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Abstract

Airway mucus hypersecretion or impaired clearance is one of the key pathophysiological
features of airborne infection, allergy and severe respiratory diseases. As foreign particles enter
the lungs, the airway becomes inflamed and excessive amount of mucus is generated in response.
However, little is known about the role of mucus in regulating the passage of potentially harmful
particles. In this thesis, we develop a novel in-vitro microfluidic system which closely models the
biophysiological properties of the airway system. Our system accommodates co-current flow of
aerosol and mucus and reproduces the key physiology of molecular and particle transport into a
mucus barrier. A stable air-mucus interface with physiological clearance rate of mucus is achieved
by optimizing device structural parameters. Evaporation-driven concentration is observed and
limits our system to be used to model particle delivery to the nose and larger airways. With this
platform, we hope to perform systematic permeability studies with diseased and normal mucus to
develop a detailed understanding of the respiratory mucus permeability towards selected allergens.
We envision the device to serve as a broad platform to identify key properties of mucus that may
guide the way to improved airway disease diagnosis and treatment.

Thesis Supervisor: Jongyoon Han

Title: Professor of Electrical Engineering and Biological Engineering
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Chapter 1 Introduction

Severe respiratory diseases such as asthma, chronic bronchitis and sinusitis affect over 60

million people in the United States, and are highly prevalent worldwide" 2 . Airway mucus

hypersecretion or impaired clearance, among others, is one of the key pathophysiological features

of these common airway diseases. In our respiratory system, a thick mucus layer lines the airway

epithelia and forms the body's first line of defense against noxious agents such as pathogens,

smoke particles and toxic chemicals in air3-5 . Foreign particles inhaled into the respiratory system

are normally adsorbed by mucus and get rapidly cleared by beating cilia on the epithelium of the

lung. A deficient mucus barrier, excessive mucus secretion or impaired clearance would leave the

respiratory system vulnerable to injury6. As a result, properties of airway mucus are pivotal to our

health: alterations in mucus composition and quality can cause difficult diseases such as cancer,

chronic obstructive pulmonary disease (COPD) and cystic fibrosis7 8.

Mucus hypersecretion often results from an immunological reaction to foreign particles such

as allergens, tobacco smoke or certain viruses. One main obstacle to fighting airway diseases is

the lack of knowledge about how patients' airway epithelia interact with the foreign particles that

ultimately cause harm. Thus determining the permeability of airway mucus will be a crucially

important step for investigating the functional roles of mucus and its interactions with the immune

system. While in-vivo studies of allergen transport in mucus would be difficult, one can design a

simple in-vitro microfluidic model system that mimics the critical elements of mucosal barriers in

the respiratory system. Such an experimental system will be valuable for gaining insights into the

role of mucus in airway diseases, airborne allergies and infections, and it could lead to

development of diagnostics and research tools for them in the long term.

As a result, we propose to build a microfluidic model system which recapitulates the key

physiology of particle delivery to the nasal or lung epithelium. It would accommodate co-current

aerosol and mucus flow, creating a platform which enables us to study the impact of the

environment on the mucosal epithelia.

Before going into detail of the system design and results, the sections below provide some

background on mucus barriers in our body, human respiratory system and methods of aerosol

generation.
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1.1 Mucus barrier
Mucus is a complex biological hydrogel that lines the luminal surface of wet non-keratinized

epithelia in vertebrates, and humans secrete large volumes of mucus that amounts to approximately

10 liters of mucus per day. Mucus is present in the gastrointestinal tract, urogenital tract, surface

of the eye and the respiratory tract and fulfills many different functions at these organs. For

example, it acts as a lubricant in the airways and for facilitating the passage of food in the intestine.

It also prevents the acidic digestive juices in the stomach from damaging the stomach wall, controls

the passage of sperm in the cervix and prevents the epithelia from dehydration. Most importantly,

it serves as a physical barrier against foreign particles, including toxins, pathogens, and

environmental ultrafine particles, while allowing rapid passage of selected gases, ions, nutrients,

and many proteins 9. It also contains a wide range of host defense factors with antibacterial,

antiviral, and antifungal effects'0 . As a result, the mucus barrier is a key component of our innate

defense system, and its selective permeability properties of are pivotal to our health; alterations in

mucin composition and quality can cause numerous medical conditions and diseases such as

bacterial infections, infertility and cancer".

eyes
nose
Gars

oral cavity

gastrointestinal tractl respiratory tract
hepatobilliary system

pancreas

] reproductive tract

Figure 1-1 Epithelial surfaces where mucin can be found. Reproduced from [23], licensed under
CC BY-NC 4.0.

Despite the importance of mucus in our body, the biophysical mechanisms responsible for

its selective permeability is not well understood. The simple concept of size filtering properties is
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not sufficient to describe the complex permeability properties of the mucus barriers". As a result,

it would be meaningful to understand the principles that govern this selective filtering process.

1.1.1 Composition and property of the mucus barrier

Mucus is composed primarily of water (-95%) and contain around 2% of salts, lipids such

as fatty acids and cholesterol and proteins such as lysozyme and immunoglobulins which serve a

defensive purpose' 2 . A small amount of electrolytes, cellular debris and DNA from bacteria and

sloughed off epithelial cells are also present in the mucus barrier. The major macromolecular

constituent of mucus is mucin, which is responsible for its viscous and elastic gel-like properties.

The mucin content in the mucus layer varies with anatomic location - gastrointestinal mucus

contains around 5% mucin while airway mucus contains 1-2% mucin.

Mucins are large molecules, typically 0.5 to 20 MDa'2 in size and 3-10 nm in diameter 3 ,

that are formed by the linking of several mucin monomers, each about 0.3-0.5 MDal 4'15. They are

coated with a complex and highly diverse array of proteoglycans, with glycosylated

oligosaccharides representing 40-80% of the mucin mass16 . The oligosaccharides chains are

attached to the protein core by 0-glycosidic bonds to the hydroxyl side chains of serine and

threonines and arranged in a "bottle brush" configuration about the protein core 2 . Most mucin

glycoproteins have a high sialic acid and sulfate content, which leads to a strongly negative surface

that increases the rigidity of the polymer via charge repulsion, 3. The major biochemical features

of gel-forming mucins are shown in Figure 1-2.

Based on the different genes encoding the mucin monomer core and their structure, mucins

can be divided into three categories, which are the secreted gel-forming mucins, secreted non-

gel-forming mucins and cell-surface mucins 4. Secretory mucins are apically secreted by

specialized cells, such as the goblet cells in the intestines and airways 7 . Gel-forming mucins are

the major constituent of mucus and confer its viscoelastic properties. They contain cysteine-rich

domains that allow formation of disulfide bridges to form either filamentous multimers or more

complex network-like covalent structures' 7. Secreted non-gel-forming mucins are of lower

molecular weight and can competitively bind to oral pathogens 8 . Cell-surface mucins, in

contrast, do not form covalent multimers and are highly expressed on the apical membrane of all

mucosal epithelial cells. They are attached to the cell membrane by trans-membrane anchor and

contain large extracellular domains predicted to form rigid elongated structures, limiting the
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exposure of other large molecules to the cell surface. In addition, they also act as cell surface

receptors and sensors. The gel-forming mucins and cell-surface mucins act in concert to protect

the mucosal surfaces from chemical, physical, and biological challenge'.

Oligorrer

(a)

Stretch1

Dimer

(b) N cc N

DDD 1 on D1 pm

(C NC (C N DD Monrner i gosaccharkdesD
& 

0-linked Ninked 100 nm I/Links to next

(d) \

r~caiarih Tandem repealt

f in -a1h20 Desulfide bonds

Figure 1-2 Major biochemical features of gel-forming mucins. (a) Several mucin monomers are

shown linked together in an oligomeric gel. (b) Mucin monomers are crosslinked end-to-end via

disulfide bonds between disulfide-rich domains near the amino- and carboxyl-termini. (c)

Interspersed along each fiber are "naked" globular protein regions, with small exposed

hydrophobic patches. (D) Individual mucin fibers are densely glycosylated with 0- and N-linked

glycans, most of which are negatively charged with sialic acids or sulfate groups. Reproduced from

[9] with permission. K 2009 Elsevier

The thickness of the mucus barrier can also vary for different mucosal surfaces. The

thickness of different mucus layers are reviewed by Lai et al." and summarized in Table 1-1 . In

the human gastrointestinal tract, the mucus layer is thickest in the stomach and colon but vary

greatly depending on digestive activity. In the female reproductive tract, the mucus thickness is

expected to be at least tens of microns. In the eye, the thickness of precomeal mucin gel was

thought to be as thin as 5 pm but was recently determined to be around 30-40 Pm thick. As for

airway mucus, its thickness ranges from 5 to 55 [tm, and the thickness can markedly increase under

16disease conditions
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Table 1-1 Thickness of various types of normal human mucus. Reproduced fiom [16] with
permission. @ 2009 Elsevier

Respiratory

Airway 15 7;30

Bronchial 55 55 5

Gastrointestinal

Gastric 170 144 52; 192 7

Ileal 10 10

Cecal 37 36.7 7.2

Colonic* 100 39.1 9.9 (A), 57.5 14.5 (T), and 6

Rectal

Ocular

Mucus Layer only

Tear film

* A = ascending colon; T

125

0.035

5

40

transverse colon; D = descending colon.

32.1 (D) ; 79 40; 100-150; 107 48 (A-

T) and 134 68 (T-D); 110-160

101.5 80.3; 155 54

0.02-0.05

3; 6-7

34-45

1.1.2 Mucociliary clearance

A key property of the mucus barrier is that it is movable, not static. In the airway and

female reproductive tract, mucus is constantly secreted and cleared away to remove the

sequestered pathogens and foreign substances in a "mucociliary escalator", preventing them

from reaching the underlying epithelia. The turnover often occurs fastest at mucosal surfaces

with the thinnest mucus layer. Cilia extending from the apical side of the epithelium layer beat

in a coordinated fashion to propel mucus out of the system. Each beat cycle begins with a

recovery or reverse stroke in preparation to perform a forward stroke, during which the ciliary

tip contacts the lower surface of the mucus to propel the mucus forward. At the end of the

effective stroke, the cilium disengages from the mucus and the unrolling action of the recovery

stroke takes place within the periciliary layer to avoid retrograde mucus transport

15
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(a) (b)

Particulate

Mucous cell

Mucus layer

Cilia beat profile

Figure 1-3 (a) Schematic of mucociliary cleance. (b) The profile of the beat cycle of a single
cilium. Arrows indicate direction of movement. The effective stroke (e) is directed towards the
right and contacts the mucus and the recovery (r) strokes move towards the left underneath the
mucus. Reproduced from [20] with permission. 1997 Birkhduser

In the female reproductive tract, cervical mucus is primarily secreted by epithelial cells in

crypt-like structures lining the sides of the cervical canal. The cilia on top of the cervical

epithelium transports the mucus towards the vagina and plays a role in modulating sperm

transport. The intra-abdominal pressure as well as abdominal motions also aid in the clearance

of mucus 9. In the gastrointestinal tract, the mucus clearance is propelled by peristaltic forces and

results in quick turnover times, on the order of 4-6 hrs.

