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ABSTRACT
Existing in vitro models of the human intestine such as the established epithelial cell line, Caco-2, cultured on
porous membranes have been extensively used for assessing and predicting permeability and absorption of
oral drugs in the pharmaceutical industries. However, such in vitro human intestinal models fail to support any
form of luminal flow conditions on the cells in order to more closely mimic in vivo conditions. Although these
existing systems are easy to use, they require a large amount of cells, culture media, samples and reagents.
Microfluidics is a technology that has the potential to revolutionise the way of in vitro cell culture. In particular,
microfluidics provides avenues for researchers to tailor the cellular microenvironment to better mimic the cellcell and cell-extracellular matrix interactions, while at the same time reducing the scale of the experimental
studies. Moreover, microfluidics also offers the possibility of dynamic cell culture in microperfusion systems
to deliver continuous nutrient supplies for long term cell culture. When combined with electronic or optical
components such as sensors, actuators, and control logic, microfluidics has the potential to enable real-time
detection of cell responses, adjustment of cellular stimulation etc. leading to establishment of conditional
experiments.
In this project, microfluidic systems engineering was leveraged to develop an eight chamber multi-layer
microchip for intestinal barrier studies. Sandwiched between the layers was a modified Teflon porous
membrane for cell culture. The novelty lies in modifying the surface of the porous Teflon support membrane
using thiol-ene ‘click’ chemistry, thus allowing the modified Teflon membrane to be bonded between the chip
layers to form an enclosed microchip.
Successful application of the multi-layer microchip was demonstrated by integrating the microchip to an
existing cell culture fluidic system to culture the human intestinal epithelial cells, Caco-2, for long term studies.
Under the continuous low flow conditions, the cells differentiated into columnar cells displaying folds that
closely resembled the intestinal villi and formation of a tight barrier. Furthermore, the microelectrodes
embedded in the microchip also allow real-time monitoring of the barrier integrity by means of measuring the
trans-epithelial electrical resistance. Demonstrations of transport studies using different compounds on the in
vitro human intestinal model in the microfluidic device showed comparable results with static cultures.
In addition, a normal commensal intestinal bacteria, Escherichia coli (E. coli) was successfully co-cultured on
the luminal surface of the cultured epithelium without compromising the epithelial cell viability and barrier
function. Such a platform paves the way towards an alternative in vitro intestinal model for high throughput
screening of drugs, chemicals, pathogens, intestinal diseases as well as toxicological studies.
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ABSTRAKT
Eksisterende in vitro-modeller af den menneskelige tarm, såsom dyrkning af den etablerede epithelial cellelinje,
Caco-2, på porøse membraner er ofte blevet anvendt i den farmaceutiske industri til at vurdere og forudsige
permeabilitet og absorption af præparater til oral indtagelse. Men sådanne in vitro modeller af den
menneskelige tarm inddrager ikke strømningsforholdene for cellerne for mere nøje at efterligne in vivo
betingelserne. Selv om disse eksisterende systemer er nemme at bruge, kræver de en stor mængde celler,
kulturmedier, prøver og reagenser. Mikrofluidik er en teknologi, der har potentialet til at revolutionere
udviklingen af in vitro-cellekulture. Særligt mikrofluidik giver mulighed for forskere til at skræddersy det
cellulære mikromiljø for bedre at efterligne celle-celle- og celle-ekstracellulær matrix-interaktioner, mens man
på samme tid reducere omfanget af de eksperimentelle undersøgelser. Desuden giver mikrofluidik også
mulighed for at systemer, med dynamiske cellekulture i mikroperfusionskamre, kan levere næringsstoffer
kontinuerligt til langvarige cellekulture. Når mikrofluidik kombineres med elektroniske eller optiske
komponenter, såsom sensorer, aktuatorer og styrelogik, har systemet potentiale til at muliggøre realtids
målinger af cellereaktioner, justering af cellulær stimulering, osv.
Til dette projekt blev der udviklet et mikrofluidik-system i flere lag med otte kamre til studier af tarmbarrieren.
Celledyrkning foregik på en modificeret porøs membran af Teflon, klemt fast imellem chippens øvrige lag.
Det nyskabende i dette forsøg ligger i modificeringen af overfladen af den porøse Teflonmembran ved
anvendelse af thiol-ene 'klik' kemi, således at den modificerede Teflonmembran kunne slutte tæt til chippens
øvrige lag og derved danne en lukket mikrochip.
Det blev demonstreret at den flerlagede mikrochip succesfuldt kunne integreres i et eksisterende fluidsystem
til dyrkning af humane epitelceller i tarmen, Caco-2, for langtidsundersøgelser. Under kontinuerlig
gennemstrømning ved lave flowrater differentierede cellerne sig til søjleformede celler, som viste folder, der
nøje lignede tarmens villi og dannelse af en tæt barriere. Desuden tillader de indlejrede mikroelektroder i
mikrochippen også overvågning af barrierens integritet i realtid ved at måle den trans-epiteliale elektriske
modstand. Transport undersøgelser i in vitro-modellen af den menneskelige tarm med forskellige kemikalier
viste sammenlignelige resultater med statiske kulturer.
Derudover blev normale kommensale tarmbakterier, Escherichia coli (E. coli) med succes co-dyrket på den
luminale overflade af den dyrkede epitel uden at kompromittere levedygtigheden af cellerne eller barrieres
funktion. En sådan platform baner vejen hen imod en alternativ in vitro tarm model for high throughput
screening af lægemidler, kemikalier, patogener, tarmsygdomme samt toksikologiske undersøgelser.

v

Everything begins with the resolve to take the first step. From that action,
wisdom arises and change begins. Without action, nothing changes.
-

vi

Daisaku Ikeda
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1.1 Background
For almost a century, the science of in vitro cell culture is the standard method used around the world for
understanding molecular and cell biology. Cell culture is also a model system used extensively in the
disciplines of genetics, immunology, cancer, medicine, vaccine production, tissue engineering and many other
countless applications [1]. However, the tools and technologies for cell culture did not change significantly
over the years. Much of our current understanding of biology derived from in vitro studies of cells cultured in
Petri dishes, flasks or well plates. Such systems require milliliters of media for culturing cells as suspensions
or monolayers. Although these culture systems are relatively robust, predictable and simple, they fail to provide
dynamic physiological conditions that are present in in vivo conditions. In in vivo conditions, cells reside in an
environment composed of soluble factors, cell-matrix interactions and cell-cell contacts. They live within an
environment with specific physicochemical properties (pH, oxygen tension, temperature, and osmolality) [1].
These parameters function in harmony to regulate the cell structure, function, behaviour, growth and
development. As such, the in vitro conditions are significantly different from in vivo conditions. To better
mimic key factors of the human body, much efforts are or have been invested to introduce different parameters
to control the microenvironment in cell culture systems [2].
In recent years, researchers explored the possibilities of exploiting microfluidic technology for cell culture.
Microfluidics is an area of research that addresses and exploits the fluid dynamics at sub-millimeter scale [1,3].
Microfluidic technology is generally based on devices with networks of microchannels. One of the main
advantages of microfluidics is the utilisation of scaling laws to create new effects and better performances in
miniaturised devices. Since the emergence of microfluidics in the 1980s, it has been widely used in the
development of systems such as microchips for polymerase chain reaction (PCR) of deoxyribonucleic acid
(DNA), laser inkjet print-head, sophisticated lab-on-a-chip (LOC) devices, and medical instruments.
Although initially the research in microfluidics was hugely dominated by studies in chemistry and physics,
another area that have been gaining rapid development concerning the use of microfluidic systems is cell
biology [1,4]. Because microfluidic technology has the ability to manipulate small volumes of fluid in micronsized channels, it can be leveraged to control parameters of the cellular microenvironments. Additionally, the
flexibility in the designing of microfluidic devices, allowed these devices to be tailored to individual cells and
cellular co-cultures can also be implemented on the same chip [5]. Therefore making it an attractive technology
to bioengineers, biologists and engineers for development of microdevices for biology. This has also led to
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new methods of designing and performing biological experiments. Microfluidics has thus paved a way for
innovative approaches to understanding fundamental biology and providing new approaches to the solutions
of important problems in biomedical analysis [1].
One of the key advantages of microfluidics for biology is the ability to control parameters of the cell
microenvironment at relevant length and time scales [1]. In the past decade, researchers tried to leverage
microfluidic technologies to create 3-dimensional (3D) microdevices to culture living cells. These 3D
microdevices allow the flexibility to artificially engineer key aspects of the in vivo microenvironment [6,7].
Toh et. al. [8] reported on developing a 3D microfluidic channel based cell culture system that supported
adequate 3D cell-cell and cell-matrix interactions. Through an array of micropillars, maximal cell-cell
interaction was achieved. In another study, Hsiao et. al. [9] reported on a microfluidic 3D culture system that
recapitulated the in vivo growth behaviour of malignant prostrate cancer cells, through construction of an in
vitro bone metastatic prostate cancer microenvironment. The design allowed gel-free formation of uniformly
sized spheroids in a 2-layered microfluidic device to model the 3D metastatic prostate cancer.
In the quest to further mimic in vivo conditions, microfluidic cell culture research has also moved towards
tissue engineering. Most recently, Choi et. al. reported on developing a microsystem that enabled co-culture
of breast tumour spheroids with human mammary ductal epithelial cells and mammary fibroblasts in a
compartmentalised 3D microfluidic device to replicate the microarchitecture of breast ductal carcinoma in situ
[10]. Another recent study demonstrated that the brain microenvironment can be closely mimic by developing
a 3D brain model on a microfluidic device [11]. By combining concave microwell arrays with an osmotic
micropump system, interstitial level of flow was achieved.
In this sense, applying microfluidic technology to cell culture is a promising approach to more closely mimic
in vivo cellular microenvironment and simultaneously enabling cell analysis to take place.
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1.2 Aim of project
To develop an alternative in vitro human intestinal device for transport studies, in this project there are three
main objectives to be met. They are listed as follow:
1) To leverage the advances in microfluidic systems engineering to develop an alternative in vitro human
intestinal model on a multi-layer microchip that provides constant fluid flow and fluidic shear stresses.
The human intestines can be likened to a fluidic tube that is constantly exposed to mechanical stresses due to
the presence of fluid flow. One of the major factor missing in conventional in vitro intestinal models is the
lack of fluid flow that is present in normal human intestines. To simulate the human intestines, this microfluidic
chip would consist of upper and lower microchannels separated by a thin porous membrane coated with extra
cellular matrix (ECM) that mimics the basement membrane in a human intestine. The upper microchannel of
the microchannel will recreate the lumen of the intestine while the bottom layer will recreate the vascular
compartment of capillaries in vivo (Figure 1.1). Continuous profusion of culture media in both the upper and
lower microchannels would be supplied to ensure the growth and maintenance of the epithelial cells. The
convection and diffusion mass transport mechanism found in the body will be reproduced in the microfluidic
chip.

Intestinal epithelial cells;

blood capillary

Figure 1.1 Schematic illustration of the concept of the microfluidic device for culturing Caco-2 cells. (a)
Human gastrointestinal tract [12]; (b) Schematic view of the human intestinal microvilli comprising of
epithelial cells and the vascular network; (c) Artist impression of the architecture of the microfluidic chip.
Whereby the microchip comprised of upper microchannel, porous membrane and lower microchannel.
Intestinal cells (Caco-2 cells) are cultured on the porous membrane.
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Microfluidic system engineering would be leveraged to develop the microfluidic device. In developing the
microdevice, the materials chosen must be optically transparent, should be inexpensive and allow rapid
prototyping. The work presented in this project will focus on using polymeric materials such as
polymethylmethacrylate (PMMA) and thiol-ene to fabricate the microfluidic cell culture device.
Microtechnologies like micromilling and soft lithography will be explored as the fabrication techniques.

2) Integration of microelectrodes in the microfluidic device to permit trans-epithelial electrical
resistance (TEER) measurements of cells.
One of the simplest and fastest label-free method to monitor the barrier integrity of the cell layer is to acquire
the trans-epithelial electrical resistance (TEER). This is possible by using a system consisting of electrodes
and electrical measuring equipment such as a volt-ohm meter or multimeter [6,7,13,14]. To realise this aim,
design and fabrication of microelectrodes with different electrode materials on the microfluidic chip will be
explored.

3) Transport studies conducted with the in vitro intestinal model cultured with the microfluidic device
for transport studies.
The last objective of the project is to conduct transport studies with the in vitro intestinal model in the
microfluidic device. Permeability studies with some test compounds will be explored.

1.3 Outline of the thesis
This project is highly inter- disciplinary. The content of this thesis is based on selected work performed
throughout the 3-year Ph.D. study. The thesis is divided into nine chapters. In the following list is the brief
description of the content in each chapter.

Chapter 1: Introduction
This chapter provides a brief introduction, description of the aims for this project and the organization of the
thesis.
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Chapter 2: Background/theory
This chapter reviews and discusses on the backgrounds of selected different disciplines and research fields
involved. A brief introduction of the physics of microfluidics is discussed, followed by an introduction of
Caco-2, the epithelial cell line of interest. This chapter also provides a brief review on the application of
microfluidic technology for cell culture, cell handling and membrane studies. Overviews on the different
materials used for microfluidic chip fabrication and the different fabrication techniques are also included.
Special attention will be paid to thiol-ene, the material of interest that is used for fabricating the microchip for
Caco-2 cell cultivation.

Chapter 3: First generation of microchip – PMMA microchips
This chapter introduces the first generation microfluidic chip for cell culture. The microfluidic chip reported
is made from polymethylmethacrylate (PMMA). Different microchambers for cell culture were designed,
fabricated and tested. The microchip design consists of multiple layers of PMMA layers and a piece of porous
cell culture membrane sandwiched between the PMMA layers and clamped together with thick blocks of
PMMA acting as the microchip holder. Likewise, some bubble trap designs are discussed in this chapter.

Chapter 4: Second generation microchip – Thiol-ene microchips
Most of the shortcomings highlighted in the previous chapter are addressed in this chapter. The different
designs, fabrication and characterisation of the microfluidic chips made from thiol-ene are presented in detail.
The chapter also elaborates on the transition from micro-milling machining of the microfluidic chip as reported
earlier by the candidate to soft lithography. Bonding of different mixtures of cured thiol-ene pieces to a thiolene modified porous membrane for cell culture was subsequently investigated and reported.

Chapter 5: Integrating thiol-ene microchip with fluidic system for cell culture
Integrating of the thiol-ene microfluidic chip with the fluidic platform consisting of some MAINSTREAM
components [15–18] are described and discussed. Some preliminary cell culture studies with HeLa cells and
Caco-2 cells are experimented with the thiol-ene microchip and presented. The work was presented in
conference proceeding 1.
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Chapter 6: Embedding electrodes onto thiol-ene microfluidic chip for trans-epithelial electrical
resistance (TEER) measurements
The design, fabrication technique of embedding the microelectrodes on the thiol-ene microchip are described.
Characterisation of the electrodes were performed. Successful and reliable trans-epithelial electrical resistance
(TEER) measurements recorded across Caco-2 cells cultured in the microchip are reported.

Chapter 7: Thiol-ene based microchip Caco-2 monolayer for passive transport studies
Application of the thiol-ene microfluidic chip for long-term Caco-2 cell culture for transport studies is
demonstrated. In this chapter, morphological studies of the Caco-2 cells cultured in the microfluidic device are
also presented. Permeability studies with different test compounds (with or without membrane enhancers) were
conducted on the Caco-2 monolayers cultured in the microfluidic system. Comparison studies were also carried
out in the traditional static Transwell system. The bulk of this work is presented in a manuscript prepared for
submission.

Chapter 8: Co-culturing of Escherichia coli (E. coli) with Caco-2 cells
The work presented here was conducted with a Master intern student, Jorine Brendensen from University of
Twente. In this chapter, some preliminary investigations on co-culturing the bacteria, E. coli with the Caco-2
monolayers were presented. Co-culturing of the bacteria and Caco-2 cells was carried out in both the Transwell
culture systems and microfluidic device. Experimental results were evaluated and presented.

Chapter 9: Conclusion and outlook
This chapter concludes the results presented, followed with suggestions for future work based on the project.
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Some highlights of the important physics that are dominant in cell culture microfluidic devices will be
presented here. Reviews and discussions of some past work on Lab-on-a-chip (LOC) devices for cell culture
and Caco-2 cells, are also highlighted. This chapter will also review on some of the popular materials used in
fabrication of microchip for cell culture and the material of interest, thiol-ene, used in the fabrication for the
culture of Caco-2 cells in this project.

2.1 Microfluidic phenomena related to cellular studies
2.1.1 Laminar flow in microchannels
Microfluidics is an area of research that addresses and exploits the fluid dynamics at sub-millimeter scale [1,2].
To work with microfluidics, it is important to understand the physical phenomena that are dominant at the
micrometer scale.
At the microscale, the laws of physics remain the same as in macroscopic systems. However, due to the scaling
down of fluids into sub-millimeter scale, some of the forces (e.g. capillary forces) become more dominant over
those experienced in everyday life [3]. For example, in the case of fluid flow, the reduction in size will reduce
the influence of the inertial forces compared to frictional/viscous forces. This will lead to the formation of
laminar flow in microfluidic channels. Therefore, new designs need to be considered to deal with the forces
that are dominant when working in the microscale ranges. References [4,5] give comprehensive reviews of the
physics associated with both micro‐ and nanofluidics.
By downscaling the geometry of the channel that is containing the fluid, the effects that become dominant in
microfluidics include laminar flow, diffusion, fluidic resistance, surface area to volume ratio, and surface
tension [5]. The Reynolds number (Re) of a fluid flow, is a dimensionless quantity used for characterising the
fluid behaviours within microfluidic channels. Re is used to quantitatively estimate the tendency of a fluid to
develop turbulence. It is defined as the ratio between the inertial and viscous forces on the fluid. The Reynolds
number (Re) can be calculated by:
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Eq. 2.1

𝑅𝑒 =

𝜌𝑢𝐷ℎ
𝜇

where ρ (kg ∙m-3) is the density of fluid, u (m∙s-1) is the characteristic velocity of fluid and μ (kg∙s -1∙m-1) is the
viscosity of fluid. Dh (m) is the hydraulic diameter of the pipe or channel, which is dependent on the crosssection of the channel in which the fluid is flowing across. Flow patterns are often classified into two categories:
laminar and turbulent. Laminar flow occurs when Re < 2100, and the flow is smooth and predictable. Due to
the small size of the microchannels, the flow in a microfluidic channel is almost always laminar [5]. This can
be advantageous in some cell biology applications such as the formation of static and dynamic gradients at
subcellular resolution in the presence of laminar flow [6].
Pressure driven incompressible flow is described by two equations, the Navier-Stokes equation [7]:
Eq. 2.2

𝜕𝑢

𝜌 [ 𝜕𝑡 + (𝑢 ∙ ∇)u] = −∇𝑃 + 𝜂∇2 𝑢

And the continuity equation is given by:

∇∙𝑢 =0

Eq. 2.3:

Where ρ is the density of fluid, u is fluid velocity, t is time, P is the pressure and η is fluid viscosity. When Re
<< 1, the flow is described as ‘creeping flow’. The Navier-Stokes equation describes the motion of viscous
fluids.
In designing microfluidic channels, the analytical solution for the Navier-Stokes equation can be solved by
assuming no-slip boundary conditions. Under pressure-driven flow, the flow profile will always be parabolic.
The exact solution is dependent on the cross-sectional geometry of the microfluidic channel. The steady state
velocity profile for the rectangular channel can be approximated using parallel plate Poiseuille flow [8]:
Eq. 2.4:

𝑣𝑥 =

∆𝑃
2𝜇𝐿

(ℎ − 𝑦 )𝑦

Where vx is the velocity in the x direction. vx is a function of the position along the channel height y, and h is
the channel height, ΔP is the pressure difference between the two ends of the channel, L is the length of channel
and μ is the viscosity of fluid.
For fluid flow through shallow microchannels with height, h, and width, w, the average velocity in the
microchannel can be calculated as:
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𝑢=

Eq. 2.5

𝑄
𝑤 ∙ℎ

where u is fluid velocity, Q (m3.s-1) is the volumetric flow rate, w (m) is the width of channel and h (m) is the
height of channel.
In laminar flow, the liquids are transported in uniform layers of thickness, between fixed boundaries, where
the mixing of the streamed liquids occurs by diffusion across the liquid-liquid interfaces.

2.1.2

Diffusion

Diffusion is the process by which a concentrated group of particles (e.g., molecules, particles, cells etc.) will
spread out over time. Thus, by means of Brownian motion, the average concentration of particles throughout
the volume becomes constant [5]. For a laminar flow in a channel, due to the absence of convective forces
acting on the fluid under laminar flow, the contents in the fluid will mix by means of diffusion
Furthermore, the reduction of dimension sizes has a direct influence on the reaction time of the contents.
Diffusion of a particle in a channel can be modeled in one-dimensional means by:
Eq. 2.6

𝑑 = √2 𝐷𝑡

Where d is the distance a particle moves at time t, and D is the diffusion coefficient of the particle. From
equation 2.6, it is clear the mixing time for diffusion-based mixing increases with the diffusion distance.
Therefore, diffusion becomes an important phenomenon in microscale. The degree of mixing particles between
adjacent streams is therefore dependent on the channel dimensions, the size of the particle found within the
channel and the flow rates within the channel. The velocity of diffusion is related to the diffusion coefficient
of the solute of interest. The diffusion coefficient (D) can be estimated with the Stokes-Einstein equation:
Eq 2.7

𝐷=

𝑘𝐵 𝑇
6𝜋𝜂𝑟

where T (K) is absolute temperature, r (m) is the radius of the particle, kB is Boltzmann constant and η (Pa∙s)
is the viscosity of the solute. Generally, the linear size of a molecule varies as the cube root of the molecular
weight (r ≈ (MW)1/3) [9]. Hence, the diffusion coefficient for a large protein is about 50 times smaller than a
solute ion. For particles like cells (10 μm in diameter) the diffusion constant could be 2 x 104 times smaller
than for a small protein. Table 2.1 shows the diffusion coefficient for various particles.
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Particle

Typical
size

Diffusion coefficient

Solute ion

0.1 nm

2 x 103 m2/s

5 nm

40 µm2/s

100 nm

2 µm2/s

Bacterium

1 μm

0.2 µm2/s

Mammalian/Human cell

10 μm

0.02 µm2/s

Small protein
Virus

Table 2.1 Typical diffusion coefficients for various particles in water at room temperature [4].

Depending on the fluid dynamic conditions, transport of solutes can be either by convection or diffusion. The
dimensionless number Péclet number, Pe, expresses the relative importance of convection to diffusion and is
given as [4]:
Eq. 2.8

𝑃𝑒 =

𝑢𝑙
𝐷

where u is the velocity, l is the characteristic length and D is the diffusion coefficient of the particle. In
situations where the velocity is high, convective transport will dominate. Conversely, when the length of the
microchannel is short, diffusion will dominate. In a microfluidic cell culture system, the Peclet number also
provides an estimation of how quickly the nutrients are being replenished by flow compared to the amount
diffusing out [1]. For maintaining healthy cells cultures, it is important to maintain favourable mass transport.
Consider a situation when the convective transport is too slow, when the rate of replenishing the nutrients is
slower than the rate of nutrient consumption by the cells, over time the cells will starve. Conversely, when the
convective transport is too fast, signaling factors secreted by the cells will be washed away. Similarly when
the diffusional distance is too far, a concentration gradient is generated based on the cell location. While when
the diffusion distance is very short, fitting sufficient cells in the limited space becomes a challenge [10].

2.1.3 Fluid shear stress
The mechanical impact of shear stress can be controlled through the geometry and flow conditions. Fluidic
shear stresses are generally measured as the ratio of the shearing force over the area which it is acting on. The
walls of the microchannel can be likened to two parallel plates and the shear stress that is imposed on the cells
is constant over a defined period of time as the flow rate is constant. Typically, the fluid enters from one end
and exit from the other end as shown in figure 2.1.
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Y
h

X

w

Z

Figure 2.1. Schematic illustration of fluid flow in a parallel plate flow chamber. Flow is entering from one end
and exit from the opposite direction. This is also similar to a microfluidic channel for cell culture.

In a chamber or channel where cells are cultured, the bottom layer will be where the cells are cultured.
Calculation of the shear stress in a microchannel is expressed as follows [11]:
Eq. 2.9

𝜏𝑤 =

6𝜇𝑄
𝑤ℎ2

where w is the shear stress, μ is the dynamic viscosity of fluid (Pa∙s), Q is the volumetric flowrate (m3∙s-1), h
is the channel height (m), and w is the channel width (m). For shear stress calculations using cell culture
medium, Dulbeco’s Modified Eagle’s Medium (DMEM), as the fluid, the viscosity of DMEM at 37 °C is
0.0078 Pa∙s [11]. From eq. 2.9, it is expected that by downscaling the height of the microchannels will increase
the shear stress for a fixed flow rate or velocity.

2.2 Caco-2 cells
A single layer of epithelial cells is lining the wall of the intestine. The epithelial layers forms the rate limiting
barrier towards absorption of dissolved drugs. For decades, numerous experimental models both in vitro and
in vivo, were developed to predict and study the permeability of intestines [12–15]. Animal testing has so far
been the preferred method to simulate and predict human response to drugs, chemicals, pathogens and toxins.
However, the downside to this is that animal studies are costly, lengthy and they may fail to accurately predict
human response to certain compounds or drugs. Beyond that, there are ethical considerations as well [16]. To
properly re-constitute an in vitro model of the human intestinal for the prediction of drug absorption in humans,
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clinicians and researchers had discovered the human carcinoma cell line, Caco-2, is able to serve this purpose
well [17,18].
The Caco-2 cell line is an immortalised line of heterogeneous human epithelial colorectal adenocarcinoma
cells. This model was developed by the Sloan-Kettering Institute for Cancer Research. When cultured under
specific conditions (i.e. porous cell culture inserts – e.g., Transwell inserts) (Figure 2.2), these cells will form
a monolayer and spontaneously proliferate and differentiate, exhibiting many features that are similar to the
small intestinal villus epithelium [19]. Some of the most prominent features of the differentiated Caco-2 cells
are the formation of brush border microvilli on the upper side of the cells, development of intercellular tight
junctions and the presence of various metabolic enzymes present in the intestinal epithelium [20,21].

Apical

Basolateral

Caco-2 cell
monolayer

Tight junction

Figure 2.2. Schematic view Caco-2 cells cultured in Transwell porous inserts. Enlarged view of the Caco-2
monolayers with microvilli and tight junctions [19]

About 3 weeks of culture in Transwell porous inserts is required for Caco-2 cells to fully differentiate and form
a confluent monolayer [19,22]. During the 3 weeks, the cell culture medium has to be changed every alternate
or third day. This can be cumbersome, laborious and costly. There had been reports on the possibilities of
developing a more rapid Caco-2 cell culture by modifying the cell culture protocols [23–25]. Acceleration in
the growth of the Caco-2 monolayers were achieved by reducing the serum in the cell culture medium but with
addition of special supplements [23–25]. Cai et. al. [23] reported that by modifying the composition of the
cell culture medium and a higher Caco-2 cell seeding density, a 7-day Caco-2 culture system was achieved.
Their results showed that this 7-day Caco-2 culture system displayed better barrier properties. Another study
by Lentz et. al. [25] showed that the 4-day Caco-2 culture system they developed, displayed comparable
permeability results when compared to 21-day Caco-2 system. However, the Caco-2 monolayers exhibited low
brush border enzyme (alkaline phosphatase) activity of 2.46 nmol/min.mg as compared to 87.72 nmol/min.mg
for the 21-day culture [25].
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2.2.1 Transport mechanisms across Caco-2 monolayers
As mentioned earlier, tight junctions are present between adjacent Caco-2 cells. The formation of the
intercellular tight junctions result in a tight cellular barrier separating the apical from the basolateral side
(Figure 2.2). Due to this unique characteristic of the polarised Caco-2 monolayer, it provides a physical and
biochemical barrier to the passage of ions and small molecules. Therefore, transport across the colonic
epithelial barrier is efficiently controlled. There are two modes of transportation across the Caco-2 cell layer:
paracellular and transcellular [26].
Paracellular transport is passive diffusion and regulated by the selectively permeable tight junctions between
adjacent Caco-2 cells. The transcellular pathway is both transporter-mediated or by simple diffusion. Figure
2.3 shows the schematics of the two different transport pathways across Caco-2 cells.

Figure 2.3. Schematic overview of the Caco-2 monolayer forming a tight barrier when grown on the Transwell
porous membrane. The two different types of transport in the Caco-2 monolayers are: transcellular pathway
and paracellular pathway

Caco-2 monolayers for drug transport studies
Movement of molecules in solutions or molecular transport across the Caco-2 barriers is caused by diffusion.
Diffusion is the random movement of molecules in a solution. Therefore, it may only cause a net transport of
molecules in the presence of a concentration gradient [27].
The velocity of diffusion is related to the diffusion coefficient of the solute of interest. The diffusion coefficient
(D) can be estimated with the Stokes-Einstein equation discussed earlier (eq 2.7). According to eq. 2.7, the
diffusion coefficient decreases with increasing molecule size and increasing viscosity of the solvent. The
diffusional flux can be determine by applying Fick’s first law of diffusion [27]:
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Eq. 2.10

𝐽 = −𝐷

𝜕𝐶(𝑥,𝑡)
𝜕(𝑥)

Where J is the flux, ∂C is the concentration in dimensions of (amount of substance per unit volume, mol∙m-3),
t (s) is the time and x is the position (m). Fick’s first law postulates that under steady-state conditions, the flux
goes from regions of high concentration to regions of low concentration.
In a biopharmaceutical context, the use of flux studies are often carried out to investigate the transport of drugs
across a barrier tissues by simple diffusion. This is characterised by a permeability of the solute that has been
transported across the barrier. In such studies, the compound of interest with initial concentration will be added
to the apical side of the cells in a defined volume (donor compartment) and the receiver compartment is on the
basolateral side. The flux is measured by taking sample aliquots from the receiver compartment at given time
points and new diluent of the same volume as the sample aliquots are added to the basolateral compartment.
Therefore, Fick’s Law can be simplified as [19,27]:
𝑑𝑄

1

𝑃𝑎𝑝𝑝 = ( 𝑑𝑡 ) (𝐴𝐶 )

Eq. 2.11

𝑜

Where P (cm∙s-1) is the permeability coefficient, Co (g∙ml-1) is the initial concentration of the test compounds
in the donor compartment and

𝑑𝐶
𝑑𝑡

(g∙s-1) is the steady-state flux and A (cm2) is the surface area with cells that

the test compounds were tested. Eq. 2.11 indicates that the flux is proportional to the concentration gradient
and that the permeability is the constant that relates the flux and concentration gradient.

2.3 Microfluidics for cell culture
For almost more than a decade, the microfluidics technology has started to gain much interest in cell biology
in applications such as cell sorting and trapping [28–30], cell counting [31,32], cell lysis and extraction [33,34],
single cell analysis [35] and cell culture [36–39]. Many believe that the development in microfluidics will
steadily expedite advancements in cell biology.
In developing microfluidic devices specifically for cell culture, there are certain aspects that must be
considered, both in terms of the perfusion culture system design, cellular microenvironment, material choices
and the implementation of fluidic control. Numerous reviews are available that described these different
aspects of cell culture and microfluidics [1,5,40–43]. In the next section, some of the implications and
considerations are discussed when designing and carrying out studies with the microfluidic cell culture system.
Some microfluidic devices applicable for cell biology are also introduced.
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2.3.1

Using microfluidic flow conditions to control microenvironments

‘Microenvironment’ can be defined as the immediate small-scale physical, chemical and biological conditions
in the vicinity of a living cell where they can be sensed by the cell and have effects on the cell. The in vivo
microenvironment is a complex environment, comprising of biochemical, biomechanical and bioelectrical
signals derived from surrounding cells, extracellular matrix proteins and soluble factors, physical effects by
fluid flows and temperature effects [1,40]. These components work in synergistic and antagonistic manner to
regulate cellular behaviour. In vivo cells continuously sense all these processes and in turn will determine the
cell fate.
Microfluidics has the ability to manipulate fluid flows in the submillimetre range, hence offering the
possibilities of precise control of dynamic perfusion and extracellular chemicals necessary for individual cells
to be cultured [44,45]. In an earlier report, Takayama et. al. exploited microfluidic principles to expose a single
cell to asymmetric signals by placing it at the interface of fluid streams. Due to the laminar flow of the fluids,
there was minimal mixing when two streams were flowed alongside each other. Because of this effect, part of
the cell received soluble factors directly while the other part did not [46].
The development and regulation of functional tissues is dependent on the direct cell-cell communication
between adjacent cells. Lee et. al. reported on developing a microfluidic device to selectively trap cell pairs
and bring them in contact with each other for cell-cell interaction studies [47]. Song et. al. had reported on
creating an artificial microfluidic vasculature to study the intravascular adhesion of metastatic breast cancer
cells. By selectively manipulate cancer cells and endothelium over certain intersecting locations with different
effector proteins, such as chemokines, serial tumour-endothelial cell interactions can be reproduced with
different metastasis-supporting potential in a method similar to the way they occur physiologically [48].
Additionally, the shear stress within the confine microenvironment can also be exploited for investigations on
the mechanical impact on cell adhesion [49] or cell responses [50–52].
All these instruments discussed exploit the unique properties of microfluidics to build devices and enable
studies that are not possible with traditional cell culture systems.

2.3.2

Integrated analysis on microfluidic devices

In every cell-based study, a reliable method is required to extract information. One of the benefits of the
microfluidic system is the possibility of integrating analytical methods to produce information from the cell
models. Because real-time microscopic studies are important for cell-based studies, microfluidic devices
fabricated for cellular studies are mostly transparent, allowing traditional microscopy techniques like phase
contrast imaging, immunocytochemistry, fluorescent and histological stains.
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In addition, microfluidic devices capable of analysing cell lysates such as on-chip PCR have also been
fabricated and reported by Marcy and colleagues [53]. This integrated microfluidic system contained nine
amplification units and allowed selection of individual cells, lysis, sample preparation and amplification.
Furthermore, other analytical tools such as biosensors can be incorporated into the microfluidic device for cell
culture. These biosensors can provide rapid and sensitive analysis based on a small number and low reagent
volumes. Ges et. al. [54] reported on embedding lactate sensing electrodes within a microfluidic cell to evaluate
anaerobic respiration in living fibroblasts. Numerous groups have also demonstrated on embedding electrodes
in microfluidic devices to monitor the barrier integrity of epithelial and endothelial cells [52,55–58], cell
migration [59] and fluidic pressures [60].

