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ABSTRACT

Airborne infectious diseases remain a major global health threat. The primary
vector for their transmission is coarse and fine droplets, known as bioaerosols, exhaled
from infected individuals during natural respiratory maneuvers, such as breathing,
coughing and sneezing. Unfortunately, our current knowledge of the mechanisms by
which these exhaled bioaerosols are formed in the lungs is in its infancy. In particular,
progress in this field has been hindered by the complex structure of the respiratory fluid
and the resulting lack of understanding of the biophysical properties of the fluid.

In this thesis, a series of in vitro mimetics of conducting airway mucus were
developed to enable in depth studies of mucus properties and bioaerosol formation from
mucus-like surfaces. These mucus mimetics overcome major limitations of currently
available models by matching the primary chemical composition and key physical
properties of the mimetic to that of native tracheal mucus. Three mimetics were chosen to
facilitate the study of highly viscoelastic (diseased) mucus and non-diseased mucus under
low shear conditions, such as breathing, or high shear conditions, such as cough.

To study bioaerosol formation in vitro, an enhanced simulated cough machine
(SCM) was developed to generate bioaerosols from mucus mimetic surfaces during
cough. By controlling the temperature and relative humidity within the SCM, the
detectability of bioaerosols generated from the mimetic surfaces was improved due to
limited aerosol drying. The size distribution of the bioaerosols was multimodal, with four
to five modes being observed for all surfaces probed. While varying the composition of
surfactant at the air-mucus interface had a significant impact on surface viscoelastic
properties, the size distribution of bioaerosols generated from these surfaces did not differ
significantly. However, the ability to generate bioaerosols from different surfaces was
highly dependent on surface properties of the mimetic, with highly viscoelastic surfaces

generating bioaerosols in only half the experiments. This research will enhance our



knowledge of bioaerosol formation in the respiratory tract and ultimately guide the

development of alternative strategies to suppress bioaerosol formation.
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cough. By controlling the temperature and relative humidity within the SCM, the
detectability of bioaerosols generated from the mimetic surfaces was improved due to
limited aerosol drying. The size distribution of the bioaerosols was multimodal, with four
to five modes being observed for all surfaces probed. While varying the composition of
surfactant at the air-mucus interface had a significant impact on surface viscoelastic
properties, the size distribution of bioaerosols generated from these surfaces did not differ
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generating bioaerosols in only half the experiments. This research will enhance our



knowledge of bioaerosol formation in the respiratory tract and ultimately guide the
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CHAPTER 1
INTRODUCTION

1.1. Respiratory Tract Structure

The respiratory tract is divided into three regions: head airways or nasopharyngeal
region, lung airways or tracheobronchial region, and pulmonary or alveolar region
(Figure 1-1). The nasopharyngeal region consists of the nose, mouth, pharynx and larynx.
This region is the principle site where inhaled air is warmed and humidified before it
enters the lungs. The tracheobronchial region constitutes the conducting zone of the
airways. It resembles an inverted tree, which originates from the trachea and ends at the
terminal bronchioles. The trachea of the airways bifurcates to form two main bronchi.
These two main bronchi divide into smaller bronchi which form lung lobes, three lobes
on the right side and two lobes on the left side. These lobes undergo further divisions to
form bronchioles. The alveolar region, where gas exchange takes place, continues beyond
the terminal bronchioles and includes respiratory bronchioles and alveolar ducts and
terminates in the alveolar sacs."? A proposed airway model, developed based on
anatomical and morphological aspects of the normal human respiratory tract, is described
by 24 airway generations; with the trachea as generation 0 and the alveolar sacs as
generation 23 (Figure 1-2).2

Throughout the lung, the structure and composition of the fluid lining the
respiratory tract vary at different generations. The mucosal epithelia of large conducting
airways are coated with a continuous fluid layer known as airway lining fluid (ALF)
(Figure 1-3). The primary functions of the ALF are to protect the underlying lung tissues
by trapping and clearing inhaled foreign material and to hydrate the epithelial cells on the
mucosal surface. The thickness of fluid lining the tracheobronchial region decreases with
each successive generation into the respiratory tract. It has been reported that in non-

pathological conditions the depth varies between 10 and 30 pm in the trachea and



between 2 and 5 pm in the bronchi.>* While actual measurements of the in-vivo depth of
the airway fluids is difficult to obtain, the tracheobronchial fluid in excised human
airways has been measured between 7 and 55 um, illustrating a variation between
subjects.”® The mucus gel layer extends from the trachea to terminal bronchioles
(approximately airway generation 15).”

ALF is composed of two primary layers: a low viscosity aqueous periciliary fluid
(sol layer) adjacent to the lung tissues, which enables free ciliary movement and a mucus
gel layer which lies atop the periciliary layer and alters viscoelastic properties to the
airway fluid.® The sol layer contains a Newtonian fluid composed of water and soluble
proteins® with 0.25-pum diameter cilia, 5-50 pm in length, which varies according to
position and function.” *° The cilia move in the periciliary fluid, the depth of which is a
little less than the ciliary length, so that the overlying mucus is penetrated the ciliary tips
during the effective ciliary movement.™

The mucus gel layer is a cross-linked network. It is composed of approximately
93-97% (w/w) water and 3-7% (w/w) solids. The solids content include 1% (w/w)
proteins and 1-5% (w/w) glycoproteins (mucins), 0.5-1% (w/w) lipids, and 0.70-1.40%
(w/w) ions.**** The extended network of the mucus gel layer is attributed to a number of
covalent and non-covalent bonds. The intra-molecular disulfide bridges covalently link
glycoprotein subunits forming an extended mucin polymer. In addition, these long mucin
chains physically entangle with each other and contribute to the gel network. The non-
covalent linkages such as hydrogen bonds, ionic interactions, and Van der Waals forces
are also occurring in a mucus gel. The sugar units of the oligosaccharide side chains,
which comprise 80% of mucin weight, form hydrogen bonds with the neighboring units
of mucin chains. The ionic interactions between positively charged amino acids in mucin
chains and the negatively charged sugar units (sialic acid and sulfated sugar residues)
resulted in a more extended network. VVan der Waals forces also form between

neighboring oligosaccharide moieties. These covalent and non-covalent linkages cross-



link the high molecular weight glycoproteins (mucins) giving mucus an extended gel
network which enhances the viscoelastic properties of mucus secretions (Figure 1-4)."*
The lower levels of the respiratory tract, pulmonary or alveolar region, are

covered by a lining layer of pulmonary surfactant secreted from type 1l pneumocytes and
adsorbed onto an aqueous subphase.'® *° The alveolar fluid has a thickness of 0.2 pm.? It
is composed of a complex mixture of 90 wt% lipids and 10 wt% proteins. The lipids are
composed of 93-96% phospholipids and 4-7% neutral lipid. The pulmonary surfactant
proteins are (SP-A, B, C and D). The main function of the alveolar surfactant is to reduce
the surface tension at the air-alveolar interface to near zero to prevent the collapse of the

lung during expiration.*

1.2. Physical Properties of Tracheal Mucus

Tracheal mucus is a viscoelastic material exhibiting both solid-like (elastic) and
liquid-like (viscous) behavior due to its cross-linked nature. The viscoelastic properties of
mucus have been extensively studied by bulk rheology.?® ? In these studies, the solid-
like behavior is characterized by the elastic or storage modulus G’ which measures the
ability of mucus to stretch and return to its original shape, whereas the liquid-like
behavior is characterized by the viscous or loss modulus G” which measures the
resistance of mucus to flow.?

Typical values of the bulk rheological properties of native, non-diseased tracheal
mucus obtained from human subjects and dogs were reported in several studies (Table 1-
1).#? Different techniques were used to obtain mucus in-vivo such as endotracheal tube,

bronchoscopy brush and tracheal pouch. The complex modulus G*, where

G*=V[(G*)?+ (G”)?] and tan &, where § is the phase angle shift between stress applied
and strain resulted, have been reported at frequencies of 1 rad/sec and 100 rad/sec. A
frequency of 1 rad/sec corresponds to ciliary activity, whereas, 100 rad/sec corresponds

to a cough frequency.?’ Data showed great variability in mucus bulk rheology, where G*



were in the range of 5.01-34.67 Pa at 1 rad/sec and 11.48-81.28 Pa at 100 rad/sec. Tan &
values were between 0.21-0.57 at 1 rad/sec (showing the dominance of the elastic
behavior of mucus at low frequencies) and 0.61-1.21 at 100 rad/sec (showing no clear
dominance in elastic or viscous behavior at high frequencies). Based on these available
data G’, G” and & were calculated (Table 1-1). G’ and G” at 1 rad/sec were in the range
of 4.88-32.2 Pa and 1.12-12.60 Pa, respectively, (showing that G’ dominated G” at low
frequencies). At 100 rad/sec, G” and G” were between 9.67-51.96 Pa and 7.70-62.65 Pa,
respectively, (showing that G* dominated G at high frequencies, and that G* and G”
values at 100 rad/sec are larger than those at 1 rad/sec). The phase angle shift (5) also
varied considerably ranging between11.86-29.62° at 1 rad/sec (showing G’ dominated G”
at low frequencies) and 31.38-50.43° at 100 rad/sec (showing no clear dominance in
elastic or viscous behavior at high frequencies).

Although the bulk rheology of mucus has been extensively studies, the bulk
rheological properties of native, non-diseased tracheal mucus vary significantly.?® The
wide variation observed in the viscoelastic properties of tracheal mucus can be attributed
to: 1) contamination of mucus with saliva, 2) inhomogeneity in mucus sample, 3)
variation in mucus samples obtained from the same subject and from one subject to
another, 4) small quantities of native mucus obtained from healthy human airways, 5)
alteration in the rheological properties of mucus sample if not measured freshly (i.e.
storage method may alter the rheological properties of the mucus sample), 6) complex

nature of the mucus itself , and 7) variation in the measurement techniques.” %

1.3. Surface Tension of Tracheal Mucus
The surface tension at the air-mucus interface of the trachea and first and second
generation bronchi of large animals (horses and sheep) and rodents (rats and guinea pigs)
has been measured in-vivo and reported to be between 31.4-34.0 mN/m.?**? This

relatively low surface tension suggests that the large conducting airways of the



respiratory tract are covered with a surface active material capable of lowering the
surface tension.”** Light and transmission electron micrographs have corroborated the
presence of a surfactant film by demonstrating a continuous osmiophilic film at the air-
mucus interface (Figure 1-5).3 % 3 This surfactant film is critically important for normal
function of the tracheobronchial tree. It decreases the surface tension of the interface to
facilitate mucociliary and cough clearance,® aids the penetration of foreign materials
(pathogens, environmental contaminants and therapeutics) into the gel phase for

%0.36 and reduces evaporation of the subphase.*’

clearance,

Lipids, a major component of the tracheobronchial secretions, contribute about
1% of respiratory mucus components. They are mainly concentrated in the gel phase of
the ALF, particularly associated with mucus glycoproteins (mucins).® Lipids in the
tracheal secretions contribute to the bulk rheological properties of the tracheobronchial
secretions by reducing the viscosity and elasticity of mucus making it more fluid.* In
addition, surface-active lipids likely play an active role in lowering the surface tension at
the air-mucus interface below that achievable by proteins alone and influence the surface
properties of the large conducting airways.*

The exact chemical composition of lipids in the tracheal secretions is still not
known and is subject to controversy. In normal individuals, lipids are comprised of
phospholipids, neutral lipids and glycolipids, and that neutral lipids represent the major
lipid component in normal tracheobronchial secretions.™ ***! Slomiany et al.*®
demonstrated that neutral lipids, phospholipids and glycolipids represent 5%, 2.75% and
4.75% of the total dry weight of the tracheobronchial secretions, respectively. Neutral
lipids such as cholesterol, free fatty acids, cholesterol esters and triacylglycerols
accounted forl.87%, 2.39%, 0.39% and 0.37%, respectively, of the total dry weight.
Phospholipids such as phosphatidylcholine, lysophosphatidylcholine, sphingomyelin and
phosphatidylethanolamine accounted for 0.89%, 0.81%, 0.43% and 0.34%, respectively,
of the total dry weight. Finally, glycolipids such as glycosphingolipids and



glyceroglucolipids accounted for 1.19% and 0.62%, respectively, of the total dry weight.
In contrast, Bhaskar et al.** ** have demonstrated, qualitatively and quantitatively, that
neutral lipids and phospholipids were the only lipid components identified in both normal
human and normal canine tracheal secretions with no glycolipids. In another study,*
identifying the lipid composition in the in-vitro secretions of human and canine tracheal
explants has shown a wide range of lipids (neutral lipids, phospholipids and glycolipids)
was detected and that neutral lipids and phospholipids were predominant whereas the
presence of glycolipids may be the result of the stimulation of the tissue due to excision.
In spite of these differences, it is generally accepted that phosphatidylcholine represents
the major phospholipid and that dipalmitoylphosphatidylcholine (DPPC) is the major
phosphatidylcholine species.*>**

It has been shown that phospholipid composition and proportions in tracheal
aspirates are similar to that recovered from bronchoalveolar lavage (BAL) fluid,** *°
implying that alveolar surfactants may reach the trachea during normal breathing and
ciliary transport, or by spatial distribution due to surface tension gradient (Marangoni
flows) which spreads surfactants from areas of high surfactant concentration (low surface
tension) to areas of low surfactant concentration (high surface tension).*® In addition, it
has been shown that airway epithelial cells (bronchiolar epithelium and Clara cells) and
airway secretory cells (submucosal glands) synthesize, store and secrete their own
lipids.3 3 %47 However, surfactant composition in the tracheal secretions was markedly
different from those of the underlying airway mucosa, showing that secretion by the
airway epithelium alone could not account for the levels of surfactants in the large
conducting airways.*® Furthermore, the breakdown of macrophages, degradation of
phospholipids and neutral lipids by enzymatic activity, bacterial secretion and

transudation of tissue fluid may be considered another minor source of lipids in the

tracheal secretions.*’



1.4. Existing Model Systems of Tracheal Mucus

Several model systems of tracheal mucus have been used to study the physical

properties of mucus secretions,

22:24 mucociliary and cough clearance,* and bioaerosol

formation in the lungs.® * These existing model systems can be divided into two

categories:

1)

2)

1530 gum tragacanth,*

Synthetic gels: Viscoelastic gels of locust bean gum,
guar gum,*? scleroglucan,®® Polyox water-soluble resin,> carrageenan, pig
gastric mucins™® and mayonnaise>* have been used as mucus simulants. The
viscoelastic gels were prepared by mixing each of these polymeric materials,
excluding mayonnaise, in aqueous solutions. To induce cross-links to the
polysaccharide gels of locust bean gum, guar gum and gum tragacanth,
specific concentration of the cross-linking agent sodium borate was added to
enhance their viscoelastic property.™ °>>? In these models, the viscoelastic
properties of gels increased by increasing the concentration of the polymeric
material in mucus simulant formulation or increasing the concentration of the
cross-linking agent. Therefore, by manipulating these two factors the bulk
viscoelastic properties of mucus simulants was matched to that of native
tracheal mucus. However, the chemical composition, component
concentration and surface properties of these gels do not model tracheal
mucus.

In-vivo secretions: Patients with chronic airway diseases such as cystic
fibrosis (CF) and chronic obstructive pulmonary disorder (COPD) produce
large quantities of mucus, enabling the direct removal of those secretions via
hypertonic saline induction or by expectoration.> These secretions are often
contaminated by oral bacteria and saliva which alter the physical properties of
tracheal mucus. On the other hand, secretions from subjects with no lung

disease are scanty, making their collection difficult, if not impossible.



However, several techniques have been used to obtain normal
tracheobronchial mucus using one of these techniques:
I.  Scraping the tracheal mucosa immediately following tracheostomy of
anesthetized dogs.*

Il.  Scraping the mucus layer from endotracheal tubes removed from patients
undergoing elective surgery but did not have evidence of respiratory
diseases.?®

I1l.  Placing a cytology brush, using bronchoscope, on the tracheal epithelium
of intubated healthy dogs or healthy subjects and allowing mucus to
collect on the brush by normal mucociliary flow for a period of 10-20
minute in healthy dogs or 20-30 sec in healthy subjects, then mucus was
removed from the brush by gentle scraping.?* *°

IV.  Placing a tracheal pouch in canine to allow repeated collection of normal
mucus. In this technique, milliliter quantities were aspirated using a sterile
syringe.>’

These techniques were hampered by the small quantities of mucus obtained,
which were generally between 1 and 5 pL in volume.? % °° These quantities are
insufficient for extensive analysis by the existing rheological techniques. In addition,
large variation was observed in the rheological properties of secretions obtained using
these techniques, which was attributed to evaporation from the mucus surface or stress
induced by the collection procedure which may alter the physical properties of tracheal
mucus.

Therefore, the currently available models of tracheal mucus (synthetic gels and in-
vivo secretions) are limited in their usefulness for studying the surface rheology of
tracheal mucus and bioaerosol formation from the surfaces of the ALF of the large
conducting airways. Synthetic gels lack key physicochemical properties of native tracheal

mucus such as chemical composition, component concentrations and surface tension,



which are critical to our understanding of mucus function. On the other hand, the
difficulty in collecting sufficient normal human mucus, inaccessibility of human
secretions, large inter-subject and intra-subject variability in mucus bulk viscoelastic
properties, and alteration in the physical properties of tracheal mucus in diseased states

limit the use of the in-vivo secretions model.

1.5. Bioaerosol Formation in the Lungs

Airborne infectious diseases, such as influenza, tuberculosis, severe acute
respiratory syndrome (SARS) and whooping cough, remain a major global health
threat.'® The major vector for the transmission of airborne infectious diseases is coarse
and fine droplets exhaled from infected individuals and spread to healthy person. These
droplets carried in exhaled breath are known as bioaerosols.™ **>%>° Two potential
regions have been identified as the source of bioaerosol formation in the respiratory
tract.”

The primary theory for bioaerosol droplet formation in the lungs suggests that the
passage of air during inhalation and exhalation over the ALF destabilizes the ALF
surface due to shear forces. This leads to wave-like formation at the surface and breakup
into droplets which may contain lung fluid components and trapped pathogens. These
droplets become entrained within the airstream and are then exhaled (Figure 1-6).” > %
Recent studies indicate that bioaerosol droplets originate from the surfaces of the ALF of
the large conducting airways during coughing, sneezing, talking and normal breathing,
and that coughing and sneezing produce the highest concentration of droplets per
maneuver.”® °8>% 8! Critical air speed of 5-30 m/sec is necessary to initiate wave
disturbances on mucus surface, which is easily achieved through normal respiratory
maneuvers.? During cough, the air velocity may reach up to 280 m/sec.®?

To better understand how mucus physicochemical properties affect bioaerosol

formation, Vasudevan and Lange®® used mathematical modeling to study perturbation to
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lung mucus. The typical fluid properties for the mucus layer were: viscosity () of 10-
1500 m/kg'sec, density (p) of 1000-1500 kg/m?, and elasticity (G”) of 0.1-150 kg/m-sec?.
In this model, a relationship between the instability of the mucus layer by perturbations
(manifested as waves or droplets) due to cough, manifested by waves or droplets, and the
properties of a viscoelastic fluid was studied. Two approaches were suggested to suppress
the aerosolization of bioaerosols: 1) complete suppression of droplet formation or 2)
enlargement of droplet size such that they quickly settle out of the exhaled air. In their
mathematical model elasticity should be increased and viscosity decreased for complete
suppression of droplet formation. In making the fluid more elastic, the fluid becomes
more resistant to breakup. However, if larger droplets were desired, bulk elasticity should
be decreased and viscosity should be increased. VVasudevan and Lange® used this same
model of mucus layer with surface tension of 10-200 N/m of human trachea to study the
effect of surface tension on perturbations using a viscoelastic system with air-mucus
interface. Their model demonstrated that increasing the surface tension makes the
interface more resistant to perturbations and breakup, which could suppress droplet
formation. However, to enlarge the droplets such that they settle out of an airstream
quickly, a decrease in surface tension would be desired. These models provide a good
starting point for understanding the role of mucus physicochemical properties on
bioaerosol formation.

A secondary model for bioaerosol formation suggests that these exhaled droplets
form through the reopening of closed peripheral airways since the concentration of
exhaled droplets decreased after holding breath.?°A proposed model by Johnson et al.*
known as bronchiole fluid film burst (BFFB) is based on exhaled droplets forming in the
lower bronchioles during the inhalation phase of normal breathing. Briefly, in normal
breathing and during exhalation, the bronchiolar wall fully contracted. Therefore, the
fluid lining the surface of the bronchiole forms a continuous fluid layer over the interior

surface of the fully contracted bronchioles. This fluid layer contains surfactant which
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prevents the fully contracted bronchiole from collapse. In the fully contracted bronchiole,
liquid film can completely block the airway. During inhalation, the expansion or
reopening of the closed bronchioles will reduce the fluid blockage to a thin membrane.

The film breakage will lead to production of droplet aerosols.

1.5.1 In-Vivo Data of Bioaerosol Formation

Table 1-2 illustrates a summary for bioaerosol size distributions and average
concentrations produced during various expiratory maneuvers from healthy individuals
and anesthetized bull calves reported in recent studies. In early studies, the mouths and
throats of subjects were coated with dye. Stained expiratory droplets were collected onto
a glass slide. The size of these droplets generated during different expiratory maneuvers
such as normal breathing, sneezing, coughing and speaking was determined using light
microscopy.®® % An early study by Duguid, who measured droplets size generated by
sneezing, coughing and speaking demonstrated that most droplets (95%) were between 2-
100 pm and that the most common diameter lies between 4 and 8 pm.® In another early
study by Loudon and Roberts,*® the size and number of particles emitted during coughing
and talking inside an air-tight box were determined. The size of stained particles was
varied between 2.9 to >1471 um. They found that particles >10 um were deposited on a
paper placed on the box floor after 30 minutes. However, particles <10 um were
recovered by a Millipore filter implying that they remained suspended in air for 30
minutes. In addition, it was demonstrated that droplets generated during talking were
larger than those generated during coughing, and that talking produced more droplets

65, 66

than coughing. In these studies, the authors agreed that mouth is the site of origin of

bioaerosols and those droplets <1 um were difficult to recognize by microscope.

In more recent studies,>® > 670

the size of exhaled droplets was determined using
more sensitive sampling instruments, where droplets in the submicron size range were

measured (Table 1-2). Fairchild and Stamper ® determined the size of particles in
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exhaled breath using laser aerosol spectrometry, which counts particles in 15 size ranges
from 0.1 to 3.0 um diameter. They found that the majority of droplets were <0.3 um and
less than 2% of the droplets were >1 pm in diameter. Papineni and Rosenthal >
determined the size and number of droplets generated during four respiratory maneuvers
(mouth and nose breathing, coughing and talking). Two techniques were used in this
study: 1) the optical particle counter (OPC) with a lower diameter detection limit of 0.3
um, and 2) an electron microscopy used to size and count particles collected on a glass
slide. They demonstrated that the size of most droplets generated during the four
respiratory maneuvers was <1 um in diameter and no diameter >2.5 um was reported.
They also found that coughing produced the highest number of droplets per maneuver,
followed by mouth breathing, then the nose breathing. In these recent studies, and due to
the higher sensitivity of the instruments, the majority of the droplets were in the sub-
micron size.

Significant inter-subject variability has been observed for each maneuver in
various studies. A recent study by Edwards et al. *® showed that the primary population
of bioaerosols exhaled from 11 healthy human subjects during normal breathing was <1
um in diameter. The inter-subject variability observed in the expired particle numbers
revealed the existence of two distinct groups: super-producers (individuals who produce
>500 droplets per liter of air) and low producers (individuals who produce <500 droplets
per liter of air) over a six hour measurement period during normal breathing. The
significant variation in exhaled bioaerosols between normal healthy individuals of low
producers and high producers was attributed to the inter-subject variability in mucus
physicochemical properties such as bulk viscoelastic properties, surface tension and
surface viscoelastic properties.

Yang et al.®® determined the size distributions for dried droplet nuclei and initial
(original) droplets generated during coughing using an aerodynamic particle sizer. The

dried droplet nuclei were mixed with low relative humidity (35%); whereas, initial
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droplets were coughed into a sampling bag that has a higher relative humidity (95% RH)
than surrounding air. The size distribution for the dried droplet nuclei was between 0.58-
5.42 um, and 82% of droplets were between 0.74-2.12 um. However, the size distribution
for initial coughed droplets was multimodal showing three peaks at 1, 2 and 8 um. This
study demonstrated the effect of RH on the size of exhaled bioaerosols, where droplets
formed at low RH (droplet nuclei) where smaller than coughed droplets formed at higher
RH.

In a very recent study by Chao et al.,”

the size distributions for droplets generated
during coughing and speaking (subjects counted from 1-100) was measured using
interferometric Mie imaging technique, with a lower size detection limit of about 2 pum.
This technique enables measuring the original size of droplet in close proximity to the
mouth. It has been shown that the geometric mean diameter for coughed droplets was
13.5 pm and that for speaking droplets was 16.0 um. The geometric mean diameter for
speaking droplets was larger than that for coughing droplets, similar to what has been
reported by Loudon and Roberts.®® This suggests that the higher air velocity during
coughing promotes smaller droplets compared to the lower air velocity during speaking.
In a comprehensive study by Morawska et al.”™, the size distribution of droplets
generated during different respiratory activities was measured. Multimodal distribution
was observed, where for all respiratory activities the majority of particles were of
diameters below 0.8 um and a second mode was at 1.8 um. Speech produced additional
particles in modes near 3.5 and 5 pm. This study was in agreement with Yang et al.?®,

demonstrating that bioaerosols exhibited multimodal size distribution.

1.5.2 In-Vitro Data of Bioaerosol Formation
Bioaerosols were also generated in-vitro from mucus simulant surfaces using a
simulated cough machine (SCM) (Table 1-3)."*® The SCM passes high velocity stream

of air over the mucus simulant surface to simulate air flow during a cough. Droplets were
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generated from the mucus simulant surface. The size and concentration of bioaerosols
produced from the mucus surfaces were quantified using optical particle counter and

15, 58

optical particle sizer. In these studies, the effect of the physical properties (bulk and

surface rheology and surface tension) of mucus simulants on bioaerosol formation and

1.° used a mucus simulant of locust bean

particle size distribution was studied. Zayas et a
gum (LBG) cross-linked with sodium borate. Mucus simulants of varying degrees of
viscoelastic properties were used to generate aerosols using a SCM. It was found that
increasing the bulk viscoelastic properties of the mucus simulant, by increasing the
volume of the cross-linking agent (sodium borate), reduces the number of fine aerosols
striking a target placed 40 cm from the SCM and increases the number of large droplets
which did not reach the target but deposited on paper immediately below the exit of the
SCM. In another study, ® bioaerosol droplets were generated in-vitro from a mucus
simulant surface (2% LBG cross-linked with sodium borate) using a SCM. It has been
shown that the size of droplets, measured using optical particle counter (OPC), was in the
submicron range (~ 320 nm). Although the OPC provides more information on the size
range of particles, the sampling rate of OPC is still a major limitation. Because droplets
are susceptible to evaporation during measurement, a method with rapid sampling rate is
necessary to report the original (initial) droplet size. Delivering normal saline onto the
mucus simulant surface reduced the number of droplets and those formed were of larger
size compared to those formed in the absence of normal saline. In contrast, the delivery
of a surfactant mixture of 7% DPPC and 3% 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (POPG) onto the mucus simulant surface reduces the size of droplets
relative to saline delivery. In a second series of experiments,*® Watanabe et al. found that
CaCl; solution (1.29%) produce significant reduction in the number of droplets generated
from the mucus simulant surface.”® The reduction in droplet number following the
delivery of normal saline and CaCl; solutions into the mucus simulant surface was

attributed to increasing the surface elasticity of mucus simulant and consequently
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reducing the ability of mucus simulant surface to breakup into small droplets. These
studies show that bioaerosol formation can be altered by changing the physicochemical
properties of the airway lining fluid.

Although the size distribution and concentration of exhaled bioaerosols have been
studied previously in both in vivo and in vitro experiments, there are a variety of
limitations to these studies. The effect of temperature and %RH on droplet size was not
taken into consideration at the point of formation within the SCM or at the point of exit
into the surrounding environment. In most cases, droplets exited into a lower temperature
and %RH environment than that of the human trachea. This would have lead to droplet
evaporation and shrinkage before the droplets reached the measuring instrument.
Therefore, the reported droplet size was not indicative of their initial size upon formation.
In addition, different measuring techniques were used to study the size distribution of
bioaerosols. Large discrepancies would be expected in the reported size distributions as
each technique has its own limits of detection. Discrepancy in the size distribution of
exhaled bioaerosols was also observed in vivo between healthy individuals, which has
been attributed to inter-subject variability. The source of this variability has not been
identified, although differences due to the physical properties of an individual's lung fluid
or the physical structure of an individual's lung tree could be expected. In previous in-
vitro bioaerosol studies, while the effect of surface viscoelastic properties on bioaerosol
formation were probed, surface tension was not specifically studied. Since only the bulk
viscoelastic properties of lung mucus were modeled, the effect of surfactant at the surface
of the lung fluids on bioaerosol formation remains unstudied. It is expected that surface
viscoelastic properties and surface tension will affect bioaerosol formation. The surface
tension of the mucus layer was mathematically modeled to predict its effect on bioaerosol
formation. However, a high surface tension range (100 to 2000 mN/m) was used

compared to that of tracheal surface tension (~ 32 mN/m). Thus, more accurate matching
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of the surface properties of mucus is necessary to better understand the mechanism of

bioaerosol formation.

1.6. Objectives

Our current knowledge of how bioaerosols are formed from the conducting
airways in the lungs is in its infancy. The complex structure and biophysical properties of
the airway lining fluid (ALF) have made both experimental and mathematical modeling
challenging. Current experimental methods to study the formation of bioaerosols
generated from the ALF have been limited by their lack of physiological relevance, as
mucus simulants commonly used in in-vitro studies do not have both the same physical
and chemical properties of native mucus. In addition, current existing models of tracheal
mucus have significant limitations that the synthetic gels lack the key physicochemical
properties of native tracheal mucus such as chemical composition, component
concentrations and surface tension. In addition, the large variability in the rheological
properties of normal and diseased in-vivo secretions, limit the use of these models. These
limitations highlight the need for a better in-vitro model of tracheal mucus to study the
surface rheology of surfactants adsorbed at the air-mucus interface of the large
conducting airways and elucidate the mechanism of bioaerosol formation from tracheal
surfaces. Therefore, the research presented in this thesis aims to develop a more
physiologically relevant model system to study bioaerosol formation in-vitro. The
objectives and specific aims of this research are explained as follows:
Objective 1: To develop a more physiologically relevant in-vitro model mimetic of
native, non-diseased tracheal mucus.

Specific Aim 1.1: To match the chemical composition and concentration to the

primary components in native mucus.

Specific Aim 1.2: To match key physical properties, specifically the bulk

viscoelastic properties and surface tension, to that of native mucus.
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Objective 2: To probe the surface rheology of the conductive airway surfactants, where
the underlying subphase is a viscoelastic, non-Newtonian mucus gel.
Specific Aim 2.1: To study the surface rheology of the primary surface-active
component, (dipalmitoylphosphatidylcholine, DPPC), adsorbed at the air-mimetic
interface of the in-vitro model mucus mimetic.
Specific Aim 2.2: To study the surface rheology of the exogenous surfactant,
Infasurf®, adsorbed at the air-mucus interface of the in-vitro model mucus
mimetic.
Specific Aim 2.3: To investigate the effect of subphase viscoelastic properties on
the surface rheology of DPPC and Infasurf® films.
Obijective 3: To develop an enhanced simulated cough machine (SCM) with features that
better mimic the conditions of the trachea.
Specific Aim 3.1: To condition the SCM for lung temperature and humidity.
Specific Aim 3.2: To limit the occurrence of edge effects during simulated cough.
Objective 4: To determine key parameters that control the size distribution of bioaerosols
generated from an in-vitro model mucus mimetic surface.
Specific Aim 4.1: To correlate the effect of bulk viscoelastic properties of the in-
vitro model mimetic to bioaerosol size distribution.
Specific Aim 4.2: To correlate the effect of surface tension of the in-vitro model
mimetic on bioaerosol size distribution.
Specific Aim 4.3: To correlate the effect of surface rheology of the in-vitro model
mucus mimetic on bioaerosol size distribution.
Specific Aim 4.4: To probe the mechanism of action of calcium chloride, a known

bioaerosol suppressant.



18

Table 1-1: Typical values of the bulk viscoelastic prop%gtggszgf native non-diseased
tracheal mucus in human subjects and dogs.”™>

Bulk viscoelastic property Typical values of native tracheal mucus
G' (1rad/sec) 4.9-32.2 Pa
G" (1rad/sec) 1.1-12.6 Pa
G' (100 rad/sec) 9.7-52.0 Pa
G” (100 rad/sec) 7.7-62.7 Pa
tan o (1 rad/sec) 0.2-0.6

0 (1 rad/sec) 11.9-29.6°
tan o (100 rad/sec) 0.6-1.2

9 (100 rad/sec) 31.4-50.4°
G* (1 rad/sec) 5.0-34.7 Pa
G* (100 rad/sec) 11.5-81.3 Pa

1The bulk shear storage modulus G’, bulk shear loss modulus G” and phase angle shift
(0) between applied stress and resulted strain, were calculated based on available data of
tan & and the bulk complex modulus G*, where G*=\ [(G") 2+ (G™)?].
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Table 1-2: Size distributions and average concentrations of bioaerosols produced
during different expiratory maneuvers reported in recent studies.
Subjects Expiratory Bioaerosol size Bioaerosol Bioaerosol
maneuvers distribution concentration measurement
technique
Healthy human Nose and mouth 0.3-8 um (~ 85% of Inter-subject Optical particle counter

volunteers (n=5) *

Age: 20-40 years

breathing, coughing,
talking

droplets are < 1 pm).

Multimodal peaking at
0.6 um and 1-1.5 pm.

variability Inter-mode
variability

Droplet concentration:
1/liter-280/liter

Highest droplet
concentration:
coughing mode.

Lowest droplet
concentration: nose
breathing mode.

(OPC, Climet C17300);
lower diameter detection
limit of 0.3 pm.
Sampling rate: 7 L/min

Analytical transmission
electron microscopy (AEM)

Healthy human
volunteers (n=11) %

Normal mouth
breathing

Delivery of isotonic
saline for 6 min

Delivery of isotonic
saline and lung
surfactants

<l um

72% diminution of
bioaerosols in high
producers for ~ 6 hrs
and opposite trend
observed in low
producers.

Amplify bioaerosol
particle production in
high and low producers

Inter-subject
variability ranging
from 1 particle/L to >
10,000 particles/L.

High producers:
Expiring > 500
particles/L over 6-hr
period.

Low producers:
Expiring < 500
particles/L over 6-hr
period.

Optical particle counter
(OPC, Climet, Ultimate 100).

Anesthetized bull
calves (n=7) "*

Normal breathing

Delivery of isotonic
saline for 6 min

Not reported

> 50% diminution of
bioaerosols for 120 min
compared to pre-

Inter-subject
variability (high
producers and low
producers)

Optical particle counter
(OPC, Climet)

treatment
Healthy volunteers Coughing and Coughing: Per cough: 947-2085 Interferometric Mie
(n=11)® speaking (counting Geometric mean: droplets Imaging. Lower size detected
1-100) 13.5um During speaking: 112- | 1S~ 2 Hm.
. 6720 droplets Aerodynamic particle sizer
Speaking:

Geometric mean:

16.0 ym
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Subjects Expiratory Bioaerosol size Bioaerosol Bioaerosol
maneuvers distribution concentration measurement
technique
Healthy human Coughing Droplet nuclei: 10-12 years: Aerodynamic particle sizer

volunteers (n=54) %

3 age groups:
10-12, 20-30, and
30-50 years

27 males and 27
females

0.58-5.42 pum (82%
between 0.74-2.12 pm).
Coughed droplets:
0.62-15.9 pm with
multimodal peaking at
1,2,and 8 pm.

No significant variation

among the 3 age groups
in average droplet size.

Male:1089+594
droplet/cm?, female:
881+358

droplet/cm?®

20-30 years: Male:
1323685 droplet/cm®.
Female: 896+442
droplet/cm®

30-50 years: Male:

23554663 droplet/cm?,

Female:2066+612
droplet/cm?®

(APS, Model 3310A, TSI
Inc.)

Scanning mobility particle
sizer (SMPS, Model 3934,
TSl Inc.)

5 male subjects
with a positive-
pressure full face
air-liner respirator
supplied by clean
air (<0.01

particles/cm?). &

Normal breathing,
talking, deep
breathing, walking,
stepping up and
stepping down, and
coughing once or
twice per minute

Majority of particles
had diameter < 0.3 um,
< 2% of particles had
diameter >1 pm.

Particle conc.: < 0.1 to
~ 4 particles/cm®,

Marked variation in
particle conc. during
various activities.

Lowest conc. during
normal breathing.

Highest conc. during
step-ups.

Laser aerosol spectrometer
counted particles in 15 size
ranges from 0.1 pm to 3.0
um. (Company and model
of the particle counter were
not mentioned).

