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Abstract

Airway Epithelium-on-a-Chip as a Platform

for Particulate Matter Study

Junhee Choi
Interdisciplinary Program in Bioengineering
Seoul National University Graduate School

The purpose of this research is to develop a microfluidic Airway Epithelium-on-a-
Chip, a novel in-vitro model for assessing effects of particulate matters (PM) on airway
epithelium, and to evaluate its potential as a platform for PM study. The characteristic of human
airway, which is the consecutive connection of different epitheliums, is established on upper
channel of the chip, using a novel microfluidic cell-culture method. As airway epithelium is
formed, on-chip cultured cells were exposed to diesel exhaust particles (DEP), and as a
consequence, EMT (Epithelial-to-Mesenchymal Transition) and inflammatory reaction were
observed on chip. In order to examine functionality and reliability of the chip, DEP experiments
on cell culture plate and animal model are conducted. For animal model, asthma-induced mouse
is used.

Airway Epithelium-on-a-Chip is made of PDMS (Polydimethylsiloxane) and
consisted of the upper channel, which enables in-series culture of different epithelial cells, ECM
(Extra-cellular matrix)-coated membrane, and the lower channel, in which continuous perfusion
is made. To mimic airway epithelium, human nasal epithelial cell line and human alveolar

epithelial cell line are used and cells are co-cultured in-series. Moreover, fibronectin is coated



on porous PET membrane in order to support cell attachments and proliferation. In order for
long-term survival of on-chip cultured cells, the lower channel is connected to a syringe pump,
which makes continuous flow of media.

The confluency of two epithelial cells cultured inside the chip is observed using daily
microscopic images and the epithelialization is verified by the formation of tight junctions
between cells. Also, as the epithelial cell layer is exposed to sonicated DEP, the EMT ability and
the release of pro-inflammatory cytokines are investigated using immunofluorescence staining
and PCR (Polymerase Chain Reaction). To verify the on-chip results, in-vitro experiment and
in-vivo study using asthma mouse are conducted simultaneously. During in-vitro experiment,
human alveolar epithelial cells (A549) are cultured on cell culture plate and exposed to DEP
and TGF-beta, and the formation of tight junctions and EMT ability are compared between
control and experimental groups. During in-vivo study, an asthma-induced mouse is treated
with DEP for 3 days using intra-hasal challenges and sacrificed. Its lung cells are then gone
through PCR for investigating the secretion of inflammatory cytokines.

Cells cultured inside the chip formed tight junctions in 2 days and achieve the full
confluency in 4 days. As effects of DEP on epithelial cells, the breakage of tight junction,
increased EMT ability and the secretion of 1L-6 were observed. Significant similarity was found
between on-chip results and those from in-vitro and in-vivo experiments. In vitro experiments
resulted in the breakage of tight junctions and increased EMT ability of epithelial cell layers,
while in vivo experiments resulted in the elevated level of IL-6 mMRNA from DEP-treated
asthma mouse model.

In this study, a microfluidic airway epithelial chip was developed and tested for its
reaction to Diesel Exhaust Particles. The formation of tight junction and gradual increase of cell
layer in microscopic images prove the formation of epithelium on the chip, which also verifies

the functionality of Airway Epithelium-on-a-Chip. Moreover, the elevation of IL-6, known



inflammatory cytokine, was observed on the chip, which was supported by the in-vivo mouse
model. By showing the agreement between on-chip results and in-vivo results, the reliability of
the microfluidic chip has been assured.

Organ-on-a-Chip is an emerging 3D in-vitro model, which can provide tissue-level
functions by reconstructing minimal functional units of organs. Applying this concept, Airway
Epithelium-on-a-Chip is developed as a novel in-vitro model that mimics the consecutive lining
of airway epithelium. The novel microfluidic in-series co-culture technique, introduced in this
research, can be further applied to study interactions of different epithelium. For instance, the
consecutive lining of intestinal epithelium can be mimicked using this microfluidic channel
design. Further plans should be made to address limitations from this research. In order to
improve the functional and environmental similarity to real tissue, the use of primary cells and
their differentiation inside the chip are inevitable. Moreover, other air pollutants than DEP
should be tested for enhancing the functionality of the chip. Despite these needs for further
studies, however, this research clearly implies the potential of Airway Epithelium-on-a-Chip to

be a platform for investigating underlying cellular mechanisms of PM.

Keywords: Airway Epithelium-on-a-Chip, Organ-on-a-Chip, Particulate Matters (PM), Diesel
Exhaust Particles (DEP),
Student Number: 2016-21181
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Chapter 1. Introduction

1.1 Research Background

1.1.1 Issues on Particulate Matters

Particulate matter (PM) is a complex mixture of micro-sized particles and droplets
suspended in air, including particles like dust, pollen, smoke, and other inorganic particles [1].
The size, chemical composition, and other physical and biological properties of particles vary
with location and time and they can be either directly emitted or indirectly formed. For instance,
particles can be formed from burnt fuel and carried wind, or from emitted pollutants. Particulate
matter is often classified into three groups based on its diameter; coarse (aerodynamic diameter
< 10 um), fine (d < 2.5 um) and ultrafine (d < 0.1 um) [2]. To simplify, these groups are
commonly indicated by PM; o, PM, 5, and PM,, 4, respectively (Figure 1.1). The size is to be
the key property of PM for it indicates its capacity to penetrate into the human respiratory system,
and even, in worst scenario, into the capillary.

Because of its adverse health effects and deterioration in quality of daily lives [3-7],
PM has become a major public health concern today. Not only pulmonary and cardiovascular
diseases, crucial brain damage by air pollutants was even reported in literature [8]. Strikingly,
studies on the correlation between mortality and PM concentrations also showed that chances
of death increase with more exposure to air pollutants [7, 9-10]. Even more, the recent study of
Hwang et al. showed that respiratory and cardiovascular ER visits are associated with PM

components in South Korea [6]. For these reasons, PM was designated as the primary cancer-



causing agent by International Agency for Research on Cancer (IARC). According to World
Health Organization (WHO), approximately 3% of cardiopulmonary and 5% of lung cancer
deaths are attributable to PM globally [11]. Another study reports that exposure to PM, 5
decreases the life expectance of the population by about 8.6 months in average [12].

