’s 

et al., (2022) statement of TiO2 presence of in masks, however, the pyro-GC-MS findings in 

this study disputed this theory, as no compounds eluted contained titanium. 

5.5 Knowledge Gaps and Future Direction 

It is too early to fully determine how these adverse effects could be translated into human lung 

impact, there is not enough research in this field to investigate every toxicity assessment for 

type of MNP. MNP material research for efficient toxicity assessment is novel and ongoing, 

and largely absent with in vitro inhalation models, but developing the optimisation and 

standardisation of processes to produce consistent MNPs will improve their accessibility to 

conduct research.  
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Evaluating the production of ROS and the impact of oxidative stress is an imperative next step 

for the development of this research as it has already been identified from existing MNP and 

PM2.5 toxicity research (Hu & Palić, 2020), and its association with adverse outcome pathways 

such a s those associated with PM2.5 inhalation on secondary cardiotoxicity (Yu et al., 2022). 

ROS assessment was unfortunately not conducted in this project due to limited sample number 

due to material quantity, and the resulting mRNA for use in PCR. Furthermore, the timing of 

when this assessment was to be conducted was late in the timeframe of the project, so it was 

necessary to prioritise thesis writing. A small number of qRT-PCR plates were run in trial, 

using the SOD1 gene of interest, but due to the very limited number of which were run, it was 

not possible to draw strong statistical conclusions.  

Additional future developments, should investigate the physicochemical analysis of MNPs, 

especially MNPs derived from non-pure sources, which may contain additives, such as the 

masks used throughout this project. The use of STEM-EDX, pyro-GC-MS, and Raman 

spectroscopy are methods which should be capable of generating a complete chemical map of 

assessed materials and the identification of additives.  

As MNPs in general are difficult to handle due to their electrostatic attraction to many 

laboratory surfaces, additional developments should be focussed here to minimise material lost, 

with the aim to improve the accuracy of input concentration-deposition mass. This is important 

to improve as this is a key to implementing the translation between in vivo and in vitro exposure 

reliably.   

5.6 Conclusion 

This project was successful in its aim to determine a potential picture of how PP and mask-

derived MNPs impact in vitro NCI-H441 monocultures. It is too early to determine the exact 

translation into in vivo studies, such as the exposure concentrations, but it is an indicator as to 

what effects should be expected. There is still much research to be done surrounding MNP 

inhalation in vitro, as there are so many different MNPs which humans are exposed to, but their 

effective production and implementation to in vitro analysis requires development. 
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