Healthy volunteers
(n=15) ™

Breathing, coughing,
speaking

Multimodal peaking at
<0.8 umand 1.8 pm
for all activities
additional peak:3.5- 5
um for speaking only

Coughing: 0.64/cm®

Mouth breathing:
0.092/cm®

Nose breathing:
0.05/cm®

Speaking: 0.307/cm®

Aerodynamic particle sizer
(APS)

Healthy volunteers
(n=17)®

Normal breathing,
varied breath-holding
periods, and
contrasting inhalation
and exhalation rates

Majority of droplets:
<2 um.

Normal breathing:
0.2/cm?

Inhaling normal
breathing: 1.1/ cm?
Rapid inhalation: 2.6/
cm®

Aerodynamic particle sizer
(APS)
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Table 1-4: Bioaerosols generated in-vitro from mucus simulant surfaces using a SCM
reported in recent studies.
Mucus Treatment of mucus | Results Bioaerosol measurement
simulant | simulant technique
LBG-borax % No treatment ~ 320 nm Sympatec, HELOS/KF laser-diffraction

Delivery of normal saline for 6
min

Delivery of surfactants (DPPC
and POPG)/normal saline

Diminution of droplets count

Increase droplet size

Droplet size is smaller relative to
that formed in saline delivery; conc.
higher

particle sizer.

LBG-borax *

Increase bulk viscoelasticity of
LBG by increasing the volume
of borax

Diminution of droplets count

Increase droplet size

Target: bulls eye-type (circles within
circles) with paper sheets placed to
lateral sides, on top, and below the
target

LBG-borax *°

Delivery of normal saline and
CaCl,

Delivery of Tween 80 and
sodium dodecyl sulfate (SDS)
solutions in isotonic saline
Delivery of Tween 80 and SDS
solutions

Significant diminution in droplets
count

Significant diminution in droplets
count

No significant diminution in droplets
count

Median aerosol particle size ~200
nm

Optical particle counter (OPC, Climet)
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Classic human lung model as described by Weibel. The model proposed
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bronchioles to terminal bronchioles (bronchioles not associated with
alveoli) as generations 2 t016, respiratory bronchioles (bronchioles
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Gel phase and sol (or periciliary) phase of the protective airway fluid layer
lining the tracheobronchial mucosa. Osmiophilic structures composed of
phospholipids are observed as mono- or bilayers (1), lamellar structures (2)
and vesicles (3). (From reference 72, used with permission).
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bonds (disulfide bridges) and non-covalent bonds (hydrogen binds, ionic

interactions and Van der Waals forces). (From reference 15, reproduced

by permission).



Figure 1-5:

Lipid monolayer at the surface of rat tracheal mucus and lipid sheets
within rat tracheal mucus indicated by arrows. (From reference 34, used
with permission).
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Figure 1-6:  The principle theory for bioaerosols formation in the trachea. Droplets are
formed due to the shearing of ALF surface via airstreams during
inhalation and exhalation. (From reference 8, adapted by permission).
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CHAPTER 2
IN-VITRO MODEL MIMETIC OF TRACHEAL MUCUS

2.1. Introduction

Although the currently existing models of tracheal mucus have shown great
improvements in understanding the function of airway secretions, these models have
several drawbacks. Synthetic viscoelastic gels have been used to understand the
relationship between the bulk rheological properties of the tracheal secretions and ciliary
and cough clearance.™ > "® However, these synthetic gels lack key chemical and
physical properties (i.e. bulk chemical composition, bulk viscoelastic properties and
surface tension). In-vivo tracheal secretions have been used to determine the chemical
composition and physical properties (bulk rheology and surface tension) of tracheal
secretions in normal and diseased states.'? ?* 2% ™ However, airway secretions in healthy
individuals are severely limited in quantity. These drawbacks have limited our ability to
study how mucus properties alter its function.

A significant body of literature has developed to characterize the composition of
pulmonary mucus. Human airway mucus contains approximately 93-97% (w/w) water
and 3-7% (w/w) solids, of which the solids content is about 1% (w/w) proteins and 1-5%
(w/w) glycoproteins, 0.5-1% (w/w) lipids and 0.70-1.4% (w/w) minerals.**** Mucins,
high molecular weight macromolecules (1.8x10° to 4.4x10” Da) composed of
oligosaccharide side chains O-glycosidically linked to a peptide core, are essential in
maintaining the rheological properties of mucus.* Respiratory tract glycoproteins have
been shown to be similar in composition to other mammalian epithelial glycoproteins.”
Many types of serum proteins have been identified in the tracheobronchial secretions,
including immunoglobulins (1gG, 1gA, IgM), albumin, fibrinogen, lysozyme, lactoferrin
and other components.”® Albumin is the major serum protein component in the

secretions.’® Previous studies of the ion content in human airway secretions have reported
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ion concentrations of 165 + 42 mmol/1000 g sodium, 13.2 + 5.4 mmol/1000 g potassium,
162 + 60 mmol/1000 g chloride, 3.1 £ 1.0 mmol/1000 g calcium, and 27 = 16 mmol/1000
g phosphorous, leading to an osmolarity of 359 + 56 mOsmol/L.”” The pH of human
airway mucus has been reported between 5.4-8.2.' Phospholipids represent the second
major lipid component, after neutral lipids, in normal tracheal secretions.'® % “° Of the
phospholipid classes (phosphatidylcholine, phosphatidylglycerol, phosphatidylinositol,
phosphatidylethanolamine, lysophosphatidylcholine and sphingomyelin), phosphatidyl-
choline comprises the most abundant phospholipid.** 4444

The tracheal mucus is a viscoelastic gel layer, which exhibited both elastic and
viscous properties.”>*’ The surface tension at the air-mucus interface is reported to be
between 31.4-34.0 mN/m.?**? Tracheal mucus is chemically composed of 93-97% (w/w)
water, and 3-7 % (w/w) solids (proteins, glycoproteins, lipids and minerals).*>** While
the composition and some key properties of human mucus are fairly well established, few
studies have been conducted to develop a mucus simulant that contains these properties.
This chapter will focus on the development of a more physiologically relevant in-vitro
model of the mucus lining the trachea. In this model, the chemical composition,
component concentration, and physical properties (bulk viscoelasticity and surface
tension) of the in-vitro model mucus mimetic have been matched to that of native
tracheal mucus. Specifically, a series of mucus mimetics have been developed utilizing
components (glycoproteins, proteins, lipids, ions and water) at concentrations similar to
that found natively in tracheal mucus. The in-vitro model mucus mimetic was cross-
linked using a bi-functional cross-linking agent to alter the viscoelastic properties to
mucus mimetic. The surface tension of the in-vitro model mucus mimetic was matched to
that of the native mucus. The cross-linking mechanism of the in-vitro model mucus

mimetic was then investigated using the Fourier transform-infrared (FT-IR) spectroscopy.



30

2.2. Materials and Methods

2.2.1. Materials

Pig gastric mucin (PGM)-type 111, n-hexane (99.0% purity) and glutaraldehyde
(G7651, 50% w/w solution) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO),
bovine serum albumin (fraction V, lyophilized powder) from Spectrum (Gardena, CA)
and 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) from Genzyme
Pharmaceuticals (Cambridge, MA). Glutaraldehyde (GA, 50% wi/w solution), and
methanol (99.9% purity) were purchased from Fisher Scientific (Fair Lawn, NJ). Purified
water (18 MQ c¢cm) was used in all experiments obtained from a NANOpure Infinity
Ultrapure Water System, Barnstead International (Northbrook, IL). All other chemical
reagents: sodium chloride (NaCl), calcium chloride (CaCl,), sodium phosphate
monobasic (NaH,PO,4. H,0), sodium phosphate dibasic (Na,HPQO,), potassium bromide
(KBr), and sodium borohydride (NaBH,) were of analytical grade and used without

further purification.

2.2.2. Preparation of Mucin Solutions

The effect of increasing the concentration of pig gastric mucin (PGM)-Type Il in
solution on the viscoelastic properties of the solution was tested. In these studies, DPPC
was dispersed with the other components (PGM-type I11, albumin, ions and water) in the
bulk. Initially, a series of mucin solutions was developed with increasing concentrations
of PGM-type 111 (2%, 3%, 4% and 6%, w/v), 1% (w/v) ions (Na*, Ca*?, P* and CI') in
buffer at pH 7.4, 1% (w/v) protein (albumin), 1% (w/v) DPPC (added to the bulk), and
91-95 ml water. To prepare 30 ml of the mimetic, 5 ml of buffer (154 mM NaCl, 3 mM
CaCly, 15 mM NaH,PO4/Na,HPO,; pH 7.4) was added to 0.3 g DPPC in an amber glass
bottle and stirred for about 2 hours using a magnetic stirrer. Then, 0.3 g aloumin, PGM-
type 111 (0.6 g, 0.9 g, 1.2 gand 1.8 g to prepare 2%, 3%, 4% and 6% (w/v) mucin
solutions, respectively), buffer (154 mM NaCl, 3 mM CaCl,, 15 mM
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NaH,PO4/Na;HPO,; pH 7.4) of 23.8 ml, 23.5 ml, 23.2 and 22.6 ml to prepare 2%,3%, 4%
and 6% (w/v) mucin solutions, respectively, were added to the amber glass bottle.
Ingredients were mixed at 4°C on a tube rotator (Glas-Col, IN) for at least 6 days to mix
the sample. Table 2-1 illustrates a description for the composition of mucin solutions

(2%, 3%, 4% and 6%, W/v).

2.2.3. Altering and Controlling Bulk Viscoelastic
Properties to Mucus Mimetic

A mucus mimetic formulation composed of 4% (w/v) PGM-type |11, 1% (w/v)
ions (Na*, Ca*?, P**> and CI), 1% (w/v) proteins (albumin), 0.17% (w/v) DPPC (added to
mimetic surface) and 94 ml water was used for the further studies. To prepare 30 ml of
the mimetic, 0.3 g albumin, 1.2 g PGM-type I1l and 28.2 ml buffer (154 mM NaCl, 3 mM
CaCly, 15 mM NaH;PO4/Na;HPO,; pH 7.4) were added to an amber glass bottle.
Ingredients were mixed at 4°C on a tube rotator (Glas-Col, IN) for at least 6 days to mix
the sample. The bi-functional cross-linking agent, glutaraldehyde (GA) (Figure 2-1), was
used to induce cross-linking to mucus mimetic and consequently alter mimetic bulk
viscoelastic properties. The bulk viscoelastic properties of the mucus mimetic were
controlled by altering GA concentrations (5, 10, 15, 20, 25 and 50%, w/w) added to
mucus mimetic formulations and/or cross-linking time (1 day, 2 days and 3 days). Cross-
linking of the mucus mimetic was achieved by adding a specific volume and
concentration of GA solution and mixing using a tube rotator (Glas-Col, IN) for a

specified cross-linking time at 4°C.

2.2.4. Reformulation of the In-Vitro Model Mucus Mimetic
The in-vitro model mucus mimetic formulation was composed of 4% (w/v) PGM-
type 111, 1% (w/v) ions (Na*, Ca*?, P*™ and CI'), 1% proteins (albumin), 0.17% (w/v)
DPPC, and 94 ml water. To prepare 30 ml of the mimetic, 0.3 g albumin, 1.2 g PGM-type
Il and 28.2 ml buffer (154 mM NaCl, 3 mM CaCl,, 15 mM NaH,PO4/Na,HPO,; pH 7.4)
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were added to an amber glass bottle. Ingredients were mixed at 4°C on a tube rotator
(Glas-Col, IN) for 24 hours to mix the sample. Cross-linking of the mucus mimetic was
achieved by adding specific volume and concentration of GA solution and mixing
manually for 5 minutes at room temperature. The mucus mimetic was kept stationary at

room temperature (~ 22°C) for 24 hours.

2.2.5. Bulk Rheology of Mucus Mimetic

The bulk viscoelastic properties of the mucus mimetic were determined using a
controlled-stress cone and plate rheometer (RheoStress 1, Haake®; 60 mm diameter, 4°
cone angle). The cone-plate rheometer was connected to a temperature control system
(Haake® F3-CH refrigerated circulator) to maintain temperature at 23°C. The gap
between the cone and plate was adjusted to 0.138 mm for all measurements. A solvent
trap was used to cover the sample during analysis to minimize sample dehydration during
testing. For each experiment, 5 ml of mimetic was loaded onto the lower plate, spread
evenly over the entire surface area of the plate and allowed to relax and equilibrate at
23°C for 60 seconds. The upper cone was lowered into position, excess sample was
removed from the edges of the cone and plate, and then the measurement was made. The
bulk shear storage (or elastic) modulus G’ and the bulk shear loss (or viscous) modulus
G” were determined using RheoWin® Data Pro Manager (v.2.96). The strain-dependence
of G’ and G” over a strain range of 0.01 to 1.1 and at a constant frequency (®) of 2
rad/sec was determined to verify the linear viscoelastic region (LVR). Within the linear
viscoelastic region, the viscoelastic shear moduli (G’ and G”) remain constant and are
independent of strain. Thus, G’ and G” are directly related to the molecular structure of
the sample and not to the applied strain. On the basis of this test, a value of an applied
strain of 0.1 was chosen and used in subsequent frequency-dependent experiments. G’
and G” were determined as a function of frequency over a range of 0.5 to 105 rad/sec.

Bulk viscoelastic properties were determined for at least three independent samples.
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2.2.6. Investigating GA Cross-linking Mechanism of
Mucus Mimetic Using FT-IT Spectroscopy

Samples of native albumin, native PGM-type I11, 1% (w/v) albumin cross-linked
using 50% GA (w/w), 4% (w/v) PGM-type 11 cross-linked using 50% GA (w/w),
uncross-linked mucus mimetic, mucus mimetic cross-linked using 50% GA (w/w), and
mucus mimetic cross-linked using 50% GA (w/w) and then reduced using (NaBH,) were
pelletized with KBr powder and characterized by FT-IR spectroscopy. To prepare 30 mi
of 1% (w/v) albumin, 0.3 g of albumin and 29.7 ml buffer (154 mM NacCl, 3 mM CaCl,,
15 mM NaH,PO4/Na,HPQ,, pH 7.4) were added to an amber glass bottle and mixed at
4°C on a tube rotator (Glas-Col, IN) for 24 hours to mix the sample. To prepare 30 ml of
4% (w/v) PGM-type 111,1.2 g of PGM-type 11l and 28.8 ml buffer (154 mM NaCl, 3 mM
CaCly, 15 mM NaH,PO4/Na,HPO,, pH 7.4) were added to an amber glass bottle and
mixed at 4°C on a tube rotator (Glas-Col, IN) for 24 hours to mix the sample. To prepare
30 ml of mucus mimetic, 0.3 g albumin, 1.2 g PGM-type 111 and 28.5 ml buffer (154 mM
NaCl, 3 mM CaCl;, 15 mM NaH,PO4/Na,HPO,, pH 7.4) were added to an amber glass
bottle. Ingredients were mixed at 4°C on a tube rotator (Glas-Col, IN) for 24 hours to mix
the sample. Samples of 1% (w/v) albumin, 4% (w/v) PGM-type |1l and mucus mimetic
were cross-linked by adding 0.5 mI-50% GA (w/w) to each sample. GA was mixed
manually for 5 minutes at room temperature, and kept at room temperature for 24 hours.
In the cross-linked and reduced mucus mimetic, the cross-linked mucus mimetic was
immersed in a freshly prepared 1.2 mg/ml of NaBH, in phosphate buffer (15 mM
NaH,PO4/Na;HPQO,, pH 7.4) for 2 hours. Samples of the cross-linked albumin, cross-
linked PGM-type 111, uncross-linked mucus mimetic, cross-linked mucus mimetic, and
cross-linked/reduced mucus mimetic were frozen at -80°C for 4 hours and lyophilized in
a Labconco FreeZone 4.5 liter freeze dry system (chamber pressure of less than 0.02
mbar and collector temperature of less than -50°C). Finally, KBr pellets were prepared by

mixing 15 mg of each sample with 250 mg of dry KBr (KBr was dried in an oven before
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use). The mixture was ground in a mortar with a pestle to a fine powder and loaded into a
pellet die set. The die set was aligned in a Carver Laboratory Press (model # C) and
compressed to ~ 15,000 PSI. Pellets were left under pressure at least 10 minutes and then
removed gently from the die set. Pellets were stored in a desiccator.

FT-IR measurements were carried out at room temperature on a Nicolet Nexus
670 FT-IR spectrometer. All spectra were taken with a resolution of 4 cm™ and 32 scans
in the 4000-1000 cm™ range. Omnic 6.1 software (Thermo Nicolet Instruments Corp.)
was used to analyze the different sample spectra. An air spectrum was obtained as a
reference and was then subtracted from the sample by the instrument-controlled

computer. At least three KBr pellets were prepared for each sample.

2.2.7. Control Experiments for the Spreading Solvent (n-
hexane:methanol 95:5 v/v)

To ensure that the spreading solvent (n-hexane:methanol 95:5 v/v) is not surface
active and has the ability to efficiently spread DPPC at the air-liquid interface, three
control experiments were conducted as described in Table 2-2. In all these experiments, a
Langmuir-Blodgett (LB) Teflon coated trough (KSV Instruments, Finland) with a
working area of 78 cm x 7.5 cm was placed on a vibration isolation table inside a home-
built environmental chamber (Figure 2-2). The LB trough was equipped with a double
barrier system and a Wilhelmy plate (KSV Instruments, Finland) attached to a
microbalance to record the surface pressure or surface tension. Before each experiment,
the LB trough and barriers were thoroughly cleaned with ethanol and de-ionized water,
and the surface was aspirated by a tube connected to a vacuum-aspirator. A liquid
subphase composed of 150 mM NaCl and 1.5 mM CaCl,, chosen in accordance with the
chemical composition of alveolar fluid, was used."® To ensure cleanliness of the surface,
a zero reading of the surface pressure (IT) on complete compression of the interface was

obtained. Surface pressure (IT) is defined as IT = y,-y, where vy is the surface tension of the
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surfactant covered the interface and y, is the surface tension for a clean air-liquid
interface. A volume of 250 ml of the liquid subphase was poured into the LB trough
mounted on a temperature regulated base plate and the temperature was maintained at 37
+ 0.5°C by an external circulating water bath. The subphase was allowed to equilibrate

for 30 minutes at 37 + 0.5°C [this temperature was used by Yu et al.”

to study the
surface activity of DPPC using the spreading solvent (n-hexane:methanol 95:5 v/v), and
the initial surface tension was reported. The 20 mm x 10 mm Wilhelmy platinum plate
was dipped into the subphase and the surface tension was reported. In the first and second
control experiments, an amount of 180 pL of the spreading solvent (n-hexane:methanol
95:5 v/v) was spread at the air-liquid interface using a micro-syringe, (180 pL is
equivalent to the amount of 1 mg/ml DPPC required to lower the surface tension of the
liquid subphase to ~ 32 mN/m). After spreading, 10 minutes were allowed for solvent to
evaporate.

In the first control experiment, the surface tension for the air-liquid interface after
the addition of the spreading solvent (n-hexane:methanol 95:5 v/v) was reported. In the
second experiment, the surface pressure-surface area isotherm for three successive
compression-expansion cycles for the air-liquid interface after the addition of the
spreading solvent (n-hexane:methanol 95:5 v/v) was recorded. A 77.4% area reduction of
the maximum surface area, at a speed of 61.04 mm/min, was performed.

In the third control experiment, an amount of 180 pL of 1 mg/ml DPPC in n-
hexane:methanol (95:5 v/v) was spread at the air-liquid interface using a micro-syringe to
lower the surface tension to ~ 32 mN/m. The mean molecular area of DPPC was 30A%/
molecule. Three successive compression-expansion cycles, of a 33.0% area reduction of
the maximum surface area at a speed of 61.04 mm/min was performed. Minimum and
maximum surface tensions for each compression-expansion cycle were reported. All

control experiments were performed at least three times.
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2.2.8. Measurement and Modification of the Surface
Tension

DPPC was dissolved in the spreading solvent (n-hexane:methanol 95:5 v/v) and
was added onto water or mimetic surfaces using a micro-syringe to achieve a surface
tension of ~ 32 mN/m. Ten minutes were allowed to elapse for the solvent to evaporate.
The surface tension measurements of the water and mucus mimetic before and after
spreading DPPC at the air-water and air-mimetic interface were determined using two
methods: Wilhelmy plate balance (KSV Instruments, Finland) and a detachment method
using the du Nouy ring (Sigma 70, KSV Instruments, Finland). In the Wilhelmy plate
method, a platinum plate (20 mm x 10 mm) attached by a thread to a force transducer was
dipped into ~ 10 ml of mucus mimetic sample in a round Pyrex petri-dish (5.0 cm
diameter x 1.5 cm depth). The plate was hung on a balance and oriented perpendicular to
the interface. The force experienced by the balance as the plate interacts with the
interface was measured and used to calculate the surface tension using the following
equation:

v=F/ (2 L cos 0)
where v is the surface tension of the interface, F is the force exerted by the plate when it
is brought in contact with the interface, L is the perimeter of the plate, and 6 is the contact
angle made between the interface and the plate. The force (F) is measured by the balance,
the contact angle (0) is assumed to be zero, and the perimeter (L) is known by the
manufacturer. The surface tension is calculated using the KSV software.

In the detachment method, a platinum iridium du Nody ring (circumference 5.910
cm, R/r 52.94) was attached to the balance. A sample of ~ 10 ml volume of mucus
mimetic was placed in a round Pyrex dish (50 mm diameter) inside a thermostated vessel
used for controlling the temperature of the sample (~ 22°C). The ring was allowed to
come into contact with the sample at a speed up of 20 mm/min and a wetting depth of 6.0

mm. The force required to completely separate the ring from the sample was directly
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measured by a transducer connected to the ring. The surface tension is calculated using
the following equation: y = F/ (471 R),”® where F is the detachment force for the meniscus
and (411 -R is the periphery of the surface detached.

Before conducting surface tension measurements, the Wilhelmy plate and du
Nody ring were flamed before use to remove surface contaminants. To ensure cleanliness
of the Wilhelmy plate and du Nouly ring, the surface tension of Nanopure water of ~ 72.8
mN/m at 20°C was verified before each measurement. At least three surface tension

measurements were conducted for each sample.

2.2.9. Statistical Analysis
A paired t-test was performed to compare the surface tension of the air-liquid
interface before and after addition of a spreading solvent. Levels of significance were
accepted at the p<0.05 level. Statistical analyses were performed using Minitab 15

software.
2.3. Results and Discussion

2.3.1. Chemical Composition of Mucus Mimetic

The synthetic mucus mimetic developed in this study was composed of 4% (w/v)
PGM-type 111, 1% (w/v) albumin, 154 mM NaCl, 3 mM CaCl,, buffer (15 mM
NaHPO,/Na;HPO,, pH 7.4), and 94 ml water. DPPC (0.17% w/v) was spread on the
surface of the mucus mimetic to lower the surface tension to ~ 32 mN/m. Table 2-3
illustrates a comparison between the chemical composition of the in-vitro model mucus
mimetic and native tracheal mucus.

The components used to formulate the mucus mimetic were chosen based on their
abundance in native mucus and their similarity to components found natively in lungs.
Pig gastric mucin (PGM-Type I1) with 0.5-1.5% sialic acid was utilized in these studies

as the glycoprotein source, due to availability and similarity to sialic acid content in
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native respiratory mucus.®” %! Bovine serum albumin was used at a concentration of 1%
in the mimetic. Dipalmitoylphosphatidylcholine (DPPC) was chosen to reduce the
surface tension of the mucus mimetic as it represents ~ 50% of the PC molecular species
in the tracheal secretions.** *

Although our in-vitro model mimetic of tracheal mucus is more complex in
composition compared to the other existing models, matching the chemical composition
and component concentrations of the in-vitro model mimetic to those of native tracheal
mucus is critically important since the physical properties (bulk viscoelasticity and
surface tension) of tracheal mucus are determined by composition.®? Therefore, changes

in mucus chemical composition and component concentrations may alter the physical

properties of tracheal secretions.

2.3.2. Bulk Rheology of Mucin Solutions

The first attempt that was used to alter the viscoelastic moduli of the mucus
mimetic was to gradually increase mucin concentration. Table 2-4 represents the bulk
viscoelastic properties of mucin solutions containing 2%, 3%, 4% and 6% (w/v) PGM-
type 111 at 1 rad/sec and 100 rad/sec; where G’ is the bulk shear storage modulus, G is
the bulk shear loss modulus, ¢ is the phase angle shift between applied stress and
resulting strain, and G* is the bulk complex modulus. G’ and G” at 1 rad/sec and 100
rad/sec were measured using the cone and plate rheometer. Other rheological properties

(tan 6, 8, and G*) were calculated based on available data of G” and G”; where tan 6=

(G”/G”), &= tan™ 8, and G*= [(G")? + (G”) ).

Figures 2-3 to 2-6 illustrate the frequency-dependence of G’ and G” for mucin
solutions containing 2%, 3%, 4% and 6% (w/v) PGM-type Il respectively. At low
PGM-type III concentrations (2% and 3%, w/v), both G’ and G” increased with
frequency and exhibited very low values at 1 rad/sec. For the mucin solution of 2% (w/v)

PGM-type III, G’ and G” at 1 rad/sec were 0.11 £ 0.09 and 0.10 = 0.09 (n=3),
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respectively (Figure 2-3). However, for the mucin solution of 3% (w/v) PGM-type III, G’
and G” at 1 rad/sec were 0.08 = 0.06 (n=3) and 0.29 £ 0.33 (n=3), respectively (Figure 2-
4). In addition, large variation in the bulk rheological measurements was observed at
these concentrations.

At higher PGM-type 111 concentrations (4% and 6%, w/v) (Figures 2-5 and 2-6),
no significant increase was observed for G’ at 1 rad/sec [0.08 £ 0.04 Pa (n=4) at 4%
(w/v) PGM-type 11l to 0.15 + 0.06 Pa (n=6) at 6% (w/v) PGM-type]. However, G” at 1
rad/sec gradually increased from 0.11 + 0.04 Pa (n=4) at 4% (w/v) PGM-type Il to 0.27
+ 0.09 Pa (n=6) at 6% (w/v) PGM-type Ill. This indicates that at a frequency of 1 rad/sec
the mimetics behaved as a viscous solution, with a more liquid-like response where G”

1.8 who found

dominated G’. This same observation has been reported by Madsen et a
that 15% (w/w) mucin solutions, prepared from the commercially available pig gastric
mucin from Sigma, did not form a gel but instead gave viscous solutions where G”
dominated G when investigated at a frequency range of 0.63-15.9 rad/sec.

Based on the typical values of G” and G” of tracheal mucus reported in Chapter 1
(Table 1-1), the aim was to match the bulk viscoelastic properties of this mucus mimetic
to that of native, non-diseased tracheal mucus with a value of G’ ranges between 9-12 Pa
and a value of G” between 1.5-3 Pa at 1 rad/sec. Therefore, it was obvious that even by
increasing mucin concentration in the mucus mimetic formulations to a value of 6%
(w/v), the typical values of bulk viscoelastic properties of native, non-diseased tracheal
mucus could not be achieved. This observation was supported by a study of Kocevar and
coworkers*® who had found that even at concentrations of 60% (w/w) of porcine gastric
mucin, values of bulk viscoelastic properties similar to natural mucus could not be
attained, limiting the use of pig gastric mucin as an in-vitro model mucus system. The
inability of PGM-type III to form a gel, where G’ dominated G”, may be related to the
structural damage to the commercial mucin products that occurs during the isolation,

purification and freeze drying processes of the commercial mucin preparation.®®
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2.3.3. Altering and Controlling the Bulk Viscoelastic
Properties of Mucus Mimetic

The structural material responsible for the viscoelastic properties of tracheal
mucus is the high molecular weight glycoproteins (mucins).®* Natively, glycoproteins in
the tracheal mucus are cross-linked by covalent bonds (disulfide bridges) and non-
covalent bonds (hydrogen bonds, electrostatic interactions, and Van der Waals forces),
giving mucus an extended gel network. In addition, other components such as albumin
interact with glycoproteins and influence the rheological properties of mucus.”

In these studies, the bi-functional agent glutaraldehyde (GA) was used to induce
cross-linking to the mucin chains. The strategy of using a cross-linking agent, particularly
GA, has been used by other researchers to induce additional cross-linking to bovine
cervical mucus, achieving large changes in the elasticity of mucus.®® In addition, GA has
been widely used for protein conjugation.®® This strategy enables precise control over the
viscoelastic properties of the mimetic via tailoring of GA concentration and/or cross-

linking time.

2.3.3.1. Bulk Rheology of Mimetic as a Function of GA
Concentration

The bulk viscoelastic properties of the mucus mimetic were controlled by altering
the GA concentration added to the formulation. Figures 2-7 and 2-8 illustrate the
frequency-dependence of G’ and G”, respectively, of mucus mimetic formulations cross-
linked using various concentrations of GA solutions (5, 10, 15, 20, and 25%, w/w) for 3
days. Data showed that mimetics cross-linked using 5% (w/w) and 10% (w/w) GA
solutions exhibited approximately equivalent values of G’ and G”. However, by
increasing GA concentration from 15% (w/w) to 25% (w/w), both G’ and G” increased
with increasing GA concentration. For mimetics cross-linked using 5%, 10% and 15%

(w/w) GA solutions, both G* and G” increased with increasing frequency. However, this
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trend appears to be less significant at higher GA concentrations (20% and 25% w/w)
where plateau regions (i.e. region where G” and G” are independent of frequency) was
observed over a wide frequency range and extended from the lowest frequencies. This
plateau region is typically seen in the rheological behavior of entangled polymer
solutions and respiratory mucus  which indicates the formation of extremely stable and

strongly cross-linked gel network."® ®

2.3.3.2. Bulk Rheology of Mucus Mimetic as a Function of
Cross-linking Time

The bulk viscoelastic properties of the mucus mimetic were controlled by varying
the duration of GA cross-linking. Figures 2-9 and 2-10 illustrate the frequency-
dependence of G’ and G” of mucus mimetic formulations cross-linked for various cross-
linking times (1, 3, 6 and 9 days). In Figure 2-9, G’ of mucus mimetic cross-linked for
only 1 day exhibited a plateau region over a frequency range of 0.5 up to 75 rad/sec.
Beyond that frequency range, a reduction in G’ was observed which suggests a break
down in the cross-links of mimetic at high frequencies. On the other hand, G’ of mucus
mimetics cross-linked for 3, 6 and 9 days exhibited broad plateau regions, where G’ were
independent of frequency, over the entire frequency range (0.5-105 rad/sec). The
appearance of the plateau regions suggests the formation of gel networks cross-linked
using a high concentration of GA solution (25% wi/w) for long cross-linking times (3, 6
and 9 days). G’ of the cross-linked mucus mimetic increased with increasing the duration
of the cross-linking process. However, it is noted that the G’ values of mucus mimetics
cross-linked for 6 and 9 days were approximately equivalent which indicates that the
cross-linking was completed after 6 days.

Similar trends were observed for G” (Figure 2-10), where G” increased with
increasing the duration of the cross-linking process at 1, 3 and 6 days and G” values of

mucus mimetics cross-linked for 6 and 9 days were approximately equivalent.



42

It is observed that G’ is larger than G” at all frequencies. This effect of GA on the
rheological properties of mucus was reported earlier by Gelman and Meyer® who found
that GA increases the elasticity of bovine cervical mucus, but has relatively little effect
on mucus viscosity. The researchers indicated that this increase in mucus elasticity was
due to the formation of additional intermolecular links by the cross-linking agent GA via
the & -amino groups on the protein moiety of the glycoprotein chains, probably by the
formation of covalent bonds (Schiff bases) between the amino groups of mucin chains

and the aldehyde groups of GA.

2.3.4. Classification of Mucus Mimetics According to Bulk
Viscoelastic Properties

Mucus mimetic formulations were classified into 3 categories based on the values
of the bulk viscous and elastic moduli (G* and G”). Mucus mimetic 1 exhibited extremely
low bulk viscoelastic properties at low frequency (G'=0.3 and G"=0.4 Pa at 1 rad/sec) and
relatively high bulk viscoelastic properties at high frequency (G'=20.7 and G'=9.8 at 100
rad/sec). The high frequency values matched that of native mucus, though the low
frequency values were significantly lower than all reported values for native mucus
(Table 2-5). Therefore, mimetic 1 was chosen to represent native mucus during
respiratory maneuvers that produce high shear, such as coughing. Mucus mimetic 2
exhibited G’ and G” values at 1 rad/sec within the range of minimum reported values for
native mucus (G'=10.7 and G"=2.4 Pa), but lower G' and G" values at 100 rad/sec due to
network breakdown at high shear (G'=6.7 and G"=7.5 Pa). Mimetic 2 was chosen to
mimic average bulk viscoelastic conditions of mucus from healthy individuals during
respiratory maneuvers that produce low shear, such as normal breathing. Mucus mimetic
3 exhibited higher G' and G" values at 1 rad/sec than the other two mimetics (G'=19.1
and G"=3.5 Pa). However, mimetic 3 exhibited lower G' and G" at 100 rad/sec (G'=8.8

and G"=5.2) due to network breakdown, similar to that observed for mimetic 2. Mimetic
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3 mimics mucus with relatively high bulk viscoelastic properties during low shear
maneuvers. None of the mimetics were able to achieve values of G' and G" at 1 rad/sec
that matched the high end of reported values for native mucus (25.2-33.5 Pa; Table 2-5),
even at high GA concentration. The three mimetics were obtained by tailoring GA cross-
linking process (i.e. altering GA concentration and/or duration of GA cross-linking).
Mimetics 1, 2 and 3 were cross-linked with 0.5 ml-15% (w/w) GA solution and mixed for
24 hours, 0.5 mlI-25% (w/w) GA solution and mixed for 3 days, and 1.0 mI-50% (w/w)
GA solution and mixed for 3 days, respectively.

Mucus mimetic 1 was chosen for further the surface rheological studies and
bioaerosol formation, since it exhibited low bulk viscoelastic properties and more liquid-
like behavior at low frequency (1 rad/sec), which enabled surfactant spreading onto the
surface, and exhibited properties that matched native tracheal mucus at high frequency

(100 rad/sec), which matched properties during high shear event such as coughing.

2.3.5. Linear Viscoelastic Region of Mucus Mimetics

To ensure that the observed viscoelastic behavior of a material is only related to
its molecular structure and not to applied stress, rheological measurements should be
conducted in regions where the viscoelastic shear modulus is independent of strain, the
linear viscoelastic region (LVR). Within LVR, the material response is independent of
the magnitude of the deformation and the material structure is maintained intact. In the
dynamic oscillation test, the levels of applied strain are increased at a constant frequency.
The point at which the viscoelastic modulus (either G’ or G”) deviates by more than 10%
from a constant (plateau) value indicates departure from LVR and is known as the critical
strain.

Figure 2-11 illustrates the oscillation strain sweep study of the mucus mimetic 1
conducted over a range of 0.03 to 1.1 and at fixed frequency of 2 rad/sec. The LVR for

the mucus mimetic occurred over a strain range of 0.03 to 0.12 where the observed



44

viscoelastic properties were independent of the applied strain. Beyond a critical strain of
0.12, G’ and G” strongly decreased with deformation and the network was disrupted.
Figure 2-12 illustrates the oscillation strain sweep study of mucus mimetic 2 conducted
over a range of 0.01 to 1.1 and at fixed frequency of 2 rad/sec. The LVR for the mucus
mimetic 2 occurred over a strain range of 0.01 to 1.1. The LVR for the mucus mimetic 2
extended over a longer range and exhibited a higher critical strain value compared to that
of mucus mimetic 1. This observation is related to the mucus mimetic 2 forming a
significantly stronger cross-linked network.® Figure 2-13 illustrates the oscillation strain
sweep study of mucus mimetic 3 conducted over a range of 0.01 to 1.1 and at fixed
frequency of 2 rad/sec. The LVR for the mucus mimetic 3 occurred over a strain range of
0.025 to 0.4 where G’ and G” were independent of the applied strain. The mucus mimetic
3 exhibited longer range and higher critical strain value compared to that of mucus
mimetic 1. Again, this is attributed to the mucus mimetic 3 forming a stronger cross-
linked network. Based on these tests, a value of an applied strain of 0.1 was chosen and

used in subsequent frequency-dependent experiments.

2.3.6. Frequency-Dependence of Bulk Viscoelastic
Properties of Mucus Mimetic
Figure 2-14 represents the frequency-dependence of G’ and G” of the mucus
mimetic 1, cross-linked using 0.5 ml-15% (w/w) GA solution for 24 hours over a
frequency range of 0.5-105 rad/sec. Both moduli increased with increasing frequency,
indicating that G’ and G” were frequency-dependent over this region. The mucus
mimetic exhibited G’=0.3 £ 0.08 Pa and G”=0.38 + 0.10 Pa (n=13) at 1 rad/sec. Three
distinct regions in bulk rheological behavior were observed. At low frequencies (0.5-10
rad/sec), G” was slightly higher than G’ which indicates that mimetic exhibited more
viscous behavior. In region Il, at a frequency range (10-50 rad/sec), values of G” and G”

were approximately equivalent. In region Ill, at high frequencies (50-105 rad/sec),
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mimetic exhibited elastic behavior where G’ dominated G”. The bulk rheological
behavior observed for the mucus mimetic is typical for a temporary network where the
structure is partially cross-linked or entangled and thus cannot reach the plateau region.