In the respiratory tract, the epithelial surface liquid is subdivided into a periciliary liquid

(PCL) surrounding the cilia and an overlying layer of gel (mucus) thought to be derived mainly

from submucosal glands and possibly from epithelial goblet cells20 . The PCL is a watery, ionic

solution with a thickness that is slightly less than the length of an extended cilium. It provides

an environment for cilia beating but only moves forward and backwards during the cilia beat

cycle. With the continuous beating of cilia, the overlying mucus layer is transported out of the

conducting airways towards the nasopharynx, where it is expectorated or swallowed to the

stomach where the acidic pH helps to neutralize foreign material and micro-organisms. The

transport rate of mucus is slower in the smaller airways and increases toward the trachea, with

clearance rate between 3.5 to 30 mm/min.
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Table 1-2 Clearance time and rate for various types of nonnal human mucus. Reproduced from
[16] with permission. C 2009 Elsevier

Respiratory

General 10-20

Maxillary Sinus 20-30 *

Nasal 8.8 *

* 5-11

20 5

Tracheal * 4.1 1.9

* 4.7 (range: 3.5-6)

* 15.5 (range: 4.5-30)

Bronchial * 2.4 0.5

Small Airways *

Ocular 5-7.7 *

* Not determined

1.1.3 Immune function of the mucus barrier

The mucus barrier is part of our innate defense system, acting as a physical-chemical barrier

and first line of defense against foreign substances such as bacteria, viruses and other pathogens.

There are several mechanisms with which mucus aids in host defense. First of all, mucin

oligosaccharides can bind to antimicrobial molecules or have direct antimicrobial activity in some

cases. In saliva, for example, both MUC7 and MUC5B binds to antimicrobial and antifungal

proteins such as statherin and histatin- 121. Mucus also retains some antimicrobial molecules due

to its biophysical properties. For example, secretory IgA (sIgA), which sterically hinders pathogen

attachment to epithelial cells by binding bacterial surface antigens which mediate adherence, is

retained in high concentration in mucus by interaction of mucosal pellicle with its secretory

component carbohydrates 4 .

In addition, mucins can directly interact with microbe and facilitate their removal. Secreted

mucins induce aggregation or surface attachment of certain bacterial species. For example, human

tracheobronchial mucins have an affinity to respiratory pathogens such as P. aeruginosa and S.

pneumoniae 20, and salivary mucins aggregates S. gordonii22. On the other hand, cell surface

mucins can act as detachable decoys for adhesins that have been evolved by pathogens to engage

the cell surface4. As mucins express many of the oligosaccharide structures found on the cell

17
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surface, they can bind to bacteria and then be shed by the host. For example, transfection of MUCl

into MDCK cells inhibits reovirus and adenovirus by up to ten fold and upregulation of MUC3

expression in colonic cells decreased the binding of E. coli. When the Muc 1 gene is knocked out

in mice, the MUCI - mice were reported to display chronic infection and inflammation of the

reproductive tract and have a high frequency of eye inflammation and infection.

Lastly, mucins also exhibits broad antiviral capability. For example, MUC7 in saliva causes

aggregation of HIV-1 and prevents it to be transmitted through oral secretions23 . In-vitro

experiments also show native mucins to be protective against infection by small viruses such as

human papilloma virus (HPV), Merkel cell polyoma-virus (MCV), and a strain of influenza virus.

1.1.4 Control of particle permeability

The mucus layer permits rapid passage of selected gases, ions, nutrients, and many proteins

while rejecting harmful foreign particles, including toxins, pathogens, and environmental ultrafine

particles. This selective permeability is a critical property of mucus, and it is important to

understand the mechanism behind this phenomena to improve the delivery of drugs through the

mucosal barrier.

Researchers attempted to build a model for mucus selective permeability by measuring the

diffusion of macromolecule particles of different size and properties in mucus. Olmstead et al.2 5

found that small viruses up to 55 nm diffuse freely in cervical mucus while the transport of HSV,

a larger virus of size 180 nm, was slowed 100 - 1000 fold. They proposed that the selective

permeability depends exclusively on particle size and mucus network spacing, and the mucus mesh

side is calculated to be around 100 nm.

However, the size exclusion model does not capture the whole picture for the selective

permeability of mucus. Norris et al. reported that surface charge, size and hydrophobicity all have

an effect on the transport rate of particles in mucus, which suggests a model of interaction filtering.

More recently, Lai et al.26 reported that 500 nm PEG-modified particles have a much higher

transport rate than 100 nm unfunctionalized particles, indicating that interaction filtering can be

much more powerful than size filtering.

Because of the presence of carboxyl or sulfate groups on the mucin proteoglycans, mucus

are negatively charged and can bind to positively charged particles with high affinity. However,

net surface charge alone is not sufficient to determine the transport behavior. The spatial

18



distribution of positive and negative charges is an important criterion for particle transport rate

into mucus layer27 . Apart from being negatively charged, mucins contain a high density of periodic

hydrophobic "naked" globular regions. These hydrophobic domains can efficiently form multiple

low-affinity adhesive interactions with hydrophobic regions on the surface of foreign particles. For

example, the mucus layer immobilizes pathogens such as E. coli via hydrophobic interactions. As

a result, the hydrophobic interactions are critical for the removal of particles smaller than the

mucus mesh size 16. To sum up, both electrostatic interactions and hydrophobic interactions play a

significant role in the selective permeability of mucus layer.

1.2 Human respiratory system
In this thesis, we are interested in studying the properties of airway mucus by building an

in-vitro model that simulates the particle delivery process in-vivo. As a result, it is important to

review the physiology of human respiratory system as well as the physical parameters associated

with particle deposition within the airway.

1.2.1 Respiratory tract

The respiratory system can be divided into regions based on function or anatomy (Figure

1-4). Anatomically, the respiratory system can be separated into the upper and lower respiratory

tract. The upper respiratory tract includes the organ located outside the chest cavity area, including

the nose, frontal sinuses, maxillary sinus, the pharynx, and the portion of the larynx above the

vocal cords. On the other hand, the lower respiratory tract includes the organs located almost

completely within the chest cavity, including the portion of larynx below the vocal cords, trachea,

bronchi and bronchioles. Functionally, the respiratory system can be subdivided into conducting

zone (nose to terminal bronchioles, 1st to 1 6 th generations) and respiratory zone (alveolar duct to

alveoli, 1 6 th to 2 3 rd generation) where the gas exchange takes place. The human respiratory tree

consists of 23 generations, with an airway branching into two or more smaller airways at each

division 2 8 . The complete respiratory tree is as follows: Trachea - main bronchus -+ lobar

bronchus -- segmental bronchus -> conducting bronchiole -* terminal bronchiole -- respiratory

bronchiole -+ alveolar duct -+ alveolar sac -+ alveolus.

19



1.2.1.1 Nose and Nasal Cavity

The nose is the normal and preferred airway during sleep, rest and mild exercise. Inhaled

air is warmed, humidified and filtered by the nose and nasal cavity. The nasal cavity is lined with

respiratory mucosa, which is made up of ciliated epithelium surface containing interspersed goblet

cells 3 0 . The nasal cavity contains a convoluted set of slit-like passages called the turbinates, which

increases the cross-sectional area and surface area of the nose significantly. The turbinates

interrupts the airflow by forcing it through narrow passageways covered by respiratory mucosa,

under which lies a network of thin-walled capillaries. The abundance of blood vessels and their

superficial location helps to heat and humidify inspired air to almost body temperature and near-

100% humidity within fractions of a second. The surrounding sinuses are also lined with

respiratory mucosa and therefore also aid in the heating and humidification of air.

Paranasal sinuses
Frontal Sphenoid Connective

Nose ~ tissue

Alveolar

Nasal conchae Alveolar
Nasal vestibule duct

mucous
Phar3ax gln

Lana - Mucosal
Epiglottbs hn*

Thyroid cartilage oral
Cncoid cartilage Paviraryartery Aleoi

Esophag- Pultnonary vein Atrium
- Vocal folds --gs Ploay~m Are

'i-ache,

Carmaoftrauhea

Main bronchi - T al and broncu

Lingular division bronchi A

Right long - Left lung

Supeor lobeole
Horizontal fissure -

Oblique fiasure -
CArdiac oh

Middle lobe Llgula of hug
Inferior lobe Infeno, lob,

Diaphragm - -

Lobar bronchus I
Figure 1-4 Schematic of the complete respiratory system. Reproduced from [28]. Reproduction
permission not required.
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1.2.1.2 Pharynx

The pharynx (throat) provides a passageway for both the digestive system since both food

and air pass through this region. It connects the posterior nasal and oral cavities to the larynx and

esophagus. The pharynx is divided into three parts based on its location, which are the nasopharynx,

the oropharynx and the laryngopharynx. The surface of nasopharynx is covered by columnar

epithelium, which is the same as what is found in the nasal cavity. Airway mucus is propelled by

the cilia towards the nasopharynx to be swallowed to the stomach.

1.2.1.3 Tracheobronchial tree and deep lung airways

The tracheobronchial tree includes trachea, bronchi and bronchioles that forms the upper part

of the lung airways. The trachea bifurcates into the right and left main bronchi, which further

divides into lobar, then segmental bronchi and continues this bifurcation until terminal bronchioles.

No gas exchange takes place from trachea to terminal bronchioles, and thus they are part of the

conducting airway (Figure 1-5). The terminal bronchioles divide into respiratory bronchioles,

which further divide into alveolar ducts that are lined with alveoli. All parts distal to a single

terminal bronchioles is called the acinus region where the gas exchange takes place. The alveolar

duct opens into the alveolar sac, which is made up of an atrium and the alveoli, which is the

terminating end of airway passages 0.