2.3.3

Microfluidic cell culture systems and cell-based assay systems

In recent years, the advancements in microfabrication and microfluidic technologies have enabled the
development of various lab-on-a-chip (LOC) devices with cell culturing functionalities. Such micro-scaled
systems not only provide new approaches for solutions to address certain challenges in biomedical analysis,
they also provide better avenues for studying cellular behaviours and functions, e.g. cells susceptibility to drugs,
pathogens, toxins and transport studies in cells. For example, Biffi et. al. [61] reported on developing a
microdevice that consisted of a dual channel configuration whereby the cell culture region was partially divided
into two sub-compartments. This microchip allowed for cell culture and controlled drug simulation of the
neuronal networks. Furthermore, with the ability to reduce experimental variability and the duration of
experimentation, allowed for considerable improvements over macroscopic methods. Another report by Antia
et al. [62] showed that by replicating the physiological flow conditions in a microfluidic device, allowed for
studies of the cyto-adherence and rheological responses of infected red blood cells to host cell ligands.
Performing cell culture and assays with microfluidic devices permit the precise handling of liquid in the microand nanoliter ranges, and reduced amount of cells used. This is especially beneficial in studies where rare cells
such as stem cells or primary cells are utilised. Additionally, microfluidic cell culture systems offer the
possibility of supplying and transferring cell culture medium, buffers, and even air while simultaneously
draining the waste products generated from cellular activities. Thus, offering some resemblance to the human
circulatory system [63].
Over the past decade, researchers have developed microchips for the study of lungs [64,65], kidney [52,66],
liver [67–69], gut [36–39,70–72] , blood-brain barrier [55,57], neurons [73–75], cornea [76], bone marrow
[77], skin and hair [78], heart [50], muscles [79,80] and many more. Such microfluidic devices used for
culturing living cells in a continuously perfused, micro-sized chambers in order to model physiological
functions of tissues and organs are also known as organs-on-a-chip [81].
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Of particular interest to us is to develop a microchip for the study of human intestines. As mentioned earlier,
conventional method of culturing Caco-2 cells to achieve a monolayer for transport or drug studies are often
carried out on static porous inserts e.g. Transwell inserts and this entire process require 18-21 days. Although,
the Caco-2 cells cultured in Transwell inserts are capable of differentiating to form a polarized epithelial cell
monolayer, they fail to reproduce most of the differentiated organ-specific properties of a living intestine [37].
One of the major factor missing in such static culture systems is the presence of continuous fluid flow and
stresses that are experienced in the normal human intestines. As such, these static cultures may not be the best
in vitro models for studying cellular behaviours and functions, e.g., cells susceptibility to drugs, pathogens,
toxins and transport studies in cells.
The mammalian intestine can be likened to a type of fluidic tube. Therefore, any form of evaluation of the cells
under fluidic conditions is considered more favourable as compared to static experiments conducted with
conventional cell culture inserts like the Transwell inserts [36,39,55,70,71]. Furthermore, in in vivo conditions,
epithelial cells within a monolayer receive their nutrients from the basolateral side. This can be efficiently
mimicked in the architecture of a microfluidic device that incorporates a porous membrane (Figure 1.1). The
continuous flow of reagents in the top and bottom fluidic layers of the microchip will ensure a constant supply
of nutrients and waste removal from the cells.
Kim et. al. [36] reported that with the combination of peristalsis motion and fluid flow in the microfluidic
device, the Caco-2 cells displayed intestinal villi and crypt characteristics. The authors reported physiological
growth of the Caco-2 monolayers reached up to several hundreds of microns in height, and the cells displayed
increased expression of intestine-specific functions, including mucus production. The authors also reported on
successfully co-culturing microbes on the Caco-2 monolayers for extended periods without compromising the
viability of the cells. Another study by Ramadan et. al. [82] showed that a gastrointestinally motivated
microfluidic system was capable of co-culturing Caco-2 cells and U937 cells. This system allowed monitoring
of the response of immune cells to pro-inflammatory stimuli. Such a device can be utilise as an in vitro model
to study the absorption of nutrients and immune-modulatory functions in the human gastrointestinal tract.
Devices that integrate other microfluidic capabilities have also been developed. Recently, Gao et. al. [38]
reported on developing a human intestinal model in a microfluidic device with integrated micro solid-phase
extraction (SPE) columns for drug permeability assays. The authors claimed that real-time detection of the
permeated drugs was achieved by connecting the microfluidic chip to an electrospray ionization quadrupole
time-of-flight mass spectrometry (ESI-QTOF-MS).
Most of the above mentioned devices were not designed to screen for multiple compounds at once.
Microdevices having the capability to handle more than one input and assess the effects of multiple compounds
on cells are valuable for numerous applications.
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2.4 Device materials and fabrication
2.4.1

Material selection

One of the most important things that engineers and biologists need to consider is the material to be used for
fabricating the microfluidic chip [83]. Since the emergence of microfluidics, microfluidic devices were
initially based on non-polymeric materials like silicon or glass. They were fabricated by the well-established
integrated circuit production technique – micromechanical systems technology (MEMS) - such as
photolithography and e-beam lithography. Such methods of microchip production is costly and time
consuming. Furthermore, the microchips produced with silicon are opaque which is incompatible for optical
microscopy and the ability to have 3-dimensional (3D) structuring is also limited. Alternative materials such
as thermoplastics -polymethylmetacrylate (PMMA), polycarbonate (PC), cyclic olefin copolymer (COC))- and
elastomers - polydimethylsiloxane (PDMS)) - had gained much popularity as materials used for fabricating
microfluidic device, as they are low-cost, disposable, transparent, biocompatible and easy to fabricate.
Traditionally, polystyrene (PS) is the preferred substrate that cells are cultured on statically [83]. However,
microfabrication of PS into microdevices may be challenging. The challenges of fabricating PS microdevices
can be attributed to the need to: (1) make molds capable of resisting high temperatures and pressures for hot
embossing processes, (2) create inlet and outlet ports for world-to-chip interfacing, and (3) overcome bonding
challenges [83]. Though much effort had been made to overcome the challenges for PS microfabrication, the
most challenging is the bonding of PS materials or PS with another material.
Numerous teams have sought to use other materials i.e. thermoplastics, PDMS [36,39,55,57,70,73], paper [84],
hydrogel [85] for cell culturing in microdevices.

Polymethylmethacrylate (PMMA). Low cost thermoplastic polymers (polymethylmethacrylate (PMMA),
polycarbonate (PC), and cyclic olefin copolymer (COC)) have been widely used for fabricating microfluidic
devices in high quantities in the industries. Most of these thermoplastics are readily available, have good
optical and mechanical characteristics, are low in cost and can be easily handled. Also they had been shown to
be biocompatible [86] and applicable for biological applications.
In this project, PMMA was the first material chosen to be used for fabricating the cell culture microchip. The
reason being that PMMA is transparent, not costly, has low hydrophobicity, easy to fabricate and good
biocompatibility [87,88]. However, due to challenges faced in developing a leak-free microfluidic cell culture
device, another alternative material had to be considered and experimented. Fabrication technique of the
PMMA microchips, as the first generation microchips are being described in Chapter 3 of the thesis. In Chapter
4, 5 and 6, micromilling of the microchip design onto PMMA pieces are also highlighted.
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Thiol-ene. The thiol-ene reaction is an organic reaction between a thiol and an alkene, resulting in the
formation of an alkyle sulfide. This reaction is also known as ‘click chemistry’, due to its high stereoselectivity,
rapid rate, high yield and thermodynamic driving force. Thus, the thiol-ene ‘click’ chemistries have been
widely used in biomaterials applications - drug delivery, tissue engineering and controlled cell culture [89–
96].
Thiol-ene polymers are also well known for their uses in UV-curable adhesives (Norland optical adhesives
[97]), dental restorations [91,94,95] and recently in microfluidic applications [98–108]. Thiol-ene is ‘cured’
via a step-growth photopolymerisation, hence forming homogenous, photopolymerisable crosslinked polymers
[109]. The step-growth process of thiol-ene (Figure 2.4) is based on the radical addition of a thiol to an allyl
functional group resulting in a final product that is a combination of the thiol and allyl functional groups. In
the step-growth polymerization process, first a thiyl radical is generated as the S-H bond of the thiol group is
cleaved during the initiation process. The thiyl radical will then propagate through an addition to the carbon
of an allyl functionality. During this process, a hydrogen atom is abstracted from a thiol-group, hence forming
a carbon centered radical and a thiyl radical. The propagation and chain transfer mechanisms are continued
until termination occurs when a radical is coupled to a radical.
The step-growth photopolymerisation of thiol-ene can be summarised as shown below.

Figure 2.4. Step-growth photopolymerisation mechanism of thiol-ene

Hung et. al. had also reported on the biocompatibility of thiol-ene and its ability to create non-adhesive domains
for cell culture experiments [107].

2.4.2 Fabrication technologies for microfluidics
Historically, some of the first microfluidic devices were developed using fabrication technology borrowed
from microelectromechanical systems (MEMS) and semiconductor industry. Most of those devices fabricated
involved etching of substrates such as silicon or glass and bonding of the different layers. Eventually, other
fabrication techniques were developed and they include surface micromachining, deposition and patterning of
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various thin film layers. Other fabrication techniques such as soft lithography, laser ablation, injection molding
and hot embossing have also been widely employed in microfluidic chip fabrication.

The method for fabricating the microfluidic device is dependent on the material selected. In this project, three
major polymeric materials were explored for fabricating of the cell culture microfluidic device. There are two
primary methods for creating microfluidic structures in polymers: Direct writing technique and replication
technique. The different methods for the device construction are described below.

2.4.2.1 Direct writing technique
Micromilling
Micromilling is a direct writing technique that creates microscale features via cutting tools to remove the bulk
material for straight use for microchip devices or a mold for rapid generation of replication process [110–112].
The basic milling system (Figure 2.5a, b), consists of (1) a worktable for positioning the workpiece (secured
with double-sided adhesive tape), (2) a cutting tool, and (3) an overhead spindle for securing and rotating the
cutting tool. Micromilling is based on computer numerical controlled (CNC) machining as a classical computer
aided design and manufacturing (CAD)/(CAM) process. The spindle on the machine has revolution speeds of
up to 50.000 min-1. This permits the mounted tool to drill, cut holes and microstructure directly on the substrate
(mounted on the worktable) by removing the material in a predefined pattern. The profile and diameter of the
cutting tool determine the shape and patterns on the substrate.

(b)

(a)

Figure 2.5 Micromilling. a) Schematic process of the micromilling procedure [112]. b) One of the micromilling
machines (Mini-Mill/2, Minitech machinery Corp, GA, USA) at DTU Nanotech.

21

CHAPTER 2: Background and premises

Components and structures produced by micromilling can be precisely aligned (≈ 50 μm), hence enabling
reproducibility [113]. Surface roughness of micromilled piece is dependent on the cutting tool (e.g., tool
features, profile, and wear), and the proper slection of cutting parameters (i.e., feeds and speeds), and adequate
use of coolant. Typically, the achieve surface roughness of micromilled features without any post treatment is
in the order of 100 - 250 nm [112,114,115]. Since the smallest milling tool available commercially is 5 μm
[116,117], therefore, micromilling is not suitable for fabricating structures smaller than 5 μm. However, typical
microchannel dimensions for cell culture are in the range of 100 to 1000 μm. The need for larger channel
culture regions is to enable enough cells to be cultured in the microchannels to permit population-based
analyses [1]. Therefore, micromilling is a suitable technique for fabricating the microchip designs.

2.4.2.2 Replication technique
Casting of PDMS in micromilled PMMA molds. ‘Soft lithography’ technique is a direct pattern transfer
technique. The term ‘soft’ refers to an elastomeric stamp with patterned relief structures on its surface.
Elastomeric material such as PDMS has been used successfully. PDMS has a low interfacial free energy (≈
21.6 dyn/cm), hence preventing most polymeric molecules from adhering onto or reacting with its surface.
PDMS is not hydroscopic, that is it does not swell with humidity, has good thermal stability and it is optically
transparent (≈ 300 nm) [118]. Due to the unique properties of PDMS, makes it suitable for the use as ‘stamps’.
The “stamps” can be prepared by casting pre-polymers against masters (patterned by conventional lithographic
techniques or micromilled), curing and peeling the “stamp” off. The brief procedure for soft lithography is
illustrated in Figure 2.6. Soft lithography provides a convenient, effective and low-cost prototyping approach.
Furthermore, the technique is easy to learn, straightforward to apply and accessible to a wide range of users.
PDMS also has a number of drawbacks such as swelling [118,119], shrinking [118,120–123] and elastic
deformation [118,124]. Therefore, in designing a PDMS part, it is necessary to consider on the shrinking effect
upon thermal curing. A number of organic solvents can swell PDMS as well [118,119]. Additionally, the aspect
ratio of the designed structure can be limited by elastic deformation. When the aspect ratio is too high, this
will lead to two parallel structures attracting to each other. Too low an aspect ratio will lead to sagging of noncontact regions as shown in Figure 2.6. The recommended aspect ratios for PDMS structures are between 0.2
and 2 [118].
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Figure 2.6 Soft lithography process [118]

In this thesis, the master molds for casting the PDMS molds were fabricated by micromilling on PMMA
substrates. The fabricated PDMS molds were extensively used for replicating fluidic structures on thiol-ene
pieces (the main component for fabricating the cell culture microchip) in chapters 4, 5 and 6.
Casting of thiol-ene using PDMS molds. Replica molding of the thiol-ene is easily carried out by using
PDMS molds. Cabral et. al. were the first group to report on using thiol-ene based adhesives for microfluidic
chip fabrication. However, the method they proposed required inconvenient photolithography process [108].
Thiol-ene polymers are well suited for microfluidic device applications. This class of polymers have high
reaction rates, resistant to different types of solvents including aliphatic and aromatic, low shrinkage stresses
and seals to glass, metals and PDMS substrates [107,108]. Therefore, deformation of thin geometries that are
commonly found in microfluidic devices is limited.
Carlborg et. al. [99] recently reported on a novel use of off-stiochiometry thiol-ene (OSTE) polymer
compositions – with either excess thiol or excess allyl in the thiol-ene mixtures – as another form of material
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for rapid prototyping microfluidic devices. The authors reported that the morphology and mechanical
properties of the cured OSTE are greatly affected with either excess thiol or excess allyl in the thiol-ene
mixtures. The thiol moieties they experimented were pentaerythritol tetrakis-(3-mercaptopropionate) (tetrathiol moieties) and trimethylopropane tris-(2-mercaptopropionate) (tri-thiol moieties) and the allyl component
was tri-allyl-tri-azine (tri-allyl moieties; TTT).

Figure 2.7 Chemical structures of thiols and allyl that will be used for creating the different thiol-ene layers in
the microfluidic chip in this project

Master molds are made either of silicon by photolithography or on a thermoplastic like PMMA by micromilling
or laser ablation. This PMMA master molds are used to mold the PDMS replica. The prepared thiol-ene
mixture (thiol monomer is mixed with the allyl monomer) is poured onto the PDMS mold and cured by UV
exposure. Thiol-ene mixtures can be cured between a few seconds to minutes. The duration for curing of thiolene mixtures is dependent on the presence of photoiniator [100,109], strength of UV lamp [109], age and
thickness of the PDMS molds. This method of microfluidic device production is rapid and reproducible, hence
costs can be reduced and have fast turnaround. More of the microchip fabrication process will be discuss in
detail in Chapter 4 of the thesis.

2.4.3 Bonding of polymers
One of the final steps in microchip fabrication is the bonding of the microchip layers. This section will only
review and focus on some of the bonding techniques for PMMA and thiol-ene substrates. The bonding
technique chosen is dependent on the type of material to be bonded. Tsao et. al. [125] gave a very detailed
review on the different bonding methods of thermoplastic polymer in microfluidics. Bonding of microfluidic
devices can be classified into either direct or indirect bonding. Indirect bonding involves the use of an adhesive
layer to seal two substrates. Direct bonding methods involves mating two substrates of the same material
together, without any additional materials added to the interface.
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2.4.3.1 Indirect bonding
Adhesive bonding. Adhesive bonding is a very simple and cheap form of bonding two PMMA substrates.
Adhesive in the form of glue, epoxy, sticky tapes, UV cured adhesives can be used for this purpose. However,
for liquid adhesives, the challenge is to prevent clogging of the microchannels by the adhesives after the
adhesives had set. Moreover, many of these adhesives leech chemicals that are not biocompatible. This had
been reported by Stangegaard et. al. on observed cytotoxicity induced by epoxy resin and UV-curable
glue[126].
Partially cured PDMS has also been investigated as an adhesive layer for bonding of PMMA substrates. Chow
et. al. [57] reported that a thin (10 μm to 25 μm) PDMS intermediate layer was spin-coated onto a bare PMMA
substrate before placing the other PMMA substrate with channel structure onto it. Toh et. al. [67] also reported
a similar procedure, the only difference was that the PDMS mixture was spin coated onto an double-sided
adhesive layer. This membrane was than sandwiched between two PMMA layers.

2.4.3.2 Direct bonding
Direct bonding applies to a variety of materials such as silicon, glasses, polymers, ceramics and metals. In
direct bonding of thermoplastics, no addition of chemical aids are required. Local or global heating of the
structures is required to achieve a thermal fusion between two polymeric surfaces [125]. One of the thermal
fusion methods is to heat the entire surface of two substrates to a temperature near or above the glass
temperature (Tg) of thermoplastic. Pressure is applied to the substrates to increase the mating contact forces.
An advantage of direct thermal bonding of the substrates is the homogenous surface property. The downside
of this method is the risk of collapsing microchannel structures [125,127]. Another thermal method is to apply
local heating at the interface between two polymer pieces. This can be easily carried out by means of
ultrasonics [128,129] or laser welding [125].
Solvent bonding. Generally, chlorocarbon solvents such as chloromethane, dichloromethane and chloroform
are highly efficient organic solvents allowing PMMA materials to ‘glue’ together [130]. However, using these
organic solvents often result in clogging of the microchannels as they have high PMMA solubility. Lin et. al.
[131] reported on the use of low azeotropic solvent to bond PMMA microfluidic devices without causing the
microchannels to clog or collapse.
Surface treatment and modification. There have been numerous reports describing the use of surface
modification in order to change the thermal properties of the polymers. One of the methods was to expose the
surface of the polymer to ultraviolet (UV) rays [132,133]. Doing this will degrade the surface of the polymer,
hence lowering the Tg of the first few microns of the surface [133]. Hence, allowing the possibility of softening
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the bonding interface and thermal fusion between the bonding surface can be achieve at temperatures below
the Tg of the bulk material.
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Certain criteria must be met in designing and fabricating a cell culture microchip for transport studies. The
microchip should be easy to fabricate, thickness of chip should allow for confocal microscopy images to be
taken, and the material chosen for the microchip should be biocompatible and negligible absorption of
molecules. In this chapter, the first generation microchip designs and fabrication techniques are presented. The
bulk of the substrate used for microchip fabrication was polymethylmethacrylate (PMMA).
In this chapter, designs and fabrication of bubble traps are also presented. Some preliminary cell culture studies
were conducted with the PMMA microfluidic device. Finally, the major shortcomings of the PMMA
microfluidic cell culture system are addressed.

3.1 Design considerations
As mentioned earlier in chapter 1, the aim of the project was to design and fabricate a microchip that support
long term cell culture. In order to simulate the intestinal barrier functions, the microchamber where the cells
are cultured will have an upper and lower fluidic layers separated by a porous membrane (as shown in figure
1.1c). The upper fluidic layer would represent the apical side of the cells and the bottom fluidic layer
representing the basolateral side of the cells. For proper transport studies to be conducted across Caco-2 cells,
the Caco-2 cells must form confluent monolayers in the cell culture system. Reported literature mentioned that
Caco-2 cells cultured in traditional systems like the Transwell inserts required at least two weeks of culture
before they were used for permeation studies [1–3]. Furthermore, as mentioned earlier in chapter 1, these
Transwell inserts fail to provide dynamic physiological conditions e.g., fluidic flow, fluidic shear stresses.
Recently, there were reports on attempts in culturing Caco-2 cells in microfluidic devices [4,5]. At least 10
days of cell culture were required for the Caco-2 cells to form monolayers in microfluidic devices. Therefore,
it was vital that the microfluidic device of interest be capable of supporting long term cell culture (> 10 days)
under continuous perfusion. The microchip should also allow for real-time microscopic monitoring of the cells.
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3.1.1

Material selection for fabrication of microchip

Many decisions are required in designing and fabricating a cell culture microfluidic device. One of the first
most important decision required was the selection of materials used in fabricating the device. In this project,
we were interested in fabricating a polymeric microfluidic device for cell culture.
When choosing the polymeric material for the microchip, it is important to note some of the important
requirements of the chosen material:
1) Easy integration of the microchip with the chosen fluidic system
2) Uncomplicated assembly of the different fluidic layers
3) Keeping the porous membrane in place on the microfluidic chip
4)

Low affinity in absorbing molecules

5)

Compatible with online and real-time microscopy imaging

Keeping all these in mind, the material that was chosen for fabricating the microfluidic designs was
polymethylmethacrylate (PMMA).
Moreover, PMMA is readily available, have good optical and mechanical characteristics, low cost [6,7],
biocompatible for long term cell culture [8,9] and have low affinity to absorption of small molecules [10].
PMMA was chosen as it has low absorption of water and excellent optical transmissivity [7]. Additionally,
PMMA can be easily fabricated by either laser ablation [11] or micromilling [8,12].
Due to the listed favourable properties of PMMA, PMMA was chosen as the material for fabricating the
microfluidic devices in this chapter.

3.1.2

Microchip design

Conventional static culture systems like the Transwell systems are widely used for culturing epithelial celllines for studies on cell functions [13,14], drugs [1–3,15], cytotoxicity [16] etc. The Transwell system
comprises of two chambers (Figure 2.2), whereby the insert contains a porous membrane on which the cells
are cultured. This forms the apical side of the cells. The hanging porous insert is placed into a microwell, where
the microwell is the lower compartment. The lower compartment is also known as the basolateral side of the
cells.
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To simulate the two-compartment design of the Transwell system, the microfluidic device was designed to
contain two compartments separated by a porous membrane (Figure 3.1). Whereby the top fluidic layer
contained fluidic channels that would allow the supply of nutrients to the cells cultured on a porous membrane.
Subsequently, the bottom fluidic layer would also contain microchannels allowing the perfusion of cell culture.
As mentioned earlier, the material chosen for fabricating the multi-layer microfluidic chip was PMMA.
Clamped between the top and bottom fluidic layers, was a thin porous polyethylene terephthalate (PET)
membrane for cell culture.

Figure 3.1 (a) Exploded view of all the different layers in the set-up. Two pieces of 0.5 mm thick PDMS pieces,
acting as gaskets, were placed on and below the membrane. The fluidic channels in the top and bottom layers
pass above and below the cell culture chamber. Each channel would be connected to its own inlet and outlet.
A through hole was milled into the chip holder, to allow pipetting of the re-suspended cell mixture directly
onto the membrane. (b) Exploded view of microchip design 2. The entire microchip for cell culture was sealed.
Through holes would be drilled into the layer (red arrow) to allow even distribution of the fluid to the
membrane.

The microchip design 1 consisted of straight microchannels (1 mm (width) x 0.5 mm (height)) and a circular
microchamber (4 mm (diameter) x 0.5 mm (height)) (Figure 3.1a). This circular microchamber was the region
where cells were cultured in the microfluidic chip.
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The architecture of the microdevice was designed to: 1) Ensure fluid from the bottom layer could flow through
the inlet hole, wet the porous membrane and exit from the outlet hole (Figure 3.2a). 2) Support the thin porous
PET membrane (10 μm thickness), the microchamber must have a bottom plate (Figure 3.1). Figure 3.1a shows
that two holes with diameter of 1 mm were present in the microchamber. One of the holes were positioned at
the entrance of the inlet and the other hole was positioned at the outlet of the microchamber. Figure 3.2a shows
the cross-sectional view of the microchamber for microchip design 1.
The microchamber in the top fluidic layer bore an open microchamber concept. Cell suspension could be
loaded directly into the microchamber with a pipette or syringe. The open cavity of the microchamber could
be sealed easily by force fitting a block of PDMS. This would ensure the entire system was enclosed during
continuous perfusion of cell culture medium.

Figure 3.2 Cross-sectional view of the microchamber. (a) Design 1 bore an open cavity in the cell culture
chamber; (b) Design 2. Microchamber is entirely enclosed. Blue arrows indicating fluid flow in the upper
fluidic layer and red arrows indicating fluid flow in the lower fluidic layer.

Another design of the microfluidic device is shown in Figure 3.1b. The dimensions of the microchannels were
similar to that of design 1. The circular microchamber in design 2 also bore the same dimensions as design 1.
However, there were three major differences between design 2 and design 1. The first difference was that the
microchamber in design 2 was entirely enclosed (Figure 3.1b). The second difference was the presence of
additional circular PDMS gaskets between the microchip holder and the flat PDMS sheet for the inlet and
outlet ports. The third difference was the presence of holes of two different diameters (diameter = 0.5 mm and
diameter = 1 mm) on the bottom layer of the cell culture chamber (indicated by red arrow in Figure 3.1b).
These holes were designed to allow a better distribution of fluid within the cell culture chamber. Figure 3.2b
shows the schematic cross-sectional view of the microchamber from design 2.
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3.1.3

Design of fluidic system

In designing microfluidic cell culture systems, there are several decisions to consider and one of them is the
fluidic system for transporting the reagents from region to region. This is possible with the aid of pumps and
valves. In this project, the pumps are required to continuously perfuse the reagents to the microchip for long
duration. To serve this purpose, a syringe pump was chosen to perfuse the reagents into the microchip. The
syringe pump was chosen as it allowed flow conditions to be changed readily and it also allowed the easy
connection to the microfluidic chip via tubings and connectors (syringe needles). Furthermore, many available
literature reported on carrying out successful cell culturing in microfluidic devices by using the syringe pump
to perfuse reagents to the cells for at least 10 days [4,5,17,18]. Figure 3.3 illustrated the schematic fluidic
system connected to the microfluidic chip.

Figure 3.3 Schematic drawing of the fluidic set-up connected to the microchip.

3.1.4

Bubble trap design considerations

Another important thing to consider while designing the microfluidic set-up is the occurrence of air bubbles.
Air bubbles are well known to be detrimental to cell cultures. They can rupture cell membranes when they
burst [19]. The presence of bubbles can block the entire microchannel or impede fluid flow and this may
disturb the cell culture microenvironments [19]. The appearance of bubbles in the microchannels could be due
to the temperature changes, channel geometry, flow focusing or configuration of connectors, adaptors and
valves that are connected to the microfluidic chip. Numerous available literature discussed on the different
bubble traps designs or materials to eliminate bubbles [5,20–24]. These bubble traps could be implemented on
the microchip or off microchip.
As mentioned earlier, the material chosen to fabricate the microfluidic chip was PMMA. PMMA is known to
have poor gas permeability [25]. Therefore, to remove any bubbles that might form in the tubings before
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entering the microfluidic device, bubble traps must be positioned between the pumps and the microfluidic
chip. In this chapter, two different bubble trap designs were considered, fabricated and experimented.

Bubble trap design 1. Imura et. al. [5] reported on using silicon tubings with different inner diameters, forced
fit in series. The bubble trap made from a series of tubings was to create a gradual decrease in the volume of
the tubings while increasing the resistance of the tubings. In order for the bubble trap to work effectively, this
bubble trap must be held up vertically above the inlet of the microfluidic chip. Air bubbles have a lower density
as compared to liquid, therefore the air bubbles would rise and be trapped at the protruding edges formed by
the tubes. This phenomenon coupled with the increased resistance in the tubings would prevent air bubbles
from being pumped into the microchip.

Flow to microchip

Figure 3.4 Cross-sectional view of the bubble trap made from silicon tubes of different inner diameters
connected in series. Circles represent the bubbles that would be trapped in the regions of the tubings.

Bubble trap design 2. In situations where a huge bubble enters the bubble trap, bubble trap design 1 will not
be capable of trapping the bubble effectively. This happens because bubble trap 1 has limited volume for
trapping bubbles. To resolve this issue, a second bubble trap with a larger capacity to trap bubbles was
designed. This bubble trap design 2 was designed using 1.5 ml Eppendorf tubes as the footprint. The bubble
trap comprised of two fluidic tubes (Figure 3.5). Whereby, one of the tubing would be connected to the syringe
pump and the other tubing would be connected to the microchip. The tubing connected to the syringe would
be inserted to the bottom of the tube while the tube connecting to the microchip was to be inserted to mid-way
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of the Eppendorf tube (Figure 3.5). Should any air enter the Eppendorf tube, it would rise to the surface of the
reagent in the Eppendorf tube. Since the tube connected to the microchip was inserted to half-way in the
reagent, the fluid entering this tube would therefore be bubble free. Figure 3.5 shows the schematics of bubble
trap fashioned out of the Eppendorf tube. The tubing from the bubble trap to the microchip should be as short
as possible. This was to prevent any further formation of bubbles in the media.
Reagent entering
bubble trap from
syringe

Reagent exiting
bubble trap to
microchip

Figure 3.5 Schematic cross-sectional view of the Eppendorf tube bubble trap. Blue circles indicating air
bubbles.

3.2 Materials and methods
3.2.1

Fabrication and assembling of the microfluidic devices

Fabrication of PMMA microchip layers. The two different designs of the microchips shown in the earlier
section, were drawn using a CAD software, Autocad 2012. The microchip designs were all fabricated using
CNC micromilling (Mini-Mill/3, Minitech Machinery Corporation, GA, USA) on 1 mm think PMMA sheets.
The microchip holders (Figure 3.1) were micromilled on 5 mm thick PMMA blocks.
The fabrication process for both microfluidic chip designs were similar. The micromilled 1mm thick PMMA
layers were cleaned with MilliQ water and dried. The cleaned surfaces of the PMMA pieces were exposed to
UV light (Dymax 5000-EC Series UV curing flood lamp, Dymax Corp., Torrington, CT, USA, ∼40 mW cm−2
at 365 nm) for 60 s. Following UV-exposure, the prepared PMMA pieces were sandwiched between two clean
glass slides. The ensemble was placed in a laboratory press (PW 10 H, P/O/Weber, Germany) and thermally
bonded at 85 °C for 90 min under a compression pressure of 8 kN. A circular porous polyethylene terephthalate
(PET; Millipore, Denmark) membrane of 4.5 mm in diameter was cut out from Transwell inserts. The 10 μm
thick porous membrane bore pore sizes of 0.4 μm. The cut-out porous membrane was sandwiched between the
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upper and lower fluidic layers of the microfluidic chip (Figure 3.1). Circular PDMS, acting as gaskets
(thickness 0.2 mm, Figure 3.1), sandwiched the porous membrane in the microchamber.
Fabrication of PDMS gaskets. PDMS (DowCorning, Germany) was prepared by mixing in the ratio of 1:10
(pre-polymer:curing agent), degassed under vacuum and poured onto a glass petri dish (90 mm (diameter) x
12 mm (height)). The PDMS mixture was cured at 75 °C overnight in an oven. The circular PDMS gaskets
(external diameter 4 mm and internal diameter of 3 mm) for clamping the porous membrane (blue circles in
Figure 3.1) were cut out using biopsy punchers (Ted Pella, USA). The PDMS sheets that were placed between
the microchip holder and microchip and between the top and lower fluidic layers (yellow PDMS sheet in
Figure 3.1) were cut out using a scalpel. The holes on the PDMS sheet were punched out using biopsy
punchers.
For microchip design 1 (Figure 3.1), a thick PDMS block (thickness of 10 mm) was required to force-fit into
the microchamber cavity on the microchip holder (Figure 3.6a). This thick PDMS block was prepared as the
procedure mentioned above. The circular PDMS block was punched out using a biopsy punch with a diameter
of 4.5 mm.
Assembling of microchip layers with the microchip holder. Once the different layers of the microchip and
PDMS gaskets were aligned and assembled, they were clamped between the microchip holder (Figure 3.1). 6
screws and bolts were used to hold the layers together in place (Figure 3.6).
(a)

(b)

Figure 3.6 Images of the assembled microchip devices. (a) Assembled microchip_design 1 and microchip
holder. A thick block of PDMS was force fit into the microchamber cavity on the microchip holder. (b)
Assembled set-up of microchip_design 2. In both set-ups, red and blue dyes ware flowed into the fabricated
microchip. (Scale = 5 mm)
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For the microchip design 1, after assembling the microchip with the microchip holder, a thick block of PDMS
was force-fit into the cavity of the microchamber. This thick block of PDMS would ensure the microfluidic
system was enclosed to prevent leaking during perfusion of fluids through the microchannels.
Silicon tubings (inner diameter = 1.5 mm; external diameter = 3.5 mm) (Oledich, Denmark) were forced fit to
the inlet and outlet ports on the microchip holder to allow the perfusion of fluids to and from the microchip
(Figure 3.6a, b).

3.2.2
3.2.2.1

Fabrication of bubble traps
Bubble trap design 1

The first bubble trap design was fabricated by connecting four pieces of silicon tubings (Oledich, Denmark)
with different inner diameters. The different tubing sizes used to make the bubble trap are 1) inner diameter =
0.8 mm, 2) inner diameter = 1 mm, 3) inner diameter = 2 mm, 4) inner diameter = 3 mm as shown in Figure
3.7a. The length of each silicon tubing was 2 cm except for the tubings that were connected to the pump and
microfluidic chip. The tubings were connected by force fitting into each other. To ensure the tubings were
immobilized in place, epoxy (Loctite, USA) was applied at the fitting of two tubings.