The mucus mimetic 2, cross-linked using 0.5 ml-25% (w/w) GA solution for 3
days, exhibited G’=10.68 + 1.30 Pa (n=6) and G”=2.34 £ 0.14 Pa (n=6), at 1 rad/sec
(Figure 2-15). Investigating the bulk rheological behavior of the mucus mimetic indicates
that G’ exhibited a broad plateau region extended out from the lowest frequencies up to
higher frequencies (0.5-70 rad/sec). This indicates that the mucus mimetic exhibited a
cross-linked gel network over this frequency range. However, beyond a frequency of 70
rad/sec, G’ decreased with increasing frequency, which may suggest that the fully
entangled network started to fall apart at high frequencies.

The mucus mimetic 3 cross-linked with 1.0 mI-50% (w/w) GA solution for 3 days
exhibited G’=19.08 + 2.59 Pa (n=5) and G”=3.54 + 0.30 Pa (n=5), at 1 rad/sec (Figure 2-
16). G’ exhibited a broader plateau region which extends over a larger frequency range
(0.5-80 rad/sec) compared to that observed in the mucus mimetic 2 (0.5-70 rad/sec),
which indicates that the gel network of the mucus mimetic 3 was more cross-linked
compared to that of the mucus mimetic 2. Beyond a frequency of 80 rad/sec, G’
decreased as a function of frequency which suggests that the gel network started to fall
apart at high frequencies. Table 2-6 summarizes the bulk viscoelastic properties of the

three mimetics at frequencies of 1 rad/sec and 100 rad/sec.

2.3.7. Reformulation of Mucus Mimetic
Although GA was able to enhance the bulk viscoelastic properties of the in-vitro
model mucus mimetic by introducing cross-links to mimetic throughout the study, a large
variability and inconsistency in mimetic bulk viscoelastic properties was observed
between mucin lots. Therefore, the in-vitro model mucus mimetic was reformulated to

limit the observed variability.
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An alteration in the bulk rheological properties of the in-vitro model mucus
mimetic was observed (i.e. a more liquid-like property was visually noted for the mucus
mimetic 1) while conducting bioaerosol studies. This change can be seen in Figures 2-
17A and 2-17B, which compare the bulk viscoelastic properties of two separate mucus
mimetics cross-linked using 0.5 ml-15% GA solution. G’ values for the two mimetics
were statistically the same. However, a variation in the G” values between the two
mimetics was observed, where the typical mucus mimetic exhibited higher G” values
compared to the cross-linked in-vitro model mucus mimetic particularly at a frequency
range of 4 to 30 rad/sec.

Potential reasons for this alteration were considered, including the type of GA
used for cross-linking, components of mucus mimetic and mucus mimetic method of
preparation. Therefore, the effect of each factor on the bulk viscoelastic properties of the
mucus mimetic were investigated, including: 1) GA concentration, 2) materials involved
in altering viscoelastic properties to mucus mimetic [PGM-type |11 and albumin], 3) GA
type, 4) preparation method and 5) cross-linking process of in-vitro model mucus
mimetic.

Initially, to investigate the effect of GA concentration on the cross-linking
process, a high concentration of GA solution (50% w/w) was used. The high
concentration of GA solution was expected to increase the bulk viscoelastic properties of
the mucus mimetic. Figure 2-18 illustrates the frequency-dependence of G’ and G” for
the mucus mimetic cross-linked using 0.5 ml-50% (w/w) GA solution for 24 hours. Both
G’ and G” exhibited lower values compared to the mucus mimetics 2 and 3 cross-linked
using high concentrations of GA solutions (25% and 50% w/w). This suggests that cross-
linking within the mucus mimetic was hindered even at high GA concentration.

To investigate the effect of albumin on altering the bulk viscoelastic properties of
mucus mimetic by GA cross-linking, a mucin solution containing 4% (w/v) PGM-type |11

only (cross-linked PGM) [i.e. no albumin was added to the formulation] was prepared
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and cross-linked using 0.5 ml-25% (w/w) GA solution for 3 days. Figure 2-19 represents
the frequency-dependence of G’ and G” for this formulation, where G’ and G” at 1
rad/sec exhibited values of 0.12 £ 0.01 Pa and 0.27 + 0.03 Pa (n=5), respectively.
However, when the mucus mimetic composed of 4% (w/v) PGM-type I11 and 1% (w/v)
albumin was cross-linked using 0.5 mI-25% (w/w) GA solution for 3 days, a mucus
mimetic of bulk viscoelastic properties similar to that of mucus mimetic 2, which
exhibited G’ of 10.68 + 1.30 Pa and 6.70 + 2.71 Pa at 1 and 100 rad/sec, and G” of 2.34 +
0.14 Paand 7.5 + 1.95 Pa at 1 and 100 rad/sec, was obtained (Figure 2-15). In addition,
G’ dominated G”, indicating a more elastic mimetic. However, the cross-linked PGM
(Figure 2-19) exhibited lower frequency-dependence values of G” and G” compared to
that of mucus mimetic 2. The significant increase in the bulk viscoelastic properties of
mucus mimetic containing 1% albumin, suggested that albumin contributes in the cross-
linking process via GA. Albumin is a lysine rich molecule.® The e-amino groups in the
lysine residues are the most reactive end group of the amino acids with GA.% Lysine
residues in albumin are exposed on the surface because of the polarity of the amine group
and thus are more accessible to GA. Therefore, the e-amino groups likely react with GA
forming covalent and irreversible cross-linking. The formation of these cross-links leads
to an increase in elasticity, where bulk shear storage modulus G’ is proportional to the
number of cross-links.

To investigate the effect of albumin concentration on the cross-linking process of
the mucus mimetic, mucus mimetic formulation of varying albumin concentrations (0%,
1%, 1.25% or 1.5% w/v) were prepared. It was expected that increasing aloumin
concentration will enhance the bulk viscoelastic properties of the cross-linked mucus
mimetic. Figures 2-20A and 2-20B represent the frequency-dependence of G’ and G” for
mucus mimetics containing 0%, 1%, 1.25% or 1.5% (w/v) albumin. Table 2-7 illustrates
G’ and G” at 1 rad/sec for the mucus mimetic formulations. Both G’ and G” increased

with increasing albumin concentration. However, G’ and G values of the mucus mimetic
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formulation containing 1% (w/v) albumin were lower than those reported for the typical
mucus mimetic, which contains 1% (w/v) albumin (Table 2-6), suggesting that albumin
was not significantly cross-linked by GA solution.

Commercially available GA may contain GA polymers as impurities, which can
affect the cross-linking process. A purified GA has a purification index (PI) of <0.5
(Sigma, product information sheet). P1 is defined as Azss/ Azgo, Where Agss is the UV
absorbance at 235 nm assigned for [1-[] * for C=C bond ofa-p-unsaturated aldehydic
oligomers (impurity), and A,go is the UV absorbance at 280 nm assigned for n-[ * for
C=0 of the aldehyde group in pure monomeric GA. To determine whether the purity of
GA significantly impacted the cross-linking process of the mucus mimetics, two types of
GA were investigated: GA with Pl of 2.54 and 0.30. Figures 2-21A and 2-21B illustrate
the frequency-dependence of G’ and G” of mucus mimetic cross-linked for 24 hours
using 0.5 ml-15% (w/w) of GA solution of the two purification indexes 0.30 and 2.54.
Both mimetics exhibited equivalent rheological properties. Although higher values of G’
and G” were expected for mimetic cross-linked using the more purified GA (P1=0.3), it
has been shown that GA polymerization is also important in bridging larger gaps between
two reaction sites™ and consequently enhancing elasticity. Therefore, even with the use
of the more purified GA, the cross-linking process of the mucus mimetic was not taking
place.

Finally, the method of mucus mimetic preparation was altered to determine its
impact on the cross-linking process. Therefore, mucus mimetic was prepared by mixing
the mimetic components for 24 hrs, and then mix GA solution manually for 5 min. The
cross-linking process was taken place at room temperature (~ 23°C). Specifically, the
effects of longer mixing time and higher temperature were investigated. Longer mixing
times may enhance the physical entanglement between mucins and albumin, thereby
decreasing the ability of the molecules to rearrange during cross-linking and limiting the

ability of the endgroups to meet and react. Longer mixing time for GA solution may
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enhance intra-molecular cross-linking, thereby limiting the number of endgroups
available for cross-linking. Finally, a higher cross-linking temperature should speed up
the reaction time and may enhance GA cross-linking.* Therefore, mimetic was prepared
using the following modifications: ingredients were mixed for 24 hours instead of 7 days.
GA was mixed manually for 5 minutes rather than for 24 hours using a tube rotator and
the cross-linking process took place at room temperature (~ 22°C) rather than at 4°C.
Figures 2-22 illustrates the frequency-dependence of G’ and G” for mucus mimetic,
prepared using the modified method mentioned above. Both G’ and G achieve higher
values compared to those reported in Figure 2-18. These results demonstrated that by: 1)
reducing the mixing time of the mimetic components, 2) decreasing the mixing of GA
solution, and 3) increasing the cross-linking temperature, the mucus mimetic was cross-
linked. High values of G’ and G” were obtained. This modified method can be used as an
alternative method for mimetic preparation, if the GA cross-linking process of mucus

mimetic cannot be obtained at 4°C. This method was used in further bioaerosol study.

2.3.8. Investigating the Mechanism of Mucus Mimetic
Cross-linking Using GA

The FT-IR method has been widely used to investigate the GA cross-linking
mechanism of proteins, such as albumin  and gelatin,* polyaminosaccharides such as,
hyaluronic acid (HA) * and chitosan,*® and glycoproteins, such as pig gastric mucins.®’
In these studies, FT-IR spectroscopy was conducted before and after the cross-linking
reaction to investigate the structural modifications in molecules and to detect the new
chemical bonds formed during the cross-linking reaction.

The mucus mimetic is composed of two main components, PGM-type 111 and
albumin, which can be involved in the cross-linking process. PGM-type Il is a large
macromolecule of polysaccharides O-glycosidically bonded to a protein core®® and

albumin is a globular protein composed of 604 peptide units.”
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Figure 2-23A shows the FT-IR spectrum of native albumin. The characteristic
peaks of albumin appeared at 3308 cm™ corresponding to O-H and N-H stretching
(stretching vibrations of H atoms covalently bound to O and N atoms and at the same
time hydrogen bonded to other atoms), and 2959 cm™ corresponding to C-H stretching.
The strong peaks at 1656 and 1540 cm™ are attributed to amides I and 11, where amide |
corresponding to C=0 stretching vibrations and amide Il corresponding to C-N stretching
coupled with N-H bending vibrations. The spectrum of native albumin (Figure 2-23A)
agrees with that reported by Feng et al.*® for equivalent material. In the cross-linking of
albumin with 50% (w/w) GA solution (Figure 2-23B), it is expected that the most
important interaction between albumin and GA is the one formed by the imine groups
(Figure 2-24).”” GA reacts rapidly with the amine groups at around neutral pH, where
unprotonated amine groups of lysine and hydroxylysine residues are very reactive
nucleophiles.®® '°* The imine group (C=N) in IR spectroscopy appears at a peak of
variable intensity in the range of 1640-1690 cm™.**? This peak was hidden by the strong
peak observed at 1654 cm™ which corresponds to the C=0 stretching of amide groups
and therefore was difficult to evaluate.

In the spectrum of native PGM-type 111 (Figure 2-25A), the following peaks were
observed: peak at 3390 cm™ corresponds to the O-H stretching of primary and secondary
aliphatic alcohol, and the N-H stretching of the amine groups; peak at 2921 cm™
corresponds to C-H stretching of aliphatic bonds; peak at 1654 cm™ corresponds to C=0
stretching of amide groups; peak at 1549 cm™ corresponds to C-N stretching coupled with
N-H bending vibrations of amide groups; and peak at 1049 cm™ corresponds to C-O
stretching of primary and secondary alcohols. The spectra of native PGM-type 111 (Figure
2-25A) agree with those that were reported by Capra et al.”’ for equivalent material.
Figure 2-25B shows FT-IR spectrum of PGM-type 11 cross-linked using 50% (w/w) GA
solution. In the cross-linking reaction of PGM-type 111 with GA, it is expected that the

most important interaction between PGM-type Il and GA is the one formed by the imine
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groups of the mucin chains (Figure 2-24).%” The imine group (C=N) in IR spectroscopy
appears at a peak of variable intensity in the range of 1640-1690 cm™.*% This peak was
hidden by the strong peak observed at 1654 cm™ which corresponds to the C=0
stretching of amide groups and therefore was difficult to evaluate.

FT-IR spectroscopy was used to investigate the structural changes of mucus
mimetic cross-linked with 50% (w/w) GA solution. The cross-linked mucus mimetic was
then reduced and the molecular structure of the two mimetics was compared, the imine
bonds in the reduced mimetic should not appear in the FT-IR spectra. Figures 2-26A, 2-
26B and 2-26C illustrate the FT-IR spectra of the uncross-linked mucus mimetic, mucus
mimetic cross-linked with 50% (w/w) GA solution for 24 hours, and mucus mimetic
cross-linked with 50% (w/w) GA solution and then reduced using 1.2 mg/ml of NaBH, in
phosphate buffer (15 mM NaH,PO4/Na,HPQO,, pH 7.4), respectively. No appreciable
spectroscopic differences were observed in the FT-IR spectra between uncross-linked
mucus mimetic and cross-linked mucus mimetic, where the imine group band in the
range of 1640-1690 cm™ was not detected. This is because the peak of C=0 stretching of
amide groups of native albumin and native PGM-type Il appear at the same position of
the imine group band. In addition, no change was seen in the FT-IR spectra between the
cross-linked mucus mimetic, and cross-linked and then reduced mucus mimetic. This is
because the imine group was not observed in the FT-IR spectrum of the cross-linked
mimetic. Therefore, FT-IR spectroscopy was unable to distinctly identify the new bonds
formed during the cross-linking process of mucus mimetic by GA.

The inability of FT-IR spectroscopy to identify new bonds after GA cross-linking

has been reported by Tomihata et al.,*®

where FT-IR spectroscopy was performed on
uncross-linked hyaluronic acid (HA) films and HA films cross-linked with GA. It has
been shown that no difference was seen in the FT-IR spectra between the uncross-linked
and cross-linked HA films. This observation was attributed to the resemblance of the

chemical structure of HA molecule to those of the acetals formed between the hydroxyl
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groups of HA and the aldehyde groups of GA at acidic pH. On the other hand, FT-IR
spectroscopy was used to investigate the structural changes of chitosan-glycine beads,
which can be used for controlled released drug delivery systems, cross-linked with GA.%
A significant new peak at 1631 cm™ was detected in the cross-linked chitosan-glycine
beads’ spectra which corresponds to the imine groups (C=N) as a result of the Schiff base
reaction between the amine groups in chitosan and aldehydic groups in GA.

Proton (*H)-NMR could be used as an alternative method to investigate the
mechanism of mucus mimetic cross-linking using GA, where the imine proton peak
increases and the aldehyde single peak decreases gradually.’® One complication to this
approach may be that application of NMR for macromolecules larger than 20 kDa can be

hampered by poor resolution.'*

2.3.9. Surface Tension of Mucin Solution

The surface tension of uncross-linked mucus [composed of 4% (w/v) PGM-type
I11, 1% (w/v) ions, 1% (w/v) albumin, 1% (w/v) DPPC (dispersed in the bulk), and 94 ml
water] obtained using the Wilhelmy plate balance was 49.45 + 3.54 mN/m (n=4). This
surface tension was significantly higher than the surface tension at the air-mucus
interface of the large conducting airways (~ 32 mN/m). Therefore, to achieve a surface
tension of ~ 32 mN/m, studies were conducted to test DPPC spreading onto the air-
mimetic interface. Adding a higher quantity of DPPC to the bulk cannot achieve lowering
in the surface tension, since it would be difficult for DPPC molecule to partition to the

mimetic surface due to its viscous properties.

2.3.9.1. Spreading Solvent for Surfactant DPPC
The surface activity of the spreading solvent (n-hexane:methanol 95:5 v/v) at the
air-water interface was determined by a series of experiments (Table 2-2). In the first
experiment, the surface tension of the air-water interface before and after spreading (n-

hexane:methanol 95:5 v/v) was determined (Table 2-8). The surface tension of the clean
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air-water interface was 71.80 + 0.32 mN/m (n=6). After the addition of spreading solvent
to the air-water interface, the surface tension of the interface showed no significant
change (71.90 + 0.32 mN/m, n=6) (p>0.05). Therefore, the spreading solvent exhibited
no surface activity.

In the second experiment, the surface activity of the spreading solvent (n-
hexane:methanol 95:5 v/v) was determined during compression-expansion cycles on
water subphase. It was important to study the surface activity of the spreading solvent
during the compression-expansion cycles because the surface pressure-surface area
isotherm for mucus mimetic covered with DPCP was studied (Chapter 3). Table 2-9
illustrates ysubphase (the surface tension of the clean air-liquid interface), y* (initial surface
tension of the air-water interface after the addition of the spreading solvent and before
initiating the compression-expansion cycles), and ymin and ymax (the minimum and
maximum surface tensions of the air-water interface with the spreading solvent for each
compression-expansion cycle). No significant difference was observed between ysupphase
and y* (p>0.05). Furthermore, the air-liquid interface with the spreading solvent
exhibited no change in ymin and Ymax cOmpared to Ysuophase dUring the three compression-
expansion cycles, (p>0.05). Figure 2-27 represents the surface pressure-surface area
isotherm of the compression-expansion cycles conducted on the air-water interface with
the spreading solvent for one of the three experiments reported in Table 2-9. Maximum
surface pressure did not exceed 0.4 mN/m upon compression during the three cycles,
indicating that the spreading solvent is not surface active.

Orbulescu et al.'® have shown that spreading solvents such as chloroform,
toluene, and benzene were not significantly surface active, when the maximum changes
in surface pressure upon the compression of the pure solvent spread on the water
subphase at 20 + 0.5°C were less than 0.5 mN/m. Our data were in good agreement with

Orbulescu et al., where maximum changes in surface pressure upon the compression of
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the spreading solvent (n-hexane:methanol 95:5 v/v) on the air-liquid interface were less
than 0.4 mN/m.

To ensure that the spreading solvent n-hexane:methanol (95:5 v/v) has the ability
to efficiently spread DPPC at the air-liquid interface, ymin and ymax Were measured during
three compression-expansion cycles. Table 2-10 summarizes the surface properties of the
air-liquid interface before and after the addition of DPPC. A surface area reduction of ~
33.0% of the interface was able to achieve yni, 0f 1.82 + 0.60 mN/m, upon compression
during the third cycle. However, lower ynin vValues were achieved upon compression
during the first and second cycles, 0.7 £ 0.0 and 1.21 + 0.29 mN/m, respectively. These

results were in good agreement with Yu et al.”

who performed six successive cycles of
compression-expansion of DPPC monolayer spread onto an air-liquid interface using a
similar subphase (150 mM NaCl and 1.5 mM CacCl; in water). They found that a 33.3%
reduction in interface surface area at 37°C was able to lower the surface tension from ~

30 mN/m (initial surface tension) to ~ 3 mN/m.

2.3.9.2. Altering the Surface Tension of Mucus Mimetics

Spreading of surfactant droplets onto viscoelastic surfaces is a dynamic process
that is driven by the Marangoni effect, a convective flow that pushes surfactant from
areas of high surfactant concentration (low surface tension) to area of low surfactant
concentration (high surface tension).*® The surface tension of the mucus mimetic before
spreading DPPC, measured using the Wilhelmy plate balance, was 53.25 + 1.22 mN/m
(n=9) (Table 2-11). This surface tension is in good agreement with the reported surface
tension of bovine mucin solutions, proteins, and polysaccharides (which all have surface
tensions between 45 and 60 mN/m).? 1% The surface tension of the mucus mimetic was
lowered to 30.16 + 2.38 (n=4) by spreading DPPC solution (0.17%, w/v) onto the air-

mimetic interface (Table 2-11). For the typical mucus mimetic, we observed good
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spreading of the surfactant over the entire interface via fluorescence microscopy which
will be discussed in detail in Chapter 3.

The surface tension of the typical mucus mimetic was also evaluated using the
detachment method using du Nouy ring. The du Noly ring method has been used in
previous studies to measure the surface tension of native mucus samples obtained from
CF patients.’®"*® As shown in Table 2-11, the du Noiiy ring method gave higher surface
tension values for the mucus mimetic before and after spreading DPPC compared to
those obtained by the Wilhelmy plate balance, 56.36 + 0.37 mN/m and 48.23 mN/m,
respectively. This may be related to the fact that the detachment of the du Noly ring was
not consistent. In addition, a disruption may occur in the DPPC monolayer during ring
detachment leading to inaccurate surface tension measurements.

In the du Noliy ring method, a basic surface tension (y pasic) is measured, where
Y pasic = F/ (400 - B),” where F is the detachment force for the meniscus and 4 ‘R is the
periphery of the surface detached. However, an empirical correction factor (f) is applied
for surface tension determination using du Nouy ring, which accounts for the fact that the
film slips on the surface of the ring prior to detaching. This factor depends on two
dimensionless ratios (R%V and R/r), where R is radius of the ring, r is the radius of the
ring wire, and V is the volume of the meniscus. Therefore, the corrected surface tension
iS Yeorrected = ¥ basic: T. . The correction factor (f) was developed based on Newtonian
liquids such as water, glycerol and other liquids.®® Therefore, the surface tension
measurements were likely less reliable as the mucus mimetic samples were non-
Newtonian.

To further investigate the applicability of the two methods (Wilhelmy plate
balance and du Noly ring), the surface tension of an air-water interface before and after
the addition of DPPC were measured. DPPC [11 pL of 1 mg/ml in hexane:methanol
(95:5 v/v)] was spread at an air-water interface to get an equilibrium surface tension of ~

33 mN/m with an area of coverage of 30 A%molecule. The surface tension measurements
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of DPPC spread at an air-water interface measured using the du Noly ring were higher
than those measured with the Wilhelmy plate balance (51.57 £ 1.41 mN/m and 33.72 £
1.08 mN/m, respectively, Table 2-12).

The surface tension for the mucus mimetics 2 and 3 was difficult to measure using
the Wilhelmy plate balance due to their high elastic (gel-like) property (both mucus
mimetics 2 and 3 exhibited substantial high G* values). Therefore, the du Nodly ring
method was explored to determine the surface tension of these complex and highly cross-
linked systems. The surface tensions of the mimetics 2 and 3, measured using the du
Nody ring method, were 76.83 = 5.83 mN/m (n=3) and 95.04 £ 7.78 mN/m (n=3),
respectively (Table 2-13). These high surface tension values for the mucus mimetics may
be due to a high force of separation required to remove the ring from the mimetic surface.
This method has been previously used by Deneuville et al.'*” and Albers et al.’®® to
measure the surface tension of cystic fibrotic mucus where surface tension values of 80.9
+ 23.6 mN/m (n=27) and 81.1 + 14.4 mN/m (n=18) were reported. The surface tension
values of mimetics 2 and 3 were in good agreement with those of CF mucus. The surface
tension of the mimetics 2 and 3, and CF mucus were relatively close to each other, as
both exhibited high bulk viscoelastic properties, however, these extremely high surface

tension values are still questionable.

2.4. Conclusions
A more physiologically relevant in-vitro model mimetic of tracheal mucus was
developed by matching the chemical composition, and the key physical properties (bulk
viscoelasticity and surface tension) of the mimetic to that of native tracheal mucus. A
series of mucus mimetic formulations (mimetics 1, 2 and 3), of different bulk viscoelastic
properties, were developed via tailoring of the GA concentration and/or cross-linking
time. The wide range of the bulk viscoelastic properties of the three mimetics provide an

insight on the rheological behavior of the tracheal mucus during normal breathing (i.e. of
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low frequency behavior) and cough maneuver (of high frequency behavior). Matching the
surface tension at the air-mimetic interface was of critical important to study the surface
rheological behavior of the large conducting airways, thereby understanding the
mechanism of bioaerosol formation. Therefore, mucus mimetic 1 which exhibited more
liquid-like behavior at low frequencies and more solid-like behavior at high frequencies,

was used in the further surface rheological studies and bioaerosol formation.



Table 2-1: Chemical composition of mucin solutions (2%, 3%, 4% and 6%, w/v).

Mucin solutions | PGM-type | Albumin DPPC Buffer containing 1%
(W/V) 11 (g) 9) Q) ionic salts (ml)

2% 0.6 0.3 0.3 28.8

3% 0.9 0.3 0.3 28.5

4% 1.2 0.3 0.3 28.2

6% 1.6 0.3 0.3 27.6
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Table 2-2: Description of the three control experiments for the spreading solvent (n-
hexane:methanol 95:5)

Control Description of the experiment
experiment
1 Surface activity of the spreading solvent (n-hexane:methanol 95:5 v/v)

at the air-liquid interface with no compression-expansion cycles.

2 Surface activity of the spreading solvent (n-hexane:methanol 95:5 v/v)
at the air-liquid interface during three compression-expansion cycles.

3 Three compression expansion cycles for DPPC at an air-liquid
interface using the spreading solvent (n-hexane:methanol 95:5 v/v).




Table 2-3: Comparison between the chemical composition of the in-vitro model
mucus mimetic and native tracheal mucus.

In-Vitro Model Mucus Mimetic

Native Tracheal Mucus

1% (w/v) bovine serum albumin

0.7-1.3% (w/w) proteins® "% 110

4% (wiv) PGM-type I11

12 76, 110

1-5% (w/w) glycoproteins

0.17% (w/v) DPPC (on surface)

0.5-1.1% (w/w) lipids™® ** 7% 110

1% (w/vz ions in buffer: 154 mM Na®, 3
mM Ca**, 30 mM P** and 160 mM CI")

0.70-1.4% (w/w) ionic salts™

94 ml water

93-97% (w/w) water*? 76 110
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Table 2-4: Average bulk viscoelastic properties at 1 rad/sec and 100 rad/sec for
mucin solutions containing 2%, 3%, 4% and 6% (w/v) PGM-type III.

Mucin Solution
Bulk viscoelastic 2% (W/iv) 3% (wW/iv) 4% (w/iv) 6% (W/V)
property
G’ (1 rad/sec) Pa 0.1 0.1 0.1 0.2
G” (1 rad/sec) Pa 0.1 0.3 0.1 0.3
G’ (100 rad/sec) Pa 18.9 20.3 15.3 114
G” (100 rad/sec) Pa 134 29.7 11.9 10.2
tan & (1rad/sec) 0.9 3.6 1.4 1.8
o (1 rad/sec) 42.3° 74.6° 54.0° 61.0°
tan 6 (100 rad/sec) 0.7 15 0.8 0.9
0 (100 rad/sec) 35.4° 55.7° 37.8° 41.7°
G* (1 rad/sec) Pa 0.2 0.3 0.1 0.3
G* (100 rad/sec) Pa 23.1 36.0 194 15.3




Table 2-5:

native tracheal mucus?? at 1 rad/sec and 100 rad/sec.
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Range of minimum and maximum reported bulk rheological properties of

Bulk rheological
property

Minimum reported value

Maximum reported value

G’ (1 rad/sec)

4.5-11.1, average 7.8 Pa

25.2-33.5, average 29.3 Pa

G” (1 rad/sec)

0.9-3.2, average 2.0 Pa

8.7-11.6, average 10.1 Pa

G’ (100 rad/sec)

10.2-22.6, average 16.4 Pa

47.3-52.3, average 49.8 Pa

G” (100 rad/sec)

5.3-19.2, average 12.2 Pa

46.3-64.2, average 55.2Pa

tan o (1rad/sec)

0.2-0.3, average 0.3

0.4

0 (1 rad/sec)

11.3°-16.2°, average 13.7°

19.3°

tan 6 (100 rad/sec)

0.5-0.9, average 0.7

1.0-1.2, average 1.1

(100 rad/sec)

27.5°-40.4°, average 34.6°

44.4°-50.9° average 47.7°

G* (1 rad/sec)

4.5-11.6, average 8.1 Pa

26.6-35.5, average 31.1 Pa

G* (100 rad/sec)

11.5-29.7, average 20.6 Pa

66.2-82.8, average 74.4 Pa
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Table 2-6: Bulk viscoelastic properties of the three mucus mimetics at frequencies of
1 rad/sec and 100 rad/sec. Data are represented as the mean £ SD.
In-vitro model G’ at1rad/sec | G” at1lrad/sec | G’ at 100 rad/sec G” at 100
mucus mimetic (Pa) (Pa) (Pa) rad/sec
(Pa)
Mucus mimetic1l | 0.3+0.1 04+0.1 20.7x£5.9 9.8+£2.0
(n=11)
Mucus mimetic2 | 10.7£1.3 24+0.1 6.7+ 27 75+£2.0
(n=6)
Mucus mimetic3 | 19.1+ 2.6 35+0.3 88+ 0.9 52+09

(n=5)




Table 2-7: The bulk shear storage modulus G’ and bulk shear loss modulus G for
mucus mimetic formulations, at 1 rad/sec, composed of 4% (w/v) PGM-
type 111 and different concentrations of albumin (0%, 1%, 1.25% and
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1.5%, wi/v), cross-linked with 0.5 mlI-15% (w/w) GA for 24 hours; data are

represented as the mean £ SD (n=3).

Albumin bovine

G’ (1 rad/sec)

G” (1 rad/sec) Pa

concentration (w/v) Pa

0% albumin 0.0+0.0 0.0+0.0
1% albumin 02+01 02+01
1.25% albumin 02+00 0.3+00
1.5% albumin 0.3+£00 0.3+00




65

Table 2-8: Surface activity of the spreading solvent (n-hexane:methanol 95:5) at the

air-water interface without compression-expansion cycles; data are

represented as the mean £ SD (n=6).

Air-liquid interface

Surface tension (mMN/m)

Air-liquid interface before spreading 71.8+0.3
(n-hexane:methanol 95:5 v/v)
Air-liquid interface after spreading(n- 71.9+0.3

hexane:methanol 95:5 v/v)




Table 2-9: Minimum and maximum surface tensions monitored during the three
successive compression-expansion cycles of the spreading solvent (n-
hexane:methanol 95:5 v/v) at the air-liquid interface.

Run # Ysubphase v Cycle 1 Cycle 2 Cycle 3
(MN/m) | (MmN/m) Y Y Y
(mN/m) (mN/m) (mN/m)
1 71.7 71.9 TYmin 71.7 Yomin 71.6 Yrmin 71.56
T¥max 71.9 Ymax 1.9 Ymax 1.92
2 71.3 71.7 Ymin 71.7 Ymin 71.7 Yrmin 71.80
Ymax 71.8 VYmax 71.9 VYmax 71.91
3 71.9 72.0 Ymin 71.9 Ymin 71.9 Ymin 71.87
Ymax 72.0 Ymax 72.0 Ymax 72.00
Meant SD | 71.6£0.3 | 71.90.1 | ymin 71.840.1 | Ypin 712.7 2 0.1 | ypin 71.7 £ 0.2
Ymax 71.920.1 | Yimax 7292 0.1 | ymax 71.9 £ 0.1

y* is the initial surface tension at the air-liquid interface after the addition of the
spreading solvent and allowing 10 minutes for spreading solvent to evaporate.

T¥Ymin is the minimum surface tension monitored upon compression.

Tymax 1S the maximum surface tension monitored upon expansion.
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Table 2-10:  Minimum and maximum surface tensions monitored during the three
successive compression-expansion cycles of DPPC spread at the air-liquid
interface using the spreading solvent (n-hexane:methanol 95:5 v/v).
Run # Ysubphase | VOlume v Cycle 1 Cycle 2 Cycle 3
(mN/m) (ML) |(MN/m) Y Y Y
(mN/m) (mN/m) (mN/m)
1 72.4 187 31.62 $Ymin 0.7 Yrmin 1.2 Ymin 1.9
TYmax 26.6 Ymax 33.5 Ymax 36.5
2 72.4 182 32.34 Ymin 0.7 Ymin 1.5 Vrmin 2.4
Ymax 26.9 Ymax 29.2 Ymax 33.9
3 72.7 190 32.15 Yrmin 0.7 Yrmin 0.9 Yrmin 1.2
Ymax 29.3 Ymax 31.3 Ymax 33.9
Yoin 0.740.0  |yminl.240.3  |yminl.8+0.6
Mean+ SD |72.5+0.2 |186.3+4.0 |32.0+0.4 Ymax 27.621.4 |Ymax 31.3£2.1  |yax34.8£1.5

y* is the initial surface tension at the air-liquid interface after spreading DPPC at the air-

liquid interface and allowing 10 minutes for spreading solvent to evaporate.

T¥Ymin is the minimum surface tension monitored upon compression.

Fymax 1S the maximum surface tension monitored upon expansion.



Table 2-11:  Surface tension of the typical mucus mimetic before and after spreading

DPPC onto mimetic surface measured using the Wilhelmy plate balance

and du Nody ring method; data are represented as the mean £ SD.
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Mucus Mimetic Formulation

Wilhelmy plate balance
Surface Tension (mN/m)

Du Nouy ring
Surface Tension (mN/m)

Typical mucus mimetic

53.3+12 (n=9)

56.4 + 0.4 (n=3)

Typical mucus mimetic covered
with DPPC

30.2 2.4 (n=4)

48.2 (n=1)
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Table 2-12:  Surface tension of water before and after the addition of 11 pL of 1.02
mg/ml DPPC in n-hexane:methanol (95:5 v/v) measured using the
Wilhelmy plate balance and du Nody ring method; data are represented as
the mean + SD.

Interface Wilhelmy plate balance Du Nouy ring
Surface Tension (mN/m) | Surface Tension (mN/m)
Pure water interface 72.8 +1.0 (n=3) 71.4+£0.2 (n=3)

DPPC spread at air-water interface 33.7+1.1(n=3) 51.6 £1.4 (n=3)




Table 2-13:  Surface tension of mucus mimetics 2 and 3 measured using the du Noly
ring method; data are represented as the mean + SD (n=3).

70

Mucus Mimetic Formulation

Surface Tension (mN/m)

Mucus mimetic 2

76.8+5.8

Mucus mimetic 3

95.0+7.8




Figure 2-1:

Chemical structure of glutaraldehyde (GA).
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Figure 2-2:  Sketch for the enclosure system with its dimensions.
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Frequency-dependence of bulk shear storage modulus G’ and bulk shear
loss modulus G” for mucin solution of 3% (w/v) PGM-type Ill. Data are
represented as the mean £ SD (n=3).
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Frequency-dependence of bulk shear storage modulus G’ for mucus
mimetic cross-linked with various concentrations of GA solution (5%
wiw, n=3; 10% w/w, n=4; 15% w/w, n=5; 20% w/w, n=3; and 25% w/w,
n=5) for 3 days. Data are represented as the mean + SD.
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Figure 2-8:  Frequency-dependence of bulk shear loss modulus G” for mucus mimetic
cross-linked with various concentrations of GA solution (5% w/w, n=3;
10% wiw, n=4; 15% w/w, n=5; 20% w/w, n=3; and 25% w/w, n=5) for 3
days. Data are represented as the mean £ SD.
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Figure 2-9:  Frequency-dependence of bulk shear storage modulus G’ for mucus

mimetic cross-linked using 0.5 ml-25% w/w GA solution at various cross-
linking times (1 day, n=5; 3 days, n=5; 6 days, n=4; and 9 days, n=3).
Data are represented as the mean = SD.
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Figure 2-10: Frequency-dependence of bulk shear loss modulus G” for mucus mimetic
cross-linked using 0.5 ml-25% w/w GA solution at various cross-linking
times (1 day, n=5; 3 days, n=5; 6 days, n=4; and 9 days, n=3). Data are
represented as the mean £ SD.



81

G oG"

=
&
E
=
= .
= .
g 0.1 =
—
70!
—
2
i LVR { Critical Strain ~0.12
0.01 : . i . |
0.01 0.1 1 10
Strain
Figure 2-11:  Strain-dependence of bulk shear storage modulus G’ and bulk shear loss

modulus G” for the mucus mimetic 1 over a strain range of 0.03to 1.1 ata
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Strain-dependence of bulk shear storage modulus G’ and bulk shear loss
modulus G” for the mucus mimetic 2 over a strain range of 0.01to 1.1 ata
fixed frequency of 2 rad/sec. The LVR is extended from 0.01-1.1 and is
indicated by an arrow. Data are represented as the mean £ SD (n=4).
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Strain-dependence of bulk shear storage modulus G’ and bulk shear loss
modulus G” for the mucus mimetic 3 over a strain range of 0.01to 1.1 ata
fixed frequency of 2 rad/sec. The LVR is extended from 0.025-0.40 and is
indicated by an arrow. Data are represented as the mean £ SD (n=4).
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(w/w) GA solution for 24 hours. Data are represented as the mean £ SD
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Frequency-dependence of bulk shear storage modulus G’ and bulk shear
loss modulus G” for the mucus mimetic 2 cross-linked using 0.5 ml-25%
(w/w) GA solution for 3 days. Data are represented as the mean + SD
(n=6).
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Frequency-dependence of bulk shear storage modulus G’ and bulk shear
loss modulus G” for the mucus mimetic 3 cross-linked using 1.0 mI-50%
(w/w) GA solution for 3 days. Data are represented as the mean + SD
(n=5).
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Figure 2-17:  Frequency-dependence of: (A) bulk shear storage modulus G’ and (B)
bulk shear loss modulus G” of the less viscous mucus mimetic (n=3) and
the typical mucus mimetic (n=11) discussed in section 2.3.8. Data are
represented as the mean £ SD.
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Frequency-dependence bulk shear storage modulus G’ and bulk shear loss
modulus G” of the less viscous mucus mimetic cross-linked using 0.5 ml-
50% (w/w) GA for 24 hours. Data are represented as the mean = SD
(n=3).
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Figure 2-19:  Frequency-dependence bulk shear storage modulus G’ and bulk shear loss
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GA solution for 3 days. Data are represented as the mean + SD (n=5).
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Frequency-dependence of: (A) bulk shear storage modulus and (B) bulk
shear loss modulus G” of mucus mimetic formulations composed of 4%
(w/v) PGM and various concentrations of albumin (0%, 1%, 1.25%,1.5%)
cross-linked using 0.5 ml-15% (w/w) GA solution for 24 hours. Data are
represented as the mean £ SD (n=3).
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Figure 2-21:  Frequency-dependence of: (A) bulk shear storage modulus G’ and (B)

bulk shear loss modulus G’ of mucus mimetic cross-linked using 0.5 ml-
15% (w/w) GA solution for 24 hours. Two types of GA with purification
index of 0.3 (n=4) and 2.54 (n=3) were used. Data are represented as the
mean + SD.