In the early branch generations, there is ciliated columnar epithelium that continuously heat

and humidify the inspired air. The epithelium becomes cuboidal in the distal branches to allow for

gas exchange. A rich network of blood capillaries surrounds the acinus for exchange of oxygen

with carbon dioxide.
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Figure 1-5 Schematic of the airway generations in the lung. Reproduced
permission. 2013 Springer

from [30] with

1.2.2 Airflow and particle deposition in the airway

The airflow is predominantly laminar throughout the nasal passages during resting

conditions (15L/min) and local turbulence can occur downstream of the nasal valve if the flow

rate increases to 25L/min. Normal breathing creates air velocity at gale force (1 8m/s) and the air

flow velocity can approach 32m/s at sniffing29. Airflow is slowed down significantly in the

turbinates to 2-3 m/s. The velocity gradually decrease as the airways branch out. The dimension

of airways, average velocity and Reynolds number are summarized in Table 1-3 below assuming

an average inspiration rate of 15L/s and 60L/s.
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Table 1-3 Geometric factors and transport parameters in the lung. Reproduced from [31] with
permission. 0 2012 Taylor and Francis
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With every breath we take, all kinds of airborne particles enter our respiratory system and

eventually deposit somewhere down the airways. The deposition mechanism and site of airborne

particles is influenced by their size, density and shape. Inertial impaction, sedimentation, and

diffusion are often considered the primary mechanisms of deposition, while charging, interception

and cloud motion may be important in some situations31 . The main deposition mechanism is

summarized in Table 1-4.

Particles larger than 5 pm usually deposit on the airway by impaction, which occurs when

particles have sufficient momentum to deviate from the fluid streamlines and strike boundary

airway surfaces. Inertial impaction occurs mostly in the upper airways of the tracheobronchial
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tree. Sedimentation, which means deposition by gravitational forces, is the main deposition

mechanism for particles around 0.1 - 5 pm in size. The mechanism increases in importance with

increasing particle size. Sedimentation usually occurs in smaller airways. Deposition via

diffusion is the primary deposition mechanism for particles less than 0.1 pim. It occurs when

particles exhibiting Brownian motion collide with the airway surface.

Table 1-4 Main mechanisms of deposition of aerosol

Particle Size Large (> 5 pim) Medium (0.1 - 5 pm) Small (< 0.1 pim)

Representative site Nasopharynx Small airways Alveoli

1.2.3 Mucus hypersecretory airway diseases

Respiratory diseases such as asthma and COPD are highly widespread in the United States2

(Table 1-5, Table 1-6). The disease conditions range from reversible effects of irritation to the

severely debilitating diseases of asthma and pulmonary fibrosis32. Airway mucus hypersecretion

or impaired clearance, among others, is one of the key pathophysiological features of these

common airway diseases (Figure 1-6). Healthy mucus is easily transported by ciliary action,

whereas pathologic mucus is often less easily cleared with its high viscosity and elasticity6 .

Table 1-5 Frequencies (in thousands) of selected respiratory diseases among adults in USA, 20141

Selected Emphysems HayChoi
Characteristic 0ged 117 Emhsea _' aTh fever broncsitis

Frequencies 239,688 3,400 30.598 17717 19,089 29,442 8,692
(in thousands)

Age adjusted 1.3 12.9 7.4 7.7 11.9 3.5
percentages

Table 1-6 Frequencies (in thousands) of selected respiratory diseases among children in USA, 20142

Selected AW1 1Indrn -Ever hatdlha st Respiratory
Ra fever Stil ha. aths

Frequencies 73,408 6124 9,862 6,292 7,352
(in thousands)

Age adjusted 8.4 13.5 8.6 0.1
percentages

Asthma is a long term inflammatory disease caused by a combination of environmental

factors such as exposure to pollutants, allergens or exercise33 . It is characterized by constriction of
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the bronchial airways in response to stimulus, resulting in a reduction of the airway lumen and

possibly an increase in the mucus thickness. It involves repeated attack with common symptoms

such as tightening of the chest, sudden breathlessness, wheezing and coughing. Possible

complications include lung collapse, infections and respiratory failure, but with no permanent

damage to the lungs.

Chronic obstructive pulmonary disease (COPD) is one of the most common pulmonary

diseases. It is a combination of chronic bronchitis and emphysema, and is progressive and

nonreversible with no cure. The common symptoms include chronic cough, wheezing and limited

physical activity 5 . Air pollution and cigarette smoke, which contains multiple toxins, including

particulate matter, oxidative, are the likely causes of emphysema, resulting in the destruction of

elastin in the alveolar wall. This often leads to intrapulmonary collapse during expiration. The loss

of alveolar structure also results in the loss of capillary bed that are used for gas exchange36. In

chronic bronchitis, the mucus glands are hypertrophied, resulting in excessive mucus secretion and

formation of mucus plugs which obstruct airways and potentially block small bronchi. It is also

characterized by alveolar wall thickening, which results in reduced elasticity of the walls and limits

regional ventilation36 . Increased mucin production and decreased luminal in COPD often results

in airway infection and mucus stasis, which are detrimental to airway health6 .

Cystic fibrosis is a genetic disorder that causes the epithelial cells in the lung to produce an

excessive amount of abnormally thick mucus. The mucus layer traps white blood cells that release

their contents when they rupture, making the mucus even more viscous 3'. The slowly cleared

mucus narrows airways and obstructs airflow, which forms an ideal breeding environment for

pathogens and leaves tissue vulnerable to inflammation and recurrent infection. The inflammation

and infection can then lead to other respiratory disease such as chronic airway obstruction and

bronchiectasis. There is currently no cure for cystic fibrosis, and the treatments are largely limited

to treating the symptoms.
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Figure 1-6 Common airway mucosal diseases and their mucus characteristics. Reproduced
with permission from [6], Massachusetts Medical Society.

1.3 Challenge in mucus studies
It is difficult to study mucus properties and functions for a number of reasons. Because of

the lack of representative animal models that allow for live tracking of mucus function, the

mechanisms that regulate the properties, amount and location of secreted mucus remain largely

unknown 38. In addition, the in-vivo mucus layer is heterogeneous and amorphous, which makes

the staining and fixation difficult and complicates in-vivo studies. Furthermore, mucin

glycoproteins are large and complex molecules with a diverse array of biochemistries and surface

structures. For example, variability in glycosylation can result in different forms of mucins

encoded by the same gene39 . Moreover, the purification process of mucus is extremely tedious and

it can be difficult to avoid contaminants and alteration in mucin structure during the process.

Sometimes, mucin samples from patients carry information regarding the pathophysiology of the

patients, but the amount of sample obtainable is often highly limited (-50 microliter), severely

limiting detailed molecular analysis. Lastly, mucus property can vary from sample to sample due
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to the diverse microenvironment in-vivo. Thus, these all pose practical challenges for

characterization of mucus composition and properties in-vitro.

With the increased interest to study the role of mucus in host defense, respiratory disease and

drug delivery processes, there have been important advances in the development of in-vitro

methodologies to characterize mucus properties over the last decade. However, many scientific

questions regarding the selective permeability of airway mucus barrier still remained unexplored.

We understand that the mucus layer interacts with molecules/particles by steric hindrance as well

as hydrophobic and electrostatic interactions. The mucin glycoprotein can also bind to pathogens

and act as a decoy to prevent pathogen colonization on the epithelial cell surface. Generally, the

physical characteristics of mucins are fairly well characterized, but detailed mechanisms of how

the mucus layer exerts their protective functions are not fully understood and are continually being

investigated and revised.

When foreign particles or pathogens enter our respiratory system, some diffuse rapidly

through the mucus barrier while others accumulate within the layer or are even hindered at the

mucus interface. Thus, it would be meaningful to perform systematic transport studies with

particles and molecules with varying distribution of charged or hydrophobic regions as well as

other coatings to elucidate the criterions with which the mucus layer regulates the selective passage

of particles. Another key question is how the selective permeability of mucus changes when

physiological conditions such as mucin concentration, hydration level and ionic concentrations are

altered, which can occur during airway diseases. Other questions such as the effect of the

combinations of polyvalent low-affinity interactions on transport of particles and the role of

biochemical substructure on the selective binding process also remain to be answered. Studies of

these basic mechanisms would help us gain a better understanding of mucosal diseases and might

open new avenues to creating better designs for therapeutic particle delivery.

1.4 Thesis scope
In this study, our goal is to build a microfluidic model system which recapitulates the key

physiology of particle delivery to the nasal or lung epithelium. The system accommodates co-

current aerosol and mucus flow, creating a platform which enables us to study the impact of the

environment on the mucosal epithelia. Current in-vitro technologies for characterizing mucus

permeability function and modeling human airways are introduced in Chapter 2. In Chapter 3, we
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present the design strategies of our in-vitro airway model, characterize the system performance

and discuss potential improvements to better model the particle delivery process to the airway.

Finally, in Chapter 4, the thesis contribution and future directions are summarized.
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Chapter 2 In-vitro technologies and models to study mucus

permeability

2.1 Multiple particle tracking
Multiple particle tracking (MPT) is a technique to measure viscoelastic properties of soft

material and fluids. It allows simultaneous tracking of particles undergoing Brownian motion in

high resolution using video microscopy. The motion of the particles connects to the mechanical

properties of the embedding material.

In order to study the transport properties of mucus, fluorescent microparticles are mixed with

a mucus sample. The trajectory of each particle is measured individually and tracked as a function

of time under the fluorescent microscope. The particle positions are used to calculate the mean

square displacement:

MSD(At) = < [r(t + At) - r(t)]2 > = 1 J[r(t + At) - r(t)] 2  (2.1)
Nn

where N is the number of particles, r(t)= (x(t),y(t)) is the two dimensional position of the particle

and At is the lag time between the two positions taken by the particle.

The effective diffusivity of the particles can then be calculated by
D MSD

Deff =4LSt (2.2)

and the effective material viscosity (microviscosity) can be inferred from the mean velocity of

the particles.

The advantage of MPT is that the measurements are resolved for individual particles, thus

allowing MPT to probe heterogeneous regions within mucus. The disadvantage is that it can only

track particles that are already mixed in the mucus. It cannot track the transport of particles which

enter from the outside of the mucus, and thus this technique lacks the ability to track transport

properties across a barrier or interface.

2.2 Microfluidic in-vitro mucus barrier model
A microfluidic device was developed by Dr. Leon Li that allows for the detailed

quantification of the partitioning and transport gradients of peptides (and nanoparticles) into a

mucin-based barrier40 . The device consists of a mucin channel and a probe channel (Figure 2-1).

