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INTRODUCTION

According to the Global Burden of Disease, compared to other health risk
factors, ambient air pollution is associated with a greater probability of mortality, and
the difficulty with public health is still present. Asthma, bronchitis and pulmonary
disease, lung cancer, hypertension, high blood pressure, neurodegenerative diseases
are associated with one of the most complex and harmful air contaminants, i.e., fine
particulate matter [1, 2].

In order to comprehend its environmental levels in both indoor and outdoor air,
its sources and environmental transformations, fine particulate matter has been the
subject of thousands of research projects as well as the mechanisms underlying its
detrimental impacts on the human health. According to [3], there are numerous
techniques for determining the concentration of particulate matter in ambient air,
including inertial, gravitational, centrifugal, thermal, real-time optical measurement,
aerodynamic size measurement, electrical mobility method, electrical detection mass
spectrometry and combinations of the aforementioned.

One of the earliest, most well-known and most used techniques for sampling
aerosols is the collection of aerosol particles on a filtering substrate. The fibrous
matrixes, membranes and foams make up the majority of the filtering substrates.
Membrane filters (porous membranes, capillary membranes) have great stability and
capture efficiency, but at the cost of a considerable pressure drop within the thickness
of the filtering membrane layer. They are made of polymers (such as
polytetrafluoroethylene, cellulose esters). Foam filters are made of either an inorganic
substance (such as stainless steel) or a polymer (such as polypropylene) and function
as a volume mesh of big pores to capture coarse particles. The building blocks of
fibrous matrices are dense meshes of fibres with erratic orientations. Typically,
cellulose or natural materials, such as glass or quartz, are used to create fibrous
matrixes. Despite being one of the most often used substrates for aerosol sampling,
fibrous filters have a number of drawbacks: because of their large surface area, higher
volatility substances (e.g., some PAHs or organometallic compounds) found in the
sampled particles a) evaporate from the filter during prolonged storage, b) affect the
results of a chemical analysis (such as metals in aerosol particles) and c) some
formulations of pure mineral fibres (such as quartz) are mechanically unstable and
disintegrate during handling.

In recent decades, there has been a significant expansion in the study of aerosol
cytotoxicity, notably in the setting of nanoparticles. This increase in attention is partly
attributable to the growing concerns about the possible health effects of aerosolized
nanoparticles, which are already commonplace in many industrial and environmental
atmospheres. Due to the variety of these particle properties and their complicated
interactions with biological systems, conducting thorough assessments of aerosol
nanoparticles continues to be a challenging task, despite the rising corpus of the
research. These studies are further complicated by the absence of established
techniques for determining nanoparticle toxicity. The demand for trustworthy and
affordable methods to evaluate nanoparticle cytotoxicity in vitro is constantly
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increasing due to the broad variety of nanoparticulate materials and their potential
cytotoxicity.

Numerous research have looked at the cytotoxicity of nanoparticles in vitro and
in vivo. In order to successfully construct studies that assess the cytotoxicity of
nanoparticles, aerosolized nanoparticles provide a substantial barrier. Standardized
methodologies for the assessment of aerosolized nanoparticle toxicity must be
developed for the precise characterisation of this particular environmental
contaminant.

Traditional aerosol sampling techniques have undergone continuous
improvement and have been shown to be moderately successful in capturing airborne
nanoparticles. Polytetrafluoroethylene, quartz fibre and glass fibre have all been used
in studies. The choice of material was determined by the material's chemical inertness,
physical characteristics, including pore size, and particle retention effectiveness.
However, evaluating cytotoxicity in vitro often necessitates different procedures and
assays, which makes the overall evaluation process more complex and inconsistent.
The effectiveness and variety of aerosol sampling techniques have increased with the
introduction of new multipurpose sample filters. The variety of aerosols that can be
effectively collected is increased by these novel materials, such as nanofibre and bio-
inspired filters, which have vast surface areas and customizable pore sizes.

The ability to analyse the toxicity of nanoparticles has expanded thanks to the
developments in in vitro cytotoxicity study. Flow cytometry, confocal microscopy and
high throughput 'omics' approaches are now frequently used in nanotoxicology studies
in addition to more conventional cytotoxicity assays, e.g., MTT assay for cell
viability, LDH assay for membrane integrity and Annexin V staining for apoptosis. In
order to simulate nanoparticle toxicity scenarios in vitro, many cell culture models
have been used. It is crucial to remember that these cell culture models might not
accurately capture the intricacy of interactions and reactions that take place in a living
organism.

Therefore, a wide range of factors, including the physicochemical
characteristics of nanoparticles, the choice of cytotoxic assay, aerosol sampling
techniques and cell culture models, must be considered in order to accurately assess
the cytotoxicity of nanoparticles and their potential impact on human health. The
shortcomings and difficulties of in vitro techniques for determining nanoparticle
toxicity must be considered as well.

However, there is still a gap between the cytotoxicity testing and aerosol
sampling in available scientific literature. The realism and accuracy of later
cytotoxicity assessments may be compromised as a result of the changes in particle
properties and probable losses during handling, storage and transportation caused by
this gap. Recent studies have promoted an integrated strategy that combines in situ
aerosol sampling with later in vitro toxicity investigation to overcome this problem.

The unique design of an aerosol sampling filter (composite three-layer fibrous
matrix) has overcome this challenge that features a top nanofibrous layer, which
serves as an efficient filter for aerosol particle collection as well as a 2D-fibrous cell
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cultivation scaffold. The aerosol sampling filter is constructed as a composite filter
disc comprising at least three non-woven fibrous layers. The three-layer-structure
forms a fibrous matrix that features high mechanical stability during aerosol sampling
and subsequent handling and in vitro cell cultivation. This extends the use of aerosol
sampling filters by specifically designing these to be used in the toxicological analysis
of the collected particles.

A wide variety of aerosol types can be captured by a nanofibrous matrix acting
as a sample filter. Additionally, it can be used with the following cytotoxicity tests by
decreasing the unpredictability caused by the extraction and filtration of particles; this
method not only speeds the procedure but enables instantaneous cytotoxicity analysis
as well. The platform's goal was to deliver a multi-parameter toxicity profile that took
into account genotoxicity, oxidative stress, inflammation and cell viability. This
thorough investigation, which goes beyond the usual cytotoxicity assessments, will
provide insightful information about the potential health hazards related to the aerosol
exposure.

This study verifies the "cells on particles" technology by testing it against
nanoparticles that simulate probable aerosol exposure in work situations. It overcomes
the limitations of separate techniques by merging aerosol sampling and in vitro
cytotoxicity analysis on a single platform, guaranteeing that the evaluated particles
closely mirror those in the original aerosol and boosting the relevance of the
toxicological data acquired.

Aim of the doctoral thesis

The aim of the thesis is to develop and validate nanofibrous aerosol particle
sampling filters.

Objectives:

1. To design, fabricate and characterize nanofibrous filter substrate suitable for
the collection of aerosol particles.

2. To validate the developed nanofibrous sampling filters as platforms for the
subsequent cytotoxicity analysis of collected particles in vitro.

3. To research the properties of nanofibrous sampling filters in various air flow
regimes towards collecting the variety of particles.

Statements presented for the defense

1. The manufacturing of fibrous filters from polymers by electrohydrodynamic
processing allows to attain suitable properties regarding precise control over
the fibre composition and size.

2. The aerosol sampling platforms based on nanofibrous layers are suitable for
testing the cytotoxicity of collected aerosol particles in terms of
biocompatibility and quantitative response of cells to the nanoparticles.

3. The utilization of similar polymeric materials for manufacturing of both
nanofibre and microfibre layers ensures mechanical stability and high overall
collection efficiency, suitable to be applied to the aerosol sampling.
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Scientific novelty

L. The thesis presents a production method of a novel nanofibrous sampling filter
for collecting aerosol particles. Specifically, the sampling filter comprises a
layered composite arrangement of nano- to sub-micro-metre-sized polymeric
fibres, which provides a superior particle retention efficiency, mechanical
stability and variety of opportunities for post-processing by a plurality of
physico-chemical or toxicological analysis techniques. The design and
manufacturing methods for these sampling filters have been disclosed in the
European patent application EP22170405.9, submitted to the European Patent
Office on 28 April 2022.

2. On a basis of the nanofibrous aerosol sampling filter, a novel method of in vitro
aerosol particle cytotoxicity assessment was suggested, based on the
application of a single platform for aerosol particle collection and subsequent
cytotoxicity investigation.

3. The integration of Modde 7 software for precise control of electrospinning
parameters optimized PC and CTAB layers for air filtration. This approach
achieved a 99.9% filtration efficiency using PC nanofiber media on a 3D
substrate.

Structure and outline of the dissertation

This doctoral thesis includes an introduction, a literature review, materials and
methods, results and discussion, conclusions, a reference list, and a list of publications
related to the dissertation topic. The thesis is comprised of 134 pages, including 30
figures and 8§ tables.

Publication of the research results

The findings of this study have been published in two peer-reviewed articles in
journals listed in the CA Web of Science database. The outcomes of the experiments
were presented at four international conferences.

Practical significance

The presented aerosol sampling and particle cytotoxicity assessment method is
primarily designed to be used for the assessment of air pollution in indoor,
occupational and ambient environments. These filters play an important role in
governmental air monitoring campaigns, where they are heavily utilized. However,
their significance extends beyond mere sampling; the ability to control particle
collection surface morphology and precursor polymer opens avenues for scientific
exploration, particularly in the development of new aerosol particle analysis
techniques.
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1. LITERATURE REVIEW

1.1. Understanding the significance of aerosol sampling and electrospun
substrates

Aerosol particles, which are tiny particles suspended in the surrounding air, are
known to have a negative impact on the human health. They enter human airways and
settle in the upper respiratory tract (known as the inhalable aerosol fraction), middle
respiratory tract (referred to as the thoracic fraction) and lower respiratory tract
(referred to as the respirable fraction), depending on their size. Due to its small size,
the latter portion of aerosol particles is particularly significant, since it can reach the
lungs, penetrate the alveoli and then enter the circulation. These particles can originate
from several different places, such as natural sources, e.g., dust and sea spray, as well
as human-caused sources, such as transportation, industrial activity and agricultural
practices. According to their size, the particles can be categorized as PM 10 or PM
2.5: PM 10 denotes particles having a diameter of at least 10 micrometres, whereas
PM 2.5 denotes particles with a diameter of at least 2.5 micrometres. PM 2.5 particles
are particularly concerning because they are small enough to be inhaled and can
penetrate deep into the lungs, leading to a variety of health problems. Air pollution
caused by particulate matter has been linked to a variety of health problems, such as
lung cancer, heart disease and respiratory infections [4, 5]. Chronic health issues as
asthma and chronic obstructive pulmonary disease (COPD) [6] can develop as a result
of prolonged exposure to PM. The risk of stroke and other cardiovascular disorders
has been linked to exposure to PM2.5 in particular [7]. The programs for monitoring
air quality are used to gauge airborne particulate matter concentrations and provide
data for air quality-related policy choices. The strategies to reduce particulate matter
pollution include reducing emissions from transportation and industrial sources,
promoting clean energy and encouraging sustainable land-use practices. Everyone is
impacted by the air pollution; however, particular demographics, such as children,
elderly people and those with pre-existing medical disorders, may be more susceptible
than others [2].

Aerosol sampling with electrospun substrates is a technique that uses
electrospun fibres to capture and collect airborne particles for the analysis.
Electrospinning is the most well-known and well-established technique for making
nanofibrous scaffolds utilized in filtering applications. Due to the method of
electrospinning, thin fibres with diameters in the nano- to micrometre range are
created by drawing polymer solutions or melts through a tiny orifice using an electric
field. Due to their high porosity, huge surface area to volume ratio, microscale
interstitial gaps and interconnectivity, these fibres can be employed as a substrate for
aerosol sampling [8, 9]. The electrospinning process can be optimized by varying the
processing parameters, such as the solution concentration, applied voltage and flow
rate. Even though electrospun nanofibres can be very fragile and may not have the
necessary mechanical strength, the high surface area can lead to issues such as poor
wettability or difficulty in handling and can be sensitive to the environmental factors,
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such as humidity, temperature and air flow, which can make it difficult to achieve
consistent results [10]. Due to the difficulties at nanoscale, including spherical or
sphere-like particles, such as sodium chloride (NaCl) and dioctylpthalate (DOP), two
alternative filtration test procedures have been applied. Simultaneously monitoring
particle concentration at upstream and downstream locations, DOP delivered discrete
penetration results utilizing monodisperse aerosols. Another test setup was created to
quantify polydisperse aerosols (with a size range of 10—400 nm) both upstream and
downstream using a scanning mobility particle sizer (SMPS) [11]. However, one of
the most crucial applications of electrospun fibre is filtering. Due to distinctive
qualities, such as significant surface-area-to-volume ratio, nano porous structures, low
basis weight and ratio, the electrospun nanofibre materials of uniform size might be
used for a large-scale application of air filtration [12].

A technique for 3D printing based on the electrospinning to create shape-
variable, biodegradable mask filters were devised [13]. The application scenarios of
electrospun filters were widened by [14] to include the industrial pollutants such as
3D printing. The design of experiments (DOE) was used to optimize the
electrospinning procedure, resulting in the formation of PAN nanofibres without
beads, 100 nm in diameter. The PAN membrane with a diameter of 77 nm was created
and used to filter PM2.5 emissions from FDM 3D printing and demonstrated a
filtration effectiveness of 81.16%. Numerous investigations on the 3D reconstruction
of electrospun fibre membranes and direct electrospinning of nanofibre, including the
use of 3D printed polymeric materials, such as PLA placed on graphene-based air
filters [15], have recently been conducted by the researchers. In this study, a flexible
free-standing air filter was created using 3D printing to effectively remove NO [16].

1.2. Polymer nanofibre materials used in aerosol sampling

1.2.1. Poly(1-acrylonitrile), (CH,CHCN),

*Mn
CN

Fig. 1.1. Chemical structure of poly(1-acrylonitrile)[17]

It is commonly acknowledged that PAN is a superior polymer precursor to
produce nanofibres. This is mainly attributable to its outstanding chemical stability
and practical processability. Fig. 1.1 shows the chemical structure of poly(l-
acrylonitrile). High heat stability and low electrical resistance in polyacrylonitrile
fibres make them extremely useful in both industrial and medicinal settings. Due to
its important characteristics, such as strong mechanical strength, plasticity and modest
porosity values with larger surface area to volume ratio, PAN fibres make suitable
electrospinning candidates [18]. The findings from the TOXNET database show that
PAN has no recognized toxicities. Nitrile groups, which operate as hydrogen bonding
acceptors and enable PAN membrane activity, make an excellent air filtering media
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[19, 20]. PAN-based electrospun nanofibre membranes are receiving greater
acknowledgement as cutting-edge materials in the field of air purification.