1000

100

BulK Shear Moduli (Pa)
=

Figure 2-22:

92

u G_I 0 Gll

20 40 60 80 100 120
Frequency (rad/sec)

Frequency-dependence of bulk shear storage modulus G’ and bulk shear
loss modulus G” for mucus mimetic cross-linked using 0.5 ml-50% (w/w)
GA solution using a modified method of preparation and cross-linked by
kept stationary at room temperature for 24 hours. Data are represented as
the mean + SD (n=3).
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Figure 2-24:  Schiff base formation upon the reaction of amine group with the aldehydic
group.
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cross-linked using 0.5 mlI-50% (w/w) GA solution, (C) mucus mimetic
cross-linked using 50% (w/w) GA solution then reduced with sodium

borohydride.
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Surface pressure-surface area isotherm of the air-liquid interface after the
addition of the spreading solvent n-hexane:methanol (95:5 v/v) during
three compression-expansion cycles for one of the three experiments
reported in Table 2-9. Surface pressure did not exceed 0.4 mN/m upon
compression of the spreading solvent interface.
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CHAPTER 3

SURFACE RHEOLOGICAL BEHAVIOR OF
DIPALMITOYLPHOSPHATIDYLCHOLINE (DPPC) ON A MUCUS
MIMETIC SUBPHASE

3.1. Introduction

The large conducting airways are coated with a continuous fluid film whose main
functions include protecting the underlying lung tissues by trapping and clearing inhaled
foreign material and hydrating the epithelial cells on the mucosal surface. This fluid film
is composed of two primary layers: an aqueous periciliary fluid adjacent to the lung
tissues which enables free ciliary movement for mucociliary clearance and a viscoelastic
mucus gel layer which lies atop the periciliary layer and efficiently traps foreign
material.® "® The relatively low surface tension of the airway lining fluid (ALF) surface
(~ 32 mN/m) suggests that the air-mucus interface of the large conducting airways is
covered with a surface active material.*> " Light and transmission electron micrographs
have corroborated the presence of a surfactant film by demonstrating a continuous
osmiophilic film at the air-mucus interface.®" 3 This surfactant film is considered critical
for normal function of the tracheobronchial tree by decreasing the surface tension of the
interface to facilitate mucociliary and cough clearance,® aiding the penetration of foreign
material (such as pathogens, environmental contaminants and therapeutics) into the gel

%0.36 participating in innate lung defense,*** and reducing evaporation

phase for clearance,
of the subphase.*’
Previous studies have confirmed that surfactants in the human tracheal secretions
are transported up the surface tension gradient from the alveoli, with a secondary source
via direct production by airway secretory cells in the epithelium and submucosal
glands.?® 31:38%° Bernhard et al.* reported that the major phospholipid classes, including

the phosphatidylcholine molecular species, in tracheal aspirates were similar to those in
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bronchoalveolar lavage, showing a remarkable similarity in surfactant composition across
the entire respiratory tract. Surfactant composition in tracheal aspirates was markedly
different from those of the underlying airway mucosa, showing that secretion by the
airway epithelium alone could not account for the levels of surfactants in the large
conducting airways. Studies in rats have confirmed that the tracheal mucosa does not
synthesize dipalmitoylphosphatidylcholine (DPPC), which therefore must be derived
from the alveoli.”® In terms of overall lipid composition in the tracheal secretions, about
40-45% is composed of neutral lipids, 22% phospholipids and 38% glycolipids.* 4%
Given the confirmed role of phospholipids as highly surface active species critical to the
function of the pulmonary surfactant in the alveoli, phospholipids are likely major
contributors in reducing the surface tension in the large conducting airways as well.
Phosphatidylcholine is the most prevalent class of phospholipids in the tracheal
secretions, representing 31-47 wt% (71-84 mol%) of the total phospholipid
concentration, ™ 3% 4244

In the large conducting airways of mammalian lungs, the air-fluid interface
experiences a variety of different stresses, such as shearing by air during inhalation-
exhalation cycles and bulk fluid movement due to mucociliary clearance. The interfacial
properties of surfaces can provide insight into how the interface functions under such
stress. However, the interfacial properties of the fluids in the large conducting airways
remain largely unstudied, despite their importance in a variety of physiological processes.
Therefore, a better understanding of the properties of surfactants at the air-mucus
interface would provide critical information about the function of the tracheobronchial
tree.!*#™° The interfacial behavior of an air-fluid surface is influenced by the surface
composition as well as the physical properties of the underlying fluid.*** ‘" Given the
viscoelastic nature of the mucus underlying the surfactant film at the interface, 2223 %

" it is expected that the surface behavior of this fluid will be distinct from the commonly

studied Newtonian case.
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In this work, the effect of a viscoelastic subphase on the surface rheological
properties of a DPPC model lipid layer was studied. Of the phosphatidylcholine species
in the tracheal secretions, DPPC represents the predominant species at 49-57 mol% of the
phosphatidylcholine composition and, therefore, was chosen as a representative
surfactant for the investigation.*>** The in-vitro mimetic of tracheal mucus developed in
Chapter 2 was used as the model subphase. Surface shear rheology was used to
investigate the mechanical properties of DPPC on a mucus subphase and was compared
to the mechanical properties of DPPC on a water subphase.

The three mimetics developed in Chapter 2 exhibited varying bulk viscoelastic
properties at different frequencies. Mucus mimetic 1 exhibited extremely low G’ and G”
values at 1 rad/sec. However, at high frequency (100 rad/sec) G’ and G” considerably
increased to values similar to native, non-diseased mucus. Therefore, probing the surface
rheology of the mimetic 1 will provide information on the surface behavior of the
tracheal mucus during high shear maneuvers such as cough. Mimetic 2 exhibited G’ and
G” similar to that of native, non-diseased mucus at 1 rad/sec. Therefore, probing the
surface rheology of mimetic 2 will provide insight on the surface behavior of the tracheal

mucus during normal breathing, which occurs at low frequencies.
3.2. Materials and Methods

3.2.1. Materials
Pig gastric mucin (PGM)-type 111 was purchased from Sigma-Aldrich, Inc. (St.
Louis, MO), bovine serum albumin (fraction V, lyophilized powder) from Spectrum
(New Brunswick, NJ) and 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) from
Genzyme Pharmaceuticals (Cambridge, MA). Glutaraldehyde (GA, 50% w/w solution),
n-hexane (99.0% purity) and methanol (99.9% purity) were purchased from Fisher
Scientific (Fair Lawn, NJ). Texas Red-DHPE (1, 2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine, triethylammonium salt) was purchased from Invitrogen. Purified
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water (18 MQ cm) was used in all experiments obtained from a NANOpure Infinity
Ultrapure Water System, Barnstead International (Northbrook, IL). All other chemical

reagents were of analytical grade and used without further purification.

3.2.2. Preparation of Mucus Mimetics

The in-vitro model mucus mimetics of low and medium bulk viscoelasticity were
used in this study. Mucus mimetic (composed of 4% (w/v) PGM-type I11, 1% (w/v) ions,
1% (w/v) albumin, and 94 ml water) was prepared for surface rheology studies as
discussed in section 2.2.3 in Chapter 2. Briefly, to prepare 30 ml of the mimetic, 0.3 g
albumin, 1.2 g PGM-type 11l and 28.5 ml buffer (154 mM NaCl, 3 mM CacCl,, 15 mM
NaH,PO4/Na,HPO,; pH 7.4) were added to an amber glass bottle. Ingredients were
mixed at 4°C on a tube rotator (Glas-Col, IN) for at least 6 days to mix the sample. The
mucus mimetic 1 was prepared by cross-linking the mimetic formulation using GA
solution. A 0.5 mlI-15% (w/w) GA solution was added to the 30 ml of mimetic
formulation and mixed at 4°C on a tube rotator (Glas-Col, IN) for 24 hours.

For surface rheology studies, the mucus mimetic 2 was cross-linked in-situ using
a Plexiglas mini-trough. Two samples of mimetic formulation (30 ml each) were used to
prepare the mucus mimetic. To each 30 ml of the mimetic formulation, 0.5 mI-25%
(w/w) GA solution was added and mixed at 4°C on a tube rotator (Glas-Col, IN) for 5
hours. After 5 hours, the two samples were poured into a Plexiglas mini-trough (7.5 cm x
12 cm) with a glass channel (100 mm length, 9.6 mm width, 6.5 mm height) positioned in
the middle of the mini-trough (Figure 3-1). A Plexiglas lid was used to cover the mimetic
within the mini-trough to minimize evaporation. Mimetic within the mini-trough was
kept at 4°C for about 5 days to crosslink in-situ and to attain bulk viscoelastic properties
of the mucus mimetic 2 [i.e. bulk shear storage modulus G’ (9.0-12.0 Pa) and bulk shear

loss modulus G” (1.5-3.0 Pa), at 1 rad/sec].



103

3.2.3. Modification and Measurement of Surface Tension

1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was spread onto mucus
mimetic 1 and water surfaces within a Plexiglas mini-trough (7.5 cm x 12 cm) (Figure 3-
1) placed in a home-built environmental chamber capable of maintaining temperature at ~
25°C and relative humidity at ~ 40% (Figure 3-2). DPPC was dissolved in a solution of
(n-hexane:methanol) (95:5 v/v) and was added at the air-fluid interface using a Hamilton
micro-syringe until a surface tension of ~ 32 mN/m was achieved. Ten minutes were
allowed to elapse for the solvents to evaporate. The surface tension of each interface was
then determined using a Wilhelmy plate balance (KSV Instruments, Finland) equipped
with a platinum plate (20 mm x 10 mm) at ~ 25°C. At least three surface tension

measurements were conducted for each interface.

3.2.4. Fluorescence Microscopy
For microscopic studies, 1 mg/ml DPPC in n-hexane:methanol (95:5 v/v) was

doped with 0.5 mol% of the fluorescent lipid Texas Red-DHPE® (1, 2-dihexadecanoyl-
sn-glycero-3-phospho-ethanolamine, triethylammonium salt), which has excitation and
emission wavelengths of 582 and 607 nm, respectively. The doped DPPC solution was
spread onto uncross-linked and cross-linked mucus mimetic surfaces in a round Petri-dish
using a micro-syringe until a surface tension of ~ 32 mN/m was achieved. Fluorescence
images of each surface were obtained using a florescence microscope (Olympus BX-51)
equipped with an excitation band pass filter of 515-560 nm and emission of 575-647 nm

and a 20x objective. Image analysis was performed using Image J.*'®

3.2.5. Surface Pressure (IT)-Surface Area (A) Isotherm
The surface pressure (IT)-surface area (A) isotherms of the mucus mimetic 1
before and after spreading DPPC were studied. The surface pressure (IT) = yo-y**°, where
Yo is the surface tension of a surfactant-free interface and y is the surface tension of the

surfactant covered interface, and surface area (A) is the surface area of the Langmuir
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trough. To investigate the effect of aloumin on the surface activity of DPPC on mimetic
subphase, the I1/A isotherms of 1% albumin solution in phosphate buffer (pH 7.4) was
studied as a control. The IT/A isotherms were performed at room temperature (23°C). A
Langmuir-Blodgett (LB) Teflon coated trough (KSV Instruments, Finland) of a working
area of 558 cm? was placed on a vibration isolation table inside a home-built
environmental chamber. The LB trough is equipped with a double barrier system and a
Wilhelmy platinum plate (20 x10 mm) plate attached to a microbalance (KSV
Instruments, Finland) to record the surface pressure. Before each experiment, the LB
trough and barriers were thoroughly cleaned with ethanol and de-ionized water, and the
surface was aspirated by a tube connected to a vacuum-aspirator. A volume of 300 ml of
subphase was poured into the LB trough. The Wilhelmy plate was dipped into the
subphase and the surface pressure was monitored. The subphase was allowed to
equilibrate for 15 minutes at room temperature, and the initial surface tension was
recorded. For the TT/A isotherms of the DPPC film on the mucus mimetic subphase and
the aqueous subphase containing 1% albumin, 223 uL of 1.0 mg/ml DPPC in n-
hexane:methanol (95:5 v/v) was spread at the air-fluid using Hamilton micro-syringe.
The amount of DPPC added to the surface is equivalent to the amount required to achieve
a surface tension of ~ 32 mN/m on a water subphase. After spreading DPPC, 15 minutes
were allowed for the solvent to evaporate and the initial surface tension was reported.
The barriers were then compressed a rate of 15 mm/min to an area reduction of 91.4%
and the surface tension monitored using LayerBuilder software. The isotherm for each

compression cycle was recorded for at least three samples.

3.2.6. Surface Shear Rheology
Figure 3-3 illustrates the four systems used in this study: bare mucus mimetic 2,
bare mucus mimetic 1, DPPC spread onto the mucus mimetic 1 subphase, and DPPC

spread onto water subphase. The surface shear rheology of the four systems was probed
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using an interfacial stress rheometer (ISR 400; KSV Instruments, Finland). The ISR,
equipped with a Wilhelmy plate balance to measure surface tension, was placed on a
vibration isolation table inside a home-built environmental chamber (Figure 3-2). The
mucus mimetic 2 cross-linked in-situ was used without further modification for surface
tension.
The mucus mimetic and water subphases were spread into a Plexiglas mini-trough
(7.5 cm x 12 cm) with a glass channel (100 mm length, 9.6 mm width, 6.5 mm height)
positioned in the middle of the trough (Figure 3-1). For each experiment, 60 ml of
subphase was poured into the mini-trough until a meniscus was formed within the glass
channel and climbed the top of the channel walls. Then the surface tension for the fluid
subphases was modified, as described in section 3.2.3. A Teflon-coated magnetized
needle (32 mm length, 546 pum diameter) was placed at the air-fluid interface within the
channel and was subjected to an oscillatory magnetic force generated by a pair of
Helmholtz coils to create a surface shear stress. The resulting needle motion was detected
by tracking the needle tip using a Firewire camera (Basler A601f, Go Edmund Industrial
Optics) with 512 x 480 pixel resolution. From the magnetic force applied to the needle
(surface stress, 65) and the resulting surface strain (ys), the dynamic surface modulus
(Gs*) was determined by relating the surface stress (os) to the surface strain (ys):
Gs* () = 05 () / vs (w)
The dynamic surface modulus (Gs*) is a complex number which can be described by:
Gs* = Gy’ +iGy”
where the real part, Gs’, is the surface shear storage (or elastic) modulus and the
imaginary part, Gs”, is the surface shear loss (or viscous) modulus. Gs” and Gs” were
determined from the phase lag (3) (Figure 3-) between the surface strain (ys) and the
surface stress (os), Where:

Gs’=Gs* cos 0 and Gs”=G¢* sin o
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For surface rheological studies, the surface linear viscoelastic region (SLVR) was
determined for each interface by conducting strain-dependent surface rheology. In this
test, strain amplitude was varied sinusoidally with time at a fixed frequency of 1.56
rad/sec [equivalent to 0.25 Hz which corresponds to normal breathing frequency’]. On
the basis of this test, a value of desired amplitude was selected over a region where G’
and G,” were independent of strain or exhibited weak dependence on strain.
Subsequently, time-dependent and frequency-dependent surface rheological tests were
performed. In the time-dependent tests, Gs* and Gs” were determined every 15 minutes
for 120 or 165 minutes at a fixed frequency of 1.56 rad/sec. In the frequency-dependent
tests, Gs” and Gs” were determined over a range of frequencies from 0.63-25.04 rad/sec.

Gs” and Gs” were determined for at least three separate samples.

3.2.7. Statistical Analysis
Differences between groups of the time-dependent G’ and G” were analyzed by
one-way analysis of variance (ANOVA). Statistical significance was determined by 2-
way ANOVA analysis for comparing the time-dependent surface rheological shear
moduli among surface systems for an unbalanced number of samples using a general
linear model. Levels of significance were accepted at the p<0.05 level. Statistical

analyses were performed using Minitab 15 software.
3.3. Results and Discussion

3.3.1. Altering the Surface Tension of Mucus Mimetic
Table 3-1 illustrates surface tension measurements of the mucus mimetic 1 after
different volumes (30, 60, 90 and 100 pL) of a 1.02 mg/ml solution of DPPC in n-
hexane:methanol (95:5 v/v) were added to the air-mimetic interface. The surface tension
of the mucus mimetic was lowered from 53.25 + 1.22 mN/m to 30.16 + 2.38 mN/m by

spreading 100 uL DPPC onto the air-mimetic interface. However, a volume of only 36
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pL of the DPPC solution was required to lower the surface tension of a water subphase to
33.18 £ 1.74 mN/m (n=12). The surface molecular area of DPPC on the water subphase
was determined to be 33 A% molecule, in good agreement with that reported by Notter et
al. (36-40 A%/ molecule).'*

If the DPPC created a monolayer on the mimetic subphase, the equivalent surface
molecular area would be 12A%/molecule. This is physically impossible given the
molecular size of the DPPC polar headgroups. The greater amount of DPPC needed to
lower the surface tension of the mucus mimetic to ~ 32 mN/m compared to that of water
(ratio 3:1) suggests that that multilayers were formed on the surface.

Spreading DPPC onto the mimetics with high viscoelastic properties at low
frequency (mimetics 2 and 3) encountered difficulties due to the more solid-like behavior
of the surfaces. Kaneko et al."*® have studied the spreading of liquids (ethanol, silicon oil
and diethyl ether) onto polymeric aqueous solutions of 2-acrylamido-2-methyl-
propanesulfonic acid (PAMPS) and onto chemically cross-linked gels of PAMPS with
different amounts of cross-linking agent. It has been shown that the spreading exponent
(o) decreases linearly with an in the elasticity (G”) of the underlying viscoelastic
subphase. However, for the chemically cross-linked PAMPS gel, it was found that o is
independent on PAMPS concentration and that the spreading on an elastic gel surface is
similar to that on a solid surface. Due to these difficulties, only mimetic with low

viscoelastic properties at low frequency (mimetic 1) was used for the further studies.

3.3.2. Fluorescence Microscopy of Surfaces
Fluorescence microscopy was used to monitor the spreading of DPPC on the
interface and to visualize the equilibrium surfactant structure at the interface. Texas Red-
DHPE was added to the surfactant solution prior to spreading to enable visualization of
the fluid front during spreading and the disordered fluid phases during equilibrium (the

liquid condensed phases squeeze out the probe and therefore are visualized as black



108

domains).'®* However, clear differences in surfactant structure were observed when
comparing the uncross-linked mimetic subphase (Figures 3-5) to the cross-linked mimetic
subphase (Figure 3-6). When DPPC was spread on the uncross-linked mimetic surface,
small spherical domains of ordered phase (black) interspersed within red regions of
disordered phase were observed (Figure 3-5B). Similar spherical domains of DPPC are
commonly observed on an aqueous subphase during surface compression, though notably
at lower surface tensions.'?* ** On the cross-linked mimetic surface, DPPC showed
longer-range ordering, creating fairly large blocks of condensed fluid phases with thin
finger-like projections of the disordered fluid phase (Figure 3-6B). Similar surface
structures have been observed during the spreading of droplets on gel and solid surfaces,
where surfactant spreading is resisted by the rigidity and viscous drag of underlying
subphase. 6 117:124.125 Note that slight background auto-fluorescence was observed for
the mucus mimetic surface due to the unreacted aldehyde groups of GA (Figure 3-6A),
hence the images appear brighter.*?® Albumin which is present in the mimetic subphase,
may penetrate to the surface, due to its surface activity, forming a mixed DPPC/albumin
film. Although the solubility of the dye is probably affected in the mixed DPPC/albumin

film, the large amount of DPPC added to the surface showed the ordered phase. **’

3.3.3. Surface Pressure-Area Isotherm

To study the phase states and surface activity of albumin and PGM, the surface
pressure-surface area (IT/A) isotherm for the bare cross-linked mucus mimetic was
obtained (Figure 3-7, Table 3-2). The initial surface tension of the mucus mimetic was
50.68 + 0.29. The relatively low surface tension of the mucus mimetic, compared to that
of water (surface tension of 72 mN/m), suggests that albumin and or mucin glycoproteins
are surface active and adsorb to the interface.'?® During compression, the surface pressure
exhibits a smooth non-linear increase over the entire compression range. Upon a 91.4%

reduction in surface area, the air-mimetic interface was compressed up to a surface
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pressure of 23.08 £ 1.31 mN/m. The IT/A isotherm of the mucus mimetic lacks the solid,
liquid-condensed, liquid-expanded, and gas phases, which are normally observed in IT/A
isotherm of the DPPC monolayer onto water subphase.

To study the phase states and surface activity of DPPC in the presence of albumin
in the subphase, 1% albumin solution was added to the subphase and surface tension
measured during compression (Figure 3-8, Table 3-3). The initial surface tension of the
1% albumin solution was 54.34 + 0.29 mN/m. Upon the addition of 100 pL of 1 mg/mi
DPPC to the surface, the surface tension decreased to 42.39 + 1.54 mN/m. This surface
tension was higher than that obtained when the equivalent amount of DPPC was added on
the water subphase 33.18 = 1.74 mN/m (n=12). This indicates that the adsorption of
DPPC onto the surface is decreased by the presence of albumin. It has been shown by
Zasadzinski et al.'?® that albumin reduces surfactant adsorption at the interface, thus does
not allow sufficient lowering in surface tension. Upon compression, the surface pressure
initially increases rapidly up to 18.5% compression. Upon further compression (from
18.5 to 28% reduction in maximum surface area), the isotherm exhibited a small
shoulder. Compression beyond 28% led to a plateau region at a surface pressure of 42.39
+1.54 mN/m. the wide plateau region is indicative of a film collapse, where multilayers
are formed.

In addition, to study the phase states and surface activity of DPPC spread at the
air-mimetic interface of the cross-linked mucus mimetic, the TT/A isotherm was obtained
(Figure 3-9, Table 3-4). The initial surface tension of the mucus mimetic before the
addition of DPPC was 51.5 + 2.4. Upon the addition of 100 pL of 1.0 mg/ml DPPC, the
surface tension decreased to 45.28 + 1.17 mN/m. This surface tension is higher than that
obtained for DPPC on the water subphase with and without albumin. The TT/A isotherm
of mimetic covered with DPPC sharply differs than that of the typical TT/A isotherm for
DPPC spread on water. Initially, when the interface compressed to 54% of the maximum

surface area, the IT/A isotherm showed a shallow slope where surface pressure increases
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slowly with the reduction in the mean molecular area of DPPC. Upon further
compression (41% reduction in maximum surface area), the isotherm exhibited a steep
slope, where surface pressure increases rapidly with little change in surface area. When
the interface is further compressed (91.4% reduction in maximum surface area), DPPC
film collapse occurs with a plateau region of a surface pressure of 43.46 + 2.62 mN/m.
The high surface pressure values for the DPPC film onto the mimetic surface during
compression indicated that the DPPC film exhibited the liquid condensed phase. The
ordered phase of the DPPC domains observed in fluorescence image of the cross-linked
mimetic covered with DPPC was in good agreement with its IT/A isotherm (Figure 3-6B).
Comparing the three IT/A isotherms (bare mucus mimetic, DPPC film on mimetic
subphase, DPPC film on 1% albumin subphase), the following observation were noted:

1) in the bare mimetic, no plateau region was observed.

2) DPPC film on 1% albumin attained the plateau region upon lower surface
area reduction compared to that of DPPC on mimetic subphase (maximum
surface area reduction: 30% for DPPC film on 1% albumin vs. 60% for
DPPC film on mucus mimetic).

3) Both DPPC films on 1% albumin and mimetic subphases attain relatively

equal value for the surface pressure of the plateau region.

3.3.4. Surface Shear Rheology
It is known that surfactants adsorbed at fluid interfaces exhibit a complex
viscoelastic rheological property, where resistance of the film to flow can be attributed to
surface viscosity and rigidity of the film can be attributed to surface elasticity. If surface
viscosity dominates surface elasticity (Gs”>Gs’), then the surface is more viscous (or
liquid-like) in nature. However, if surface elasticity dominates surface viscosity

(Gs>Gs”), then the surface is more elastic (or solid-like) in nature.™*®
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3.3.4.1. Surface Linear Viscoelastic Region

Surface rheological studies were conducted to determine the surface linear
viscoelastic region (SLVR) for each system. Exceeding the critical deformation is
destructive to the surface. However, no definitive values for the acceptable percent of
deviation from the linear region have previously defined for the surface rheological
studies. In this study, a percent deviation in the surface moduli of less than 15% was
considered within the linear region. The SLVR was determined at a frequency of 1.56
rad/sec for each surface by systematically increasing the oscillation strain amplitude.

The strain-dependence of surface shear rheology for the mucus mimetic 2 was
probed over a strain amplitude range of 0.004-0.017 (Figure 3-10). Gs’ and G exhibited
weak dependence on strain amplitude increasing by ~ 9% and ~ 7% for G’ and Gs”,
respectively, over the entire range probed.

The strain-dependence of surface shear rheology for the mucus mimetic 1 was
probed over a larger strain amplitude range of 0.004-0.025 (Figure 3-11). Gs’ and Gs” of
mucus mimetic exhibited weak dependence on strain amplitude increasing by ~ 14% over
the entire range probed. Therefore, the SLVR was limited to small strains (0.004-0.017).

Upon addition of DPPC to the mucus mimetic 1 surface, the surface
viscoelasticity decreased, allowing a wider range of strain amplitudes to be probed
(Figure 3-12). G,” exhibited a weak dependence on strain amplitude over the entire range
probed (0.007-0.166). Beyond a critical strain of 0.044, G,” decreased with deformation
by ~ 13%, whereas, G’ decreased with deformation by ~ 42%. Therefore, the SLVR for
the mucus mimetic with DPPC was limited to strains of 0.007-0.044.

Upon addition of DPPC to the water surface, the surface viscoelastic properties
decreased allowing a range of strain amplitudes of 0.010-0.090 to be probed (Figure 3-
13). G¢” exhibited a weak dependence on strain amplitude over the entire range probed
(0.01-0.09), decreasing by ~ 14%. Gs’ decreased with deformation by ~ 62%. Therefore,
the SLVR for water with DPPC was limited to strains of 0.010 to 0.090.
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3.3.4.2. Time-Dependent Surface Shear Rheology

The time-dependence of surface shear rheology at a constant frequency of 1.56
rad/sec was probed to gain insight into the behavior of the large conducting airways
during normal breathing. Time-dependent studies for each surface were conducted at a
constant strain amplitude within the LVR.

The mucus mimetic 2 exhibited high surface viscoelasticity with large Gs* and
Gs” values over the entire time profile (120 min). The surface of the mucus mimetic was
primarily more elastic, where Gs* dominated Gs” (Figure 3-14, Table 3-5). For the mucus
mimetic 1 at all time points, Gs’ dominated Gs”, indicating a more elastic surface (Figure
3-15, Table 3-5). The mucus mimetic exhibited an increase in surface viscoelastic
properties over the time profile. This increase in surface viscoelastic properties suggests
either aging of the system or further cross-linking due to unreacted GA.

To test if further cross-linking of the mucus mimetic was observed in the bulk
phase, the time-dependent bulk rheological behavior of the mimetic was probed (using
the cone and plate rheometer) at frequency of 1.56 rad/sec. The bulk shear storage
modulus G’ and bulk shear loss modulus G showed continuous increase over the first 30
minutes of measurement (Figure 3-16). Although no significant changes in the bulk
viscoelastic properties were observed for the mucus mimetic after 30 min of cross-
linking, it is possible that further cross-linking was observed via the surface rheological
studies given the higher sensitivity of the ISR technique. In addition, it has been reported
that GA cross-linking is enhanced at high temperatures.” Thus continuous cross-linking
of mimetic subphase by GA may be observed due to the change in mimetic temperature
where mimetic cross-linking was taken place at 4°C while surface rheological studies
were conducted at room temperature (22°C).

When DPPC was spread at the air-mimetic interface, the surface exhibited a more
viscous behavior, where Gs” dominated Gs” (Figure 3-17, Table 3-5). This change in

behavior of the mimetic surface from more elastic to more viscous was due to a
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considerable decrease in the surface elastic modulus after DPPC spreading (p<0.05).
More viscous behavior was also observed for DPPC monolayers on an aqueous
Newtonian subphase (p<0.05) (Figure 3-18, Table 3-5) in agreement with previous
studies on DPPC monolayers.*** 11

Probing the surface rheological behavior of the tracheal mucus is important for
understanding the surface properties of the large conducting airways. To date the surface
properties of the air-mucus interface, which has a surface tension of ~ 32 mN/m, is still
not well understood. Although the tracheal mucus is viscoelastic (non-Newtonian)

fluid,"™ '* the presence of surfactants at the air-mucus interface, influences mucus

surface properties giving it more viscous behavior.

3.3.4.3. Frequency-Dependent Surface Shear Rheology

The frequency-dependence of surface shear rheology was probed to provide new
behavior of the large conducting airways with increasing the rate of surface deformation.
The surface rheological behavior of each interface was determined over a frequency
range of 0.63-25.04 rad/sec.

For the mucus mimetic 2, Gs” and Gs” increased with increasing frequency. Gy’
dominated Gs” for all frequencies probed (0.63 to 25.04 rad/sec), indicating a more
elastic surface (Figure 3-19, Table 3-5). The mucus mimetic 1 exhibited more elastic
behavior over a smaller frequency range of 0.63 to 10 rad/sec (Figure 3-20, Table 3-5).
Beyond a frequency of 10 rad/sec, G’ decreased with frequency, leading to a crossover
point at 15 rad/sec. Since Gs” increased over the entire frequency range, the surface
exhibited more viscous behavior after the crossover point.

Upon spreading DPPC at the air-mimetic interface, the surface exhibited a more
viscous behavior over the entire frequency range (Figure 3-21, Table 3-5). Gy’ increased
with frequency over a frequency range of 0.63-8 rad/sec, and then decreased with

frequency over the range of 10-25.04 rad/sec. Gs” of the increased throughout the entire
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frequency range (0.63-25.04 rad/sec). The surface elastic modulus Gs’ significantly
decreased with the addition of DPPC to the surface [1.45 mN/m at 1 rad/sec and 2.82
mN/m at 10 rad/sec for the mucus mimetic with DPPC versus 6.06 mN/m at 1 rad/sec
and 9.97 mN/m at 10 rad/sec for the bare mucus mimetic], while no significant change in
the surface viscous modulus was observed. This suggests that the measured surface
moduli were primarily influenced by surface forces, although subphase drag on the
needle cannot be completely ignored (see section 3.3.4.4).

As a control experiment, the surface rheological properties of a water subphase
with DPPC spread at the interface were probed. The DPPC-water surface exhibited a
more viscous behavior over the entire frequency probed (0.63-25.04 rad/sec), where Gs”
dominated Gy’ (Figure 3-22, Table 3-5). G’ increased with frequency over a frequency
range (0.63-8 rad/sec), and then a reduction in Gs’ values was observed over the high
frequency range (10-25.04 rad/sec). Gs” of the DPPC monolayer increased with
frequency throughout the entire frequency range (0.63-25.04 rad/sec).

Therefore, bare mimetics 1 and 2 exhibited a more elastic surface behavior.
However, spreading DPPC on the mimetic 1 subphase altered the physical behavior of
the surface to more viscous. DPPC on water subphase exhibited a more viscous surface,
similar to that of DPPC on mimetic subphase. However, lower values for Gs’ and G5 were
observed for water with DPPC compared to that of mimetic with DPPC, suggesting the
subphase effect.

As mentioned above, a significant drop in G’ values was observed at high
frequencies for the mucus mimetic 1, mucus mimetic 1 with DPPC and water with DPPC
surfaces (Figures 3-20, 3-21, and 3-22). However, no deviation in Gs” was observed for
the mucus mimetic 2 at high frequency (Figure 3-15). It has been shown by Brooks that
at high frequencies, the needle dynamic motion, which is proportional to the rod inertia,
is dominated by the viscous forces from the subphase. However at low frequency, the

subphase viscous force dominates the needle’s behavior, thus the rod inertia has no effect
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in this case.’™ The drop in G’ of the DPPC covered surfaces (both mimetic and water
subphase) occurred at a frequency lower than that of the bare mucus mimetic (8 rad/sec
vs. 10 rad/sec). This decrease in the drop frequency is attributed to the less elastic

behavior of the DPPC covered surfaces.

3.3.4.4. Boussinesq Number
The sensitivity of the ISR is dependent on the coupling of both the measurement
probe (the magnetic needle) and the monolayer with the surrounding bulk subphase. The
presence of a drag force exerted by the bulk phase complicates the interfacial analysis.**®
The Boussinesq number (Bo) is a dimensionless number which indicative of the relative
importance of the surface and subphase contributions. It measures the ratio of interfacial

to bulk viscous effects: "%

where ns is the interfacial shear viscosity (Pa- s: m), 1 is the bulk shear viscosity (Pa-s),
and a is the characteristic length scale (m). The interfacial shear viscosity (ns) can be
approximated as ns=Gs”/® and the bulk shear viscosity n=G”/®, where o is the
frequency. The characteristic length scale in this system is the diameter of the needle.

Bo was determined in this study to verify the contribution of the subphase stresses
to the reported surface rheological data. If coupling is present between the subphase and
the surface, then the stress that is applied to the surface may be dissipated into the
subphase instead through the film. When Bo>1, the surface stress is larger than subphase
stress; however, when Bo<1, the subphase stress is larger than surface stress.>® **! Brooks
showed that Bo should exceed 100 for a surface to be completely decoupled from the
subphase and for a surface to behave as a two-dimensional fluid.*** However, all the

experimental work of Brooks was based on an agqueous Newtonian (water) subphase,
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where polymers (such as phthalocyaninatopolysiloxane and poly(ethylene imine-co ethyl
oxazoline)) were spread onto the air-water interface. The spreading of these polymers on
clean water increased the elastic contribution at the interface and made the interface non-
Newtonian by increasing the surface elastic modulus G’ and surface viscous modulus
Gs”. However, if the bulk viscosity is higher than that of water, a subphase drag

contribution is expected. Recently, it has been shown that the additive method™*® **

can
be used to determine the true viscoelastic properties of the monolayer. In this method, the
surface viscoelastic properties for a reference test with pure water (subphase or
surfactant-free interface) is obtained and then subtracted from the surface viscoelastic
properties obtained with the monolayer (subphase + interface). Although, the additive
method may lead to substantial errors, it can account for the subphase drag. Erni et al.*®
calculated the values for the surface loss modulus G of adsorption layers formed by
modified starch by subtracting the blank value of the subphase stress from the total stress
response (interface + bulk), assuming simple additivity of the interface and subphase
rheological properties. They found that these calculated values were higher than those
obtained for the interface + bulk that account for the coupling between the interface and
bulk. The subtraction of the subphase is an approximation method, where the interfacial
moduli might be overpredicted.

In this study, Bo was determined by relating the time-dependent surface shear
rheology of the mucus mimetic 1 covered with DPPC (Figure 3-13) to the time-
dependent bulk shear rheology of the mucus mimetic 1 (Figure 3-12). Bo was estimated
using the following equation:

Bo= Gs”/ (G d)
where Gs” = surface shear loss modulus of mucus mimetic covered with DPPC, G” =

bulk shear loss modulus of mucus mimetic, and d = diameter of the magnetic needle

(0.546 mm).
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Bo was found to be between 11-18 at all-time points (Figure 3-23); indicating that
the surface viscoelastic forces dominated the bulk viscoelastic forces. However, it is
obvious that Bo was smaller than those reported by Brooks'*® (Bo>100), indicating that
subphase is coupled to the surface. The small values of Bo were attributed to high bulk
viscoelastic properties of the subphase. Therefore, Gs” and Gs” should be considered
“apparent” properties.

One method that could be used to increase the sensitivity of the interfacial
rheometer would be to use a thinner rod. With a thinner rod, interfacial effects become
more dominant since Bo is proportional to ~1/a. However, reducing the rod diameter
also reduces the amount of magnetic material per unit rod length.'*® Therefore,
optimization of the rod diameter, while maintaining the ability to move the rod using a

magnetic field, would be required.