Figure 3.7 Bubble trap made from connecting different tubing sizes. (A) The different tubing sizes used are 1)
inner diameter = 0.8 mm, 2) inner diameter = 1 mm, 3) inner diameter = 2 mm, 4) inner diameter = 3mm.
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3.2.2.2

Bubble trap design 2

The second bubble trap was made from 1.5 Eppendorf tube (Eppendorf, Denmark). Holes of diameter 2.7 mm
were drilled into the caps of the Eppendorf tubes. Two silicon tubings (external Ø = 3 mm, inner Ø = 1 mm)
(Bola, Denmark) were force-fit into the holes. The silicon tubings were immobilized in position by applying
epoxy (Loctite, USA) at the point where the tubing was forced fitted to the Eppendorf cap. Two Teflon tubing
(inner Ø = 0.8 mm, external Ø = 1.6 mm) were forced fit into the silicon tubings. The two Teflon tubings were
inserted to different depths in the Eppendorf tube. The Teflon tubing that would be connected to the syringe
pump, was inserted to the bottom of the Eppendorf tube (indicated by black arrow in Figure 3.8). Another
Teflon tubing (inner Ø = 0.2 mm, external Ø = 1.6 mm) was fitted to the other Silicone tubing. One end of this
tubing was connected to the inlet of the microchip and the other was inserted to half-way in the Eppendorf
tube (indicated by blue arrow in Figure 3.8). Figure 3.8 shows the assembled bubble trap design 2.

Figure 3.8 Close up view of the Eppendorf bubble trap. The tubing indicated by the black arrow was inserted
to the bottom of the Eppendorf tube. This tube was connected to the syringe pump. The tubing indicated by
the blue arrow was connected to the microchip. This tubing was inserted to midway of the Eppendorf tube.
(Scale bar = 5 mm)

3.2.3

Flow studies with the microfluidic devices and bubble traps

Two different colour dyes were prepared to investigate whether the two microfluidic designs were leak-free.
The two different colour dyes, red and blue dyes (Dr. Oetker, Denmark) were prepared by diluting 100 μl of
the food dye in 20 ml of de-ionised (DI) water. Before conducting the flow studies, the prepared dye solutions
were filtered using syringe filters (pore size 0.2 μm, VWR, Denmark). Subsequently, the filtered dye solutions
were pumped into the respective fluidic layers at a flow rate of 5 μl/min by a syringe pump (Harvard syringe
pump, USA). The flow characterization studies were conducted in room temperature.
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3.2.4

Cell culturing with PMMA microchip design 2

Sterilisation of microfluidic system for cell culture. Sterility is non-negotiable criteria in cell culture
systems. Before cell culture, the microchip and tubings were sterilized by flowing 0.5 M sodium hydroxide
(NaOH) at a flow rate of 5 μl/ml for 1 hr. Subsequently, the entire system was rinsed with sterile water for at
least 1 hr at a flow rate of 5 μl/ml. Following that, cell culture medium, Dulbecco’s Modified Eagle’s medium
(DMEM, Sigma, Denmark) was pumped into the microfluidic device for at least 1 hr at a flow rate of 5 μl/min.
Preparation of HeLa cell suspension for microfluidic device. HeLa cells were chosen for the preliminary
testing as HeLa cells are known for its rapid proliferation and robustness. HeLa cells (Passage 40) cultured in
normal cell culture flask were harvested with trypsin/ETDA solution (Gibco, Denmark). The cell suspension
was then centrifuged at 125 xg for 5 min. Extra care was taken to remove the supernatant, before adding fresh
cell culture medium (Dulbecco’s Modified Eagle’s medium (DMEM); Sigma, Denmark) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS; Sigma, Denmark) and 1% (v/v) penicillin-streptomycin
(P/S; Gibco, Denmark) to the cell pellet. The HeLa cells were suspended, counted with a cell counter (MoxiZ; Orflo, Denmark) and prepared to a concentration of 1.5 x 105 cells/ml.
Seeding of HeLa cells in microfluidic device. HeLa cells were seeded onto the porous membrane in the
microfluidic device by gently pushing the prepared HeLa cell suspension into the upper fluidic channel with a
sterile syringe (1 ml Luer Lock syringe; BD, Denmark) coupled to a sterile needle (21 g, 0.8 mm; BD,
Denmark. Once the cells were loaded in the microfluidic device, the inlet tubing was carefully disconnected
from the syringe and re-connected to the syringe containing cell culture medium. The syringe containing cell
culture medium was mounted onto the syringe pump.
Only the microfluidic system was placed in an incubator at 37 °C, 5 % CO2. The syringes containing cell
culture medium and the syringe pump were placed outside of the incubator. Subsequently, cell culture medium
was perfused into the upper and lower layers of the microfluidic chip for 48 hr at a flow rate of 0.5 μl/min.
Fluorescent cell imaging. As described in the fabrication process of the microchip, the membrane was
clamped between the top and bottom fluidic layers (Figure 3.1). The porous membrane could be easily removed
from the microfluidic chip by removing the screws and bolts that held the layers together. Once the membrane
was removed from the microfluidic layers, it was placed into a microwell in a 6 well microtiter plate. First, the
membrane was rinsed with phosphate buffered saline (PBS; Sigma, Denmark) for three times. Next, the cells
were fixed with 4 % formaldehyde (Sigma, Denmark) for 10 min. The fixed cells were rinsed with PBS
followed by permeabilising them with 0.1 % Triton-X (Sigma, Denmark) for another 10 min. Subsequently,
the cells were rinsed with PBS. Nuclear stain, To-Pro (Invitrogen, Denmark) prepared by diluting with PBS in
the ratio of 1:300, was added to the cells to stain the nucleus of the HeLa cells. The cells were incubated with
TO-PRO for 15 min in room temperature. Next, the cells were rinsed three times with PBS before being
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mounted onto a glass slide. Mounting media (Vectashield; VWR, Denmark) was added onto the stained cells.
Lastly, a glass cover slip was placed over the stained cells and incubated overnight at 4°C in a fridge. The
fluorescently stained cells were imaged with a confocal microscope (Leica, Germany) at an excitation
wavelength of 642 and emission wavelength of 661 nm.

3.3 Results and discussion
3.3.1

Flow characterization in microfluidic chip

Colour dyes used for flow characterization studies. The layers that made up the microchip were of different
materials. Therefore, it was important to investigate on the leakage-proof packaging of the microchip layers.
Two different colour dyes, red and blue dyes were perfused into the top and bottom layer respectively. The
use of different colour dyes for the different layers of the microchip allowed for better observation of the flow
through the microchannels and microchamber.
Once the dyes were infused to both the top and bottom layers of the microfluidic chips, for design 1 the fluids
were observed to leak between the layers (black arrows in Figure 3.9). Leaking was observed at:
1. The interface between the chip holder and the top layer microfluidic chip.
2. At the interface been the microchamber and the top fluidic layer.
The presence of leaking clearly signified that the flat pieces of PDMS gaskets were not able to seal the layers
tightly. Therefore, this particular design was not ideal for the final application of cell culture.
Due to the presence of holes in the bottom layer of the cell culture chamber and porous membrane, one would
expect the dyes to mix in the microchamber. However, there was almost no mixing of the dyes in the
microchamber as the distinct red colour of the dye was observed exiting from the upper layer and blue dye was
exiting from the bottom.
Unlike the microfluidic chip design 1, there were no observable leaking between the layers at the inlet and
outlet ports in microfluidic chip design 2 (Figure 3.9b). It was believed that the additional circular PDMS
gaskets placed between the chip holder and the flat PDMS sheets at the inlet and outlet ports (Red arrows in
Figure 3.9b), provided the required seal to prevent leaking. There were also no other observable leaking
between the layers in microchip design 2.
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(a)

(b)

Figure 3.9 Pictures of microfluidic chips after being infused with colour dyes for 1 hour. (a) Underside of
microfluidic chip design 1. Black arrows indicating leaking between the layers; (b) Top view of microfluidic
chip design 2. Red arrows indicating the additional circular PDMS gaskets. (Scale = 5mm)

The reagents were also evenly distributed throughout the microchamber in design 2 (Figure 3.9b). Similar to
design 1, the dyes in design 2 also did not mix in the microchamber. Red dye was exiting from the outlet of
the top layer and blue dye was exiting from the bottom of the fluidic layer. We believe the absence of mixing
of the food dyes in the microchamber could be due to two reasons. The first reason is the presence of high flow
velocities within the micorchamber. Referring to eq. 2.8: Pe = ul/D, where u is velocity, l is the length of
microchannel and D is the diffusivity of the particle, the mass transport along the length of the microchannel
in the microfluidic device was dependent on convective transport. While across the cross-section of the
microchamber, molecules were transported by diffusion. This form of transportation and mixing (by means of
diffusion) of molecules, is slow. When the flow rate of the reagents was sufficiently high, this would result in
higher fluid velocities within the microchannels. Therefore, the red and blue dye molecules might not have
sufficient time to mix before flushing them away from the microchamber.
The second reason was the high dilution rate of the mixed dye molecules. Perhaps there were some form of
mixing between the two different dyes. However, the continuous perfusion of reagents might have diluted the
reacted dye solutions. Moreover, the flow study results in figure 3.9 were observed visually. There was no
proper quantification of the reagents at the outlets. Hence, visual observation was not able to accurately
quantify the outcome of the reacted dyes.
For future optimization and cell culture studies in this chapter, microchip design 2 was chosen over design 1.
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Using cell culture medium for flow characterization studies. Eventually cell culture medium is the fluid
that is perfused through the microfluidic device during cell culture. Therefore, it was important to investigate
the flow characteristics and any formation of bubbles using cell culture medium. A similar flow
characterization study to the above-mentioned colour dye flow study was conducted. During the 2 hr of
continuous perfusion of cell culture medium, there were no observable leakage from the microfluidic device.
During the first hour of continuous perfusion of the cell culture medium, there were no observable air bubbles.
However, after 2 hr of continuous perfusion of cell culture medium, a couple of small air bubbles appeared in
the microchamber (Figure 3.10).

Figure 3.10 Cell culture medium was continuously perfused into microchip design 2 for 2 hr. Air bubbles were
trapped inside the microchamber. (Scale bar = 5 mm)

3.3.2

Bubble trap characterization

The two different designs of bubble traps were tested to determine which was the better design to trap bubbles.
To investigate the feasibility of the different bubble trap designs, the bubble traps were connected to the
microfluidic chip design 2.

3.3.2.1

Bubble trap design 1

The bubble trap made from a series of tubings was to create a gradual decrease in the volume of the tubings
while increasing the resistance of the tubings. This will allow the bubbles to be retained in the larger tubings
before entering the microchip. To investigate the feasibility of the bubble trap, one end of the bubble trap was
connected to the syringe pump while the other end was connected to the microchip.

48

CHAPTER 3: First generation microchip – PMMA microchip

Figure 3.11 Pictures of the cell culture chamber perfused with cell culture medium. (a) 0 hr after activating the
pump. (b) 1 hr after activating the pump; (c) 2 hr after activating the pump; (d) 3 hr after activating the pump.
(Scale bar = 5mm)

The bubble trap was effective in trapping the bubbles during the first 2 hrs of continuous perfusion of the cell
culture medium (Figure 3.11 a-c). However, between 2-3 hr of continuous perfusion of cell culture medium,
bubbles started to appear in the microchamber (Figure 3.11d). Numerous air bubbles were observed in the
microchamber that were previously not present at the 2 hr mark (Figure 3.11d). This bubble trap design
although was effective in trapping bubbles during the first 2 hrs of continuous perfusion, it was not effective
in trapping bubbles beyond 2 hrs of continuous perfusion at a flow rate of 5 μl/min.
Moreover, in situations when the air bubble was huge or when the trapped bubbles in the bubble trap coalesced
to form a huge bubble in the bubble trap, under continuous perfusion condition this air bubble was pushed
into the microchip. Once the air bubble flowed into the microchip, it was trapped in the microchamber. We
believed that due to the limited volume of the bubble trap design 1, effective trapping of air bubble could not
be achieved. Hence, this bubble trap design was not applicable to be integrated to the microfluidic device for
long term cell culture.

3.3.2.2

Bubble trap design 2

We next sought to investigate the effectiveness of trapping bubbles with bubble trap design 2. The Eppendorf
bubble traps were connected to the syringe pump and microfluidic chip as shown in Figure 3.12a. Cell culture
medium was perfused into the set-up at a flow rate of 5 μl/min. After the syringe pump was activated to pump

49

CHAPTER 3: First generation microchip – PMMA microchip

at a flow rate of 5 μl/min, there was no observable leaking in the entire system. It was observed that when the
air bubble enter the Eppendorf tube from the tube connecting to the syringe pump, the air bubble rose to the
surface of the cell culture medium in the Eppendorf tube. The black arrow in Figure 3.12a indicated the air
bubble that entered the Eppendorf tube from the inlet tube. As mentioned earlier, the cell culture medium
inside the Eppendorf tube was bubble-free. With the tube connecting the Eppendorf tube to the microchip
inserted to mid-way of the Eppendorf tube, the cell culture medium entering the microchip was bubble-free.
However, after continuous perfusion of cell culture medium for 165 hr, a bubble appeared in the microchamber
(Figure 3.12b).
(a)

(b)

Figure 3.12 Bubble traps made using 1.5 ml Eppendorf tubes. (a) Overall view of the Eppendorf bubble traps
connected to the microchip via silicon tubings. Black arrow indicating a bubble in the bubble trap. (b) Close
up view of the cell culture chamber after continuous flow of cell culture media in the system using the
Eppendorf bubble traps for 165 hrs. A bubble appeared in the cell culture chamber. (Scale bar = 5 mm)

This study showed that the bubble trap design 2 was more effective in trapping the air bubbles as compared to
bubble trap design 1. We believe bubble trap design 2 was able to trap more bubbles effectively due to the
larger volume of the Eppendorf tubes as compared to the volume of the silicon tubes.

3.3.3

Cell culturing with PMMA microchip and bubble trap design 2

Previously we showed that the entire system was leak-free and bubble-free for at least 165 hr when the
microchip design 2 was integrated with bubble trap design 2. To investigate the feasibility of the system for
cell culture, some preliminary cell culture studies were conducted. In this study, HeLa cells were seeded and
cultured in the microfluidic device. After 48 hr of continuous perfusion of cell culture medium in the incubator,
bubbles were observed in the cell culture chamber (Figure. 3.12). The bubbles were pushed into the
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microchamber between 36 - 48 hr (results not shown). Moreover, the flow of the cell culture medium stopped
between 36 hrs - 48 hrs. Upon opening and closing the caps of the Eppendorf tubes (bubble traps), the flow
was re-established. It was suspected that the release of air bubbles from the culture medium into the bubble
trap could have built-up the pressure in the bubble traps. The flow of cell culture medium might have been
stalled by the built up of pressure within the bubble traps. By opening the caps of the Eppendorf tubes allowed
the release of the built-up pressure. However, the opening and closing of the caps of the Eppendorf tubes was
not an ideal solution for cell culture, as this was tedious and time dependent. Additionally, the constant opening
and closing of the Eppendorf tubes increased the risk of contaminating the entire system.
Furthermore, the volume of the Eppendorf tube is 1.5 ml. For every cell culture study conducted with this
bubble trap design, we must always consider the extra 1.5 ml as dead volume. In studies where expensive
drugs are to be used, such bubble traps will incur more costs and this is undesirable.
Due to the appearance of the air bubbles in the microchamber, the cell culture study was terminated after 48
hr of continuous perfusion.

Figure 3.13 Close up view of the cell culture chamber on PMMA microchip containing Hela cells. Air bubbles
had appeared in the cell culture chamber after 48 hrs of continuous perfusion of DMEM. (Scale bar = 5 mm)

Porous PET membrane for HeLa cell culture. Previously in section 3.2.1, it was mentioned that the
microfluidic chip layers were assembled by using six screws and bolts. Therefore, the porous membrane
clamped between the fluidic could be manually removed. By removing, the porous membrane from the
microchip layers allowed the staining of cells to be carried out off chip.
Furrows and folds were observed on the membrane (Figure 3.13). It was believed that these furrows and folds
on the membrane were resulted from the tightening of the screws on the entire system. When the screws were
tightened this might have caused some stresses on the membrane. As the membrane was very thin, the unequal
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stresses acting on the membrane caused the folding and crinkling of the membrane. The presence of these
furrows and folds, may pose some challenges in observing the cells microscopically. Consequently, these
furrows and folds on the membrane might also prevent the cultured cells from forming confluent layers. Such
outcome would be undesirable for transport studies as tight, confluent monolayers are required.

Figure 3.14 Membrane removed from the microchip. (Scale bar = 5 mm)

Fluorescent imaging of HeLa cells cultured in microchip. Microscopic phase contrast or bright field
imaging could not be carried out on the cells cultured on the membrane. The reason being the porous PET
membrane is not transparent when wetted. To investigate the viability of the HeLa cells cultured in the
microchip, the nucleus of the HeLa cells were stained with fluorescent dye, To-PRO. Microscopic fluorescent
images of the HeLa cells cultured in the microfluidic device showed that the HeLa cells survived in the PMMA
microchip (Figure 3.15). The HeLa cells were sparsely spaced on the PET membrane (Figure 3.15). This
observed phenomenon could be due to several reasons:
1) The presence of the air bubbles in the cell culture chamber. As mentioned earlier the presence of air
bubbles may cause abrupt changes to the microenvironment in the cell culture chamber. This will result in cell
damage and even cause cell death when the surface tension of the air-liquid interface is sufficient to rupture
the cell membrane [23,26].
2) The cells failing to multiply. Perhaps the microenvironment in the microfluidic device was not conducive
for cell culture. Numerous available literature reported that the microchambers for cell culture were often
coated with a layer of extra cellular matrix (ECM) [4,5,17,18,26,27]. The ECM has the possibility of affecting
the growth and differentiation of cells [28]. However, the cell culture studies conducted with the microfluidic
device in this chapter were not cultured in ECM-coated microchambers.
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3) Non-uniform seeding of cells on the porous membrane. As mentioned earlier, the cells were seeded by
manually pushing the cell suspension into the cell culture chamber with a disposable syringe. This method of
seeding cells might not have ensure proper uniform coverage of cells on the porous membrane. Poor coverage
of cells on the cell membrane would affect the rate of cell proliferation.

Figure 3.15 Hela cells cultured in PMMA microchip for 48 hrs. The nucleus of the HeLa cells were stained
with TO-PRO and imaged with a confocal microscope at Ex/Em 642/661 nm. Magnification of 15x. (Scale
bar = 20 μm)

3.3.4

Comparison of microfluidic device connected to bubble trap design 2 functioning at room
temperature versus at 37 °C

We showed earlier that the bubble trap design 2 was effective in trapping bubbles for at least 165 hr (Figure
3.12). However, when the entire system was placed inside an incubator (37 °C), our images showed that air
bubbles appeared in the microchamber after 48 hr of continuous perfusion (Figure 3.13). Our results showed
that the air bubbles appeared quicker in the microchamber at elevated temperatures (37 °C) as compared to
room temperature. This phenomenon could be due to the dissolution of gases. In situations where the
supersaturated liquids are introduced into a device at a lower temperature (e.g., at room temperature) and are
subsequently heated to physiological temperature (i.e. 37 °C), will result in de-gassing of the liquids in the
form of bubbles [21].
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3.4 Conclusion
In this chapter, two preliminary designs of the microfluidic chip were fabricated by means of CNC
micromilling on PMMA. In this chapter, it was demonstrated PMMA could be easily fabricated and was
biocompatible. However, for cell culture, it was necessary to ensure that the microchip is leak-free and bubblefree. The two microchip designs discussed in this chapter were not 100 % leak-free nor were they bubble-free.
Although the bubble trap design 2 was effective in removing bubbles for 165 hr in room temperature, when
the system was placed inside an incubator, the bubble trap could not function for more than 48 hr. The results
showed that none of the tested bubble traps were usable for long term cell culture.
Additionally, the method of sandwiching the porous membrane between the PMMA layers and tightening the
layer with screws and bolts was not the ideal method of sealing the microchip layers. When the membrane was
removed from the microchip layers, folds and furrows were observed on the porous membrane. These furrows
and folds on the membrane will prevent the formation of monolayer of cells. Without the formation of a
monolayer of cells on the porous membrane, transport studies cannot be conducted across the cell layer.
Besides, the presence of these furrows and folds on the membrane will also pose some challenges in
microscopic observations of the cells.

3.5 Outlook
The designs of the microchip described and presented in this chapter are undesirable and not suitable for cell
culture. The microchip designs and the fluidic system showed too many shortcomings. In order to achieve the
desired performance on and from the microchip, the entire project and the shortcoming of the experiments
presented in this chapter must be addressed from the start:
1. New material for microchip fabrication. Although PMMA is biocompatible, with the discussed
fabrication technique and assembly, the microchip made from PMMA did not achieved any of the
project aims. A new design consideration, decision and selection of a new material were required to
fabricate the microchip. This new material must be biocompatible and allows the embedding of the
porous membrane for culturing of cells. The new material chosen must be transparent to permit realtime microscopy of the cells.
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2. Leak-free microchip. PDMS gaskets used in the microchip designs were supposed to provide proper
sealing between the microfluidic layers. However, as demonstrated in this chapter, the PDMS gaskets
in the microfluidic device assemble, failed to provide the required leak-free seal.
In order to support continuous perfusion of cell culture medium in the microfluidic device, it was vital
that the microchip be leak-free. This would ensure a sterile and conducive microenvironment be
maintained for the cells. Hence, investigation of a new method of bonding the microfluidic layers was
required. The bonding technique was dependent on the material chosen for the microchip.
3. Porous membrane for cell culture. The porous PET membrane discussed in this chapter was not
transparent. Although it was biocompatible, it prevented online and real-time microscopy cell imaging
of the cultured cells. Investigations of a new porous biocompatible membrane was required. This
porous membrane must also allow it to be bonded to the microchip layers to form a leak-free
microchip. Additionally, this porous membrane must not crinkle or form furrows after embedding it
between the fluidic layers of the microchip.
4. New fluidic system to support cell culture. In all the preliminary studies discussed and presented in
this chapter, a syringe pump was utilized to pump the reagents into the microfluidic chip. The syringe
pump was bulky and much maneuvering of the entire set-up needed to be considered if microscopic
real time- monitoring of the cells were to be performed on the chip. Besides, with the fluidic system
(presented above) connected to the microchip, air bubbles were consistently appearing and forming in
the cell culture chamber. As mentioned earlier, the formation of bubbles was mainly due to the
temperature changes, channel geometry, flow focusing or configuration of connectors, adaptor and
valves that were connected to the microfluidic chip. Introduction of bubble traps [5,24,29] or putting
the entire cell culture system under pressure [8,12] could prevent air bubbles from entering the
microchips. Air bubble traps were experimented and discussed in this chapter. However, they were
not successful in eliminating the air bubbles. To eliminate the formation of air bubbles, the latter
method of subjecting the entire system to pressure should be explored. Permeable parts of the system
such as the interconnections can function as degassing components due to the pressure difference. A
new fluidic system was necessary to support the microchip for cell culture. This fluidic system must
be leak-free and permit the continuous perfusion of cell culture medium to the cells for long periods.
5. Parallelizing cell culture on a single microchip. In biology, performing parallel cell cultures and
combinatorial assays is important from the single-cell level to the system level [30]. The microchip
designs discussed in this chapter only has one chamber for cell culture. Therefore, a new design of the
microchip was necessary to increase the throughput of the microchip.
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CHAPTER 4: Second generation microchip – Thiol-ene
microchip

Previously in Chapter 3, the PMMA microchip and fluidic platform described and discussed was unsuitable
for long-term cell culture. To address all the shortcomings listed in section 3.5, a new material and design of
microchip was considered. The microfluidic chip was fabricated using the polymer thiol-ene. The porous
membrane to be embedded between the fluidic layers was changed to a porous Teflon membrane. Attempts in
modifying the porous Teflon membrane were investigated to enable bonding of the different layers in the
microchip. This chapter describes all the designs, optimization and fabrication of the thiol-ene microchip.

4.1 Design considerations
As mentioned earlier, the aim of the project is to design and fabricate a microchip for long-term cell culture
for transport studies. Previously in chapter 3, it was clearly demonstrated that the material (PMMA) and
fabrication technique were unsuitable for producing a microchip to meet the aim of the project. To resolve the
challenges faced in the previous chapter there were three major design considerations that were revised.
1) The fluidic system required to control and automate the fluid to and from the microchip.
2) The choice of material used for fabricating the microchip. This material must allow easy integration
to the chosen fluidic system.
3) The membrane which needs to be transparent when wetted.
The fluidic system (comprising of MAINSTREAM components [1–4]) chosen to drive the microfluidic chip
for cell culture will be discussed further in detail in Chapter 5.

4.1.1

Material selection

Material for microchip fabrication. The requirements for choosing the new material to fabricate the new
microfluidic chip design were similar to those listed in section 3.1.1 in chapter 3 of the thesis. In recent years,
several groups reported on exploiting the advantages of thiol-ene’s ‘click’ chemistry to fabricate microfluidic
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devices [5–13] . The mechanism of thiol-ene ‘click’ chemistry was already discussed in Chapter 2. The method
employed for fabricating microfluidic devices with thiol-ene polymers is fast (device layers are fabricated in
the order of seconds) and the entire fabrication process can be carried out in ambient temperatures [5–8,11,13].
This form of rapid prototyping of microfluidic devices is suitable for small scale commercial series production
[8]. Furthermore, the mechanical and chemical properties of cured thiol-ene polymers can be controlled [7].
This may be advantageous for fabricating the microchip, especially in keeping the porous membrane in place
on the microchip. Moreover, cured thiol-ene polymers are reported to have low affinity in absorbing molecules
and low volume shrinkage [8,9]. These properties make thiol-ene a suitable material for fabricating the new
microchip.
Finally, thiol-ene maybe biocompatible for cell culture. There was a brief study conducted to investigate the
biocompatibility of thio-ene [12]. Errando-Vastesson et. al reported on observing similar cell viability of
HEK293A cells cultured on thiol-ene mixtures (without photoinitiator) when compared to polystyrene (PS).
PS is the most commonly used material for laboratory cultureware [14]. Due to some of the listed promising
qualities of thiol-ene polymers, thiol-ene was chosen as the material for fabricating the microfluidic chip in
this project.
Material of porous membrane for cell culture. Previously, in chapter 3, the porous membrane used in
fabricating the first generation microchips was polyethylene terephthalate (PET). Although PET is suitable for
cell culture, it is not transparent to visible light when wetted. Therefore, real-time microscopic studies on the
Caco-2 cells in the intended microfluidic chip could not be performed. We decided to use a porous Teflon
membrane (Millipore, Denmark) known to be suitable for cell culture in the chip. First of all, this Teflon
membrane becomes transparent to visible light when wetted. This property is advantageous as it enables realtime microscopic imaging of the cells cultured on it. Second, the porous membrane can be purchased in big
sheets instead of cutting them from Transwell inserts. This allowed for easy of tailoring the membrane to the
size required in the fabrication procedure.

4.1.2

Microchip designs

To perform transport studies with the Caco-2 cells cultured in the microfluidic chip later in the project, it is
important that the microchip is multi-layered. Additionally, the microfluidic chip must allow for perfusion of
reagents to both the apical and basolateral side of the cells. To increase the throughput of the microchip, the
microchip was designed to contain eight microchambers. Each of the microchambers was connected to its
individual inlet and outlet channels. Altogether, there were 32 inlet and outlet ports on the microchip.
Integration of the microfluidic chip with the fluidic system will be further discussed in chapter 5. Two designs
of the microchip were drawn using the CAD software, Autocad 2012.
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Figure 4.1. Exploded views of the 3 layer thiol-ene microchip. Dimension of microchip: 76 mm x 52 mm x
2.7 mm. Thickness of membrane is 0.3 mm. Fluids are perfused through the upper and lower layers. (a)
Microchamber has an elliptical shape of width = 2.5 mm and length = 11 mm; (b) Microchamber has a size of
a rectangular shape with a dimension of 3 mm (length) x 2.5 mm (width). Microgrooves (blue arrows) with
dimensions of 2 mm (length) x 0.5 (width) x 0.2 mm (height) for the placement of the microelectrodes for
trans-epithelial electrical resistance (TEER) measurements, were micromilled only to the bottom fluidic layer.

The microchip has an external dimension of 76 mm (length) x 52 mm (width) x 2.7 mm (height). Sandwiched
between the top and bottom fluidic layers was the porous membrane (Figure 4.1). Cells will be cultured on the
porous membrane. The difference between the two designs was the size of the microchamber. In Design 1, the
microchambers were elliptical shape with the dimensions of 2.5 mm (width) x 11 mm (length) per chamber
(Figure 4.2 a-b). The microchambers in design 2 were rectangular in shape with dimensions of 2.5 mm (width)
x 3 mm (length) per chamber (Figure 4.4c-d). The shaded regions shown in Figure 4.2b and Figure 4.4d are
the open porous Teflon membrane for cell culture. The cell culture chambers in design 2 were positioned at a
distance from the inlet channel (Figure 4.2 c-d). This was to allow a better distribution of the reagents within
the microchamber. Fluid distribution in the microchamber and the effects of fluid on cell growth will be
discussed in chapter 5.
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(a)

(b)

(c)
(d)

Figure 4.2 Schematic top view of the two different microchip designs. a) Top view of the assembled
microfluidic chip design 1; (b) Expanded view of the cell culture chamber (top view). Shaded region is the
open porous Teflon membrane; (c) Top view of the assembled layers of microchip design 2; (d) Expanded
view of the cell culture chamber. Shaded region is the open porous Teflon membrane (top view)

The new designs of the microchip do not require additional gaskets to seal the different layers of the microchip
as the chip is essentially glued together using thiol-ene. The presented schematics of the assembly of the new
microfluidic chip designs is greatly simplified as compared to the complicated assembly of the PMMA chips
that were previously described in Chapter 3.

4.2 Materials and methods
4.2.1

Fabrication of microchip

Two sets of molds were required to fabricate the fluidic layers of the thiol-ene microchip. The first mold was
fabricated on polymethylmethacrylate (PMMA). The design of this mold was the exact replica of the thiol-ene
microchip design. A second mold made from PDMS was the inverse design of the PMMA mold.
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Fabrication of first mold. The first master mold was fabricated by CNC micromilling (Mini-Mill/3, Minitech
Machinery Corporation, GA, USA) on 5 mm PMMA blocks. The microchambers on the PMMA molds were
milled through (red circle in Figure 4.3 a). The microchamber inserts (Figure 4.3b) were milled separately and
inserted into the milled-through cavities (black arrows in Figure 4.3a). By carrying out this procedure, flat and
clear surfaces of the microchambers were yielded. This would enable better microscopic imaging of the cells
in the studies later on.

Figure 4.3 PMMA master mold. a) Red circle indicate the milled out microchambers. Black circle indicate the
microchambers with the inserts. b) Expanded view of the inserts. (Scale bar = 5 mm)

Fabrication of second mold. The second mold was fabricated by mixing polydimethylsiloxane (PDMS;
DowCorning, Germany) in the ratio of 1:10 (curing agent: pre-polymer), degassed under vacuum and poured
onto the PMMA master mold. The liquid PDMS was cured at 70 °C for more than 20 hrs. Once the PDMS
mold was cured, it was de-molded from PMMA mold, bearing the replicated design of the microchip layer.
The PDMS master mold would be highly used for the thiol-ene curing process. Figure 4.4 shows the schematic
flow for fabricating the thiol-ene microchip.
Fabrication of thiol-ene microchip. The top and bottom layers of the thiol-ene microchip were fabricated via
the method reported by Lafleur et. al. [11]. Two different mixtures of thiol-ene were prepared for the microchip
fabrication. The top and bottom layers were fabricated with a mixture of pentaerythritol tetrakis-(3mercaptopropionate) (tetra-thiol moieties, 4T; Sigma, Denmark) and 1,3,5 trilallyl-1,3,5-triazine2,4,6(1H,3H,5H)-trione (tri-allyl moieties, 3E; Sigma, Denmark) in stoichiometric ratios (1:1) by weight in a
plastic beaker. After mixing the two different monomers, the mixture was poured onto the PDMS mold bearing
the microchip designs (Step 1 in Figure 4.4A). A PDMS block (3mm thick) was carefully placed over the mold
to prevent any trapping of air bubbles. The closed mold was exposed to UV light (Dymax 5000-EC Series UV
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curing flood lamp, Dymax Corp., Torrington, CT, USA, ∼40 mWcm−2 at 365 nm) for 40 s on both sides (Step
2 and 3 in Figure 4.4A). Immediately after curing, the thiol-ene layers were demolded from the PDMS molds
(Step 4 in Figure 4.4A). Next, holes for the inlet, outlet ports and electrode ports (in design 2 Figure 4.1) were
drilled through the cured thiol-ene layers.
The porous Teflon membrane (0.4 μm in pore size; 40 μm in thickness) (Millipore, Denmark) was modified
to enable bonding of the membrane to the thiol-ene parts containing the fluidic manifolds. A thiol-ene mixture
consisting of trimethylopropane tris-(2-mercaptopropionate) (tri-thiol moieties, (3T); Sigma, Denmark) and
the same allyl moiety, 3E, was prepared in stoichiometric ratios (1:1) by weight in a plastic beaker. This
mixture was used to coat the membrane (Step 1 in Figure 4.4B). The coated membrane was exposed to UV
radiation for 25 s through a plastic mask (Infinite Graphics, Singapore) that protected the cell culture regions
(Step 2 Figure 4.4B). Hereafter, the entire membrane was rinsed with methanol (Sigma, Denmark) to remove
any uncured thiol-ene (Step 3 in Figure 4.4B). The same process was carried out on the underside of the Teflon
membrane (Step 4 and 5 in Figure 4.4B). Before bonding the layers, holes for the inlets, outlets connecting to
the bottom fluidic layer and electrode ports were drilled through the thiol-ene modified membrane.
Subsequently, the different layers were placed into the oven (temperature = 75 °C) for about 10 min. This was
necessary to allow the thiol-ene layers to soften. Softening the layers will allow the layers to adhere and
conform to each other better. Following that, the layers were aligned onto each other and slight pressure was
applied with a roller over the layers to ensure good contact between the surfaces. As the surfaces of the different
layers were a little ‘sticky’, they would adhere to each other easily. To finalise the bonding, the combined
layers were exposed to UV radiation for another minute on each side (Final fabrication step in Figure 4.4).
This will also yield complete conversion of the thiol- and allyl groups in the thiol-ene layers.
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Figure 4.4 Schematic process of fabricating the thiol-ene microchip. A) The upper and lower fluidic layer; B)
The thiol-ene coated Teflon membrane.
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Figure 4.5 Completed thiol-ene microfluidic chip. (a) Design 1; (b) Design 2 (Scale bar = 5 mm)

4.2.2

Optimisation of UV-exposure time to cure thiol-ene mixtures

Clean and new PDMS molds of 5 mm in thickness were subjected to different durations of UV exposure: 0 to
30 min. A spectrometer (U-Vis spectrophotometer; Shimazu, Japan) was used to analyse the UV light
transmittance through the PDMS molds.