As the effects of PM on human health are severe, there have been many approaches
to reduce the ambient PM concentrations [13]. However, despite recent improvements of air
quality in European region, efforts have not been come to fruition in most Asian countries [14-
15]. Due to rapid industrialization and globalization processes such as increased transportations,
building structures and combusting in power plants, the concentrations of air pollutants in East
Asia countries have been increased [14-16]. In particular, as South Korea has undergone a
drastic progress in industrialization and globalization over the past 60 years, the significant
deterioration of air quality has been reported with the dramatic increase in concentration of PM
in South Korea [17-18]. Moreover, the polluted air from factories in China has been
continuously brought into the west side of South Korea for few decades [16]. As a result, the
study of Sharma et al., where PM;, concentrations in major cities of South Korea were
investigated for 14 years [17], indicates that concentrations of PM;, in any cities in South
Korea are significantly larger than those guided by WHO. Figure 1.2 also points out the danger

of increased PM concentration in Seoul, South Korea.
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Combustion particles, organic
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Figure 1.1 Size comparisons for particulate matter (PM). The size of PM is far smaller than that
of fine beach sand and human hair. PM,, indicates particles with diameter that are generally
10 micrometers and smaller and PM,, 5 indicates those less than 2.5 micrometers. This image

is adapted from U. S. EPA[2].
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1.1.2 Diesel Exhaust Particles (DEP)

Among many different PM components, a diesel exhaust particle (DEP) is infamous
for its omnipresence in the environment [19]. The origin of DEP is mostly the diesel engine,
which is the most popular of all existing internal combustion engines. For their use in
transportation, the use of diesel engines had raised dramatically in decades, resulting in drastic
increase of DEP exposure in the ambient air [20]. Transportation with diesel engines without
filters emit up to 100 times more particles compared to that with gasoline engines equipped with
filters. The particles produced by diesel engines are often between 10 and 30 nm but they have
a tendency to agglomerate, forming a random diameter ranging from 1to 10 um [19]. The
outer shell of DEP is known to contain metals, such as copper or zinc and a multitude of
polycyclic aromatic hydrocarbons (PAHS), such as anthracene or benzo(a)pyrene [19].

The toxicity of DEP is from their constant contact with the respiratory tract and due
to its small size, DEP is able not only to stress nasal region, also to reach the alveolar region on
human airway [21]. A large number of toxicological studies clearly show that diesel engine
emissions profoundly affect human health [21-24]. Similar to the effects of PM on human health,

those of DEP include cancer-inducing, inflammation on respiratory system and lung functions.



1.1.3 Effects of Particulate Matters on Human Airway

The role of respiratory system is to provide sufficient oxygen into body and take out
carbon dioxide as waste, which makes human breath continuously. When human breathes
outside, PM s inhaled, targeting airway epithelium. Although a large part of inhaled PM
normally gets entrapped and eliminated by mucociliary escalator and surfactant secreted by
epithelium from nose to alveolus, some, in the worst case, would reach to deeper side of
respiratory tract, depositing into epithelium. The particles deposited in alveolar region may
damage lung epithelial cells and even penetrate into blood vessels near lung tissues. This
phenomena can result in many deteriorating health effects, leading to severe lung diseases [19,
21-25, 27].

The deposition of particles on human respiratory tract depends on its diameter (Figure
1.3). When particles’ diameter is around 10 um, they are filtered by nasal epithelial cells. As it
gets smaller until 2.5 um, particles would deposit into bronchus epithelium. If it even decreases
to lessthan 1 pum, particles are likely to deposit into alveolus, where it can attack cell membrane
and affect DNA transcriptions [25)].

The most evident and basic effect of PM on human airway epithelium is epithelial
inflammation [27-28]. Inflammation is a biological response of body tissues to harmful stimuli,
such as foreign materials, pathogens, allergens, damaged cells and so on. The main role of
inflammation is to protect the stimulated region by eliminating the initial cause of cell injury. It
also clears out necrotic cells and damaged tissue areas and initiates tissue repair. VWhen particles
are inhaled and deposit into airway, they attack epithelial cells they sit on. Cells recognize
particles as external injuries, which becomes the initial step of inflammation [29].

There have been many studies examining the effects of DEPs that report signs of

airway inflammation [28-30]. The signs include mucus hypersecretion, increased expression of



pro-inflammatory cytokines, and increase of disease-fighting white blood cells, such as
eosinophils, neutrophils, and lymphocytes [28-30]. Similarly, there have been many in-vitro
studies using airway epithelial cells, which supported pro-inflammatory capacity of DEP [32-
33]. Increased reactive oxygen, increased cell signaling, increased RNA level and release of pro-

inflammatory mediators were found as signs of inflammation [27-29, 32-33].

. Nasal passages
PM {117}
: Pharynx
Trachea
PM{4.733) PM (7-4.7)

bronchi-— - Bronchioli
PM (1.1-0.65)

PM (21-1.1) :\_ MbEA & P (0.65.0.4%)
Figure 1.3 Deposition of particles based on their diameter in the respiratory system. Note that as
the diameter of particles decrease, particles tend to deposit in deeper side of respiratory tract.

Particles whose diameters are less than 0.65 can deposit on alveoli surface, causing cellular

damage. This image is adapted from the work of Richard Wilson [26].



1.2 Research Needs

As introduced in sections above, many in-vitro and in-vivo models have been conducted
to investigate effects of PM on airway tissues and epithelial cells. To explore further than the
superficial effects of PM, studies on underlying cellular and molecular mechanisms of PM on
airway epithelium have acquired recent attentions. However, although many important findings
had been made from both conventional in-vitro and small animal in-vivo models, there have
been many challenges in terms of research efficiency [34]. In-vitro models, while providing
comparably easy and cheap experiments using cell-culture plates, are difficult to mimic
microenvironment of cells. In this manner, concerns on reliability can be aroused. On the other
hand, in-vivo models can reduce the uncertainty of in-vitro models and provide interactions
among different systems, despite its high cost and concerns on the gap between human and
other animals.

In order to overcome challenges of both in-vitro and in-vivo models, 3D in-vitro models
have emerged as they can imitate microenvironments of cells in 3D. These models have been
used in reconstructing 3D structure of human airway tissue, which helps to uncover the
underlying cellular and molecular mechanism of PM in human airway [35-37]. One of
emerging 3D in-vitro technologies is Organ-on-a-Chip, in which minimal functional units of
organs are reconstructed to provide tissue-level functions.