3.4. Conclusions

Although the mucus layer of the airway lining fluid (ALF) exhibited a bulk
viscoelastic property, the continuous surfactant at the air-mucus interface that lowers the
surface tension to ~ 32 mN/m, influence ALF surface properties. In addition, mucus
contains serum proteins (albumin) and mucin glycoproteins which are surface active and
adsorb at the interface, may have an impact on the surface properties of the tracheal
mucus. The surface properties of the ALF are considered critical for normal function of
the large conducting airways. The surface rheological behavior of dipalmitoyl-
phosphatidylcholine (DPPC) covered the air-mucus interface, where the underlying
subphase is viscoelastic, was studied using the interfacial stress rheometer. Spreading
DPPC onto the mimetic subphase altered the physical behavior of the mimetic surface,
leading to more fluid-like surface. In addition, the surface viscoelastic moduli were
influenced by the subphase type, where lower values for G5’ and G were observed onto

the water subphase compared to those onto the mimetic subphase, indicating the
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subphase effect on the surface behavior. The more liquid-like behavior of the mucus

surface more likely influences the bioaerosol formation in the large conducting airways.
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Table 3-1: Surface tension of the mucus mimetic 1 and surface area per DPPC
molecule (if DPPC was added to water subphase) after the addition of
different volumes of 1.02 mg/ml DPPC in n-hexane:methanol (95:5 v/v),
measured using the Wilhelmy plate method; data are represented as the

mean + SD.
Subphase Volume of DPPC | Surface tension Equivalent surface
added (uL) (mN/m) area/DPPC molecule
Mucus mimetic 0 pL 53.3+1.2(n=9) |NA
Mucus mimetic 30 pL 47.4 £2.1 (n=5) 40
Mucus mimetic 60 pL 43.3 £ 2.1 (n=6) 20
Mucus mimetic 90 pL 36.4+ 4.1 (n=6) 13
Mucus mimetic 100 pL 30.16 £2.4 (n=4) | 12
Water 36 uL 33.2+1.7(n=12) | 30

* Equate surface area per DPPC molecule if DPPC was added to water subphase.

** DPPC was not added to the surface.



Table 3-2: Summary of the initial surface tension of the mucus mimetic 1 before
compression and minimum surface tension reached upon complete
compression of the air-mimetic interface.
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Experiment #

Initial surface tension (MN/m)

Minimum surface tension (mN/m)

1

50.7

29.1

3 51.0 26.9
4 50.4 26.9
Mean +SD 50.7+0.3 27.6+1.3
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Table 3-3: Initial surface tension of the 1% albumin solution before and after
spreading DPPC and minimum surface tension reached upon complete
compression of the air-fluid interface.

Experiment | Initial surface Initial surface tension of | Minimum surface

# tension of 1% 1% albumin with DPPC | tension (mN/m)
albumin (mN/m) (mN/m)

1 55.3 41.0 13.6

2 53.4 43.9 10.7

3 55.0 41.2 14.0

4 53.7 43.6 10.1

Mean £SD 54.3+£0.9 42.4+1.5 12.1+1.1




Table 3-4:
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Summary of the initial surface tension of the mucus mimetic 1 with DPPC

before compression and minimum surface tension reached upon complete
compression of the air-mimetic interface.

Experiment #

Initial Surface
tension of mimetic
(mN/m)

Initial surface tension of
mimetic with DPPC
(mN/m)

Minimum surface
tension (MN/m)

1 51.2 44.4 8.1
2 49.3 44.8 8.3
3 54.0 46.6 7.8
Mean +SD 51.5+2.4 45.3+1.2 8.1+2.6
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Table 3-5: Surface properties of the mucus mimetic 2, mucus mimetic 1, mucus
mimetic 1with DPPC and water with DPPC.
Interface Surface tension | G¢* at 1 rad/sec | Gs” at 1 rad/sec Surfaqe
(mN/m) (mN/m) (mN/m) behavior
Mucus mimetic2 | 76.8+5.8 (n=3) | 26.0+2.1(n=3) | 6.9+ 1.2 (n=3) Gs> Gs”
more elastic
Mucus mimeticl | 53.3+1.2 (n=9) | 6.1 £+1.8(n=3) | 2.7+ 1.6 (n=3) Gs> Gs”
more elastic
Mucus mimeticl | 302+24(h=4) | 15+x09(=4) |19+£06 (n=4) | G <GS’
with DPPC more viscous
Water with DPPC | 33.2+ 1.7 (n=12) | 0.4+ 0.1 (n=4) 1.1+ 0.3 (n=4) Gy< Gy
more Vviscous
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Figure 3-1: A Plexiglas mini-trough (7.5 cm x12 cm) with a glass channel (100 mm
length, 9.6 mm width, 6.5 mm height) positioned in the middle of the
trough to place a magnetized needle at the air-fluid interface.
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Figure 3-2:  The interfacial stress rheometer (ISR) placed on a vibration isolation table
inside a home built environmental chamber used to measure the surface
shear rheology of interfaces.
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Figure 3-3:  Sketches of (A) mucus mimetic 2, (B) mucus mimetic 1, (C) DPPC spread
on mucus mimetic 1 subphase, and (D) DPPC spread on water subphase.
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Figure 3-5:

Figure 3-6:
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Fluorescence micrographs of (A) uncross-linked mucus mimetic surface
(before the addition of DPPC), and (B) uncross-linked mucus mimetic
surface with DPPC at the surface (surface tension=32 mN/m).

Fluorescence micrographs of (A) mucus mimetic 1 surface (before the
addition of DPPC), and (B) mucus mimetic 1 surface with DPPC at the
surface (surface tension=32 mN/m).
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Figure 3-7:  Surface pressure-surface area isotherm of the air-mimetic interface during
compression.
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Figure 3-8:  Surface pressure-surface area isotherm of a DPPC film on an aqueous
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Figure 3-9:  Surface pressure-surface area isotherm of the DPPC covered mucus
mimetic interface, during compression.



132

m Gs' (Mucus mimetic 2) 0 Gs" (Mucus mimetic 2)

’\g 100
pd
E H“ HH f ﬂé
= 10 - - I
>
E {1 J11 i %; %
=
&
g 1 >
v
[<B] : “ys i
E SLVR E‘/Crltlcal strain ~ 0.014
5 01 : o
» 0.001 0.01 0.1
Strain amplitude
Figure 3-10:  Strain-dependence of surface shear storage modulus Gs* and surface shear

loss modulus G;” at a fixed frequency of 1.56 rad/sec for the mucus
mimetic 2 over strain range of (0.004-0.017). The surface linear
viscoelastic region (SLVR) and the critical strain at which the interfacial
moduli deviate from SLVR are indicated by arrows. Data are represented
as the mean £ SD (n=3).
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Figure 3-11:  Strain-dependence of surface shear storage modulus G’ and surface shear
loss modulus G;” at a fixed frequency of 1.56 rad/sec for the mucus
mimetic 1 over strain range of (0.004-0.025). The surface linear
viscoelastic region (SLVR) and the critical strain at which the interfacial
moduli deviate from SLVR are indicated by arrows. Data are represented
as the mean £+ SD (n=3).



134

m Gs' (Mucus mimetic 1 with DPPC)
0 Gs" (Mucus mimetic 1 with DPPC)

[EEY
o
|

Critical strain

Surface Shear Moduli (mN/m)
'_\

©
[

~0.044

0.001 0.01 01 1
Strain Amplitude

Figure 3-12:  Strain-dependence of surface shear storage modulus Gs’ and surface shear
loss modulus Gs” at a fixed frequency of 1.56 rad/sec for DPPC spread at
an air-mimetic interface over strain range of (0.007-0.166). The surface
linear viscoelastic region (SLVR) and the critical strain at which the
interfacial moduli deviate from SLVR are indicated by arrows. Data are
represented as the mean £ SD (n=4).
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Figure 3-13:  Strain-dependence of surface shear storage modulus Gs’ and surface shear
loss modulus Gs” at a fixed frequency of 1.56 rad/sec for DPPC spread at
an air-water interface over strain range of (0.010-0.090). The surface
linear viscoelastic region (SLVR) and the critical strain at which the
interfacial moduli deviate from SLVR are indicated by arrows. Data are
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Figure 3-14: Time-dependence of surface shear storage modulus G’ and surface shear
loss modulus G for the mucus mimetic 2. Data are represented as the
mean + SD (n=3).
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Figure 3-16: Time-dependence of bulk shear storage modulus G’ and bulk shear loss
modulus G” of the mucus mimetic 1 at a frequency of 1.56 rad/sec. Data
are represented as the mean £+ SD (n=5).
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represented as the mean = SD (n=4).
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Figure 3-18: Time-dependence of surface shear storage modulus Gs’ and surface shear
loss modulus Gs” for DPPC spread at an air-water interface. Data are
represented as the mean £ SD (n=4).
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Figure 3-20:  Frequency-dependence of surface shear storage modulus Gy’ and surface

shear loss modulus Gs” for the mucus mimetic 1. Dashed line indicates the
frequency at which G5’ G’ decreased with frequency. Data are represented
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Figure 3-22:  Frequency-dependence of surface shear storage modulus Gs’ and surafce
shear loss modulus Gs” for DPPC spread at an air-water interface. Dashed
line indicates the frequency at which Gy’ decreased with frequency. Data
are represented as the mean = SD (n=4).
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Figure 3-23:  Boussinesq number (Bo) calculated based on the time-dependent G” of the
mucus mimetic 1 (Figure 3-12) and the time-dependent Gs” of mucus
mimetic 1 covered with DPPC (Figure 3-13) at different time points.
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CHAPTER 4

CONDUCTIVE AIRWAY SURFACTANTS INFLUENCE THE
SURFACE PROPERTIES OF THE TRACHEAL MUCUS

4.1. Introduction

The airway lining fluid (ALF) of the large conducting airways is coated with a
heterogeneous complex mixture of surface-active components. Although the chemical
composition of the alveolar surfactant in mammalian lungs has been well studied, the
exact chemical composition of the conductive airway surfactants lining the ALF is still
not well defined. This is due to major limitations encountered in the chemical analysis of
the surface active materials in tracheal secretions, such as the association of lipids with
mucus glycoproteins (mucins)* and the selection of a proper sampling method of lipids
from the conducting airways.*’

Although Girod et al.* have shown that the tracheal mucosa synthesizes airway
surfactants, others have shown that surfactants reached large conducting airways by the
overflow from the alveolar region via the surface tension gradient.** *® For instance,
Bernhard et al.*? have shown that the phospholipid classes, particularly phosphatidyl-
choline, in tracheal aspirates were similar to those in bronchoalveolar lavage and were
markedly different from those of the underlying airway epithelium. In another study, Rau
et al.*® have shown that phospholipid classes on conductive airway surfaces are different
from those secreted by the tracheal mucosa and that the tracheal mucosa in rats does not
synthesize dipalmitoylphosphatidylcholine (DPPC) suggesting that DPPC originates from
the alveolar region.

Analyses of human tracheobronchial aspirates have confirmed the presence of
various surface active compounds such as phospholipids, neutral lipids, and
glycolipids.® 3 The presence of hydrophobic surfactant proteins (SP-A, B, C and D) in

conductive airway surfactants is still subject to controversy. It has been shown that the
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hydrophobic surfactant proteins (SP-B and SP-C) are expressed in bronchi and

133

bronchioles during lung development,™* and that the hydrophilic surfactant proteins (SP-

A and SP-D) are detected in human tracheal, bronchial and bronchiolar epithelium.™* 3%
135 However, Bernhard et al.** have reported that SP-B and SP-C were absent in the
tracheobronchial secretions.

Infasurf®, a complex lung surfactant derived from calf lungs, closely matches
lavaged lung surfactant in composition compared to other available clinical exogenous
surfactants such as Survanta®, Curosurf® and Exosurf®.**® The other exogenous
surfactants lack one or more of the surface-active components available in lung
surfactants. For instance, Survanta®and Exosurf® lack surfactant-associated proteins.****’
In addition, Curosurf® contains less surfactant associated proteins than native bovine and
porcine surfactant.*®’ Infasurf® contains 90-94% phospholipids, of which 79% is
phosphatidylcholine and the remainder is 6% phosphatidylglycerol, 6% neutral lipids and
about 1% protein.**® The hydrophilic proteins (SP-A and SP-D) are lost during Infasurf®
preparation because of the organic solvent extraction of the calf lung surfactants, whereas
hydrophobic proteins (SP-B and SP-C) are restored.™* The surface activity and surface
rheological behavior of Infasurf® spread onto an aqueous subphase has been studied.™**
149 However, no study has been carried out to study the surface rheological behavior of
Infasurf® spread onto a mucus-like subphase. It is likely that the surface rheological
behavior of Infasurf® will be influenced by the viscoelastic properties of the underlying
mucus gel layer of the ALF as well as the surface composition. Since it has been shown
that surfactants in the human tracheal secretions are primarily derived from the alveolar
region,* % Infasurf® may be a good model for large conducting airways surfactants.

The objective of the present study was to investigate the effect of a mucus
subphase on the surface rheological behavior of a complex lung surfactant. Our

hypothesis is that, while DPPC represents the principle pulmonary surfactant, other

pulmonary surfactants such as unsaturated phospholipids, neutral lipids, and free fatty
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acids may play a significant role in tuning the surface properties of the large conducting
airways. Towards this aim, a natural calf lung extract (Infasurf®, Ony, Inc.) was used as a
model for conductive airway surfactants. Surface shear rheology was used to investigate
the mechanical properties of Infasurf® on mucus and water subphases. In addition, a
comparison in the surface rheology of the in-vitro model mimetic of tracheal mucus
before spreading surfactants (DPPC and Infasurf®) and after spreading Infasurf® and

DPPC was illustrated.
4.2. Materials and Methods

4.2.1. Materials

Pig gastric mucin (PGM)-type III and chloroform (> 99.8 % purity) were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO), bovine serum albumin (fraction V,
lyophilized powder) from Spectrum (New Brunswick, NJ), and Infasurf® was a generous
gift from ONY Inc. (Amherest, NY). Glutaraldehyde (GA, 50% w/w solution) and
methanol (99.9% purity) were purchased from Fisher Scientific (Fair Lawn, NJ). All
other chemical reagents were of analytical grade and used without further purification.
Purified water (18 MQ cm) was used in all experiments obtained from NANOpure

Infinity Ultrapure Water System, Barnstead International.

4.2.2. Preparation of Mucus Mimetic
The in-vitro model mucus mimetic of low bulk viscoelasticity was used in this
study. The mucus mimetic 1 was prepared as mentioned in Materials and Methods
section 2.2.3 in Chapter 2. Briefly, mucus mimetic was composed of 4% (w/v) PGM-type
111, 1% (w/v) ions (Na*, Ca*?, P™ and CI), 1% (w/v) protein (albumin), and 94 ml water.
To prepare 30 ml of the mimetic, 0.3 g albumin, 1.2 g PGM-type 111 and 28.5 ml buffer
(154 mM NaCl, 3 mM CaCl,, 15 mM NaH,;PO4/Na,HPOy; pH 7.4) were added to an

amber glass bottle. Ingredients were mixed at 4°C on a tube rotator (Glas-Col, IN) for at
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least 6 days to mix the sample. The mucus mimetic was prepared by cross-linking the
mimetic using 0.5 ml-15% (w/w) GA solution added to the 30 ml of the mimetic

formulation and mixed at 4°C on a tube rotator (Glas-Col, IN) for 24 hours.

4.2.3. Control Experiments for the Spreading Solvent
Chloroform:Methanol
To ensure that the spreading solvent chloroform:methanol is not surface active, a
control experiment was conducted in our laboratory by Amir Farnoud (Chemical and
Biochemical Engineering, The University of lowa). In this experiment, a Langmuir-
Blodgett (LB) Teflon coated trough (KSV Instruments, Finland) with a working area of
78 cm x 7.5 cm was placed on a vibration isolation table inside a home-built
environmental chamber. The LB trough was equipped with a double barrier system and a
Wilhelmy plate (KSV Instruments, Finland) attached to a microbalance to record the
surface pressure or surface tension. Before each experiment, the LB trough and barriers
were thoroughly cleaned with ethanol and de-ionized water and the surface was aspirated
via a vacuum-aspirator. A liquid subphase composed of 150 mM NaCl and 1.5 mM
CacCly, chosen in accordance with the chemical composition of the alveolar fluid, was
used.” To ensure cleanliness of the surface, a zero reading of the surface pressure (IT) on
complete compression of the interface was obtained. Surface pressure (I1) is defined as I1
= vo-Y, where v is the surface tension of the surfactant covered the interface and vy, is the
surface tension for a clean air-liquid interface. A volume of 250 ml of the liquid subphase
was poured into the LB trough. The subphase was allowed to equilibrate for 30 minutes
at room temperature (~ 22°C). The 20 mm x 10 mm Wilhelmy platinum plate was dipped
into the subphase and the surface tension was reported. An amount of 50 pL of the
spreading solvent chloroform was spread at the air-liquid interface using a micro-syringe.
After spreading, 10 minutes were allowed for solvent to evaporate. Surface pressure-

surface area isotherms for three successive compression-expansion cycles for the air-
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liquid interface after the addition of the spreading solvent chloroform was recorded. A
77.4% area reduction of the maximum surface area, at a speed of 45.7 mm/min, was
performed. All control experiments were performed at least three times. In addition, the
surface activity of methanol as a spreading solvent was studied in Section 2.3.9.1 Chapter

2.

4.2.4. Modification and Measurement of Surface Tension

Infasurf® spreading solution was prepared by dissolving 28 L of Infasurf®
suspension containing 1 mg of total phospholipids in 1.0 ml chloroform:methanol (90:10
v/v) to obtain a final concentration of 1 mg phospholipid per 1 ml solution. Infasurf® was
spread onto the mucus mimetic and water surfaces within a Plexiglas mini-trough (7.5 cm
x 12 cm) placed in a home-built environmental chamber capable of maintaining
temperature at ~ 25°C and relative humidity at ~ 40%, as mentioned in section 3.2.3 in
Chapter 3. The surface tension of each interface was determined using a Wilhelmy plate
balance (KSV Instruments, Finland) equipped with a platinum plate (20 mm x 10 mm).
Infasurf®was added at the air-fluid interface using a micro-syringe until a surface tension
of ~ 32 mN/m was achieved. Ten minutes were allowed to elapse for the solvents to
evaporate. At least three surface tension measurements were conducted for each

interface.

4.2.5. Surface Stress Rheology
Figure 4-1 illustrates sketches for the five surface systems discussed in this study:
bare mucus mimetic, Infasurf®spread onto mucus mimetic subphase, DPPC spread onto
mucus mimetic subphase, Infasurf® spread onto water subphase and DPPC spread onto
water subphase. The surface rheology of Infasurf® spread at the air-mimetic interface and
a pure Infasurf® film spread at an air-water interface were determined using an interfacial
stress rheometer (ISR 400; KSV Instruments, Finland) as discussed in Materials and

Methods section 3.2.5 in Chapter 3. Briefly, the mucus mimetic and water subphases
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were spread into a Plexiglas mini-trough (7.5 cm x 12 cm) with a glass channel (100 mm
length, 9.6 mm width, 6.5 mm height) positioned in the middle of the trough. For each
experiment, 60 ml of subphase was poured into the mini-trough until a meniscus was
formed within the glass channel and climbed the top of the channel walls. Then the
surface tension for the fluid subphases was modified as described in section 4.2.3. A
Teflon-coated magnetized needle (32 mm length) was placed at the air-fluid interface
within the channel and was subjected to an oscillatory magnetic force generated by a pair
of Helmholtz coils to create a surface shear stress. The resulting needle motion was
detected by tracking the needle tip using a Firewire camera with 512 x 480 pixel
resolution. From the magnetic force applied to the needle (surface stress, os) and the
resulting needle position (surface strain, ys), the dynamic surface modulus (Gs*) was
determined by relating the surface stress, (os) to the surface strain (ys):
Gs* (0) = 05(®) / vs (w)
The dynamic surface modulus (Gs*) is a complex number, which can be described by:
Gs* = G5+ iGs”
where the real part, Gs’, is the surface shear storage (or elastic) modulus and the
imaginary part, Gs”, is the surface shear loss (or viscous) modulus. Gs” and Gs” were
determined from the phase lag (8) between the surface strain (ys) and the surface stress
(os), where:
Gs’ = Gs* cos 0 and Gs” = Gs* sin d

For surface rheological studies, the surface linear viscoelastic region (SLVR) was
determined for each interface by conducting strain-dependent surface rheology. In this
test, strain amplitude was varied sinusoidally with time at a fixed frequency of 1.56
rad/sec (corresponding to normal breathing frequency of 0.25 Hz).*® On the basis of this
test, a value of desired amplitude was selected over a region where Gs’ and Gs” were
independent of strain or exhibited weak dependence on strain. Subsequently, time-

dependent and frequency-dependent surface rheological tests were performed. In the
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time-dependent tests, Gs” and Gs” were determined every 15 minutes for 150 minutes at a
fixed frequency of 1.56 rad/sec. In the frequency-dependent tests, Gs* and Gs” were
determined over a range of frequencies from 0.63-25.04 rad/sec. G5’ and Gs” were

determined for at least three separate samples.

4.2.6. Statistical Analysis
Statistical significance was determined by 2-way ANOVA analysis for comparing
the time-dependent surface rheological shear moduli among surface systems for an
unbalanced number of samples using a general linear model. A paired t-test was
performed to compare the surface tension of the air-liquid interface before and after the
addition of a spreading solvent. Levels of significance were accepted at the p<0.05 level.

Statistical analyses were performed using Minitab 15 software.
4.3. Results and Discussion

4.3.1. Surface Activity of the Spreading Solvent

The surface activity of the spreading solvent chloroform at the air-liquid interface
was determined during three successive compression-expansion cycles. Table 4-1
illustrates y* (initial surface tension of the air-liquid interface after the addition of the
spreading solvent and before initiating the compression-expansion cycles), and ymi, and
Ymax (the minimum and maximum surface tensions of the air-liquid interface with the
spreading solvent for each compression-expansion cycle). No significant difference was
observed between ysupphase and y* (p>0.05). The air-liquid interface with the spreading
solvent exhibited no change in ymin and ymax cOmpared to ysupphase , during the three
compression-expansion cycles (p>0.05), indicating that chloroform is not surface active.
Figure 4-2 represents the surface pressure-surface area isotherm of the compression-
expansion cycles conducted on the liquid-air interface with the spreading solvent for one

of the three experiments reported in Table 4-1. Maximum surface pressure did not exceed
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0.2 mN/m upon compression during the three cycles, indicating that the spreading solvent
IS not surface active. As mentioned in section 2.3.9.1 in Chapter 2, spreading solvents
such as chloroform, toluene, and benzene have been previously shown to not significantly

surface active when the maximum changes in surface pressure upon the compression.'®®

4.3.2. Altering the Surface Tension of an Air-Fluid
Interface Using Infasurf®

The mucus mimetic was used as a representative subphase to study the surface
rheological behavior of Infasurf®spread onto a viscoelastic mucus layer. The surface
tension of the mucus mimetic, 53.25 £ 1.22 mN/m (n=9), was lowered to 31.40 £ 3.75
mN/m (n=5) by spreading Infasurf® at the air-mimetic interface (Table 4-2). About 28 pL
of Infasurf® solution (1 mg/ml of total phospholipid) was needed to lower the surface
tension of the mucus mimetic to 31.40 + 3.75 mN/m (n=>5). The amount of Infasurf®
solution needed to lower the surface tension was 70.0% less than the amount of DPPC
required (~ 93 pL of 1mg/ml DPPC) (Table 4-3). DPPC represents about 40% of
Infasurf® composition.*** Therefore, other compounds present in Infasurf® enhance its
surface tension lowering effect. It has been shown in other studies that Infasurf® exhibits
higher surface activity compared to DPPC.'*?!*® This is due to the slow adsorption of the
disaturated phospholipid (DPPC) to the surface, and the adsorption enhancement afforded
by the unsaturated phospholipids, neutral lipids, and SP-B and C in Infasurf®. Therefore,
Infasurf® exhibits improved surface tension lowering capacity at both aqueous and

viscoelastic interfaces, ¢ 141 142 144

4.3.3. Surface Rheology of Infasurf®

4.3.3.1. Surface Linear Viscoelastic Region
The surface linear viscoelastic region (SLVR) was determined at a frequency of

1.56 rad/sec for the mucus mimetic with Infasurf® by systematically increasing the
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oscillation strain amplitude. The SLVR was within the strain range 0.005 to 0.169 where
Gs’ and Gs” were strain-independent over the entire range probed (Figure 4-3). The
mucus mimetic covered with Infasurf® extended over longer SLVR (0.005 to 0.169)
compared to the SLVR of the mucus mimetic which was limited to very small strains
(0.003-0.025) (Figure 3-7), as discussed in section 3.3.2.1 in Chapter 3. This indicates
that the surface behavior of mucus mimetic with Infasurf® exhibited more viscous

behavior compared to that of bare mimetic.

4.3.3.2. Time-Dependence Surface Shear Rheology

The time-dependence of surface rheological behavior of Infasurf® spread at an
air-mimetic and air-water interface was determined at constant strain amplitude of 0.033
and constant frequency of 1.56 rad/sec. Spreading Infasurf® at an air-mimetic interface
led to a more viscous surface, where Gs” dominated Gs’ (Figure 4-4). This change in
surface rheological behavior of mimetic from more elastic (Figure 3-11) to more viscous
was due to the considerable decrease in G’ values after the addition of Infasurf®.
Furthermore, Gs” exhibited very low values implying that Infasurf® remarkably fluidized
the mimetic surface.

More viscous behavior was also observed for Infasurf® spread on water subphase
(Figure 4-5). Gs” values were extremely low (~ 0.01 mN/m). G’ values were below the
ISR limit of detection (0.005 mN/m). Therefore, the Infasurf® interface exhibited no
surface elasticity after 120 min. The surface rheological behavior of Infasurf® spread onto
a water subphase described here is in good agreement with a previous study by Fuller et
al.** In both studies, the Infasurf® film exhibited a remarkable fluidity and values of G’

and Gs” were extremely low, at 0.001 mN/m.

4.3.3.3. Frequency-Dependence Surface Shear Rheology
The frequency-dependent surface rheological behavior of Infasurf® spread at an

air-mimetic interface was determined over a frequency range of 0.63-25.04 rad/sec.
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Spreading Infasurf® resulted in a more viscous surface, where G” dominated G’ (Figure
4-6, Table 4-2). This change in surface behavior from more elastic surface, observed for
the mucus mimetic where Gs” dominated Gs” (Figure 3-16), to more viscous surface was
due to a considerable decrease in the surface elastic modulus after Infasurf® spreading. At
high frequencies (above 12.5 rad/sec), this elastic surface behavior was no longer
observed, which suggests the breakdown of the Infasurf® film at high shearing rate.

The Infasurf® film spread on a water subphase exhibited a viscous behavior only,
where low values for G5’ (<0.03 mN/m) were only recorded at a low frequency range
(0.63-1.25 rad/sec). This indicates that Infasurf® monolayer exhibits a remarkable fluidity

(Figure 4-7, Table 4-2).

4.3.3.4. Comparison in the Surface Rheological Studies

Figures 4-8 and 4-10 compare the surface rheological behavior of the bare mucus
mimetic, Infasurf® spread at an air-mimetic interface and DPPC spread at an air-mimetic
interface. The bare mucus mimetic exhibited a more elastic surface, where Gs* dominated
G” at all time points. Spreading Infasurf® or DPPC on the mucus mimetic altered the
surface rheological behavior of mimetic from more elastic (Gs* dominated Gs”) to more
viscous (Gs” dominated Gs’). This viscous surface behavior for mucus mimetic after the
addition of either DPPC or Infasurf® was expected if there was sufficient decoupling of
the interface from the subphase. Previous studies have shown that DPPC or Infasurf®
fluidize aqueous surfaces, leading to more viscous behavior.*** >% | ower values for
the surface viscous modulus Gs” were observed for Infasurf® on the mucus mimetic
compared to those of DPPC (p<0.05). The time dependent Gs” for the mucus mimetic
with Infasurf® were 0.37 mN/m and 0.45 mN/m at 60 min and 120 min, respectively.
However, Gs” for the mucus mimetic with DPPC were 2.45 mN/m and 2.93 mN/m at 60
min and 120 min, respectively. For the frequency-dependent surface rheological

behavior, lower values for the elastic and viscous moduli were observed for Infasurf®on
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the mimetic surface compared to those of DPPC (at 1 rad/sec, G5’ and Gs” were 0.03
mN/m and 0.29 mN/m, respectively, for Infasurf® with mimetic versus 1.45 mN/m and
1.86 mN/m, respectively, for DPPC with mimetic (Figure 4-10 and Table 4-2). In
addition, Infasurf® film on mimetic subphase exhibited no surface elastic behavior at high
frequencies (beyond 12.5 rad/sec); however, the DPPC film on mimetic subphase
exhibited surface elastic behavior at high frequencies. The remarkable fluidity of
Infasurf® films on mimetic was mainly attributed to the fluid surfactants, such as the
unsaturated phospholipids and neutral lipids, present in Infasurf®. It has been shown that
DPPC, due to its disaturated acyl chains, forms a rigid monolayer which sustains high
surface pressure (~ 70 mN/m) preventing the condensed monolayer from collapse.**® The
intermolecular interaction between the disaturated acyl chains of DPPC at the interface,
and between the headgroups increases the film strength and resulted in a viscoelastic
surface with more elastic surface behavior.**® **2 However, the unsaturated phospholipids
and neutral lipids form a fluid monolayer due to the presence of the double bond which
inhibit the formation of a condensed (rigid) monolayer and result in a more viscous
surface behavior.*

These results show that surfactant composition plays a significant role in the
surface behavior of the mimetic. Although DPPC is the most prevalent class of

phospholipids in the tracheal secretions,™ 3% 4244

it does not capture the surface
rheological behavior of the complex mixture of the surface active components present in
the tracheal secretions. The mucus layer of the ALF exhibited a significant surface
rheological behavior due to the presence of surfactants at air-mucus interface. This
surfactant film is of critical importance for mucus function such as cough and
mucociliary clearance® and retention of inhaled particles into the gel phase for

clearance.®® * The viscous surface behavior of the mucus layer of the ALF will more

likely facilitate mucus function, despite its bulk viscoelastic properties.
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On an aqueous subphase, Infasurf® and DPPC films exhibited similar behavior to
that on a mucus subphase. More viscous behavior was observed at all time points for both
DPPC and Infasurf® films (Figure 4-9). Infasurf® films exhibited lower viscoelastic
properties than DPPC films. For example, lower values for the surface viscous modulus
Gs” were observed for Infasurf® film compared to those of DPPC film (p<0.05) (0.009
mN/m and 0.009 mN/m at 60 min and 120 min, respectively, for Infasurf® films versus
1.23 mN/m and 1.48 mN/m at 60 min and 120 min time points, respectively, for DPPC
films), providing further evidence of the influence of surfactant composition on surface
behavior. For the frequency-dependent surface rheology, viscous behavior only was
observed for Infasurf® film, where no surface elastic behavior values were observed at
frequency beyond 1.25 rad/sec (Figure 4-11). In addition, G of Infasurf® film was lower
than that of DPPC film (Gs” at 1 rad/sec was 0.07 mN/m for Infasurf® on a water
subphase versus 1.08 mN/m for DPPC on a water subphase, Table 4-2).

The surface rheological behavior of DPPC and Infasurf® films on aqueous
subphase was studied as a control. The surface rheological behavior of DPPC and
Infasurf® films on aqueous subphase was compared to that of DPPC and Infasurf® films
on mimetic subphase. Lower values of time-dependent G’ and Gs” were observed for
DPPC and Infasurf® films on an aqueous subphase compared those on a mimetic
subphase (p<0.05), indicating that the subphase significantly influences the surface

rheological properties of these films.

4.3.3.5. Boussinesq Number
The Boussinesq number, Bo, as discussed in section 3.3.4.4 in Chapter 3, is the
ratio of the surface drag to the subphase drag. Bo was determined by relating the time-
dependent surface shear rheology of the mucus mimetic 1 covered with Infasurf® (Figure
4-4) to the time-dependent bulk shear rheology of the mucus mimetic 1, discussed in

Chapter 3 (Figure 3-12). Bo was determined using the following equation:
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Bo= G/ (G d)
where: Gs”= surface shear loss modulus of mucus mimetic covered with Infasurf®, G=
bulk shear loss modulus of mucus mimetic only, and d= diameter of the magnetic needle
0.546 mm.

Figure 4-12 illustrates the values of Bo at all-time points. It was found that Bo
was between 2 to 3, indicating that the surface viscosity and bulk viscosity were about
equal. This Bo value was much lower than what has been reported by Brooks (Bo ~ 100)
to completely decouple the interface from subphase. The influence of the bulk
viscoelastic mimetic subphase, in addition to the extremely low values of the time-
dependent Gs” after the addition of Infasurf® on the mimetic subphase, resulted in lower
Bo values compared to those obtained for mimetic covered by DPPC. This indicates that
Gs” and Gs” moduli should be considered “apparent” properties of the mucus mimetic
surface, where the surface viscoelastic moduli are influenced by the subphase.

The time-dependent Gs” of mucus mimetic with Infasurf® at the time points 2, 30,
60, 90, 120 and 150 min were 0.37, 0.37, 0.37, 0.40, 0.45 and 0.52 mN/m, respectively.
However, the time-dependent G’ of bare mucus mimetic at the time points 2, 30, 60, 75,
90 and 120 min were 3.4, 4.8, 4.4, 5.2, 6.8 and 7.2 mN/m, respectively. The ratio of the
time-dependent G, of mucus mimetic with Infasurf® to that of bare mucus mimetic was

between 7-11%. This shows that Infasurf® significantly influences the surface properties.

4.4. Conclusions
Infasurf® exhibited a higher surface activity at an air-mimetic interface compared
to DPPC. This was reflected by the lower volume of Infasurf® solution used to lower the
surface tension of the mucus mimetic to ~ 32 mN/m, compared to DPPC solution. The
surface rheological behavior of Infasurf® spread onto a viscoelastic non-Newtonian and
aqueous Newtonian subphases was probed using an interfacial stress rheometer (ISR).

Infasurf® films on the mucus mimetic and water subphases exhibited a more viscous
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surface, where Gs” dominated Gs’. For Infasurf® at an air-mimetic interface, the time-
dependence surface elastic modulus, Gs’ exhibited extremely low values. In addition, no
surface elastic behavior was observed at high frequencies. Infasurf® film at an air-water
interface exhibited a viscous surface behavior only. The substantial difference in the
chemical composition of the two surfactants resulted in significant changes in the surface
rheological behavior of Infasurf® and DPPC films on the mucus mimetic and water
subphases. This indicates that while DPPC is the primary pulmonary surfactant, other
components such as unsaturated phospholipids, neutral lipids, and surfactant associated
proteins, likely influence the surface rheology of the airway lining fluid (ALF) of the
large conducting airways. The more viscous surface behavior of the tracheal mucus, due
to the presence of surfactants at the air-mucus interface, will more likely influence mucus
functions such as, mucociliary and cough clearance, penetration of inhaled particles into

the mucus layer for clearance and bioaerosol formation.



Table 4-1:

Maximum and minimum surface tensions monitored during three
successive compression-expansion cycles of the spreading solvent
(chloroform) at the air-liquid interface.

Exp # Ysubphase v Cycle 1 Cycle 2 Cycle 3
(mN/m) (mN/m) Y Y Y
(mN/m) (mN/m) (mN/m)
1 73.3 73.3 TYmin 73.2 Ymin 73.2 Ymin 73.2
TYmax 73.3 Yimax 3.3 Ymax 3.4
2 73.0 73.0 Ymin 72.9 Ymin 73.0 Ymin 73.0
Ymax 73.0 Ymax 73.1 Ymax 13.2
3 72.6 72.7 Ymin 2.6 Ymin 12.7 Ymin 2.8
Ymax 2.7 Ymax 2.9 Ymax 2.9
Ymin 72.9%£0.3 | Ymin 73.0£0.3 | ypmin 73.0£0.2
Mean£SD | 73.0£0.3 | 73.0£0.3 | Ymax 73.0£0.3 | Ymax 73.10.2 | ymax 73.1%0.3

y* is the initial surface tension at the air-liquid interface after the addition of the
spreading solvent and allowing 10 minutes for spreading solvent to evaporate.

T¥Ymin is the minimum surface tension monitored upon compression.

Tymax 1S the maximum surface tension monitored upon expansion.
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Table 4-2: Comparison of surface tension and surface moduli of mucus mimetic with
and without surfactant at the interface; data are represented as the mean +
SD.
Surface G atl G.”atl Surface behavior
Interface tension rad/sec rad/sec
(mN/m) (mN/m) (mN/m)
Bare mucus mimetic 53.3+1.2 (n=9) |6.1£1.8 (n=3) (2.7£1.6 (n=3) |Gs> G;”
More elastic
Infasurf® spread at an air- |31.4%3.8 (n=5) {0.0£0.0 (n=6) |0.3+0.1 (n=6) |G,’< G,”
mlmetIC interface More ViSCOUS
!nfasurf® atan air-water {29.2+1.0 (n=6) [0.0+£0.0 (n=4) |0.1£0.1 (n=4) |Gy'<Gy”
interface More viscous
DPPC spread at an air- 30.2£2.4 (n=4) |1.5+£0.9 (n=4) |1.9£0.6 (n=4) |Gs’<Gy”
mlmetIC interface More ViSCOUS
DPPC spread at an air- 30.2+2.4 (n=4) [0.4+0.1 (n=4) |1.1+0.3 (n=4) |Gy< Gy

water interface

More viscous
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Table 4-3: Volume of Infasurf® solution (1 mg/ml of total phospholipid in
chloroform:methanol (90:10 v/v) and DPPC solution (1mg/ml DPPC in n-
hexane:methanol 95:5 v/v) used to lower the surface tension of mucus
mimetic 1 and water to ~ 32 mN/m.