1.2.2. Poly(hexano-6-lactam), (CsHnNO),

i
+N—(CH2)5—C+
| n
H

Fig. 1.2. Chemical structure of poly(hexano-6-lactam) [21]

According to [10], PA6 is one of the most often used engineering thermoplastics
because of its high strength, strong fatigue resistance, good water absorption and
chemical stability. Fig. 1.2 shows the chemical structure of poly(hexano-6-lactam). In
industrial manufacture and applications, it is frequently referred to as nylon 6 or
polycaprolactam. Caprolactam hydrolytic polymerization and anionic polymerization
are the main methods for producing PA6. Due to its stability and controllability during
polymerization, caprolactam hydrolysis polymerization is the preferred technique for
the mass manufacturing of PA6. The molecular chain is generated by dehydration
condensation of terminal carboxyl groups and amine groups during the hydrolysis and
polymerization of caprolactam. Therefore, during the polycondensation process, it is
crucial to keep the stoichiometric equilibrium of carboxyl groups and amine groups.
When PA6 is modified through copolymerization, the modified polymer component
that is added tends to influence the system's end group balance, which lowers the
degree of polymerization. Therefore, current research focuses on copolymerization
modification by adding various chain extenders to achieve copolymerization
modification of PA6 [22, 23, 24, 25, 26].

1.2.3. Cellulose acetate, CcH70,(OH);

Cellulose acetate

Fig. 1.3. Chemical structure of cellulose acetate [27]

Cellulose, being an abundant polymer, possesses exceptional electrospinning
application. Cellulose acetate is generated from its acetate ester by acetylation
process [28]. High porosity, elasticity with stiffness, high surface area to volume ratio
and tensile resilience are the characteristics of CA fibre that lead to a variety of
filtration applications [29, 28]. Fig. 1.3 shows the chemical structure of cellulose
acetate. An environmentally friendly and biodegradable cellulose product is cellulose
acetate (CA). It is easily made into fibres and films for different textile and biomedical
applications as well as semipermeable membranes for separation processes [30, 31].
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However, when CA films are made by using solvent casting, they tend to have poor
surface stability and dense structure, leading to low chemical and thermal stabilities
[31]. Nanotextures can be produced using electrospinning to enhance the structure and
characteristics of conventional casting texture.

CA has a huge potential for the application in electrospinning due to its
abundance and rank as one of the most common biopolymers on the globe. The
researchers have investigated the deacetylation of incredibly small CA fibres,
producing smooth nanofibres with diameters between 100 and 1,000 nm [32]. The
average diameter of the CA nanofibres, which ranges from 160 to 1,280 nm,
depending on the solvent composition, was electrospun from a mixture of acetic acid
and water. Moreover, [33] investigated the effects of different solvent systems on the
morphological appearance and size of the electrospun CA products, while [34] has
suggested that ribbon-like porous CA fibres can be electro sprayed by using a mixture
of acetone and dichloromethane with the amount of dichloromethane in the binary
solvent system having a major effect on the fibres porous structure. Due to the
increased volatility, fibres with greater porosity were created.

1.2.4. Poly[€]caprolactone, (CcH19O2)n

b

Fig. 1.4. Chemical structure of poly[e]caprolactone [35]

Poly(e-caprolactone), one of the most extensively researched biodegradable
polymers, has the advantages of high mechanical strength, strong biocompatibility,
suitable rate of biodegradation and the generation of non-toxic residues during
hydrolytic decomposition [36]. PCL is broken down by hydrolyzing ester bonds to
produce acid monomers [35]. Fig.1.4 shows the chemical structure of the chemical
structure of poly[€]caprolactone. Numerous researches have demonstrated that by
combining PCL with natural polymers, the high crystallinity of PCL may be blended
to overcome its strong hydrophobicity and slow degradation [37, 38]. Clinical and
biological usage of PCL is not new. PCL has shown to be useful in a variety of in vitro
and in vivo applications in addition to being a biomaterial [35, 39]. As previously
mentioned, this polymer is used for purposes other than biomedical materials as well.
The FDA-approved aliphatic polyester, poly(e-caprolactone) (PCL), has garnered
attention in numerous disciplines owing to its exceptional biocompatibility [40, 41].
Furthermore, prior research indicates that PCL breaks down at high temperatures and
has one of the lowest melting points among hydrophobic polymers [42, 43, 44].
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1.2.5. Poly(bisphenol A carbonate), CisH;60-
CH,

|
|
CH,

Fig. 1.5. Chemical structure of poly(bisphenol A carbonate) [45]

PC is a thermoplastic polymer that is known for its high strength, transparency
and resistance to impact. These properties make it a suitable material for use in various
applications, such as filtration, tissue engineering and drug delivery [46]. Fig. 1.5
shows the chemical structure of poly(bisphenol A carbonate). PC is a flexible material
that has been used in a wide range of products, such as armoured vehicles, electrical
equipment, load-bearing items, compact and digital video discs, sports safety
equipment and transparent windows that can withstand bullets, train carriages and
architectural projects. Moreover, PC fibres can be modified by incorporating various
agents, such as nanoparticles, drugs or other polymers to enhance their properties and
functionality [47].

One of the studies [48] discusses the development of PC nano fibres for particle
filtration applications. The researchers were able to produce smooth and bead-free
fibres with a diameter of 300 nm by adding CTAB to the solution during the
electrospinning process. The combination of high specific surface area and polarity
resulted in 100% filtration efficiency with a thickness of 32 mm and air permeability
0f 78.36 L cm2 hl. The conclusion of the study is that PC nano fibrous membrane has
potential as a material for particle filtration applications. Similar study achieved high
efficiency in the preparation of ultrafine PC fibres by adding hexadecyl trimethyl
ammonium bromide (CTAB), resulting in an average pore size of 504 nm and an
average diameter of 319 nm [49].

1.3. Fabrication techniques for nanofibrous filters
1.3.1. Electrospinning techniques

Electrospinning has been extensively investigated for more than a century with
1D fibres receiving a lot of interest. Over the years, electrospinning, a reliable,
practical, affordable, environmentally safe and industrially sustainable method for
making polymer fibres, has been essential in producing a range of polymeric fibres
with diameters from nanometres to some micrometres. Even though there are several
ways to make nanofibres, including self-assembly, vapor-phase method, solution-
liquid-solid methods, template-directed methods and hydrothermal synthesis
procedures. However, these methods produce a number of limitations, including
expensive costs, a complicated preparation process and material limitations. However,
electrospinning provides a continuous approach with a manageable morphology and
outstanding diameter/length ratio [50, 51].
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1.3.2. Solution electrospinning

A method for creating nanofibres or ultrafine fibres is electrospinning. Using a
small nozzle and a strong electric field, the method pulls a polymer solution or melt
towards a target where the charged droplets quickly solidify into fibres. Electrospun
fibres are highly consistent in size and shape and can range in diameter from tens of
nanometres to several microns.

Fluid dynamics, electrostatics and polymer science are all included in the theory
of electrospinning. In a container with a high voltage applied between the nozzle and
the target, the polymer solution or melt is put. The polymer cannot flow from the
nozzle to the target due to a repulsive force that is produced by the electric field. A
thin, charged jet of polymer is pulled from the nozzle at a particular threshold when
the electric forces outweigh the surface tension forces. The stretching and alignment
that the jet experiences as it flies results in the fibres getting finer and more uniform.
The fibres become charged because of the stretching and alignment, which aids in
stabilizing and preventing the fibres from collapsing onto themselves.

The charged fibres are drawn to the target, which is normally grounded, and
become consolidated into nanofibres. By altering variables such as polymer
concentration, the applied voltage and the flow rate of the polymer solution, the
electrospinning process may be managed. Numerous products can be made with
electrospinning, including filters, energy storage devices, wearable electronics and
medical equipment. Electrospinning is a very promising technology with the potential
to completely transform a wide range of industries due to its capacity to manufacture
ultra-fine fibres with a high degree of consistency [52].

1.3.3. Melt electrospinning

A technique for creating nanofibres from polymer melts is called melt
electrospinning. The process involves melting a polymer material, typically a
thermoplastic, and then forcing the melted material through a small nozzle under high
electrical potential. The electrical potential creates an electrostatic force that pulls the
melted material into thin, continuous fibres. The fibres are then solidified and
collected onto a collector surface to form a nonwoven web of nanofibres.

The theory behind the melt electrospinning involves several physical and
electrical forces. The high electrical potential creates an electrostatic force that attracts
the melted polymer towards the collector surface. The molten polymer's viscoelastic
characteristics, such as its viscosity and surface tension, as well have an impact on the
nanofibre web's final fibre diameter and structure. The final fibre structure is
influenced by the material's velocity as it is driven through the nozzle and the
separation between the nozzle and the collector. The controlling of numerous factors
that affect the electrospinning process, such as the electrical potential, polymer
viscosity and surface tension, flow rate and nozzle-collector distance, is crucial in
order to achieve reliable and uniform nanofibre production. It is possible to create
nanofibres with ideal diameter, strength and orientation by adjusting these variables
for a certain purpose. As it can create fibres with a consistent diameter and high aspect
ratio (length-to-diameter ratio), melt electrospinning has gained popularity as a
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method for creating nanofibres. This method yields nanofibres that have a wide range
of uses in such industries as filtration, energy storage, tissue engineering and
medication delivery [27].

1.3.4. Principle scheme of electrospinning equipment

The method of electrospinning uses the electrostatic forces produced by a high-
voltage source to propel the spinning of melts or droplets of polymer solution coming
through a small aperture. This method, which was first patented in 1902, has its origins
in Lord Rayleigh's nineteenth-century studies on the electric fields
(US Patent 692,631). Formhal did not realize its potential for processing textile yarns
until 1934. Theoretical insight into how an electric field impacts a small liquid volume
was made possible by Taylor's work. A liquid droplet that has been exposed to the
electric field develops an electrostatic charge near the tip of the droplet. The shape of
the droplet changes from a nearly spherical surface to an elongated cone shape, which
is later referred to as a Taylor cone, as a result of this charge repulsion counteracting
the surface tension. A jet is then released from the capillary spinneret afterwards.
Although the direction and electric charges of this jet are complex, in the absence of
a viscous polymer solute, the liquid will finally fragment into tiny droplets, resulting
in the electro spraying process [64]. Fig. 1.6 shows an electrospun polymer fibre’s
internal structure and X-ray patterns with a high degree of crystallinity.

(a) Fibres ( b)
Syringe Pump \ Taylor cone
i Taylor Cone

==
Nozzle (HV +ve)

R —
Collector (-ve)

Fig. 1.6. (a) Diagram illustrating the experimental configuration employed for the fabrication
of polystyrene micro-fibres and (b) a detailed view of Taylor cone [65]

However, the viscosity of the polymer must be taken into consideration as well
when the liquid has it as a solute. If the viscosity is high enough, it prevents the jet
from breaking up into droplets. As an alternative, a thread of polymer solution
develops and exhibits the same electrical instability as pure liquid. These instabilities,
which entail bending or whipping motions, might cause the polymer solution to travel
down a convoluted course. The polymer thread elongates as a result of this action and
stretching because solvent is being drained from it. The creation of fibres with sub-
micron diameters depends on this elongation process. Although necessary for
achieving severe fibre elongation, the whipping process distinguishes this method
from other fibre production methods [37].
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1.3.5. Equipment for laboratory-scale electrospinning

A high-voltage power source, a syringe pump and a collector, which can be as
easy as a sheet of aluminium foil, are the three main pieces of equipment needed for
this process. Alternative arrangements are possible though.

Coaxial electrospinning is an innovative version of needle electrospinning that
occasionally uses two concentric needles of differing diameters. Core-shell fibres,
which can be created using this method, have an inner core that is different from the
fibre’s outer shell. There have been several technological improvements in
electrospinning system design in recent years.

An array of aligned fibres may be required in many applications and for some
characterisation techniques in place of a random mat of fibres. This need can be
satisfied in several ways. Utilizing a rotating collector, which results in aligned fibres,
is one straightforward technique. One crucial component of control is preparing
aligned fibres, but there is as well a need for precise nanofibre deposition to produce
patterned nanostructures. Several methods can be used to achieve this. For instance,
in order to produce patterns, near-field electrospinning shortens the distance between
the collector and a solid probe [66]. If this technique is to be employed for continuous
fibre creation, the adjustments are required.

Large-scale fibre production, which is frequently required for considerable
commercialization in a variety of applications, is not appropriate for the system. The
multi-needle system is one simple method; however, needles are prone to clogging,
and it requires careful spacing of needles to prevent interference between the
surrounding fields [67]. The investigation of needleless techniques has been prompted
by these difficulties. In such procedures, numerous jets are produced by a revolving
cylinder that is only partially submerged in a polymer solution. Elmarco has secured
a patent for this method, which is marketed under the name "Nano spider". The
adoption of a stationary wire electrode system is a more recent development [68].
Other methods include using a revolving cone and pressurized air to create bubbles
on the surface from which several jets can be generated.

1.3.6. Application areas

The study on fast filter sampling showed that glass fibre filters with porous
morphology results in multiphoton ionization with fast conductance application [69].
It has been used as a collection of dust system in industrial scale. Hot air circulation
and air conditioning systems are used in workplaces and residential places for
providing air quality. In addition, they provide microbial contamination protection.
The panel filter has a list of air cleaning systems, which includes pleated filters,
reusable filters, pleated filters, deep pleated filters, electronic aerosol cleaner and
electret filters. Following indoor air filter types were identified by Duran [70], such
as melt blown, fibreglass, spun bond bi-component, polyester/cotton, high loft
polyester, fibrillated film, needle felt.

Respirators and face masks are used to protect from the environmental
pollutants. Two types of respirators include air purifying and air supplying respirators.
These were very well used in Covid-19 pandemic, which shook humankind.
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Healthcare and surgical face masks are used to protect from blood splatters and
colloidal microorganisms during surgical procedures. It has 5 performance
characteristics: 1) flammability resistance, ii) penetration of fluid resistance, iii)
breathing comfort, iv) bacterial filtration and v) sub-micron particle filtration. Air
purifiers or room cleaners are residential, portable and can remove particulate matter
and odour. Two types of air demisters are used in industrial, residential and
commercial scale for removing moisture and hydrocarbon and oil mist from the air.
International standard ISO 14644-1 defines cleanrooms, which need to have
controlled air borne particles and controlled temperature, pressure and humidity
environment. These cleanrooms are used in hospitals, genetic research, biomedical
research, pharmaceutical, food processing, laboratories, universities, semiconductor,
industrial processing sectors [70].