Organ-on-a-Chip technology is based on microfluidics, culturing living cells on extra-
cellular matrix (ECM)-coated membrane in continuously perfused, micro-sized channels [34].
To fabricate biocompatible microfluidic channel, soft lithography method is used [38]. By
culturing living cells of interest in microchannel, physiological functions of tissues can be
modeled [39-46]. Organ-on-chips are usually made of two layers of PDMS slab separated by

an ECM-coated membrane, each layer containing a microfluidic channel for cell culture. Using



two layers and a membrane, they can provide more physiological human tissue modeling. For
instance, when lung epithelial cells are cultured on one side of membrane and endothelial cells
are cultured on the other side, the cross-section of alveolar tissue can be remodeled (Figure 1.5).
Also, by giving a cyclic strain to the chip, it can also mimic the mechanical stress that human
alveolus experience [39]. Table 1.1 shows the multiple studies on imitating human organs using
Organ-on-a-Chip technology, where Lung-on-a-Chip has been the pioneering work. Recent
researches have shown that microfluidic cell culture systems outperform conventional cell
culture and assay systems and bring more reliable results due to their ability to grow cells as in
biological systems [34]. Not only they excel in imitating tissue physiology, but they are easy to
handle, fabricate and reproduce, which are important assets of a platform for biological studies.
For these reasons, this technology has potential to become a platform for determining basic

mechanisms of organ physiology and disease.



Name of device Target Organs (Tissue) Published Year
Lung-on-a-chip [39] Human Alveolus 2010
Gut-on-a-chip [40] Human Gut 2012
Placenta-on-a-chip [41] Human Placental barrier 2016
Kiney-on-a-chip [42] Proximal tubule 2013
BBB-on-a-chip [43] Brain-blood barrier 2013
Liver-on-a-chip [44] Immune Protected Liver tissue 2015
Vasculature-on-a-chip [43] Sprouting blood vessels 2016
Heart-on-a-chip [46] Beating heart culture 2015

Table 1.1 Recent Organ-on-chips studies. There have been many studies on reconstituting

organ-level functions on a PDMS microfluidic chip. Many target organs, even blood vessels,

have been successfully mimicked as novel in-vitro models.
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Diaphragm

Figure 1.4 Schematic of Lung-on-a-Chip. Alveolar epithelial cells are cultured on collagen-
coated membrane and endothelial cells are cultured on the other side of the membrane. Along
with microfluidic cell culture, periodic stretch is made using microfluidic vacuum channels,
imitating the cyclic strain of lung that alveolar cells experience during normal breath. This image

is adapted from Huh et al. [39].
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1.3 Research Aims

The aim of this research is to build Airway Epithelium-on-a-Chip, using a new
microfluidic cell culture method of culturing two different cell types on one channel.
Consequently, the final goal of this research is to define Airway Epithelium-on-a-Chip as a
platform for assessing the cellular mechanisms of PM on human airway epithelium. The
microfluidic channel was designed to culture two different airway epithelial cells in one channel.
For imitating human airway epithelium, human nasal epithelial cell line and human alveolar
epithelial cell line were co-cultured on fibronectin-coated membrane, provided with continuous
perfusion using a syringe pump. The entire device is made of PDMS (Polydimethylsiloxane),
which provides great gas permeability, biocompatibility and reproducibility [34]. To verify the
functionality of the chip, on-chip cultured cells were allowed to proliferate until full confluency
and exposed to DEP. As effects of DEP on epithelium, the EMT (Epithelial-to-Mesenchymal
Transition) ability and the secretion of pro-inflammatory cytokines were observed. The
reliability of on-chip results was also assured by conducing conventional in-vitro study and in-

vivo mouse model study.
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Larynx

Air Pollutants

Trachea

Diaphragm

Human Alveolar Epithelial Cells

Figure 1.5 Schematic of a microfluidic Airway Epithelium-on-a-Chip. Two different types of

airway epithelium, A549 and RPMI2650 are cultured in series, in order to mimic human
respiratory tract. This system is then used to evaluate the effect of Diesel Exhaust Particles on

airway epithelium.
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Chapter 2. Methods

2.1 Device Design and Fabrication

A microfluidic Airway Epithelium-on-a-Chip was made of two flexible clear
polydimethylsiloxane (PDMS) (Daehan Science, Korea) polymer slabs and one porous
membrane. The PDMS slabs with microchannel patterns were fabricated by casting PDMS
polymer on the silicon master mold. The fabrication process of the silicon mold, known as soft
lithography, is briefly introduced in Figure 2.1 [34]. For simple explanation, a negative
photoresist (PR) (SU-8) was spin-coated on a clean silicon wafer, which was then overlaid with
a photomask film containing the designed microchannel patterns [38]. The photomask film only
protects the microchannel patterned region of the photoresist from ultraviolet (UV) exposure,
while leaving others dissolved in a developer solution. This process provides the clean silicon
mold containing the positive relief of the designed microchannel (Figure 2.1).

The microfluidic channels were designed using the computer-aided design software,
AutoCAD (Autodesk, USA). A CAD image of the upper and lower layers of the microfluidic
device is shown in Figure 2.2. The cross-sectional size of the microchannel is 8 mm X 400
um for the culture area. Various parameters of the microfluidic chip, including channel size,
shape, and bubble formation, can affect cell confluency, the microfluidic Airway Epithelium-
on-a-Chip has been undergone some design changes (Figure 2.3). One important design
consideration was the presence of the electrode channels, which were meant to measure trans-

epithelial electrical resistance (TEER) values of cell culture. However, as air bubbles were

14



constantly trapped in the electrode channels, they affect both cell confluency and TEER values,
resulting in unreliable results. Therefore, the electrode channels were excluded from the design
consideration and the width and length of channels were become longer and shorter,
respectively, to ease cell proliferation. Another important design consideration was to make two
type of cell culture in-series possible. This was fulfilled by making side channels branching from
central channel (Figure 2.2). The detailed procedure for culturing two different cells in one

channel is presented in Microfluidic Cell Culture section of Methods.



Silicon wafer Ultraviolet

—

Spin-coating

Replica
molding

Figure 2.1 Fabrication methods of organ-on-chips. a. Soft-lithography technique. A
thin uniform film of photoresist is spin-coated on a silicon wafer, overlaid by a photomask with
the desired microscale pattern. Exposing the photomask to UV lead to the microscale pattern
etched into the photoresist. b. PDMS mixture (10:1 wt.) is poured on the silicon mold and baked
in oven at 60°C overnight. Inlets and outlets of replicated PDMS slab are punched to connect

tubes for continuous perfusion. This image is adapted from Ingber et al. [38].
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Channel Height: 400 um

Channel Width: 750 um
Cell Culture Area Length: 8 mm

— |
Figure 2.2 Design of upper and lower channels. (Left) a center channel has two branching
channels for in-series co-culture of two different cells. Two circles are outlets of lower channels,
where media is perfused. (Right) a continuous channel is designed for continuous perfusion.
When assembled, lower channel provides cell media to only central region of the upper channel.