The mucin sample is filled into the microfluidic device and shaped into a barrier using buffer flow
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and a microfluidic valve. The interface of the mucin barrier remains stable over a long period of

time despite the concentration of mucins inside the barrier slightly decreases over time.

a Step1 b

Buffer Ste 2 . . -
in

Buffer
out

C
Step 3 05%

- 0.25%

0.0%
0 10 20 30

Time (min)

Figure 2-1 The microfluidic device that enables the formation of mucus barrier on-chip. (a) a
mucin sample initially fills the whole channel (step 1). It is then shaped into a layer of fixed width
between the microfluidic valve and buffer flow (step 2). Fluorescent peptides are introduced into
the channel meet the mucin barrier and diffuse into it over time (step 3). (b) Stability of the mucin
barrier is assessed using fluorescently labeled mucins. The layer is shown to be stable over time.
(c) Mucin concentration inside the barrier decrease over time, likely due to surface fluid shearing.
Reproduced from [40] with permission. C 2013 Elsevier

A series of charged peptide transport experiments were performed using this device. In

contrast to the lack of interaction between the anionic peptide and mucus, the cationic peptide

transport was strongly hindered by mucus. This result confirmed previous studies that suggest

particulate net charge strongly influences transport through the mucin barrier. It was also shown

that the combination of positive and negative surface charge leads to enhanced transport compared

to either surface charge in isolation. This suggests that mucins may facilitate the transport of

heterogeneously charged substrates but hinder the transport of uniformly charged substances. Next,

it was reported that transport behavior through the mucin barrier cannot be predicted by the net
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charge alone because spatial charge distribution also plays a role in the transport. Lastly, the

influence of ionic strength in mucus on peptide transport was investigated. It turned out that anionic

peptide transport remains largely unaffected while cationic peptide transport was strongly

influenced. It was also revealed that the influence of ionic strength on transport depends on both

the type of charge present in the peptide and its detailed arrangement.

The in-vitro microfluidic mucus barrier provides a great platform to characterize molecular

transport into mucin barrier. The key advantage of this technology is that it enables molecular

transport into the mucin layer from the outside, which happens in-vivo.

2.3 Air-liquid interface culture
A variety of cell types such as immortalized respiratory cell lines and primary cell lines from

animal or human donors have been used to model the human respiratory system in vitro 41. However,

the results generated from these systems do not accurately model the situations in-vivo. Virus-

transformed cell lines such as 16HBE40 failed to produce the protective mucus barrier.

Carcinoma-derived cell lines such as the Calu-3s are able to produce mucus glycoprotein but fail

to differentiate into heterogeneous cell populations of polarized ciliated cells42. Primary human

bronchial epithelial cell (HBECs) culture are possible under submerge culture, but the cells still

fail to differentiate into pseudostratified mucociliary phenotype.

Wu et al.4 3 first described the method of using a biphasic culture system to expose the apical

surfaces of cells to air, using primary hamster tracheal cells. They found culturing at an air-liquid

interface (ALI) to be essential to allow polarity and differentiation. Prytherch et al.42 successfully

cultured well-differentiated HBECs by seeding the cells onto gas permeable cell culture inserts at

an air-liquid interface. The cell culture insert (0.4 pm polyester membrane) served as a biomimetic

scaffold, which supports cell-attachment without additional extracellular matrix coatings.

In the air-liquid interface, cells are in contact with the culture medium via the basal surface

while the apical surface stays in contact with the air. The cells are seeded onto the permeable

membrane of cell culture insert, which is initially submerged in the culture medium. Once

confluence is reached, the culture medium is removed from the apical surface of cells and supplied

only to the basal chamber. The cells are able to undergo differentiation into heterogeneous cell

populations composed of polarized ciliated and mucus producing cells because of the similarities

between the culturing environment and the human airway.
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Figure 2-2 Schematic of the air-liquid interface culture. 4'

Full characterization in terms of growth and development of the HBEC model was

undertaken to validate the model as a three-dimensional, fully differentiated in-vitro lung model.

The cells were found to proliferate and differentiate into a pseudo-stratified, fully differentiated,

mucociliary phenotype HBEC model of the bronchial epithelium. The high transepithelial

electrical resistance (TEER) measurement results and the expression of tight-junction specific

proteins suggested the formation of the epithelial barrier. The mature HBEC model retained the

morphological structure of the human epithelium and contained cell types that are known to be

present in the epithelium, such as the basal, intermediate, serous, ciliated, goblet and Clara cells4 2 .

Transcriptome analyses have also been conducted to determine how well the airway

epithelium ALI cultures resemble the in-vivo airway epithelial cells 44 . The in-vivo airway epithelial

cells were obtained by brushing the third or fourth order bronchi airway of healthy human subjects.

Gene expression profiling showed a large and significant overlap between the transcriptomes of

the ALI and in-vivo epithelial cells, with 81% of expressed genes showing similar expression

profiles. However, the differences were small but evident and can likely be attributable to

differences in cell populations, with ALI containing more basal cells, and brushed airway epithelia

containing more ciliated cells. In addition, pathway analysis showed that ALI cells had increased

expression of proliferation and cell cycle genes, whereas brushed cells had increased expression

of humoral immune response and cytoskeletal organization genes. Overall, the ALI cultured cells

serve as a good model for gene expression of the in-vivo airway epithelial cells. However, for some

biological questions, the differences between the ALI culture and in-vivo system need to be

carefully considered.

Air-liquid interface cultures have also been used to create models of disease states, to

examine cytokine production and as models of differentiation. However, whether these models
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represent intrinsic genetic differences attributable to the disease processes or they are a result of

the environment and culture conditions still remains controversial. Pierrou et al.45 grew primary

brushed cells obtained from smokers with COPD in air-liquid interface culture and used this

system to confirm the in vitro response of oxidant genes to cigarette smoke exposure in COPD.

Woodruff et al.46 studied the response of asthma patients to inhaled corticosteroids using a

microarray and used ALI cells to confirm that the same effect was observed in vitro. Maunders et

al. 47 exposed ALI cultured cells to cigarette smoke and showed that antioxidant and mitogen-

activated protein kinase pathways are activated. ALI cells were also exposed to isolated

components of cigarette smoke to identify the mechanism of toxicity.

The physiological and barrier functions and of ALI culture cells have also been tested in a

wide range of experiments involving pathogens. Krunkosky et al.48 studied the interaction between

M. neumonaie and ALI cells and found that M. neumonaie bound initially to ciliated epithelial

cells but colonization became more evenly distributed over the entire surface with time. Chen et

al. infected ASI cells with respiratory syncytial virus to investigate the mechanism by which RSV

causes fluid accumulation in the lung, and found that RSV infection inhibits vectorial Na' transport

via nucleotide release.

2.4 Aerosol generation
In order to study the permeability of different allergens through mucus, particles and drugs

need to be suspended and delivered into the device, mimicking the airway particle delivery in-vivo.

There are a number of methods to carry out aerosol generation, but no single aerosol generation

technique can produce particles spanning sizes as small as 0.01 ptm and as large as 100 pm. As a

result, it is important to select the right type of generator that are able to generate aerosols of

appropriate size range. Figure 2-3 displays the size range of common airborne particles.
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Figure 2-3 Size distribution of common airborne particles77 .

Aerosol generation technology has evolved from using human-powered techniques, followed

by the advent of gas-powered devices (the air-jet principle) and to electronic powered systems

(using the ultrasound effect)4 9 . Traditionally, nebulizers have been used to aerosolize drugs or

microorganisms from liquid suspensions. Nebulizers produce polydiverse droplets with mass

median diameters (MMDs) ranging from 2-5 pim, and they are able to deliver large doses of

droplets into the deep lung. The advantages of small volume nebulizer include its high deposition

potential compared to other inhalers, such as dry powder inhaler, and its ease of use in that no

special inhalation technique is needed for optimum delivery. However, they lack portability

because of the use of diverse accessories such as tubing and mouthpiece and the need for power
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source. In addition, there often exists interdevice and interbrand variabilities that needs to be

accounted for.

Based on the mechanism or aerosol production, nebulizers can be divided into pneumatic

nebulizer, ultrasonic nebulizers and vibrating mesh nebulizers.

In pneumatic nebulizers, compressed air is delivered into a compartment that reduces in

diameter in the upward direction (large at bottom and small at top), which is then connected to a

nozzle (Figure 2-4). As the air is forced through the compartment, the decrease in the cross

sectional area of the compartment results in an increase in the air velocity, which creates a zone of

low pressure around the nozzle (Venturi effect). As a result, liquid can be drawn up from the

reservoir in a feed tube. The liquid is entrained into the airstream once it reaches the nozzle and

sheared into a liquid film, which is unstable and breaks into droplets due to surface tension

forces 49 1 . The stream of droplets are then directed onto a baffle or the nebulizer walls where

larger droplets are deposited. They then break up into smaller droplets and are recycled back into

the reservoir. Only droplets that are small enough to circumvent these barriers would exit the

nebulizer. As a result, the droplet size greatly is a complex function of the design, operating

conditions and dimension of the nebulizer. In general, pneumatic nebulizers produce droplets in

the size range of I - 10 ptm. However, the aerosol characteristics vary with the airflow rate and

initial fill volume of the nebulizer. Treatment time can be reduced with a higher air flow rate and
49

small initial fill volume, with tradeoff of increased polydispersity and smaller aerosol size

To nebulizer mouthpiece

Venturi
nozzle

Bernouli
effect

Nebulizer

Air etreservoirAir jet

Figure 2-4 Schematic diagram of a jet nebulizer. Reproduced from [49] with permission. @
Wiley
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In ultrasonic nebulizers, the solution is aerosolized by the acoustic wave generated by the

movement of a piezoelectric transducer. The mechanical energy produced by the piezoelectric

transducer agitates the surface of the solution, thereby creating capillary waves going outwards

from the surface up to a collapsing point in which droplets are generated. Alternatively, cavitation

occurs and creates vapor bubbles. At the collapse of these bubbles, shock wave close to the surface

leads to surface destabilization and creates the droplets49,52. An airstream is passed through on top

of the liquid reservoir to transport the droplets out of the ultrasonic nebulizer. The diameter of

droplet produced is a function of the vibration frequency and the surface tension as well as density

of the solution. Compared to pneumatic nebulizers, ultrasonic generators are able to generate

highly monodisperse particles5 2 . However, the high energy input of the piezoelectric transducer

heats the solution up and might cause inactivation and degradation of proteins and thermolabile

drugs. It is also more expensive, not disposable, has a large dead volume and prone to mechanical

malfunction, making them less popular than pneumatic nebulizers.

There are two types of vibrating mesh nebulizers, the passive and the active, both of which

consists of a piezoelectric transducer and a mesh element. In the passive vibrating mesh nebulizer,

the liquid reservoir sits between a piezoelectric transducer and a perforated plate. The vibration

generated by the piezoelectric transducer creates waves that forces the liquid through the

perforated plate. Finally, the drops detach from the liquid and form aerosol 49. In active vibrating

mesh nebulizers, the piezoelectric transducer is directly connected to a dome-shaped membrane.