1.4. Filtration mechanisms and modelling
1.4.1. Airborne particle sampling

Human lung surface area is approximately 80 m2, which is the same as the tennis
court surface area [53]. This illustrates how human lung acts as a major pathway for
particulate matter and various gaseous contaminants [54]. Aerosol is a term used to
describe a suspension of solid and liquid particles in a gaseous medium that can be
quantified. The investigations on the health impacts of aerosols have evolved since
the 1950s. One of the earliest and most popular methods for achieving ambient
concentration were described in [55, 56, 57]. In recent times, more research efforts
were put on the natural and synthetic aerosols leading to global warming. Generally,
aerosol particle size ranges from 0.001 to 100 pum. Particle behaviours are
administered by physical laws, as various size particles behave differently in distinct
ranges. The intrinsic properties and motion of gas suspended depends largely on the
particle behaviour inside an aerosol. Mass concentration is the most important aerosol
property to be measured for the environmental and health effects. The mass
concentration of suspended particles worldwide is measured through an efficient
particle air filter by allowing quantifiable air volume for a period of 24 hours. Filters
were weighed before and after particle sampling in a laboratory setting with regulated
humidity and temperature. Then the particle mass concentration is determined by
dividing deposit volume by sample volume [58]. Commercially available aerosol
filters provide filter material selection, which includes pore size, shapes and collection
characteristics. The main parameters to be noted while selecting aerosol filter are
collection efficiency, pressure drop and compatibility with sampling conditions
including cost. The substrate filter, size-selective inlet, filter holder, flow controller
and flow mover are all components of the aerosol sampling system [59, 60]. Most
used filter samplers in the earlier days were cellulose fibre membrane, cellulose
acetate membrane, glass fibre filters and PVC (polyvinyl chloride). However, after
significant research about the desorption and adsorption of water at various relative
humidity, sample efficiency variability and contaminants, particulate matter in the
atmosphere can as well provoke genotoxicity in addition to cytotoxicity to human
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beings, which is investigated by the gel electrophoresis and cell culture techniques.

This topic covers aerosol sampling filters/membranes including:

1. Classification of aerosol sampling filters;

2. Methods for filter analysis;

3. Aerosol particle post processing methods: gravimetric, spectroscopy,
chromatography and toxicity assessment;

4. Areas of application.

1.4.2. Classification of aerosol sampling filters

Aerosol filters can be logically classified based on their structure characteristics.
As a result, there are five different types of aerosol sampling filters: straight through
pore membrane, fibrous, granular bed, porous foam and porous membrane filters. Fig.
1.7 shows the classification of aerosol sampling filters. The selection of air sampling
filter is based on certain criteria, which includes collection efficiency, availability,
cost, analytical procedures requirement and filter’s ability to retain physical integrity
and collection properties under ambient sampling conditions [60].

Classification of Aerosol sampling filters

b1 1 I I I

Straight )
N Porous
through Pore . Granular Porous foam
< Fibrous filter . membrane
membrane Filter filter

filter filter

Fig. 1.7. Classification of acrosol sampling filters
1.4.3. Fibrous filters

Individual fibre mats form a fibrous filter. The diameter of fibres ranges from
less than 1 mm to several hundred micrometres. Usually, fibrous filter porosity is high,
which ranges from 0.6 to 0.999 um. Typically, porosity of less than 0.6 um is not
found due to the difficulty of obtaining thin smaller layer of component fibres by
compressing procedure. Table 1.1 shows the air sampling filter characteristics.
Usually, the filters are fabricated with binder material for holding fibres together. In
aerosol filters, binder free materials are used due to their interference caused organic
binders in it. Most widely used general purpose air filter is cellulose fibre filter. Its
advantages include: cost effective nature, various size availability, characteristics of
high mechanical strength with low pressure drop. Certain limitations include low
filtration efficiency for sub micrometre particles and moisture sensitivity.
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Table 1.1. Characteristics of air sampling filters

Filters Pore | Porosity | Available filters Collection Pressure
size efficiency drop
Straight through 0.1-8 5-10% High Significantly
pore membrane pm higher
filter
Fibrous filter 0.1- 60-90% Cellulose, glass, High collection Lowest
100 polymer fibre and efficiency
pm quartz filters requiring low air
velocity
Granular bed filter 200 40-60% - High granular -
pm size results in
low collection
efficiency
Porous foam filter 10-50 <97% Fibrous and Low -
pm membrane filters
Porous membrane 0.02— <85% Sintered metal, High High
filter 10 pm polymer and
ceramic
microporous filter

1.4.4. Glass fibre filter

This filter is used for air samplers with high volume as filter media standard.
Considering paper filters, glass fibre filter has a higher pressure drop and filtration
efficiency of more than 99%, which are lesser than 0.3 pm. Compared to cellulose
fibre filters, glass fibre filters are less affected by the moisture. Another way of
overcoming the setbacks of glass fibre filters is by coating Teflon, which provides less
moisture sensitivity and is passive to chemical transformation catalysing. Glass fibre
filters are depth filters consisting of compressed glass fibres that form an asymmetric
three-dimensional network with numerous interspaces. As a result, particles are
caught both on the surface and farther into the filter structure. Glass fibre filters have
a great ability to capture dust and have good adhesive characteristics. They have good
wet strength and can handle large flow rates.

Due to lesser contamination level of trace elements and inert ability, quartz fibre
filters are widely used in air samplers with high volume. Polystyrene fibre filter has
limited sampling applications. Nevertheless, its filtration efficiency is comparable to
that of the glass fibre filters. Quartz fibre filter contains quartz filaments made of
tightly woven mat. Positive bias to gravimetric measurements is obtained by the
adsorption of organic vapours [61, 62]. Compared to glass fibre filters in terms of
sampling, quartz glass fibre filters serve as depth filters. Due to their incredibly low
and consistent blank values, they are especially helpful for analysing metal
components in dusts. Nevertheless, the existence of soluble silicates may still obstruct
the analysis when employing the AAS graphite furnace method. Numerous varieties
of quartz glass fibre filters could be mechanically delicate, which could be
problematic for gravimetric analysis.
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1.4.5. Porous membrane filters

Colloidal solution results in a gel called membrane filters. Teflon, polyvinyl
chloride, sintered metal and cellulose ester are commercially available membrane
filters and are most widely used. It has intricated and homogenous microstructure
providing a path of air flow irregularly. Depending on the manufacturing technique,
this complex structure has a series of layers stacked by various process. Even for
smaller pore size particles, the particle collection efficiency and pressure drop are very
high. Due to the impact of inertial mechanism and Brownian motion principle, using
filter structure particles are trapped by surface. Teflon coated glass fibre filter
application involves polycyclic aromatic hydrocarbon analysis (PAH) and weighed
accordingly [63].

1.4.6. Straight through pore membrane filters

Uniform sized, straight through pore, consisting of polycarbonate membrane are
straight through pore membrane filters. The manufacturing process involves neutron
bombardment of polycarbonate membrane with etching process resulting in
membrane with uniform pore size. Bombardment time can be manipulated for pore
number, and the etching process determines the pore size. Particle analysis often uses
this filter.

1.4.7. Granular bed filters

Air sampling with specialized applications can utilize packed or granular bed
filters. Filtration is achieved by passing aerosol particles through granular bed and
using extraction steps to recover aerosol in the later steps. The recovery of aerosol
from granular filter media is often done for the chemical analysis by using
volatilization, washing and use of specific solvents. The collection of both gaseous
and particulate matter pollutants can be collected simultaneously with desirable filter
media selection that is distinguishing application of granular bed filters.

1.4.8. Porous foam filter

Using an instrument, which is simple, less expensive and compact, size
dependent particle penetration characteristics can be achieved using porous foam
filters. Filter formation is done by using polyethylene or reticulated polyurethane
containing bubble matrix structure pierced at point of contact and connected short
elements with three-dimensional lattice. Geometrical parameters determine the foam
structure.

1.5. Methods for aerosol filter analysis

Techniques for filter analysis for aerosol deposited can be categorized into three,
which includes gravimetric, microchemical and microscopic.

1.5.1. Gravimetric analysis

Aerosol mass concentration is measured after specified sampling period by
weighing the increase in filter weight. The method involves higher efficiency aerosol
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filter collection; thus, an increase in weight attributes directly to the collected aerosol.
The following parameters must be independent of temperature, humidity and age of
the filter weight. This analysis is considered to be more sensitive to the buildup of
static charge, moisture and humidity. Water vapor uptake by the filter material leads
to moisture retention and aerosol sample hygroscopicity. Cellulose quartz and glass
fibre are less susceptible to moisture absorption than cellulose fibre filters.
Interference of relative humidity with the filter can be minimized by equilibrating at
constant temperature and humidity for 24 hours. Homogeneity is not considered
important for certain filter analysis and gravimetric analysis. Operating procedure for
gravimetric analysis is provided next.

New filters are stored in equilibrium trays at controlled temperature and
humidity for at least 4 weeks in order to avoid the change in the blank filter weight
from the production process and outgas any residues. Field-exposed filters are
balanced in the same environment for 24 hours, allowing soluble deposits to reach
equilibrium. Unexposed filters were divided into 150 mm diameter Petri culture
dishes so that all the surfaces could establish an equilibrium environment. In order to
achieve equilibrium environment, Petri dishes with filters are placed in laminar air
flow hood with the lid slightly open. Each filter is inspected by placing it on the light
table surface, and the flat tip of the sterilized forceps was used. In order to prevent
contamination, non-powdered latex gloves were used.

1.5.2. Microscopic analysis

Physical characteristics, such as morphology, size and composition, are
measured by using electron or light microscopy for the aerosol particle analysis.
Straight through pore membrane and polycarbonate filters are suitable for microscopic
applications because they are flat, smooth and have relevant surface collection. The
selection of a filter for sampling airborne microorganisms, such as bacteria, fungus
and viruses, necessitates counting the number of viable microorganisms or colony
forming units under a microscope. During this process, the loss of moisture may be
caused by the loss of viable microorganisms by filter surface collection. Thus, filter
surface collection for these kinds of microorganisms is limited and thus transferred
after the collection to proper growth media.

1.5.3. Microchemical analysis

The chemical analysis of filter media collection of particles is widely used for
the application of air quality monitoring. The 2 main factors to be considered while
selecting filter media for this analysis involve blank filters background response
arising due to the interference minimization that occurs during the particulate matter
quantity analysis and chemical transformation forming artefacts during and after filter
sampling. Due to the low pressure drop and high-volume sampling, certain filters are
suitable for microchemical analysis of aerosol particles, such as Teflon coated glass,
cellulose, glass and quartz fibre. Aerosol extraction can be done with cellulose filter
papers but has low particle collection efficiency. Quartz fibre, glass and Teflon coated
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glass needs acid leaching for recovery but has higher particle collection efficiency,
whereas glass fibre filter undergoes positive mass artefact in ambient air sampling due
to the presence of slight alkalinity. Due to the low elemental blank concentration and
low uptake of water vapor, quartz fibre filters are widely used in the microchemical
analysis of aerosol sampling.

1.6. Cytotoxicity evaluation of aerosol particle
1.6.1. The overall structure of respiratory tract

The lungs are made up of a complicated network of different cell types,
communications and uncontrollable movements. Designing in vitro models to
investigate the health impacts of inhaled aerosols relies heavily on this substance's
structure. With the help of millions of alveoli, a tree-like network of branching
airways is connected to the trachea, and the lung's fundamental role of facilitating gas
exchange between the air and venous blood [71, 72]. In pulmonary aerosol
administration methods, non-cellular barriers, such as mucus and surfactant layer that
shield the respiratory system from dangerous and harmless xenobiotics, must be taken
into account [73, 74]. The trachea/bronchi and smaller bronchioles have
pseudostratified epithelium, smaller bronchioles have cuboidal epithelium, and
alveoli have squamous cells. The epithelial tissue of the lung develops from a single
anlage but changes as the airways deepen. In fact, 95% of the surface of alveoli are
lined by alveolar type I epithelial cells, which as well line pulmonary capillaries and
share a basement membrane with them. Lung surfactant is secreted by the alveolar
type II epithelial cells to avoid alveolar collapse [75, 76]. The intricacy of the lung
epithelium is influenced by at least 40 different cell types, including epithelial cells,
endothelial cells, fibroblasts, nerve cells, lymphoid cells, gland cells, dendritic cells
and macrophages. All four areas of the respiratory tract contain components of
lymphatic tissue. There are ongoing efforts to locate and examine specific lung cells,
including cutting-edge cell types, such as pulmonary ionocytes that are important for
comprehending disease causes [75, 77, 78].

1.6.2. Aerosol dynamics and lung dosimetry

The way in which aerosols interact with the structure of the lungs is a subject of
great interest in the respiratory research. This includes being aware of the location and
manner in which aerosols settle as well as the potential for inducing clearance systems.
[79]. In order to establish the amount of aerosol that a biological model can absorb, it
is critical to comprehend the physicochemical properties of aerosols, i.e., from
production to characterization. Understanding the physicochemical properties of
aerosols, from production to characterization, is essential for figuring out how much
aerosol, a biological test model will absorb, which is known as dosimetry. Dosimetry
is particularly important for pharmacology testing and has been discussed in studies
involving nanoparticles and liposomal ciclosporin A [80]. Concentration, shape,
solubility, size and density of aerosols are crucial factors to consider when detecting
and measuring deposition in specific lung compartments [81, 82]. The nasopharyngeal
cavity may filter out aerosols larger than 10 micrometres, while smaller aerosols are
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deposited in the lung through sedimentation, diffusion or inertial impaction [83].
Aerosols must have a diameter of 0.01 to 0.1 um to reach the lower airway. Clearance
processes can be classified into physical and chemical clearance [73], the surfactant
film, aqueous surface lining layer, mucociliary escalator, macrophages, epithelial
cellular layer and dendritic cells are just a few of the cleaning structures that make up
the lung’s barrier [84].

1.6.3. Types of nanoparticles utilized for the clinical purposes

The use of nanoparticles in the medical applications, such as the delivery of
medicines and genes, fluorescent labelling and contrast agents, shows great promise
[85, 86]. At least one dimension of the material must fall within the range of 1-100
nm for it to be considered a "true" nanoparticle. Due to their capacity to more
effectively target cancer cells, increase efficacy and lower toxicity in the body,
nanoparticles are being used more frequently as medication carriers, notably for
chemotherapy treatments. Gold nanoparticles (AuNP) are a great option for creating
nanocarrier systems because of their advantageous properties, such as a non-toxic and
biocompatible metal core [87]. Among a few metal oxide nanoparticles that have
received therapeutic use approval, there are superparamagnetic iron oxide
nanoparticles (SPIONs). They are used in a variety of biomedical contexts, including
magnetic resonance imaging (MRI) [88], drug delivery [89], gene delivery [90] and
destroying the tumour tissue with hyperthermia [89]. The characteristics of
superparamagnetic iron oxide nanoparticles have many advantages. They can be
directed by an external magnetic field, which can be utilized to direct medication
delivery or target locations for imaging. Second, they may generate cytotoxic heat
when exposed to alternating magnetic fields, which can have uses in the treatment of
cancer [88]. Metal oxide nanoparticles can as well be found in externally applied
goods, such creams and sunscreen lotions that contain titanium dioxide and zinc oxide
NPs [91]. The ability of these NPs to penetrate into deeper epidermal layers, causing
absorption to the bloodstream and accumulation in tissues, must be investigated. Nano
scaled AgNP, which has exceptional antibacterial qualities, is widely used in medicine
for a variety of applications, including bone prostheses, surgical equipment and
bandages for wounds.