4.2.3

Preparation of thiol-ene and PDMS rings for Caco-2 biocompatibility studies

Fabrication of thiol-ene rings. To investigate the biocompatibility of the cured thiol-ene, rings fitting into
12-well microtiter plates of different thiol-ene mixtures were fabricated. The two different thiol-ene mixtures
were prepared using the thiol and allyl moieties discussed in Chapter 2. One of the mixture was prepared with
3T and 3E, while the other mixture was prepared with 4T and 3E. The thiol and allyl monomers were prepared
in stoichiometric ratios (1:1) by weight in a plastic beaker. Next, the monomers were carefully mixed and
poured onto the PDMS molds bearing the ring structures. Another layer of PDMS (3 mm thick) was carefully
placed over the molds to prevent any trapping of air bubbles. The closed mold of thiol-ene mixtures were
exposed to UV light for 1 min. Next the mold was flipped and exposed through the bottom for another 1 min.
Immediately after the second UV-exposure, the cured thiol-ene rings (Figure 4.6b) were de-molded from the
PDMS molds. These rings have an external diameter of 8 mm, inner diameter of 5 mm and 10 mm in thickness
(Figure 4.6b).
Fabrication of PDMS rings. PDMS was prepared by mixing the pre-polymer : curing agent in the ratio of
1:10. PDMS mixture was degassed under vacuum and poured onto the PMMA molds and cured at 75 °C for
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at least 20 hrs. The wells containing the PDMS rings will serve as controls for the biocompatibility study.
Dimension of the rings are similar to the thiol-ene rings.
Preparation of rings for Caco-2 biocompatibility studies. The respective materials (PDMS, 3T+3E, 4T+3E)
were first sterilized by washing thoroughly with 70 % ethanol. Next the different materials were treated in
three different conditions: i) 24 hr soaking in ethanol followed with wiping with cell culture medium, ii)
soaking for 24 hr in cell culture medium or iii) briefly wiped with cell culture medium. Subsequently, the
different treated materials were placed into respective wells of a 12 well microtitre plate (Nunc, Denmark).
Preparation of Caco-2 cells for biocompatibility studies. Human Caco-2 intestinal epithelial cells were
obtained from American Type Culture Collection ((ATCC), HTB-37, Germany). The Caco-2 cells were
cultured routinely in Dubelco’s Modified Eagle Medium (DMEM; Sigma, Denmark). The culture medium was
supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS; Sigma, Denmark), 1% (v/v)
nonessential amino acids (NEAA; Gibco, Denmark) and 1% (v/v) penicillin-streptomycin (P/S; Gibco,
Denmark). Caco-2 cells of Passage 48 (P48) were harvested using a trypsin/EDTA solution (Sigma; Denmark).
Following that, they were centrifuged at 125g for 5 min, before re-suspending the cell pellets with fresh cell
culture medium. A cell counter (Moxi-Z; Orflo, Denmark) was used to count the re-suspended Caco-2 cells.
A concentration of 1.5 x 105 cells/ml was prepared. 2ml of the prepared Caco-2 cells were transferred into the
respective wells. Following that, the microtitre plate was placed in the incubator (37 °C; 5 % CO2) and cultured
for 14 days. Cell culture medium was changed on alternate days of cell culture. Microscopic phase contrast
images of the cells were taken on alternate days to monitor the growth of the Caco-2 cells.

Figure 4.6 Batch cultures in 12-well microtitre plate. (a) Top view of the wells containing the different
materials subjected to different treatments prior to cell seeding. Last column on the right is the control (without
any material). (b) Enlarged view of the thiol-ene ring. Dimension of ring: external diameter = 8 mm, inner
diameter = 5 mm; thickness = 10 mm. (scale bar = 2 mm)
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4.2.4

Contact angle and wetting properties

Contact angle measurements were carried out on five different materials: Cured thiol-ene layer, thiol-ene
modified Teflon membrane, un-modified Teflon membrane, PDMS, PMMA and polycarbonate (PC). In the
wettability studies, the material of interest was mounted onto the stage of the equipment (Contact angle system
OCA20; Dataphysics, Germany). A drop of de-ionised (DI) water (volume = 4 μl or 2µl) was dropped onto
the surface of the material. The angle at which the liquid and surface interact, was recorded as the contact
angle.

4.2.5

Bond test of microchip

The burst pressure test of the different thiol-ene microfluidic chips were carried out at two different
temperatures, namely room temperature (25°C) and incubator temperature (37 °C). The bond strength between
the layers were investigated at 37 °C, which was the required temperature for cell culture of Caco2 cells.
Therefore, this will also be the temperature that the microfluidic chip would be subjected to for long periods.
For the studies carried out at 37 °C, the microchip was first placed into an oven set at 37 °C, then transferred
to a hotplate set at 37°C during the burst pressure tests.

The system and method reported by Silkane et. al. [6] was used to carry out the burst pressure studies. The
microchannels were first filled with diluted red food colour dye. Red dye was used to allow better visual
observations during the pressure experiments. When testing the top layer, the inlets and outlets of the bottom
layer and the outlet of the top layer were sealed with a layer of cured thiol-ene. These ports were sealed to
prevent any leakage of pressure during the studies. The same procedure was carried out when testing the
bottom fluidic layer. The instrument for the pressure test, as well as the chip filled with dye are shown in figure
4.7.

Next, the microchip was connected to a mechanical clamp, where a pressure sensor was mounted onto a
polycarbonate block. Via a tube, the system was connected to two 10 ml syringes. Pressure in the microchip
was increased, by using the clamp to compress the air in the syringes. The entire system for the burst pressure
test is shown schematically in Figure 4.7a. The output of the pressure sensor was measured with an in-house
written Labview program (National Instruments, Austin, TX, USA).
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Figure 4.7 Burst pressure study for thiol-ene microchip. (a) Schematic view of the pressure system [6]. The
thiol-ene microchip was clamped between the PC holders. The pressure sensor on the top of the PC holder will
measure the pressure of the set-up. The syringes are compressed to provide the pressure into the microchip.
(b) Microfluidic chip filled with red dye. The inlet and outlet ports for the bottom fluidic layer and outlet for
the top layer were sealed with cured thiol-ene. The inlet port of the top fluidic layer is clamped between the
mechanical device.

4.3 Results
4.3.1

Thiol-ene biocompatibility tests

As mentioned earlier, it is very important to choose a material that must be biocompatible for cell culture. One
of the first studies conducted prior to fabricating the microfluidic device was to investigate the biocompatibility
of thiol-ene with Caco-2 cells. In our biocompatibility studies, Caco-2 cells were cultured in different wells on
a 12-well microtiter plate. The growth of the Caco-2 cells were microscopically monitored on alternate cell
culture days. The phase contrast pictures (Figure 4.8) clearly displayed that the different cured thiol-ene
mixtures did not have any adverse effects on the growth and morphology of the Caco-2 cells. On the day after
seeding, the cultures were composed of both round and flattened cells. Clumps of cells showing varying
degrees of attachment to each other were also observed. By day 3 of cell culture, the cultures consisted almost
entirely of flattened cells. Most of the cells observed on this day were elongated. It has been reported that this
form of elongated Caco-2 cells are observed just before cell division [15]. Seeing these form of elongated
Caco-2 cells in all the wells, was also a clear indication that the materials were not leaching any form of
cytotoxic monomers into the cell culture medium.

69

CHAPTER 4: Second generation microchip – Thiol-ene microchip

Figure 4.8 Phase contrast pictures of the Caco-2 cells taken over the days of cell culture. Control = cells
cultured in the wells where there are no foreign materials. The pictures taken for the three different materials
were from the worst condition, i.e. the rings were not treated with ethanol or media. (Magnification 10x)

By day 6, the Caco-2 cells multiplied and there was about 90 % confluence of the respective wells. Polygonal
shaped cells with clear, sharp boundaries between the cells were observed in all the wells. By day 8, the Caco2 cells multiplied even more and 100 % confluency was reached for all microwells. There was also an increase
of circular vacuoles in the cytoplasm of the cells (indicated by red arrows). The appearance of these vacuoles
is an indication of the Caco-2 cell density increasing to confluence. The phase contrast pictures clearly
confirmed that the different cured thiol-ene mixtures did not have any adverse effects on the growth of the
Caco-2 monolayers. Therefore, the chosen thiol-ene mixtures for the microchip fabrication were biocompatible
for Caco-2 cell culture.
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4.3.2

Characterisation of polymeric materials for microchip fabrication

4.3.2.1 Shrinkage of PDMS
PMMA, PDMS and thiol-ene were the three main polymers required for fabricating the molds of the microchip
and the microchip respectively. During the curing procedures of PDMS mixture and thiol-ene mixture, both
polymers undergo phase changes. It is known that when polymers undergo phase changes, this will directly
influence the specific volume of the polymer [16]. This in turn will have significant influence on the
dimensional accuracy and dimensional stability of the final product [17]. Investigations on possible polymer
shrinkage after undergoing the different curing procedures were performed.
When the cured thiol-ene layers were aligned against the PDMS mold, it was observed that the pieces lined up
perfectly. This was a clear indication that the cured thiol-ene layer did not shrink significantly. This is
consistent to previous reports [8,10]. However, when the cured thiol-ene was aligned against the original
PMMA molds, misalignment of the structures on the thiol-ene and PMMA were observed.

Figure 4.9 Cured PDMS mold aligned over the PMMA molds. Red circle indicate the outlet on the PDMS
mold and yellow circle indicate the outlet on the PMMA mold. (Scale bar = 1 mm)

The PDMS molds were also aligned against the PMMA master mold. It was observed that the PDMS molds
could not be aligned with the patterns on the PMMA mold (Figure 4.9). Based on the measurements of the
misalignment of the PDMS patterns against the PMMA mold, it was calculated that the PDMS shrunk by about
0.7%. To compensate the shrinking of features during the PDMS curing step, the Autocad designs for the
PMMA master molds were scaled up by 0.7%. The resulting cured PDMS molds could be aligned with the
patterns of the original PMMA molds.
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4.3.2.2 Optimisation of UV-exposure duration for curing thiol-ene mixtures
PDMS materials can suffer from ageing effects when exposed to UV irradiation [18]. Constant exposure of
PDMS to UV irradiation will result in changed Young’s modulus, chemical properties and changed colouration
that will affect its light transmission [19–21]. Of particular interest for the fabrication process described here
is the amount of light transmitted through the PDMS block when it was subjected to UV irradiation over time.
The changed properties will affect how well the thiol-ene mixtures could be cured in the PDMS molds during
UV irradiation. To investigate the changed property and better control the duration of UV irradiation for curing
thiol-ene mixtures, a characterization experiment was performed. Table 4.1 clearly shows that exposing PDMS
to increasing duration of UV irradiation will decrease the transmittance of UV light through the PDMS. With
lesser amount of light transmitted across the PDMS mold would directly affect the duration required for curing
thiol-ene mixtures in the PDMS molds (Table 4.1).

Duration of UV
exposure (min)

Average UV light
transmission

4T+3E Thiol-ene
curing duration (s) on
each side

0

77.43

35

1

72.43

35

3

71.61

35

8

63.07

40

12

63.42

45

30
47.00
60
Table 4.1. Increased UV exposure to new PDMS layers resulted in a decreased in on the UV-light transmission
through the PDMS layer. The amount of UV-light being transmitted through the PDMS will affect the duration
required to cure the 4T3E thiol-ene layers. (n = 6)

It was observed that using an older PDMS mold required a longer duration of UV-exposure to cure the thiolene mixture in the PDMS molds. This characterization study allow for better control on the duration of UVexposure to cure or partial-cure thiol-ene layers. This would also ensure the microchips fabricated were similar
from batch to batch. Therefore, it was necessary to change the PDMS molds when the duration for curing the
thiol-ene mixture required more than 60 min.
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4.3.3

Thiol-ene modified porous Teflon membrane

Investigation of Teflon membrane surface using scanning electron microscopic imaging. We next sought
to investigate the surface structure of the Teflon membrane after applying and curing the layer of thiol-ene.
This was carried out using scanning electron microscopy imaging. Figure 4.10b shows scanning electron
microscope (SEM) images detailing the surface morphology of the Teflon membrane after curing a layer of
thiol-ene. From the SEM images, the region of the porous Teflon membrane that was cured with a layer of
thiol-ene, showed a smooth surface (indicated by blue arrow). However, for the regions that were masked-off
and rinsed with methanol, the porous structure of the Teflon membrane [22] was still present (Figure 4.10a).
This procedure clearly displayed that the thiol-ene ‘click’ chemistry could be exploited for functionalizing and
patterning a membrane as well as surfaces as previously described [8,13].
(b)

(a)

Figure 4.10 Scanning electron microscope (SEM) images of Teflon membrane. Surface morphology was
changed significantly after coating a layer of thiol-ene. (A) Expanded view of the un-modified region on Teflon
membrane. Observable pores in the membrane; (B) Teflon membrane after coating and curing a layer of thiolene. The red arrow indicates the region of membrane that was not coated with thiol-ene. The blue arrow
indicate the region that was cured with a coat of thiol-ene. Thickness of thiol-ene coated on membrane is 100
μm.

Wettability of thiol-ene modified Teflon membrane. Wetting behaviours of the membrane were analysed
by measuring the contact angle of a drop of DI water on the membrane surface. High wettability correspond
to small contact angles (≤ 90°), while low wettability correspond to large contact angles (≥ 90°). PDMS,
PMMA and PC were included in the studies as they are more commonly used as materials in microchip
fabrication for cell culture [3,23–28].
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The contact angle measurements showed that both PMMA and PC were slightly hydrophilic (Figure 4.11) and
PDMS was hydrophobic. The results for these three materials were consistent with reported studies [29–31].
From the contact angle measurements, it was obvious that the thiol-ene layers exhibit a slightly hydrophobic
surface (Figure 4.11). Similarly, the thiol-ene coated membrane also exhibited a slight hydrophobic surface
(Figure 4.11). A similar test was carried out on the un-coated Teflon membrane. When the drop of liquid was
dropped onto the porous Teflon membrane, all the liquid was absorbed (results not shown). The results showed
that the layer of cured thiol-ene on the porous membrane changed the wettability of the membrane.

Thiol-ene

Thiol-ene coated
membrane

PMMA

PC

PDMS

α = 95.87°

α = 96.4°

α = 76.73°

α = 74.2 °

α = 113.13°

β = 95.03°

β = 96.57°

β = 77.13°

Β = 76.37°

β = 113.93°

Figure 4.11 Contact angle measurement of materials typically used in microchip fabrication for cell culture.
The contact angle measured on thiol-ene was compared to the other materials. Volume of droplet used for
contact angle measurement was 4 μl. Where α = left angle and β = right angle of the droplet. The thiol-ene
coated membrane was found to be slightly hydrophobic.

Wettability studies were also carried out on un-modified Teflon membrane and the membrane that was
protected during UV exposure. The results showed that both membrane exhibited slight hydrophobicity
immediately after the droplet was dispensed. Because the membrane was porous, the membrane absorbed the
droplet thus causing the size of the droplet to change gradually over time. Therefore, to determine the contact
angle of the droplets on both surfaces, contact angle measurements were recorded at 0 min when the droplet
was dispensed onto the surfaces and ≈ 4min when the droplet was absorbed by the membrane (Figure 4.12).
In both membranes, there was no observable droplet on the membrane. The contact angles measured were 0°
- 5.1° (Figure 4.11). The results showed the protected regions of thiol-ene coated Teflon membrane that were
rinsed with methanol did not affect the wettability property of the membrane.
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0 min after
dispensing droplet

≈ 4 min after
dispensing droplet

α = 101.2°
β = 101.4°

α = 5.1°
β = 5.1°

α = 102.4°
β = 103.2°

α = 0°
β = 0°

Original Teflon
membrane

Protected region
of thiol-ene coated
membrane

Figure 4.12 Contact angle measurement of original Teflon membrane and the protected region of thiol-ene
coated Teflon membrane. Volume of droplet used for contact angle measurement was 2 μl. Where α = left
angle and β = right angle of the droplet. The thiol-ene coated membrane was found to be slightly hydrophobic.

Optical transparency of the membrane. By visual observation, the regions where thiol-ene was coated and
cured appeared shiny and smooth. Visible light was not able to penetrate through the cured thiol-ene regions
on the membrane. In the regions, where the Teflon membrane was protected by the plastic mask during UVexposure, the membrane looks like the original membrane before thiol-ene modification (black arrow Figure
4.13a).
When the membrane was dry, it appeared white and opaque (black arrow Figure 4.13a). To investigate the
wettability and visibility of the regions on the membrane that were protected by the plastic mask during UVexposure, DI water was dropped onto these surfaces. Once the membrane was wetted, the Teflon membrane
became transparent to visible light (red arrows Figure 4.13b).
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Figure 4.13 Porous Teflon membrane modified with a layer of cured thiol-ene mixture (3T+3E). Black arrow
indicating the region on porous membrane that was protected by a plastic mask during UV-exposure. When
dry, the region appeared white and opaque. (b) Two chambers were wetted with DI water, as indicated by red
arrows. Teflon membrane becomes transparent in visible light. (Scale bar = 5 mm)

4.3.4

Bond testing of microchip

Previously, Silkane et. al. [6] reported their investigations on the bond strength of thiol-ene layers. The thiolene layers were fabricated using extra thiol- groups or extra allyl groups in the thiol-ene mixtures. There have
been no reports thus far on fabricating thiol-ene microchips comprising of different thiol- and allyl mixtures
in stoichiometric ratios. To understand if the bonding of the thiol-ene layers was feasible for the pressure driven
flow (generated by the fluidic system), a burst pressure test was carried out. It was also necessary to investigate
the bond strength of the different thiol-ene layers at 37 °C, the temperature for cell culture. Three different
types of microchips comprising of different thiol-ene layers were subjected to the burst pressure test at two
different temperatures.
At 25 °C, 3T3E + 3T3E microchip was stiff and it could withstand burst pressures of 2.0 ± 0.66 Bar. However,
when it was heated to 37 °C, the microchip softened tremendously and was readily bendable. The pressures
that the microchip could withstand was reduced to < 0.3 bar and it was a challenge to record as the layers
delaminated immediately upon supplying little pressure to the microchip.
The pressure test for the microchip that was fabricated using the 4T3T + 4T3E combination could not be
carried out at both temperatures. The cured thiol-ene layers could not adhere to each other during the final
curing process (Final fabrication step in Figure 4.3)
For the last microchip combination 4T3E + 3T4E (Table 4.2), at both temperatures, there were no observable
changes to the pressures that the microchip was able to withstand. This microchip was able to withstand
pressures of more than 6 Bars. This value was more than the 0.3 bar [32,33] that the entire system will be
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subjected to during the entire cell culture period. Brute force was used to pry the 4T3E, 3T3E layers apart. By
doing so, the thiol-ene layers were totally destroyed.
Sample

Maximum pressure (Bars)

3T3E + 3T3E

2.0 ± 0.66

4T3E + 4T3E

Layers could not be bonded

4T3E + 3T3E

> 6.0

3T3E + 3T3E

< 0.3

4T3E + 4T3E

Layers could not be bonded

4T3E + 3T3E

> 6.0

Temperature

25 °C

37 °C

Table 4.2 Tabulated data of the maximum pressure the different thiol-ene mixtures used for fabricating the
microchips could withstand in different temperature conditions. All thiol-ene mixtures were prepared in
stoichiometric ratios. Where 4T = tetra-thiol, 3T = tri-thiol and 3E = tri-allyl. (n = 6)

4.4 Discussion
Shrinkage of PDMS molds
In designing and fabricating a microfluidic chip, there are many issues requiring much attention and
consideration. One of the first issues to resolve in fabricating the thiol-ene microchip was the shrinkage of
PDMS molds during thermal curing. Previous literature reported on PDMS undergoing a small degree of
shrinkage during thermal curing [34–37]. As shown from the reported results in this chapter, the PDMS molds
shrank by 0.7 % after thermal curing (Figure 4.9). This reduction in the PDMS mold was later transferred to
the cured thiol-ene layer. Shrinkage of the PDMS may eventually pose some challenges in systems where
alignment of components are crucial. For example the cell culture platform chosen to integrate the thiol-ene
microchip for cell culture, the necessary MainSTREAM components on the platform for cell culture are fixed
in positions with screws [2,3]. The distance between each inlet holes (diameter 0.24 mm) of the fluidic
interconnections on the fluidic platform is 2.25 mm (this will be further discuss in chapter 5). For the fluidic
system to effectively pump reagents to and from the microchip, the inlet and outlet ports on the microchip
must be well aligned with the MainSTREAM components to avoid leakage. Several approaches reported in
literature to resolve the shrinkage of PDMS included modifying PDMS material [38], curing PDMS in room
temperature [39] and to characterise the degree of shrinkage of PDMS and scale the master size accordingly
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[35]. In this project, to resolve the issue of the PDMS shrinkage, the Autocad designs of the PMMA master
molds were enlarged by 0.7 %.

Effect of aged PDMS molds on microchip fabrication
How well the thiol-ene mixtures cured in the PDMS molds is dependent on the duration of UV-exposure and
strength of UV light [13] on the thiol-ene mixtures. This would also indirectly affect the bond strength between
cured thiol-ene layers. Additionally, any monomers that are not cross-linked, can leach into the fluidic streams
and this may cause undesirable effects to the cell cultures. The characterization studies on the duration of UV
irradiation on PDMS and the implications on the duration for curing thiol-ene mixtures were displayed in Table
4.1. Having this knowledge of UV irradiation on the PDMS is powerful as this enable the user to control how
well the thiol-ene mixture could be cured. Furthermore, PDMS molds have a limited number of use. Therefore,
this knowledge would also ensure the fabrication of reproducible microchips.

Enhancing bond strength between thiol-ene layers by controlling the duration of UV-irradiation
Recently, Calborg et. al. [7] reported on carrying out two step UV exposure (using 2 different UV wavelengths)
on the off-stiochiometric thiol-ene epoxy (OSTE+). The authors reported, in the first curing process, the thiolene layers were partially cured due to partial conversion of the thiol groups. However, with the second UVexposure, full conversion of thiol and allyl groups would enhance the mechanical properties of the OSTE+.
Natali et. al. [13] also reported on carrying out 2-step UV curing of thiol-ene mixtures to improve the bond
strength between the thiol-ene layers. The authors reported that a partially cured thiol-ene was produced in the
first step of UV curing. Following that, the second UV-exposure (hard cure) would yield a hard assembly of
thiol-ene layers.
In the fabrication process of the thiol-ene microchip described here, a two-step curing process of the different
thiol-ene mixtures was also carried out. Instead of exposing the thiol-ene mixtures to different UV
wavelengths, in the first curing step (curing of the thiol-ene fluidic layers), the duration was shortened (40 s
instead of 45 s) to yield partial cured thiol-ene layers. The partial cured thiol-ene layers exhibited sticky
surfaces and were pliable. The sticky surface of the partial cured thiol-ene layer allowed better adherence to
another surface. The sticky surface of the partially cured thiol-ene layer was due to the presence of partial
conversion of thiol and allyl groups [9]. Since the functional group conversion with UV exposure follows an
asymptotic curve [9], the second UV exposure would result in complete conversion of the thiol and allyl
groups. This will yield a hard and well bonded multi-layer microchip. This was demonstrated from the pressure
burst studies (Table 4.2). The studies revealed that using the 2-step curing of the thiol-ene mixtures (microchips
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fabricated with 4T3E + 3T3E) enabled the chips to withstand burst pressures of more than 6 bars. This would
also ensure that the microchip could withstand the pressure (0.3 Bars) that the entire device would be subjected
to during cell culture. This would be further discussed in chapter 5.

Modifying porous Teflon membrane with Thiol-ene.
One of the most critical steps in microchip fabrication is sealing of open microchannels to produce the final
enclosed microfluidic chip. A number of considerations must be taken into account when selecting and
implementing the appropriate bonding method. Bonding of dissimilar materials is always a big challenge
because the materials have different surface chemistry and may not be compatible. This was also mentioned
previously in Chapter 3 on the bonding of the porous membrane between the fluidic layers. Ferrell et. al. [40]
recommended using medical grade epoxy for bonding of porous membrane to the fluidic layers. Few groups
reported on using a PDMS mortar to ensure a tight sealing [25,41–43]. This method required a thin layer of
PDMS prepolymer, spin-coated on a glass slide, was transferred to PDMS substrates with channel features as
well as to the edges of the porous membrane by stamping. Following that, the entire device was thermally
cured. However, this method is not applicable for the thiol-ene microfluidic chip as the fluidic layers are not
fabricated with PDMS. One of the simplest method for bonding of dissimilar materials (especially a thermoset
to thermoplastic) is by means of adhesive materials. However it was shown previously [27] epoxy resin was
capable of inducing cytotoxicity.
Although there are numerous methods for bonding dissimilar materials, however, none of them were suitable
for bonding the porous membrane to the thiol-ene fluidic layers. Nevertheless, by modifying the surface of the
Teflon membrane with thiol-ene enabled the porous membrane to be bonded to the thiol-ene fluidic layers. To
date there are no reports on the ability to modify the surface of the porous Teflon membrane with thiol-ene to
enable it to be bonded with another thiol-ene surface. This form of microchip fabrication paves a new way of
bonding a thermoplastic with a thermoset. Furthermore, the possibility of using a plastic mask to prevent
localised regions on the porous membrane from being modified during UV irradiation is advantageous. We
have demonstrated that these unmodified regions were transparent to white light when wetted. This is
beneficial for real-time microscopic studies to be performed when the cells are cultured in these regions.
Furthermore, the ability of wetting only the regions where the membrane’s porosity and structure were not
modified was advantageous. This changed property of the membrane, would eliminate the chances of crosscontamination between microchannels and microchambers during perfusion of reagents into the microfluidic
chip. This would be further proven in the cell culture experiments (Chapter 5, 6, 7) and in chapter 8 where
Caco-2 cells were co-cultured with E. coli.
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However, when performing the modification of the Teflon membrane, the plastic mask for protecting the
microchambers from being exposed to UV irradiation in step 4 of Figure 4.4B must be well aligned. Otherwise,
some other complications may arise when performing transport studies across the cells.

Biocompatibility studies of thiol-ene with Caco-2 cells
In designing a microfluidic chip for cell culture, the material chosen for fabricating the microchip must be noncytotoxic. Otherwise, complications will arise during cell culture. To our knowledge, there are no literature
available reporting on the biocompatibility of thiol-ene with Caco-2 cell culture. The results of the
biocompatibility studies presented in section 4.4.1 showed that the Caco-2 cells cultured in the presence of the
thiol-ene materials were comparable to the Caco-2 cells in the control wells (Figure 4.8). Although the cells
were observed to multiply, there is a need to further investigate the viability of the cells. Live/dead cell staining
of the cell cultured in the thiol-ene microfluidic chip will be further discussed in chapter 5 of the thesis.
Importantly, the results presented in this chapter, showed that thiol-ene is a promising material for long term
Caco-2 cell culturing.

4.5 Conclusion
In this chapter, two totally new designs of the microfluidic chip architecture were discussed. The newly
designed microfluidic chips comprised of three layers and contained a total of eight microchambers each
having its own inlet and outlet. The presence of eight microchambers, will increase the throughput for
biological experiments. In the new microfluidic chip designs, the assembly of the microchip simplified
tremendously compared to the complicated assembly of the PMMA chip discussed in chapter 3.
With the thiol-ene microfluidic chip presented in this chapter, much optimisation and characterisation studies
on the material were performed. One of the first studies carried out was to investigate on the biocompatibility
of thiol-ene. The biocompatibility studies clearly showed thiol-ene is biocompatible for Caco-2 cell culture. In
this chapter, it was also clearly demonstrated that wettability and functionality of a porous Teflon membrane
could be potentially changed by coating and curing a layer of thiol-ene mixture on it. Besides, the thiol-ene
‘click’ chemistry could be leverage for patterning the thiol-ene coated Teflon membrane.
To yield the best bonding between the different layers, a partial curing of the thiol-ene mixtures in the first
UV-exposure was implemented. Once the layer were aligned, a second curing step completed the reaction
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between the available thiol- and allyl groups from the first partial cure. Hence yielding a very hard microfluidic
chip that could withstand more than 6 Bars. From all the characterisation and optimisation studies carried out
with the different cured thiol-ene layers, it was clearly demonstrated that the thiol-ene microfluidic chip
comprising of 4T+3E for the fluidic layers and 3T + 3E for the membrane layer yielded the best bond strength.
The results presented in this chapter showed that the thiol-ene microchip is a very promising device for long
time cell culture.
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CHAPTER 5: Integrating thiol-ene microchip with fluidic
system for cell culture

In designing and fabricating a microfluidic perfusion cell culture system, a very large part of the reported
literature have been focused on the microchip level [1–5]. However, for the microfluidic chip device to
function fully, fluid volumes must be transported and displaced from region to region in the chip. This is
possible by using valves and pumps that can be externally connected to the microfluidic device or directly
built into the system [6].
Earlier in Chapter 4, the two different thiol-ene microchip designs presented each had 16 inlets (eight inlets
for each fluidic layer) and 16 outlet ports (eight outlets or each fluidic layer). To realise the possibility of
parallel perfusion of reagents in and out from all 32 ports on the microchip, the MainSTREAM components
[7,8] were adopted to the thiol-ene chip. In the following chapter, integration of the two different designs of
the thiol-ene microfluidic chips (Chapter 4) to the fluidic system is described. Some preliminary cell cultures
were attempted to investigate the better microchip design for long term-cell culture.

5.1 Fluidic system for microfluidic cell culture
For a microfluidic perfusion culture system to perform successfully, robust packaging is a crucial factor. Some
of the major packaging challenges are in the sealing of the microfluidic chip, the chip-to-world interface,
portability of the system and bubble-free operation [9]. The chip-to-world interface refers to the connections
between the microfluidic network and macroscale components such as valves and pumps. To overcome the
above mentioned challenges, we adopted the MainSTREAM components [8,10,11] onto a platform.
As described previously in chapter 4, each of the thiol-ene microchip designs (Figure 4.1) contained eight
microchambers and each microchamber consisted of two inlet and two outlet ports, whereby one set of inlet
and outlet port was connected to the top layer and one set of inlet and outlet ports to the bottom layer. To
enable effective parallel perfusion of reagents to all eight microchambers on the same layer, a suitable
peristaltic micropump with eight pumplines was necessary.
Each of the MainSTREAM micropump has eight pumplines [12,10,11] with integrated 240 μm wide circular
channels spaced 2.25 mm center‐to‐center [7,8]. The pumplines also have integrated, reversibly sealing ball
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joint interconnections with a self-aligning feature [10]. Thus, the peristaltic micropumps could easily be
connected to the inlets or outlets of the microchip using four M2 screws. Having two sets of MainSTREAM
micropumps and interconnection components enable the perfusion of reagents into and out from the respective
16 inlets and outlet ports on the microchip. Moreover, all components can be reversibly connected using
standard screws [8]. This platform (with the MainSTREAM components) is robust, portable and reported to
culture cells successfully for long periods [8]. Thus, the MainSTREAM peristaltic micropumps and
components were suitable to be integrated onto the platform with the thiol-ene microchip.
Furthermore, by subjecting the entire system under pressure, the presence of air bubbles could be eliminated
[13,14].

5.2 Materials and methods
5.2.1

Assembling of the microfluidic perfusion cell culture system

Base plate of cell culture system. The architecture of the fluidic platform consisted of an assembly of the
system base plate, onto which various components were fixed by screws. Design of the assembly of the base
plate was drawn using the CAD software, Autocad 2012 and micromilled (Figure 5.1). The assembly of the
base plate consisted of two pieces of 5 mm thick polycarbonate (PC) blocks (Figure 5.1). Whereby the bottom
piece was the microscope stage plate that had a recess matching the dimensions of the thiol-ene microchip.
Attached on the microscope stage plate was the outer base plate that supported the reservoir racks and motors.
Screws were used to fix the microscopic base plate and outer base plate in position.

Figure 5.1 Schematic drawing of the assembly of base plate for the cell culture platform

85

CHAPTER 5: Integrating thiol-ene microchip with fluidic system for cell culture

Integrating microfluidic chip with the fluidic system. The thiol-ene microfluidic chip was assembled onto
the platform and bolted down in place with eight M2 screws (Figure 5.2). The MAINSTREAM components
adopted onto the platform for cell culturing with the thiol-ene microfluidic chip comprised of:
1. 2 x 8 pumplines in the peristaltic MAINSTREAM micropumps
2. 2 cell loading components
3. 2 intermediate connection components
4. Poly(tetrafluoroethylene) (PTFE) tubings (Bola, Germany). Inner diameter (ID) 0.8 mm for air
pressure network and ID 0.2 mm for perfusing of reagents into and from microfluidic chip
5. Glass vials (Mikrolabs, Denmark)
6. 2 sets of LEGO MINDSTORM’s motor and controller

Controller

T-piece connecting to air
pressure (5% CO2)

Motor

Cell
loading
component
Thiol-ene microchip

Reservoir rack

Base plate

Intermediate connection
component

Figure 5.2 Assembled thiol-ene microfluidic chip (design 1) with the cell culture platform. Blue arrow
indicating the micropump perfusing through the top layer. Red arrow indicating the peristaltic micropump
perfusing through the bottom layer. (Scale bar = 5 cm)
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Micropumps. The micropumps have integrated, reversibly sealing ball joint interconnections with a selfaligning feature [10]. Thus, the peristaltic micropumps could be easily connected to the outlets of the microchip
using four M2 screws (Figure 5.2). The micropumps were programmed to pump the reagents through the
microchip from the glass vials (positioned at the inlets of the microchip). The micropump indicated by blue
arrow in Figure 5.2, was set to perfuse reagents through the top layer. While the other peristaltic micropump
(indicated by the red arrow Figure 5.2) was set to perfuse reagents through the bottom layer.
Actuation and control of micropumps. Fluidic actuation was provided by LEGO® Mindstorms® MXT 2.0
robotics kit. The LEGO® Mindstorms® MXT 2.0 robotics kit provides servo motors (with 1° angle control),
a small controller (Figure 5.2), and a software interface (powered by National Instruments LabView®) for
programming of the motors. With the software, it was possible to pre-program the flow rates or breaks over
time.
Sample to waste management. The glass vials were placed onto a rack, integrated onto the microfluidic cell
culture platform. Glass vials were interfaced to the microchip and micropumps using tube connectors. The two
cell loading components (Figure 5.2) were connected to the inlets of the microchip. The design and concept of
the cell loading component have been reported previously [13,14]. Each of these cell loading components
comprised of eight channels/wells, based on the connection of eight fluidic channels in one step. The cell
loading chip was fabricated from polycarbonate (PC) with a middle piece casted in PDMS. The cell loading
components were placed directly on top of the inlet holes of the microfluidic chip. The channels/wells of the
cell loading component were connected to the glass vials with PTFE tubings (ID 0.2mm and OD 1.6mm). The
middle piece made out of PDMS in the cell loading component, allowed the force-fitting of the PTFE tubes,
thereby making a proper tight sealing.
An intermediate connection chip with an array of eight holes with inner dimeter of 3 mm was interfaced with
the micropump to allow fluids to be pumped from the micropump into the glass vials via PTFE tubings (Figure
5.2). Small pieces of silicone tube could be individually press fit into the holes as sealing gasket (Figure 5.2).
This method has been found to be simple and leak-free [11].
Connection to pressurized air source. The glass vials were coupled with PTFE tubings and pressurized with
an air and 5% CO2 mixture (0.3 bar) through a sterile filter with a single Luer-Lok fitting (Figure 5.2). This
principle of pressuring the entire system for cell culture was previously introduced [13,14].