The rapid vertical vibration of the membrane creates a pumping motion by extruding the liquid

formation through the mesh49 50 . Compared to the pneumatic and jet nebulizers, the vibrating mesh

nebulizer results in the smallest increase of temperature of the solution. However, the apertures in

the mesh can get clogged over time, which can result in a large variation in the output.

Apart from the three different kinds of nebulizers reviewed above, there exists a variety of

emerging technologies that generate aerosols by mechanisms such as electrohydrodynamic

atomization and surface acoustic wave microfluidic atomization. The aerosol generation

technology is constantly evolving to increase aerosolization performance and extend the

compatibility with a wide range of solutions.
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2.5 Summary
In this chapter, we reviewed the technologies and methods that are most commonly used to

study particle transport through the mucus layer. Each model possesses its own advantages and

disadvantages, and lacks certain attributes to proper model the particle delivery to and inside

airway mucus barrier. For example, multiple particle tracking is able to probe heterogeneous

regions within mucus but cannot model particle transport across the mucus layer interface. The

microfluidic in-vitro mucus barrier model is able to model particle transport across and inside the

mucus layer but does not capture the particle delivery mechanism in the airway. The presence of

airflow in-vivo has an effect on the transport across the mucus layer interface, and needs to be

properly simulated. Lastly, the air-liquid interface culture contains well-differentiated airway

epithelial cells and provides a great model for studying the respiratory system response. However,

its response is a complex function of transport through mucus and cellular response, and it is

difficult to parse their effects. In addition, the system takes weeks to be fully functional, and it is

difficult to perform real-time monitoring of particle transport. The mucus secreted in cultured

systems is also unlikely to match the structure and adhesiveness of primary human mucus". As a

result, there is a need for a simple yet physiologically relevant system that enables the

characterization of mucus barrier permeability and function.

An ideal technology to characterize the airway mucus barrier should possess the features

detailed below. First of all, it would model the delivery of particles in the respiratory system in the

form of aerosol deposition. This would enable the study of molecule and particle transport across

the interface and inside of the mucus layer, rather than purely track the diffusion process within

the mucus layer as in the case of multiple particle tracking. Secondly, the system should be able to

reproduce the constantly replenished and cleared nature of mucus in-vivo. This dynamic process

may provide fresh binding sites for the diffusing particles and thus alter transport behavior.

Another desirable feature of the system would be its ability to function with small volume of

sample, as clinical samples are often highly limited in volume. Lastly, the system should allow

convenient monitoring of concentration profile of particles as they diffuse into the mucus barrier.

This would greatly aid in our understanding of the interactions between mucus and particles and

how these interactions affect transport.

The development of a new model that more closely simulates the airway mucus barrier in-

vivo can be important and beneficial in a number of ways. Understanding the basic principles that
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govern the mucus selectivity and how it can be influenced by change in mucus composition such

as in diseased state, may suggest the design of early diagnosis methods for airway diseases, as well

as novel treatment strategies. It may also enable better design of drug delivery vectors and new

approaches for preventing prevalent infectious diseases. Furthermore, the system may serve as a

testing platform for reconstituted synthetic gels that mimic the selective properties of biological

gels. Thus, we set out to develop an in-vitro system that encompasses the desired features

mentioned above, which is presented in the following chapter with design strategies and

characterization.
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Chapter 3 Microfluidic in-vitro airway model

Our goal is to build a microfluidic in-vitro system which closely models the biophysical

properties of the airway system. In the lung, beating cilia propel mucus along the airway surface

at a rate of about 5mm per minute'. Foreign particles inhaled into the airway system become

absorbed in the mucus gel, which is then cleared from the body. Our microfluidic system models

this essential process: air containing allergens flowing over a moving stream of mucus.

3.1 Device design for stable air-liquid interface
Our microfluidic device that simulates the airway mucosal layer is shown below in Figure

3-1. The microchannel is composed of two inlets, each with lateral dimension varied from 50 to

150 pm. One channel contains mucus while the other channel is perfused with air that contains

allergens, drug aerosols, peptides or bacterial phages. The interface between mucus and air can be

maintained by creating a height difference between the channels55 . Mucus will flow in the shallow

channel while air with aerosol will flow in the deep channel.

(a) (b)

Air-mucus interface
(stabilized by surface tension)

Air with allergen: Vai

Mucus flow: vm

Figure 3-1 Perspective views of the two-channel in-vitro model for the airway systemn. (a) 3D
view. Channel depth differences are created so that the interface is stabilized by surface tension.
(b) 2D view. The device accommodates co-current aerosol (green) and mucus flow (blue).

A stable air-liquid flow is supported by the balance between the pressure difference (AP1ow)

between the two phases and the Laplace pressure (APapice) caused by the interfacial tension 5.

The flow pressures decrease along the channel (proportional to the distance from the outlet)

because of the viscosity of the fluid. The position of the interface is fixed at a certain position if a

pressure balance is established.
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The pressure to drive liquid inside a microchannel is expressed as follows 56:

A 2P = (3.1)
D

wheref, p, v, and L are the Darcy friction factor, density, mean velocity of the fluid, and channel

length from the outlet. The variable D corresponds to the mean hydraulic diameter defined as

4S
D=- (3.2)

where S and 1 are the cross section and the perimeter of the microchannel. The mean hydraulic

diameter can also be expressed in terms of the width w and height h of a rectangular channel as

D =2(w+h) (3.3)
wh

The friction factor for laminar flow is expressed as

16 = 16p (34)
Re pvD

where pt is the viscosity of the fluid. As a result, equation (3.1) can be rewritten as

AP = (3.5)
D2

and the pressure difference between the gas (air) and liquid (mucus) phase can be expressed as

- 3 2 ymvmLmp(36
APf low = Pm - = _a (3.6)

At the interface between air and liquid, the difference in pressure of the two phases due to

pressure loss is compensated by the Laplace pressure caused by the surface tension of the interface.

The Young-Laplace equation relates the pressure difference between the two phases, namely the

Laplace pressure, and the curvature of the surface:5 7

APLaplace = y- (1+!) (3.7)
LapaceR, R2

where R1 and R2 are the radii of curvature in two perpendicular planes (y-z plane and x-y plane)

of the interface and y is the surface tension coefficient.

The radius of curvature on the y-z plane is related to the height of the channel h and the

advancing contact angle 0, with the top and bottom walls (as illustrated in Figure 3-2) by

R, = h (3.8)
2 si n|6.-90*|
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air
Wall B

,mucus

---------------------- Ih

L R

Figure 3-2 Side view of the channel with the air-mucus interface as the blue dotted line. 0, is the
contact angle, R is the radius of curvature of the meniscus and h is the depth of the shallow channel.
The relationship between h, R and 0 can be deduced as follows: R sinjO, - 90 = h/2. Thus, h = 2R
sinjO, - 90'g.

By the same principle, the radius of curvature on the x-y plane is related to the width of the

channel w and the advancing contact angle 0s with the sidewall by
w

R2= 2sinO-9O (3.9)

In our case, the channel width w is much larger than the channel height h. As a result, the

Laplace pressure can be estimated to be

2y sinIO,-9O0I
APLaplace = 2 (3.10)

For the liquid to advance along the channel, both 0s and 0, have to be equal to or larger than

the critical advancing contact angle, OA, which is the maximum contact angle at which the contact

line does not advance. When the meniscus is in motion, the apparent dynamic contact angle is

similar to OA when the capillary number is small 58 . If APiow > 0, i.e., the liquid pressure is greater

than the gas pressure, the interface would bulge towards the air channel. The contact line is pinned

at the boundary because the contact angle with the new sidewall (wall B in Figure 3-2) is now

On =OA - 90', which is smaller than the critical advancing contact angle. The liquid will only leak

into the air channel if the interface continues to bulge and the contact angle with the new wall

increases from On to min{OA, 90", which means the contact angle with the old wall increases from

OA to min{OA + 900, 180 }. If APlow < 0, i.e., the gas pressure is greater than the liquid pressure,

the interface would bulge towards the liquid channel and the contact line will be pinned if 0 < OA.
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As a result, in order to sustain a stable gas-liquid interface, the Laplace pressure should be

restricted as follows:

2ysn 0 2y sin where 0 = min{A, 90 '} (3.11)

That is to say, in order to sustain a stable gas-liquid interface where APflow is balanced by

APLaplace, the relationship below should hold:

-2y sin 6 3 2 ymvmLm p 2ysin|&A-90'1 (3.12)
h Dm h

3.2 Methods

3.2.1 Microfluidic device fabrication

The devices were fabricated in polydimethylsiloxane (PDMS, Sylgard 184, Dow Coming,

USA) using standard microfabrication soft lithographic techniques 59. A two-step SU-8

photolithography was performed because the air and mucus channels are separated into two layers.

The alignment marks were etched using deep reactive ion etching (DRIE) prior to the SU-8

photolithography to provide better contrast for alignment of the two layers. Refer to the appendix

for detailed steps. Following the photolithography, the silicon wafer was silanized with

trichloro(lH, lH, 2H, 2H-perfluorooctyl)silane (Sigma Aldrich, USA) in a desiccator jar for 1

hour to facilitate PDMS mold release. PDMS prepolymer mixed in 10:1 (w/w) ratio with curing

agent was poured onto the silicon wafer and cured at 65'C for at least 2 hours. Finally, vertical

inlet and outlet holes and horizontal holes connected to the inlets were punched and the PDMS

microchannels were exposed to oxygen plasma (Harrick Plasma Cleaner, USA) and irreversibly

bonded to a microscopic glass slide. The finished device was left on a 95'C hotplate for 10 minutes

to strengthen the bonding. The vertical inlet hole was then sealed using a UV-curable adhesive

(Norland Optical, USA).

3.2.2 Sample collection and preparation

Saliva and purified gastric mucin have been used as source of mucin in the experiments.

Submandibular saliva is collected using a custom vacuum pump setup. Two holes are cut into the

cap of a 50 mL Falcon tube, with one hole connecting to the vacuum line and the other connecting

to a Tygon collection tubing. The Falcon tube is kept on ice at all times. The collection tube is
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used to suck up unstimulated submandibular gland secretions from under the tongue. Cotton swabs

are used to absorb the parotid gland secretions. The saliva sample is kept at -80'C until needed.

Protocols involving the use of human subjects were approved by Massachusetts Institute of

Technology's Committee on the Use of Humans as Experimental Subjects 22

For native gastric mucin, the collection and purification is based on the method of Gong et

al.60 and Li14 , except that the cesium chloride density gradient centrifugation step is omitted. Refer

to the appendix for detailed purification steps. For microfluidic experiments, lyophilized mucins

were reconstituted at 0.5% (w/v) in 20 mM HEPES (4-(2-hydroxyethyl)-I -

piperazineethanesulfonic acid) buffer, containing 0.0025% (w/v) of 1 pm polystyrene YG

microspheres (Polysciences Inc., Warrington, PA) for flow tracking purposes. The microsphere

added at a low concentration is not expected to alter mucus permeability 61 . The HEPES buffer also

would not interfere with the molecular organization of mucins at 20mM".