Width and height of the channel are 750 um and 400 um, respectively.
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Media  AS4S

Cell 1 Inlet

Lower Inlet \ Lower Electrode
e === F e == !
l !
Upper Inlet A — Upper Outlet " PET Membrane
Lower Outlet
Upper Electrode 11 2 Inet
Airway Chip Ver.1
Airway Chip Ver.2
Width : 750 um

Height : 400 um

Airway Chip Ver.4 Airway Chip Ver.4.1

Airway Chip Ver.3

Figure 2.3 Chip design modifications (\Ver.1to \er. 4.) \er.1 is designed with electrode channels,
for measuring TEER. Ver. 2 is designed for single cell culture. \Ver.3 is designed without
electrode channels and smaller cell culture area. Ver.4 and \er.4.1 are designed for horizontal

insertion of electrodes. Ver. 3 is selected for developing Airway Epithelium-on-a-Chip.
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To create PDMS slabs, PDMS mixture was made using the weight ratio of PDMS
base to curing agent (10:1). PDMS mixture was then vacuumed for 30 minutes (or more if
necessary) to remove trapped air bubbles. The mixture was gently poured in the silicon mold,
and overnight baking at 60°C in the oven. Here, extreme care was taken to keep the wafer
parallel to the ground. The cured, rubber-like PDMS was cut into a rectangular block, keeping
microchannel located at the center of the rectangle. Inlet and outlets of channels were punched
using biopsy puncture (Kai medial, Germany) on upper PDMS slab. Note that none is
punctured on lower PDMS slab. To keep the surface clean, the slabs were taped until the
assembly. The PDMS channels were separated by a thin porous Polyethylene terephthalate
(PET) membrane (0.4 um pores) (SPL Life Sciences Co., Pocheon, Korea), which was cut
from 6-well transwell inserts.

Upper and lower PDMS slabs and the membrane were plasma-treated using Plasma
Etcher (Harrick Plasma, NY, USA) for 1 minute at high RF level for irreversible bond. If the
device needs to be disassembled later on, plasma-treating for 30~60 seconds at low RF level is
recommended. For complete alignment of the upper and lower channels, a light microscopy
was used. As shown in Figure 2.4, PET membrane was sandwiched between the upper and
lower channels. The assembled device was then put into 60°C oven overnight for complete

bonding.
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Figure 2.4 Assembly of Airway Epithelium-on-a-Chip. Each fully cured PDMS slab (upper
and lower) is cut into a rectangular block and surface-treated with oxygen plasma. The porous

PET membrane is sandwiched between two slabs and bonded.



2.2 Microfluidic Cell Culture

Human nasal epithelial cell line (RPMI 2650) and human alveolar basal epithelial cell
line (A549) were used in this study. All cells were prepared from Laboratory of Mucosal
Immunity, Biomedical Science department of Seoul National University of Medicine. A549
and RPMI2650 were cultured in cell-culture plate and they were grown in RPMI medium,
supplemented with 10% FBS. The cells were maintained at 37°C in a humidified incubator
under 5% CO, inair. 7 or 8 cell passage number was used for microfluidic cell culture.

Before cell seeding, microfluidic cell culture chips were sterilized by UV irradiation
for 1 hour, and the porous membranes were coated with fibronectin. The cells were then seeded
into the upper channel at 5 x 10* cells/mL and allowed to attach to the membrane surface
for 2-4 hours under static conditions. Figure 2.5 shows the detailed protocol for seeding two
different types of cells on the upper channel. RPMI2650, which showed slower proliferation
rate than A549, was seeded first and about 6-12 hours were given before seeding A549 on the
chip.

About 2-3 hours later, when cells were attached on the upper channel of the chip, the
cell layer was washed with fresh medium, and perfused with culture medium by a syringe pump
(KD scientific, USA) at a volumetric flow rate of 50 pl/hr. Tubes and 3 mL syringe were used
to connect the chip to a syringe pump. The cells in upper microchannel were grown to fill the
entire channel within 3 to 4 days. The cells cultured in a microfluidic chip were maintained at

37°C inahumidified incubator with 5% CO., inair (Figure 2.6).
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Figure 2.5 Protocol for in-series co-culture of two different cells. Red dots indicate opened inlets
and outlet while black dots indicate blocked outlets. Red lines and arrows mean perfusion and
its direction, respectively. First, a central channel of upper microfluidic channel is coated with
fibronectin. Then, cell 1 is seeded from one side branch to the central channel, while blocking
outlets to prevent immersion of cell fluids in undesired region. Similarly cell 2 is seeded from

the other side branch to the central channel. Finally, cellular media is perfused in a lower channel.
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Figure 2.6 Incubation and perfusion of Airway Epithelium-on-a-Chip. One Airway Epithelium-
on-a-Chip is connected to a syringe pump for continuous perfusion of media. It is incubated at

37°C in a humidified condition with 5% CO,, in air during entire experiments.
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2.3 Immunofluorescence Staining

To evaluate the formation of tight junction between cultured epithelial cells on the
chip, immunofluorescence staining was held. Cells were grown on the microfluidic chip and
exposed to DEP for 48 h. After washing with PBS, the chip was disassembled and cells were
fixed in 4% paraformaldehyde (Biosesang, Seoul, South Korea) for 15 min at room temperature.
Fixed cells were permeabilized for 30 min at 37°C with Triton X-100 in PBS and then blocked
for 1 h at room temperature with 3% bovine serum albumin (BSA) in PBST (PBS + 0.5%
Tween 20). Cells were incubated overnight at 4°C with primary antibody (o-SMA and E-
cadherin). After washing with PBST, cells were then stained with the Alexa 488-conjugated
donkey anti-rabbit IgG (for E-cadherin) and Alexa 555-conjugated donkey anti-mouse 1gG (for
a-SMA), which were diluted in PBST with 1% BSA. For immunofluorescence staining of
tissues, Alexa 555-conjugated donkey anti-mouse IgG (for IFN-y), Alexa 488-conjugated
donkey anti-rabbit IgG (for E-cadherin), and Alexa 488-conjugated donkey anti-rabbit IgG (for
neutrophil elastase) were used as primary antibodies. To visualize the nucleus, cells were
incubated with 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, USA). An
irrelevant isotype antibody was used as a negative control. The slides were covered with
mounting medium (Dako, Santa Clara, USA). Cells were analyzed using an inverted laser-
scanning microscope (Carl Zeiss Microscopy, Gottingen, Germany). The images were scanned
under a x40 or x100 oil immersion objective. Co-localization of target proteins was analyzed

using Zeiss confocal software (ZEN Lite, Gottingen, Germany).
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2.4 Image Acquisition and Analysis

Olympus CK2 (x100) light microscope was used to observe confluency of cells
seeded on a chip. Images were acquired from the microscope at each day of cell culture, setting
day 0 as the day of cell seeding. Day 1 represents the day after seeding. Acquired images were
then processed according to the algorithm shown in Figure 2.7 using Matlab (Mathworks, Inc.
USA). This algorithm was used to determine the region of interest in the microscopic images
and to convert images into binary images, which makes it easier to evaluate the regional
difference between images. It is assumed that as cells proliferate, they cover more region of the
upper channel of chip. This assumption is based on the microscopic observations. Therefore,
the increase of white region in the binary image indicates more confluency of cells cultured on

chip.
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Figure 2.7 Simple diagram for image processing algorithms. Histograms of original
microscopic images are adjusted and images are binarized for easy managing. Noise is removed
using median filter. Cell culture area in binarized images is revised with hole-filling methods.