5.2.2

Preparation of microfluidic system for cell culture

Prior to assembling the system, the glass vials and tubings were autoclaved. Once the entire system was
assembled (described in section 5.2.1) the glass vials were filled with 70 % ethanol (Sigma, Denmark). Air
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pressure was connected to the T-piece of the entire system at a pressure of 0.3 Bars. Next, the pumps were
activated to pump at a flow rate of 5 μl/min. 70 % ethanol was perfused throughout the entire system for 2 hrs
to sterilise the entire system. Following that, sterile water (Sigma; Denmark) was flushed into the entire system
for an additional 2 hours. Perfusion of sterile water was required to remove all traces of ethanol.
An extra cellular matrix (ECM) mixture of 300 μg/ml matrigel (Corning®, Sigma, Denmark), 50 μg/ml
collagen Type I (BD Bioscience, Denmark) in serum-free Dulbecco’s Modified Eagle’s medium (DMEM,
Sigma, Denmark) was prepared. This mixture was flowed into the microchip for 2 hrs. During the coating
procedure, the entire microfluidic system was incubated at 37˚C with an air atmosphere of 5 % CO2 in a
standard cell culture incubator. After 2 hrs, normal cell culture medium was perfused through the entire system
for more than 20 hrs at 37 °C with an air atmosphere of 5 % CO2.

5.2.3

Cell seeding and cell culture in microfluidic system

Preparation of cell suspension for microfluidic system. Two different types of cell lines were used: Hela
cells (Passage 48) and Caco-2 cells (Passage 45). HeLa cells and Caco-2 cells were cultured separately in
individual T-75 cell culture flasks. The cell culture medium used for culturing the cells was DMEM
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Sigma, Denmark), 1% (v/v)
nonessential amino acids (NEAA; Gibco, Denmark) and 1% (v/v) penicillin-streptomycin (P/S; Gibco,
Denmark). The cells were harvested using a trypsin/EDTA solution (Sigma; Denmark). Subsequently, they
were centrifuged at 125 xg for 5 min. After removing the supernatant, a culture medium containing 60 % FBS
was added to the cell pellets to re-suspend the cells. The culture medium with a higher content of FBS was
used to increase the density of the cell suspension. This would allow better distribution of the cells within the
cell culture chamber during cell seeding procedure [14]. Cells were counted using the cell counter (Moxi-Z;
Orflo, Denmark). The cell suspensions were prepared to concentrations of 0.5 x 106 cells/ml and 10 x 106
cells/ml for Caco-2 cells and 0.5 x 106 cells/ml for HeLa cells.
Seeding of cells in microfluidic system. Prior to cell seeding, the Teflon tubings connecting to the cell loading
components for the top fluidic layer were carefully removed. The re-suspended cell solutions were manually
loaded into the cell loading channels/wells (Figure 5.2) with a 1 ml syringe attached with a 23G needle. To
draw the cell suspensions into the microchambers, the micropumps (indicated with blue and red arrows in
Figure 5.2) were activated to drag the cell suspensions at a rapid flow rate of ≈ 65 μl/min.
Following that, the Teflon tubings were connected back to the cell loading channels/wells. Extra care was
taken when connecting the tubes to prevent any introduction of air into the microchip. Next, the entire system
was placed onto the microscope stage. The microchambers were observed microscopically to ensure the cells
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were loaded into the chambers. Lastly, the entire system was placed in an incubator for 2 hr with no flow. This
step was necessary to ensure the cells attached onto the ECM coated membrane prior to starting the flow. After
2 hrs, flow perfusing to the upper fluidic layer of the thiol-ene microchip was activated at a flow rate of 0.5
μl/min. 24 hrs later, flow perfusing to the bottom fluidic layer was also activated at a flow rate of 0.5 μl/min.
The glass vials connected to the inlets were replenished with fresh cell culture media on alternate days.

5.2.4

Cell imaging and live/dead cell staining

The growth of the cells was microscopically monitored with an inverted microscope (Axio Observer Z1, Carl
Zeiss, Germany). Phase contrast images of the cells were taken daily at four different positions of each
chamber. During the microscopic imaging of cells, the flow of cell culture medium was discontinued.
Live/dead cell staining was performed on the cells on day 6 of cell culture for HeLa cells and day 11 for Caco2 cells. Fluorescent dyes, calcein and ethidium homodimer-1 (Life Technologies; Denmark) were used for
staining live and dead cells respectively. Sterile phosphate buffer saline (PBS; Sigma, Denmark) was first
perfused into the chambers for 30 min at a flow rate of 5 μl/min to remove all traces of DMEM. Next, the dyes
diluted in PBS (1:1000 for calcein; 1:500 for ethidium homodimer-1) were flowed into the microchamber and
incubated for 30 min at 37 °C. Following that, PBS was flowed into the system to remove all traces of the
unbound stains in the channels prior to imaging the cells.
Fluorescent imaging of the cells were carried out with the inverted microscope. To image the live cells,
excitation/emission wavelengths of 495/517 nm was chosen and for dead cells, excitation/emission
wavelengths of 528/617 nm was chosen. The fluorescent images were processed by the software (AxioVision
SE64Rel. 48).

5.2.5

Flow profile in microchamber

Fluid flow simulation. Simulation of the fluid flow was carried out based on the two different microchip
designs discussed in Chapter 4 (Figure 4.1). 2-dimensional (2D) simulations were performed using the
commercially available software, COMSOL 5.0 Multiphysics (COMSOL A/S, Denmark). The flow rate was
set at 3 μl/min. The simulations were performed assuming the flow within the microchannels was laminar and
the walls were stationary. The fluid velocities were solved with Navier-Stokes equations (eq 2.2):
Eq. 2.2:

𝜌[

𝜕𝑢
𝜕𝑡

+ (𝑢 ∙ ∇)u] = −∇𝑃 + 𝜂∇2 𝑢
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And the continuity equation is given by:
∇∙𝑢 = 0

Eq. 2.3:

where ρ is the density of fluid, u is fluid velocity, t is time, P is the pressure and η is fluid viscosity. No slip
boundary at the walls of the microchannels was chosen for the simulation.

5.3 Results
5.3.1

System evaluation

All the results reported in this section were performed using thiol-ene microchip design 1 (described in chapter
4). Previously in chapter 3, two of the major set-backs in that entire system were the persistent appearance of
bubbles and leaking in the microchip. To evaluate if this new fluidic platform was able to address those
challenges, cell culture medium was perfused into the entire system at a flow rate of 5 μl/min. During perfusion
of cell culture medium, the entire microfluidic paths (inlets to outlets). was pressurised at 0.3 bars. The
microfluidics system was left to perfuse for at least 20 hrs in room temperature and incubator conditions.
In this preliminary study, cell culture medium was perfused through only two microchambers (microchamber
3 and 4). Once the pumps were activated, the system was carefully scrutinized for leaking at the interconnections between microchip and components and any bubble formation.
Leaking of fluids at the interconnections between the microchip and fluidic components was not observed
when the system was functioning at room temperature or at 37 °C. Only the microchambers that supported cell
culture medium perfusing through the microchannels, showed observable wetting of the porous membrane
(black arrows in Figure 5.3). The microchambers appeared pink (Figure 5.3) and they were transparent to
visible light. Furthermore, the microfluidic system was also able to operate successfully without any
appearance of air bubbles in the microfluidic chip for at least 20 hrs at 37 °C.
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Figure 5.3 Assembled system with thiol-ene microchip. Cell culture medium was perfused into the system for
chambers 3 and 4 (black arrows). Cell culture medium had perfused through the microchip for 20 hr in the
incubator. (Scale bar = 5 cm)

Liquid reservoirs. The liquid reservoirs in the form of glass vials were connected to the micropumps and
interconnection blocks via PTFE tubings (Figure 5.3). This form of liquid reservoirs are easily accessible and
allowed easy changing of the liquids. Attempts to connect 16 glass vials to each inlet port and 16 glass vials
to each of the outlet port failed to keep the entire system leak-free. Leaking was observed at the
interconnections between the microfluidic chip and the components on the fluidic platform. The reason for
leaking could be due to the added weight of the bottles on the base plate, which caused some form of bending
moment of the base plate. Hence, when the microfluidic chip was integrated onto the fluidic platform, there
was no tight sealing between the interconnection components and the microfluidic chip. To resolve the issue,
the number of glass vials was reduced to eight bottles for the inlet ports and eight bottles to the outlet ports.
Therefore, one glass vial was supplying to and collecting from two microchambers. However, the maximum
volume of each of the glass vial was 10 ml (Figure 5.3). With a flow rate of 3 μl/min, it would require the user
to fill up the inlet bottles every day or risk emptying the bottles. To resolve this issue, glass vials with a larger
volume (20 ml) would be used for future studies.
Another important thing to note was the breaking/chipping of the screw top of the glass vial. The screw top
was susceptible to breaking/chipping when the cap of the glass vial was over tightened. If this happen, the
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entire system would not be able to keep the pressure when pressurised. This would eventually risk the
formation of air bubbles in the microchip. Therefore, during assembling of the entire platform, much care was
required when tightening the screw caps of the glass vials.

5.3.2

Preliminary cell culture with HeLa cells and Caco-2 cells with thiol-ene microchip design 1 and
fluidic system

HeLa and Caco-2 cells adhered onto the ECM coated Teflon membrane within 30 min after cell seeding. Caco2 cells were observed to grow as clusters in certain regions of the cell culture chamber during the first 24 hrs
of perfusion. The Caco-2 cells spread out and showed signs of proliferation during the subsequent days of
culture (Figure 5.4b, e). By day 11, microchambers with low seeding density of Caco-2 cells displayed no full
coverage (Figure 5.4b). In fact, numerous regions on the porous membrane were devoid of cells (yellow arrow
in Figure 5.4b). By contrast, microchambers seeded with high Caco-2 cell density, the coverage was higher.
By day 11, there was almost 80 % of Caco-2 cell coverage on the porous Teflon membrane (Figure 5.4e) using
the higher cell seeding density.
Differentiation of the Caco-2 cells could be microscopically observed in the chamber with high Caco-2 seeding
density (Figure 5.4e). Folds started to appear in the Caco-2 monolayers around day 8 (a suggestion of villous
formation) (red arrows in Figure 5.4e) and it became more challenging to focus on all the cells simultaneously.
This was consistent with an earlier study [2] which showed that Caco-2 cells cultured in microfluidic device,
spontaneously displayed undulations and folds in the monolayer. This phenomenon could be due to the
presence of continuous perfusion of cell culture medium across the Caco-2 cells. Furthermore, in certain
regions of the microchamber, there were some observable regions of ‘dark patches’ on the cells (Blue arrows
in Figure 5.4e). These ‘dark patches’ were highly suspected to be mucus. However, these two interesting
morphologies were absent in the chamber with low seeding concentration of Caco-2 cells.
In the microchamber seeded with HeLa cells, the phase contrast images showed the HeLa cells proliferated
well (Figure 5.4h). By day 6, the HeLa cells had reached close to 70 % confluency.
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Figure 5.4 Images of Caco-2 cells and Hela cells in the thiol-ene microchip after culturing for 11 days and 6
days respectively. (blue arrows indicate suspected mucus; red arrow indicate folds; yellow indicate region
devoid of cells) Cells were fluorescently stained to investigate for live and dead cells (c, f and i). Live cells
were stained green whereas dead cells were stained red. (Day 0 is the day that cells were seeded into the
microchambers. Images were taken before flow was started. Images were taken with 10 x magnification). Scale
bar = 50 μm.

Live/dead cell fluorescent images showed that there were > 90 % of the Caco-2 cells and HeLa cells alive on
day 11 and day 6 respectively.
As mentioned earlier, there were observable patches devoid of cells (yellow arrow in Figure 5.4b) in the
microchamber with low Caco-2 seeding density. This was also seen in the chamber with a high Caco-2 seeding
density (yellow arrows in Figure 5.4e). These patches (devoid of cells) were more prominent in the regions on
the membrane closer to the outlet (yellow arrows in Figure 5.5a). Furthermore, it was also observed that the
cells closer to the inlet were differentiating more than the cells closer to the outlet. There were observable folds
on the Caco-2 cells (red arrows in Figure 5.5b), an indication of differentiated Caco-2 cells. This observable
gradient of cell proliferation and differentiation across the microchamber could be due to insufficient supply
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of nutrients reaching the cells that were closer to the outlet. This will be discuss more in depth in the next
section of this chapter.
(b)

(a)

Figure 5.5 Phase contrast imaging of Caco-2 cells cultured in thiol-ene microchip (design 1) on day 10. Images
were taken from two different positions of the same microchamber. (a) Position close to the outlet. Yellow
arrows indicate regions devoid of cells on the Teflon membrane. (b) Position close to the inlet. Red arrows
indicate folds on the Caco-2 cells. (Scale bar = 50 μm)

5.3.3

Effect of inlet dimensions on flow profile and cell growth in microchamber

Fluid flow is a crucial feature in microfluidic devices for cell culture and cell handling [6,9]. The rate of cell
growth and differentiation is dependent on the amount of nutrients available in the culture media. In a
microfluidic system, varying the flow rate of the culture medium or the microchamber geometries (often the
channel height) are the straightforward means of optimising the mass transport of nutrients in the cell culture
medium to the cells [6,9].

To understand the effect of inlet geometry on the flow profile within the microchamber, flow simulations on
two different widths of the inlet and outlet channels were performed (Figure 5.6). The designs of the
microchannels simulated were based on the designs presented earlier in Figure 4.1. Widths of the inlet
microchannels used in the simulations were 0.6 mm and 1 mm respectively. In order to study the fluid
distribution within the microchambers (boxed-up region in Figure 5.6a, c), the horizontal velocity field
fluctuations in the middle of chamber were analysed. Considering the geometric symmetry of the rectangular
microchamber (boxed up region in Figure 5.6a, c), only one velocity profile was analysed at the center of the
horizontal plane. The velocity magnitude across the horizontal plane in the center of the microchamber
displayed parabolic profiles in both microchip designs (Figure 5.6b, d). The parabolic velocity distribution was
observed in both microchip designs because the flow was pressure-driven. Therefore resulting in higher
velocities in the middle of the microchannel as compared to the velocities closer to the wall. It should be noted
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that the fluidic velocities in both designs were similar throughout the middle section of the cell culture chamber
≈ 0.3µm/s (Figure 5.6 b,d). The only difference is the fluid velocities in the inlet and outlet channels leading
to and from the microchambers. Fluid velocities in the smaller inlet and outlet channels design (Fig 5.6a)
showed higher fluid velocities as compared to the larger inlet and outlet channel design (Fig5.6c).

(a)

(b)

(d)
(c)

Figure 5.6 Simulated flow contours in the microchambers with respect to different inlet and outlet widths. (a)
Flow contours for microchamber connected to inlet and outlet channel width = 1 mm. (velocity = μm/s) (b)
Velocity magnitude across the middle of the microchamber for the 1 mm (width) inlet and outlet. (c) Flow
contours for microchamber connected to inlet and outlet channel width = 0.6 mm. (velocity = μm/s) (d)
Velocity magnitude across the middle of the microchamber for 0.6 mm (width) inlet and outlet.

Microscopic phase contrast images of the Caco-2 cells cultured in the microchip with the narrower inlet
showed that the Caco-2 cells closer to the inlet were proliferating. There were numerous patches close to the
outlet where they were devoid of cells (Figure 5.7d, f). The Caco-2 cells cultured in the microchamber with
narrower inlet and outlet microchannels, also showed little villous-like folds in the Caco-2 monolayer. These
villous-like folds were only present in regions close to the inlet. As seen from the simulation (Figure 5.7b), the
surface velocities in the microchamber were very low. Therefore, the rate at which the cell culture medium
was being replenished and removal of wastes would also be slow.
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(a)

(c)

(b)

(d)

(f)
(e)

Figure 5.7 Effect of channel dimensions on cell growth. a) Phase contrast of Caco-2 cells cultured in
microchambers with inlet and outlet width of 1mm. (b) Enlarged view of circled region in (a). (c) Intensity
plot of the cell coverage on the porous membrane in microchamber with inlet and outlet width = 1mm. (d)
Phase contrast of Caco-2 cells cultured in microchambers with inlet and outlet width of 0.6mm. (e) Enlarged
view of circled region in (d). (f) Intensity plot of cell coverage on the porous membrane in microchamber with
inlet and outlet width = 0.6mm. Where z = height on the intensity surface plot. (Scale bar = 50 μm)
Phase contrast images of the Caco-2 cells cultured in the microchamber with the larger inlet and outlet (width
1 mm) microchannels showed uniform proliferation of cells throughout the microchamber. Villous-like folds
were observed on the Caco-2 monolayer throughout the microchamber (Figure 5.7a-c). There was also 100 %
confluency of Caco-2 cells on the Teflon membrane. This clearly showed that sufficient nutrients reached the
cells throughout the microchamber. From this study, it was clearly displayed that the inlet and outlet channel
dimensions microchannel dimensions were very important factors for good Caco-2 cell culture in the
microfluidic device.

5.4 Discussion
The microfluidic perfusion platform comprising of MainSTREAM components and the thiol-ene microchip
was established and investigated. The results showed that the Caco-2 cells could be cultured with satisfactory
cell attachment, proliferation and morphologies. Furthermore, demonstrations on the dimensions of the inlet
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of the microchannel showed potential effect on the growth and maintenance of the cells. These are further
discussed in the sections below.

5.4.1

Fluidic system for cell culture

Micropumps. The MainSTREAM peristaltic micropump has many advantageous over the conventional
syringe pump. With its compact size, it allowed easy integration and assembly onto a system platform.
Furthermore with eight pumplines, it enabled increased throughput. However, it was noticed that for the
micropumps to perform optimally, the rotor bed [8] of the micropumps must be tightened sufficiently well (but
not over-tightened) with the M2 screws. One of the serious problems observed was the malfunctioning of the
micropumps when the screws of the rotor bed were over tightened. This would result in insufficient nutrients
being perfused to the cells. The problem was resolved by loosening the screws a little but still sufficient to
enable the micropump to function properly. It was also necessary to calibrate and calculate the flow rate of the
micropumps before performing the cell culture studies.
Evaluation of system. The platform consisting of the MainSTREAM components effectively resolved the
major challenges (bubble formation and leaking) that were persistent in the previous system discussed in
Chapter 3. Previously in chapter 4, the PDMS molds were discovered to shrink by 0.7 % during thermal curing
and this would be transferred to the cured thiol-ene fluidic layers. Therefore, to compensate the shrinkage, the
designs of the PMMA master molds were enlarged by 0.7%. From the results reported in this chapter, there
were no observable leaking at the interconnections between the microfluidic chip and the components on the
fluidic platform. Therefore, all 32 ports on the thiol-ene microfluidic chip were well aligned with the pumplines
and interconnection blocks. Thus, the overall enlargement of the PMMA master molds by 0.7 % was sufficient
to compensate the shrinkage of the PDMS molds to ensure a well aligned and leak-free system.

5.4.2

Thiol-ene microchip for cell culture

Previously in chapter 4, it was mentioned that the porous membrane embedded between the fluidic layers of
the microchip was changed to the Teflon membrane due to its transparency to visible light when wetted. The
results presented in this chapter have further confirmed the transparency of the Teflon membrane when wetted.
This enabled real-time microscopic monitoring of the cells.
Both HeLa and Caco-2 cells were observed to proliferate in the thiol-ene microfluidic chip. The results also
showed that the seeding concentration of Caco-2 cells was crucial in producing good coverage of cells on the
membrane. This would eventually affect the formation of a confluent layer of Caco-2 monolayer that is
necessary for transport studies. From the results, a high seeding concentration of Caco-2 cells (≈ 10 x 106
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cells/ml) was necessary to provide sufficiently good coverage of Caco-2 cells in the microchamber (Figure
5.4e).
The Caco-2 cells cultured in the microfluidic device, even displayed differentiation with the formation of folds
in the cells (Figure 5.4e). However, the appearance of folds in the Caco-2 cells were only observed when the
Caco-2 cells were seeded at sufficiently high concentrations. To our knowledge, only one group reported on
the observation of folds in the Caco-2 cells cultured in a microfluidic device [2,15]. The authors claimed the
appearance of folds in the Caco-2 monolayers was the result of fluid flow and cyclic strain in the microfluidic
device [2,15]. However, the Caco-2 cells cultured in the thiol-ene microfluidic device were subjected to only
continuous peristaltic flow of fluid. Therefore, we hypothesized the appearance of the folds in the Caco-2 cells
could be due to the presence of the flow of reagents on the cells.
Additionally, the growth and maintenance of the cells in the microfluidic chip were also dependent on the
amount of nutrients present. In a microfluidic cell culture chip, the amount of nutrients present is dependent
on the rate at which the nutrients are being perfused, dimensions of the microchamber, number of cells present
and rates of nutrient uptake by the cells [9]. It is important to understand the relationship between culture
media flow rate and the chamber dimensions, which collectively determine the average fluid velocity within
the cell culture chamber as showed in Figure 5.6 and Figure 5.7. The results showed the microchamber
connected to a narrower inlet had poor cell growth and differentiation compared to the microchamber
connected to a larger inlet. Folds in the Caco-2 monolayer were observed throughout the microchamber
connected to the larger inlet. We hypothesize that the poor cell growth in the microchamber connected to the
narrower inlet could be the result of the low flow velocities. This may have resulted in regions where the
combined convective and diffusive transport was insufficient to provide adequate nutrients to the cells as well
as removal of wastes from the cells. Therefore resulting in patchy cell growth.

5.5 Conclusion
Integrating the microfluidic chip with the platform comprising of the MainSTREAM components and the
constant supply of a pressure of 0.3 bar of atmospheric air and 5% CO2, had resolved the formation of bubbles
in the microchambers. There was also no observable leakage at the interconnections between the microchip
and fluidic platform.
Preliminary cell culture studies using Caco-2 cells and HeLa cells clearly demonstrated that the fabricated
thiol-ene microchip allowed real time microscopic observation of the cells and it was also able to support long
term cell culture (more than 10 days). From the live/dead cell fluorescent images, it was clearly demonstrated
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that > 90% of the Caco-2 cells and HeLa cells were viable. Folds were also observed on the Caco-2 cells,
which was one of the morphologies of differentiated Caco-2 cells. The results thus far showed that the
microenvironment of the microchambers on the thiol-ene microchip was suitable for cell culture.
To further understand the effect of inlet dimensions on the flow profiles and velocities in the microchambers,
2D simulations were performed. The results from the simulations clearly showed that the geometry of the inlet
had a great impact on the flow distributions and velocities in the microchamber. To verify the simulated results,
experimental cell culture studies were performed. The Caco-2 cells cultured in microchip design 2 (discussed
in chapter 4 (Figure 4.1)) showed 100 % confluency in the microchamber and there was uniform differentiation
of the Caco-2 monolayer. Therefore, this design will be used for further studies carried out in chapters 6, 7 and
8.

5.6 Outlook
As mentioned earlier in Chapter 2, one of the unique features of the Caco-2 monolayer is the tight barrier it
exhibits. However, currently there is no real-time monitoring means of the integrity of the Caco-2 monolayer
cultured in the thiol-ene microchip. One of the widely used methods for investigating the barrier integrity of
the cells, is by measuring the trans-epithelial electrical resistance (TEER) across the cell monolayer [1,2,16–
22]. This is a label-free and non destructive means to characterize the Caco-2 monolayers. To realise this goal,
the next chapter will discuss and demonstrate embedding electrodes on the thiol-ene microchip.
In this chapter, from the cell culture on the thiol-ene microchip, ‘dark’ patches on the Caco-2 cells were
observed. As mentioned earlier, these ‘dark’ patches were suspected to be mucus on the cells. More studies
will be carried out to identify these ‘dark’ patches. This will be brought up in chapter 7 of the thesis.
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CHAPTER 6: Embedding electrodes onto thiol-ene
microfluidic chip for trans-epithelial electrical resistance
(TEER) measurements

The thiol-ene microchip presented in chapter 5 was capable of supporting long term Caco-2 cell culture.
However, the integrity of the Caco-2 monolayers cultured in the thiol-ene microchip could not be validated.
One of the most common techniques for real-time monitoring of the integrity of Caco-2 monolayers is by
measuring the trans-epithelial electrical resistance (TEER). TEER is a non-destructive and label free method
for characterizing the barrier property of epithelial and endothelial cells. In this chapter, the design, the process
of embedding the electrodes in the microfluidic device and the reliability of the electrodes in the microchip are
presented. Biocompatibility of the electrodes was also verified. Likewise, some preliminary TEER
measurements are presented.
The traditional static Transwell inserts for Caco-2 cell culture were used as reference studies. Comparisons of
the TEER results between the two different systems are presented in the later sections of this chapter.

6.1 Trans-epithelial electrical resistance measurement across Caco-2 monolayer
As described in Chapter 2, there are two pathways for ion transport across the Caco-2 cell monolayer, namely
the transcellular pathway and the paracellular pathway. The tight junctions between adjacent cells govern the
transport of the solutes through the paracellular space of epithelial and endothelial cell layers. As mentioned
earlier, integrity of the tight junctions can be monitored by measuring the TEER [1].
The epithelial layer can be simplified to a simple electrical circuit of resistances [1,2]. The electric model of
the cell layer in Figure 6.1a is only applicable for transfer of direct current (DC) signals. In the equivalent
circuit diagram (Figure 6.1a) the resistance of the transcellular pathway is the sum of the apical cell membrane
resistance (Ra) and the basolateral cell membrane resistance (Rb). The resistance of the paracellular pathway
is the sum of the tight junction resistance (RTJ) and the intercellular resistance (RIC). Especially at the start of
epithelial and endothelial cell culture, the paracellular pathway is more dominant in the overall TEER
measurements. The reason being the tight junctions between adjacent cells have not yet form [2].
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Figure 6.1 Schematic illustrations of the electrical circuit and flow of current across Caco-2 monolayers. (a)
Schematic electrical equivalent circuit of Caco-2 monolayer for transfer of DC signals. (b) TEER
measurements carried out in the Transwell set-up using the chopstick-like electrodes (E1 and E2). Blue arrows
indicate the unidirectional flow of current for DC signals (c) TEER measurements carried out in the Transwell
inserts using the 2-electrode system. Black bars indicate electrodes. Blue arrows indicate the unidirectional
flow of current for DC signals

The mechanism behind TEER measurements is based on Ohm’s Law:
𝑉 = 𝐼𝑅

Eq 6.1:

Where R is resistance, V is voltage, I is current. In TEER measurements, a current or voltage is applied across
the cell layer. By measuring the respective returning voltage or current, the resistance measurement is
determined [3]. TEER values (Ω∙cm2) are determined by eq 6.2.
Eq. 6.2:

𝑇𝐸𝐸𝑅 = (𝑅1 − 𝑅𝑜 )𝐴

Where R1 (Ω) is the apparent resistance, Ro (Ω) is the baseline resistance recorded without cells and A (cm2)
is the cell culture area of the porous membrane.
Most of the commercially available systems for measuring TEER across cells cultures in microporous filters
or inserts use voltm-ohm resistance meters such as the EVOM2 (World Precision Instruments) and Millicell
ERS-2 (Millipore), equipped with either a 4-point measurement with silver/silver chloride (Ag/AgCl)
chopstick electrodes (Figure 6.1b) or chamber electrodes (Figure 6.1c) [2,3]. These volt-ohm meters use a
near DC (12.5 Hz) current of 10 μA. In this project, TEER measurements in the microfluidic device were
acquired using DC signals, as it is main measurement method used in most past reports on acquiring TEER
values.
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6.2 Design considerations
The format of measuring TEER using the ‘chopstick’ electrodes or chamber electrodes are limited to static or
macroscopic cell environments and are difficult to be adapted to microchannels. Due to the small cell culture
area, a simple and robust method for embedding electrodes in the microfluidic chip is required.
Incorporating electrical properties into microfluidic devices is not something that is foreign nor new. For
decades, much had been reported on acquiring electrical measurements from microfluidic systems for
electrochemical detection [4], electrophoresis [5,6], flow cytometry [5–8] etc. Recently, there are literature
reporting on TEER measurements in microfluidic devices [3,9–17]. To fabricate the TEER measuring
electrodes on the microchip there were some points that must be considered:
1) the fabrication technique should be simple and electrodes should be easily integrated on the thiol-ene
chip
2) the electrode material must be biocompatible for Caco-2 cell culture
3) the electrode material must not deposit toxic compounds in the microchambers when electrical signals
are activated
4) the positions of connecting wires of electrodes should still allow microscopic monitoring of Caco-2
monolayers in microchambers
5) Electrodes must be fixed in positions on the microchip to prevent variations of measurements in the
same microchamber

6.2.1

Positioning of electrodes

Due to the compactness of the structures on the thiol-ene microchip (microchip design 2 shown in Figure 4.1b),
a simplified and straight-forward method for fabricating the electrodes with the metal of interest was necessary.
One simple method considered was to insert the electrodes directly to the top and bottom of the microchambers
(Figure 6.2). This will allow the electrodes to be in close proximity with the Caco-2 cells in the microchamber.
Placing the electrodes in close proximity with the cells will reduce the noise imposed on the readings by cell
culture medium [10]. However, the contact points of the bottom electrodes must exit from the top of the
microfluidic chip. This will still allow the use of an inverted microscope to conduct real-time microscopic
monitoring of the Caco-2 cells.
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Multimeter

Figure 6.2 Schematic cross-sectional view of the microchamber in a microfluidic chip with electrodes
connected to the multimeter. Electrodes are placed in close contact with the Caco-2 monolayer. Blue arrow
indicate the direction of current flow. In DC signals, direction of current flow is uni-direction. DC signals are
supplied to the electrodes to acquire TEER measurements.

6.2.2

Material selection of electrode and fabrication technique

The most commonly used materials for fabricating electrodes in microfluidic systems are Ag/AgCl [2,10–13]
and platinum (Pt) [15]. However Sun et. al. [16] reported on fabricating gold-plated electrodes covered with a
conducting polymer (polypyrrole doped with polystyrene sulfonate), for reducing the influence of the double
layer capacitance. Other conductive metals such as aluminium (Al) and copper (Cu) have also been explored
for TEER measurements in microfluidic systems [14]. Although all these metals are suitable electrode material,
the accompanying methodologies (e.g., clean room technologies, attaching of electrodes to microchip with
ferrules, inserting electrodes to the sides of the microchip or inlet tubes etc) of fabricating the electrodes are
not feasible for the thiol-ene microchip. As mentioned in the earlier section, a simple and low cost fabrication
method allowing more than one set of electrodes to be embedded on the same microchip was necessary.
Keeping all these in mind, two metals were chosen to fabricate the electrodes in the thiol-ene microchip:
indium alloy (InBiSn; In 51 % Bi 32.5 % Sn 16.5 % by weight; Indium Corp, USA) and platinum (Pt; Advent,
UK).

Bottom electrodes. InBiSn is a eutectic metal with a melting temperature of 62 °C. InBiSn was chosen as the
material for the bottom electrodes because it could be easily embedded in the completed microchip. At an
elevated temperature (> 62 °C), it could be easily molded into the desired electrode shape in the electrode
channel on the microfluidic chip. This particular metal is non-toxic [18], is mechanically stable in room
temperature [19] and has a relatively high electrical conductivity of ≈ 2.4 x 106 S/m [18]. InBiSn metal had
reportedly been used for fabrication of electrodes for picoinjection [20], electroporation of cells [18] etc.
Therefore, InBiSn is an attractive and suitable material for fabricating the electrodes on the thiol-ene
microchip.
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It was decided the melted metal filling approach would be implemented to fabricate the bottom electrodes. In
this method, InBiSn metal was first heated to above melting temperature, so the melted metal could be easily
drawn into the electrode cavities by (Figure 6.2a) pressure and capillary forces.
Top electrodes. Another metal for fabricating the top electrodes was necessary as the method for fabricating
the bottom electrodes (by heating the metal) could not be applied for fabricating the electrodes. By heating the
microchip in order to soften the microchip layers for inserting the InBiSn metal would result in melted metal
dripping into the microchamber. Alternatively, by force-fitting the metal into the electrode ports resulted in
breakage of the metal. The reason being InBiSn is quite brittle (Brinell hardness = 11 HB [21]), therefore this
poses some challenges to force-fit the metal into the electrode ports on the microchip for the top electrodes.
Due to this challenge, another harder, inert, non toxic metal was chosen. Pt (Brinell hardness = 299 MPa [22])
with high conductivity was chosen as the metal for the top electrodes.