3.2.3 Microfluidic device preparation

For experiments that involve saliva and purified mucin, the microfluidic device needs to be

primed before the experiment to prevent interaction of mucin with the PDMS and glass surfaces.

2pL of PLL-g-PEG is added to the outlet of mucus channel and coats the whole device. The coating

is to be done within 15 minutes of the oxygen plasma treatment when the device surface remains

reactive. The PLL-g-PEG will bind nonspecifically to the channel walls and greatly reduces the

adsorption of proteins onto the channel walls by forming a passivation layer. The device is then

placed in a hydration chamber for 20 minutes to complete the coating. After coating, the remaining

PLL-g-PEG is removed from the outlet and the device is flushed with DI water to replace unbound

PLL-g-PEG. The mucus channel inlet (0.35mm diameter) should be completely filled with DI

water and free of gas bubbles to prevent unstable and periodic flow rate during the experiment.

3.2.4 Aerosol generation

A disposable medical jet nebulizer (AirLife® Misty Max 10@, BD, USA) is used to generate

aerosol droplets because of its ease of operation. The aerosol stream is delivered horizontally into

the microfluidic device via a side hole to avoid loss of droplets by impaction with the bottom

surface of the device. The solution of interest is loaded inside the chamber of the jet nebulizer. 1
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pM Rhodamine 6G dye (Sigma Aldrich, St Louis, MO) solution is used for device characterization.

A nitrogen pressure source is connected to inlet of the nebulizer for aerosol generation.

3.3 Experimental setup and device operation
The minimum driving pressure for the nebulizer to generate visible and moderate quantity

of droplets is approximately 3 psi, which would require a very shallow mucus flow channel in

order for a stable interface to be sustained. In addition, the aerosol generation dose is inversely

related to the resistance of the microfluidic device (see Figure 3-3).

(a)

riz~

LI~

Figure 3-3 Comparison of aerosol generator (with fluorescent dye) output for different device
depths. The right image is taken 2 minutes after the left one. (a) channel depth = 35prm. (b) channel
depth = I50pm. The aerosol generator output is positively correlated with device depth.

If the channel depth is small, in other words, the device resistance is fairly large (Reiiiii>>

Rgencrator), the amount of aerosol droplets generated and entering the device will be scarce because

of the insufficient pressure change at the generator and AP c . As a result, the driving pressure
R

needs to be further increased before a moderate amount of droplets can be generated. However, a

higher pressure would disturb the stable air-liquid interface and the mucus channel depth needs to

be reduced to sustain the pressure. Thus, a y-junction is connected to the output of the aerosol

generator to serve as a flow splitter 6 , with one end connected to the microfluidic device and the
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other end connected to a control valve and then a reservoir at atmospheric pressure. Figure 3-4

illustrates the experimental setup of the system. The control valve connected to the atmosphere

serves as a low resistance flow path and effectively reduce the resistance of the flow path after the

aerosol generator. This allows sufficient pressure drop across the aerosol generator and results in

moderate aerosol dose and stable air-liquid interface in the device.

Microfluidic Device
Aerosol- Flow Splitter

Generator
Control Valve

Figure 3-4 Schematic of the experimental setup. In order to prevent loss of droplets by impaction
on the bottom of the channel, the droplets are delivered horizontally into the device. The pressure
at the inlet of the device is controlled with the valve to regulate the droplet flow.

The sample is loaded in a 50uL glass syringe (Model 1705, Hamilton Company, Reno, NV)

carefully to prevent formation of gas bubbles. A tubing union device (MicroTight '-Union P-720,

IDEX Corp., Oak Harbor, WA) is used to connect the syringe with fused silica capillary tubing

(TSPI00375, Polymicro Technologies, Phoenix, AZ) with outer diameter of 360 Pm and inner

diam-eter of 100 pmn. The gastight glass syringe and capillary tubing are adopted to minimize

sample volume and provide precise low flow rate operation. The microfluidic device is mounted

on an inverted fluorescence microscope (Olympus IX71, Center Valley, PA) connected with a

CCD camera (Hamamatsu Photonics, C4742-80-12AG, Japan). Images are acquired by the Micro-

Manager software (Ron Vale Lab, University of California San Francisco, San Francisco, CA) and

analyzed with ImageJ (NIH, hp:shifnigv//). Using a syringe pump (Fusion 200,

Chemyx, Stafford, TX), the sample is pumped into the mucus channel at the physiological

clearance rate of mucus', 5mm/min. The pressure tolerance of the device is first tested with the

device inlet directly connected to a gas source through a pressure regulator. It is then connected to

the aerosol generator from one end of the flow splitter for permeability studies. Devices with

different parameters (depths and widths of the air and mucus channels) are tested while tuning the

driving pressure of the aerosol generator and the control valve to obtain a stable air-liquid interface

and moderate aerosol dose.
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3.4 Device parameter optimization
The microfluidic airway device consists of two channels, with liquid flowing in the straight

channel and aerosol in the angled channel. There is no membrane separating the air and liquid

channels and thus the interface must be held in place by surface tension. In order to achieve

continuous two-phase air-liquid flow, the channel surfaces can be modified by wettability

patterning with hydrophobic and hydrophilic reagents 63,64. However, the coating may degrade

because of PDMS hydrophobic recovery and additional solvent extraction steps are needed to

maintain the coating integrity. Alternatively, a channel depth difference can be created5 5 to

enhance the Laplace pressure that balances the flow pressure difference. In our system, we adopt

the depth control scheme to create a stable air-liquid interface.

In section 3.1, it is deduced that the device and experimental parameters must satisfy
- 2y sin 0 _____ 32_______ _900

Equation (3.12), that is nO 32 mLm _a a 2ysinjOA-9*I where y: surface tension

coefficient, p.: mucus viscosity, v,: mucus flow velocity, L.: mucus channel length, h: mucus

channel depth, Dm: mucus channel characteristic length, Pa: air pressure, OA: critical advancing

contact angle of mucus on PDMS/glass and 0 = min{OA, 900} = OA. Because of the large operational

pressure of the aerosol generator (Pa) and the low physiological flow rate of mucus (v), the air

pressure will be larger than the liquid flow pressure and Equation (3.12) can be rewritten as

2y sinA + 3 2 /ImvmLm p(3+ 2 - Pa(3.13)
h Dm

As a result, Equation (3.13) can be balanced with appropriate air pressure, mucus channel

width, depth and length. However, mucus viscosity (pm) varies with shear rate, and is known to be

highly variable between subjects and within the same subject on different days9 . The viscosity of

human respiratory mucus can be as high as 103 Pa-s and as low as 10-2 Pa-s9 and that of pig gastric

mucus varies between 0.13-63 Pa-s 65,66 depending on the shear rate. In addition, the critical

advance angle (OA) depends both on the channel surface properties and mucus quality. Due to the

variability in these parameters, the range of mucus channel width, length and depth that would

satisfy Equation (2.12) are calculated and initial starting values are chosen. Devices with these

parameters are then fabricated and tested in our system to determine whether the contact line of

the aerosol and sample can be pinned at the interface. The parameters are then reiterated until a

stable air-liquid interface is achieved. Human saliva, which have comparable viscoelastic
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properties as lung mucus, is used for initial optimization of the microfluidic system due to the

highly limited volume of respiratory mucus.

3.4.1 Channel depths

The initial values of device parameters are calculated to be the following: sample channel

width (w,,,) and depth (h) of 100 pm and 20 pim, aerosol channel width (wa) and depth (ha) of 100

pm and 80 pim, channel length of 3 mm and interface length of 1 mm. The pressure tolerance of

the device is measured by a gas flow meter as the maximum pressure that a stable air-liquid

interface can be sustained. The device is then connected with the aerosol generator as in the setup

shown in Figure 3-4. The aerosol generator is driven at its minimum operating pressure, 3 psi, and

the control valve is tuned to achieve a stable co-flow of the sample and aerosol. The depths of

sample and air channels are varied while the widths and lengths of the channels are kept constant.

The different structural parameters tested are documented in Table 3-1 with their performance and

ability to sustain a stable air-liquid interface.

Table 3-1 Performance of devices with different structural parameters

Sample Channel Air Channel Prsue Interface Droplet
Depth (hm) Depth (ha) tlrne sustained? Input

1 20pm 80 pm 1-1.5 psi x Abundant

2 15 pm 60 pim 1.5 psi x Abundant

3 10 pm 55 pm ~2psi x Moderate

Almost
4 6 pm 12 pm ~ 4 psi Alostnone

5 6 pm 35 pm ~ 4 psi V Moderate

6 6 pm 80 pm ~ 4 psi Abundant

As seen in Table 3-1, the device with the initial parameters of h. = 20 pm and ha = 80 pm is

not able to sustain the pressure of the aerosol generator. The air-liquid interface retracts into the

sample channel and obstructs the flow of the sample (Figure 3-5).
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(a)

(b)

Figure 3-5 The air-saliva interface at different pressure. (a) Pa 1.5 psi (b) Pa > 1.5 psi. The top

channel is 80um deep and filled with air. The bottom channel is 20um and contains continuously

flowing saliva. The interface is stable at a pressure around 1.5 psi for air while the saliva is flowing

at 40pm/s. Above this pressure, the interface retracts into the sample channel.

In order to increase the pressure tolerance of the device, the sample channel depth is reduced

and the air channel depth is kept at the largest value possible for the alignment mark to be visible

during the two-step fabrication process (scenario 2-4 in Table 3-1). As the sample channel depth

decreases, the sample flow pressure and Laplace pressure increase to satisfy Equation (3.13) and

establish a stable air-liquid interface. It is found that the device with sample channel depth of 6

pm is able to withstand the pressure from the aerosol generator. However, the device resistance

increases greatly as the air channel depth reduces, resulting in a scarce aerosol influx that is too

small to be observed with microscope. As a result, the air channel depth needs to be further

increased. In order to obtain a larger air channel depth, a fabrication step during which the

alignment mark is etched into the silicon wafer is added to the photolithography process to enable

a thicker second layer. Finally, a stable air-liquid interface is achieved with a device with sample

channel depth of 6 pm and air channel depth of 80 pm.

3.4.2 Aerosol impaction angle

In addition to the structural parameters, the angle between the aerosol and sample channel (0

in Figure 3-6) is also varied to increase the impaction rate of aerosol droplets onto the sample.