The boundary of final images is detected.
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2.5 Diesel Exhaust Particles Exposure and PCR Analysis

To evaluate the effect of DEP on airway epithelium formed inside the chip, DEP was
exposed to upper channel of the chip, using micropipette. Figure 2.8 shows the flow diagram of
DEP exposure on the chip. Before treating, DEP was sonicated to make agglomerates into micro
particles. Sonication was performed more than 10 minutes using Vibra-Cell (Sonics, USA). 50
uL of prepared DEP was then exposed to the fully proliferated epithelium of the chip. The day
after, cells inside the upper channel were treated with TRIzol to extract RNA from cells.
Extracted cells were gone through qPCR using CFX Connect Real-Time PCR (Bio-Rad, South

Korea)
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PCR Analysis DEF
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Figure 2.8 Simple diagram of experimental procedure for DEP exposure on Airway
Epithelium-on-a-Chip. Cells are allowed to proliferate for 3-4 days until full confluency and
exposed to DEP. A day after, RNA of DEP-treated cells are extracted and undergone for PCR.
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2.6 DEP Exposure on Cell-Culture Plate

A549 (Human alveolar epithelial cell line) was cultured on a conventional cell-culture
plate and allowed to proliferate until over 90% confluency was achieved. Cells were then
exposed to differentamount of DEP (20 pg and 50ug) and TGF-beta. TGF-beta, transforming
growth factor beta superfamily of cytokines, is a known strong EMT inducer, which, in this
experiment, is used as a comparison. 50 pg of TGF-beta with 20 ng/mL is treated on cell
culture. Posterior to DEP exposure, cells were incubated for 2 more days until
immunofluorescence staining. The procedure for immunofluorescence staining is described
above. As an epithelial marker and a mesenchymal marker, the expression of E-cadherin and
alpha-SMA were observed.

TGF-beta is a multifunctional cytokine that prevents the proliferation of most types
of cells, including epithelial cells and endothelial cells [47]. Numerous studies have revealed
that TGF-beta stimulates epithelial-to-mesenchymal transition (EMT) in certain epithelial cells
[47]. Inthis experiment, knowing that TGF-beta is a strong inducer of EMT, it is used to estimate
the strength of DEP as an EMT inducer.



2.7 Asthma Mouse Model Preparation

Animals were bred and maintained in the AAALAC-International-accredited facility
(#001169) and all animal experiments were approved by the Institutional Animal Care and Use
Committee in Seoul National University Hospital (SNUH-IACUC). Animal study was
prepared and performed by laboratory of mucosal immunity in Department of Biomedical
Sciences, Seoul National University. Preparation of asthma mouse model is briefly introduced
in Figure 2.9. A healthy mouse was exposed to papain, a known asthma inducing allergen, for
three days and the mouse was allowed to rest for a week. Aweek after, 150 pg of DEP per one
day was injected to the mouse using intra-nasal challenge for three days. On the day after last
DEP injection, the mouse was sacrificed and its lung cells were tested for real-time PCR. For
statistical analysis, the results from each of two groups, DEP and control, were compared with

the Mann-Whitney U test. Difference between two groups is analyzed using SPSS (IBM, USA).
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Figure 2.9 Schematic of mouse asthma model study. A healthy mouse was treated with papain
for three days to induce asthma. After resting for a week, a mouse in experimental group was
exposed to DEP for three consecutive days, while a mouse in control group was exposed to

DMSO. A mouse is sacrificed on the day after, indicated by red arrow.
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Chapter 3. Results

3.1 Development of a microfluidic Airway Epithelium-on-a-Chip

The microfluidic Airway Epithelium-on-a-Chip is made of a clear, flexible PDMS
polymer and composed of upper and lower microchannels separated by a porous fibronectin-
coated PET membrane (Figure 3.1). There are two additional channels branching from the
center of the upper channel, which enables in-series co-culture of two different airway epithelial
cells. Figure 3.1 provides a simple diagram of the cells cultured on chip. Two different
epithelium are indicated by different color blocks and the perfusion of media is described as
transparent red block in lower channel, under the porous membrane, indicated by yellow block.
In-series co-culture is also schematically illustrated by transverse sectional diagram in Figure
3.1. Co-culture of nasal epithelial cells and alveolar epithelial cells was achieved by the protocol
introduced in Method section. As shown in Figure 3.2, each epithelial cell is seeded on each end
of upper channel, forming interaction of two cells at the center.

In order to make sure that each epithelial cell is properly seeded in the desired region,
microscopic images of different regions and the formation of tight junction are provided section
below. Morphological characteristics of each epithelial cell are investigated in microscopic

images and compared to those from literature.



<Transverse section>

<Longitudinal section>

PET Membra

Figure 3.1 Image of an actual chip and its schematic diagrams. Cross section, transverse section
and longitudinal section are provided for the concept of Airway Epithelium-on-a-Chip. Purple
block indicates alveolar epithelial cell line (A549) and blue block indicates nasal cavity
epithelial cell line (RPMI2650). A thin yellow sheet indicates the fibronectin-coated PET
membrane, where cells are cultured. The perfusion of cell culture medium is described as

transparent red block. The gray block indicate the entire device made of PDMS.
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Figure 3.2 Microfluidic cell culture of two different airway epithelial cells. Nasal cavity
epithelial cells and alveolar epithelial cells were cultured on each end of upper channel, making

the interaction of two cells at the center of the channel. Microscopic images are taken on the day

after cell culture.
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When nasal cavity epithelial cell line (RPMI12650) and human alveolar epithelial cell
line (A549) were cultured on the fibronectin-coated porous membrane in the top channel for 4
days under consistent perfusion of 50 pL/hr, mimicking fluid flow of the respiratory tract, the
cultured epithelial cells continuously proliferated to form epithelium that exhibits tight junctions
(Figure 3.3). The formation of tight junctions between epithelial cells could be observed by the
expression of tight junction protein, E-cadherin. As shown in Figure 3.3, the expression of E-
cadherin is seen with green in immunofluorescence stained image. Moreover, daily basis light-
microscopic images of center region of the channel clearly show that the cultured epithelial cells
proliferate until confluency for four days (Figure 3.4).