Subphase Infasurf® solution DPPC solution
Mucus mimetic 1 27.9£0.5 pL (n=9) 92.7+7.5 pL (n=9)
Water 28.0 £ 0.6 L (n=6) 36.6 £ 1.2 uL (n=12)
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Figure 4-1:

Sketches of: (A) mucus mimetic, (B) Infasurf® spread at an air-mimetic
interface, (C) DPPC spread at an air-mimetic interface, (D) Infasurf®

spread at the air-water interface , and (E) DPPC spread at an air-water
interface.
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Figure 4-2:  Surface pressure-surface area isotherm of the air-liquid interface after the
addition of the spreading solvent (chloroform) during three compression-
expansion cycles for one of the three experiments reported in Table 4-1.
Surface pressure did not exceed 0.2 mN/m upon compression of the
spreading solvent interface.
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Figure 4-3:  Strain-dependence of surface shear storage modulus Gy’ and surface shear
loss modulus Gs” at a fixed frequency of 1.56 rad/sec for Infasurf® spread
at an air-mimetic interface over strain range of (0.005-0.169). The surface
linear viscoelastic region (SLVR) is indicated by an arrow. Data are
represented as the mean £+ SD (n=3).
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Figure 4-4:
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Time-dependence of surface shear storage modulus Gy’ and surface shear
viscous modulus G~ for Infasurf® spread at an air-mimetic interface. Data
are represented as the mean £+ SD (n=3).
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Time-dependence of surface shear storage modulus Gy’ and surface shear
viscous modulus Gs” for Infasurf® spread at an air-water interface. The Gy’
values were below the detection limit (0.005 mN/m) and Gs” values were
~ 0.01 mN/m. Data are represented as the mean £ SD (n=3).
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Figure 4-6:  Frequency-dependence of surface shear storage modulus Gs’ and surface
shear viscous modulus Gs” for Infasurf®spread at an air-mimetic interface.
No surface elasticity was observed above frequency of 12.5 rad/sec. Data
are represented as the mean £+ SD (n=6).
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Figure 4-7:  Frequency-dependence of surface shear storage modulus Gs’ and surface
shear viscous modulus G for Infasurf® spread at an air-water interface.
The interface exhibited a viscous behavior only. Data are represented as
the mean + SD (n=4).
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Figure 4-8:  Time-dependence of surface shear storage modulus G’ and surface shear
viscous modulus Gs” of bare mucus mimetic (n=5), Infasurf®spread at an
air-mimetic interface (n=3) and DPPC spread at an air-mimetic interface
(n=4). Data are represented as the mean + SD.
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Figure 4-9:  Time-dependence of surface shear storage modulus Gy’ and surface shear
viscous modulus G~ for Infasurf® spread at an air-water interface (n=3)
and DPPC spread at an air-water interface (n=4). The Gy’ values for
Infasurf® on a water subphase were below the detection limit (0.005
mN/m). Data are represented as the mean + SD.
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Figure 4-10:  Frequency-dependence surface shear storage modulus Gs* and surface
shear viscous modulus G,” for the bare mucus mimetic (n=3), Infasurf®
spread at an air-mimetic interface (n=6) and DPPC spread at an air-
mimetic interface (n=5). Data are represented as the mean + SD.
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Figure 4-11:  Frequency-dependence of surface shear I storage modulus G’ and surface

shear viscous modulus Gs” for Infasurf® spread at an air-water interface
(n=4) and DPPC spread at an air-water interface (n=4). The G’ values for
Infasurf® on a water subphase were below the detection limit (0.005
mN/m). Data are represented as the mean + SD.
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Figure 4-12:  Boussinesq number Bo calculated based on the time-dependent G” of
mucus mimetic (Figure 3-12) and the time-dependent Gs” of the mucus
mimetic covered with Infasurf® (Figure 4-3) at different time points.
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CHAPTER 5
ENHANCEMENT OF THE SIMULATED COUGH MACHINE

5.1. Introduction

A better understanding of the function of pulmonary mucus and the mechanisms
underlying these functions can be gained through the use of model in vitro systems. One
in vitro system, the simulated cough machine (SCM), was originally developed by King
et al. to study mucus clearance by cough.*® >4’ More recently, the SCM has been used
to study the formation of bioaerosols from the fluid surface of the large conducting
airways.™ ° *8 |n these studies, a compressed airstream was passed over a mucus
simulant to simulate air flow during a cough maneuver and to generate droplets from the
mucus simulant surface. In all these cases, the SCM was operated at room temperature
and at an uncontrolled relative humidity (%RH). In addition, a dry air stream was used to
shear the mucus simulant surface. However, McRae et al.*® have measured the
temperature and %RH of the tracheal airways in sixteen healthy volunteers and found
tracheal temperatures of 35.8-36.4°C and %RH of 98.8-99.7% during expiration. Thus,
the tracheal air on expiration is almost fully saturated with water vapor with a
temperature of ~ 1°C below the core body temperature. Therefore, conditions during in
vitro studies have not accurately mimicked those in the trachea. Droplets generated under
these conditions would have been highly susceptible to drying prior to measurement.
While these in vitro studies have provided key information on the ability of exhaled
bioaerosols to remain suspended and therefore potentially transmit disease, they do not
address bioaerosol formation mechanisms.

Droplets will shrink due to drying based on their initial size, their nonvolatile
component concentration and the environment in which they are contained. If a droplet is
sufficiently small, it will remain suspended in air for several minutes or more. Larger

droplets can undergo rapid drying to become sufficiently small to remain suspended in air
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for a similar duration.** The evaporation of water droplets when expired into an
environment of lower temperature and %RH than in the respiratory tract have been

addressed in literature.®® ** It has been shown by Wells™°

that respiratory droplets with
diameters <100 um rapidly evaporate to become droplet nuclei (<5 um). However, a
recent model by Nicas et al.'*® have demonstrated that an emitted droplet of diameter
>20 pm can may not become droplet nuclei, depending on the presence of nonvolatile
components or the relative humidity of the surrounding air. In this model, Nicas et al.**°
showed that respiratory droplets contain nonvolatile components, such as ions and
glycoproteins, which reduce the tendency of these droplets to shrink. The emitted
particles quickly decrease in diameter, due to evaporation, to an equilibrium diameter
equal to about one half of their initial size (the diameter of particle at which there is no
net change in water content of droplet, i.e. there is a balance between water vapor
evaporation from and condensation on the particle). This analysis was based on
calculation of respiratory droplets that are composed of an aqueous solution containing
inorganic ions (Na*, 91+ 8 mM; K, 60 = 11 mM; and CI',102 + 17 mM) and other mucus
components (lactate, 44 + 17 mM; and glycoprotein, 76 + 18 g/L).

In complete drying, it was assumed that the mass of nonvolatile species in the dry
particle equals the mass of the emitted particle:

deq= do (Cronvolatite/ Pronvolatite)™

where deq is the equilibrium particle diameter and dy is the initial particle diameter. If the
total mass concentration (Cnonvolatite) fOr the five non-volatile species is taken as 88 g/L
and the density of nonvolatile components (pPnonvolaiile) IS €Stimated as the density of water
(1000 g/L), since the dry density of the complex mixture of solutes in the respiratory fluid
is unknown, this model predicts an equilibrium diameter deq =0.44 X do. In comparison, if
the droplets of the respiratory fluid were treated as purely salt particles containing NaCl

at 150 mM, then deq =0.16 X do.
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The primary theory of bioaerosol formation suggests that exhaled droplets are
generated due to the shearing of the surface of the airway lining fluid by the passage of
air during normal breathing, sneezing and coughing.” *® ® Therefore, these droplets
likely contain various mucus components, including ions, proteins and surfactants. We
expect, then, that the former model is more appropriate as an estimate the equilibrium
size of respiratory droplets. If the exhaled droplets are treated as containing only NaCl,
then the estimated equilibrium size will be much smaller than that estimated for droplet
containing all mucus components.

The relative humidity of the surrounding air in which the droplet is suspended
significantly affects the final equilibrium size of the droplet. At a higher RH of 50%, the
equilibrium diameter for a salt particle containing 150 mM NaCl would be ~19% of its
initial size."* In this case, deq= 0.19 x do_Nicas et al."*® used this same approximation to
determine the equilibrium diameter for incomplete dry particle of respiratory fluid at 50%
RH, where a rough estimate was given as deq = 1.19 x 0.44 do = 0.52 do. Under an indoor
%RH range of 30% to 70%, the estimated equilibrium diameters were deq = 0.47 X do
(30% RH) to 0.61 x do (70% RH).

The time required to attain the equilibrium diameter (teq) has been calculated
based on the following equation:

£

= (d) —d)
-P

sat water

where ¢ =9.35 x 10° g/(cm*-sec) = kT/8vy,D (T = 293 K (20°C) in these calculations, k =
Boltzmann’s constant = 1.38 x10™° erg/K, vy, = condensed-phase volume occupied by a
single water molecule = 3 x 102 ¢cm?, and D = molecular diffusivity of water vapor in air
= 0.18 cm?/sec), Pgyt is partial pressure of water vapor in equilibrium with the surface of
droplet, and Pyater IS the partial pressure of water vapor in ambient air. It has been shown
that the estimated time for a respiratory particle with do of 20 pm to attain deq of 10 pm,

under temperature of 20°C and %RH range of 50% was 0.24 sec. However, at 30% and
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70% RH, the estimated equilibrium time was 0.17 sec and 0.40 sec, respectively. In
addition, particles of do <20 um will attain their equilibrium diameter even faster. For
instance, based on Nicas et al.**® model, a particle with do of 10 um would need 0.05,
0.06 and 0.08 sec to reach deq of 4.7 pm, 5.2 um and 6.1 pm at %RH of 30%, 50% and
70%, respectively. Based on these extremely short time scales, this model assumes that
respiratory particles of initial diameters of <20 pum are susceptible to evaporation
immediately after being emitted at room temperature of ~ 20°C and typical %RH (30-
70%). Therefore, the submicron median particle size measured in previous studies®
was more likely the equilibrium particle diameter, where equilibrium diameter can be
attained instantaneously (te; would expected to be less than that calculated for a particle
with do of 1 um) at room temperature of a typical range of indoor %RH (30%-70%).

The objective of this study was to better simulate the conditions of the trachea
during cough to limit droplet drying and mimic trachea temperature. This was achieved
by placing our home-built SCM inside an enclosure system conditioned at 37°C, and
warming and humidifying the air used to generate the simulated cough. Therefore, this
chapter focuses on developing an enhanced SCM with features that better mimic the
conditions of the trachea to generate bioaerosols from mucus mimetic surfaces. By
enhancing the features of the SCM, droplets generated from mucus mimetic surfaces are
expected to be more representative of the exhaled droplets generated from humans.
Enhancing the SCM should enable a better understanding of the mechanism of bioaerosol

formation from the large conducting airways, as will be discussed in Chapter 6.
5.2. Materials and Methods

5.2.1. Simulated Cough Machine

The simulated cough machine (SCM) was developed as has been described in

4
.49

detail by King et al.”™ A 6.25-liter lung tank was equipped with a digital pressure gauge

(Ashcroft, model #595-02 with a measuring range 0-15 psi) and a pressure relief valve
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(F.C. Kingston Co., model #111x-2-010) to supply a volume of air representative of
average lung capacity.”® A dry medical compressed air cylinder was connected to the air
reservoir to provide the volume of air and to pressurize the air tank for cough simulation.
An air filter (Domnick Hunter) of 0.2 um was connected to the compressed air cylinder
to remove particulates from the air before entering the 6.25-liter lung tank. The outlet of
the air reservoir was connected to a solenoid valve (Asco, Florham Park, NJ) to control
the release of air. The solenoid valve was connected to a Fleisch pneumotachograph
(Model no. 4, Phipps and Bird) with a differential pressure transducer (Model no. DP 45-
14, Validyne, North Ridge, CA) to measure the pressure drop over the course of the
simulated cough. The pneumotachograph was calibrated twice during this study in the
Biomedical Engineering Laboratory at The University of lowa. The differential pressure
transducer measures the pressure drop through the pneumotachograph, amplifies the
signal and converts it to a flow rate profile using LABVIEW software (National
Instruments, Austin, TX). The pneumotachograph was connected to a rectangular
Plexiglas trough (31 cm x 1.6 cm x 1.2 cm) used as a model trachea. The distal end of the
model trachea was connected to a particle sizer (Sympatec, HELOS laser diffraction
system) that was used to measure the size range from 0.1 to 35 um of bioaerosols exiting
the SCM.

Prior to a cough, the trough was lined with 20 cm of mucus mimetic
(corresponding to the length of the trachea) at a depth ~ 2 mm. The 6.25-liter lung tank
was pressurized to ~ 6.5 psi. The solenoid valve was opened to release the compressed
air, generating a simulated biphasic cough profile with a peak flow rate between 10 and
14 L/sec over = 0.5 sec (Figure 5-2). The opening of the solenoid valve was controlled by
the LABVIEW software. The passage of air over the mucus mimetic sheared the mucus
surface and led to the breakup of the surface and bioaerosol formation. The size
distribution of droplets entrained within the air stream and exiting the SCM was

determined via the particle sizer. Prior to particle sizing, a vacuum connected to the end
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of particle sizer was opened to draw the generated particles through the particle sizer. The
valve for the house vacuum was opened simultaneously with the start of the particle

sizing measurements.

5.2.2. Generation of Bioaerosols from Mucus Mimetic
Surfaces

Bioaerosols were generated from the surface of the mucus mimetic with DPPC
using the SCM that was developed by King et al.*® and described in section 5.2.1. The
mucus mimetic was used in this study because of its more liquid-like bulk rheological
properties at low shear rates, which allowed spreading of surfactants onto its surface, and
its high viscoelastic properties at high shear, which mimics the tracheal mucus properties.
Mimetic was lined on the bottom of a Plexiglas trough at a depth ~ 2.0 mm to create a
model trachea. A dry air stream during a simulated cough maneuver was passed across
the mucus mimetic surface. The passage of air over the mucus mimetic results in shearing
of the mimetic surface and in creating surface disturbances which lead to breakup of the
surface and to aerosol formation. The size distribution of droplets entrained within the air
stream and exiting the SCM was determined via the particle sizer (Sympatec, HELOS
laser diffraction system) which was connected to the outlet of the trough. The size
distributions for bioaerosols were generated from mimetic surfaces during a single cough.
Before each experiment, a reference measurement was made for dry air during a
simulated cough maneuver as a background. This background data was stored and
subtracted out from the detector readings recorded during the sample measurement. The
difference between background and measurement intensity is the diffraction pattern, or
raw data, used to calculate the size distribution. At least three bioaerosol measurements

were taken for mucus mimetic with DPPC sample.
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5.2.3. Mimicking Tracheal Conditions in the SCM

The SCM was placed inside a home-built Plexiglas enclosure system (Figure 5-3).
Three sides of the enclosure system were insulated with extruded polystyrene to
minimize heat loss except one side, which could be opened to enable access to the SCM.
Two electrical heaters (Hoffman, Cat no. DAH-8001B, China; and Honeywell, model
HZ-315, China), each adjusted between 37-39°C, were used to maintain the temperature
inside the enclosure system to ~ 37°C, to simulate human body temperature. Air during a
simulated cough was conditioned as follows: dry air from the compressed air cylinder
was passed through an inlet air tube into a pressure cooker (Presto®, capacity 23 Quart)
equipped with digital pressure gauge (Ashcraft, Model #1309, China; measuring range O-
20 psi) and a temperature sensor (TREND, China; measuring range 0-200°F) (Figure 5-
4). The pressure cooker was filled with deionized water up to two third of its capacity.
Water within the pressure cooker was heated using a hotplate/stirrer (VWR, Cat. #12365-
382; Batavia, IL) adjusted at ~ 300°C. This led to an air temperature within the pressure
cooker of 54.4-60.0°C at a pressure of 4-5 psi. The air inlet tube (19.6 cm x 0.5 cm) of
the pressure cooker was extended into the water at the bottom of pressure cooker (Figure
5-5). The outlet air tube of the pressure cooker was extended into the air space above the
body of water (Figure 5-5). This outlet air tube was then passed to the 6.25-liter lung
tank. A one-way valve (Eastman Imperial Company, Baltimore, MD) was placed on the
pressure cooker to control flow of dry air from the compressed air cylinder to the
pressure cooker in one direction. To condition the model trachea, the 6.25-liter lung tank
was pressurized continuously and a simulated biphasic cough profile of warmed and
humidified air was passed through the SCM. Two temperature/RH probes (Model RH-
USB, Omega engineering Inc., Stamford, CT) with temperature ranges of -17 to 49°C
and %RH range of 2-98% were used to measure the temperature and %RH of the
conditioned air. One probe was inserted into the 6.25-liter lung tank to measure the

temperature and %RH of air inside the tank and the other was inserted into a small
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chamber immediately before the trough to measure the temperature and %RH of air
entering the model trachea.

In the model trachea, two pieces of Plexiglas of 1.5 mm thickness were placed
and glued at the bottom of the two ends of the trough to control the thickness of the
mimetic layer and minimize the edge effect of the mimetic within the trough (Figure 5-6).
The distance between droplet generation source and probe inlet of the HELOS particle
sizer was reduced to the minimum (3 cm) to minimize impaction and sedimentation of
the large particles.

Parameters that were kept constant (i.e. similar to the SCM of King et al. ** "> 1%7)
included: 1) size of the Plexiglas trough (31 cm x1.6 cm x 2 cm), 2) size of the air
holding tank (6.25-liter lung tank), and 3) the dry compressed air source. Parameters that
were changed were: 1) use of a more physiologically relevant in-vitro model mucus
mimetic, 2) thickness of the mucus layer (1.5 mm), 3) temperature and %RH of air
entering model trachea, 4) temperature and %RH of air inside the 6.25-liter lung tank,

and 5) temperature inside the enclosure system.
5.3. Results and Discussion

5.3.1. Size Distribution of Bioaerosols during a Simulated
Cough Maneuver
Bioaerosols were generated from the mucus mimetic surface without conditioning

the SCM, where the heaters inside the enclosure system were turned off and the air
entering the model trachea was dry, room temperature air. The temperature and %RH in
the SCM and enclosure system remained relatively constant throughout the bioaerosol
experiments (Table 5-1). The temperature and %RH inside the enclosure system were
23.80 = 0.45°C and 26.20 * 0.45%, respectively. The temperature of the air entering the
model trachea was 24.56 + 0.11°C and %RH of 29.30 = 2.66%. The temperature of the
air inside the 6.25-liter lung tank was 27.10 + 0.86°C.
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The optical concentration (Copt%), which is a measure of the amount of laser
light that is being blocked by the sample, was used as an indicator of the relative
concentration of the aerosol produced by the mimetic surface. Table 5-2 illustrates the
Copt% for bioaerosols generated from six mimetic samples during a simulated cough
maneuver with the peak air flow rate for each cough. The Copt% of bioaerosols generated
from five samples was 0.0%, indicating no measurable quantity of bioaerosols was
formed during cough. In addition, the Copt% for the sixth sample was low (0.19%). The
low Copt% suggested that any bioaerosols being formed were rapidly evaporated due to
the low humidity of the air stream. Therefore, conditioning the SCM to a higher %RH
may help the aerosols maintain their original size for longer periods of time and improve
our ability to detect the aerosols. Therefore, bioaerosols were generated from mucus
mimetic surfaces using the enhanced SCM where the temperature inside the enclosure
system was maintained at ~ 37°C and the air entering the model trachea was conditioned
(bioaerosol detection under high temperature and RH conditions will be discussed in

Chapter 6).

5.3.2. Enhancement of the Simulated Cough Machine

To mimic the conditions of the trachea, the two heaters inside the enclosure
system were maintained at a temperature between 37-39°C, close to body core
temperature, and the water within the pressure cooker was heated at 300°C to generate an
air stream at body temperature. Table 5-3 illustrates the temperature and %RH of air
entering model trachea, air inside 6.25-liter lung tank, and inside the enclosure system
recorded during warming and humidifying the air and warming the enclosure system. The
air entering the model trachea was conditioned to 34.8 £ 0.7°C and 39.0 £+ 2.8% RH
(n=11). Therefore, the maximum %RH that was achieved for air entering the model
trachea was ~ 39%. The temperature and %RH for the air inside the 6.25-liter lung tank

was 33.4 £ 0.2°C and 103.2 £ 0.3% RH (n=11). This high %RH inside the 6.25-liter lung
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tank may be due to a condensation on the probe resulting from a temperature difference
between air coming from the pressure cooker (~ 48°C) and air inside the 6.25-liter lung
tank (~ 33°C). In addition, condensation may be due to the reduction in the temperature
of air after its expansion into the 6.25-liter lung tank. The temperature and %RH inside
the enclosure system was 31.6 + 0.5°C and 25.3 + 1.8% (n=11), respectively. The %RH
inside the enclosure system was low since no humidification took place inside the
enclosure system.

To further increase the %RH of the air entering the model trachea, warmed and
humidified air was purged through the SCM via multiple simulated coughs. Table 5-4
summarizes the conditions of the enhanced SCM via multiple cough maneuvers. After
three cough maneuvers, the %RH of air entering the model trachea increased from 39.0 +
2.8% to 61.5 + 6.2% (n=3). While this was a significant increase in %RH over the
original SCM design, it is not as high as that in the mammalian trachea (98.8-99.7%).
A reduction in %RH (46.7 = 8.5, n=3) was observed immediately after performing a
simulated cough profile. This reduction was due to the opening of the vacuum system
attached to the particle sizer. Low %RH (30%) was observed inside the enclosure system,
where no humidification took place.

The conditioning of air entering the model trachea is expected to have an impact
on the size of droplets exiting the SCM, where increasing the %RH reduces the rate of
droplet evaporation. Based on Nicas’s model, the time required for a droplet to reach its
equilibrium size, teq, can be compared to the average time required for the same droplet to
reach the detector. This will provide an estimate of whether the droplets have reached
their equilibrium size or maintained a size closer to their original size when they reach
the detector. Using the above equation for teg, a particle with an initial size of 10 um
would require about 3x107 sec to reach its equilibrium size (assuming T = 35°C and RH
= 61.5%; therefore, deq = 0.57d, and Psy; ~ 6000 Pa). Likewise, a 1 um particle would

require 3x107 sec; a 0.1 um particle would require 3x10™* sec. The time to reach the
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detector, tge;, Was calculated assuming the droplets flow with the air stream. The shortest
time needed for the droplet to reach the detector of the particle sizer was estimated as
4.1x10 sec. This value was calculated using t=I/V, where | is the length of the path the
droplet would take to get to the detector [25.5 cm = length of the model trachea (20 cm)
plus the distance between the distal end of the model trachea and the outlet connected to
the particle sizer (5.5 cm)] and V is the velocity of the air used to shear the mimetic
surface [6250 cm/sec, calculated using V= Q/A, where Q is the peak air flow rate
entering the model trachea of an average of 12 L/sec and A is cross-sectional area of the
model trachea of 1.6 cmx1.2 cm]. Given a lower average air flow rate (i.e. not taking the
peak flow rate), the time to reach the detector would be longer; for example, at 625
cm/sec on average, tge = 4.1x107 sec. These calculations suggest that all particles will
have reached their equilibrium size, or very close to their equilibrium size, by the time
they reach the detector. Given the higher RH conditions in the present studies, however,
the equilibrium size will be larger than in previous studies, thereby increasing the ability
to detect the droplets and likely providing a more accurate measure of equilibrium
particle size. Finally, by controlling the environmental conditions during bioaerosol
formation and detection, these equations could be used to estimate the original droplet

size generated during bioaerosol formation.

5.4. Conclusions
Bioaerosols were generated from mucus mimetic surfaces using the simulated

cough machine (SCM) as described by King et al.*®

, Where the temperature and humidity
of the system were not specifically maintained. The optical concentration measured
during simulated coughs was extremely low, suggesting the need to prevent aerosol
drying. Therefore, of the relative humidity within the SCM was increased to ~ 62% by
conditioning the inlet air stream prior to the simulated cough. In addition, the temperature

of the entire SCM system was maintained at ~ 37°C by placing the SCM inside a home-
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built enclosure chamber. Since temperature and %RH are important factors in
determining droplet size, increasing these factors within the SCM will significantly alter
the measured size of bioaerosols generated during simulated cough. By better mimicking
the conditions with the mammalian trachea, we expect to gain a better understanding of

bioaerosol formation within the conducting airways using this improved SCM system.
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Table 5-1:  Conditions of the SCM as developed based on King et al. ’s** ™ *"during
a simulated cough maneuver while generating bioaerosols from mucus
mimetic with DPPC surfaces.

Parameter Air entering model | Air inside 6.25-liter Enclosure system
Trachea lung tank

Temperature (°C) 2456 £0.11 27.1+0.86 23.8+0.45

RH (%) 29.3 £ 2.66 NR* 26.2 £ 0.45

tTemperature was off inside the enclosure system and air was not conditioned.

*NR = not recorded due to problems with the RH probe.



Table 5-2: Copt% and peak air flow rate (L/sec) for each sample of the mucus
mimetic with DPPC during a simulated cough maneuver.

Sample # Copt% Flow rate (L/sec)

1 0.0 9.50

2 0.0 11.20

3 0.0 10.50

4 0.0 10.80

5 0.0 14.50

6 0.19 11.84

Mean £SD 0.03+0.08 11.39+1.71

tTemperature was off inside the enclosure system and air was not conditioned.

188
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Table 5-3: Conditions of the enhanced SCM during a single cough maneuver:
temperature and %RH of air entering the model trachea, air inside the
6.25-liter lung tank, inside the enclosure system, temperature and pressure
of air within pressure cooker, and peak air flow rate during a simulated
cough maneuver.
Air entering Air inside 6.25- | Enclosure system | Pressure cooker Peak
model trachea liter lung tank flow
Run # | Temp. | %0RH | Temp | %RH | Temp | %RH Air Pressure zﬁjgec)
(°C) (°C) (°C) Temp. | (psi)
(°C)
1 35.9 32.1 33.9 102.2 32.4 22.0 47.8 5.0 11.7
2 35.6 37.3 33.6 103.0 32.1 23.0 47.8 5.0 7.5
3 35.5 39.1 335 103.1 32.0 24.0 47.8 5.0 28.0
4 35.2 36.9 334 103.3 31.8 24.0 47.8 5.0 8.2
5 35.1 38.5 334 103.3 31.7 25.0 47.8 5.0 31.0
6 34.9 41.4 33.3 103.2 31.6 26.0 47.8 5.0 18.8
7 34.8 39.2 33.3 103.3 31.5 26.0 47.8 5.0 10.7
8 34.3 40.1 33.2 103.3 31.2 27.0 47.8 5.0 8.5
9 34.2 41.3 33.2 103.3 31.1 27.0 47.8 5.0 15.0
10 34.0 41.1 33.1 103.3 31.0 27.0 47.8 5.0 10.1
11 33.8 41.7 33.1 103.3 30.8 27.0 47.8 5.0 28.5
Meant |348+ |39.0+ |334+ | 103.2 316+ | 253+ 478+ |50x00 |16.2%
SD 0.7 2.8 0.2 +0.3 0.5 18 0.0 9.0
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Table 5-4: Conditions of the enhanced SCM during multiple maneuvers: temperature
and %RH of air entering the model trachea and air inside the 6.25-liter
lung tank.

Run # Air entering model trachea Air inside 6.25-liter lung tank
Temp (°C) %RH Temp. (°C) %RH

1 34.9 57.0 33.1 103.4

2 34.3 58.9 32.8 103.4

3 36.1 68.6 34.7 103.2

Mean £ 351+09 61.5+£6.2 335+£1.0 103.3+£0.1

SD

+The temperature inside the enclosure system was maintained at ~ 37°C.
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Figure 5-2:  Simulated cough profile generated from the SCM.
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Figure 5-3:  Enhanced SCM: (1) two heaters inside the chamber to increase the
temperature up to ~ 37°C, (2) probe inside a small chamber to record the
temperature and %RH of air entering the model trachea, (3) probe to
record the temperature and %RH of air in the 6.25-liter lung tank, (4)
enclosure system for the SCM, and (5) inlet for the conditioned air to the
6.25-liter lung tank.
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Pressure cooker used to warm and humidify air entering the model
trachea: (1) inlet for dry air which comes from the compressed air cylinder
(2) outlet of warmed and humidified air that goes to the 6.25-liter lung
tank, (3) pressure gauge to record pressure inside the pressure cooker (4)
temperature sensor to measure the temperature of air inside the pressure
cooker, (5) volume gauge to indicate water volume inside the pressure
cooker, and (6) one-way valve which allows the flow of air from the
compressed air cylinder to the pressure cooker in one-direction.
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Outlet
] Inlet

Figure 5-5:  Schematic diagram for conditioning the air entering the model trachea
using the pressure cooker. The inlet air tube (19.6 cm x 0.5 cm), which
comes directly from the dry compressed air cylinder, extends inside the
water, and the outlet tube of conditioned air, which passes to the 6.25-liter
lung tank, extends above the water within the pressure cooker.
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Figure 5-6:  Trough of 31 cm length with mucus mimetic lined 20 cm of the trough
representing the model trachea. Two pieces of Plexiglas (~ 1.5 mm

thickness) placed at each end of the trough to remove the edge effects of
mimetic within the trough.
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CHAPTER 6
BIOAEROSOL FORMATION FROM THE TRACHEA

6.1. Introduction

The rapid spread of airborne infectious diseases remains a critical threat to the
health of the human population. The emergence of new infectious diseases and re-
emergence of diseases considered under control has spurred increased attention to the
development of new therapies or strategies to halt their spread. However, the lack of
knowledge about the mechanism of formation of bioaerosols and pathogen-containing
bioaerosols in the human lungs has hindered the development of new alternative
strategies to halt the transmission of airborne infectious diseases. It is now understood
that airborne infectious diseases are transmitted from person to person by droplets or
droplet nuclei carried in exhaled breath known as bioaerosols.*® *® These droplets can be
loaded with pathogens and exhaled out of the lungs of infected individual and into the
environment; those who inhale ambient aerosols can become infected.

The proposed mechanisms of bioaerosol formation were discussed in detail in
section 1.5 in Chapter 1. Briefly, the primary theory for bioaerosol formation suggested
that droplets are formed by the passage of air over the airway lining fluid (ALF) during
inhalation and exhalation, which shears the ALF surface and breaks it up into small
droplets.”® An alternative theory suggested that these exhaled droplets are formed through
the reopening of closed peripheral airways, particularly in the lower bronchioles, during
the inhalation phase while breathing.®

To date, the exact mechanism of bioaerosol formation in the large conducting
airways is still not known and little information is available on the size distribution of
bioaerosol droplets generated from tracheal surface. The size of bioaerosol droplets is an
important factor in determining: 1) the fate of the droplets since large droplets (>10 pum)

quickly settle on near surfaces and small droplets (<10 pm) can remain suspended in the
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air for long times, 2) the types of pathogenic organisms that can be transported by
airborne route, as the size of viruses is on the order of 100's of nanometers while that of
bacteria tends to be in the micron size range, and 3) the control measures that can be used
to prevent the spread of droplets and disease since size directly impacts filtration
efficiency.® *°

Various control strategies (such as ventilation, filtration, UV irradiation and
vaccination) traditionally have been used to halt the spread of airborne infectious
diseases, with varying degrees of success due to their limited effectiveness, high cost and
limited practicality. For instance, well-fitted surgical masks, face shields and other
respiratory protective equipment cannot be worn for long periods of time as they impair
the performance of users. In addition, although vaccination is the main strategy used to
control airborne infectious disease, its immediate availability remains a major limitation.
Therefore, new, cost effective strategies are needed to fight airborne infectious diseases.
One new strategy aims to prevent the aerosolization of exhaled droplets by limiting their
formation in the lungs. Edwards et al.® °**® ™ have shown that this strategy can be
effectively implemented in-vivo by depositing simple salt solutions in the lungs. They
have shown that delivery of isotonic saline (0.9% sodium chloride, NaCl) to bull calves
and humans reduces the number of exhaled bioaerosols and promotes the formation of
larger droplet sizes. Delivery of ~ 1 g normal saline into human lungs for 6 min
diminished the exhaled bioaerosol production of super-producers (individuals who
produce >500 droplets/liter of air during normal breathing) by 72% over a six hour
period. In-vitro studies suggested that the diameter of these exhaled droplets shifted to
values >10 um. The large size of these aerosols would cause them to be filtered by the
respiratory tract via inertial deposition or to settle quickly upon exhalation due to
gravitational forces. The opposite trend was observed for low producers (individuals who
produce <500 droplets/liter of air during normal breathing). These individuals expired

more particles after inhaling isotonic saline. In a follow up study,*® Watanabe et al. have
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shown that the nebulization of isotonic saline to the lungs of bull calves for 6 min reduces
their exhaled bioaerosols for 120 minutes by more than 50% compared to pretreatment.
This diminution in bioaerosol counts was reversible, where animals returned to baseline
exhaled bioaerosol counts after 180 minutes post-treatment. In addition, the delivery of
isotonic saline to the lungs of bull calves was not associated with negative health
effects.”

The studies by Edwards et al. also found that the divalent cation Ca** produced
greater suppression of exhaled bioaerosols than monovalent cation Na*.® The reduction in
exhaled bioaerosols following the in-vivo delivery of CaCl, solution into the lung was
attributed to increased surface elasticity of ALF by ionic interaction between the
positively charged cations and the negatively charged mucin glycoproteins. This was
hypothesized to lead to a reduction in the ability of ALF surface to breakup into small
droplets. The in-vitro deposition of NaCl and CaCl, onto mucus simulant surfaces was
shown to increase the surface viscoelastic properties of the mucus simulant, and
consequently reduced the ability of mucus simulant to break up into droplets in the SCM.
This was suggested to be the primary mechanism of the CaCl, solution in suppressing the
formation of aerosols.® *°

Certain limitations were observed in these studies. Of those, the chemical
composition and surface properties (particularly surface tension) of tracheal mucus were
not modeled in the in vitro model systems. Given that bioaerosol formation due to the
shear is a surface phenomenon, matching the surface tension to that in-vivo is expected to
have a significant effect on the resulting particle count and size. Edwards et al. have
shown that the delivery of surfactant mixtures of dipalmitoyl-phosphatidylcholine
(DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), 7:3 (w/w)
suspended at 100 mg/ml in 0.9% saline, onto mucus simulant surfaces reduced the size of

droplets relative to saline delivery.®® Therefore, the results of these previous studies have
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urged us to better understand the surface properties of the tracheal mucus after delivery of
simple salt solutions.

Therefore, the first focus of this study is to elucidate the mechanism of bioaerosol
generation from the surface of airway lining fluid (ALF) of the large conducting airways.
In particular, we aim to determine key parameters that control the size distribution of
bioaerosols generated from the large conducting airways via in-vitro simulated cough
studies. The hypothesis of this study was that physical properties (bulk viscoelasticity,
surface tension and surface rheology) of tracheal mucus control the size distribution of
bioaerosols generated from ALF surface. Toward this objective, the in-vitro model
mimetic developed in Chapter 2 was used as a representative model for native tracheal
mucus to generate bioaerosols. The physical properties of the mucus mimetic (bulk and
surface viscoelasticity, and surface tension) were correlated to the size distribution of
bioaerosols generated from mimetic surfaces. The in-vitro model mimetic of low bulk
viscoelasticity (mucus mimetic 1) was used in this study. The enhanced simulated cough
machine (SCM) discussed in Chapter 5, which better simulates lung conditions, was used
to perform cough maneuver and generate bioaerosols from mimetic surfaces.

The second objective of this study was to better understand the surface rheology
of the ALF of the large conducting airways aerosolized with 1.29% CacCl,, to aid further
development of new aerosolizable strategies to suppress the formation of pathogenic
bioaerosols at the source. This work, as discussed above, stems from previous studies
which have shown that the delivery of CaCl; solutions in-vivo and in-vitro has the ability
to temporarily reduce the number of exhaled bioaerosols by reversibly altering the
surface properties of the large conducting airways by increasing the surface elasticity
causing surface gelation of the tracheal mucus. Towards this objective, the in-vitro model
mimetic of native tracheal mucus, discussed in Chapter 2, was used. The primary surface-

active component, DPPC, was spread at the air-mimetic interface to lower the surface



201

tension to ~ 32 mN/m. The surface rheology of the mucus mimetic with DPPC and post-

aerosolization with 1.29% CaCl, was probed using an interfacial stress rheometer (ISR).
6.2. Materials and Methods

6.2.1. Materials

Pig gastric mucin (PGM)-type 111, n-hexane (99.0% purity) were purchased from
Sigma-Aldrich, Inc. (St. Louis, MO), bovine serum albumin (fraction V, lyophilized
powder) from Spectrum (New Brunswick, NJ) and 1, 2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) from Genzyme Pharmaceuticals (Cambridge, MA). Infasurf®
was a generous gift from ONY Inc. (Amherest, NY). Glutaraldehyde (GA, 50% w/w
solution) and methanol (99.9% purity) were purchased from Fisher Scientific (Fair Lawn,
NJ). Purified water (18 MQ cm) was used in all experiments obtained from a NANOpure
Infinity Ultrapure Water System, Barnstead International (Northbrook, IL). All other
chemical reagents: sodium chloride (NaCl), calcium chloride (CaCl,. 2H,0), sodium
phosphate monobasic (NaH,PO,4. H,0), and sodium phosphate dibasic (Na,HPO,) were

of analytical grade and used without further purification.