When the two channels are parallel, very few droplets impact onto the sample flow. In addition, in

the airways, impaction often happens when there is a change in direction in the airflow. Thus, the
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angle between the sample and aerosol channel is varied between 150, 30', and 900 so that more

aerosol droplets are able to impact and diffuse into the sample.

Aerosol

Mucus -

Figure 3-6 Device schematic illustrating the angle between aerosol and mucus channel.

It is found that the droplet impaction rate is the largest when 0 = 900 and decreases with

smaller angles. With a sharper turn in the direction of flow, the aerosol droplets are more likely to

impact the sample surface by inertia. However, when 0 = 90', the air-liquid interface is initially

stable but retracts into the sample channel after a short period of time. As a result, the angle

between the aerosol and sample channel is chosen to be 300 to maximize the droplet impaction

rate while maintaining a stable interface.

3.4.3 Channel and interface length

As the mucus sample is flowing at a fixed velocity, the sample channel needs to be long

enough for us to monitor particle and allergen adsorption to, and transported through, the mucus

layer. As a result, it is important to have an estimate of the transport properties of the particles and

allergens in the mucus layer. Carrier et al. 67 investigated the transport properties of 200 nm

carboxylate- and amine-modified polystyrene beads in purified gastric mucin using real-time

multiple particle tracking and reported the diffusion coefficient to be 0.171 pm 2/s and 0.014 pm2/s,

respectively. The passage time required for the particles to navigate a distance L through mucus

L 2

can be calculated by t = -. Thus, it will take approximately 2.5 minutes for a 200nm carboxylate-

modified particle to travel through 5 ptm of mucus while it will take around 30 minutes for a 200nm

amine-modified particle. If we assume a sample flow rate of 40 pm/s, the channel length needs to

be at least 40 pm/s * 2.5 min * 60 s/min = 6000 ptm =6 mm long. As a result, the sample channel

length is increased to 1 cm.

However, it is very difficult to reach a stable air-liquid interface with such a long interface

length. Local irregular flow patterns start to develop in the sample channel and a steady co-flow

of aerosol and sample is not achievable. Therefore, the interface length (La,m) is reduced to 500
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Vnm while the channel length is kept the same at 1 cm. The schematic (top view) of the channel is

shown below in Figure 3-7. This results in a stable air-liquid interface where aerosol droplets are

delivered into the mucus and transported through the mucus layer in the rest of the sample channel.

The system is tested using DI water, saliva and purified gastric mucin (PGM) as the sample.

(L

Figure 3-7 Schematic of the device with long channel and short interface. This design enables the

transport of particles through the sample layer while maintaining a stable air-liquid interface that

simulates the physiological environment in-vivo.

3.5 Results

3.5.1 Stable air liquid interface

After experimenting with different device structural parameters, a balance between air

pressure, sample flow pressure and Laplace pressure is reached with satisfactory aerosol influx.

The air-liquid interface is stable with sample flow rate as low as 1 nL/min, which corresponds to

a flow velocity around 30 jim/s. This matches the physiological mucus clearance rate in deeper

parts of the lung, which is 40 pm/s. The sample flow velocity can be increased to match the larger

mucus clearance rates of 60 - 180 pm/s in nasal and tracheal airways. The stable interface between

air and mucus flow is shown in Figure 3-8.

Air

Saliva - . 100 UM

Figure 3-8 Stable co-current air-liquid interface in the in-vitro microfluidic airway model. The

bottom channel contains saliva flowing at the physiological rate and the top channel is filled with

air at inlet pressure of 3 psi.
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3.5.2 Impaction and diffusion of aerosol

Fluorescent Rhodamine 6G Dye is used to visualize the aerosol generation in our system and

monitor its dose. Because of the change in flow direction created by the angle between aerosol and

mucus channels, aerosol droplets of larger size deviate from flow streamlines and impact the air-

liquid interface. It is the same deposition mechanism as inertial impaction that happens in the upper

airways of the tracheobronchial tree. Figure 3-9 shows a time series of the impaction of aerosol

droplets into the sample.

Figure 3-9 Impaction
the bottom half of the
(dark region).

and diffusion of aerosolized dye droplet into DI water. DI water flows in

device (bright region) while dye droplets in air flows through the top half

The operating pressure of the aerosol generator is between 3 and 4 psi, and the interface is

no longer stable beyond an operating pressure of 4 psi. The relationship between the aerosol

impaction rate and operating pressure is illustrated in Figure 3-10.

1.5

G)

0

M

1

0.5

U

2.5 3 3.5 4 4.5

Operating Pressure (psi)

Figure 3-10 The relationship between aerosol impaction rate on the air-liquid interface and

operating pressure of the aerosol generator.
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3.5.3 Concentration behavior at the air-liquid interface

Since it is difficult to label mucin polymers, I pim polystyrene beads are added at a low

concentration (0.0025% w/v) to monitor the sample flow behavior at the air-liquid interface. The

beads embedded at this concentration are not expected to alter the mucus microstructure and should

follow the fluid flow streamline. However, it is observed that the beads which are close to the air-

liquid interface do not flow in a straight line as expected. They deviate towards the air-liquid

interface as they flow down the channel. This means that part of the sample flow is directed

towards the interface instead of down the sample channel. Figure 3-11 shows a time series that

captures the bead attraction phenomenon.

t = 0 t 500 ms t = 1000 ims t = 1500 ims

Figure 3-11 The flow behavior of the tracking polystyrene bead in Dl water. The yellow dashed
line represents the air-liquid interface in the device. The sample is pumped from left to right in the
top channel and air flows in the same direction in the bottom channel (with aerosol generator
operation pressure of 4 psi). As the bead flows through the device, it is drawn laterally near the
air-liquid interface and becomes pinned at the interface.

The attraction of beads towards the interface occurs in all samples that are tested, i.e., in DI

water, saliva and purified mucin solution. At low air pressure, the beads flow in a nearly straight

manner. As the pressure increases, the bead flow deviates toward the air-liquid interface and

becomes pinned if it reaches the interface. The trapped beads can only be released from the

interface if the air pressure is lowered.

In order to quantify this behavior, a parameter (bead pass ratio) is defined as the ratio of the

number of beads entering the interface zone to that of beads exiting the interface zone. The

concentration ratio can then be calculated as I minus the bead pass ratio. The bead attraction

phenomenon is quantified under two conditions: (I) gas source directly connected with device (2)

gas source passes through an aerosol generator before the device.



The bead attraction is first measured with gas source directly connected to the microfluidic

device without a nebulizer. The gas pressure is tuned by a pressure regulator and the relationship

between pressure and bead pass ratio as well as concentration ratio is shown below in Figure 3-12.

The concentration ratio increases with pressure and can be as high as 90% when the gas pressure

is 4 psi.

(a) (b)
0.3 1

0
0
m 0.2 -0.9

T

0.1 -v 0.8 -U
C
0

0 0.7
1 2 3 4 5 1 2 3 4 5

Pressure (psi) Pressure (psi)

Figure 3-12 The relationship between pressure and (a) bead pass ratio (b) concentration ratio with
gas source connected directly to the device. The bead attraction phenomenon is more pronounced
at higher pressure.

The microfluidic device is then connected with an aerosol generator filled with DI water as

in the setup illustrated in Figure 3-4. The operating pressure is varied between 3 to 4 psi while

maintaining a stable interface. The relationship between pressure and bead pass ratio as well as

concentration ratio is shown in Figure 3-13. The attraction of beads toward the interface is less

prominent compared to that in the previous scenario where most of the beads are attracted and

trapped at the interface. This demonstrates that the liquid droplets generated by the nebulizer

effectively increases the relative humidity of the air passing through the device and results in a

reduction in bead attraction towards the interface. However, there is still considerable amount of
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concentration (around 30-40%) and further improvements are needed to prevent beads attraction

to the interface.

(a) (b)
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Figure 3-13 The relationship between pressure and (a) bead pass

when the gas source is passed through a nebulizer with liquid. The

follows the same trend but is less severe.

3.5

Pressure (psi)

4

ratio (b) concentration ratio
bead attraction phenomenon

The bead attraction phenomenon is also observed when the device is tested with saliva and

purified mucin solution. In this case, the beads near the interface move at a slower speed compared

to those farther from the interface, and they become "seemingly immobilized" within a layer next

to the interface. The thick, slow-flowing layer adjacent to the interface gradually grows wider and

the sample flow is eventually restricted to upper parts of the channel. The time series images in

Figure 3-14 (a) illustrates this concentration phenomenon. As the airflow pressure increases, the

sample layer seems to condense towards the interface (Figure 3-14 (b)). In addition, the degree of

mucin concentration near the interface is negatively correlated with sample flow rate. The

concentration effect occurs in a shorter time scale when the sample flow rate is low.
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(a)

t =0

t 500 ms

t = 1000 ms

(b)

Increasing air pressure

Figure 3-14 (a) The flow behavior of the tracking polystyrene bead in purified mucin solution.
The yellow dashed line represents the air-liquid interface in the device. The sample is pumped
from left to right in the top channel and air flows in the same direction in the bottom channel. The
sample is concentrated near the interface and results in a smaller flow speed near the interface
compared to that farther from the interface. (b) The attraction of beads towards the interface as
pressure increases. The sample is pumped from left to right in the top channel and air flows in the
same direction in the bottom. The high air pressure seems to -pull' the sample layer towards the

interface.

The unique flow phenomenon is likely due to concentration of mucin near the interface.

Despite their low concentration, mucins are large glycoprotein and their accumulation would result

in an increase in viscosity. The viscosity of the solution near the interface increases gradually as

the mucin polymer accumulates, causing the layer near the interface to move much slower than

that farther away from the interface. The same effect is observed in carboxymethylcellulose (CMC)

solution. CMC is a large polymer that is used as viscosity modifier or thickener, and its

concentration near the interface results in an increase in viscosity and decrease in bead flow

velocity near the air-liquid interface.
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As in the case with Dl water, the concentration effect is reduced significantly when the device

is connected with a nebulizcr as in the final setup. The sample still gradually accumulates near the

interface, but at a slower timescale. and thus provides a larger window for the experiment. Despite

the concentration effect, aerosol droplets are able to be delivered and diffuse into the mucus layer

(Figure 3-15), allowing us to perform permeability studies of different drugs and allergens in

mucus.

Figure 3-15 Aerosol dye droplets diffusing into purified mucin solution. 0.5% purified mucin

solution flows from left to right in the top channel and aerosol is delivered from the bottom
channel.