Not only the center region of the channel, but right and left sides of the channel were
also imaged under light microscope. From day 1 to day 4, alveolar epithelial cells that are
cultured on left side of the channel were proliferated until full confluency, and showed their
morphological changes over time (Figure 3.5). Likewise, the proliferation of nasal cavity
epithelial cells that are cultured on right side of the channel were observed with microscopic
images (Figure 3.6).

A549 cells usually have a polygonal shape and sheet-like pattern in normal culture
condition [48]. As they attach to surface, they tend to change their shape into long-spun cells, as
if their vertexes of polygonal shape are drooped (Figure 3.7). On the other hand, nasal epithelial
cells grow as they agglomerate together to form larger clusters [49]. Though they were dispersed
over the channel on day 1, they had become crumpled into larger mass over time (Figure 3.8).
These morphological features of each epithelial cell culture are observed in other researches

[48-49]. Overall, the proliferation of cells on the entire channel is shown in Figure 3.9.
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Chip

a-SMA

Figure 3.3 Expression of E-cad and alpha SMA from A549 cells cultured on a chip. The cell-
seeded chip is incubated for two days and disassembled for immunofluorescence staining. E-

cadherin (green), a known evidence for tight junction formation, is highly expressed.
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Figure 3.4 Daily based microscopic images of cells cultured on a chip. White box on the channel
design (right) indicates the region of microscopic image. Confluency of two different epithelial
cells inside the airway epithelium chip (A549 and RPMI 2650). Note that cell proliferates to fill

the channel as day passes. About 100% confluency is achieved within three-four days.
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Figure 3.5 Daily based microscopic images of A549 cells cultured on chip. White box on the
channel design (top) indicates the region of microscopic imaging. Confluency of human
alveolar epithelial cells inside the airway epithelium chip is observed from the day after seeding
(Day 1) to the day of DEP exposure (Day 4). The morphological characteristic of A549 cells,
which is the elongated spindle shape, can be observed as day goes.
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Figure 3.6 Daily based microscopic images of RPMI 2650 cells cultured on chip. White box on
the channel design (top) indicates the region of microscopic imaging. Confluency of human
nasal cavity epithelial cells inside the airway epithelium chip is observed from the day after
seeding (Day 1) to the day of DEP exposure (Day 4). The characteristic of RPMI 2650 cell

culture, which is the local accumulation of cells, can be observed as day goes.
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Day 1

Day 2

Day 3

Day 4

Figure 3.9 Daily based microscopic images of whole device. Both nasal and alveolar epithelial
cells are cultured on chip and proliferated until full confluency during four days. Day 1 indicates

the day after cell culture.
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3.2 Microscopic Image Analysis

Microscopic images were analyzed to detect the degree of confluency, according to
the algorithm mentioned above. The actual image processing procedure is shown in Figure 3.10.
From the adjusted images, the region of interest, in this case, the central channel, was selected.
Then the image was binarized to make any pixels whose threshold is under certain value be
black. The image is transformed to logically-not and only the selected region is shown as a
processed image. Microscopic images on each day of cell proliferation were processed and the
results are shown in Figure 3.11. As shown, the region of cell layer is indicated by objects
connected in white, and increased as the day passes from 1 to 4. On the day 4, most region of
the central channel is covered with white. For quantitative measure, the pixel value for area in

white is calculated and presented in Figure 3.11.



(c) )

Figure 3.10 Image processing procedure. (a) The region of interest is selected by setting the
points of polygon. (b) The image is binarized. (c) The image is transformed to logically not. (d)

only the boundaries of image in (C) is overlapped with the original image
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The area of the binary objects is 36974 pixels The area of the binary objects is 62012.5 pixels

Figure 3.11 Image processing results. Images are processed according to the procedure
described above, to show how cells proliferate as time goes. White blocks indicate cultured cells
in microscopic image, which gradually increase from day 1 to day 4. On day 4, the region of
interest is almost filled with white blocks, indicating the full confluency on the chip. The area of
objects in white, which indicates cell-covered area, increases from day 1 to day 4, resulting in

427829 pixels on day 4.
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3.3 Effects of DEP on Airway Epithelium-on-a-Chip

In order to test the functionality of our microfluidic device for assessing effects of any
PM substances on airway epithelium, DEP, a known PM component, was used as a chemical
stimulation agent. 50 pL of DEP (Concentration: 50 pg/mL) was flown into the upper
channel via micropipette, directly stimulating airway epithelium formed inside the chip. To find
outthe effect of DEP on cells inside the chip, RNAs were extracted from the cells and underwent
for PCR. The PCR results are shown in Figure 3.12, which clearly states the elevation of IL-6
and IL-8 cytokines. Since those chips that were not treated with DEP show clearly lower
expression of these cytokines, it can be concluded that DEP caused the cells to express these
inflammatory cytokines. Statistical analysis on this result could not be conducted for lack of
experimental samples. During this research, only one experimental set, containing 4
microfluidic chips, had gone through DEP exposure. Moreover, 4 chips were divided into two
groups, control and experimental groups and all cells in each group were collected together for
PCR analysis. Therefore, no error bar is presented in Figure 3.12.

To find out other effects of DEP on airway epithelium, cells were tested to see if their
EMT ability has been affected by DEP. After treated with DEP, epithelial cells inside the chip
were sit inside the incubator for 48 hours, and then immunofluorescence-stained to discover the
expression level of EMT markers. Non-DEP-treated chip was also stained as a control group of
this experiment. As shown in Figure 3.13, the epithelial marker, E-cad, is clearly less expressed
in DEP group than in a control group, whereas alpha-SMA, the mesenchymal marker, is clearly
more expressed in DEP group than in a control group. This result suggest that DEP triggers

epithelial cells to fall apart, breaking tight junctions between cells.
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Figure 3.12: Expression of pro-inflammatory cytokines (IL-6 and IL-8) as a result of DEP
exposure on Airway Epithelium-on-a-Chip. White blocks indicate the control group, on which
DEP is not treated, while black blocks indicate DEP group. Significant increase of IL-6

expression is observed, while comparably little elevation of IL-8 is observed. (n=1 for DEP and

control group)
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Figure 3.13 Expression of EMT markers in A549 cell line on a chip. E-cadherin, an epithelial
marker, is less expressed on DEP-treated chip, while alpha-SMA, a mesenchymal marker, is

more expressed.
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3.4 Effect of DEP on in-vitro and Asthma Mouse Model Study

In order to establish the reliability of Airway Epithelium-on-a-Chip, both in-vitro and
in-vivo experiments on DEP were held and the corresponding results were compared with those
from the microfluidic chip. In-vitro experiment was used to verify the effect of DEP on EMT
ability of epithelial cells. cells were cultured on a cell-culture plate and treated with DEP. 48
hours later, DEP treated cells were stained to see the expression of EMT markers. As shown in
Figure 3.14, DEP made the expression of E-cad, the epithelial marker, decreased. Compared to
the image of the control group, the images of DEP group show less E-cad expressed (green).
Cellstreated by TGF-beta, not by DEP, showed the least expression of E-cad. On the other hand,
the expression of alpha-SMA, the mesenchymal marker, was clearly increased in DEP groups,
compared to the control group (red). TGF-beta group shows the most expression of alpha-SMA.