1.6.4. Innovative approaches to aerosol particle cytotoxicity assessment

Fine particles suspended in ambient air (aerosol particles) are known to cause
adverse effect to human health. Depending on their size, they penetrate human airways
and get settled in the upper respiratory tract (referred to as inhalable aerosol fraction),
the middle respiratory tract (thoracic fraction) and the lower respiratory tract
(respirable fraction). The latter fraction of aerosol particles is of special importance,
since due to a small size, it reaches the lungs, enters the alveoli, and subsequently,
bloodstream. The prevalence of several diseases, including cancer, cardiovascular
disease and asthma, is increased by the aerosol particles. Therefore, it is crucial for
the current human exposure studies to understand the reasons behind the negative
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health impacts [136]. In vitro assays serve as a cost-effective, ethically favourable,
and informative analysis for the observation and estimation of toxicity and its effects
on cells [137]. Typically, in vitro assays rely on two main approaches, i.e., indirect
(submerged exposure) and direct (air-liquid interface) [138]. Direct methods involve
the deposition of aerosol particles directly onto cultured cells via a specially prepared
membrane (i.e., air-liquid interface), allowing to physiologically mimic the inhalation
process over a defined period. However, the direct air-liquid interface method mostly
aims to quantify inhalation toxicology endpoints, as opposed to the general
cytotoxicity. The method is based on directing aerosol stream onto monolayer of
specially cultivated cells, placed in a specific exposure chamber. Such method
provides a toxicological response to the real-time unaltered aerosol particles. The
international patent application WO2011094692A2 is titled “Systems and methods
for collecting and depositing particulate matter onto tissue samples”. Direct aerosol in
vitro exposure systems and methods are disclosed, and they are based on the
electrostatic charge of the particles. Without pre-concentration or additional collection
procedures, such as using water or a filter, these devices can be utilized to collect and
deposit particle materials onto the tissue. An air-containing-particulate-matter input,
a container for holding one or more tissue samples, a porous membrane supporting
the air-liquid interface of the tissue sample and an area for electrostatic precipitation
can all be found in the system. The air received at the input can have particulate
particles in it that can be electrically charged at the electrostatic precipitation area and
flow over the tissue sample where they are collected and measured. The US patent
application US2018171280A1 “Cell culture exposure system (cces)” describes an air—
liquid interface (ALI) exposure of cultured cells using a direct aerosol in vitro
exposure method. A process for determining the impact of a polluting airstream
includes the following steps:
1) Exposing cells to a membrane until adhesion of the cells has occurred,
2) Feeding cells periodically until there is a confluent monolayer of cells on
said membranes,
3) Aspirating off non-adherent cells, applying fresh media,
4) Exposing the cells to over-head stream containing pollutants,
5) Removing the cells from the membranes that have been exposed to the over-head
stream,
6) Measuring the cells' response to toxins in the over-head stream.

The indirect method is based on the following sequence of operations:
1) Collecting aerosol particles onto sampling substrates or filters,
2) Recovering aerosol particles from a filter by using extraction to a liquid
(usually phosphate buffer solution, methanol or Gamble’s solution),
3) Filtering the extract from remaining insoluble particles,
4) Placing extract into culture medium containing cells,
5) Recording the cell response.
This (indirect) method is comparatively simpler than the direct method since it
does not require specific equipment for exposing cells. A major drawback of the
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indirect method is that it only indicates the toxicity of soluble particles that dissolve
in the liquid media during the extraction process. This causes the level of toxicity to
be underestimated [79, 139].

In the Chinese patent application CN102346147A, the phrase "Method for
Detecting Difference of Cell Toxicity Between Atmospheric Nanoparticles and
Industrial Nanoparticles" refers to a deceptive approach for determining the difference
in cell toxicity between the air nanoparticles and industrial nanoparticles. The steps in
the procedure are as follows:

1) Creating a cell suspension in a culture medium, placing the cell suspension in a cell
culture dish and incubating the culture dish for 24 hours,

2) Producing a contaminated solution by combining a prepared particulate matter
solution with the culture medium, cleaning the cells with a D-hank's balanced salt
solution, contaminating the cells and then cultivating the contaminated cells for four
hours in the incubator,

3) Mixing the culture media with a DCFH-DA fluorescent probe, closing the container
and wrapping it in tin foil paper before incubating the mixture for 0.5 hours,

4) Using an inverted fluorescence microscope to observe the fluorescence intensity
and distribution while taking pictures,

5) Using fluorescence analysis software to process photos to get preliminary data,
analysing and contrasting.

According to the method, the preparation of the cell section is quick and easy,
and it is simple to obtain raw material. By using the cell detection method, the result
is accurate, the influence factor is reduced, and multiple nanoparticles can be detected
at once. The method does not include the procedure for the collection of aerosol
particles. It may be assumed that this procedure involves the collection on certain filter
and subsequently extracting particles into a solution, which makes it a classical
indirect method. The above presented information indicates that the determination of
aerosol particle cytotoxicity is a complex multistage procedure, both by indirect and
direct methods; thus, the simplification of this procedure is highly appreciated [136].

Current direct methods involve deficiencies including:

1) Cytotoxicity determination based on the inhalation toxicology endpoint only,

2) Preparation of cell monolayer is complicated and time consuming,

3) Costly method due to the requirement of specific equipment, i.e., exposure
chambers.

Current indirect methods involve deficiencies including;:

1) A long aerosol particle collection time, usually, high-volume sampling is necessary,
i.e., at least 900 m® of air is needed to collect enough fine particulate matter to result
in a toxicological response.

2) Transfer of particles from a filter substrate by solvent extraction, dissolve and filter
residual particles: such sequence requires the utilization of time and equipment.
Moreover, due to the partial solubility of particulate matter in a selected solvent, only
partial information of particle cytotoxicity is obtained [140].
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1.6.5. In vitro cytotoxicity evaluation technique

It is possible to evaluate the lung toxicity of airborne NPs by using both in vitro
and in vivo models. In order to evaluate the toxicity of NPs in commercial
applications, in vitro assays are thought to be less complex, quicker and more
affordable [141, 142]. Since it might be difficult to mimic particle—cell interactions in
vivo, in vitro models have the benefit of allowing in-depth studies by using human
lung cells [143]. NPs are typically dissolved in the culture media before being
administered as a suspension to the lung cells. However, this method may result in
changes to the characteristics of NPs as a result of interactions between the particles
and with other elements of the medium. Despite the fact that the alveolar epithelium,
which has a huge surface area and a thin barrier thickness, is where most inhaled NPs
enter the body [144, 145], because there is no suitable mechanism for exposing NPs
to cells, it is still unclear exactly how NPs interact with alveolar epithelial cells.
Therefore, an ideal in vitro testing system should have a number of essential
components, including the ability to accurately measure cellular dose, simulate the
aerosol deposition mechanism to mimic actual lung conditions and use cell types that
accurately represent those targeted by NP exposure routes.

1.6.6. Viability assay (LDH release)

Numerous techniques are widely used to evaluate cell viability. Cell viability is
typically assessed by wusing tetrazolium reduction tests, LDH assays,
immunohistochemistry apoptosis biomarkers and comet assays for genotoxicity
[146]. Electron microscopy is used for NP intracellular localization. In order to
determine cell toxicity in laboratories, the LDH test is frequently employed. These
assays include the incubation of a reagent with a cell culture; the live cells then
transform the reagent into a coloured or fluorescent product, which is subsequently
identified by using a plate reader. No colour or fluorescence is produced by non-viable
cells since they are unable to convert the reagent. However, NPs' distinctive
physicochemical characteristics can interact with assay components or obstruct the
readout, which could result in inconsistent results. Carbon nanomaterials, for instance,
have been observed to exhibit such effects [147, 148, 149, 150].

A more modern method that involves minimally invasive real-time cell-
microelectronic sensing has been used to assess the cytotoxic effects of NPs.
Additionally, because of their inherent optical characteristics, NPs themselves can
interfere with the readout directly, increasing light absorption, as it was seen with
sodium titanate NPs. The LDH assay has been frequently used to evaluate the
cytotoxicity of NPs, including those consisting of silica, iron oxide, titanium oxide
and zinc oxide, since the release of a sizable amount of LDH from the cytosol occurs
following cellular necrosis [151]. However, the scientific community is concerned
with the LDH assay's consistency. According to reports, LDH activity sharply
declines in low pH environments while becoming unstable in high pH environments
[152].
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1.7. Summary of literature review

Aerosol particles are small, suspended particles that are known to have a
negative impact on human health. They enter human airways and settle in the upper
respiratory tract, known as the inhalable aerosol fraction, the middle respiratory tract,
known as the thoracic fraction, and the lower respiratory tract, known as the respirable
fraction. Due to its small size, the latter portion of aerosol particles is especially
significant since it can enter the bloodstream after entering the alveoli and reaching
the lungs. The prevalence of several diseases, including cancer, cardiovascular disease
and asthma, is increased by the aerosol particles. Therefore, it is crucial to understand
the root causes of negative health impacts for current human exposure investigations.

Among the most popular techniques for sampling aerosols is the collecting of
aerosol particles on a filtering substrate. The varieties of membranes, foams and
fibrous matrixes make up the filtering substrates. Two groups of membrane filters are
often distinguished:

a) Porous membranes with intricate structures and winding passageways through the
filter material; these membranes are known to be made of polytetrafluoroethylene or
cellulose-esters;

b) Alternatively, capillary pore filters made of polycarbonate, polyethylene
terephthalate, etc. have straight through pores throughout the membrane.

Membrane filters are highly stable and effective at capturing particles. However,
they do offer a significant pressure drop within the filtering membrane layer's
thickness. Large-pored volume mesh is how foam filters are made, and this allows to
capture of course (respirable) particles. These filters are made of stainless steel or
polymer (polypropylene).

The building blocks of fibrous matrices are dense meshes of fibres with erratic
orientations. Within the depth of the filtering layer, they gather aerosol samples,
offering great filtration efficiency with a relatively small pressure drop. Typically,
cellulose or natural materials, such as glass or quartz, are used to create fibrous
matrixes.

Although fibrous filters are among the most used substrates for aerosol
sampling, they have a number of shortcomings: a) as filters have a wide surface area,
substances with a higher volatility that are present in the measured particles, such as
certain PAHs or organometallic compounds, evaporate from the filter over time; b)
mineral fibre blank values may have an impact on the following chemical analyses
(aerosol particles, such as metals); ¢) some formulations of pure mineral fibres (such
as Quartz) are mechanically fragile and break apart when handled. There are limited
possibilities for fibrous aerosol sampling filters due to their chemical makeup and
fibre shape (porosity, fibre size and pore size). Additionally, a variety of chemical
analysis techniques and recently created methods for chemical analysis of the
collected particles need the creation of unique filters with unique chemical
compositions. When chemical characterisation is required, sampling on a variety of
substrates is typically necessary because no one filter medium is adequate for all
intended chemical tests.

37



The number of fibrous aerosol sampling filter options is limited based on their
chemical composition and fibre morphology (porosity, fibre size, pore size). At the
same time, the broad variety of chemical analysis methods as well as emerging new
methods for chemical analysis techniques of collected particles require the creation of
bespoke filters having unique composition. No single filter medium is appropriate for
all desired chemical analyses, and it is often necessary to sample on multiple
substrates when chemical characterization is desired. The present invention allows the
fabrication of bespoke aerosol sample collection filters using several techniques of
electrohydrodynamic polymer processing from the plurality of polymers (benefiting
the selection for subsequent chemical analysis of the collected particles) and obtaining
plurality of surface morphologies (benefiting the selection for sampling particles of
various sizes and shapes).

Fine particles suspended in ambient air (aerosol particles) are known to cause
adverse effects to human health. Depending on their size, they penetrate human
airways and get settled in the upper respiratory tract (referred to as inhalable aerosol
fraction), the middle respiratory tract (thoracic fraction) and the lower respiratory tract
(respirable fraction). The latter fraction of aerosol particles is of special importance,
since due to small size, it reaches the lungs, enters the alveoli, and subsequently,
bloodstream. Aerosol particles increase the incidence of various diseases, such as
asthma, cardiovascular, cancer and others. Therefore, understanding the causes of the
adverse health effects is of paramount importance in current human exposure studies.
In vitro assays serve as a cost-effective, ethically favourable and informative analysis
for the observation and estimation of toxicity and its effects on the cells.

Typically, in vitro assays rely on two main approaches, i.e., indirect (submerged
exposure) and direct (air—liquid interface). Direct methods involve the deposition of
aerosol particles directly onto cultured cells via a specially prepared membrane (i.e.,
air-liquid interface), allowing to physiologically mimic the inhalation process over a
defined period. In this way, the method is more advantageous than the indirect
method, since the dose of particles can be determined more precisely. However, the
direct air-liquid interface method mostly aims to quantify inhalation toxicology
endpoints, as opposed to the general cytotoxicity. The method that was used is based
on directing aerosol stream onto monolayer of specially cultivated cells, placed in a
specific exposure chamber. Such method provides a toxicological response to the real-
time unaltered aerosol particles.

In order to observe and estimate the toxicity and its effects on cells, in vitro
experiments offer a practical, ethically acceptable educational approach, especially
since it involves an in vitro method where the sacrifice of rats or mice is not necessary.

The contribution of the author of this dissertation is focused on researching the
current state of knowledge regarding nanofibre filtering material production via
solvent electrospinning and its implications for cytotoxicity evaluation. The author
has provided comprehensive insights into the optimization of production parameters,
highlighting the need for further research to enhance material quality and
performance. Additionally, the author of the dissertation has emphasized the
importance of developing advanced cytotoxicity evaluation techniques tailored to
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nanofibre materials to ensure higher filtration efficiency, lower pressure drop and
estimate toxicity in vitro. Overall, the contribution aimed to provide a thorough
understanding of the key challenges and opportunities in this field, laying the
groundwork for future research endeavours.
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2. MATERIALS AND METHODS

2.1. Materials
2.1.1.Polymers

Poly[€]caprolactone (PCL, Mw~80,000, Product No. 440744, Sigma-Aldrich),
cellulose acetate (CA, Mw~30,000, Product No. 180955, Sigma-Aldrich), poly(1-
acrylonitrile) (PAN, Mw~150,000, Product No. 181315, Sigma-Aldrich),
poly(bisphenol A carbonate) (PC, Mw~45000, purity 100%, CAS no. 25037-45-0)
and poly(hexano-6-lactam) (PA6, Mw~100,000, Product No. 181110, Sigma-Aldrich)
were used as polymer materials for fibre production. Polyethylene glycol (PEG,
Mw~400, CAS no. 25322-68-3) from Panreac and Scharlau provided the potato
dextrose agar used for solvent casting. All polymers were completely soluble in the
solvents selected for each layer of the filter.

2.1.2.Solvents

Formic acid (98%, Product No. F0507, Sigma-Aldrich), acetone (99.8%,
Product No. 34850-M, Sigma-Aldrich), glacial acetic acid (99.5%, Product No.
A6283, Sigma-Aldrich), N, N-dimethylformamide (DMF) (99.8%, Product No.
227056, Sigma-Aldrich), dichloromethane (DCM), purity 99%, Cat. No. 24233-M,
Sigma-Aldrich, and N, N-dimethylacetamide (DMA) (99.8%, Product No. 271012,
Sigma-Aldrich), tetrahydrofuran (THF) (99.8%, Product No. 102391) were used as
polymer blending solvents. Hexadecyl trimethyl ammonium bromide (CTAB), >98%
CAS no. 57-09-0, a cationic surfactant, was used to achieve bead free fibres, and all
were purchased from Sigma-Aldrich, USA.