6.2.3

Electrode design on microfluidic chip

As mentioned in the earlier section, the thiol-ene microchip (design 2 in Figure 4.1b) consisted of numerous
structures. Thus, the best positioning of the electrodes was directly to the top and bottom of the microchamber.
Moreover, fabrication of the electrodes should be simple and not time consuming. Keeping these criteria in
mind, two electrode channels were designed on the bottom of the fluidic layer and two holes for the top
electrodes were designed for the upper fluidic layer (Figure 4.1b). The sections below will describe in detail
of the electrodes for the respective fluidic layers.
Bottom electrodes. Two straight electrode channels with dimensions of 2 mm (length) x 0.5 mm (width) x
0.2 mm (height) were designed on the bottom fluidic layer (figure 6.3a). The lines are positioned with one end
at the edge of the microchamber (Figure 6.3a). The size of the electrodes could be controlled by the amount of
melted metal and geometry of the electrode cavity. The direction in which the melted metal flows is guided by
the geometry of the electrode cavity. Copper wires will be inserted into the melted electrodes to serve as
connection to the measuring equipment (e.g., Multimeter) (Figure 6.3a).
Top electrodes. The top electrodes were fabricated by inserting Pt wires into the electrode ports that were
drilled into the top fluidic layer of the microchip (Figure 6.3b). The Pt wires used for the electrodes have a
dimension of 0.5 mm for diameter and a length of 10 mm. Similar to the bottom electrodes, copper wires would
be soldered to the Pt electrodes to allow a measuring equipment to be connected for TEER measurements.
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(a)

(b)

Figure 6.3 Schematic drawings of the fluidic layers. (a) Schematic drawing of the bottom fluidic layer of
microchip. Two electrode grooves were drawn for placement of the bottom electrodes in each of the
microchambers. (Black arrow indicating the electrode groove on the bottom fluidic layer) (b) Schematic
drawing of the electrode ports drawn on the top layer of the microfluidic layer. (Blue arrow indicate electrode
port for bottom electrode, red arrow indicate electrode port of top electrode)

6.2.4

System for obtaining TEER measurements

As mentioned earlier in section 6.1, DC signals would be supplied to the microfluidic device to acquire the
TEER measurements. There are some concerns of the DC signals interfering with cellular processes due to
membrane polarization or intracellular charge displacements when cells are exposed to DC signals [23].
Nonetheless, DC measurements can be adequately employed in studies whereby the cells are exposed to short
durations of DC signals. Furthermore, using DC techniques – by means of the commercial systems mentioned
in section 6.1 – to acquire the TEER measurements is the most widely used method reported in literature [24–
30].
The Millicell ERS-2 meter uses a fixed current of 10 μA. However, due to the high resistances in the
microchannels, this will result in potentials that exceed the maximum measurable membrane potential of 200
mV [31] . Therefore, a sensitive multi-meter (Keithley, USA) was chosen to obtain the TEER measurement
read-outs from the microfluidic chips as this multi-meter is capable of reading resistance from 100 μΩ to 100
MΩ and has an input voltage ranging from 100 nV to 1 kV (Figure 6.4).
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Figure 6.4 Multi-meter used for recording the TEER measurements from microfluidic chip.

6.3 Materials and methods
6.3.1

Fabrication of electrodes on microchip

The thiol-ene microchip fabrication process was described in detail in section 4.3.1 in the thesis. Referring to
the fabrication process in section 4.3.1, at step 4 of the fluidic layer fabrication process (Figure 4.3A) electrode
grooves in the bottom fluidic layer were micromilled onto the cured thiol-ene layer. Electrode ports were
drilled through the top fluidic layer and the cured thiol-ene modified Teflon membrane at step 5 of membrane
fabrication process (Figure 4.3B). Once these were completed, the layers were aligned against each other and
bonded (microchip fabrication final procedure Figure 4.3) to form a sealed microchip.

Bottom electrodes. To fabricate the bottom electrodes, the sealed microchip was first placed onto a hotplate
set at 80 °C. This was to allow the entire thiol-ene microchip to reach a temperature of more than 62 °C. 10
min later, pieces of the InBiSn metal, with length of 5 mm, were inserted into the electrode ports (connecting
to the lower fluidic layer) on the thiol-ene microchip. InBiSn metal melted due to the heat from the hotplate.
Slight pressure was applied manually to push the melted metal into the electrode groove. Once the electrode
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was formed, electric wire of diameter 0.4 mm were inserted to the liquid metal. This would act as the
connecting wire to the multimeter. Once the microchip was cooled down in room temperature, the InBiSn
electrode hardened, retaining the shape (Figure 6.5b). The size of electrode for measuring TEER, was about
about 0.6 – 0.8 mm in diameter and thickness of 0.3 mm (Figure 6.5c).

Top electrodes. Next, two pieces of Pt wires (diameter of 0.5 mm, length of 5 mm) were forced fit into the
electrode ports drilled through the top fluidic layer. Two connecting Cu wires were soldered to the Pt wires
(Figure 6.5a). To fix the electrodes in position, UV-epoxy (NOA81; Norland, USA) was applied at the
junctions between connecting wires and thiol-ene chip. The entire chip was exposed to UV light for 30 s. The
entire procedure of embedding the electrodes on the microchip could be carried out in ambient environment,
eliminating the use of expensive, sophisticated instruments in environment-controlled cleanroom.
(a)

(c)

(b)

Figure 6.5 Electrodes on microfluidic chip for TEER measurements. (a) Top view of the completed microchip
with embedded electrodes and connecting wires. (b) Underside of thiol-ene microfluidic chip with the InBiSn
electrode embedded in the microchamber. (b) Expanded view of the InBiSn electrode. (Scale bar = 2mm)

6.3.2

Biocompatibility studies of InBiSn metal

Pieces of the InBiSn alloy (2 cm) were first sterilized with 70 % ethanol for 5 min before rinsing with sterile
water for another 5 min. Once the pieces were cleaned, they were transferred to 6-well microplate wells. InBiSn
metal was present in three microwells and three other control microwells did not have the InBiSn metal. Caco2 cells harvested from T-75 flasks with trypsin/ETDA solution (Sigma, Denmark) were centrifuged at 125 xg
for 5 min. The supernatant was removed and fresh cell culture medium was added to re-suspend the cell pellets.
Caco-2 cells were counted with the cell counter and prepared to a concentration of 2.5 x 105 cells/ml. 1.5 ml
of the prepared Caco-2 cell was pipette into each of the microwell. Following that, the microplate was placed
into an incubator (37°C, 5 % CO2). The growth of the Caco-2 cells was monitored daily using a bright field
microscope.
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Live/dead cell staining. Vitality of the Caco-2 cells were investigated by performing live/dead staining on the
cells. The live/dead cell staining procedure is described in Chapter 5. Briefly, cell culture medium was first
removed, followed with rinsing the cells three times with phosphate buffer saline (PBS; Sigma, Denmark). 1
ml of the stains diluted in PBS (Live cell stain: calcein (1:1000); dead cell stain: ethidium homodimer-1
(1:500)) was added to the cells. Next, the cells were incubated with the stains for 30 min. After 30 min, the
staining solution was removed and the cells were rinsed with PBS for three times. Fresh PBS was added to the
cells and imaged immediately at excitation/emission wavelengths of 495/517 nm for live cells and
excitation/emission wavelengths of 528/617 nm for dead cells with a confocal microscope (Axio Observer;
Zeiss, Germany). An image software (Zen lite; Zeiss, Germany) was used to process the images.

6.3.3

Characterization studies of electrodes

Different standard solution of sodium chloride (NaCl; Sigma, Denmark) solutions (final concentrations of
NaCl: 0.187 M, 0.287 M, 0.637 M and 1.137 M) were prepared for the characterization studies. NaCl solutions
were prepared by mixing concentrated NaCl with PBS as the diluent.
Microfluidic system. PBS was first flowed into the upper and lower fluidic layers for 30 min at a flow rate of
5 μl/min. Following that, the flow was stopped and the resistance measurements were recorded. Different
concentrations of the NaCl solutions were pumped into the microchannels. For each concentration, NaCl was
introduced into the microfluidic device for 30 min before measuring the resistance. All the characterisation
experiments were conducted in room temperature at static conditions. Each TEER measurement was acquired
by connecting only one set of electrode (one top electrode and one bottom electrode) in a microchamber to the
multimeter (Figure 6.2).
Transwell system. Electrical measurements were also recorded for the Transwell cultures. The electrical
resistance measurements for the Transwell cultures were obtained using the handheld chopstick Ag/AgCl
electrodes connected to the ERS-2 volt-ohm reader (Millicell, Denmark). Baseline readings were first obtained
using PBS. PBS was added to both the apical side (500 μl) and basolateral side (1500 μl) of the porous
Transwell inserts. Following that, the TEER was measured. Next, PBS was replaced with the different standard
solutions and resistance measurements were recorded accordingly. Eq 6.2 was used to calculate the TEER
values (Ω∙cm2).

6.3.4

TEER measurements of Caco-2 cells cultured in microchip

The microchip (Microchip design 2 (Figure 4.1b)) and fluidic system were prepared using the procedure
discussed in chapter 5. Caco-2 cells in the concentration of 2.4 x 105 cells/cm2 were seeded onto the ECM
treated porous Teflon membrane in the microchip. The Caco-2 cells were cultured over 10 days.
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Before seeding cells into the microchambers, the apical and basolateral chambers were primed with cell culture
medium and a blank membrane resistance was measured. This first set of TEER measurements was recorded
as the baseline TEER readings for each of the microchamber with electrodes.
After the Caco-2 cells were cultured in the microfluidic chip, TEER measurements were recorded from day
three of cell culture and subsequently daily. TEER was only recorded from day 3 onwards because it would
be 24 hrs after the cells were exposed to fluid flow in both the apical and basolateral sides.
Before recording TEER measurements, the entire system was removed from the incubator and left to cool in
room temperature for 15 min. This was to prevent any interference of temperature difference with TEER
recordings [29]. To prevent any implications on fluid flow on the resistance measurements, all resistance
measurements were recorded at static flow conditions. Resistance measurements were measured by using
alligator clips to connect wires of the electrodes to the multimeter. Stabilization of each set of electrode took
about 3 min for recording the apparent resistance measurements. TEER was calculated using eq 6.2. Area of
the microchamber was 0.1 cm2.

6.3.5

Introducing membrane enhancer to Caco-2 monolayers in microchip

Studies on the effect of the membrane enhancer on the barrier integrity of the Caco-2 monolayers were
investigated on day 10 of cell culture. Two different concentrations of the membrane enhancer, tetradecyl-βD-Maltoside (TDM; Sigma, Denmark) were prepared in buffer+ as the diluent. Buffer+ was prepared by mixing
the Hank’s buffered saline solution (HBSS; Gibco, Denmark) and 10 mM HEPES (HEPES; Sigma, Denmark)
at pH 7.4. TDM solutions were prepared in the concentrations of 100 μM and 400 μM TDM. To prepare the
cells for the studies, HBSS was first pumped into the microfluidic chip for 1 hr at a flow rate of 3 μl/min.
Following that, TEER measurements were recorded. Next, the TDM solutions were set to perfuse into the
microchambers for 1.5 hr at a flow rate of 3 μl/min. After 1.5 hrs of continuous flow through, the TEER
measurements of the Caco-2 monolayers were recorded. Following the experiments, the cells were rinsed with
PBS (perfused into the microchip for at least 1 hr at a flow rate of 3 μl/min) and recovered with continuous
perfusion of cell culture medium for 24 hr. Subsequently, TEER measurements were recorded 24 hrs later.
During perfusion of reagents through the microchannels, the entire system was placed in the incubator (37°C;
5% CO2). We also carried out control studies with the Caco-2 cells by perfusing the HBSS buffer without
TDM.

Data analysis of TEER values in the presence of TDM. The ratio between the measured TEER in the
presence of TDM and the measured baseline TEER is defined as the drop in TEER values.
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𝑇𝐸𝐸𝑅

% 𝑑𝑟𝑜𝑝 𝑖𝑛 𝑇𝐸𝐸𝑅 = (𝑇𝐸𝐸𝑅 𝑠𝑎𝑚𝑝𝑙𝑒 ) 𝑥 100 %

Eq. 6.3:

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

A drop in TEER values indicates the barrier integrity of the Caco-2 monolayer is disrupted.

6.3.6

Static Transwell cultures of Caco-2 monolayers

Control studies of the effect of TDM on Caco-2 monolayers were demonstrated using static cultures of Caco2 cells in 12 well Transwell plates (Corning Inc, Lowell, MA). Each insert contained a porous polycarbonate
membrane (1.1 cm2, 0.4 μm pores). Caco-2 cells cultured in T-75 flasks were first harvested with
trypsin/EDTA solution. The harvested Caco-2 cells were centrifuged at 125 xg at room temperature for 5 min.
Following that, the supernatant was removed and fresh cell culture medium was added to re-suspend the cell
pellets. Caco-2 cells were counted with a cell counter (Moxi-Z, Denmark) and prepared to a concentration of
1.5 x 105 cells/ml. 500 μl of the prepared Caco-2 cell suspension was seeded onto the top surface of the porous
Transwell membrane. The Caco-2 cells were cultured for 21 days in cell culture medium, with cell culture
medium change every second day.
TEER measurements. Measurements of the TEER values in Transwell experiments were recorded using a
pair of chopstick Ag/AgCl electrodes coupled to the ERS-2 volt-ohm meter shown in Figure 6.6. The entire
system was purchased from Millicell, Denmark. The shorter electrode (E2, Figure 6.6) was immersed in the
Transwell insert and the longer electrode (E1; Figure 6.6) was immersed in the microwell.
The electrodes were sterilized in 70 % ethanol, followed by equilibrating in cell culture medium in a biosafety
cabinet for 15 min before use. Caco-2 cell cultures in Transwell experiments were allowed to cool to room
temperature for 20 min in a biosafety cabinet. Next, the electrodes were placed into the cell culture medium in
the respective compartments as shown in Figure 6.6a. About 1 min was required for the resistance to stablise
before recording.
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(b)

(a)
E1
E2

ERS-2 voltohm
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chopstick
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Caco-2
cells
Transwell porous
membrane
Figure 6.6 TEER measurement in Transwell system. (a) Schematic drawing of TEER measurements using the
chopstick Ag/AgCl electrodes coupled to the ERS-2 voltmeter. (b) Commercial TEER system, millicell ERS2 volt-ohm meter and the chopstick electrodes. Arrow indicate the Ag/AgCl electrodes.

Similar to the microfluidic device, resistance measured from Transwell inserts without Caco-2 cells cultured
were used as baseline resistance. Finally, eq. 6.3 was used to calculate the TEER measurements of the Caco2 cells cultured in the Transwell inserts. TEER measurements of the Caco-2 cells cultured in the Transwell
inserts were recorded on alternate days.
Challenging Caco-2 monolayers with membrane enhancer in Transwell. On day 21 of cell culture, the
Caco-2 monolayers in the Transwell inserts were rinsed three times (on both the apical and basolateral sides)
with PBS. Next, HBSS was added to both the apical (500μl) and basolateral (1500 μl) sides of the cells and
incubated at 37 °C for 1 hr. At this point, TEER measurements of the Caco-2 monolayers were recorded. Next,
the HBSS solution in the apical side of the Caco-2 monolayers was replaced with the prepared membrane
enhancer (TDM) solutions. The cells were incubated with the TDM solutions for 1 hr prior to obtaining the
last TEER measurements. After the experiments, the Caco-2 monolayers were rinsed 3 times with PBS
followed by replenishing with cell culture medium for 24 hr. TEER measurements were also recorded post 24
hr recovery.
Data analysis of TEER values in the presence of TDM. Similar to the microfluidic device, equation 6.3 was
used to calculate the percentage drop in TEER values.
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6.4 Results
6.4.1

Biocompatibility tests on InBiSn metal

The growth of Caco-2 cells cultured in the microwells were monitored daily by microscopic means. Phase
contrast microscopic images confirmed that the Caco-2 cells cultured in the microwells containing the InBiSn
metal, multiplied (Figure 6.7). By day 3 of cell culture, the Caco-2 cells cultured in the microwells were
mostly spread out (Figure 6.7(b), (g)), a sign of the cells adhering to the surface of the microwell. The shape
and size of the Caco-2 cells in the microwells containing the metal piece were comparable to the Caco-2 cell
cultured in the control wells. The Caco-2 cells were multiplying close to the pieces (< 1mm) and even growing
beneath the metal (due to buoyancy, at times, the metal floated in the microwell).

(a)

(b)

(c)

(d)

(f)

(g)

(h)

(i)

Figure 6.7 Biocompatibility tests of InBiSn alloy. Microscopic images of Caco-2 cells cultured in microwells
in the presence of InBiSn metal (a) – (d) and without the metal (f) – (i). Microscopic images were taken on
day 1 (a and f), day 3 (b and g)and day 6 (c and h) of Caco-2 cell culture. White arrows in (a) – (c) indicate
the InBiSn metal. Live/dead fluorescent images were taken on day 6 of cell culture. Live cells were stained
were fluorescently stained with calcein, as shown in green, and dead cells are stained with ethidium
homodimer-1 as shown in red. Magnification at 10 x. (Scale bar = 50 μm)

By day 6 of cell culture, there was 100 % coverage of Caco-2 cells on the bottom surface in all three microwells
containing the metal (Figure 6.7c). These Caco-2 cells were more regular in sizes as compared to the Caco-2
cells on day 3 of cell culture. In all the microwells, the Caco-2 cells displayed distinct polygonal shape with
clear, sharp boundaries (Figure 6.7c). Similar morphology of the Caco-2 cells were also observed in the control
microwells. The studies showed that the Caco-2 cells in both the control microwells and microwells contacting
the metals were forming monolayers in the microwells.
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The viability of the Caco-2 cells was determined with the live/dead cell stains. The fluorescent images of the
cells showed that the cell viability was > 95 % in all the microwells containing the metal (Figure 6.7d). The
results were comparable to the control microwells (≈ 100 % cell viability) (Figure 6.7i). This is a clear
indication that the InBiSn metal is biocompatible for Caco-2 cell culture.

6.4.2

Characterization of electrodes on microchip

The stability and reliability of the electrodes were investigated by conducting characterization studies using
standard solutions with increasing concentrations of NaCl. Four NaCl solutions of increasing concentrations
were prepared and introduced into the microfluidic device. Increasing the concentration of the NaCl solution
will increase the resistivity of the electrolyte solution. This will in turn lead to a decrease in the resistance readout.
The resistance values measured in the microfluidic device containing PBS had the highest resistance values (≈
78.2 kΩ) (Figure 6.8a). As expected, increasing the concentration of NaCl from 0.187 M to 1.137 M, resulted
in a drop in the resistance values. The drop of resistance measured was ≈ 12.56 kΩ (Figure 6.8a).
Similar studies were carried out in Transwell system and the same trend was also observed with the Transwell
studies. The TEER values obtained from the Transwell inserts were much lower as compared with the TEER
values obtained from the microfluidic device (Figure 6.8b). The huge difference between the two systems
could be due to i) different electrodes used in the systems, ii) the size of electrodes and iii) the positioning of
the electrodes in the different systems.
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(a)

(b)

Figure 6.8 Characterisation of electrodes in microfluidic chip. (a) Raw resistance values measured for the
varying NaCl concentrations. Impact of varying the concentrations of NaCl solution on the resistance measured
on the system. (b) TEER values were calculated using PBS as the baseline for microfluidic device and
Transwell inserts. (n = 3, Mean ± SD)

The resistance obtained from the microfluidic devices could vary from microchamber to microchamber (Figure
6.9). This was most likely due to the variance in the positioning of the electrodes in each microchamber or the
size of the electrodes. Lee et. al. [32] estimated that for every millimeter difference in the distance between the
two recording electrodes resulted in the resistance changing by approximately 2.5 kΩ. Due to the variability
of the resistance from microchamber to microchamber, it was therefore necessary to record the baseline
resistance values for each microchamber prior to seeding the Caco-2 cells.
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Figure 6.9 Baseline resistance of different chambers filled with PBS on the same microchip.

6.4.3

TEER measurements of Caco-2 cells cultured in microchip

TEER measurements from the microfluidic device were recorded under two different conditions. i) chambers
seeded with Caco-2 cells; ii) chambers without Caco-2 cells. TEER measurements were recorded from day 3
of cell culture. The TEER measurements recorded from the microchambers without cells were used to
determine the stability of electrodes under long-term exposure of serum containing medium. Figure 6.10 shows
low readings fluctuating in the range of -100 to + 100 Ω.cm2 for the microchambers without Caco-2 cells
cultured. The resistance measurements do not appear to trend either upward or downward as a function of time.
We hypothesize that the fluctuations of the TEER values could result from the noise or error in the system as
well as other variable that could not be perfectly controlled such as temperatures or resistivity of the cell culture
medium. The results illustrated that the electrodes in the microfluidic system were stable for long term
experimental measurements in serum-containing medium.
Importantly, the resistance measurements recorded from the microchambers seeded with Caco-2 cells
displayed a steady increase in the TEER values from day 0, peaking at day 7 (≈ 1400 Ω∙cm2) and decreasing
slightly (Figure 6.10).
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Figure 6.10 TEER measurements recorded with Caco-2 cells and no Caco-2 cells (Control) in microfluidic
device. (n = 12)

Comparison of TEER measured on microchip and Transwell inserts. The TEER measurements recorded
for Caco-2 monolayers cultured in the microfluidic device were compared with the TEER measurements
recorded for the Transwell inserts. The TEER values recorded for the Transwell system increased steadily
from day 0, peaking at ≈ 976.1 Ω∙cm2 and plateauing from day 5. This similar trend was also observed in the
microfluidic device. However TEER values in the microfluidic device drop slightly from day 7 to ≈ 1222.8
Ω∙cm2 at day 9. The TEER values recorded in the microfluidic device were higher than the readings recorded
from the Transwell cultures (Figure 6.11). This difference in TEER values between the two systems were also
observed in the characterization studies (Figure 6.8b).
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Figure 6.11 TEER measurements of Caco-2 cells cultured in thiol-ene microchip and Transwell inserts. For
the same cell concentration of 2.55 x 105 cells/cm2. (where n = 12 for microfluidic set-up; n = 5 for Transwell
inserts)

6.4.4

Effect of membrane enhancers on TEER measurements

To further demonstrate that the electrodes in the microfluidic device can detect dynamic resistance changes in
response to chemical factors, TDM was introduced to the Caco-2 monolayers cultured in the microfluidic and
Transwell systems.
Challenging the Caco-2 cells cultured in the Transwell system with 100 μM of TDM resulted in a decrease in
TEER values of ≈ 67.7 % of initial values. Increasing the TDM concentration from 100 μM to 400 μM resulted
in a 50 % decrease in TEER values (Figure 6.12). Similar drop in TEER values was also observed in the
microfluidic system (Figure 6.12). In the microfluidic device, challenging the cells with 100 μM and 400 μM
of TDM resulted in percentage decrease in TEER values of 30 % and 20.9 %, respectively, of initial values
(Figure 6.12). The percentage decrease in TEER values recorded for the microfluidic system were lower
compared to the Transwell inserts. When the cells were exposed to 100 μM of TDM, the percentage drop in
TEER for the microfluidic device was almost two times lower than the data from Transwell cultures (Figure
6.11).
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Figure 6.12 Impact of different concentrations of TDM on TEER measurements. (n = 3)
When the cells in the two systems were left to recover in normal cell culture medium, both systems showed
signs of recovery. TEER values recorded from the Transwell system after 24 hr recovery for 100 μM and 400
μM was 85.2% and 110.9% respectively. Importantly, the TEER values recorded from the microfluidic device
for the 100 μM and 400 μM after 24 hr of recovery was 81.9 % and 90 % respectively. The preliminary studies
clearly demonstrated that the microelectrodes in the microfluidic system could sense changes in the Caco-2
monolayers.

6.5 Discussion
Biocompatibility studies of InBiSn metal with Caco-2 cells.
As the metal would be in direct contact with the cell culture media for long periods (> 10 days of cell culture),
it was vital to investigate the biocompatibility of the electrode metal with Caco-2 cells. Biocompatibility
studies with Caco-2 cells were only conducted with InBiSn metal, as it is common knowledge that Pt is
biocompatible and is widely used in medical devices [33]. The biocompatibility studies of InBiSn metal with
Caco-2 cells showed very promising results. Caco-2 cells were observed to multiply during the 6 days of cell
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culture and mean vitality was > 95% near the metal. Having this knowledge is powerful because this will
allow us to confirm the use of this metal as an electrode material in the microfluidic chip.

Microelectrode fabrication.
Previous reports [2,11,12] showed that inserting Ag/AgCl electrodes into the inlet tubes that were connected
to the microfluidic device. However, this may risk introducing air bubbles into the system. Booth et. al. [9]
reported sputtering Ag/AgCl electrodes in the microfluidic device. Such method is time consuming and may
obstruct microscopic visualization of the cells. Ferrell et. al. [13] reported inserting the Ag/AgCl electrodes
directly on the microchamber with the wiring of the bottom electrodes exiting from the bottom fluidic layer.
Although such method was simple, the wiring of the bottom electrodes would prevent the use of an inverted
microscope. Furthermore, the entire system must be on an elevated platform to prevent the Ag/AgCl wires
from being crushed. Griep et. al. [15] and Douville et. al. [10] also reported on inserting the electrodes through
the sides of the microchip. Due to the compactness of the designs on the thiol-ene microchip, the above
mentioned positioning of the electrodes was not feasible. The reported positioning of the electrodes described
in this chapter was the most appropriate for the thiol-ene microchip. Placement of the electrodes directly above
and below the porous membrane enabled the electrodes to be in close proximity with the cells. As mentioned
earlier, this would reduce the noise imposed on the resistance measurements by the cell culture medium [10].
The reported procedure of embedding the microelectrodes presented in this chapter was simple and did not
require unique metal deposition. Furthermore, the metals used for fabricating the microelectrodes were
inexpensive and were commercially available. This method also allowed more than one set of electrodes to be
embedded on the same microfluidic chip. However, with more than one set of electrodes on the same microchip
also meant more than one set of connecting wires from the electrodes. As shown in Figure 6.5a, there were
numerous connecting wires on the microchip. Therefore, much care was required to ensure the right set of
connecting wires were connected to the multimeter when recording the TEER values. Additionally, it was
important to ensure the wires did not get into the way of the motors on the fluidic system. If the wires were
caught in the motors on the fluidic system, the motor would stall or the leaking would start at the junction
where the electrode was attached to the microchip. Furthermore, the wires may get in the way during
microscopic imaging. Therefore, the wires needed to be arrange to allow proper microscopic imaging of the
cells on the microchip.
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Reliability of microelectrodes for TEER measurements.
To our understanding, there are no reports on using InBiSn or a combination of InBiSn and Pt metals for
acquiring TEER measurements. The characterization studies showed that the microelectrodes were able to
detect increasing NaCl concentrations (Figure 6.7). Further TEER measurements from microchambers not
seeded with Caco-2 cells showed consistent TEER values throughout the 10 days in the incubator (37°C, 5%
CO2). This was an indication that there were no undesirable changes on the electrode surfaces despite being
immersed in cell culture medium for long periods. Importantly, the TEER measurements (Figure 6.10, 6.11)
illustrated that the electrodes were positioned appropriately to measure TEER in real time from cells cultured
over a small surface area without disrupting the integrity of the cells. Additionally, when the Caco-2 cells were
challenged to the membrane enhancer, TDM, the microelectrodes could detect dynamic changes in the integrity
of the Caco-2 cells. The results showed that the electrodes were reliable and promising. The only drawback of
the fabricated microelectrodes was the necessity of obtaining baseline readings for each set of the
microelectrodes to ensure accurate measurements and comparisons of TEER values.

Comparisons of TEER values between the microfluidic device and Transwell cultures when challenged
with membrane enhancer
In this study, the membrane enhancer, TDM, was used to disrupt the integrity of the Caco-2 monolayer. The
concentrations used in our studies were previously reported [26] that will sufficiently disrupt the integrity of
the Caco-2 monolayer. However, the concentration used will allow the Caco-2 monolayers to regain its barrier
integrity after incubation for 24 hr in cell culture medium. Therefore, one will expect the TEER values to drop
after challenging the Caco-2 monolayers to TDM and an increase of TEER values after 24 hrs recovery period
in cell culture medium. Our results presented in Figure 6.12 showed this trend.
Moreover, when the Caco-2 monolayers were challenged to TDM, significant differences of the recorded
TEER values between the microfluidic device and Transwell cultures were showed in Figure 6.12. This
significant difference between the two systems maybe due to two reasons: i) the presence of a thick unstirred
fluid layer in the static Transwell cultures [34]. This phenomenon may lead to lower numbers of tight-junctions
interacting with TDM. Conversely, in the microfluidic device, the presence of fluid flow might have increased
the interaction of TDM with the tight junctions in the Caco-2 monolayer and therefore resulting in a leakier
Caco-2 monolayer in the microfluidic device. ii) The relatively small cell culture area in the microfluidic
system as compared to the Transwell inserts. A minor defect in the Caco-2 layer can have a major impact on
the recorded TEER values [2].
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Comparison of TEER values measured on microfluidic device and Transwell cultures.
TEER values acquired from the Caco-2 monolayers may vary between labs [24]. TEER values may be
influenced by various factors such as temperatures [29], physical support for cell culture [30], cell passage
number [35] as well as the material, quality and surface state of the electrodes.
In previous reported literature, TEER values in microfluidic chips were often different from the TEER values
measured from the Transwell set-up, despite using the same cell-types [2,9,11,12,15,17]. As mentioned earlier,
the difference in readings between the two systems could be due to the different size of electrodes used,
positions of the electrodes [9,10,15]. The results reported in Figures 6.8b, 6.11 and 6.12 further confirmed this.
The difference in TEER measurements can result from specific measurement-related effects in microfluidic
systems rather than due to biological effects [2]. Even TEER values measured in microfluidic devices can also
vary greatly and this could be caused by small variations in cell confluency [2]. Therefore, comparisons of the
apparent TEER values between the two different systems might not be reliable to determine which system is
the better of the two. Rather it was more important to analyse the trend of the TEER plotted against the cell
culture day (Figure 6.11) and the calculated percentage drop in TEER values when the Caco-2 cells were
challenged to TDM (Figure 6.12).

6.6

Conclusion

In this chapter, a novel integration of inert metal electrodes with microfluidic device for cell culture was
described. The manner of fabricating and embedding the microelectrodes in the thiol-ene microchips was
simple, did not require any costly or specialized microelectrode fabrication techniques and could be conducted
in ambient temperatures. Besides, this form of embedding the electrodes on the microchip allowed the
electrodes to be in close proximity with the cells.
The feasibility of the electrodes was demonstrated by measuring the TEER measurements across the Caco-2
monolayers cultured in the microchip. The TEER values acquired from the microfluidic device agreed with
the expected results (increased plateau) from the Transwell studies. The electrodes in the microchip were also
capable of detecting dynamic resistance changes across the Caco-2 monolayers. This was demonstrated by
introducing a membrane enhancer to the Caco-2 monolayers. The acquired TEER values from the microfluidic
chip also agreed with the expected results (drop in TEER values) from the Transwell studies.
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CHAPTER 7: Thiol-ene based microchip Caco-2 monolayer for
passive transport studies

This chapter is a summary of the manuscript prepared for submission to a journal site.
In the preceding chapters (chapter 4 to 6), the presented thiol-ene based microfluidic chip showed promising
results in supporting long-term cell culture. The incorporation of microelectrodes within in the microchip
(Chapter 6) also increased the possibility of quantifying the integrity of the Caco-2 monolayers. However,
further studies are required to understand the morphology and the barrier function of the Caco-2 cells cultured
in the microchip.
In this chapter, microscopic techniques (phase contrast microscopy and fluorescent imaging) that were applied
to study the morphology of Caco-2 cells cultured within the microchip are described. Model drug transport
studies over the Caco-2 cell layer are described and discussed. The studies described in this chapter were
conducted to better understand the behaviour of Caco-2 cells cultured under fluidic conditions.

7.1 Motivation
The Transwell intestinal culture system is the gold standard in vitro model for assessing and predicting
permeability and absorption of oral drugs in the pharmaceutical industry. However, this platform does not
mimic in vivo conditions as it does not support the application of any form of luminal flow conditions on the
cells. Although the Transwell system is easy to implement, it requires a large amount of cells and at least 2-3
weeks are required to culture the Caco-2 cells before they can be used for drug permeability studies. Therefore,
to address these limitations of Transwell inserts, the multi-layer multi-chamber thiol-ene microfluidic chip was
engineered (presented in Chapter 4).
As previously mentioned in Chapter 2, Caco-2 cells form tight junctions and have the potential to exhibit
structural and functional differentiation and polarization..The Caco-2 cells cultured in the microfluidic device
required a shorter duration (7-8 days of cell culture) to form monolayers (from the reported TEER values in
Chapter 6). Although the Caco-2 cells in the microfluidic device required a shorter duration to form
monolayers, there was still a need to investigate if the Caco-2 cells had polarised and differentiated under
continuous fluidic conditions. This is possible by measuring their expression of a specific brush border enzyme.
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To further assess the barrier properties of the Caco-2 monolayers cultured in the microfluidic device, transport
studies were carried out using three different test compounds. The compounds used in the studies were
mannitol, fluorescein isothiocyanate (FITC)-labeled dextran (FD4) and insulin. Insulin was chosen as a proofof-concept demonstration in using the Caco-2 monolayers cultured in the thiol-ene microchip for drug
permeability studies. Insulin is usually administered by the subcutaneous route [1,2]. The lives of diabetic
patients may be significantly improved if insulin could be routinely administered by oral delivery [1].
However, oral delivery of insulin has some limitations, due to insulin degradation by proteolytic enzymes in
the gastrointestinal tract and poor permeability through the intestinal epithelium [2]. To overcome this,
attempts have been made to facilitate the absorption of insulin by co-administering membrane enhancers [3–
7] (Figure 1). In this chapter, permeability studies conducted to examine the response of the Caco-2 monolayers
to a specific membrane enhancer are described.

7.2 Materials and methods
7.2.1

Caco-2 cell culture

Human Caco-2 intestinal epithelial cells used in the experiments were obtained from American Type Culture
Collection ((ATCC), HTB-37, Germany). The passages of the Caco-2 cell line used in the microfluidics studies
ranged from the 40th to 50th passages, and for the Transwell studies, passages in the range of 40th to 65th were
used. The Caco-2 cells were cultured routinely in Dubelco’s Modified Eagle Medium (DMEM; Sigma,
Denmark). The culture medium is supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS;
Sigma, Denmark), 1% (v/v) nonessential amino acids (NEAA; Gibco, Denmark) and 1% (v/v) penicillinstreptomycin (P/S; Gibco, Denmark).