3.6 Discussion
We have created an in-vitro microfluidic system that mimics the critical elements of mucosal

barriers in the respiratory system. It models the essential process of mucociliary clearance in-v/r0:

air containing allergens flowing over a moving stream of mucus. The dynamic mucin-air interface

accommodates co-current aerosol and mucus flow and recapitulates the key physiology of particle

delivery to the nasal or lung epithelium. creating a platform which enables us to study the impact

of the environment on the mucosal epithelia.

By varying different device structural parameters, a stable air-liquid interface is achieved

with mucus flowing at the physiological clearance rate. Diffusion of aerosol droplets is monitored

by live microscopy. and systematic analysis of different allergens and drugs transport through

mucus can be performed and analyzed using this platform.

The advantages of our system over the macroscale diffusion chamber and air-liquid interface

culture is that our system is dynamic with constantly replenished mucin and aerosol and more

closely mimics the in-vivo situation. The ability to visualize the inside of the microfluidic system

also allows us to measure several components at once. For example, the sample flow velocity can

be tracked by beads while monitoring aerosol diffusion simultaneously. Furthermore, compared
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with air-liquid interface culture, which includes both airway epithelial cells and mucus, our system

only contains mucus and allows us to focus on the barrier function of airway mucus and distinguish

between the influence of allergens and drugs on mucus and cells.

In our system, a stable air-liquid interface is maintained by depth control of the sample and

aerosol channels. The contact line between two phases is pinned at the edge shared by the two

channels with mucus channel height of 6 pim, air channel height of 80 pm, interface length of 500

pm and channel length of 1 cm. The device is tested with DI water, saliva and purified mucin

solution. Fluorescent microspheres are added at a low concentration to track the flow velocity of

sample. However, it is observed in DI water that the beads that are close to the air-liquid interface

do not flow in a straight line and deviate towards the interface as they flow down the channel

(Figure 3-11). As the beads are an indicator of the sample flow, this indicates that part of the

sample flow is directed towards the interface instead of along the sample channel. Two parameters,

the bead pass ratio and the concentration ratio, are defined to characterize this phenomenon. The

bead attraction phenomenon is also observed when the device is tested with saliva and purified

mucin solution. Figure 3-14 depicts the sample flow behavior in our device. In this case, the

accumulation of mucin near the interface results in an increase in viscosity, creating a lateral

viscosity gradient perpendicular to the interface. Fortunately, the concentration phenomenon is

mitigated when the device is connected with a nebulizer as the suspended liquid droplets in the air

effectively moisten the air passing through the interface.

If the air channel was filled with oil, the concentration effect is completely suppressed. The

concentration effect observed in our system is most likely due to evaporation of the sample into

the air channel that is constantly replenished with fresh, low humidity gas. Evaporation-assisted

cell concentration has been utilized to concentrate bacteria cells on a chip because they do not

harm target cells and require no external energy sources 68-70. In the work of Lee et al.68, it is shown

that the concentration of microparticles from evaporation is significantly enhanced under forced

convection with nitrogen gas. Raimundo et al. 71 investigated the evaporation from water surfaces

under forced airflow and found the dependence of the rate of evaporation (Jw) on the airflow

velocity (Va) and the vapor mass fraction difference ACv to follow the relationship

J, = a (b + c Va) AC, (3.14)

where ACv is defined as the difference between vapor mass fraction at the air-water interface (CB,W)

and its average value at the inlet of the gas stream (CB,in) and a, b, and c are fitting parameters.
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As a result, the concentration phenomenon can be reduced either by lowering the airflow

velocity, which is positively correlated with the airflow pressure, or by increasing the vapor

pressure of the gas stream, which is positively correlated with relative humidity. By connecting

our device with a nebulizer which increases the humidity of the airflow and lowering the operating

pressure of the aerosol generator (while maintaining a stable air-liquid interface), the concentration

rate of beads and solute near the interface has been lowered significantly. To further reduce the

evaporation-driven concentration near the interface, additional components to increase moisture

in the aerosol stream are needed to be included in our system.

In our respiratory system, the airways condition a wide range of inspired environments to

achieve nearly 100% relative humidity gas at the alveolar surface72 . Inspired gas is conditioned

mainly in the nose turbinates, at which the flow of air into the nasal passage is forced through

narrow passages that are covered with moist nasal respiratory mucosa. During the passage across

this broad mucosal surface, the air is warmed and humidified by a rich vascular capillary bed that

is directly beneath the surface 73. The conditioning, which cools and dries the mucosa, continues in

the pharynx and is normally completed in the trachea72. Thus, with every breath, moisture is

normally lost from the mucosa to the inhaled air but will be replenished from systemic reserves to

enable condition of the next breath74 . Considerable water loss from the trachea and main bronchi

might also occur during mouth breathing with hyperventilation or exercise due to evaporation from

the airway surface liquid. The exact amount of water loss depends on factors such as ventilation

rate and inspired air temperature and humidity, but values of about 500 tL/min have been reported

by a number of researchers 7 5.

In short, evaporation of mucus can occur in-vivo in larger airways and during mouth

breathing, and particles trapped in mucus might be drawn slightly closer to the air-mucus interface

during this process. The slight increase in viscosity near the interface might also present a more

effective entry barrier for incoming particles to penetrate the interface.

In its present form, our microfluidic model system has several limitations, which can be

overcome by future development. For example, despite our attempt to lower the air pressure in the

device by driving the aerosol generator at its minimum operating pressure and adding a low

resistance flow path parallel to the device, the air pressure at the device inlet is still quite large

(around 1 psi). This translates into air flow velocity of around 20 m/s, which is much larger than

the average flow velocity of 2-3 m/s in large airways. The air pressure of the device inlet can be
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lowered by further reducing the flow resistance of the flow path in parallel with the device and

altering the aerosol channel width and depth while scaling the channel resistance by the same

factor as the pressure reduction ratio. This would result in an airflow velocity close to physiological

condition while maintaining sufficient aerosol dose into the device. The evaporation-driven

concentration phenomenon will also be lowered. In addition, the device is presently limited to

model particle delivery in larger airways, due to evaporation-induced concentration (thickening)

of mucus. By addition of components to increase moisture in the aerosol stream, we can expand

the scope of studies that can be performed with our microfluidic model.

By improving the limitations addressed above, we envision our device to more closely model

the key physiology of particle delivery to the airway epithelium and serve as a broad platform to

study particle and drug transport through clinical mucus samples. Understanding the permeability

properties of healthy and diseased mucus may suggest a host of new treatment strategies. In

addition, knowledge of the key surface properties of particles that promotes translocation through

the mucus gel raises the possibility of designing vehicles for more efficient drug delivery to the

airway epithelium. Moreover, the system can also serve as a platform for development of

therapeutic agents which improve or alter barrier function to limit exposure of the respiratory

system to allergens in the first place. With our in-vitro airway model, we wish to develop a detailed

understanding of the respiratory mucus permeability towards selected allergens and how it may be

altered in individuals with airway mucosal diseases.
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Chapter 4 Conclusion and future plans

In this thesis, we present a novel in-vitro microfluidic airway model device which closely

models the biophysiological properties of the airway system. Our system recapitulates the key

physiology of particle delivery to the airway epithelium by accommodating co-current flow of

aerosol and mucus. The device structural parameters including channel depths, interface length

and channel length, are optimized to achieve a stable air-mucus interface with physiological

clearance rate of mucus and abundant aerosol influx. Evaporation-driven concentration is

observed within our device with mucin and beads accumulating near the interface, and this needs

to be further reduced to expand the capability of our system to model particle delivery to small

airways.

To conclude, we have created a dynamic airway model system that features constantly

replenished mucin and aerosol and more accurately reproduces the physiology of molecular and

particle transport into a mucus barrier compared to previous technologies. This device enables

measurement of the concentration profiles of the molecules as they diffuse into the mucin layer.

In the future, several improvements such as increasing the incoming gas humidity and reducing

the gas flow velocity within the device need to be implemented to more closely model the

situations in vivo. Permeability studies of positive and negative charged fluorescent microspheres

followed by charged peptides should be conducted to confirm that electrostatic selectivity of

mucus. We hope to then perform systematic permeability studies with appropriate allergens in

healthy and diseased mucus in the near future. We envision the device to serve as a broad platform

to identify key properties of mucus that may guide the way to improved airway disease diagnosis

and treatment, including the prevention of particle penetration and optimization of therapeutic

particle delivery.
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Appendix

Mucin purification
For native gastric mucin, the collection and purification is based on the method of Gong et al.60

and Li14 , except that the cesium chloride density gradient centrifugation step is omitted. The

method is described in detail as follows. The stomachs of 20-40 slaughtered pigs are rinsed with

tap water to remove partially digested stomach contents. The mucus layer is then carefully scraped

to remove and collect the mucus. Next, the scrapings are diluted to a volume of ~4L using a

solution containing 200 mM NaCl and 0.04% (0.04 g per 100 mL) NaN3, which is used as a

preservative. The mixture is adjusted to pH 7.4 using NaOH. Protease inhibitors (5 mM

benzamidine, 1 mM dibromoacetophenone, 1 mM phenylmethylsulfonylfluoride, 5mM EDTA

pH7) are added to the mixture to prevent natural enzymes in the scraped mucus from digesting the

mucins. The mixture is then stirred gently overnight at 4'C to solubilize the mucus. The mixture

is centrifuged at 7000 rpm for 30 minutes at 4'C to remove large debris pieces scrapped off with

the mucus. The collected supernatant is then ultracentrifuged at 30,000 rpm at 4*C for 1.5 hours

to further remove debris and large aggregates. The collected supernatant is fed by gravity into a

PD-10 column (GE Healthcare, Pittsburgh, PA) and the flow through is collected. This step

removes any debris not removed by the ultracentrifugation or dislodged from the

ultracentrifugation pellet during supernatant collection. Next, the collected supernatant is pumped

into a Sepharose 4B-Cl size exclusion column and then eluted using 200 mM NaCl solution at a

flow rate of 60 ml/h. Fractions of 9 mL each are collected from the Sepharose 4B-CI column. A

periodic acid-Shiff stain assay is performed on a 50 ptL of sample from each fraction. The positive

fractions indicate the presence of high molecular weight glycoprotein. These fractions are pooled

together and diluted with DI water in a 1:9 ratio to achieve an ionic strength of 20 mM NaCl. The

diluted samples are then transferred into an ultrafiltration cell (Series 8000 stirred cell, EMD

Millipore, Billerica, MA) with Amicon XM300 membrane. Lastly, the concentrated samples are

divided into small aliquots, flash frozen in liquid nitrogen, and then lyophilized. This results in

lyophilized native purified mucins. The mucins are stored at -80'C until needed for reconstitution.

Fabrication process flow
Starting material: 6" p test wafers
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