6.2.2. Altering the Bulk Rheology of Mucus Mimetic

The in-vitro model mucus mimetic used in the bioaerosols study were prepared
using the modified method of preparation as mentioned in section 2.2.5 in Chapter 2.
Briefly, to prepare 30 ml of the mimetic, 0.3 g albumin, 1.2 g PGM-type 11l and 28.5 ml
buffer (154 mM NaCl, 3 mM CaCl,, 15 mM NaH,PO,/ Na;HPO,; pH 7.4) were added to
an amber glass bottle. Ingredients were mixed at 4°C on a tube rotator (Glas-Col, IN) for
24 hours to mix the sample. The uncross-linked mucus mimetic was used without further
treatment with GA solution. The mucus mimetic was prepared by cross-linking the
mimetic formulation using GA solution. A 0.5 mlI-15% (w/w) GA solution was added to

the 30 ml of the mimetic formulation, mixed manually at room temperature (~ 22°C) for
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5 minutes, and kept stationary at room temperature for 24 hours. The in-vitro model
mucus mimetic used in the salt solution study was prepared as mentioned in Materials
and Methods section 2.2.3 in Chapter 2. Briefly, to prepare 30 ml of the mimetic, 0.3 g
albumin, 1.2 g PGM-type 11l and 28.5 ml buffer (154 mM NaCl, 3 mM CacCl,, 15 mM
NaH,PO4/Na;HPO,; pH 7.4) were added to an amber glass bottle. Ingredients were
mixed at 4°C on a tube rotator (Glas-Col, IN) for at least 6 days to mix the sample. The
mucus mimetic was prepared by cross-linking the mimetic formulation using GA
solution. A 0.5 ml-15% (w/w) GA solution was added to the 30 ml of the mimetic

formulation and mixed at 4°C on a tube rotator (Glas-Col, IN) for 24 hours.

6.2.3. Altering the Surface Tension of Mucus Mimetic

The surface tension of the mucus mimetic (53.25 £ 1.22 mN/m, n=9) was lowered
using two surfactants: dipalmitoylphosphatidylcholine (DPPC) and Infasurf® as discussed
in Sections 3.3.1 and 4.3.1 in Chapters 3 and 4, respectively. The mucus mimetic was
lined onto the model trachea of the SCM. The surface area of the model trachea lined
with mucus mimetic was 32 cm? (20 cm length x 1.6 cm width). A volume of 52 pL of 1
mg/ml DPPC in n-hexane:methanol (95:5 v/v) solution or a volume of 17 pL of Infasurf®
solution, prepared as mentioned in Materials and Methods section 4.2.3 Chapter 4, was
needed to lower the surface tension of the mucus mimetic within the model trachea to ~
32 mN/m. DPPC and Infasurf® spreading solutions were spread at an air-mimetic

interface using a micro-syringe.

6.2.4. Determination of Background Aerosols
The quantity of background aerosols was determined by measuring the optical
concentration (Copt%) and size distribution for three control situations: 1) aerosols
entrained within dry air released directly from the compressed air cylinder, 2) aerosols
entrained within dry air generated during a simulated cough maneuver, and 3) aerosols

entrained within conditioned air generated during a simulated cough maneuver. The
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Copt% or obscuration is the percent of laser beam intensity blocked by particles on the
focus zone. Copt% measures the amount of light, from the laser beam, that is being
blocked by the sample. The light blockage from particles being dispersed in the
measuring zone can vary greatly. It is affected by the amount of sample in the measuring
zone and the optical properties of the sample. Copt% gives a general guide to how much
material is moving thru the measuring zone.

The average Copt% measured for the three control situations was used to remove
background aerosols and to obtain a meaningful measurement for the size distribution of
bioaerosols generated from mucus mimetic surfaces. Therefore, the average Copt%
obtained was used to trigger conditions of the detector to determine the start and stop of a
particle sizer measurement.

For background aerosols of dry air, the outlet of the compressed air cylinder was
introduced directly into the inlet of the HELOS particle sizer and the Copt% for the
aerosols entrained within airstream was determined. For background aerosols entrained
within dry air generated during a simulated cough maneuver, the Copt% was determined
during a simulated cough maneuver at a peak air flow rate of 10 to 14 L/sec over ~ 0.5
sec. Dry air during a simulated cough maneuver was passed through the enhanced SCM.
No mucus mimetic lined the model trachea and conditions of the enhanced SCM were
illustrated in Table 5-1 (Chapter 5). For background aerosols entrained within
conditioned air, the Copt% was determined during a simulated cough maneuver at a peak
air flow rate of 10 to 14 L/sec over ~ 0.5 sec. No mucus mimetic lined the model trachea
during that test and conditions of the enhanced SCM were illustrated in Table 5-3 in

Chapter 5.
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6.2.5. Generation of Bioaerosols from Mucus Mimetic
Surfaces

Table 6-1summarizes the physical properties (bulk and surface rheology, and
surface tension) of mucus mimetics used to generate bioaerosols. Bioaerosols were
generated from the surfaces of the uncross-linked mucus mimetic, mucus mimetic 1,
mucus mimetic 1 with DPPC or Infasurf® spread on mimetic surface using the enhanced
SCM described in Section 5.3.2 in Chapter 5. The mucus mimetic was used in this study
because of its more liquid-like bulk rheological properties at low shear rates, which
allowed spreading of surfactants onto its surface, and its high viscoelastic properties at
high shear, which mimics the tracheal mucus properties. Mimetic was lined on the
bottom of a Plexiglas trough at a depth ~1.5 mm to create a model trachea. A conditioned
air stream during a simulated cough maneuver and repetitive cough maneuvers was
passed across the mucus mimetic surface. The passage of air over the mucus mimetic
results in shearing of the mimetic surface and in creating surface disturbances which lead
to breakup of the surface and to aerosol formation. The size distribution of droplets
entrained within the air stream and exiting the SCM was determined via the particle sizer
(Sympatec, HELOS laser diffraction system) which was connected to the outlet of the
trough. The size distributions for bioaerosols generated from mimetic surfaces during a
single cough and three repetitive coughs were recorded for 5 seconds.

Before each experiment, a reference measurement was made for conditioned air
during a simulated cough maneuver as a background. This background data was stored
and subtracted out from the detector readings recorded during the sample measurement.
The difference between background and measurement intensity is the diffraction pattern,
or raw data, used to calculate the size distribution. At least three bioaerosol

measurements were taken for each mucus mimetic sample.
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6.2.6. Aerosolizing of CaCl; Solution

To study the effect of 1.29% CaCl; on the surface rheology of the in-vitro model
mimetic of tracheal mucus, four subphases were tested. They included the mucus
mimetic, 4% PGM solution in phosphate buffer (pH7.4) cross-linked with 0.5 ml-15%
GA for 24 hrs, 1% albumin solution in phosphate buffer (pH7.4) cross-linked with 0.5
ml-15% GA for 24 hrs and water. The subphase was lined in a Plexiglas mini-trough (7.5
cm x 12 cm) as mentioned in section 3.2.3 in Chapter 3. A volume of 100 pL of 1 mg/ml
DPPC in n-hexane:methanol (95:5 v/v) was spread onto the subphase. This volume is
equivalent to the volume of DPPC required to lower the surface tension of the mucus
mimetic to ~ 32 mN/m. The test solution 1.29% CaCl;, was delivered onto the surface
covered with DPPC for 2 minutes through an Aeroneb Lab nebulizer (Aerogen, Mountain
View, CA) within a closed nebulization chamber (Figure 6-1). The home-built Plexiglas
nebulization chamber (14.2 cm x 9.8 cm x 3.7 cm) was used to tightly cover the mini-
trough during nebulization. A round hole of 2.2 cm diameter was made on the top of the
nebulization chamber to fit the Aeroneb Lab nebulizer tightly inside during nebulization.
At the end of the nebulization, the nebulizer was removed and the hole was covered by a
round Plexiglas piece of 5.0 cm diameter, while allowing the CaCl; solution to settle onto
the surface. The Aeroneb Go nebulizer utilizes vibration mesh technology to aerosolize
CaCl; solution. Three minutes were allowed to elapse for aerosols generated by
nebulization to settle onto the surface. This time period was chosen since the difference
in the weight of the chamber before and after 2 minutes of CaCl, nebulization was 0.65%,
indicating that >99% of nebulized CaCl, was deposited onto the surface. The amount of
CaCl, deposited on the mimetic surface was estimated as follows: the weight of the
condensed formulation on the chamber was determined by taking the difference in the
weight of the nebulization chamber with the hole cover before aerosolization and three

minutes post-aerosolization, to allow the deposition of CaCl, onto mimetic surface.
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6.2.7. Surface Shear Rheology
The surface rheology of the mucus mimetic with DPPC and aerosolized with
1.29% CacCl, solution for 2 minutes was probed using an interfacial stress rheometer (ISR
400; KSV Instruments, Finland), Section 3.2.5 in Chapter 3. The time-dependence of Gy’
and Gs” was determined every 15 minutes for ~ 120 minutes at a fixed frequency of 1.56
rad/sec (corresponds to normal breathing frequency of 0.25 Hz *®). The time-dependence

surface shear rheology was determined for at least three samples.

6.2.8. Data Analysis
The cumulative volume and number distributions as a function of particle size for
background aerosols and bioaerosols generated from mimetic surfaces were determined

using a HELOS particle sizer. Mix function™

(Mixdist package, R-software Version
2.12.1) was used to analyze the multimodal size distributions. The Mix function analyzes
mixtures of normal and/or lognormal distributions. From the cumulative volume or
number distribution of each sample, a histogram of grouped data, which represents the
mixture or multimodal size distributions, was obtained. A smooth curve was drawn to
match the shape of the histogram plot using the maximum-likelihood estimation (MLE)
for grouped data. MLE estimated two parameters of a mixture distribution, the mean and
standard deviation. The probability density function for a variable characteristic X in the
mixed distribution is:

g (x) =nl f1(x) + ... + nk fk(X)
where k is the number of mixture components, zi represents the proportion of the total
population that the ith component population constitutes (where proportions nl + ... + 7k
= 1), and fi(x) represent the probability density function for some variable characteristic X
within the ith component population. The Mix function estimates the parameters 1, ...,

nk; ul, ..., pk; o1, ..., ok, where pi is the mean and oi is the standard deviation. The

positions of the means, which represent the modes for each peak, were indicated with
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triangles. The mode for each peak in the multimodal or mixture distributions of

background aerosols and bioaerosols was determined.

6.2.9. Statistical Analysis
Statistical significance was determined by one-way ANOVA analysis for
comparing the modes of the size distribution of bioaerosols. Statistical significance was
determined by 2-way ANOVA analysis for comparing the time-dependent surface
rheological shear moduli among surface systems for an unbalanced number of samples
using a general linear model. Levels of significance were accepted at the p<0.05 level.

Statistical analyses were performed using Minitab 15 software.

6.3. Results and Discussion

6.3.1. Optical Concentration of Background Aerosols

The optical concentration (Copt%) for background aerosols in the dry air released
directly from the air cylinder and introduced into the HELOS particle sizer was obtained
for five samples. The Copt% measured for four samples was 0.14 + 0.17% (n=4) and one
sample gave poor signal where Copt% was not recorded. The Copt% for dry and
conditioned air obtained during a simulated cough maneuver, without mucus mimetic,
were 0.09 £ 0.15% (n=8) and 0.16 £ 0.32% (n=5), respectively. Table 6-2 illustrates the
measured values of Copt% of background aerosols for the three control situations. The
reported Copt% values were relatively low (<0.13%) except for one value reported in
each control test. Large standard deviations were reported in the three control tests. This
may be due to inadequate purging of air through the SCM. The average Copt% measured
for the three sources of background aerosols was 0.12 + 0.20%, n=17. This implies that a
very small amount of aerosol was entrained by the air. Based on the average Copt% value

for background aerosols, the initial trigger condition was setup at Copt% of 0.1%. As
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long as the Copt% was above 0.1%, the detector continued to record the data; however,

when the Copt% dropped below 0.1%, the detector stopped recording.

6.3.2. Multimodal Size Distribution

The size distributions, based on cumulative volume and number distributions, of
background aerosols and bioaerosols generated from a mucus mimetic surface were
determined. The cumulative volume distribution was able to determine the size of coarse
particles, even if they were present in small amounts, as they make up a large percentage
of the total volume. However, in the cumulative number distribution, they are
insignificant. The size distributions indicated the presence of multiple peaks. Figure 6-2
represents an example of the multimodal size distribution of bioaerosols generated from a
mucus mimetic surface determined using the HELOS particle sizer. Figure 6-3 illustrates
a best fit to the three histograms, obtained from the cumulative volume distribution
illustrated in Figure 6-2, using MIX function. The continuous line closely matches the
shape of the three histograms and the triangles mark the mean (mode) of each peak. The
mode of each peak in the mixture of distributions or multimodal distribution was
determined. The average and standard deviation of peak modes for background and
mucus mimetic samples were determined. Figure 6-4 illustrates averaging of the modes
over all peaks located approximately in the same range generated from surfaces of a

specific mucus mimetic system.

6.3.3. Size Distribution of Background Aerosols
Based on the cumulative volume distribution, Figures 6-5, 6-6 and 6-7 illustrate
the multimodal size distributions of background aerosols entrained within dry air released
directly from air cylinder, and dry and conditioned air during a simulated cough
maneuver, respectively. Tables 6-3, 6-4 and 6-5 summarize the modes, Copt% and peak
air flow rate for each background sample of the three control situations. For aerosols

entrained within dry air released directly from air cylinder, three distinct modes were
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observed at 0.15, 2.18 and 9.79 um (Figure 6-5, Table 6-3). The Copt% of aerosols
reported for all samples (n=5) were relatively low (<0.12%), except for one sample of
Copt%=0.38% with a mode peaking at 0.15 pm. However, the modes at 2.18 and 9.79
pm were reported in only one sample of Copt%=0.05% (Table 6-3). For aerosols
entrained within dry air during a simulated cough maneuver, four distinct modes were
observed at 0.13, 2.70, 6.02 and 15.50 um (Figure 6-6, Table 6-4). The Copt% reported
for all samples (n=8) were relatively low (<0.13%), except for one sample of
Copt%=0.44% with a mode peaking at 0.13 um. However, the modes at 2.70, 6.02 and
15.50 um were reported at low Copt% (Table 6-4). For aerosols entrained within
conditioned air during a simulated cough maneuver, four distinct modes were observed at
0.13, 1.82, 4.89 and 15.64 um (Figure 6-7, Table 6-5). The Copt% reported for all
samples (n=5) were relatively low (<0.03%), except for one sample of Copt%=0.73%
with a mode peaking at 0.13 pum. However, the modes at 0.82, 4.89 and 15.64 pum were
reported at low Copt% (Table 6-5). This indicates that modes at 0.13, 0.14 and 0.15 pum
represent aerosols entrained within the air stream.

The size distribution, based on cumulative number distribution, of background
aerosols during a single simulated cough maneuver was obtained by back calculation
from the volume distribution using the HELOS particle sizer software. Figures 6-8, 6-9
and 6-10 illustrate the multimodal size distributions of background aerosols entrained
within dry air released directly from air cylinder, and dry and conditioned air during a
simulated cough maneuver, respectively. Tables 6-6, 6-7 and 6-8 illustrate the modes,
Copt% and peak air flow rate for each background sample of the three control situations.
For aerosols entrained within dry air released directly from air cylinder, three distinct
modes were observed at 0.16, 2.10 and 8.15 um (Figure 6-8, Table 6-6). For aerosols
entrained within dry air during a simulated cough maneuver, four distinct modes were
observed at 0.13, 2.43, 6.94 and 14.59 um (Figure 6-9, Table 6-7). For aerosols entrained

within conditioned air during a simulated cough maneuver, five distinct modes were
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observed at 0.13, 0.76, 1.99, 4.56 and 14.08 pum (Figure 6-10, Table 6-8). Comparing the
modes of the volume distribution to those of the number distribution, a shift was

observed in the largest modes.

6.3.4. Size Distribution of Bioaerosols during a Simulated
Cough Maneuver
It has been shown that the Copt% of bioaerosols generated from the surface of

1.° without

mucus mimetic with DPPC, using the SCM described by King et a
conditioning the air, was relatively low (0.03%), Section 5.3.1, Chapter 5. Bioaerosols
were generated from mucus mimetic surfaces using the enhanced SCM where the
temperature inside the enclosure system was maintained at ~ 37°C, and the air entering
the model trachea was conditioned to 35.1+ 0.9°C and 61.5 £ 6.2% RH (Table 5-3).
Figures 6-11 to 6-14 illustrate the multimodal size distribution of bioaerosols, based on
cumulative volume distribution, generated from surfaces of the bare mucus mimetic,
mucus mimetic with DPPC, uncross-linked mucus mimetic and mucus mimetic with
Infasurf®, respectively. Based on 38 separate measurements of the size distribution of
bioaerosols generated during a simulated cough maneuver, the conditions (temperature
and %RH) of air entering the model trachea, air within the 6.25-liter lung tank, and inside
the enclosure system) of the enhanced SCM were reported (Table 6-9). The temperature
inside the enclosure system was maintained at temperature of 33.98 + 1.62°C and %RH
of 24.68 = 1.49%. Air entering the model trachea was warmed at 36.35 + 2.22°C and
humidified at 57.88 = 7.08%. In the enhancement of the SCM, the temperature of air
entering the model trachea was close to that reported for tracheal temperature (35.8-
36.4°C), however, the %RH was much lower than that of trachea (98.8-99.7%). Air inside
the 6.25-liter lung tank maintained at temperature of 35.57 + 0.96°C and 103.34 + 0.28%.

The flow rate of the air stream used to generate bioaerosols from mimetic surfaces shows
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large variability 12.26 + 5.44 L/sec. However, small variation in the pressure of 6.25-liter
lung tank was reported, 6.68 = 0.22 psi.

Tables 6-10 to 6-13 illustrate the modes, Copt% and peak air flow rate for each
sample of the bare mucus mimetic, mucus mimetic with DPPC, uncross-linked mucus
mimetic and mucus mimetic with Infasurf®. All four surfaces produced five modes, at
similar sizes. The bare mucus mimetic exhibited five modes at 0.16, 0.81, 2.20, 6.18 and
13.55 pm (Figure 6-11, Table 6-10). There was some evidence that smallest modes of
0.14 and 0.17 um were generated only with highest air flow rate (>19 L/sec). However,
smallest modes were not generated at flow rates <19 L/sec. Similar modes were obtained
with the mucus mimetic with DPPC with modes at 0.14, 0.64, 2.78, 5.81 and 14.96 um
(Figure 6-12, Table 6-11). Similarly, the smallest mode (0.14 um) was only visible at the
greatest air flow rate (19.91 L/sec). In the uncross-linked mucus mimetic, the five modes
were 0.13, 0.77, 2.16, 5.03 and 15.54 um (Figure 6-13, Table 6-12). The modes at 0.11
and 0.13 um were detected at both low and high air flow rates (6.63-15.7 L/sec). In the
mucus mimetic with Infasurf®, the five modes were 0.15, 0.76, 3.05, 7.58 and 17.26 pm
(Figure 6-14, Table 6-13). Then mode at 0.15 was detected at both low and high air flow
rates (6.57-11.08 L/sec). The smallest modes for the uncross-linked mimetic and mimetic
with Infasurf®were observed at low and high flow rates, suggesting the ability of the
mimetic surfaces to break up into small droplets at low flow rate. This may be due to the
low bulk viscoelastic properties of the uncross-linked mimetic compared to the cross-
linked mimetic, and to the more viscous surface behavior of mimetic with Infasurf®
compared to the bare mimetic and mimetic with DPPC.

Figure 6-15 provides a comparison of the multimodal size distributions for
bioaerosols generated from the surface of the four mucus mimetic systems. The

1.,%8 who found that

multimodal distribution of bioaerosols has been reported by Yang et a
the size distributions of coughed droplets, collected in a sampling bag that had a higher

%RH (95%) than the surrounding air, exhibited three peaks at approximately 1, 2 and 8
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pm. Those three modes were observed in the size distributions of the four mucus mimetic

systems studied here. In addition, a comprehensive study by Morawska et a

1.7 reported

the size distribution of droplets generated during different respiratory activities including

coughing. Multimodal distribution was observed, where for all respiratory activities the

majority of particles were of diameters below 0.8 um and a second mode was at 1.8 um,

which are also in good agreement with that was observed in bioaerosols generated from

mimetic surfaces.

Although the four types of mucus mimetic varied in their bulk viscoelastic and

surface properties, they all show similar multimodal size distribution. This suggests that

the variation in the physical properties (bulk and surface viscoelastic properties and

surface tension) of mimetics were not sufficient to induce significant changes in the size

distribution of bioaerosols. Investigating the range of the physical properties of the four

mimetics used in this study, the physical properties for the mucus mimetics were as

follows:

1)

2)

3)

Bulk viscoelastic properties: G’ from ~ 0.3 Pa at 1 rad/sec and ~ 21 Pa at 100
rad/sec for bare mucus mimetic, and G’ from ~ 0.01 Pa at 1 rad/sec to ~ 16 Pa at
100 rad/sec for uncross-linked mimetic. G from ~ 0.08 Pa at 1 rad/sec and ~ 6 Pa
at 100 rad/sec for bare mucus mimetic, and G” from ~ 0.03 Pa at 1 rad/sec to ~ 28
Pa at 100 rad/sec for uncross-linked mucus mimetic.

Surface tension: from ~ 53 mN/m for bare mucus mimetic to ~ 32 mN/m for
mucus mimetic with surfactant.

Surface viscoelastic properties: Gs* from ~ 3 mN/m at 0.6 rad/sec to ~ 6 mN/m at
25 rad/sec for the bare mucus mimetic, Gs” from ~ 0.9 mN/m at 0.6 rad/sec to ~
1.1 mN/m at 20 rad/sec for mucus mimetic with DPPC, and Gs’ from ~ 0.03
mN/m at 0.6 rad/sec to ~ 0.1 mN/m at 13 rad/sec for mucus mimetic with

Infasurf®. G,” from ~ 1 mN/m at 0.6 rad/sec and ~ 16 mN/m at 25 rad/sec for the

bare mucus mimetic, and Gs” from ~ 2 mN/m at 0.6 rad/sec and 12 mN/m at 25
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rad/sec for the mucus mimetic with DPPC, and Gs” from ~ 0.2 mN/m at 0.6

rad/sec and ~ 4 mN/m at 25 rad/sec.

These physical properties of the mimetics represent a fairly narrow range.
Therefore, a wider range for mimetic physical properties may be suggested, where the
variation in the size distribution of bioaerosols can be observed. In the two mathematical

models studies by Vasudevan and Lange, %%

wider range was considered for the typical
fluid properties of the mucus layer were the elastic storage modulus G’ ranges from 0.1-
150 Pa and surface tension ranges from 10-100 N/m.

Table 6-14 summarizes the Copt% for bioaerosols generated from each mimetic
surface during a simulated cough maneuver. Large variations were observed in measured
Copt% values (0.14-5.71%), reflected by the large standard deviation calculated. No
significant differences were observed in amount of aerosols generated for each surface on
average, as reflected by Copt%. However, it was observed that the bare mucus mimetic
surface did not generate a measurable quantity of aerosol for half of the runs (Table 6-
10). In comparison, the other surfaces generated measurable aerosols in almost all runs
(at most 1 run failed to generate aerosols; Tables 6-11 to 6-13). This suggests that the
properties of the bare mucus mimetic surface did not easily allow for bioaerosol
formation. Therefore, fluidization of the fluid surface through either addition of
surfactant to the surface or lack of cross-linking in the mimetic enabled bioaerosol
formation. Interestingly, though, no relation was observed between Copt% values and
flow rate (Tables 6-10 to 6-13).

Figure 6-20 summarizes the multimodal size distribution of bioaerosols, based on
cumulative number distribution, generated from surfaces of the mucus mimetic, mucus
mimetic with DPPC, uncross-linked mucus mimetic and mucus mimetic with Infasurf®,
respectively. Tables 6-15 to 6-18 illustrate the modes, Copt% and peak air flow rate for
each sample of the mucus mimetic, mucus mimetic with DPPC, uncross-linked mucus

mimetic and mucus mimetic with Infasurf®. In the mucus mimetic, the five modes were
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at 0.12, 0.42, 1.62, 4.52 and 11.07 um (Figure 6-16, Table 6-15). In the mucus mimetic
with DPPC, modes were observed at 0.14, 0.46, 2.37, 4.86 and 15.07 um (Figure 6-17,
Table 6-16). In the uncross-linked mucus mimetic, the five modes were 0.11, 0.75, 2.15,
5.27 and 14.78 um (Figure 6-18, Table 6-17). In the mucus mimetic with Infasurf®, the
four modes were 0.15, 0.67, 2.64, and 17.52 um (Figure 6-19, Table 6-18). The modes for
the four mimetic surfaces were relatively equal, in agreement to what have been reported
in the cumulative volume distribution (the cumulative number distribution is a back
calculation of the cumulative volume distribution). However, for mimetic with Infasurf®

four modes were observed.

6.3.5. Size Distribution of Bioaerosols Generated During
Three Repetitive Simulated Cough Maneuvers

The size distribution of bioaerosols generated from the surfaces of the mucus
mimetic with DPPC was determined during three repetitive simulated cough maneuvers.
Based on 33 separate measurements, the conditions of the model trachea, the enclosure
system and the 6.25-liter lung tank were reported for the first, second and third cough
(Table 6-19). The temperature of air entering the model trachea was 36.5 + 1.7°C, 37.4 +
0.7°C and 37.2 £1.9°C during the first, second and third coughs, respectively. The
temperature of the air entering the model trachea was relatively constant during coughs,
suggesting that the time between the coughs was not long enough to recondition the air
after each cough. The %RH of air entering the model trachea was 58.0 = 8.7%, 49.9 +
4.3% and 50.3 £ 8.4% during the first, second and third coughs, respectively. Reduction
in %RH was observed during the three successive coughs due to opening of the vacuum
system used to pull droplets toward the particle detector. However, the change in %RH
between the second and third coughs was insignificant (P>0.05). The temperature of air
inside the 6.26-liter tank was maintained at ~ 35°C during successive coughs. The %RH

of air inside the 6.26-liter tank was recorded as >100% during the successive coughs. The
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high %RH (~ 103%) inside the tank may be either due to a condensation on the probe
resulting from a temperature difference between air coming from the pressure cooker
(48°C) and air inside the tank (33°C), or a reduction in temperature of the air inside the
tank after its expansion upon opening the solenoid valve. The temperature and %RH
inside the enclosure system during the three repetitive coughs were maintained at 34.2°C
and 24%, respectively. This indicates that the model trachea was maintained at a
temperature close to that of body temperature. In addition, since no humidification was
taken place inside the enclosure system, the %RH was relatively low (24%). However,
this low %RH is expected to have no effect on the size of bioaerosols, since the model
trachea was sealed and droplets directly exited to the particle sizer. The peak air flow rate,
reported during the first, second and third coughs, was 12.2 + 5.8 L/sec, 15.2 + 3.1 L/sec
and 14.7 + 3.3 L/sec, respectively. Large variation was observed in the peak air flow rate
during coughs. Pressure in the 6.26-liter tank, reported during the first, second and third
coughs, was 6.2 £ 1.3, 6.8 + 0.2 and 6.8 + 0.2 psi, respectively, indicating that the
pressure inside the tank was accurately controlled. In spite of this, very small changes to
the tank pressure led to significant variation in the peak air flow rate.

Based on the cumulative volume distribution, Tables 6-20 and 6-21 illustrate the
modes, Copt% and peak air flow rate for each sample of the mucus mimetic with DPPC
for the second and third coughs. No significant change in the modes was observed
between coughs (Figures 6-12, 6-22 and 6-23). This suggests that the surface behavior of
mimetic was not affected between successive coughs. Although similar multimodal
distributions were observed between coughs in this study, no in-vivo data has been
reported for the size distribution of bioaerosols during repetitive coughs.

Based on the cumulative number distribution, four modes rather than five modes
(as was observed in the cumulative volume distribution) were observed during the second
and third coughs. This indicates that particles of this missing size mode were present in

small amounts, making up insignificant percentage of the total number. In the second
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cough, no mode was observed above 4.33 um (Figure 6-24, Table 6-22). Since particle >
10 um are expected to settle near surfaces due to gravity, they will not highly contribute
in spreading the airborne diseases. In the third cough, no mode was observed between
2.79 and 15.19 pm (Figure 6-25, Table 6-23). Particles <10 um loaded with pathogens
will remain suspend in air for long periods of time, thereby giving more time for disease
transmission.

Although the same method was used to generate bioaerosols from mimetic
surfaces, bioaerosols were not generated from all mimetic surfaces during a simulated
cough maneuver and during the three repetitive simulated cough maneuvers. This implies
that shearing of the surface by the high air flow rate (10-14 L/min) did not always lead to
bioaerosol formation. Table 6-24 illustrates the total number of runs for each mimetic
surface and the number of runs that generate bioaerosols. Bioaerosols were generated in
most samples of the uncross-linked mucus mimetic (5 of 6 samples), mucus mimetic with
DPPC (11 of 12 samples) and mucus mimetic with Infasurf® (6 of 6 samples). In
comparison, bioaerosols were generated from the mucus mimetic in only 5 of 10 samples.
This may be due to the more elastic surface behavior of the bare mucus mimetic, which
reduces the propensity of the mimetic to break up into droplets during the simulated
cough maneuver. This indicates that the presence of surfactants plays a role in bioaerosol
formation from the large conducting airways. This observation is in accordance with that
of Edwards et al.>® *® who found that surface tension and mucus surface viscoelasticity
may have a primary role in the formation of droplets. In addition, more bioaerosols were
generated from mucus mimetic surface covered with DPPC during the first cough (11 of
12 samples) than during the second and third cough (6 of 12 samples in each), Table 6-
24. This suggests that material is sheared off the mucus surface during a simulated cough

maneuver, leading to alteration of the mimetic surface properties after the first cough.
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6.3.6. Surface Rheology of Mucus Mimetic Aerosolized
with CaCl,

In this study, an estimated 0.764 + 0.003 gm of 1.29% CaCl, was aerosolized on
the mucus mimetic with DPPC after 2 minutes period of nebulization., The weight of the
condensed CaCl, formulation on the nebulization chamber was 0.005 £ 0.002 gm (n=3),
which represents ~ 0.65% of the total amount of nebulized CaCl, (Table 6-25). Figures 6-
27A and 6-27B illustrate the time-dependent G’ and Gs”, respectively, for the mucus
mimetic, mucus mimetic with DPPC, and mucus mimetic with DPPC post-aerosolization
with 1.29% CaCl,. Gs’ rose following deposition of the divalent cation onto the mimetic
surface at a time point of 15 minutes (indicated by arrow). At this point and beyond, Gy’
dominated Gs”, indicating a more elastic surface. Therefore, a dramatic alteration in the
surface rheological behavior was observed following CaCl, deposition. This change in
behavior of the mimetic surface from more viscous, after spreading DPPC, to more
elastic, was due to a considerable increase in Gs” after CaCl, deposition (p<0.05).
However, the deposition of CaCl, onto the mimetic surface did not affect its surface loss
modulus Gs”.

The increase in surface elasticity after the deposition of CaCl, onto mimetic
surface was in agreement with the in-vitro studies of Edwards et al., who found that the
deposition of NaCl and CaCl, solutions enhance surface viscoelastic properties relative to
the mucus simulants (locust bean gum cross-linked with sodium borate) alone.® *° To
verify that this rise in the surface elasticity of mimetic is due to the deposition of CaCly,
the surface rheological behavior for the mucus mimetic was initially probed before the
addition of DPPC. For the first 15 minutes, G5’ dominated Gs” indicating a more elastic
surface, a characteristic surface behavior for the mucus mimetic (Figure 6-28, region I).
After spreading DPPC onto the mimetic surface, the surface behavior transitioned from
more elastic to more viscous, a characteristic surface behavior for the mucus mimetic

with DPPC (Figure 6-28, region II). Deposition of CaCl; resulted in a crossover point,
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where Gs” (o) = Gs” (). After this crossover point a phase-transition in surface behavior
was observed, where the surface exhibited a more elastic behavior due to continuous
increase in the surface elastic modulus with time and Gs* dominated Gs” (Figure 6-28,
region I11).

Furthermore, to investigate the mechanism of CaCl; solution in enhancing the
surface elastic property of the mucus mimetic post-aerosolization, the surface viscoelastic
properties of single component subphases (cross-liked PGM and cross-linked albumin)
with DPPC spread at the surface were probed post-aerosolization with CaCl, solution.
Figure 6-29 illustrates the time-dependent Gs” and Gs” for the cross-linked 4% PGM
solution. At the time point 2 min, Gs” dominated Gs’. A cross-over point, where Gy’=

s’, was observed at the time point of 15 min. After time point 15 min, a transition in the
surface behavior was observed, where G5’ dominated Gs”, indicating a more elastic
surface. Figure 6-30 illustrates the time-dependent Gs” and Gs” for the cross-linked 1%
albumin solution. Both G5’ and Gs” were relatively close to each other at all time points.
For the water subphase (Figure 6-31), the interface exhibited a viscous behavior only of
low G;” values. In addition, extremely low values for G5’ (<0.03 mN/m) were recorded at
few time points (2, 15, 75, 90, 105 and 120). The DPPC monolayer with CaCl, exhibited
similar surface viscous behavior of the DPPC monolayer. This may due to that divalent
cations such as calcium ions are known to interact moderately with zwitterionic lipids
such as DPPC,™2 hence no change in the surface behavior was observed. These data
suggest that the increase in the surface elastic behavior of mucus mimetic post-
aerosolization with CaCl, solution may be reasoned to the ionic interaction between the
positively charged cations (Ca*?) and the negatively charged mucins glycoproteins or due
to the bulk viscoelastic properties of the cross-linked 4% PGM and 1% albumin

subphases.
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6.4. Conclusions

Enhancements to the simulated cough machine (SCM) were necessary to better
mimic the formation of bioaerosols from lung fluid surfaces. The size distribution of
bioaerosols generated from the surfaces of the mucus mimetics, of different bulk and
surface properties, during a simulated cough maneuver was multimodal. No significant
changes in the modes of bioaerosols generated from different mimetic surfaces were
observed. This suggests that large variation in mimetic physical properties may be
necessary to show a significant change in the size distribution of bioaerosols. The modes
of the three repetitive coughs performed to generate bioaerosols from mucus mimetic
with DPPC peaked at relatively equal modes. This may suggest that no alteration in
mimetic surface properties has occurred during the three repetitive coughs cough. There
was some evidence that the smallest modes of 0.14 and 0.17 um of bioaerosols generated
only with the highest air flow rate. The air of high flow rare shears the mimetic surface
and break it up into small droplets. The Copt% of background aerosols was relatively low
(0.12 £ 0.2%), indicating that background aerosols were not interfering with the
bioaerosols generated from mimetic surfaces. Deposition of CaCl, onto mimetic surface
altered mimetic surface behavior from more viscous to more elastic. The increase in the
surface elastic modulus Gy’ of the mucus mimetic after CaCl, deposition may reasoned to
the ionic interaction between the positively charged cation (Ca*?) and the negatively
charged mucin glycoproteins. We believe that further studies of this behavior will
ultimately guide the development of simple, safe alternative strategies to suppress the

formation of bioaerosols in the lungs and thereby halt airborne disease transmission.



Table 6-1:
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Summary of the physical properties of mucus mimetics used to generate

bioaerosols from mimetic surfaces; data are represented as the mean + SD.

Mucus Mimetic Bulk shear Bulk shear Surface Surface
moduli at 1 moduli at 100 tension behavior
rad/sec rad/sec (mN/m)

(Pa) (Pa)

Uncro§s-linked mucus | G’=0.08+0.04 | G’=15.31+4.08 | 49.45+3.54 | G >G,”

mimetic »=0.10+0.04 | G*=11.89 + 1.44 | (n=4) more elastic
(n=4) (n=4)

Mucus mimetic G’=0.30+0.08 | G’>=20.65+5.86 | 53.25+1.22 | G>Gy”
G’=0.38+0.10 | G’=9.80+2.02 | (n=9) more elastic
(n=11) (n=11)

Mucus mimetic with NT™ NT 30.16 £ 2.38 | G’<Gs”

DPPC (n=4) more Viscous

Mucus rgimetic with NT NT 3140+ 3.75 | Go<Gs”

Infasurf (n=5) more Viscous

* Not tested.
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Table 6-2: Optical concentration (Copt%) reported for background aerosols of the
three control situations.