7.2.2

Morphological studies

Preparation of cells for fluorescence imaging in microfluidic device. Phosphate buffer saline (PBS) was
first pumped into both the upper and lower fluidic layers for 45 min at a flow rate of 3 μl/min. Next, the cells
were fixed, by pumping 4 % paraformaldehyde into the microchambers for 30 min at a flow rate of 5 μl/min.
This was followed by permeabilising the cells with 0.1 % (v/v) Triton-X-100. Next, a blocking buffer (1 %
BSA, 0.1 % Tween 20 in PBS) was introduced into the cells for 1 hr. All chemicals mentioned above were
purchased from Sigma, Denmark.
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To visualize tight junctions, immunofluorescence staining was performed using mouse anti-ZO-1 (Z0-1; Life
Technologies, Denmark) diluted in the blocking buffer (1:100), and introduced to the cells. The samples were
protected from light and left static overnight in the fridge at 4°C. Immunofluorescence staining was also carried
out to stain the mucoprotein, mucin-2. Primary mouse monoclonal antibody (ab11197; AbCam, Denmark)
prepared in blocking buffer (1:100), was introduced to the cells. The samples were protected from light and
left static overnight in the fridge at 4°C. After which, the cells were rinsed with blocking buffer followed by
introducing the secondary antibody (AlexaFluor 488 goat anti-mouse; Life technologies, Denmark) prepared
in blocking buffer (1:200) and left static in room temperature for 2 hrs. The immunofluorescence staining for
tight junctions and mucin were carried out in different microchambers.
Staining of the nucleus were carried out by diluting 7-aminoactinomycin D (AAD) in PBS and incubated with
the cells for 1 hr at room temperature. Between each of the procedure, the cells are rinsed by pumping PBS
the microchambers. Lastly mounting media (Vectashield; VWR, Denmark) was added to the cells to protect
the fluorescent dyes.
Preparation of cells for fluorescence imaging in Transwell inserts. The dyes and procedure for cell staining
were the same for the Transwell inserts. After the cells were stained, a scalpel was used to cut out the Transwell
porous membrane. These cut out membranes were mounted onto microscopic glass slides. Mounting media
was added onto the cells before placing a cover slip on the stained cells and stored in fridge (4°C) overnight
before imaging the stained cells.
Imaging of stained cells. The stained cells were scanned using an upright scanning confocal microscope
(ZEISS Axioscope; Carl Zeiss, Germany) equipped with a photomultiplier tube coupled to a UV laser (405
nm) and diode lasers with working wavelengths of 488nm and 555nm. To visualise the tight junctions and
mucus, excitation/emission wavelength of 488/570 nm was chosen. The stained nuclei were visualised at
excitation/emission wavelengths of 546/647 nm. The fluorescent images of the cells were recorded with the
image software (Zen lite; Zeiss, Germany).

7.2.3

Aminopeptidase studies

L-alanine-4-nitroanilide hydrochloride (L-A4N; Sigma, Denmark) was prepared by dissolving the L-A4N
substrate in Dulbecco’s Modified Eagle Medium without phenol red (DMEM-PR; Gibco, Denmark) to a
concentration of 1.5 mM.
Transwell insert studies. Experiments were carried out on cell culture day 21. The Caco-2 cells were first
rinsed with DMEM -PR on both the apical and basolateral sides for 3 times. Next, 500 μl of L-A4N substrate
solution was added to the apical side of the cells and 1500 μl of DMEM-PR was added to the basal lateral side
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of the cells. The Caco-2 cells were then incubated at 37 °C. Sample aliquots of 100 μl was removed from the
apical side at 30 min intervals and transferred to a 96-well microplate. Studies were carried out for a 2 hr
period. Analysis of the sample aliquots were carried out with microplate reader (Victor 3V; Perkin Elmer) and
DMEM-PR was set as the reference. The test was calibrated with a series of dilutions of 4-nitroanilide in
DMEM-PR. One unit is defined as the hydrolysis of 1.0 μmol of 4-nitroanilide per minute. All of the reagents
were prepared under the protection of light.
Microfluidic device. Aminopeptidase studies were carried out on day 5 of cell culture. Before starting the
studies, DMEM-PR was perfused to both the top and bottom fluidic channels for 45 min at a flow rate of 3
μl/min. 200µl of DMEM-PR was added to each waste reservoirs. Next, 1.5 mM of L-A4N solution was flowed
into the upper microchannels and microchambers of the thiol-ene microchip at a flow rate of 3 μl/min for 2 hr.
Sample aliquots of 120 μl were removed from the outlets of the upper microchannels at every 30 min and
transferred to a 96-well microplate. Similar to the Transwell studies, the sample aliquots from the microfluidic
device were analysed for the cleaved product, 4-nitroanalide using a microplate reader. The test was calibrated
with a series of dilutions of 4-nitroanilide in DMEM-PR. Studies were conducted in triplicates.

7.2.4

Permeability studies

Permeability studies for the microfluidic device were carried out on day 9 or day 10 of cell culture. Previously
in Chapter 6 we observed the TEER in the microfluidic device peaking at day 7 of cell culture. It was believed
the Caco-2 monolayers had formed a tight barrier by day 9 or day 10 of cell culture in the microfluidic device.
Therefore permeability studies were conducted on day 9 or 10 of cell culture. Permeability studies in the
Transwell system were conducted on day 21 of cell culture as reported by previous procedure [8].
Preparation of test compounds for permeability studies. Radioactively labelled [3H]-mannitol
(PerkinElmer; USA), fluorescein isothiocyanate (FITC)-labeled dextran (FD4; 40kDa; Sigma, Denmark),
insulin (Novo Nordisk, Denmark) and tetradecyl-β-D-Maltoside (TDM; Sigma, Denmark) were all prepared
using buffer++ as the diluent. Buffer++ was prepared by mixing Hank’s Buffered Saline solution (HBSS; Gibco,
Denmark), 0.1% (wt/v) OVA (ovalbumin; from chicken egg white, Sigma, Denmark) and 10 mM HEPES
(HEPES; Sigma, Denmark) at pH 7.4. The different compounds were prepared in the various concentrations:
0.8 μCi/ml [3H]-mannitol, 100 μM insulin (peptide/drug) or 540 μM FD4, and 0 or 400 μM TDM.
Permeability studies in microfluidic device. Before the start of experiment, the cell culture medium was
replaced with buffer++. Buffer++ was flowed into the system for 1 hr at a flow rate of 3 μl/min. Following that,
the buffer++ was changed to the test solutions in the top fluidic layer. 200µl of buffer+ was added to each waste
reservoirs. Flow rate was set at 3 μl/min (in both the upper and lower layers) and sample aliquots of 100 μl
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were collected at the outlets of the lower fluidic layer at every 15 min intervals for 1 hr. After the experiments,
the test solutions were replaced with buffer ++ in the top fluidic layer. Buffer++ was flowed in both the upper and
lower fluidic layers for 45 min at a flow rate of 3 μl/min. Lastly, buffer ++ was changed to normal cell culture
medium flowing through both upper and lower fluidic layers at a flow rate of 3 μl/min for 24 hr recovery. Six
set of permeability studies were conducted with the microfluidic system.
Permeability studies in Transwell inserts. Similar to the microfluidic studies, before carrying out the
transport experiments, cell culture medium was changed to buffer ++. 400 μl of buffer++ was added to the apical
side and 1 ml of buffer++ to the basolateral side. Next, the Transwell plate was placed into the incubator for 60
min. Following that, buffer++ was replaced apically by 400 μl test solution at time zero, and the Transwell
plates were incubated at 37°C and 5% CO2 with gentle shaking. The gentle shaking was to ensure there was
little unstirred diffusion layers of fluid in the basolateral region. Basolateral samples were collected every 15
minutes for 1 hr. After the experiments, the cells were washed twice with buffer ++ and replenished with medium
for 24 hour recovery. Four sets of Transwell well permeability studies were carried out.
Analysis of sample aliquots. Analysis of [3H]-mannitol content was carried out in a scintillation counter
(Packard TopCount; PerkinElmer), after mixing 1:1 with scintillation fluid (Microscint-40; PerkinElmer). FD4
content was analysed in a fluorescence plate reader (MD Spectramax Gemini, USA) with excitation/emission
wavelengths of 490/525 nm, based on standard curves prepared from test solutions. Insulin content was
analysed using commercial insulin enzyme immunoassay kit (EIA, Phoneix Pharmaceuticals, Germany), as
recommended by the manufacturer (Phoenix Pharmaceuticals, Germany).
Data analysis of permeability results. The Caco-2 translocation of peptide or [3H]mannitol over Caco-2
layers is expressed as the apparent permeability (P app). The expression of Papp was mentioned previously in
chapter 2:
Eq. (2.1):

𝑃𝑎𝑝𝑝 =

𝑑𝑄

1

𝑑𝑡 𝐴 ∙ 𝐶0

Where dQ/dt is the steady-state flux across the cell layer (pmol/s), A is the surface area (1.12 cm2 for
Transwell, 0.1 cm2 for microfluidic), and C0 is the initial sample concentration [8].
The amount of insulin from the aliquot samples was estimated base on the calibration curve of insulin
concentration fitted to eq. 7.1 using Prism-6 (GraphPad).
Eq. (7.1):

𝐴𝑏𝑠(450𝑛𝑚) = 𝐴 +

𝐵−𝐴
1+10((𝑙𝑜𝑔𝐸𝐶50 −𝑥) ∙ 𝐶)

where x is log(concentration) of peptide in M, and A, B, C and EC50 are fitting parameters [9].
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Statistical analysis was carried out using the softwares, Origin and Prism, where unpaired Students t-tests were
used for comparison, and a significant difference was considered if p < 0.05. Results were presented as the
mean ± standard deviation of the mean (SD).
Trans-epithelial electrical resistance (TEER) measurements. The methods for measuring TEER for the
Transwell and microfluidic device were described and discussed in Chapter 6.

7.3 Results and discussion
7.3.1

Phase contrast imaging of Caco-2 monolayers

The cells were observed to adhere on the ECM coated Teflon membrane 30 minutes after cell seeding in the
microfluidic chip. During the phase of active growth, it was observed that once the flow of cell culture media
had started (first 24 hrs of cell culture), the Caco-2 cells were observed to spread out (results not shown).
During the first 24 hrs of cell culture, under continuous perfusion of cell culture, the Caco-2 cells were observed
in having the possibility of growing as clusters (Figure 7.1a). However, over the days of cell culture the Caco2 cells were observed to multiply and differentiate. By day 2, distinct polygonal shape with clear, sharp
boundaries between the Caco-2 cells were observed in all the microchambers (Figure 7.1b). The shape and
morphology of the Caco-2 cells in the microfluidic device were similar to the Caco-2 cells cultured in
microplate (reported in Chapter 6 Figure 6.7g, h).
Confluent monolayers of Caco-2 cells were observed in the microfluidic device typically around day 3-5 of
cell culture. Folds (red arrows in Figure 7.1c) started appearing in the monolayers around day 5 (a suggestion
of villous formation) and it became more challenging to observe single cells by optical microscopy. From day
7 onwards, the appearance of ‘dark’ patches (white arrow in Figure. 7.1d) were observed on the cells. As the
cell culture period progressed, these ‘dark’ patches increased in area, or more ‘dark’ patches started appearing
on the Caco-2 monolayers. However, these ‘dark’ patches were not observed when the cells were cultured at
a flow rate of 0.5 μl/min (results not shown). These results were consistent with published studies showing
Caco-2 cell monolayers cultured in microfluidic device displaying folds and undulations [10].
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(a)

(b)

(c)

(d)

Figure 7.1. Phase contrast images of the Caco-2 cells cultured in the microchambers on the thiol-ene microchip
over 10 days. (a) Day 1; (b) Day 2; (c) Day 5; (d) Day 8. Folds in the monolayer of Caco-2 cells start appearing
from day 5 onwards (indicated by red arrows). Dark ‘patches’ on the Caco-2 monolayers from day 7 onwards.
They become more prominent from day 8 of cell culture (indicated by white arrow). (Scale bar = 50 μm)

7.3.2

Fluorescent images of cells

The establishment of apical tight junctions determines the integrity of the human intestinal epithelial cell
monolayer) [8]. Immunofluorescence microscopic studies using antibodies directed at the tight-junction
protein, occludin, confirmed the formation of confluent Caco-2 monolayers, expressing tight junctions in the
microfluidic device on day 3 (Figure 7.2a, b). Tight junctions were also observed in the Transwell samples on
day 21 of cell culture (Figure 7.2d).
Further analysis of the vertical sections of the confocal images of the Caco-2 cells cultured in both systems
(Figure 7.2b, e) revealed the tight-junction proteins were situated between neighbouring cells at the apical side
of the Caco-2 cells (Figure 7.2c, e). Images of the cells cultured in the Transwell inserts at day 21 appeared
cuboidal with heights of 14 – 20 μm (Figure 7.2e). However, the Caco-2 cells cultured in the thiol-ene
microfluidic device (three days of cell culture) were observed to appear columnar in shape with heights of ≈
40 – 50 μm (Figure 7.2c). Our data is consistent with a previous report [10]. The Caco-2 cells cultured in the
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microfluidic device were about the same columnar size and shape (30-40 μm) as reported in healthy human
intestinal epithelial cells [11]. It was believed that the presence of continuous perfusion of cell culture medium
in the microfluidic device may be responsible for stimulating the Caco-2 cells to polarise into columnar cells
that were almost 2-fold taller than the cells from Transwell inserts.

Figure 7.2 Immunostaining of tight junctions and nucleus of Caco-2 cells (a) – (c) cultured in microfluidic
device. Cell were stained on day 3 of cell culture. Caco-2 cells cultured in Transwell inserts stained for nucleus
and tight junctions (d) - (e). Cells were stained on day 21 of cell culture. a) The immunofluorescence image
show the distribution of the tight junction protein, occludin (green). b) Immunostaining of tight junctions
(green) and nucleus (magenta). c) Vertical cross-section view of the Caco-2 monolayer (nucleus in magenta,
tight junctions in green). The Caco-2 cells are ≈ 40 μm – 50 μm in height on day 3 of cell culture in the thiolene microfluidic chip. d) Top view of day 21 Caco-2 cells cultured in Transwell stained for nucleus (red) and
tight junctions (green). e) Vertical confocal sectional view of Day 21 Caco-2 cells cultured in Transwell.
Magnification of cells at 10 x. (Scale bar = 50 μm)

To identify and characterize the ‘dark’ patches (Figure 7.1d), the Caco-2 monolayers cultured in the
microfluidic device were stained for the mucoprotein, Mucin-2 (MUC-2) on day 10 of cell culture. Mucin-2 is
commonly found in human intestines. Our immunofluorescence staining directed towards Mucin-2, showed
positive stains at the apical surfaces of the villous Caco-2 monolayers (Figure 7.3a). This was surprising as in
an earlier study [10,12] claimed that the production of mucus on the Caco-2 cells cultured in a microfluidic
device was due to fluid flow and cyclic peristaltic motions. However, the Caco-2 cells cultured in the thiolene microfluidic device were only exposed to low fluidic stresses (≈ 0.008 dyn/cm2). It was also reported the
gastrointestinal tract has a tendency to protect itself from mechanical and other stresses by producing and
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secreting a layer of lubricating mucus onto epithelial surfaces [13]. Therefore, we hypothesised the exposure
to low fluidic shear stresses (≈ 0.008 dyn/cm2) might have resulted in the Caco-2 cells exhibiting some
protective function by producing mucus on the apical side of the cells. To further confirm our observations,
we also performed the same staining procedure on cells cultured in the Transwell inserts. Past studies reported
that Caco-2 cells do not produce mucus when cultured in static culture conditions [14]. As expected the images
of our Transwell cultures did not show the presence of mucin-2 on the Caco-2 monolayers (Figure 7.3b).

Figure 7.3 Immunofluorescence staining of nucleus and mucus on Caco-2 cells cultured in thiol-ene microchip
on day 10 of cell culture (nucleus in red, Mucin-2 (MUC-2) in green). (a) Polarised Caco-2 cells cultured in
microfluidic device, forming folds (villous-like structures) with heights of ≈ 100 μm. (b) Cells cultured in
Transwell were stained for nucleus and MUC-2 at day 21. Cells were taken at 10 x magnification. (Scale bar
= 50 μm)

The fluorescent images (Figure 7.3a) shows that the Caco-2 cells cultured in the microfluidic device formed
folds and were capable of growing up to a height of ≈ 100 μm when they were cultured for long term (day 9 –
10). These results are consistent to an earlier study which showed that fluid flow can encourage the formation
of villous structures in the Caco-2 monolayers [10,12].

7.3.3

Measurement of aminopeptidase activity

Once Caco-2 cells differentiate, they will form a monolayer of cells, coupled by tight junctions and express
high level of brush border enzymes that are commonly found in small intestinal epithelial cells [15,16]. One
of the brush border enzymes expressed is aminopeptidase.
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Figure 7.4 Differentiation of Caco-2 cells cultured in Transwell set-up and microfluidic device as indicated
by the activity of the brush border enzyme aminopeptidase activity. (n = 3, mean ± SD).

For the Transwell cultures, the measured amount of 4-nitroanilide for day 5 and 21 of cell culture was 1.34 x
10-15 mol/min∙cell and 4.8 x 10-15 mol/min∙cell respectively (Figure 7.4). Between days 5 and 21 of cell culture
there was a 5-fold increase in aminopeptidase activity from the Transwell cultures. The increased in
aminopeptidase activity between day 5 and day 21 of cell culture showed the Caco-2 cells in the Transwell
cultures were still differentiating. Our data was also consistent with an earlier study [16]. Interestingly, an
analysis of the samples collected from the thiol-ene microfluidic device at 5 days of cell culture, showed the
aminopeptidase activity was 4 folds higher than the aminopeptidase activity in Transwell inserts at day 21
(Figure 7.4). These results clearly indicated that Caco-2 cells cultured under the presence of continuous flow
(as in the microfluidic device) required a shorter time to polarise and differentiate.

7.3.4

Permeability studies of FITC–dextran (FD-4), mannitol and insulin in the presence or absence
of membrane enhancer

Paracellular transport of compounds across the Caco-2 monolayers is governed by the presence of the
tight junctions between adjacent cells. To assess if the Caco-2 monolayers cultured in the thiol-ene
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microchip exhibit a rate-limiting barrier, the behaviour of three different test compounds (mannitol,
fluorescein isothiocyanate (FITC)-dextran (FD 4) and insulin) was studied.

Permeability studies were carried out on day 9 or day 10 of cell culture for the microfluidic device. From the
results recorded, the permeabilities (Papp) for mannitol, FD-4 and insulin were 3.94 x 10-6 cm/s, 2 x 10-7 cm/s
and 9.43 x 10-7 cm/s, respectively, in the microfluidic chip. However, the P app values of similar compounds in
the static Transwell cultures were slightly lower as compared to the microfluidic device (Figure 7.5).

Figure 7.5 Permeability of A) mannitol, B) FD4 and C) insulin, alone or with TDM, across caco-2 monolayers
grown in the Transwell or microfluidic setup. Data points represent mean of either 4 repeats (all Transwell
values), 6 repeats for microfluidic experiments.

To further investigate whether the permeability of different test compounds was affected by the introduction
of the membrane enhancer, TDM, we next challenged the Caco-2 monolayers in both the microfluidic device
and the Transwell inserts to mixtures of test compounds with TDM. In both systems, the P app values for all
three compounds greatly increased (Figure 7.5) in the presence of TDM. In the microfluidic device, the Papp
values for mannitol, FD-4 and insulin were 12.42 x 10-6 cm/s, 14.29 x 10-7 cm/s and 11.02 x 10-7 cm/s
respectively (Figure 7.5). While the Papp values of the similar test compounds from the static Transwell cultures
were 13.9 x 10-6 cm/s, 19.72 x 10-7 cm/s and 9.43 x 10-7 cm/s respectively. The permeability results clearly
demonstrated that the addition of TDM effectively permeabilised the Caco-2 monolayers in both systems and
allowed substantial transport of compounds across the Caco-2 monolayers. Additionally, the Papp values of the
test compounds in the presence of TDM were comparable between the static Transwell cultures and the
microfluidic system. The Caco-2 monolayers cultured in the microfluidic device could be a promising
alternative in vitro model of the human intestines for drug transport studies.
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7.3.5 TEER measurements across Caco-2 monolayers in the presence or absence of membrane enhancer
Similar to the membrane integrity study of the Caco-2 monolayers being challenged with TDM in Chapter 6,
the Caco-2 monolayers in this study (in both the Transwell and microfluidic systems) clearly showed a
decrease of the TEER values in the presence of TDM. The TEER values dropped to 29.5 % of initial values
after challenging the Caco-2 cells with TDM in Transwell insert cultures. However, the TEER values increased
to ≈ 107.2 % of initial values when the cells were left to recover in normal cell culture medium for 24 hr.
TEER values measured in the microfluidic device dropped to ≈ 20.6 % of their initial values. When the Caco2 monolayers were subjected to 24 hr continuous perfusion of cell culture medium, the TEER values recovered
to ≈ 90 % of the initial values (Figure 7.6). This significant drop in TEER values in the presence of TDM and
an increase in the TEER values during the 24 hr recovery in cell culture medium was consistent with the data
acquired from the Transwell cultures (Figure 7.6).

Figure 7.6 Effect of insulin/FD4 alone or with TDM on Caco-2 TEER in the Transwell or microfluidic setup,
immediately after the experiment or 24 hr recovery in cell culture medium.

The TEER data acquired from the microfluidic device were comparable to the data acquired in static Transwell
cultures (Figure 7.6). The TEER results recorded from the microfluidic device further indicated the electrodes

138

CHAPTER 7: Thiol-ene based microchip Caco-2 monolayer for passive transport studies

fabricated on the microfluidic device were sensitive to detect dynamic changes in the integrity of the Caco-2
monolayers.

7.4 Conclusion
In this chapter, a controlled platform supporting long-term Caco-2 monolayers for transport studies was
demonstrated. Under continuous fluidic flow conditions, the growth of Caco-2 cells cultured in the
microfluidic chip was accelerated. Furthermore, under continuous flow conditions, the Caco-2 cells cultured
in the microchip developed villous morphogenesis and exhibited increased expression of brush border enzyme,
aminopeptidase.
The permeability studies carried out with the Caco-2 monolayers cultured in the microfluidic device had also
showed promising barrier function. The Caco-2 monolayers cultured in the microfluidic device revealed a tight
barrier. Challenging the Caco-2 monolayers to the membrane enhancer, TDM, effectively permeabilised the
monolayers. The apparent permeabilities of the test compounds increased. Furthermore, when the Caco-2
monolayers were subjected to 24 hr continuous perfusion of cell culture medium, the TEER values recovered
to 90 % of the initial values. The TEER data acquired from the microfluidic device were comparable to the
data acquired in static Transwell cultures.
In summary, this work had shown the Caco-2 cells cultured in the microengineered thiol-ene microfluidic chip
may serve as an alternative in vitro human intestinal model for pharmaceutical, toxicological, cell-cell
communication etc. studies. With 8 chambers fabricated on the same microchip, it allows for parallel studies
to be carried out on the same microfluidic chip under basically identical conditions.
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CHAPTER 8: Co-culturing of Escherichia coli (E. coli) with
Caco-2 cells

In this chapter, the focus was to explore the possibility of co-culturing the bacteria, Escherichia coli (E. coli),
with the Caco-2 monolayers and to understand the interaction between them. Some preliminary investigations
on culturing the bacteria, E. coli, on the Caco-2 monolayers were carried out in both the Transwell and
microfluidic systems. This part of the project was carried out together with (visiting) Master’s student, Jorien
Brendensen from the University of Twente, Netherlands under the supervision of Hsih-Yin Tan.

8.1 Motivation of this project
The human intestines contain numerous microbial communities and these microbial communities form the gut
flora [1]. The relationship between the host (in this case humans) and its resident microbiota can be mutually
beneficial. The microbiota has substantial impact on human health, including dietary and nutritional
processing, prevention of pathogen invasion and immune system maturation [2]. For many of these processes
to take place properly, communication (in the form of chemical signals) between the human host and the
microbiota is necessary [3]. Haller et. al. [4] reported on the non-pathogenic bacteria (E. coli and Lactobacillus
sakei) eliciting cytokine/chemokine responses in leucocyte sensitised Caco-2 cells. Their results showed that
maintenance of tissue homeostasis was possible due to the presence of bi-directional cross-talk between Caco2 cells and the immunocompetent cells. Another study by Mathias et. al. [5] showed that by incubating the
probiotics Lactobacillus and Bifidobacterium with Caco-2 monolayers resulted in modifications of several
features of the Caco-2 cells (e.g., adhesion, permeability and signaling events that involved in nuclear
translocation of NF-κB and induction of immune mediators). The intestine therefore provides an extensive
reservoir for intercellular signaling between the microbiota, the host and incoming pathogens [1–3,6,7].
One of the commonly found bacterium in the gut floral, is E. coli [8]. E. coli is commonly found in the lower
portion of the intestines in warm-blooded organisms. E. coli has been largely considered as a commensal
bacterium and starts colonizing the human gut at low abundance immediately after birth [9]. There are many
strains of E. coli, and most of them are harmless. However, some strains are harmful and they may cause
inflammatory bowel disease e.g Cronhn’s disease, and other intestinal disorders [10]. Many in vitro studies
using Caco-2 cells cultured in Transwell inserts have been conducted to understand intestinal disorders and
the response of intestinal cells to the bacterium of interest [4,5,11–16]. However, the existing in vitro Caco-2
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models in Transwell systems do not support luminal flow nor are they able to support more than 24 hr of coculture. Therefore, in this project, we explored if the in vitro intestinal model in a microfluidic device could
support the growth of microbial floral without compromising the viability of the intestinal epithelial cells. Cocultures of the commensal bacteria, E. coli, with Caco-2 cells were carried out in both the Transwell and
microfluidic systems.

8.2 Materials and methods
8.2.1

Culturing E. coli

E. coli (K12 ER2738 host strain) was obtained from New England Biolabs. The E. coli was grown in Luria
broth (10 g of tryptone (Bacto-Tryptone; BD Biosciences, Denmark), 5 g of yeast extract (Bacto yeast extract;
BD Biosences, Denmark), 5 g sodium chloride (NaCl; Sigma, Denmark) in 1 liter of MilliQ water). This broth
was sterilized by autoclaving before using for culturing E. coli.

8.2.2

Co-culturing E. Coli in Transwell inserts

Preparation of E. Coli. E. Coli cells were cultured overnight at 37 °C with shaking at 180 rpm. The cultured
E. Coli was counted using a spectrometer (NanoDrop 2000C; Thermo Scientific). The bacteria was diluted in
cell culture medium (Dulbecco’s Modified Eagle’s Medium (DMEM); Sigma, Denmark) to 1 x 106 bacteria/ml
and 10 x 106 bacteria/ml respectively.
Caco-2 cell culture in Transwell inserts. The procedure for culturing and harvesting the Caco-2 cells for the
E. coli studies was the same procedure described in Chapter 5. Caco-2 cells (Passage 35 (P35) and Passage
(P47)) cultured in T-75 flasks were harvested with trypsin/ETDA solution. The harvested Caco-2 cells were
centrifuged at 125 xg in room temperature for 5 min. Following that, the supernatant was removed and fresh
cell culture medium was added to re-suspend the cell pellets. The cell culture medium used for Caco-2 cells
was DMEM supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS; Sigma, Denmark), 1%
(v/v) nonessential amino acids (NEAA; Gibco, Denmark) and 1% (v/v) penicillin-streptomycin (P/S; Gibco,
Denmark). Caco-2 cells were counted using a cell counter (Moxi-Z; Orflo, Denmark) and prepared to a
concentration of 1.5 x 105 cells/ml. 500 μl of the prepared Caco-2 cell suspension (1.5 x 105 cells/ml) was
seeded onto the top surface of the porous Transwell membrane. The Caco-2 cells were grown for 20 days in
cell culture medium, with cell culture medium change every second day.
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Co-culturing E. Coli on Caco-2 monolayers. On day 20 of cell culture, the cell culture medium in the
Transwell inserts was changed to antibiotic-free medium (DMEM). Following that, the Transwell inserts were
incubated in this new medium for at least 24 hr. After 24 hr incubation with DMEM, the DMEM on the apical
side of the Caco-2 cells was removed and supplemented with prepared E. coli suspension.
500 μl of the prepared E. coli suspension (1 x 106 bacteria/ml and 10 x 106 bacteria/ml) were seeded onto the
apical side of the Caco-2 cells in respective Transwell inserts. Next, the Transwell inserts were placed in a
humidified incubator (37 °C, 5% CO2) for incubation periods of 5 hr, 15 hr and 24 hr. After the incubation
periods, the Caco-2 monolayers were rinsed with phosphate buffer saline (PBS; Sigma, Denmark) on both the
apical and basolateral sides for three times. Lastly, normal cell culture media supplemented with antibiotics
was added to the apical (500 μl) and basolateral (1500 μl) sides of the Caco-2 monolayers and incubated 24
hrs for cell recovery in a humidified incubator.

8.2.2.1

Trans-epithelial electrical resistance (TEER) measurements

The integrity of the Caco-2 monolayers cultured in the Transwell inserts was monitored by measuring the
TEER values. Similar to the Transwell experiments described in Chapter 6, TEER measurements were
obtained using a handheld chopstick with Ag/AgCl electrodes coupled to a ERS-2 voltohm meter (Millicell,
USA). The electrodes were first sterilized in 70 % ethanol, followed by equilibrating in cell culture medium
in a biosafety cabinet for 15 min before use. Caco-2 cell cultures in Transwell experiment were allowed to
cool to room temperature for 20 min in a biosafety cabinet before recording the TEER measurements.
During the co-culture studies, baseline TEER measurements were recorded before challenging Caco-2 cells
with E. coli, after co-culturing E. Coli with Caco-2 cells and 24 hrs recovery in normal cell culture medium.

8.2.2.2

Cell staining

Live/dead cell staining. Live/dead cell staining was carried out using the live/dead cell staining procedure
reported in Chapter 5 (section 5.2.5). After staining the cells, a scalpel was used to cut out the Transwell porous
membrane on which the Caco-2 cells and E. Coli were co-cultured. These membranes were carefully mounted
onto microscopic glass slides. A cover slip was placed over each microscopic slide before imaging. The cells
were imaged at excitation/emission wavelength of 488/517 nm for live cells and 528/617 nm for dead cells
with a confocal microscope (Axio Observer; Zeiss, Germany) using the image software (Zen lite; Zeiss,
Germany).

143

CHAPTER 8: Co-culturing of Escherichia coli (E. coli) with Caco-2 cells

Fluorescence staining. The staining procedure of the nucleus and tight junctions of the Caco-2 cells is found
in Chapter 7 (Section 7.2.1). After completing the staining procedure, the membrane containing the fixed
stained Caco-2 cells was removed using a scalpel. These cut out membranes were mounted onto microscopic
glass slides. Mounting media was added onto the cells before placing a cover slip on the stained cells. Prior to
imaging the cells with a confocal microscope, these microscopic slides with the stained cells were left in the
fridge (4 °C) overnight. The tight junctions were imaged at excitation/emission wavelengths of 488/570 nm
and the nuclei were imaged at excitation/emission wavelengths of 546/647 nm. The images were processed by
an image software (Zen lite; Zeiss, Germany).

8.2.2.3

Permeability studies using phenol red

The permeability studies were carried out on the Caco-2 monolayers before seeding the E. Coli cells, after
incubation with E. Coli and also 24 hrs recovery in normal cell culture medium. The tight junctional integrity
was established by measuring the transport of phenol red (Sigma, Denmark). Phenol red solution was prepared
by mixing phenol red powder with cell culture medium without phenol red (DMEM-PR, Gibco, Denmark) to a
concentration of 50 μg/ml. In each of the permeability studies, Caco-2 monolayers were first rinsed with PBS
for at least 3 times on the apical and basolateral sides. Next, 500 μl of the phenol red solution (DMEM+PR) was
added to the apical side of the Caco-2 cells and 1500 μl of DMEM-PR was added to the basolateral side.
Every 15min, 100 μl of the sample aliquots were removed from the basolateral side while simultaneously
replenishing with fresh DMEM-PR. Before analyzing the samples, 5 μl of 1M NaOH was added to each sample
aliquot. NaOH was added to normalize the pH of the aliquot samples. The samples were analysed with a
microplate reader set at a wavelength of 570 nm. The apparent permeability (Papp) of phenol red was calculated
using equation 7.1 described previously in Chapter 7.

8.2.3

Co-culturing of E. Coli with Caco-2 cells in microfluidic system

The microchip (Design 2 described in Chapter 4) and fluidic system were prepared using the procedure
discussed in chapter 5 (section 5.2.3). Fabrication procedure of the microelectrodes was described in detail in
Chapter 6 of the thesis. Caco-2 cells (8.5 x 106 cells/ml) were seeded onto the ECM treated porous Teflon
membrane in the microchip. The Caco-2 cells were cultured for 8 days. On day 8 of cell culture, the cell culture
medium was switched to antibiotic-free cell culture medium. Antibiotic-free culture medium was perfused to
both the upper and lower fluidic layers at a flow rate of 3 μl/min for at least 24 hr in an incubator (37 °C, 5%
CO2). Following this, the Teflon tubings connected to the cell loading component (red arrows in Figure 5.1)
on the microfluidic platform were removed. Next, E. Coli prepared in antibiotic-free culture medium to a
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concentration 10 x 107 bacteria/ml was introduced with a syringe into the cell loading reservoirs (red arrows
in Figure 5.1). The motor connected to the upper microfluidic layer was activated to drag the E. Coli suspension
very rapidly (Q ≈ 65 μl/min) into the microchamber where the Caco-2 monolayers were. Extra care was taken
to connect the Teflon tubings back to the cell loading component to prevent any introduction of air bubbles
into the microchip. The entire system was then placed into an incubator (37 °C, 5 % CO2), for 2 hr with no
flow. After 2 hr, antibiotic-free culture medium was perfused through both the upper and lower microchannels
at a flow rate of 5 μl/min. E. coli was co-cultured with Caco-2 cells in the microfluidic device for 24 hrs with
continuous perfusion of cell culture medium with no antibiotics.