Sodium chloride (NaCl) and bis(2-ethylhexyl) sebacate (DEHS) (Cat. No.
290831, Technical grade 90%) were used for the creation of test acrosols; they were
both acquired from Sigma-Aldrich, USA. Electrospun nanofibres were fabricated by
using all materials without undergoing any purification process.

Table 2.1. Electrospinning solvent properties [153]

Solvents chemical Boiling Surface tension/ Dielectric Density (g

formula point (m Nm™) constant (£) | ecm™®)
0)

Formic acid: CH,0» 101 - 57.9 1.22

Acetone: C3HO 56 25.20 20.7 0.791

Glacial acetic acid: 118 27.10 6.15 1.050

C2H402

Dichloromethane: 40 28.1 8.93 1.325

CH,Cl,

N, N-dimethylacetamide: 166 36.70 37.8 0.937

C4sHoNO
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N, N-dimethylformamide: 153 37.10 36.70 0.944
CsH7NO
Tetrahydrofuran: C4HsO 65 26.40 7.58 0.885

2.1.3.Culture of cells

An immortalized human bronchial epithelium cell line, BEAS-2B, was used in
the investigations. The cells were grown in Nutrient Mixture Kaighn's Modification
Medium (F-12K Nut Mix, Gibco), supplemented with 10% fetal bovine serum (FBS),
1% penicillin (100 U/mL)/streptomycin (100 g/mL) (P/S) and 0.4% amphotericin B
(Gibco) and incubated in a humid incubator at standard temperatures (5% CO2 at 37
°C). At 80% confluence, the cells were collected with a 0.25% trypsin-EDTA
solution. BEAS-2B cells from passages 5 through 13 were employed. Every 2 to 3
days, the medium was replaced.

2.1.4.Nanoparticles

The following nanoparticles have been used: silver nanoparticles, 99.5% trace
silver base, size <100 nm, PVP as dispersion, Cat. No. 576832, Sigma-Aldrich,
number CAS 7440-22-4; copper nanoparticles, Cat. No. 774103, Sigma-Aldrich, 60—
80 nm, >99.5% trace copper basis, number CAS 7440-50-8; 12-20 sheets of graphene
oxide with a 4-10% edge oxidation, contains 50% > carbon, 5% water and <11%
oxygen, Cat. No. 796034, Sigma-Aldrich.

2.2. Design of experiments

This project aims to create and validate nanofibrous filters with 3-layer for
collecting aerosol particles. It involves designing and characterizing these filters,
exploring their performance under different airflow conditions and validating them as
platforms for cytotoxicity analysis.
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Fig. 2.1. The procedure of utilizing composite fibrous aerosol particle sampling filter for the
collection and in vitro toxicity testing of aerosol particles

2.2.1. The fibrous matrix usage as an aerosol particle sampling filter

The design of the aerosol sampling filter described in this thesis presents an
approach aimed at optimizing the key operational parameters that are crucial for
effective particle collection. This filter configuration comprises a 2D composite filter
with a minimum of three layers of non-woven fibrous matrices. The layered structure
is carefully engineered to ensure superior mechanical stability, high particle collection
efficiency and an optimal pressure drop across the filter layer. Layer 1, positioned at
the base, consists of a microfibre network that provides robust mechanical support for
the upper layers. Layer 2, situated centrally, comprises larger nanofibres to facilitate
binding between the top and bottom layers while offering additional mechanical
reinforcement. Layer 3, the uppermost layer, acts as the primary collection surface for
aerosol particles. The thickness ranging between 50 and 150 micrometres, depending
on the materials employed, the composite filter operates primarily as a surface filter,
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capturing particles above the fibres through mechanisms such as impaction,
interception and diffusion. Sized according to the standard diameters for sampling
devices, the filter discs typically measure 25 mm, 37 mm or 47 mm with provisions
for customization. The production of this composite filter involves the integration of
two modifications of the electrohydrodynamic polymer processing technique, i.e.,
melt electrospinning and liquid—solution electrospinning. This filter is made to have
numerous important characteristics including:

1) It must efficiently capture aerosol particles (>99.5% for respirable aerosol
particles);

2) It must have enough mechanical rigidity to keep its shape while being
handled, sampled for particles and used in in vitro cell seeding procedures;

3) It must be non-cytotoxic and biocompatible;

4) The aerosol sampling filter is built as a composite filter disc with at least three
non-woven fibrous layers, and it must enable cell attachment and growth for at least
72 hours.

2.2.2. Electrospun nanofibres on 3D printed PC for aerosol filtration

The substantial surge in industrialization has now led to a decrease in the quality
of air, thereby increasing health problems. Air filtration has been recognized as an
operational way to reduce PM pollution for decades. Nanofibrous filtration is
regarded as an effective substitute for well-known technology due to its governable
morphology with exceptional diameter/length ratio in a continuous method. The
experimental design model for each PC electrospun nanofibre included the following
parameters: nanofibre collection time, solvent ratio, deposition voltage, tip-to-
collector distance and polymer concentration. The study focused on determining the
media's average fibre diameter, shape, filtering effectiveness and pressure drop. The
nanofibrous layer exhibited a fibre diameter ranging from 0.19 + 0.04 pm to 0.56 +
0.14 pm. This unique morphology enabled the filters to consistently achieve an
efficiency of particle collecting between 98.4 and 99.9%. Using the experimental
results, the response surface plots were generated to visually represent the relationship
between various factors and the desired characteristics of nanofibre media, including
fibre diameter. Building upon the modelling outcomes, nanofibre filter media were
subsequently fabricated. Such filtering media allowed for reaching high filtering
efficiency (99.9%) with reasonable pressure drop.

The research aimed at developing high efficiency air filtration media: a series
of experiments were conducted by using solution electrospinning. Seven distinct
polycarbonate nanofibre layers were electrospun onto a 3D printed polycarbonate
support layer, which prevents breakdown during low-pressure sampling, and to collect
aerosol particles on the top electrospun nanofibrous layer. The morphology of the
surface, the fibres’ typical diameter was carefully examined: consistently smooth and
free of beads nanofibres were further analysed for filtration capabilities.
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2.2.3. The fibrous matrix usage as a 2D cell cultivation platform and for the
cytotoxicity testing of aerosol particles

These fibrous matrixes are used in the current procedure as substrates for in vitro
cell cultivation as well as scaffolds or membranes. The three-layer structure ensures
fibrous 2D cell cultivation surface's key operational characteristics for in vitro cell
culture, including no intrinsic cytotoxicity, low surface roughness, small pores and
good mechanical stability during handling and when submerged in cell cultivation
media. Human non-tumorigenic lung epithelial cell line (BEAS-2B) has been used to
demonstrate the substrate's use as a fibrous 2D cell growth platform. The cells were
cultured for a predetermined amount of time on a clean substrate using the procedure
described below, after which Real-time-Glo MT Cell Viability Assay (Promega)
measurements were made. By measuring the amount of light released by the cells after
the exposure to a cell-permeant form of the Glo reagent, this technique calculates the
vitality of the cells. The amount of ATP produced by the cells is directly measured by
the luminescence signal, which is proportional to the quantity of live cells. As a result,
higher luminescence signals and lower luminescence signals imply higher and lower
cell viability, respectively. Beas-2B cells luminescence signal grew with time,
indicating proliferation and vitality on all types of membranes that were examined.
The membrane with a polyamide 6 top layer had the lowest luminescence signal,
which indicates the lowest proliferation rate among the investigated matrixes. The
membrane with a cellulose acetate-made top layer produced the highest
proliferation/metabolic activity.

This technique reduces the steps needed for sample extraction, dissolution and
transfer to cells (in the case of an indirect method) or avoids a difficult sampling setup
(in the case of a direct method) and instead provides an optimized method based on a
single integrated platform for aerosol particle collection and cell cultivation. The
technique may be used to assess the cytotoxicity of aerosol samples taken from a range
of sizes, including but not limited to indoor work environments, indoor homes, indoor
hospitality settings, indoor public spaces and atmospheric urban and rural air. The
suggested technique enables the assessment of the cytotoxicity of a wide range of
aerosol particles, such as combustion aerosol and designed nanoparticles, combustion
aerosol particles, secondary organic aerosol particles or tobacco product aerosol
particles.

The study introduces an innovative integrated platform aimed at bridging the
gap between in vitro cytotoxicity testing and aerosol sampling.

The study's distinctiveness is evident in several key aspects provided below.

Unified platform design: a significant breakthrough lies in combining aerosol
collection and in vitro cytotoxicity analysis on a single platform. This approach
overcomes the limitations of separate procedures, reducing the risk of particle loss or
alteration and ensuring that the tested particles closely mimic those present in the
original aerosol.

Versatile sample filters: the research presents novel multipurpose sample filters
designed for aerosol collection. These filters enhance the reliability and relevance of
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toxicological data by effectively capturing a wide range of aerosol types and
facilitating subsequent cytotoxicity studies.

Cutting-edge in vitro cytotoxicity assessment: within the same platform used for
aerosol collection, the study integrates state-of-the-art in vitro methods for
cytotoxicity investigation. This approach minimizes uncertainties stemming from
storage and transportation processes, streamlines the workflow and enables immediate
cytotoxicity analysis.

Comprehensive toxicity profiling: the platform is designed to provide a multi-
parameter toxicity profile that considers genotoxicity, oxidative stress, inflammation
and cell viability. Beyond traditional cytotoxicity assessments, this thorough analysis
offers valuable insights into potential health risks associated with the aerosol
exposure.

2.3. Aerosol particle three-layer sampling filter
2.3.1. Manufacturing of the filter substrate

The electrohydrodynamic polymer processing technology known as
electrospinning was used to create the fibrous aerosol particle sampling filter material.
In order to create the final structure of the filter, two variants of this technique were
used.

To begin with, micro fibrous layers were created using a combination of melt
electrospinning and fused deposition modelling. The 3D Fibre Printer (3Df-01C,
Bious), used to do this, is a proprietary device.

Fig. 2.2. An illustration of the 3D- Fig. 2.3. An illustration of the setup for
printing setup using fibres: nozzle solution electrospinning solution reservoir:
heating, a filament extruder, a filament, syringe pump, metal needle, high voltage

a filament coil, a grounded collection supply, grounded rotating collector and

plate, a high voltage supply and an axis  rotation motor are shown in the diagram above
control are all included in the diagram
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It operates on the same principle as a fused deposition 3D printer (Fig. 2.2), in
which a polymer filament (in this case, PCL) is fed through an extruder to a hot end,
melted and then deposited on a collector with the help of high voltage between the hot
end and collector surface with the latter being positioned in three dimensions by a
computer algorithm [154]. Through this process, a layer of non-woven, randomly or
semi-randomly oriented microfibres is produced that has a homogeneous structure,
high porosity and is suitable for supporting nanofibrous layers due to its moderate
mechanical stability.

Solution electrospinning is a different method that can create fibres with a sub-
micrometre diameter. The primary components of the fabrication setup (Model SE-
01C, Bious Labs, Lithuania, Fig. 2.3) are as follows: 10 ml of the polymer solution in
a plastic syringe, a syringe pump, a metal needle with a blunt tip, a revolving metal
collector and a high voltage source attached to the metal needle and the rotating
collector are shown in Fig. 2.3. While a revolving collector is grounded, a needle
attached to a positive electrode of a high DC voltage source is used to force the
polymer solution through. A dense filtering layer is created by the production of
nanofibres on a collector surface as a result of high voltage electrical field [155].

As stated in the results sub-section (3.1), the fibrous layers created using both
approaches were combined to create a single product. Following completion, the
substrates were allowed to dry for 12 hours in a vacuum room with the goal of cleaning
any remaining solvents from the solution electrospun membranes. Until further
testing, the membranes were kept at 40 °C in sealed polypropylene bags. Sharp chisels
were used to cut the filter substrate samples to diameters of 25 mm or 37 mm.

2.3.2. Efficiency of filtering out simulated aerosol particles

In a specifically made testing device (Fig. 2.4), aerosolized NaCl and DEHS
particles were used to challenge the filters' ability to filter out the particles. The NaCl
solution in deionized water (0.1% w/v), and DEHS were supplied via a collison
nebulizer (Model CN 6 J, BGI Inc., USA) and diluted with dry air in a porous tube
diluter to produce polydisperse aerosol. An 85Kr bi-polar neutralizer (3054 A, TSI
Inc., USA) was then used to achieve charge equalization. Filter holders were filled
with samples of filters that had a diameter of 37 mm. An illustration of the fibre-based
3D printing setup is provided. It includes a grounded collection plate, a high voltage
source, a filament extruder, filament and filament coil as well as nozzle heating. Both
upstream and downstream particle concentrations were monitored using the electrical
low-pressure impactor (ELPI +, Dekati Ltd., Finland). With a face velocity of 5.3
cm/s, a pressure sensor (Model P300-5-in-D, Pace Scientific Inc., USA) first
monitored the pressure drop before and after the sample medium, and then at intervals
between 3 and 20 m/s.
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Fig. 2.4. Filter material testing setup for particle collection efficiency and pressure drop
2.4. Electrospun PC nanocoating on 3D printed support
2.4.1. Preparation of polymer solutions

In order to electro spin PC, the solvent was carefully chosen, as it needs to be
able to dissolve the PC and not evaporate quickly enough that it would not interfere
with the electrospinning process. DMF and THF were chosen to dissolve PC for
producing nanofibres. Polycarbonate (wt%) and CTAB (wt%) with varying
concentration was dissolved in a mixture of N, N-dimethylformamide,
tetrahydrofuran in a 7:3 (v/v) ratio to achieve homogeneous solutions. This dissolution
process involved mechanical stirring at a temperature of 55 °C. It is worth mentioning
that DMF has a comparatively higher boiling point of 153 °C compared to THF, which
has a boiling point range of 65—67 °C. The PC concentrations in the solutions varied
between 14%, 17% and 20% (wt/v), while the concentrations of CTAB ranged from
0.2 to 0.8% (wt%) relative to PC.

The 3D printed PC support fabricated in the lab (Bious Labs, Lithuania) was
used for collecting electrospun nanofibres. Mesh-type polycarbonate supports (size of
80 x 50 x 0.4 mm, mesh size of 0.786 x 0.786 mm) were made using commercial 3D
printer. Polycarbonate filament (P51, Sigma-Aldrich) with diameter of 1.75 mm were
extruded using 0.4 mm nozzle at a temperature of 235 °C. Printing pad temperature
was kept at 85 °C. The mesh structure was formed using G-code made by slicing
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software. Manual calibration was followed by the air cooling and winding up of the
filaments. These concentration ranges were the experimental design followed a
MODDE 7 software (Umetrics AB, Sweden) developed D-optimal-interaction model,
ensuring the formation of well-defined nanofibres.