In-vivo experiment was used to verify the inflammatory reaction of airway
epithelium, which was caused by DEP exposure. Asthma-induced mouse was treated with 150
ug of DEP for three days and its lung cells were undergone through real-time PCR. This in-vivo
experiment was performed to check if the results from the chip are same as those from the
animal study. Though not presented as graphs or figures, many inflammatory cells around
airway were found to crowd in its lung tissue. This results draw a conclusion that DEP, an air
pollutant, can aggravate the inflammation inside respiratory tract. Moreover, as an asthma-
induced mouse was exposed to DEP, airway epithelium was found to secrete inflammatory
cytokines that call for immune cells to gather. As one such cytokine, the mRNA level of IL-6
cytokine was higher in DEP-treated mouse that in control mouse (Figure 3.15). Statistical
analysis using SPSS also showed the p value of the Mann-Whitney U test is less than 0.05,
which states that I1L-6 level of DEP group is statistically significantly higher than that of control

group.
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Figure 3.14 Expression of EMT markers in A549 cells cultured on plate. Cultured cells were
observed under microscopy to see the epithelial formation. Control group has no DEP exposure
and DEP group has two different concentrations of DEP. High expression of E-cadherin in
control group verifies the formation of epithelium. TGF-beta is treated as a strong EMT inducer.
E-cadherin (green), epithelial marker, is notably less expressed on DEP-treated group, while
alpha-SMA (red), mesenchymal marker, is more expressed on DEP treated group. The
expression of alpha-SMA is highest in TGF-beta group, showing DEP is less powerful than
TGF-beta as an EMT inducer.
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Figure 3.15 Elevation of IL-6 mRNA expression in the mouse asthma model. Asthma-induced
mice were exposed to DEP for three days. On the fourth day, the mouse is sacrificed and its lung
cells are undergone for PCR. PCR result indicates higher expression of IL-6 mRNA level in
DEP group, which becomes pro-inflammatory cytokines. IL-6, a known inflammatory cytokine,
is known for recruiting immune cells and leading to initial stage of inflammation. (p < 0.05 for

Mann-Whitney U test, analyzed by SPSS)
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Chapter 4. Discussion

4.1 Airway Epithelium-on-a-Chip as a Novel 3D in-vitro Model

Airway Epithelium-on-a-Chip was designed to develop a novel in-vitro model of
human airway epithelium. To mimic 3D structure of human airway epithelium, in-series co-
culture technique, perfusion-based long-term cell culture system and ECM-coated membrane
were collaborated. Using the novel microfluidic cell culture technique, the formation of two
epithelium inside the chip was made. Both nasal and alveolar epithelial cells cultured on
different sides of the channel showed their own morphological features on the channel and had
their interaction on the center of the channel. As they proliferated on the channel, their
morphological features had become more vivid, and thus proving capability of the design of the
microfluidic channel.

The proliferation of alveolar epithelial cells and nasal epithelial cells was observed
inside the chip. Also, the expression of E-cad from the on-chip cultured cells shows the
formation of tight junctions, which means the continuous cell-to-cell barrier between epithelial
cells. This barrier between cells separates tissue space and regulates intercellular movements of
molecules, which explicates the formation of epithelium on the chip [50]. In contrast, the lack
of alpha-SMA expression shows no vivid EMT ability measured, which also tells continuous
proliferation of epithelial cells on the chip [51]. Image-processed microscopic images also verify
that cells proliferate to form epithelial layer within 4 days. Formation of such epithelial layer on

chip shows that in-series co-culture of RPMI2650 and A549 is possible using a novel
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microfluidic cell culture technique.

To explore the potential of the microfluidic device in assessing PM effects on airway
epithelium, Airway Epithelium-on-a-Chip was treated with a certain amount of DEP. As a
consequence, tight junctions of on-chip cultured cells were broken and the level of
inflammatory cytokines, IL-6 and IL-8, was elevated. Similar results could be found in
simultaneously held in-vitro and in-vivo studies. On the in-vitro experiment, where cultured
human alveolar epithelium was treated with DEP, the breakage of tight junctions was observed
as an effect of DEP. The reason for such breakage is considered as EMT, which transforms
tightly connected epithelial cells into mesenchymal cells. The EMT ability of DEP could be
evaluated as compared to that of TGF-beta. Showing less expression of alpha SMA than cells
treated by TGF-beta, the EMT ability of DEP is thought to be less than that of TGF-beta. On
the in-vivo experiment, an asthma-induced mouse was treated with DEP, showing increased IL-
6 mMRNA level. By showing that the on-chip results are same as those performed in-vivo and in-
vitro, the functionality and the reliability of Airway Epithelium-on-a-Chip were assured.

As a 3D in-vitro model, Airway Epithelium-on-a-Chip implies few significant points. First, the
ability to culture two different epithelial cells in one channel signifies a potential to analyze the
interaction between different epitheliums. Not only airway epitheliums, any consecutively lined
epitheliums can also be reconstituted as an in-vitro model, using this design. Also, more than
two different epithelial cells can be cultured if more branches along the center channel are added.

The second point is its effectiveness as an in-vitro model. With the soft-lithographed
silicon mold, the device can be made repeatedly, without quality loss. This makes it far cheaper
than any in-vivo models, and even competent to win in-vitro models, considering long-term
costs. Composed of PDMS and PET membrane, the microfluidic device provides more
physiological similarity than any in-vitro models. The continuous perfusion system by a syringe

pump mimics human vascular perfusion and the fibronectin-coated membrane imitates the

53



extra-cellular matrix under epithelium. These features make our device a strong 3D in-vitro
model. The effectiveness of our device can be more supported by the efficient experiment
environment that the microfluidic chip brings. The presence of microchannel enables easy-
loading and use of comparably small amounts of chemicals in interests, which keeps

experiments from waste of time and materials.