Sample | Dry air-directly from air | Dry air-simulated cough | Conditioned air-simulated
# cylinder (Copt%b) maneuver (Copt%) cough maneuvers
(Copt%o)
1 Poor signal, no data 0.02 0.00
recorded
2 0.00 0.01 0.00
3 0.05 0.07 0.73
4 0.12 0.01 0.03
5 0.38 0.01 0.03
6 ND* 0.44 ND
7 ND 0.13 ND
8 ND 0.00 ND
ége + |0.14+0.17 0.09+0.15 0.16 £0.32

* Measurement was not determined.
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Table 6-3: Modes of background aerosols based on cumulative volume distribution
and Copt% for each sample of dry air released directly from air cylinder;
data are represented as the mean = SD.

Sample # Mode 1 (um) | Mode 2 (um) | Mode 3 (um) Copt%

1 Poor signal, no data recorded

2 0.14 NR* NR 0.00

3 0.14 2.18 9.79 0.05

4 0.18 NR NR 0.12

5 0.14 NR NR 0.38

Mean + SD 0.15+0.02 2.18 9.79 0.14+0.17

* No data recorded.
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Table 6-4: Modes of background aerosols based on cumulative volume distribution,
Copt% and peak air flow rate for each sample of dry air entrained during a
simulated cough maneuver; data are represented as the mean + SD.

Mode 1l | Mode2 | Mode3 | Mode 4 Peak air Flow rate
Sample # | (um) (um) (um) (pm) Copt (%) | (L/sec)
1 0.13 NR* 4.27 17.34 0.02 8.50
2 0.11 1.87 NR 17.18 0.01 9.30
3 0.17 NR 7.31 NR 0.07 14.00
4 0.14 3.27 NR 11.88 0.01 8.40
5 0.15 1.91 NR 15.72 0.01 24.20
6 0.14 3.88 NR NR 0.44 7.40
7 0.12 2.57 NR NR 0.13 8.50
8 0.11 NR 6.23 15.36 0.00 10.20
Meanz |0.13% 2.70 £ 5.94 + 1550+ |0.09% 11.31 +5.58
SD 0.02 0.87 1.54 2.20 0.15

* No data recorded.
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Table 6-5: Modes of background aerosols based on cumulative volume distribution,
Copt%, and peak air flow rate for each sample of conditioned air entrained
during a simulated cough maneuver; data are represented as the mean *

SD.
Sample | Model | Mode2 | Mode3 | Mode 4 Peak air Flow rate
# (um) (um) | (um) | (um) Copt (%) | (L/sec)
1 0.14 NR* 4.89 16.73 0.0 22.50
2 NR 2.65 NR 15.02 0.0 8.00
3 0.13 NR NR 11.94 0.73 ND**
4 0.13 NR NR 17.05 0.03 ND
5 0.11 2.09 NR 17.46 0.03 ND
Mean+ | 0.13 £ 237+ 15.64 + 0.16 £
SD 0.01 0.40 4.89 2.27 0.32 15.25+ 10.25

* No data recorded.

*%k .
Measurement was not determined.




225

Table 6-6: Modes of background aerosols based on cumulative number distribution
and Copt% for each sample of dry air released directly from air cylinder;
data are represented as the mean £ SD.

Sample# | Mode 1 (um) | Mode 2 (um) | Mode 3 (um) Copt (%)
1 Poor signal, no data reported

2 0.15 NR* NR 0.00

3 0.21 2.10 8.15 0.05

4 0.12 NR NR 0.12

5 0.14 NR NR 0.38

Mean *

SD 0.16 £0.04 2.10 8.15 0.14+£0.17

* No data recorded.
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Table 6-7: Modes of background aerosols based on cumulative number distribution,
Copt %, and peak air flow rate for each sample of dry air entrained during
a simulated cough maneuver; data are represented as the mean £ SD.
Model | Mode2 | Mode3 |Mode4 | Copt Peak air Flow rate
Sample # | (um) (um) (um) (um) (%) (L/sec)
1 0.12 NR* NR 16.73 0.02 8.50
2 0.10 NR 6.94 NR 0.01 9.30
3 0.16 NR NR NR 0.07 14.00
4 0.14 3.11 NR 10.57 0.01 8.40
5 0.15 1.85 NR 14.32 0.01 24.20
6 0.12 NR NR NR 0.44 7.40
7 0.13 NR NR NR 0.13 8.50
8 NR NR NR 16.74 0.00 10.20
Meanz |0.13% 248 = 1459 + 0.09 =
SD 0.02 0.89 6.94 291 0.15 11.31 +5.58

* No data recorded.
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Table 6-8: Modes of background aerosols based on cumulative number distribution,

Copt %, and peak air flow for each sample of conditioned air entrained
during a simulated cough maneuver; data are represented as the mean *
SD.

Sample | Mode1 | Mode2 | Mode3 | Mode4 | Mode5 | copt Peak air Flow

# (Hm) (Hm) (Hm) (Hm) (Hm) (%) rate (L/sec)

1 0.12 NR* NR NR NR 0.0 22.50

2 NR NR 2.30 NR 13.97 0.0 8.00

3 0.12 0.76 NR NR 11.51 0.73 ND**

4 0.11 NR 1.67 4.56 16.75 0.03 ND

5 0.11 NR NR NR NR 0.03 ND

Mean+ | 0.12 £ 199+ 1408+ |0.16+

SD 0.00 0.76 0.45 4.56 2.62 0.32 15.25+ 10.25

* No data recorded.

*%k .
Measurement was not determined.
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Table 6-9: Conditions of the enhanced SCM during a simulated cough maneuver at a
peak air flow rate of 12.26 + 5.44 L/sec. Pressure of the 6.25-liter air tank
was 6.68 £ 0.22 psi; data are represented as the mean £ SD (n=38).

Parameter Air entering Air inside 6.25-liter | Enclosure system
model trachea lung tank
Temperature (°C) | 36.35 £ 2.22 35.57 £ 0.96 33.98 £1.62

RH (%) 57.88 +7.08 103.34 +0.28 24.68 +1.49




229

Table 6-10:  Modes of bioaerosol size based on cumulative volume distribution,
Copt%, and peak air flow rate (L/sec) for each sample of the mucus
mimetic during a simulated cough maneuver; data are represented as the

mean + SD.
Sample | Mode 1l | pMode2 | Mode3 | Mode4 | Mode 5 Peak air Flow
# (um) (um) (um) (um) (um) Copt% | rate (L/sec)
1 0.17 NR* 1.37 5.36 NR 0.47 19.52
2 0.14 NR 3.71 NR NR 0.26 19.28
3 NR 0.68 1.99 NR 11.47 0.5 13.10
4 NR 0.93 1.74 7.05 15.91 0.15 18.64
5 NR NR NR 6.12 13.26 0.5 14.38
6 Poor signal, no data recorded 20.37
7 Poor signal, no data recorded ND**
8 Poor signal, no data recorded 6.90
9 Poor signal, no data recorded 10.89
10 Poor signal, no data recorded 7.21
Mean = | 0.16 + 081+ 220+ 6.18 + 1355+ | 0.38+
SD 0.02 0.18 1.04 0.85 2.23 0.16 14.48 +5.31

* No data recorded.

** Measurement was not determined.
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Table 6-11:  Modes of bioaerosol size based on cumulative volume distribution, Copt
%, and peak air flow rate (L/sec) for each sample of the mucus mimetic
with DPPC during a simulated cough maneuver; data are represented as
the mean + SD.

Sample | Model | Mode2 | Mode3 | Mode4 | Mode5 | Copt Peak air Flow

# (Hm) (Hm) (Hm) (Hm) (Hm) (%) rate (L/sec)

1 0.14 NR* 1.45 NR NR 2.12 19.91

2 NR 0.94 NR 6.18 14.25 5.71 5.57

3 NR 0.61 3.48 7.04 NR 1.00 21.83

4 NR 0.68 NR 4.47 NR 3.58 4.18

5 NR 0.75 NR 6.04 NR 0.86 10.38

6 NR 0.45 3.06 NR 10.95 0.23 9.72

7 NR 0.53 3.33 NR 17.63 0.40 6.78

8 NR 0.82 2.71 NR NR 0.22 13.04

9 NR 0.3 2.89 NR 17.84 0.37 13.11

10 NR NR 1.87 5.3 12.07 1.90 19.60

11 NR NR 3.46 NR 17.02 0.28 8.59

12 Poor signal, no data recorded 13.23

Mean £ 0.64 £ 2.78 £ 581+ 14.96 £ 152+

SD 0.14 0.21 0.75 0.97 2.99 1.75 12.16 £5.80

* No data recorded.
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Table 6-12:  Modes of bioaerosol size based on cumulative volume distribution,
Copt%, and peak air flow rate (L/sec) for each sample of uncross-linked
mucus mimetic during a simulated cough maneuver; data are represented
as the mean £ SD.

# (Hm) (Hm) (Hm) (Hm) (Hm) (%) rate (L/sec)
1 0.11 NR* NR 5.21 1558 | 0.92 15.7

2 0.13 NR 3.79 NR 15.50 0.20 7.69

3 0.13 0.68 NR 4.03 NR 0.23 6.63

4 NR 0.86 2.98 NR NR 2.07 6.12

5 NR NR 1.68 5.44 NR 0.15 16.16

6 Poor signal, no data recorded 9.31
Mean+ | 0.12 £ 0.77 £ 282+ 4.89 + 1554+ |0.71+

SD 0.01 0.13 1.06 0.76 0.06 0.82 10.27 £4.52

* No data recorded.




Table 6-13:  Modes of bioaerosol size based on cumulative volume distribution,
Copt%, and peak air flow rate (L/sec) for each sample of the mucus
mimetic with Infasurf® during a simulated cough maneuver; data are
represented as the mean £ SD.

Peak air
# (Hm) (Hm) (Hm) (Hm) (Lm) (%) (L/sec)
1 0.15 0.41 2.88 7.97 17.63 0.22 6.57
2 0.15 0.66 3.24 NR 17.26 0.49 11.08
3 0.16 NR 3.32 NR 17.45 0.14 9.16
4 NR 0.77 2.76 8.44 17.68 0.36 12.87
5 NR 1.00 3.11 6.34 16.12 0.27 6.40
6 NR 0.98 2.99 17.41 NR 0.14 14.32
Meanzx | 0.15+ 0.76 + 3.05+ 7.58 £ 1726+ | 0.27
SD 0.01 0.24 0.21 1.10 0.58 0.12 10.07 £ 3.27

* No data recorded.
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Table 6-14:  Measured values of Copt% for bioaerosols generated from each mimetic
surface during a simulated cough maneuver; data are represented as the

mean * SD.
Mucus mimetics Copt% = SD
Uncross-linked mucus mimetic 0.71 £ 0.82 (n=5)
Mucus mimetic 0.38 £ 0.16 (n=5)
Mucus mimetic with DPPC 1.52 £1.75 (n=11)
Mucus mimetic with Infasurf® 0.27 +0.12 (n=6)




234

Table 6-15:  Modes of bioaerosol size based on cumulative number distribution,
Copt%, and peak air flow rate (L/sec) for each sample of the mucus
mimetic during a simulated cough maneuver; data are represented as the
mean + SD.

Sample | Mode 1l | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Copt Peak air Flow
# (Hm) (Hm) (Hm) (Hm) (Lm) (%) rate (L/sec)
1 NR* NR 1.35 NR NR 0.47 19.52

2 0.10 NR NR NR NR 0.26 19.28

3 NR 0.46 1.86 NR 10.19 0.5 13.10

4 0.14 NR 1.64 NR NR 0.15 18.64

5 NR NR NR 4.52 11.94 0.5 14.38

6 Poor signal, no data recorded 20.37

7 Poor signal, no data recorded ND**

8 Poor signal, no data recorded 6.90

9 Poor signal, no data recorded 10.89

10 Poor signal, no data recorded 7.21
Mean+ | 0.12 £ 162+ 11.07+ | 038

SD 0.03 0.46 0.26 4,52 1.24 0.16 1448 £5.31

* No data recorded.

** Measurement was not determined.
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Table 6-16:  Modes of bioaerosol size based on cumulative number distribution,
Copt%, and peak air flow rate (L/sec) for each sample of the mucus
mimetic with DPPC during a simulated cough maneuver; data are
represented as the mean £ SD.

Sample | Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Copt Peak air Flow
# (Mm) (um) (um) (um) (um) (%) rate (L/sec)
1 0.12 0.37 NR* NR NR 2.12 19.91

2 0.14 0.43 NR NR NR 571 5.57

3 0.12 NR 1.87 NR NR 1.00 21.83

4 0.16 NR NR NR NR 3.58 418

5 0.16 0.3 NR NR NR 0.86 10.38

6 NR NR NR NR 10.23 0.23 9.72

7 NR 0.4 NR NR NR 0.40 6.78

8 NR 0.71 2.21 NR NR 0.22 13.04

9 0.15 NR 2.69 NR 17.48 0.37 13.11

10 NR 0.27 1.76 4.86 17.49 1.90 19.60

11 NR 0.87 3.32 NR NR 0.28 8.59

12 Poor signal, no data recorded 13.23
Mean+ | 0.14 + 0.48 + 237+ 1507+ | 152+

SD 0.02 0.22 0.64 4.86 4.19 1.75 12.16 £5.80

* No data recorded.
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Table 6-17:  Modes of bioaerosol size based on cumulative number distribution, Copt
%, and peak air flow rate (L/sec) for each sample of uncross-linked mucus
mimetic during a simulated cough maneuver; data are represented as the
mean + SD.

Sample | Mode 1l | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Copt Peak air Flow
# (Hm) (Hm) (Hm) (Hm) (Lm) (%) rate (L/sec)

1 NR* NR NR 4.82 14.76 0.92 15.7

2 0.11 NR NR NR NR 0.20 7.69

3 0.11 0.75 NR NR NR 0.23 6.63

4 NR 0.75 2.28 NR NR 2.07 6.12

5 NR NR 2.01 5.71 NR 0.15 16.16

6 Poor signal, no data recorded 9.31

Meanzt | 0.11 + 0.75 215+ 5.27 071«

SD 0.00 0.00 0.19 0.63 14.76 0.82 10.27 £4.52

* No data recorded.



Table 6-18:  Modes of bioaerosol size based on cumulative number distribution,
Copt%, and peak air flow rate (L/sec) for each sample of the mucus
mimetic with Infasurf® during a simulated cough maneuver; data are
represented as the mean £ SD.

Sample | Model | Mode?2 | Mode 3 Mode 4 | Copt Peak air Flow
# (Mm) (Um) (Mm) (um) (%) rate (L/sec)

1 0.14 0.36 NR* NR 0.22 6.57

2 0.13 NR NR NR 0.49 11.08

3 0.11 NR NR NR 0.14 9.16

4 0.19 0.54 2.50 17.52 0.36 12.87

5 NR 0.85 2.85 NR 0.27 6.40

6 NR 0.95 2.56 NR 0.14 14.32

Mean+ | 0.15 + 0.67 * 2.64 + 0.27 +

SD 0.03 0.27 0.19 17.52 0.14 10.07 £ 3.27

* No data recorded.
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Table 6-19:  Conditions of the enhanced SCM with peak air flow rate and pressure at
the 6.25-liter lung tank reported during three repetitive cough maneuvers
for the mucus mimetic with DPPC,; data are represented as the mean + SD.
Air entering model | Air inside 6.25-liter
trachea lung tank .

Peak air
Cough Temp Temp flow rate Pressure
maneuver ®) RH (%) | (°C) RH (%) (L/sec) (psi)
First cough 3651+ 15803+ |3510+ |103.45+
(n=12) 1.74 8.65 0.60 0.19 12.17+5.80 |6.15+£1.30
Second cough | 37.44 + 4991+ | 3518+ 103.50 £
(n=10) 0.70 4.28 0.55 0.14 1523+3.11 | 6.77£0.15
Thirdcough | 37.15+ |50.27+ |3330%* 110353+
(n=11) 1.88 8.40 0.56 0.17 14.67+3.30 |6.77£0.15

+Temperature and %RH inside the enclosure system was 34.2°C and 24%, respectively.



239

Table 6-20:  Modes of bioaerosol size based on cumulative volume distribution,
Copt%, and peak air flow rate (L/sec) for each sample of mucus mimetic
with DPPC during the second simulated cough maneuver; data are
represented as the mean £ SD.

Sample | Model | Mode 2 | Mode 3 | Mode 4 | Mode 5 | copt Peak air Flow rate
# (Hm) (Hm) (Hm) (Hm) (Hm) (%) (L/sec)

1 NR 0.82 NR 4.75 NR 4.38 19.12

2 ND

3 NR NR 2.45 7.47 NR 0.28 20.89

4 0.23 0.66 2.53 NR NR 1.21 ND

5 0.23 0.91 NR 7.33 NR 0.86 13.04

6 Poor signal, no data recorded 16.28

7 NR 0.80 2.72 NR NR 0.35 15.18

8 Poor signal, no data recorded 13.95

9 Poor signal, no data recorded 11.44

10 NR 0.89 NR 5.15 14.20 1.33 20.58

11 Poor signal, no data recorded 11.86

12 Poor signal, no data recorded 11.44
Mean+ | 0.23 £ 0.82 257+ 6.18 £ 140+

SD 0.00 0.10 0.10 1.43 14.20 1.52 15.38 £3.70

* No data recorded.

** Measurement was not determined.
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Table 6-21:  Modes of bioaerosol size based on cumulative volume distribution, Copt
%, and peak air flow rate (L/sec) for each sample of the mucus mimetic
with DPPC during the third simulated cough maneuver; data are
represented as the mean £ SD.

Sample | Model | Mode2 | Mode 3 | Mode 4 | Mode 5 | copt Peak air Flow
# (um) | (um) (Hm) (Hm) (Lm) (%) rate (L/sec)
1 NR* 0.96 NR 6.16 NR 211 15.80

2 ND**

3 0.27 NR NR 5.73 NR 0.26 20.54

4 0.12 NR 2.23 NR 11.19 0.92 ND

5 NR 0.74 NR 7.67 17.52 0.90 13.48

6 Poor signal, no data recorded 10.28

7 NR 0.66 2.84 NR NR 0.23 14.09

8 Poor signal, no data recorded 14.16

9 Poor signal, no data recorded 12.01

10 NR 0.86 NR 4.80 12.5 1.45 18.19

11 Poor signal, no data recorded 11.05

12 Poor signal, no data recorded 16.76
Mean+ | 0.20+ | 081+ 254 + 6.09 £ 1374+ | 098+

SD 0.11 0.13 0.43 1.20 3.34 0.72 14.64 £ 3.23

* No data recorded.

** Measurement was not determined.
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Table 6-22:  Modes of bioaerosol size based on cumulative number distribution,
Copt%, and peak air flow rate (L/sec) for each sample of the mucus
mimetic with DPPC during the second simulated cough maneuver; data
are represented as the mean = SD.

Sample | Mode 1 Mode2 | Mode3 | Mode 4 Peak air Flow
# (um) (um) (um) (um) Copt (%) | rate (L/sec)
1 NR* 0.47 1.18 NR 4.38 19.12

2 ND**

3 NR 0.9 1.48 NR 0.28 20.89

4 0.15 0.53 NR NR 1.21 ND

5 NR NR NR NR 0.86 13.04

6 Poor signal, no data recorded 16.28

7 NR 0.61 2.08 NR 0.35 15.18

8 Poor signal, no data recorded 13.95

9 Poor signal, no data recorded 11.44

10 NR 0.42 NR 4.33 1.33 20.58

11 Poor signal, no data recorded 11.86

12 Poor signal, no data recorded 11.44

Mean * 0.59 + 1.58 + 1.40 =

SD 0.15 0.19 0.46 4.33 1.52 15.38 + 3.70

* No data recorded.

** Measurement was not determined.
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Table 6-23:  Modes of bioaerosol size based on cumulative number distribution,
Copt%, and peak air flow rate (L/sec) for each sample of the mucus
mimetic with DPPC during the third simulated cough maneuver; data are
represented as the mean £ SD.

Mode 1 | Mode 2 Mode 3 Mode 4 Peak air Flow
Sample # | (um) (um) (um) (um) Copt (%) | rate (L/sec)
1 NR* 0.40 1.29 NR 2.11 15.80
2 ND**
3 NR NR NR NR 0.26 20.54
4 0.11 NR 2.67 17.49 0.92 ND
5 NR 0.23 3.71 16.71 0.90 13.48
6 Poor signal, no data recorded 10.28
7 NR 0.31 NR NR 0.23 14.09
8 Poor signal, no data recorded 14.16
9 Poor signal, no data recorded 12.01
10 NR 0.39 3.84 11.37 1.45 18.19
11 Poor signal, no data recorded 11.05
12 Poor signal, no data recorded 16.76
Mean * 0.33+ 2.87 + 15.19 + 0.98 +
SD 0.11 0.08 1.18 3.33 0.72 14.64 + 3.23

* No data recorded.

** Measurement was not determined.
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Table 6-24:  Number of experiments that generated bioaerosols from mucus mimetic
surface during repetitive coughs.

Number of experiments generating
Bioaerosols

Mimetic sample Total | First Second Third

# of | cough cough cough

runs
Uncross-linked mucus mimetic | 6 5 ND* ND
Mucus mimetic 10 5 ND ND
Mucus mimetic with DPPC 12 11 6 6
Mucus mimetic with Infasurf® | 6 6 ND ND

* No data recorded.



Table 6-25:  The difference in weight of the nebulization chamber and hole cover
before nebulization and three minutes post nebulization; data are
represented as the mean £ SD.

Sample # Before nebulization Three minutes post- Difference in weight

() aerosolization ()
(9)

1 112.265 112.268 0.003

2 112.264 112.271 0.007

3 112.278 112.282 0.004

Mean 112.269 = 0.008 112.274 + 0.007 0.005 + 0.002

SD
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Figure 6-1: A closed home-built nebulization chamber made of Plexiglas used to
aerosolizel.29% CacCl, solution onto the mucus mimetic with DPPC
through Aeroneb Lab nebulizer.
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Cumulative distrbution (/3 /%

Figure 6-2:  Multimodal size distribution of bioaerosols generated from a mucus
mimetic surface determined using the HELOS particle sizer.



247

Sample 28- First Cough
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Figure 6-3:  Fitted distributions (MIX function) to histogram particle size distributions.
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Sample 30- First Cough
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Figure 6-4:  Calculated average and standard deviation of each mode for two cough
samples from fitted (MIX function) histogram size distribution.
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B Dry air directly from air cylinder
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Figure 6-5:  Multimodal size distributions, based on cumulative volume distribution, of
aerosols entrained within dry air released directly from compressed air
cylinder. Data are represented as the mean = SD (n=4).
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B Dry air during a simulated cough maneuver
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Figure 6-6:  Multimodal size distributions, based on cumulative volume distribution, of
aerosols entrained within dry air during a simulated cough maneuver. Data
are represented as the mean = SD (n=8).
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m Conditioned air during a simulated cough maneuver
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Figure 6-7:  Multimodal size distributions, based on cumulative volume distribution, of
aerosols entrained within conditioned air during a simulated cough
maneuver. Data are represented as the mean = SD (n=5).
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B Dry air directly from air cylinder
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Figure 6-8:  Multimodal size distributions, based on cumulative number distribution, of
aerosols entrained within dry air released directly from compressed air
cylinder. Data are represented as the mean + SD (n=4).
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m Dry air during a simulated cough maneuver
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Figure 6-9:  Multimodal size distributions, based on cumulative number distribution, of

aerosols entrained within dry air during a simulated cough maneuver. Data
are represented as the mean = SD (n=8).
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m Conditioned air during a simulated cough maneuver
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Figure 6-10:  Multimodal size distributions, based on cumulative number distribution, of
aerosols entrained within conditioned air during a simulated cough
maneuver. Data are represented as the mean + SD (n=5).
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Figure 6-11: Multimodal size distributions, based on cumulative volume distribution, of
bioaerosols generated from the surfaces of the mucus mimetic during a
simulated cough maneuver. Data are represented as the mean + SD (n=5).
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® Mucus mimetic with DPPC
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Figure 6-12: Multimodal size distributions, based on cumulative volume distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during a simulated cough maneuver. Data are represented as the mean +
SD (n=11).
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m Uncrosslinked mucus mimetic
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Figure 6-13:  Multimodal size distributions, based on cumulative volume distribution, of
bioaerosols generated from the surfaces of the uncross-linked mucus

mimetic during a simulated cough maneuver. Data are represented as the
mean £ SD (n=5).
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m Mucus mimetic with Infasurf
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Multimodal size distributions, based on cumulative volume distribution, of
bloaerosols generated from the surfaces of the mucus mimetic with
Infasurf® during a simulated cough maneuver. Data are represented as the
mean x SD (n=6).
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® Mucus mimetic
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Multimodal size distributions, based on cumulative volume distribution, of
bioaerosols generated from surfaces of the mucus mimetic (n=5), mucus
mimetic with DPPC (n=11), uncross- linked mucus mimetic (n=5), and
mucus mimetic with Infasurf® (n=6) during a simulated cough maneuver.
Data are represented as the mean + SD.
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Figure 6-16: Multimodal size distributions, based on cumulative number distribution, of
bioaerosols generated from the surfaces of the mucus mimetic during a
simulated cough maneuver. Data are represented as the mean + SD (n=5).
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Multimodal size distributions, based on cumulative number distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during a simulated cough maneuver. Data are represented as the mean *
SD (n=11).
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m Uncross-linked mucus mimetic
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Figure 6-18: Multimodal size distributions, based on cumulative number distribution, of
bioaerosols generated from the surfaces of the uncross-linked mucus

mimetic during a simulated cough maneuver. Data are represented as the
mean £ SD (n=5).
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m Mucus mimetic with Infasurf
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Multimodal size distributions, based on cumulative number distribution, of
bloaerosols generated from the surfaces of the mucus mimetic with
Infasurf® during a simulated cough maneuver. Data are represented as the

mean + SD (n=6).
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® Mucus mimetic
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Multimodal size distributions, based on cumulative number distribution, of
bioaerosols generated from surfaces of the mucus mimetic (n=5), mucus
mimetic with DPPC (n=11), uncross-linked mucus mimetic (n=5), and
mucus mimetic with Infasurf® (n=6) during a simulated cough maneuver.
Data are represented as the mean £ SD.
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®m Mucus mimetic with DPPC-Second cough
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Multimodal size distributions, based on cumulative volume distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during a second simulated cough maneuver. Data are represented as the
mean + SD (n=6).
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Mucus mimetic with DPPC-Third cough
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Figure 6-22: Multimodal size distributions, based on cumulative volume distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during a third simulated cough maneuver. Data are represented as the
mean + SD (n=6).
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Figure 6-23:  Multimodal size distributions, based on cumulative volume distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during first cough (n=11), second cough (n=6), and third cough (n=6).
Data are represented as the mean £ SD.
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Multimodal size distributions, based on cumulative number distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during a second simulated cough maneuver. Data are represented as the
mean + SD (n=6).
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Multimodal size distributions, based on cumulative number distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during a third simulated cough maneuver. Data are represented as the
mean x SD (n=6).
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Figure 6-26: Multimodal size distributions, based on cumulative number distribution, of
bioaerosols generated from the surfaces of the mucus mimetic with DPPC
during first cough (n=11), second cough (n=6), and third cough (n=6).
Data are represented as the mean £ SD.
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Figure 6-27: Time-dependence of: (A) surface shear storage modulus Gs’ and (B)
surface shear loss modulus Gs” for the mucus mimetic (n=5), mucus
mimetic with DPPC (n=4), and mucus mimetic with DPPC and post-
aerosolization with 1.29% CacCl, for 2 minutes (n=3). The enhancement in
surface elastic modulus G’ after 15 minutes of CaCl, deposition was
indicated by arrow. Data are represented as the mean + SD.
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Time-dependence of surface shear storage modulus G’ and surface shear

loss modulus G for the mucus mimetic (region I), after spreading DPPC
onto mimetic surface (region Il), and post- aerosolization with 1.29%
CaCl; onto mimetic covered with DPPC for 2 minutes (region IlI).
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Figure 6-29: Time-dependence of surface shear storage modulus G’ and surface shear

loss modulus Gs” for the 4% PGM with DPPC and post-aerosolization
with 1.29% CacCl; onto for 2 minutes. Data are represented as the mean +
SD (n=3).
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Time-dependence of surface shear storage modulus G’ and surface shear
loss modulus Gs” for the 1% albumin solution with DPPC and post-
aerosolization with 1.29% CaCl, onto for 2 minutes. Data are represented
as the mean = SD (n=3).
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Time-dependence of surface shear storage modulus G’ and surface shear
loss modulus Gs” for water with DPPC and post-aerosolization with
1.29% CacCl, for 2 minutes. Data are represented as the mean + SD
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CHAPTER 7

CONCLUSIONS AND FUTURE PERSPECTIVES

7.1. Conclusions

This research developed a more physiologically relevant in-vitro model system
for the generation and characterization of exhaled bioaerosols. Synthetic tracheal mucus
was first developed for use as a representative viscoelastic subphase for studying the
surface rheology of surfactants spreading at the airway lining fluid (ALF) of the large
conducting airways. The new system can be used to study the mechanism of bioaerosol
formation in the trachea. It may also be used to understand mucus clearance, drug and
particle distribution and penetration in the trachea.

In chapter 2, the chemical composition and physical properties (bulk
viscoelasticity and surface tension) of the in-vitro model mimetic, were matched to that
of native tracheal mucus. The in-vitro model mimetic was composed based on the most
abundant components in lung mucus and their similarity to components found natively.
The physical properties of the tracheal mucus are determined by its chemical composition
and component concentration; therefore matching the chemical composition and
component concentrations of the mucus mimetic was of critical important. The bulk
rheological properties of the mimetic were precisely controlled via tailoring of the cross-
linking agent (glutaraldehyde, GA) concentration and/or cross-linking time. Three types
of mucus mimetics were classified according to their bulk viscoelasticity: mucus
mimetics 1, 2 and 3. The wide range of the bulk viscoelastic properties of the three
mimetics provide an insight on the rheological behavior of the tracheal mucus at low
frequency (i.e. during normal breathing) and at high frequency (i.e. during cough
maneuver). The surface tension of the mucus mimetic 1 was matched to that of native
tracheal mucus (~ 32 mN/m) via spreading dipalmitoylphosphatidylcholine (DPPC) at the

air-mimetic interface. Matching the surface tension of the mucus mimetic helped in better
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understanding the surface rheological behavior of the tracheal mucus. DPPC showed
good spreadability on the mucus mimetic. However, lowering the surface tension for the
mucus mimetics 1 and 2 encountered difficulty due to the more solid-like surface.
Therefore, the mucus mimetic 1 was selected to be used in the surface rheological studies
and bioaerosol formation.

In chapter 3, lowering the surface tension of the mucus mimetic 1, using DPPC, to
~ 32 mN/m required three-fold the amount that would need to form a DPPC monolayer
on an aqueous subphase of equivalent surface tension. The mucus mimetic was used as a
representative viscoelastic subphase in this study. The surface rheological behavior of the
most abundant phospholipid in tracheal secretions, DPPC, spread on the mucus mimetic
was probed using an interfacial stress rheometer (ISR). DPPC alters the surface
rheological behavior of the mucus mimetic from more elastic to more viscous surface,
where surface shear viscous modulus Gs” dominated surface shear elastic modulus Gs’. In
addition, lower values of G’ and G¢” moduli were observed for DPPC on an aqueous
Newtonian subphase compared to pure DPPC on the viscoelastic, non-Newtonian
subphase, at a surface tension of ~ 32 mN/m, showing the importance of the subphase
type on surface behavior. Understanding the surface properties of the tracheal mucus
provide an insight in better understanding the normal function of the tracheal mucus
(mucociliary and cough clearance) and bioaerosol formation.

In chapter 4, Infasurf®was used as a model lung surfactant to study the surface
rheological properties of the heterogeneous complex mixture of surface active
components covered the ALF of the airway conducting airways. Although the surface
properties of DPPC onto mimetic subphase was studied in Chapter 3, DPPC did not
capture the surface properties of the complex surfactant mixture covers the air-mucus
interface. Infasurf® exhibited a higher surface activity at an air-mimetic interface
compared to DPPC. This was reflected by the lower amount of Infasurf® required to

lower the surface tension of the mucus mimetic to ~ 32 mN/m compared to that of DPPC.
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Infasurf® films on the mucus mimetic and water subphases exhibited a more viscous
surface, where Gs” dominated Gs’. The substantial difference in the chemical composition
of the two surfactants resulted in significant changes in the surface rheological behavior
of Infasurf® and DPPC films on the mucus mimetic and water subphases. Therefore, it is
expected that the Infasurf® will have more influence on the mucus functions and
bioaerosol formation.

In chapter 5, the optical concentration of bioaerosols generated from mimetic
surfaces, using the simulated cough machine (SCM) described by King et al.,*® was
extremely low, indicating no bioaerosols were formed. Therefore, the SCM was enhanced
by mimicking the features of the trachea, where tracheal temperature and relative
humidity (%RH) in healthy individuals were reported to be 35.8-36.4°C and %RH of
98.8-99.7%, respectively, during expiration. In the enhanced SCM, the air passing
through the SCM and entering the model trachea was warmed to 35.1 + 0.9°C and
humidified to 61.5 + 6.2% RH. In addition, SCM was placed inside an enclosure chamber
maintained at temperature of ~ 37°C. Mimicking the conditions (temperature and %RH)
of the trachea is critical to better determine the initial (original) droplet size, thereby
understand the mechanism of bioaerosol formation.

In chapter 6, the size distribution of bioaerosols generated from mucus mimetic
surfaces was determined. The size of bioaerosol droplets is an important factor in
determining the fate of the droplets and the types of pathogenic organisms that can be
transported by airborne route. Bioaerosols were generated from mucus mimetic surfaces
of varying bulk and surface properties during a simulated cough maneuver using the
enhanced SCM. The size distributions of bioaerosols were multimodal, where four to five
modes were observed and were relatively equal. This indicates that the variation in the
bulk viscoelastic and surface properties of mimetics was not significant to show changes
in modes. The size of bioaerosols generated from the mucus mimetic with DPPC during

the second and third cough peaked at relatively equal modes. Equal modes of the size
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distribution suggests no alteration in surface properties after each cough. The surface
viscoelastic properties of mucus mimetic with DPPC and post-aerosolization with 1.29%
CaCl; solution was probed using the ISR. Deposition of CaCl, onto mimetic surface
altered mimetic surface behavior from more viscous to more elastic, where G5> dominated
Gs”. Further studies will ultimately guide the development of simple, safe inhalants to

suppress the formation of bioaerosols.

7.2. Future Perspectives

The more physiologically relevant in-vitro model mimetic of the tracheal mucus
showed great potential for better understanding the surface rheological properties of
surfactants spread at an air-mucus interface of the ALF and bioaerosols formation from
the large conducting airways. However, better matching the bulk rheological properties
of the mimetic to those of native mucus at high frequencies (100 rad/sec) requires further
evaluation. In addition, this in-vitro model mimetic needs further evaluation for the cross-
linking process and the selection of the cross-linking agent used in this study. The cross-
linking process of the mimetic using GA was a continuous process where GA was not
washed out (to remove unreacted GA) from mucus mimetic formulations. Thus a
continuous increase in both G’ and G was expected to be observed with time. Therefore,
an alternative cross-linking method needs to be investigated. One alternative method is
the oxidation of the free thiol groups in mucin glycoproteins to disulfides using an
oxidizing agent such as iodine.”®® The introduction of the disulfide bridges will
covalently cross-link two (or more) polypeptide chains of mucins, thus enhance the
viscoelastic properties of the mucus mimetic. In addition, this mucus mimetic needs to be
evaluated for its usefulness in mucociliary studies.

The surface rheology of surfactants spread at an air-mucus interface needs to be
determined using a mucus mimetic of average bulk viscoelasticity that matched that of

native tracheal mucus (such as mucus mimetic 2). The surface rheological studies
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discussed in this work were probed using mucus mimetic of a low bulk viscoelasticity
(mucus mimetic 1). Therefore, spreading of surfactants onto the mucus mimetic 2
subphase needs further evaluation. In addition, surface rheological studies can be
conducted at 37°C to simulate body temperature by placing the mini-trough inside a
small heater connected to an external circulating water bath maintained at 37°C.

Better enhancement of the SCM by increasing the relative humidity (%RH) of air
entering the model trachea needs to be considered to more accurately determine the
original (initial) size distribution of bioaerosols generated from mucus mimetic surfaces.
In addition, flow rate and %RH of air entering the model trachea during a simulated
cough maneuver using the SCM should be better controlled. The peak air flow rate
during a simulated cough maneuver can be better controlled by placing a control valve
between the pressure cooker and the 6.25-liter air tank.

Future work in bioaerosol studies will aim to determine the size distribution of
bioaerosols generated from mimetic surfaces during three repetitive cough maneuvers to
ensure sufficient bioaerosol production for particle size characterization. Furthermore, an
alteration in mimetic surface properties after the first cough should be directly
investigated and correlated to bioaerosol formation during the second and third
coughs. In addition, the key parameters that determine pathogen loading into bioaerosols
by correlating pathogen physical properties (size and shape of pathogen) to bioaerosol
formation should be identified.

To aid further development of new aerosolizable strategies to suppress the
formation of pathogenic bioaerosols in the lungs, further studies are needed to study the
effect of 0.9% NaCl and 1.29% CacCl, solutions on the surface viscoelastic properties of
mucus mimetic as a function of concentration. These studies will ultimately guide the
development of simple, safe alternative strategies to suppress the formation of

bioaerosols in the lungs and thereby halt airborne disease transmission.
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