2.4.2. Electrospinning process and filter material development

The process of electrospinning begins by exposing PC solution to high DC
voltage of 22 kV based on the flyback principle across a capillary containing 10 ml
syringe with 21 size needle gauge, and the solution was delivered at a flow rate of 0.5
mL/h with tip to collector distance of 15 cm. The rotation was set at a linear speed of
150 cm/min, equivalent to the rotation frequency of 6 rpm. The electric field causes
the solution to be pulled through the capillary tip, forming a thin jet. The temperature
and humidity of the apparatus was maintained at 250 °C and 50% throughout the
experiment. The jet is then collected on a 3D printed substrate attached to the
grounded collector where the solvent evaporates, leaving behind the PC fibres. The
fibres are collected on a 3D printed polycarbonate substrate and used for further
characterization. Pressure Drop of PC filters at Various Flow Rates for Different PC
and CTAB Concentrations is tabulated in Table 2.2, where PC1, PC2, PC3, PC4, PCS5,
PC6 and PC7 corresponds to PC14%, CTAB 0.2%, PC14%, CTAB 0.8% PC17%,
CTAB 0.5% PC17%, CTAB 0.5%, PC17%, CTAB 0.5%, PC20%, CTAB 0.2%,
PC20%, CTAB 0.8%. The manufacturing apparatus was used (designated as Model
SE-01C and manufactured by Bious Labs in Lithuania) [155].

Table 2.2. Pressure drop of PC electrospun filters at various flow rates for different
PC and CTAB concentrations

PC and CTAB Pressure drop (Pa) Pressure drop Pressure Pressure drop
concentration (%) (Pa) drop (Pa) (Pa)

Flow rate (I/min) 1.7 2.5 4.4 11.2

PC1 436.3 650.3 1,212 2,390.7

PC2 242.3 361.3 667.3 1,877

PC3 119.3 158 292.3 808

PC4 87 126.7 234.7 652.3

PCS 222.7 415.7 593 1,610.3

PCo 175.3 257.7 458.3 1,208.7

PC7 225 332 602 1,651

The modde generated parameters for forming polycarbonate nanofibre using the
electrospinning process are shown in Table 2.3. The electrospinning was conducted
within a Plexiglas chamber at normal environmental conditions. The properties of the
resulting fibres can be altered by adjusting various factors, including the
characteristics of the polymer solution, applied voltage (V), needle gauge (n), flow
rate (Q) and distance (d). In order to minimize the impact of air currents on the path
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of the electrospun jet, the needle, electrode and grounded target are all contained
within a chamber.

2.5. A single platform for both aerosol particle collection and cytotoxicity in
vitro

2.5.1. Fabrication of a nanofibrous sampling platform

A melt 3D printer was used to create the polycaprolactone microfibre layer
(substrate, bottom layer, Fig. 2.5 a) on which the micro- and nanofibre layers were
created (Bious Labs Tech & Life, https://tech.biouslabs.com/). The macrofibre layer
was a 5 x 10 cm in size. Polycaprolactone filament was dried at 35 °C for 12 hours
before manufacturing. The polymer filament supply speed was 1.5 mm/min, the
supply head to collector distance was 2 cm, the voltage was 12 kV, and the sample
formation time was 1 h. The production chamber's ambient temperature was 20 °C,
and the relative humidity level was 30%. In order to lessen imperfections and improve
uniformity, the samples of the produced macrofibre layer were pressed for 20 seconds
at a force of 20 kN.

The middle microfibre layer in Fig. 2.5 b was created in the manner described
below. In order to create a CA platform, a solution of CA was created by dissolving
2.5 g of CA in a mixture of solvents (3:2, 6 ml of acetone and 4 ml of DMA) to create
a 25% w/v CA solution, a magnetic stirrer running for 24 hours at 250 rpm and 25 °C
(cat. no. 06-SH2-4C; ChemLand, Poland). A PCL solution was created for the PCL,
PA6 and PAN platforms by dissolving 3.0 g of PCL in a solvent mixture (2:3, 6 ml of
acetone and 9 ml of DMF) to create a 20% w/v PCL solution, utilizing a magnetic
stirrer (ChemLand, Poland, Cat. No. 06-SH2-4C) at 350 rpm and 60 °C for 24 h.

As shown in Fig. 2.5 b, the top layer of the nanofibrous layers was created. Thus,
1.7 g of CA was dissolved for the CA nanofibrous layer in a 2:1 solvent mixture (6.7
ml of acetone and 3.3 ml of DMA) to produce a 17% w/v CA solution. A magnetic
stirrer (Cat. No. 06-SH2-4C, ChemLand, Poland) was used to stir the mixture for 24
hours at a temperature of 25 °C and 250 rpm. In order to prepare PCL at a 20% w/v
concentration, 3.0 g of PCL was dissolved in a mixture of solvents (2:3), including 6
ml of acetone and 9 ml of DMF, at 350 rpm and 60 °C, stirring with a magnetic stirrer
(Cat. No. 06-SH2-4C, ChemLand, Poland) for 24 h.
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Fig. 2.5. Setup schemes of electrohydrodynamic processes: melt based fibre printing process
(a) and solution based micro and nano fibrous layer formation process (b)

An electrohydrodynamic procedure (solution electrospinning) was used to
create nano- and micro fibrous layers on top of the macro fibrous substrate (Bious
Labs Tech & Life (https://tech.biouslabs.com/), the company that produced the
solution electrospinning device). The needle was 15 cm from the collector, the voltage
was 22 kV, the needle ID was 0.7 mm, and the flow rate of the polymer solution was
2 ml/h. The relative humidity in the formation chamber was 45%, and the temperature
was 30 °C. The sample formation took place for 60 minutes.

2.5.2. Nanofibrous aerosol sampling and testing platform

The platform has three layers, each with a distinct function, as depicted in Fig.
2.6. During the manufacturing process, these layers are produced one on top of the
other. Large diameter linked PCL threads make up the microfibre layer. This layer
gives the platforms for sampling and measuring mechanical strength and stability.
Having less flow resistance, it has big pores. The platform's midsection had a
microfibre layer on it. Since the creation of nanofibres on the microfibre layer is
unsuitable due to the macroscopic pores, which result in irregularities and flaws; this
middle macrofibre layer serves as the foundation for the formation of the nanofibre
layer. Microfibres with a diameter of typically less than 10 micrometres are incredibly
small fibres. Often utilized in garments and cleaning products, they are recognized for
their resilience, suppleness and capacity to wick away moisture. However,
macrofibres are found in conventional textile materials, such as cotton and wool, and
have bigger diameters, more than 10 micrometres, and are used for a variety of
applications, including apparel and building materials.

Low aerosol particle retention efficiency is a characteristic of the microfibre
layers, which are meant to create an environment conducive to the stability and
effectiveness of the nanofibre layer. A nano diameter PCL fibre network with tiny,
linked pores make up the nanofibre layer. This three-layer platform was created to
efficiently collect aerosol particles on its surface and perform cytotoxicity studies on
cells directly on the nanoparticles they had collected. The platforms for sampling and
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testing must exhibit excellent aerosol particle collecting efficiency, stability,
mechanical toughness, non-toxicity and biocompatibility with the research cells.

Deposited nanoparticles  Bronchial epithelium
cell line BEAS-2B

A
Nanofiber layer
Microfiber layer
Macrofiber layer
B

Fig. 2.6. Principal scheme of the cross section of nanofibrous sampling and testing platform
(A), types of produced nanofibrous sampling and testing platforms: CA, PCL, PA6 and PAN
(B)

In this investigation, four different platform types were created and put to the
test (Fig. 2.6). The ability of PCL to form macro-sized fibres (diameter 10—100 pm)
in materials with large (diameter 20-200 um) linked pores is what causes the macro
fibrous layer of all products produced from the PCL. The CA platform's nano- and
micro fibrous layers were made from CA. A natural polymer created from cellulose
by acetylation is cellulose acetate. According to [156], cellulose acetate is a
biodegradable, renewable, non-corrosive, non-toxic and biocompatible substance; for
these reasons, it was chosen as one of the alternatives.

Polycaprolactone, which is widely used in medical applications, such as tissue
engineering and drug delivery systems, was used to create the nano- and micro-layers
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of the PCL platform, because it is extremely biocompatible [157]. Although its use
may necessitate surface alterations to improve tissue integration, the nanofibrous layer
of the PA6 platform was created from polyamide 6, which demonstrates moderate
biocompatibility and is acceptable for some medicinal applications [158]. As
polyacrylonitrile, which is used to create the nanofibrous layer of the PAN platform,
is typically thought to have low biocompatibility, its usage in medical applications is
restricted without modification or coating to enhance its interaction with biological
tissues [159]. The nanofibrous layer (top layer), on which aerosol particles are
collected and to which cells are exposed in vitro, is the most significant layer of all
sampling ant testing platforms.

2.5.3. Analyses of developed nanofibrous platforms

Using a scanning electron microscope (SEM; S-3400N, Hitachi, Germany)
fitted with a cold-field emitter operating at an accelerating voltage of 2 kV, the
structural morphology of the nanofibrous layer was examined. Using an energy-
dispersive X-ray spectroscope (Bruker Quad 5040, Hamburg, Germany), elemental
mapping analysis was carried out. ImageJ software (National Institutes of Health,
USA) was used to analyse SEM pictures.

2.5.4. Aerosolized nanoparticle deposition

After the use of a microbalance (MXAS5; Radwag, Poland), the nanoparticles
were weighed. A 20 ml glass container with the weighted nanoparticles in it was then
filled with 20 ml of deionized water. A homogenous dispersion of Ag, Cu and
graphene oxide nanoparticles in deionized water was accomplished during the sample
preparation procedure by using an ultrasonic bath (CK 3, SPIN, Italy). In order to
achieve thorough dispersion, the vial was then placed in an ultrasound bath set at a
frequency of 40 kHz and a temperature of 25 °C and ultrasonically processed for 30
min. The efficacy of the dispersion technique was validated by ultrasonication, and
the suspensions were then used right away for subsequent size and zeta potential
studies using a Delsa Nano C particle analyser (Beckman Coulter, Inc., USA).

The same experimental setup from Fig. 2.4 has been used and shows the
system's schematic for gathering aerosolized particles on the platform samples. A
collison nebulizer (Model CN 6 J, BGI Inc., USA), which produces aerosol at a flow
rate of 5.5 lpm, was used to aerosolize the suspension of nanoparticles. This
suspension was then diluted with dry air (57.5 Ipm) in a porous tube diluter, and
charge equalization was then performed using an 85Kr bi-polar neutralizer (3054 A,
TSI Inc., USA). A holder held platform samples with a diameter of 37 mm, and the
air with aerosolized particles (2.2 lpm) was filtered through the platform media. Since
each type of nanoparticle suspension produced a steady amount of aerosol, the length
of deposition could be adjusted to control how much material accumulated on the
platforms. The aerosol's lifetime for particle deposition ranged between 10 and 40 s.

Gravimetric analysis was used to determine the collected mass of aerosol
particles from samples taken from the platforms before and following the collection
of the produced aerosol particles. Prior to the gravimetric analysis, the platforms were
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conditioned for 24 hours in an atmosphere with a relative humidity of 40% and
temperature of 22 °C. A microbalance (MXAS, Radwag, Poland) was used to weigh
the platform sample and determine its mass according to a predetermined technique.
Using a scanning electron microscope (SEM; S-3400N, Hitachi, Germany) with a cold
field emitter running at an accelerating voltage of 2 kV, the deposited nanoparticles
were examined. Since each type of nanoparticle suspension produced a steady amount
of aerosol, the length of deposition could be adjusted to regulate how much material
accumulated on the platforms. The deposition of aerosol particles lasted between 10
and 40 seconds. Energy dispersive X-ray spectroscope (EDS, Bruker Quad 5040,
Hamburg, Germany) was used for the elemental mapping analysis. ImageJ software
(National Institutes of Health, USA) was used to analyse SEM pictures.

Table 2.3. The experimental plan of three types of engineered nanoparticles at three
concentrations tested for the two sampling and testing platform materials
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PCL-0 PCL None 0.00£0.00  0.00+0.00 C(’)*' CA N:“ 0'000;0' 0.00+0.00

2.5.5. The process of preparing the electrospun membranes for cell seeding

The author of the dissertation has worked with various kinds of 3D electrospun
membranes in sterile circumstances and with an air flow beneath the hood. Utilizing
a stainless-steel hole puncher that had been disinfected in ethanol and a hammer, 11
mm membrane discs were made. A 24-well plate cell culture insert (CellCrownTM
24NX, Scaffdex) was affixed to the prepared membrane discs in a cell culture laminar
hood. The cell culture media was poured into the inserts in 12-well plates while they
were in the "upside-down" position, such that it touched the membrane from below.
In accordance with the conventional procedures, the cells were seeded on top of the
membrane and left there overnight in a humid incubator in order to facilitate cell
adhesion. The following day, the medium was taken out, the inserts were relocated to
a 24-well plate, turned around so that the cells faced down normally, and 1 ml of the
same culture was supplied. The previously indicated cell incubator was used to
continue cultivating under the same circumstances.

2.6. Procedure for determining the particle toxicity in vitro
2.6.1. Evaluation of cell adherence to electrospun membranes

Using the EVOSTM M7000 imaging system (InvitrogenTM, Thermo
Scientific), the cell adhesion to four different types of 3D electrospun
membranes/scaffolds was evaluated. The cells were stained with calcein green AM
dye (Invitrogen, Thermo Scientific) on day 5 following seeding in accordance with
the manufacturer's instructions. In order to examine the non-specific interaction of the
dye with the scaffolds, the scaffolds devoid of cells were stained as well.

2.6.2. Test for cell viability and proliferation

On 3D electrospun scaffolds, cell viability was tracked by using the RealTime-
GloTM MT Cell Viability Assay (Promega). The cell proliferation/viability assay was
carried out by using a continuous read format. According to the manufacturer's
instructions, the reagents were added to the cells 18 hours after seeding, and the
luminescence signal was monitored for 48 hours with a SpectraMax® i3
spectrophotometer (Molecular Devices, LLC, Sun Rose, CA). Twenty thousand cells
were put into each well of a 24-well generic plate as a control, cytotoxicity assay
(LDH).

Utilizing the CyQUANTTM LDH cytotoxicity assay from thermo scientific, the
release of lactate dehydrogenase (LDH) was quantified. One day following cell
seeding, the scaffolds were moved to a fresh 24-well plate for the same purpose as for
the viability assay. A 24-well generic plate with 20,000 cells per well was seeded and
used as a control. After 48 and 72 hours from planting, the LDH assay was carried out
in accordance with the manufacturer's instructions. Using a SpectraMax® i3
spectrophotometer (Molecular Devices, LLC, Sun Rose, CA), the absorbance was
measured at 490 and 680 nm (490—-680 nm subtraction). The cells on the scaffolds
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were lysed with the lysis solution at the conclusion of the experiment (5 days), and
the quantity of LDH was assessed, indirectly indicating the number of the cells on the
scaffold.