4.2 On-chip Inflammatory Reaction to DEP

The most important aim of this research is to develop the Airway Epithelium-on-a-
Chip as a platform for assessing the effects of PM on airway epithelium. To do that, our chip
needs to have the ability to investigate how PM affects airway epithelium, which, in most cases,
is inflammation. In this research, the expression of inflammatory cytokines is focused as the
evidence of inflammation, because the airway epithelial cells are responsible for the synthesis
and release of cytokines in sites of inflammation [52]. As a consequence, the released
inflammatory cytokines recruit, retain, and accumulate various inflammatory cells [53].

The on-chip results shows the increase of IL-6 and IL-8, which are known pro-
inflammatory cytokines. The elevated expression of IL-6 and IL-8 in airway epithelium creates
chemotactic gradient and induces transepithelial neutrophil migration. The underlying
mechanism for inflammatory cell migration is still unclear, but the involvement of p38 MAPK
activity in the production and regulation of IL-6 and IL-8 has been reported [52, 54-55].
Generally, IL-6, when synthesized during the initial stage of inflammation, moves to the liver
through the bloodstream, which causes rapid induction of sequential stages of inflammation
[56]. It also promotes specific differentiation of T cells, thus performing an important function
in connecting inflammation to immune response [57]. IL-8, another cytokine of our interest, is

also responsible for the recruitment of neutrophils and macrophages into the site of
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inflammation.

The increase of IL-6 and IL-8 expression as a result of airway epithelial damage can
be found in many other studies. The release of cytokines from lung surface epithelium was
shown in the study of Sun et al., where A549 was used as lung epithelial cells [58]. The study
of Chow et al. shows that damage to the bronchial epithelia by poly-L-arginine stimulates
polarized IL-6 and IL-8 secretion. In that study, human bronchial epithelial cells were
chemically injured by the foreign material resulting in elevated IL-6 and IL-8 mRNA
expressions [59]. This result is significantly similar to the result from our research, adding credits
to ours.

The effects of DEP on airway epithelium were also investigated in many in-vitro
studies [27-30, 33, 60]. In the study of Sydbom, human alveolar epithelial cells engulfed DEP
and released pro-inflammatory cytokines like IL-6 and 1L-8 [60]. The study of Tomasket et al.
investigated the combinational effect of DEP and volcanic ash, which also resulted in significant
increase of pro-inflammatory cytokines, including IL-8 [61]. These results are clearly similar to
the on-chip results, assuring the functionality of Airway Epithelium-on-a-Chip.

The result from the asthma mouse model also shows that the level of IL-6 mMRNA
from mouse lung cells is increased as an effect of DEP, which corroborates the on-chip result.
By showing that the on-chip result is significantly similar to those from other literatures and the
simultaneously conducted animal study, the potential of Airway Epithelium-on-a-Chip to be a

platform for investigating PM effect on airway epithelium has been demonstrated.



4.3 Limitations & Future Works

Airway Epithelium-on-a-Chip, despite its promising results shown in this research, has
many limitations that need further works. One limitation of the chip is the absence of endothelial
lining on the other side of PET membrane. Human tissue consists of epithelium, ECM, and
endothelium or blood vessels. To mimic this structure, many organ-on-chips are constructed
with epithelial cells of interest, ECM material of choice, and primary endothelial cells [39-46].
Co-culture of epithelial and endothelial cells on each channel of a chip enables the investigation
of the molecular transport between two cells [41]. However, as our device did not have
endothelial cells lined on the chip, more advanced reconstruction of airway tissue was not made.

Another limitation is that our microfluidic device did not show formation of mucins and
cilia from airway epithelial cells. Formation of cilia and secretion of mucins are primary signs
of airway epithelial differentiation [39] for they act as filters and surfactants to keep the epithelial
surface clean and mucous [26]. However, we did not have chances to see those signs of
differentiation in our chip. Main reason lies on the use of cell lines rather than primary cells,
where the rate of proliferation and differentiation varies significantly. Using cell lines of interest,
our chip was confluence within 3 to 4 days, and then the rate of proliferation diminished,
showing unhealthy state of cells. For this reason, DEP experiments were performed right after
achieving cell confluency in the chip.

Other technical challenges of general Organ-on-Chips should be concerned. Bubbles in
microfluidic channels can damage cells, while they are hard to remove. Moreover, continuous
perfusion can be harmful since chances of contamination are higher than conventional cell
culture methods. Additional challenges include achieving stable reproducibility of microfluidic
cell-culture, where it highly depends on works of skilled person.

In order to overcome such limitations, use of primary nasal epithelial and alveolar epithelial
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cells is inevitable. Since primary cells are originated from real human tissues, they would
provide the exact physiology of airway epithelial cells as they do in human body. Use of primary
cells will also enable more advanced differentiation of cells, which results in fully developed
cilia and secretion of mucin on apical surface of epithelium. Moreover, as primary cells show
normal proliferation rate, which is much slower than that of cell line, much longer cell culture
periods can be made inside the chip. This would provide more stable epithelium, also stabilizing
experimental results. Also, endothelial cell culture inside the chip should be performed for
reconstituting organ-level functions of airway epithelium. Development of air-liquid interface
on the airway epithelium surface should be studied for differentiation of cells, for airway
epithelial cells meet air flow when residing in human body. When these further plans are made
and Airway Epithelium-on-a-Chip is advanced, different PM candidates other than DEP should

be tested for their inflammatory reactions.



Chapter 5. Conclusion

In this research, Airway Epithelium-on-a-Chip is developed and used for
investigating its reaction to DEP. PDMS-based microfluidic chip, fabricated using soft-
lithography method, is consisted of in-series co-culture upper layer, fibronectin-coated
membrane and lower channel with continuous perfusion of media. Using the novel microfluidic
cell-culture technique, nasal and alveolar epithelial cells were successfully cultured on upper
channel, which mimics the consecutive epithelial lining of the respiratory tract. Consequently,
the proliferation of nasal and alveolar epithelial cells was observed throughout the entire upper
channel. Although nasal epithelium is not connected to alveolar epithelium in actual human
respiratory tract, this novel in-series co-culture of two different cells provides potential to
recapitulate any consecutive epithelium on a microfluidic channel.

Experimental results of this research reflect successful development of Airway
Epithelium-on-a-Chip and its functionality for PM study. Simultaneous in-vitro and animal
study also reflect the reliability of the on-chip results. As an important finding, epithelial cells
cultured inside the chip expressed increased levels of IL-6 and IL-8, which are known
inflammatory cytokines, and many academic studies have demonstrated same results as ours.

To conclude, this research achieved the development of Airway Epithelium-on-a-

Chip and discusses its potential as a platform for studying PM effects on airway epithelium.
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