2.6.3. BEAS-2B exposure to nanoparticles of Cu, Ag and GO

To begin with, 100 pl of culture media and 6,000 BEAS-2B cells per well were
planted onto 96-well plates. The following day, fresh cell culture medium containing
scattered nanoparticles of copper (Cu; Sigma-Aldrich, 774103), silver (Ag; Sigma-
Aldrich, 484059) and graphene oxide (GO; Sigma-Aldrich, 796034) was created.
Thus, 1,000, 250, 62.5, 15.63, 3.9, 0.98 ug/ml six replicate wells for each type of
particle and concentration were created by aspirating the medium from the plate
containing the planted BEAS-2B cells and adding nanoparticle-conditioned media to
each of the six wells. Using the RealTime-GloTM MT Cell Viability Assay (Promega)
and a Live/Dead staining kit (Invitrogen) in accordance with manufacturer's
instructions, the viability of the cells was assessed 24 hours later. Gene expression
study was performed on the cells exposed to the nanoparticles at concentrations lower
than 62.5 pg/ml. The cells were lysed for this purpose by using 200 pl of QIAzol
(QIAGEN) and then kept at -20 °C for RNA extraction.

2.6.4. Exposure to Cu, Ag and GO nanoparticles as "cells on particles"

There has been selected the PCL type of membrane based on the membrane and
BEAS-2B viability on various 3D electrospun membranes, as well as the physical
characteristics of the membranes and their practical handling during processing before
cell seeding and their performance in cell culture for the proof-of-concept
experiments. When the membranes were cut off or punched into specific-sized discs
for cell seeding and during the cell culture period, there were no degradations or
detachments of the "nanofibre" layers.

The membranes that had nanoparticles gathered on top of the "nanofibre" layer
were processed with sterile equipment in sterile settings. A hole-puncher was used to
create discs with an approximate diameter of 6.4 mm, which were then placed on the
bottom of the 96-well opaque white plate. Thus, 6,000 BEAS-2B cells/well in 100 pl
of culture media (at least 5 well replicates per position) were used as the seeding
density. The cells were seeded after processing control membranes devoid of particles
in the same manner. As "blanks" for viability measurements, the membranes with and
without the particles were exposed to the medium containing the reagents but devoid
of cells in order to rule out any potential interference. After 24 hours, the cells were
lysed in the same manner as before for the RNA extraction and subsequent gene
expression analysis.

2.7. Characterization of the filter substrate
2.7.1. Distribution of fibre diameter and morphology

The morphology of nano and micro layers was assessed with the use of a
scanning electron microscope (SEM S-3400N, Hitachi, Krefeld, Germany). The sizes
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of fibres and pores were calculated using ImagelJ software from the National Institutes
of Health in the United States.

2.7.2. Pore size distribution

The porous size of the composite filter material was evaluated using a capillary
flow porometer (CFP-0410, Bious Labs, Lithuania) and the bubble point method
[160], and 25 mm filter disks were wetted with wetting fluid (Porofil Wetting Fluid,
Anton Paar QuantaTec Inc., USA). In order to verify the device's functionality,
commercial polycarbonate filter membranes with 0.4, 1.0 and 2.0 um pore sizes
(Cyclopore, Whatman Inc., USA) and PTFE filter membranes with a 1 um pore
diameter (Porafil, Macherey-Nagel GmbH, Germany) were utilized. The instrument,
CFP-0410 from Bious Labs in Lithuania, uses a capillary flow porometer to measure
the distribution of pores between 0.4 and 10 mmm, and 25 mm diameter filter disks
were wetted using a wetting fluid called Porofil by Anton Paar QuantaTec Inc. in the
USA. Commercial aerosol sampling filters (PTFE filter membranes with a 1 um pore
diameter (Porafil, Macherey-Nagel GmbH, Germany)) and polycarbonate filter
membranes with 0.4, 1.0 and 2.0 um pore sizes (Cyclopore, Whatman Inc., USA) were
used to test the operation of the equipment. The device could measure the distribution
of pores between 0.4 and 10 mm.

2.7.3. Wetting properties

The hydrophobicity of the filter sample surface was evaluated with the use of
an optical tensiometer (theta lite TL 101, made by Finnish company Biolin Scientific)
and the One Attention v1.0 program. A 20-liter drop of pure water was deposited on
the composite filter's top layer, and the contact angle was measured after 10 seconds.

2.7.4. Weight stability

The samples were examined for gravimetric analysis stability before being put
through filtration efficiency testing on the manufactured filtering substrates. The
analyses were carried out in the order listed below:

1) The samples were examined for electret removal and charge. Following the
production process, including electrospinning, fibrous nonwoven materials often have
an electret charge. Therefore, electric charge was evaluated by using an electrostatic
field metre (FMX-004, Simco-Ion, USA) in static charge reading mode. The field
metre was mounted in a stationary position, and the samples were placed 25 mm in
front of the measuring element. The values were recorded after 10 seconds, and the
procedure was then carried out three times. After the charge had been balanced using
an in-house built corona discharge bipolar ion generator, the method for measuring
the electric charge was repeated.

2) Prior to the gravimetric analysis, the filter samples were conditioned at a
temperature of 22 °C and a relative humidity of 40%. Using a microbalance (MXAS,
Radwag, Poland) and a predetermined weighing methodology, the initial filter mass
was calculated.

3) Using the reference method's technique, the stability of the filter weight was
evaluated (Office of the Federal Register, 2001). The filter was put inside a cassette
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(Clear Styrene, 37 mm, SKC Inc., USA), dropped from a height of 25 c¢cm to the top
of a lab table, picked up from the cassette and weighed once again.

4) Weighed filters were placed in an oven set at 40 °C for 48 hours to test the
stability of the filters' temperature. After conditioning, the filters were weighed again.

2.7.5. Morphology of micro/nanolayer

The shape and structure of the nanolayers were statistically determined through
scanning electron microscopy (using a Hitachi SEM S-3400N located in Germany).
The size of the fibres was calculated using ImageJ software developed in the United
States by the National Institutes of Health.

2.7.6. Viscosity and conductivity analysis

The viscosity of polymer solutions with a weight percentage between 10 was
measured at 28 °C using a Brookfield digital viscometer (Model DV-E). The
conductivity of each solution was assessed five times at 25 °C, and their average was
determined using a conductivity metre (COND 340i, WTW Ltd., USA), respectively.

2.7.7. Filtration efficiency and pressure drop

The filtration efficiency of filters was tested against simulated aerosol particles
of NaCl using a specifically developed testing rig [6]. The understanding is that the
spherical particles exhibit greater filtration efficiency when compared to the cubic
particles [161]. As a result, NaCl was chosen as the testing material to assess filtration
efficiency, since its aerosol form consists of cubic particles that possess rounded
edges.

Due to its intermediate shape, NaCl is considered suitable for measuring the
average filtration efficiency. The NaCl solution was aerosolized utilizing a collison
nebulizer (Model CN 6 J, BGI Inc., USA), and dry air was diluted in a porous tube
dilator. The charged particles were balanced with the aid of an 85Kr bi-polar
neutralizer (3054 A, TSI Inc., USA). Filter samples with a diameter of 37 mm were
put in a filter holder and exposed to the test aerosol. The Finnish company Dekati
Ltd.'s Electrical Low-Pressure Impactor (ELPI+) was used to monitor the particle
concentrations both upstream and downstream. A pressure sensor (Model PCE-PDA
1L, PCE GmbH, Germany) was used to measure the pressure drop before and after
the sample medium at face velocities of 5.3 cm/s and at intervals between 3 and 20
m/s. The results of the filtration efficiency tests were used to determine the overall
performance of the filters and identify any limitations in their ability to capture
particles.

2.8. Statistical analysis

Origin 2021 (Origin Labs Inc., USA) and Microsoft Excel (Microsoft Corp.,
USA) software were used to statistically process the data generated throughout the
analyses. If not stated otherwise, the provided average data are presented as mean
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standard deviation and were obtained from measurements that were performed in
triplicate.

GraphPad PRISM software was used to analyse biological data. In order to
identify statistically significant differences between groups, two-way ANOVA or
multiple comparison t-tests were utilized. A difference was deemed statistically
significant when P<0.05.
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3. RESULTS AND DISCUSSION

3.1. Fibrous three-layer (all three layers from nonwoven fibres) aerosol
sampling filter design, morphology and characterisation

Because of a number of advantageous characteristics, including a dense network
of nanoscale fibres, tiny pore diameters and low specific weight, the design of an
aerosol sampling filter based on a nanofibrous network depends on the ability of such
a matrix to retain aerosol particles with high efficiency. Both inferior mechanical
performance and a very significant pressure drop are the major limitations of the
nanofibrous layer. The mechanical fragility is a significant barrier, even though the
latter is expected when sampling filters have small pores, and it is not thought to be a
serious shortcoming. It can be fixed by adding stronger support layers below the
nanofibrous layer or supporting the nanofibrous layer with a support ring, as in the
case of PTFE membranes. Following the latter approach, first, there was added a
commercially available woven microfibre support to the nanofibre layer. Considering
the woven matrix's rather high surface roughness and the layers' tendency to separate
during handling due to a lack of chemical similarity and an excessive variation in fibre
size, this strategy eventually seemed to be practically unworkable after several tests.
Thus, a different strategy has been chosen to create the support layer utilizing 3D
printing on a comparable material. Although the chemical compatibility between
layers was resolved, the mechanical stability of the nanofibre support on the
microfibre was still to be improved.

As a result, the final particle sample media had a three-layer structure with a
gradient in fibre and pore diameter (Fig. 3.1). Layer 3 served as the base layer at the
bottom of the three-layer composite, providing mechanical support for the fragile top
layers. Layer two (the middle layer) served as a binding layer between macro fibrous
layer one and layer three, ensuring the best adherence and preventing nanofibrous
layer three from disintegrating during low pressure sampling. The third layer, which
is the top layer, served as a surface for collecting nanofibrous 2D aerosol particles.
The phrase "2D surface" in relation to layer 3 describes its function as a planar aerosol
particle collection surface rather than its actual physical dimensionality in the strict
physics context. Dimensionality is not the same as layers: particle mobility freedom
within a material is related to dimensionality. In order to create a composite
construction, various material sheets are stacked to create layers. This differentiation
makes it clear how the filter functions and what advantages it has over single-layer
nanofibre membranes. The term “nanofibrous 2D aerosol particles” refers to aerosol
particles that have a nanofibrous structure (fine fibres at the nanoscale) and are
collected on a two-dimensional surface (the nanofibre layer). The term "2D" in this
case pertains to the surface where the particles are collected, not to the particles
themselves being flat.

Layer 3 was applied to the collector surface before layer 2 and layer 3 formation
started, while layers 1 and 2 formed later. Table 3.1 lists the technical specifications
for fabricating layers 2 and 3. In order to achieve good chemical compatibility and
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adhesion, layers 2 and 3 were constructed from the same polymer (apart from PAN).
The variation in polymer content in the starting solution and the adjustment of other
parameters to produce uniform layer morphology were largely responsible for various
sizes of fibres. Four different kinds of three-layered composite aerosol sampling filter
substrates compared with commercial filters were listed in Table 3.2.
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Fig. 3.1. The cross-sectional layout of three-layered substrate for the aerosol sampling filter:
layer 3 is macrofibre providing mechanical support for the fragile top layers, layer 2 is
microfibre served as a binding layer between micro fibrous layer 1 and layer 3, and layer 1 is

nanofibre served as a surface for collecting nanofibrous 2D aerosol particles

Table 3.1. The composite aerosol sampling filter substrates' fabrication

characteristics
Typ | Lay | Poly Concentr | Solvent Volta | Tip- Poly Nee | Ambie
e of | er mer ation  of | mixture ge, to- mer dle nt
filte | no. polymer kV collect | suppl | gaug | conditi
r in or y e ons, °C,
solution, distan | rate, % RH
Yow/v ce,cm | g/h
PC 6:4, DCM:
L L3 PCL 10.0 DMF 22.0 19.0 0.20 25 25,35
2:3, Acetone:
L2 PCL 20.0 DMF 22.0 15.0 0.40 21 30, 40
L1 PCL Melt of pure PCL 7.7 12.0 0.29 - -
CA 2:1, Acetone:
L3 CA 17.0 DMA 20.0 15.0 0.51 21 20, 55
2:3, Acetone:
L2 CA 20.0 DMF 22.0 15.0 0.40 21 30, 40
L1 PCL Melt of pure PCL 7.7 12.0 0.29 - -
PA | L3 PAN 10.0 DMF 20.0 15.0 0.10 21 22,40
N 2:3, Acetone:
L2 PCL 20.0 DMF 22.0 15.0 0.40 21 30, 40
L1 PCL Melt of pure PCL 7.7 12.0 0.29 - -
PA 2:1, Formic ac
6 113 |pas | 130 id: 1260 |[150 |026 |21 |30,35
Glacial acetic
acid
2:3, Acetone:
L2 PCL 20.0 DMF 22.0 15.0 0.40 21 30, 40
L1 PCL Melt of pure PCL 7.7 12.0 0.29 - -
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Table 3.2. Compared commercial filters and their described properties

Samp | Thic Fibre Pore | Basi | Weig | Wetti | Filtrati | Filtrati | Pressur
le knes | diameter? | diam s ht ng on on e drop,
S, (mean, SD),| eter® | wei | stabili | prope | efficien efficien Pa (at
pm nm (mea | ght, ty rties, cy at cy at face
n, g/m (loss WCA | MMPS, | MMPS, | velocity
SD), 2 at 40 2 % % of 10
pm °Q), (NaCl) | (DEHS) cm/s)
mg
PCL 480 | 0.42+0.022 | 1.20+ | 92.9 | 943 96.9 + | 99.4+0. | 98.5+0. | 2,304+1
0.06 +1.9 4.4 07 13 3
PAN 400 | 0.37+0.068 | 0.93+ | 87.6 | 8+6 83.3 £ | 99.5+0. | 99.5+0. 1,478+1
0.02 +1.8 1.2 31 88 5
CA 470 | 0.42+0.083 | 2.83+ | 72.5 | 15+6 38.7 £ | 99.4+1. | 99.0+1. | 476+3
0.35 +14 7.7 3 50
PA6 390 | 0.086+0.01 | 0.46 73.8 | 1444 90.6 = | 99.9+0. | 99.7+0. | 2,159+1
9 +0.049 | £1.5 4.4 1 13 6
PTFE | 140° | - 2b 70.9 | <20 105.1 | 99.9+0. | 99.84£0. | 526+12
+1.1 +4.7 45 54
QMA[ | 475 | 0.86+0.059 | 2.2° 86.3 | <20 0.0£0. | 99.97 99.4+0. 1,510+1
162] +1.4 0 98.0¢ 95 5
850
TQ[16 | 432° | 0.73+0.047 | N/A® | 52.0 | <20 0.0£0. | 99.9 99.8+0. | >2,500
3] +1.7 0 99.9¢ 45
58°
MCE[ | 150° | - 0.8° 429 | <20 0.0£0. | 99.98+0 | 99. >2,500
164] +2.1 0 .03 8+0.52

2 Property reflecting primarily layer 1.

b Manufacturer’s information.

€Manufacturer’s information presented according to ASTM D 2986-91, [0.3 mm].
4Maximum pore size, estimated average size ca 0.2 mm.

PCL was used to create layer 1 with the average fibre diameter of 40.0+£7.3 pm.
The 3D fibre printing technology has the ability to create fibres with a highly
predictable morphology. In this instance, the fibre structure was designed to be
controlled by two mechanisms, i.e., direct writing and limited polymer whipping,
resulting in a semi-random network (Fig. 3.2, layer 1 SEM images). The straight fibres
in this structure gave it mechanical stability and endurance, while the randomly
oriented fibres gave it a surface on which to build a second layer. Due to the regulated
temperature regime below the polymer's thermal degradation threshold, the chemical
composition of PCL was unaffected throughout the operation [154].

Layer 1 was used as a substrate for the solution electrospinning, while layer 2
was produced directly on top of layer 1. PCL solution served as a foundation for
constructing layer 2 in the cases of PCL, PAN and PAG6, resulting in an average fibre
diameter of 2.80+1.31 um (Fig. 3.1 and Table 3.1, layer 2). In the case of the CA
sample, layer 2 was made with CA solution that had a 20% polymer concentration,
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resulting in fibres that were 0.7140.22 pm in diameter, which is three times smaller
than PCL but larger than the top CA layer, which was made with CA solution that had
a 17% polymer concentration. After it became apparent that CA nanofibres do not
efficiently cling to PCL middle layer, CA was chosen as the middle layer.

Directly on layer 2, PCL, CA, PAN and PA6 polymer solutions were used to
create layer 3. As a result, the samples were given names based on the top layer
polymer. With average diameters of 0.42+0.21 pm for PCL, 0.42+0.08 pm for CA,
0.3740.07 um for PAN and 0.086%0.02 um for PA6, the sub-micrometre fibres were
successfully produced (Fig. 3.2, layer 1, SEM images). The fibre network was
randomly oriented in all the samples, which is a frequent result of the solution
electrospinning procedure.

As the primary filtering layer, the top layer of nanofibre was supposed to deposit
accumulated particles on top of the substrate. The thick network of these nanofibrous
filters might prevent particles from penetrating the deeper layers, making them more
similar to solution cast filtering membranes than (micro)fibrous filters, which deposit
particles at different depths in the filtering layer.

The composite filters' overall thickness, which ranged from 390 to 480 um
(Table 3.2), was higher than that of the commercial sample filters (140-475 pm). A
relatively thick filter is produced by the composite layered structure; however, this

should not prevent it from being used in most sampling devices.
A PCL PAN PA6
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Fig. 3.2. A. SEM photos of the substrate layers for the aerosol sampling filter. B. The box
and whisker graph below shows the top layer's fibre size distribution

3.1.1. Distribution of pores

The average size of the pores on the manufactured substrates ranged from 0.4
um (PA6) to 2.8340.35 mm (CA). It is well known that the diameter and length of the
fibres determine the pore size of nanofibrous membranes [160]. The basic weight of
the membrane, which has a negative impact on the pore size, is another determining
factor. This could account for the difference in pore size fibre size between PCL and
CA, while PCL had fibres of comparable size to CA, the latter's average pore size was
twice as large while its basis weight was 20% lower (Table 3.2). SEM photos reveal
the same thing, showing that the CA fibre packing was "looser". On the other side,
PAG has the tiniest fibres and pores. The relationship between these observations and
the filtering efficiency and pressure drop will be revealed in sub-sections 3.1.4 and
3.1.5. In the electrospinning process, the polymer content in the solution can be
changed (the thinner the solution, the smaller the fibres) as well as the electric field
strength (the stronger the field, the smaller the fibres). Basis weight can be effectively
managed in relation to the process duration. It is challenging to directly regulate pore
size; therefore, it is advised to extend the electrospinning time if even higher level of
efficiency is required to produce aerosol sampling filter substrates made by using this
technique.
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Fig. 3.3. Pore diameters and cumulative pore flow of aerosol sampling filter substrates; mean
pore size is indicated by the grey lines

3.1.2. Stability of weight

The substrates for the aerosol sampling filters were suitable in terms of weight
stability. The filter mass barely changed because of the test against loose surface
particles. Pure polymers were used to create the filters reported there, which were then
transformed into an inert nonwoven fibrous network. This network has a reputation
for having a mechanically sturdy structure that resists chipping, flaking or shedding.
The resultant fibres are lengthy and knotted, and they carry the initial polymer's elastic
properties along their length. Electrospun filters are similar to the polymer membrane
filters, such as PTFE, MCE, or PC, in that regard.

Specifically, if the filter is utilized as respiratory protection equipment, a
concern has been raised about the release of nanofibres (as nanoparticles) from the
body of nanofibrous air filters under passing airflow [165]. Since most experts believe
there is a low possibility that nanofibres will be released from the fibre network, the
data on this phenomenon is quite scant. No discernible release of fibres was observed
in research with PAN nanofibres, or only at extremely high face velocities (30 cm/s)
[166]. A gravimetric examination of the collected particles would not be considerably
impacted by such minute shedding on the bulk of the sampling filter. However, it
should be highlighted that the passing air testing would be more advantageous and the
existing standard approach for loose particle testing by dropping may not accurately
reflect the particle release potential from the nanofibrous filters. The electrospinning
technology offers a chance to create filtering materials with sorptive qualities by
incorporating nanoparticles into the material. Depending on the nanoparticle grafting
technique, such a product may be susceptible to mass loss when dropped, although it
is unlikely to be utilized especially for the gravimetric analysis.
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Under thermal treatment at temperatures up to 40 °C, no appreciable weight loss
was seen. The thermal characteristics of precursor polymers, which are often capable
of retaining mass until the temperature of breakdown (>250 °C), are typically present
in electrospun nonwoven mats. The evaporation of the leftover solvent, which is
retained in the nanofibrous matrix due to partial evaporation during the solution
electrospinning, is another, possibly more likely, source of mass loss. While the
leftover solvent on the surface of the fibre may aid in the network's creation by fusing
some of the fibres together and producing a mechanically stronger network [167], in
order to prevent the solvent from having an adverse influence on the collected
particles or from interfering with future chemical analysis, it must be eliminated after
the spinning process. According to the obtained matrix, the vacuum drying process
was introduced, which eliminates most solvent residuals [168].

3.1.3. Wetting attributes

Since water does not normally encounter the surface during sampler operation,
the wetting characteristics of the aerosol sampling filter material are not of the utmost
concern during the sampling. However, the wetting qualities of the materials have
been evaluated, because the provided method is most useful when particles are
analysed afterwards, where elution of particles may be required.

Virgin PCL, PAN and PA6 with WCA near to 90 °C are among the tested
polymers that are intrinsically hydrophobic, whereas CA is hydrophilic. However,
(nano)fibrous materials wetting characteristics may differ from those of their film
compared to the other materials [17]. A water droplet's interaction with a fibrous
material is governed by the processes called capillary sorption, adhesion, spreading
and immersion [169].

PCL 102.1+4.4°, PAN 85.3 1.2°, PA6 97.6 #4.4° and CA 52.7 £7.7° were the
first WCAs of the produced nanofibrous filters (Fig. 3.4). This number represents the
angle of water contact between a small drop of water and the surface of the item being
examined [170]. The drop enters the fibrous matrix after placement, and the pace at
which this happens is influenced by both the substance and the architecture of the
nanofibrous network. This characteristic is maintained by the hydrophobic PCL, PAN
and PA6, which is accounted for by the fact that nanofibrous layers have minute pores
that are difficult for liquids with high surface tension to pass through. Due to the
presence of carboxy groups in the polymer chain, CA as well efficiently carries water
to nanopores.
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Fig. 3.4. Water contact angle (WCA) as a measure of the wetting characteristics of aerosol
sample filters; the range shows the value at the beginning (0 s) and the value at the end (9 s)

3.1.4. Filtration efficiency

High retention efficiency of fine particles, such as 99.5% for the respirable
aerosol fraction, is a key design factor for aerosol particle sampling substrates [171];
[172] performed a thorough evaluation of many commercially available standard
sampling membrane filters. Most polymer-based membranes with pores smaller than
<2 mm demonstrated great collection efficiency of >99%, supporting information
provided by the manufacturers. Additionally, it has been observed that, as expected
by a capillary tube model, filter membranes with straight through pore structures give
reduced collection efficiency [173]. The proximity of composite layered nanofibrous
membranes to membrane substrates where air is forced to travel through many layers
of random pores increases the likelihood of particle—fibre contact, even in the range
of ultrafine particles [174].

The average retention efficiency inside the developed substrates came close to
the anticipated 99.5% efficiency in the case of solid NaCl aerosol. PCL and CA
samples were close to the critical value at the most penetrating particle size (ca. 99.3—
99.4%). Such high values, which mostly depend on the shape of the fibre network and
basis weight, are not exceptional for nanofibrous networks used for the air filtration
[107, 51]. In this instance, the porosity and fibre size of the morphology were closely
related to the efficiency values. Average pores in cellulose acetate were the greatest
(1-5 mm), whereas those in PCL were marginally smaller (0.7-3 mm). In addition,
the central layer of CA, which had a structure that was relatively denser than that of
PCL, may have contributed to the similar collection efficiency of CA and PCL. The
PA6 and PAN membrane with its tiniest fibres (<0.1 mm) and holes (<0.4 mm)
offered almost 100% collection efficiency for all particle sizes.

A slightly decreased collection efficiency, particularly for CA and PCL, was
caused by the difficulty that the designed sampling filters had with the liquid DEHS
aerosol. The monodisperse distribution of DEHS aerosol results in greater count
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median diameter of particles (Fig. 3.5) that are closer to the size of the most
penetrating particle and carry various properties of particle charge, maybe even after
the charge equalization [175]. It has been demonstrated that DEHS particles penetrate
high-efficiency micro fibrous filter media more deeply [176]; nonetheless, the stated
efficiencies in the case of nanofibrous networks are comparable [107, 51]. It was not
possible to pinpoint the exact causes of the differences in filtration efficiency between
the two types of aerosols due to the wide range of influencing factors that are present
in testing setups and filtration media, but it appears that increasing the specific weight
of the upper layer may be necessary to achieve the highest possible collection

efficiency.
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Fig. 3.5. Size distribution of NaCl and DEHS aerosol particles on nanofibrous filtering
substrates (left) and collection effectiveness (right)

3.1.5. Pressure drop
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Fig. 3.6. Pressure drop in relation to the sample flow rate of the filter: PTFE 2.0 m (SKC),
QM-A — quartz filters (Whatman Inc.), TQ — tissue quartz filters (Pall Corp.), MCE 0.8 mm
— mixed cellulose ester membranes, pore size 0.8 mm (SKC Inc.) are given as reference
filters
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While the primary objective of the aerosol particle sample filters is to ensure
high collection efficiency, the pressure drop that naturally happens across the filter is
concerned as well because it raises the possibility of sampling equipment failures and
necessitates overall higher investments and energy costs. The factor for filter quality
[155] or Fig. of merit [173] have been employed as pressure drop ratio and particle
filtering efficiency since they are connected. In choosing media appropriate for a
particular sampling device, the fluctuation of pressure drop with sampling flow rate
is much more crucial in the case of aerosol particle collection filters. As a result, the
analysis was conducted as described by [177] who correlated sampling flow rate,
pressure drop and pore diameters for different commercial filters. Fig. 3.6 shows the
examination of these filters created in this study. In general, the location of filters is
in good agreement with the porosity and filtration efficiency values; PA6 has the
maximum pressure drop, while CA and PCL have nearly equal values across the
investigated flow rates. The fibrous membranes, which had pores with an average size
of < 0.8 mm, were positioned quite well among the commercial filters at the same
time. Even though PA6 membrane has pores with a diameter of about 0.2 mm, it can
operate with high efficiency and a relatively narrow pressure drop range, making it a
valuable platform in situations where high-performance sampling is required.

3.1.6. Summary of research

The melt or solution electrospinning tests were conducted under specific
conditions tailored to each polymer and desired filter properties. The selection of these
conditions was based on factors, such as polymer type, concentration in the solution,
solvent mixture, voltage, tip-to-collector distance, polymer supply rate, needle gauge
and ambient conditions. For example, in the case of PCL, electrospinning was
performed using a concentration of 10.0% w/v PCL in a solvent mixture of 6:4
DCM:DMF with a voltage of 22.0 kV, a tip-to-collector distance of 19.0 cm and a
polymer supply rate of 0.20 g/h. Similar parameters were adjusted for other polymers,
e.g., CA, PAN and PAG6, to optimize the electrospinning process and achieve uniform
layer morphology. Numerous experiments were conducted to optimize the process
conditions and obtain filter materials with the desired properties. Different sets of
conditions were tested for each polymer, varying the parameters such as polymer
concentration, solvent mixture, voltage and needle gauge. Through systematic
experimentation and adjustment of these parameters, the author aimed to achieve
uniform fibre morphology, appropriate pore size distribution and high filtration
efficiency. The optimization process involved iterative testing and refinement until
satisfactory results were obtained, ensuring the production of high-quality filter
materials suitable for aerosol sampling applications. The final composite filters
comprised three layers, each serving a specific function in the filtration process. Layer
1 provided a surface for collecting nanofibrous 2D aerosol particles, while layer 2
served as a binding layer between the macro fibrous layer 1 and layer 3, ensuring
optimal adherence and preventing disintegration during sampling. Layer 3 acted as
the base layer, providing mechanical support for the fragile top layers.
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Incorporating both micro fibrous support for mechanical stability and
nanofibrous membranes with strong particle-catching capabilities, nanofibrous
aerosol sampling filter substrates were developed. These substrates featured diverse
morphologies and were crafted from four distinct polymers (PCL, CA, PAN, PA6)
with pore sizes ranging from 0.2 to 3 mm and fibre diameters less than 5 mm.
Compared to commercial filter substrates, they demonstrated competitive pressure
drops, excellent collection efficiency (>99.4% with NaCl aerosol at MPPS) and stable
weight. Electrospinning proved effective in substrate production, and further
enhancement can be achieved by increasing the top layer's basis weight by 10-20%
to achieve collection effectiveness above 99.5% for all polymers. Mechanical
performance can be enhanced through alterations in the support layer and polymer
selection. Particle loading should be considered, especially for smaller pore matrices
(e.g., 0.4 mm), as it may increase pressure loss due to blockage.

Technical problem: the technological issue of an effective aerosol particle
sampling is resolved by the study that is being presented. Currently, only a few
materials (such as quartz or cellulose) can be used as fibrous aerosol sampling filters,
making it impossible to use these materials for applications in subsequent chemical
analyses that call for a specific composition of filter material that does not interfere
with a particular method of chemical analysis. Although fibrous filters have
favourable efficiency and a relati