8.2.3.1

TEER measurements

The method for measuring TEER from the microfluidic device was similar to method described and discussed
in detail in section 6.3.1 of Chapter 6 in the thesis. TEER measurements were acquired by connecting the
embedded electrodes (one top electrode and one bottom electrode) in a microchamber to the multimeter
(Keithley, USA). During the co-culture studies, TEER measurements were recorded before challenging Caco2 cells with E. Coli and 24 hr after co-culturing E. Coli with Caco-2 cells. Equation 6.3 (in Chapter 6 of the
thesis) was used to calculate the final TEER values.

8.2.3.2

Morphological studies

Live/dead cell staining. Viability of the Caco-2 cells co-cultured with E. Coli was investigated by staining
the cells with live/dead cell stains. The stains used were similar to the ones used in the Transwell studies
(Section 8.2.2.2) and previous studies (Chapter 5 and 6). After 24 hr of co-culturing with E. Coli, PBS was
pumped into both the upper and lower layers of the microfluidic chip at a flow rate of 5 μl/min for 45 min.
Following that, the prepared live/dead cell stains in PBS (live stain 1:1000; dead stain 1:500) were perfused to
only the apical side of the Caco-2 monolayers at a flow rate of 5 ul/min for 30 min in an incubator (37 °C, 5 %
CO2). Next, PBS was perfused to both the upper and lower microchannels at a flow rate of 5 μl/min for another
45 min to wash the cells. Lastly, the Caco-2 monolayers were imaged with a confocal microscope (Axio
Observer; Zeiss, Germany) at excitation and emission wavelengths of 495/ 517 nm for live cells and
excitation/emission wavelengths of 528/617 nm for dead cells using the image software (Zen lite; Zeiss,
Germany).
Immunofluorescence staining. The Caco-2 monolayers were stained for tight junctions, nucleus and mucus.
Phosphate buffer saline (PBS; Sigma, Denmark) was first pumped into both the upper and lower fluidic layers
for 45 min at a flow rate of 3 μl/min. Next, the cells were fixed, by pumping 4 % paraformaldehyde into the
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microchambers for 30 min at flow rate of 5 μl/min . This would be followed by permeabilising the cells with
0.1 % (v/v) Triton-X-100 (Sigma, Denmark) for 30 min in room temperature. Next, a blocking buffer (1 %
BSA, 0.1 % Tween 20 in PBS) was introduced into the cells for 1 hr. To visualize tight junctions,
immunofluorescence staining was performed using mouse anti-ZO-1 antibody (Z0-1; Life Technologies,
Denmark) diluted in the blocking buffer (1:100), and introduced into the cells. The samples were protected
from light and left static overnight in the fridge at 4°C. Immunofluorescence staining was also carried out to
stain the mucoprotein, mucin-2. Immunofluoresence staining of mucin-2 were carried in microchambers that
were not stained for tight junctions. Primary mouse monoclonal antibody (ab11197; AbCam, Denmark)
prepared in blocking buffer (1:100), was introduced to the cells. The samples were protected from light and
left static overnight in the fridge at 4°C. After which, the cells were rinsed with blocking buffer followed by
introducing the secondary antibody (AlexaFluor 488 goat anti-mouse; Life technologies, Denmark) prepared
in blocking buffer (1:200) and left static at room temperature for 2 hrs.
Staining of the nucleus were carried out by diluting 7-aminoactinomycin D (AAD) in PBS and incubated with
the cells for 1 hr at room temperature. Between each of the processing step, the cells were rinsed by pumping
PBS the microchambers. Lastly mounting media (Vectashield; VWR, Denmark) was added to the cells.
Lastly, the Caco-2 monolayers were imaged with a confocal microscope (Axio Observer; Zeiss, Germany) at
excitation and emission wavelengths of 495/517 nm for tight junctions and mucin-2 in separate
microchambers. Excitation/emission wavelengths of 546/647 nm were chosen to image the nucleus of Caco-2
cells. The images were processed by an image software (Zen lite; Zeiss, Germany).

8.3 Results
8.3.1

Co-culturing of Caco-2 cells with E. coli in Transwell

Phenol red, a pH indicator was present in the cell culture medium. At 0 hr after co-culturing E. coli with the
Caco-2 cells in the Transwell inserts, cell culture medium appeared red on the apical side (Figure 8.1a).
However, 15 hrs later, distinct differences in the colours of the medium were observed in the Transwell inserts
(Figure 8.1b). The medium in the apical side of the Caco-2 cells was yellow in colour. Conversely, the cell
culture medium in the basolateral side of the Caco-2 cells still remained red. By visual observations, the lack
of colour change of the medium in the basolateral side showed that the protons of the phenol red diffusing
across the Caco-2 monolayer. This was an indication that the Caco-2 cultures in the Transwell inserts were
exhibiting some form of barrier function.
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From the change in colour (pink to yellow) in the apical side, it could be clearly discerned that the medium
had turned acidic. However, in the control inserts, the cell culture medium was still red in both the apical and
basolateral sides (results not shown). The observed change in media colour from the Transwell inserts in which
the Caco-2 cells were challenged with E. coli could be due to the accelerated rate of metabolism and increased
secretion of acidic by-products by the E. coli [17].
(a)

(b)
Passage 35
(P35)

Passage 35 (P35)

Passage 47
(P47)
Passage 47 (P47)
Control
(with cells)

Figure 8.1 Transwell inserts with E. coli seeded on the apical side of Caco-2 monolayers. a) The Caco-2
monolayers were seeded with E. coli at 0 hr. b) Caco-2 monolayers incubated with E. coli for 15 hr. (scale bar
= 1 cm)

8.3.1.1

Caco-2 cells viability

Live cells were fluorescently stained with Calcein and visualised. Dead cells were fluorescently stained with
ethidium homodimer-1 and visualised in red. Two different passages of Caco-2 monolayers were investigated
for their viability after 15 hr incubation with E. coli. One would expect the Caco-2 cells should be alive after
being challenged with E. coli, since non-pathogenic E. coli can be found residing harmlessly in the intestinal
lumen [8]. From the microscopic images, it was confirmed that the Caco-2 cells (P35) remained viable (>
90 %) after co-culturing with E. coli (Figure. 8.2a). Similarly for the higher passage number (P47), viability
of the Caco-2 cells was > 90 % (Figure 8.2b).
From the fluorescence microscopic images, it was also clearly seen the passage number of Caco-2 cells did
not have a great impact on the number of dead Caco-2 cells, after the Caco-2 monolayers had been subjected
to E. coli incubation for 15 hr.
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(a)

(b)

Figure 8.2. Live/dead cell staining on Caco-2 monolayers cultured in Transwell set-up. Caco-2 cells had
undergone incubation with E. coli (concentration: 10 x 106 bacteria/ml) for 15 hr. Live cells were stained green
and dead cells were stained red. (a) P 35 Caco-2 cells, (b) P 47 Caco-2 cells. (Scale bar = 50 μm)

8.3.1.2

Effect of co-culture duration on Caco-2 cells

Permeability studies carried out using phenol red as tracking molecule. As mentioned previously in
chapter 7, permeability studies using a tracking molecule is a form of investigating the integrity of the barrier
function of the Caco-2 monolayers. Permeability studies using phenol red as the tracking molecule was carried
out on the Caco-2 monolayers incubated with the E. coli cells in Transwell inserts. Phenol red is a normal
constituent found in most cell culture medium. Phenol red was chosen as the tracking molecule because it is
non radioactive, easily collected without risking contamination of culture, and it is a simplified and reliable
method for evaluating the integrity of Caco-2 monolayer [18].
The Caco-2 cells were challenged with two different E. coli concentrations. An increase in the transport of
phenol red molecules across the Caco-2 monolayers was observed in all the Transwells chambers that were
infected with E. coli (Figure 8.3). However, the Papp of phenol red was higher in cultures containing a higher
concentration of E. coli (Figure 8.3). Caco-2 cells challenged with 10 x 106 bacteria/ml of E. coli showed P app
= 3.53 x 10-5 cm/s. The Papp of phenol red had increased by almost 26 folds as compared to the Caco-2
monolayers without E. coli. Furthermore, Caco-2 monolayers challenged with a lower E. coli concentration (1
x 106 bacteria/ml), the Papp of phenol red was 1.29 x 10-5 cm/s. This was almost 2.7 folds lower than the Caco2 monolayers challenged with higher E. coli concentration.
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Figure 8.3 Apparent permeability (Papp) of phenol red across Caco-2 monolayers challenged with different
concentrations of E. coli for 24 hr incubation period. Control are Transwells not containing any Caco-2 cells.
(n = 3 for each Caco-2 passage)

Effect of co-culture duration on the integrity of Caco-2 monolayer. To investigate our hypothesis, we cocultured E. coli with Caco-2 monolayers for different durations. We decided to use the concentration of 10 x
106 bacteria/ml. This concentration is within the range of E. coli that is present in human intestines [19]. After
5 hr of co-culture with E. coli, the apparent permeability of phenol red was low, Papp = 2.21 x 10-7 cm/s, but
higher than the controls ≈ 5.2 x 10-8 cm/s (Figure 8.4). This showed that the Caco-2 monolayers still exhibited
tight barrier properties. The data is consistent with a past study that showed challenging the Caco-2 cells to E.
coli for 6 hr did not compromise the integrity of Caco-2 monolayer [13]. However the P app of phenol red
increased slightly to ≈ 8.7 x 10-7 cm/s after challenging the Caco-2 monolayers with E. coli for 15 hr.
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Figure 8.4 Phenol red permeability studies carried out on Caco-2 monolayers under different incubation
duration with E. coli and 24 hr recovery with normal cell culture medium. (n = 6)

We also questioned if the permeability of phenol red was reversible after being challenged with E. coli. This
may serve as interesting information for the correlation of reversible alteration of the tight junction proteins.
When the Caco-2 monolayers were left to recover in normal cell culture medium with antibiotics for 24 hrs,
the Papp of phenol red increased. The Papp of phenol red (24 hr recovery) was recorded as 2 x 10-6 cm/s and 1.3
x 10-5 cm/s for 5 hr and 15 hr incubation respectively (fig 8.4). Despite displaying apparent tight barrier
properties immediately after incubation with E. coli, the barrier property of the Caco-2 monolayers weakened
during 24 hr recovery period.
Upon comparing the data between the 15 hr incubation period with the 24 hr incubation period, the Papp was
3.53 x 10-5 cm/s and 1.3 x 10-5 cm/s respectively. The significant difference in phenol red permeability between
the 15 hr incubation and 24 hr incubation period showed that the bacteria could have effected some major
changes to the barrier property of the Caco-2 monolayers. However, more studies were necessary to further
understand the happenings on the Caco-2 monolayers.

150

CHAPTER 8: Co-culturing of Escherichia coli (E. coli) with Caco-2 cells

TEER measurements. The integrity of the Caco-2 monolayers was also measured by recording the TEER
measurements. The TEER measurements of the Caco-2 monolayers were carried out concurrently with the
permeability studies. The TEER measurements did not decrease in the values after incubating the Caco-2
monolayers with E. coli for 5 hr (Figure 8.5). This was a clear indication that the Caco2 monolayer still
exhibited barrier properties. The TEER measurements were also consistent with an earlier study [13], where
the authors reported the TEER values were not affected after a 6 hr incubation period. However, the TEER
measurements recorded for the 15 hr incubation showed a drop to ≈ 93 % of initial values (Figure 8.5). Our
TEER measurements (Figure 8.5) were also consistent with the Papp data shown in Figure 8.4.

Figure 8.5 Percentage change in TEER measurements on Caco-2 monolayers co-cultured with E. coli for
different duration and 24 hr recovery in cell culture medium with antibiotics.

From the presented data (Figure 8.5), it could be discerned that challenging the Caco-2 monolayers to different
durations of E. coli might affect the integrity of the Caco-2 monolayers.
Measurements of the TEER values of the Caco-2 monolayers after 24 hrs recovery in normal cell culture
medium with antibiotics were also recorded. The TEER values dropped slightly to ≈ 98.4 % of initial values
for the 5 hr incubation period and a significant drop to ≈ 14 % of initial values for the 15 hr incubation period
(Figure 8.5).
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8.3.1.3

Morphological studies

Integrity of the barrier property of the Caco-2 monolayer is regulated by the presence of tight junctions between
adjacent cells [20,21]. In the control sample (no E. coli), the Caco-2 monolayer was stained positive for tight
junctions (Figure 8.6a). The web-like network of fluorescently stained tight junctions were observed. However,
for the Caco-2 monolayer challenged with E. coli for 24 hr, there was absence of tight junctions (Figure 8.6b).
(a)

(b)

Figure 8.6 Top view of Caco-2 monolayers stained for nucleus (red) and tight junctions (green). (a) Control
samples, no co-culturing of E. coli on Caco-2 monolayer. (b) Caco-2 monolayer had been challenged with E.
coli for 24 hrs. (Magnification x 10) (scale bar = 50 μm)

8.3.2

Co-culturing E. coli in thiol-ene microfluidic system

Previously in Chapter 7, we showed that the Caco-2 cells cultured in the microfluidic device displayed tight
barrier function, villous morphogenesis and presence of mucus. To further investigate if the Caco-2 cells
cultured in the microfluidic device could support the growth of E. coli without compromising the viability of
the cells, the Caco-2 cells were co-cultured with E. coli for 24 hr under constant perfusion of DMEM.
In our first studies, a flow rate of 3 μl/min was set to perfuse through the upper and lower microchannels.
However, within 24 hr, perfusing the medium through the upper microchannels was challenging. Antibioticfree culture medium was observed to flow backwards into the glass vials connected to the inlets. Yellow
coloured cell culture medium was observed in the glass vials connected to the inlets (Figure 8.7a). We
suspected the backflow of cell culture medium could be due to the built up of pressure within the cell culture
chamber from the accelerated growth of E. coli on the Caco-2 cells. The built-up of pressure could be the result
of the gases released from the E. coli, which led to backflow of cell culture medium and contamination of the
antibiotic-free culture medium in the inlet glass vials (Figure 8.7a). To overcome the increased pressure in the
microchamber, the flow rate was increased to 5 μl/min in the subsequent experiments. An increased flow rate
would result in higher flow velocities within the microchambers. This would result in higher rate of waste
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removal that may have resulted from the presence of E. coli. With this flow rate, no observable back flow and
contamination of antibiotic-free culture medium in the inlet glass vials (Figure 8.7b).
When the flow rate was set at 5 μl/min, after 24 hr of continuous perfusion of cell culture medium, by visual
observation of the microchambers, the microchambers containing E. coli appeared yellow (results are not
shown). Contrastingly, the control chambers (devoid of E. coli) appeared pink after 24 hr of co-culture (results
are not shown). This was a clear indication that the E. coli was successfully co-cultured with the Caco-2 cells
in the microfluidic device. The colour in the microchambers also corresponded to the colour of the medium
observed in the outlet glass vials as shown in Figure 8.7b.
(b)

(a)

Figure 8.7. Microfluidic chip with E. coli co-cultured on the apical side of the Caco-2 monolayers. Image was
taken 24 hr after continuous perfusion of antibiotic-free culture medium (a) Antibiotic-free culture medium
was perfused at flow rate = 3 μl/min in both upper and lower microchannels. (Black arrows indicating glass
vials connected to inlet channels were contaminated due to back flow of antibiotic-free culture medium) (b)
Antibiotic-free culture medium was perfused at flow rate = 5 μl/min. (Blue arrow indicating outlets of
microchambers with E. coli and red arrow indicating the outlet for the control microchambers)

In our experimental system, two microchambers acting as the control chambers were not seeded with E. coli.
The colour of the medium exiting from the control chambers appeared red in the outlet glass vials (red arrow
in Figure 8.7b). Figure 8.7b illustrated that only the apical outlet glass vials connected to the microchambers
with E. coli cells co-cultured with the Caco-2 monolayers) showed a change in the colour of the antibiotic-free
culture medium.

8.3.2.1

TEER measurements in microfluidic device

As mentioned earlier in chapter 6 of the thesis, measurements of the TEER provide some insight into the
integrity of the Caco-2 monolayers. In the co-culture studies, TEER measurements of the Caco-2 monolayers

153

CHAPTER 8: Co-culturing of Escherichia coli (E. coli) with Caco-2 cells

with E. coli growing on the apical surface in the microfluidic device were also recorded. Surprisingly, we saw
a slight increase in TEER values ≈ 1700 Ω∙cm2 after co-culturing E. coli with Caco-2 monolayers for 24 hrs
in the microfluidic chip (Figure 8.8a).
(b)

(a)

Figure 8.8 TEER measurements of co-culture studies in microfluidic device. (a) TEER values obtained for E.
coli co-cultured with Caco-2 monolayers in thiol-ene microfluidic chip. (n = 6) (b) Comparisons of percentage
drop in TEER values for different incubation periods in Transwell system and 24 hr incubation period in
microfluidic device (n = 3 for each Transwell study and n= 6 for microfluidic device)

Comparing the data recorded from the microfluidic device with the data recorded for Transwell inserts, the
TEER values from the microfluidic device were much higher than the 5 hr incubation from the Transwell setup (Figure 8.8b). The results showed that the barrier property of the Caco-2 monolayers in the microfluidic
device was not compromised with the presence of E. coli. To further confirm the barrier property of Caco-2
monolayers cultured in the microfluidic device was not compromised, we next performed immunofluorescence
staining towards the tight junctional protein, occludin.

8.3.2.2

Morphological studies on Caco-2 cell incubated with E. coli in microfluidic system

Live/Dead cell staining. Similar to the Transwell studies, live/dead cell staining was performed on the Caco2 monolayers to validate the viability of the Caco-2 cells in the microchambers after being challenged with E.
coli. The viability of Caco-2 cells in the microfluidic device was higher compared to the viability of Caco-2
cells cultured in the Transwell. The fluorescent images of the live/dead cell staining of Caco-2 monolayers in
the microchambers showed 100 % viability (Figure 8.10). This high percentage of cell viability in the
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microfluidic device could also be due to the removal of dead cells by the continuous perfusion of cell culture
medium through the microchambers.

Fig 8.10 Live/dead cell staining on Caco-2 monolayers after challenged with E. coli for 24 hr in the
microfluidic device. Antibiotic-free culture medium was perfused through both the upper and lower
microfluidic layers for 24 hr at a flow rate of 5 μ/min. E. coli concentration seeded on the apical side of the
Caco-2 monolayers was 10 x 106 cells/ml. Magnification x 10. (Scale bar = 50 μm)

Immunofluorescence imaging. Interestingly, the immunofluorescence microscopic studies using antibodies
directed towards the tight junction protein, occludin, confirmed the presence of tight junctions in the Caco-2
monolayers after co-culturing with E. coli (blues arrows in Figure 8.11a). Distinct polygonal shapes of the
Caco-2 cells could be observed on the Teflon membrane. The integrity of the Caco-2 monolayer was not
compromised after co-culturing with E. coli for 24 hrs.
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(a)

(b)

(c)

Fig 8.11 Immunofluorescent images of Caco-2 cells after 24 hr incubation with E. coli. a) Caco-2 cells were
stained for tight junctions and nucleus. Tight junctions were stained green and nucleus were stained red.
(Magnification x 15). (b) Top view of Caco-2 monolayers co-cultured with E. coli stained for nucleus (red)
and mucus (green). (c) Confocal vertical view of the stained cells indicated by the dotted white line from (b).
(Scale bar = 50 μm)

From the images of the Caco-2 cells stained for mucus and nucleus, mucus was positively stained on the Caco2 monolayers (Figure 8.11b). However the mucus was no longer a layer on the apical surface of the Caco-2
cells, rather the mucus were observed in patches on the Caco-2 cells (Fig 8.11b, c). We also had some
challenges in discerning the nucleus of the Caco-2 cells from the fluorescent stains. It later came to our
knowledge that the nucleus stain also happens to stain the DNA of the E. coli cells [22].

8.4 Discussion
8.4.1

Challenging Caco-2 cells with E. coli in Transwell systems

Effect of incubation period of E. coli on Caco-2 barrier integrity. The E. coli k-12 used in the studies in
this chapter is a commensal non-pathogenic bacterium. In our studies, an increase transport of phenol red
molecules across the Caco-2 monolayers was observed after co-culturing with E. coli for 24 hr (Figure 8.3).
Our results presented in Figures 8.4 and 8.5 showed that incubating the E. coli with Caco-2 cells for 5 hrs did
not disrupt the barrier integrity of the Caco-2 cells. These results were consistent with some earlier findings of
incubating E. coli k-12 with in vitro intestinal models for less than 6 hrs, which did not compromise the barrier
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integrity [13,23]. Conversely when the Caco-2 cells were challenged with E. coli for 15 hrs and 24 hr, the
permeability of phenol red increased to 8.7 x 10-7 cm/s and 3.53 x 10-5 cm/s respectively. We believe that the
changes and reactions caused by the E. coli on the Caco-2 would require sometime for the outcome of the
changes to take effect.
Morphological studies of caco-2 cells after incubating with E. coli. The live/dead cell stains used are
specific for mammalian cells, therefore there should not be any cross-staining for E. Coli. From the preliminary
studies conducted with the Transwell inserts, the results showed that the viability of the cells was not affected
by the presence of E. coli (Figure 8.2). However, from the immunofluorescence images, there was no signs of
tight junctions in the Caco-2 cells after co-culturing with E. coli (Figure 8.6b). The absence of tight junctions
in the Caco-2 layers was likely the cause for the drop in TEER measurements and increased transport of phenol
red molecules across the Caco-2 monolayers.
In an earlier study, He et. al. reported that challenging the Caco-2 cells with E. coli, resulted in suppressing
genes encoding for ion channels and membrane transporters [17]. The tight junctions are proteins that regulate
the paracellular transport of compounds across the Caco-2 monolayer. The data presented in this chapter
suggests that E. coli might have suppressed the genes encoding the proteins regulating the tight junctions. Due
to the absence of tight junctions in the Caco-2 monolayers after co-culturing with E. coli, this might have
resulted in the Caco-2 monolayers becoming leaky. The leakiness of the Caco-2 monolayers had been validated
from our reported TEER values (Figure 8.5) and increased transport of the phenol red molecule across the
Caco-2 monolayer (Figure 8.4).
Effect of E. coli on Caco-2 monolayers. He et. al. [17] reported on observing similar metabolic changes and
inflammatory responses between the commensal E. coli k-12 and enterohemorrhagic E. coli O157:H7. The
authors had suggested that in the static Transwell cultures, E. coli had direct contact with the Caco-2 cell
cultures, therefore enabling the cells to have direct interaction with the host cells. Although the E. coli used in
this present study was commensal and non-pathogenic, it might have exhibited some characteristics similar to
the pathogenic E. coli strains [17] when in direct contact with the Caco-2 cells. One of the characteristics of
pathogenic strains of E. coli was to alter tight junctional functions [23]. If so, this could explain the absence of
tight junctions in the Caco-2 monolayers after co-culturing with E. coli for more than 15 hr.
Simonovic et. al. [23] reported the possibility of recovering the barrier property of infected intestinal cells after
treatment with antibiotics and incubated overnight in cell culture medium. Conversely, our results (Figures
8.4, 8.5) showed the integrity the Caco-2 monolayers weakened during 24 hr recovery. The deterioration of
barrier property may be due to several reasons: 1) E. coli adhered on the Caco-2 cells despite rinsing the
monolayers and replacing the cell culture medium with antibiotics. 2) The amount of antibiotics present in the
cell culture medium was not sufficient to eliminate the E. coli adhering onto the Caco-2 cells.
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When E. coli is co-cultured with the Caco-2 cells, E. coli will compete with the Caco-2 cells for nutrients and
energy [17]. Utilization of the nutrients and production of intermediate metabolites will reduce the energy
available to the Caco-2 cells. In the static Transwell inserts, over time would result in depletion of nutrients
available and accumulation of waste products from both the E. coli and Caco-2 cells. Consequently, this would
result in poor maintenance of the cells.

8.4.2

Challenging Caco-2 cells with E. coli in microfluidic system

The human intestinal health and diseases are hugely determined by the human microbiome [2,6,24]. Therefore
development of an in vitro platform that closely mimic in vivo conditions for such host-microbe studies would
be of great interest to biologists, pharmaceutical scientists and physiologists.
Seeding E. coli to Caco-2 cell cultures in microfluidic device. One of the major advantages of a microfluidic
device for cell culture is the ability to control the flow of reagents through the device. On the contrary, the
presence of flow may also be a disadvantage. For example in our studies, the constant perfusion of cell culture
medium could have remove any non-adhering E. coli from the microchamber. If this was so, then: 1) The
concentration of E. coli adhering on the Caco-2 cells could be lesser than the initial seeding concentration of
10 x 106 bacteria/ml. 2) There might not be a uniform layer of E. coli adhering onto the Caco-2 after activating
the micropumps.
Morphological studies of Caco-2 cells after incubating with E. coli. In human intestines, E. coli has a
tendency to accumulate in the mucus layer that is on the apical side of the intestinal epithelium. Therefore,
there is a lack of direct interaction between E. coli and the intestinal epithelial cells [17]. In the microfluidic
device, our immunofluorescent staining showed that mucus is present on the Caco-2 cells (Figure 8.11b, c).
This was showed previously in Chapter 7. Immunofluorescence staining of the tight junctions (Figure 8.11a)
and the TEER measurements (Figure 8.8a) showed that the barrier integrity of the Caco-2 cells cultured in the
microfluidic device was not weakened by the presence of E. coli. Unlike in the case of the Transwell system
where the barrier integrity was disrupted after challenging the Caco-2 monolayers with E. coli. We attributed
these contrasting results between the two systems to the presence and absence of mucus in the microfluidics
and Transwell system respectively. The presence of the mucus on the Caco-2 cells allowed the E. coli to adhere
onto the mucus, therefore preventing the bacteria from having direct interaction with the Caco-2 cells.
Furthermore with the continuous perfusion of cell culture medium to the co-culture in the microchambers, a
constant supply and nutrients and removal of wastes was provided, hence, allowing the microbe and host cells
to co-exist for at least 24 hrs in the microfluidic device.
Our immunofluorescent images (Figure 8.11b, c) showed that the mucus was observed in patches rather than
a complete layer on the Caco-2 cells when challenged with E. coli. We believe this non-uniformity layer of
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the mucus could be due to several reasons. 1) The non-uniformity coverage of E. coli adhering onto the Caco2 cells. In regions where the coverage of E. coli was poor, the mucus layer on the Caco-2 cells could be
fluorescently stained. 2) The high flow rates (≈ 65 μl/min) supplied by the motors during seeding of the E. coli
on the Caco-2 cells could have disrupted the uniformity of the mucus layer.
However, it should be stressed that the presented co-culture results for the microfluidic device thus far are
preliminary investigations. The results presented in this chapter showed the barrier integrity of Caco-2
monolayers were not compromised after co-culturing with E. coli for 24 hrs. The implications of this are yet
to be determined with longer co-culturing period of E. coli with Caco-2 cells in the microfluidic device.

8.5 Conclusion
The reported results showed that once the Caco-2 cells cultured in the microfluidic device had differentiated
with the formation of villous structures and formation of a mucus layer, the Caco-2 monolayer was capable of
supporting the growth of a commensal bacteria E. coli, commonly found in the human intestines. Tests of the
co-culture system showed that Caco-2 barrier integrity was not compromised with the presence of E. coli after
24 hr of co-culture. Similar studies were conducted with Transwell cultures and the results were contrastingly
different. The Transwell studies showed the barrier integrity of the Caco-2 cells were weakened after coculturing with E. coli. The results presented in this chapter showed the microfluidic system was a better
intestinal model as compared to the static Transwell cultures for such co-culture studies.
Furthermore, the continuous perfusion in the microfluidic device ensured there was a continuous supply of
nutrients to the cells and removal of wastes, hence providing conditions for the microbe and Caco-2 cells to
co-exist. Given that the microfluidic device has the possibility of mimicking in vivo conditions, it may be a
possible alternative in vitro human intestinal model to facilitate host-microbiome studies as well as
toxicological studies.

8.6 Outlook
Although, the preliminary studies carried out on the microfluidic device had shown some promising results.
However, there are some areas that can be further improved.
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For future studies, perhaps a longer duration of co-culturing the bacteria on Caco-2 monolayer in the
microfluidic device could be carried out. This would enable better understanding of whether the in vitro
intestinal model on the microchip could support long term microbe-host culture. Furthermore, some
improvement could be made to the microchip design by increasing the microchannel height. This will enable
an increased in the dilution rate of cell culture medium in the microchamber, hence providing the means to
overcome the growth rate of E. coli with progressive culture days.
Lastly, in the studies presented in this chapter we could not show the amount of E. coli adhering onto the Caco2 cells or if there were E. coli adhering onto the Caco-2 cells after the co-culture studies. For future studies,
perhaps a fluorescently labelled E. coli strain (e.g., E. coli-green fluorescent protein) could be implemented in
such co-culture studies. This will also enable real-time microscopic monitoring of the E. coli on the Caco-2
cells.
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9.1 Conclusion
The goal of the project presented in this thesis was to develop a microfluidic chip to support long-term Caco2 cell culture for barrier and drug transport studies. Furthermore, the device should also allow real time
microscopic imaging and monitoring of the integrity of the cultured epithelial cell layer.
The bulk of the thesis focuses on microchips fabricated using the thiol-ene ‘click’ chemistry. This method of
fabricating the multi-layer microfluidic chip could be carried out in ambient temperatures and environments.
The method also does not need costly or specialized cleanroom technologies. The presented microchip consists
of three layers, where the middle layer was a thiol-ene-modified Teflon membrane. Modifying the Teflon
membrane with thiol-ene allowed it to be easily bonded to another thiol-ene surface. Furthermore, during UVexposure of the thiol-ene coated membrane, localised cell culture regions on the Teflon membrane could be
protected with a plastic mask. Rinsing these localised regions of uncured thiol-ene with methanol allowed the
recovery of the Teflon porous structures and, therefore, allowing cell culture to take place in these unmodified
areas.
With the microfluidic device, we demonstrated that in vivo conditions could be more closely mimicked with
the presence of continuous low flow on the Caco-2 cells. The Caco-2 cells cultured under such flow conditions
in the microfluidic chip were observed to differentiate into columnar cells, spontaneously forming folds and
producing mucus after 9-10 days of cell culture. Barrier integrity of the Caco-2 cells cultured in the microchip
were demonstrated by measuring the paracellular transport of three different compounds. Introduction of low
concentrations of membrane enhancer revealed that the barrier property of Caco-2 monolayers cultured in the
microfluidic device could be changed reversibly. The data acquired from the microfluidic device were
comparable to the data acquired from the traditional static Transwell cultures.
A simple and straightforward method for fabricating electrodes on the thiol-ene microfluidic chip was also
demonstrated. The microelectrodes in the microchips were fabricated using an indium alloy (for the bottom
electrodes) and platinum (for the top electodes) for acquiring TEER measurements. The fabrication method
enabled the placement of electrodes in fixed positions. These electrodes were in close proximity to the cells
cultured on the porous Teflon membrane in the microchip. This method of embedding the electrodes in the
microchip could be carried out in ambient environment, eliminating any forms of using multiple lithography
technologies, hence reducing labour fabrication costs. The electrodes embedded in the microchip allowed
acquiring real-time TEER measurements of the Caco-2 cells. Furthermore, these electrodes were also capable
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in sensing the changes in the integrity of Caco-2 monolayers when challenged with low concentrations of
membrane enhancer.
Some preliminary studies of co-culturing E. coli with Caco-2 cells were also demonstrated and discussed in
the thesis. The preliminary studies showed that once the Caco-2 cells cultured in the microfluidic chip had
differentiated, the Caco-2 monolayers could support the growth of the microbial flora. The barrier integrity of
the Caco-2 monolayers was not damaged when incubated with E. coli for 24 hrs. Furthermore, the TEER
measurements increased slightly. The barrier integrity of Caco-2 monolayer was further confirmed with
immunofluorescence imaging of tight junctions. Thanks to the continuous perfusion of culture medium into
the cell culture microchamber, nutrients are continuously supplied to the cells and wastes are also continuously
removed, hence providing sufficient conditions for the microbes and Caco-2 cells to co-exist.
In summary, the presented work in this project has shown that Caco-2 cells cultured in a microengineered
thiol-ene microfluidic chip may serve as an alternative in vitro platform for pharmaceutical, toxicological, and
cell-cell communication studies, among others. With eight chambers fabricated on the same microchip, it
allows parallel studies to be carried out on the same microfluidic chip under basically identical conditions.

9.2 Outlook
In this project, we have demonstrated that the multi-layer, multi-chamber thiol-ene microfluidic cell culture
chip is a promising alternative in vitro human intestinal model for transport studies. The current system is still
in its prototype phase. Although the preliminary transport studies reported in this thesis had showed promising
results, investigations of transport studies could be further expanded by experimenting with more drugs or
membrane enhancers.
Regarding the design of the microchip, the current small sizes of the cell culture microchambers in the reported
microfluidic chip provides the opportunity to achieve high-throughput and high-resolution analysis. However,
it can be a challenge in collecting samples for analysis, due to the small number of cells used and small amounts
of products dispensed. Therefore, the microchannel dimensions and perfusion rates must be carefully
considered in designing and operating the microfluidic device in order to meet the minimum requirements for
detection and analysis of cellular products.
The current microfluidic system was shown to support co-culturing of E. coli with Caco-2 cells. However, a
higher flow rate was required to perfuse the cell culture medium to the cells to overcome the increased fluidic
resistances due to gases emitted from the E. coli. Increasing the flow rate will consequently increase the fluidic
stresses acting on the cells. Improvements can be made to the design of the microfluidic chip by increasing the
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height of the microchannels. Implementing this improvement would increase the rate of cell culture medium
perfuse into the cell culture chamber. This will also increase the rate of waste removal from the cell culture
chamber. This will therefore, allow cell maintenance in the microfluidic chip. Such improvements would also
entail more in-depth analysis and kinetics of fluid dynamics (e.g., fluidic stresses) at the cellular level.
In general, this work has shown the possibilities of leveraging microfluidic technologies to create controlled
microenvironments for cell culture that open avenues for drug transport studies. However, the need for
improving the system’s quality for any more routine use in the pharmaceutical sciences, toxicology etc. calls
for further concerted efforts from different disciplines, such as molecular biology, microtechnology,
bioengineering and pharmaceutics.
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Abstract
This paper presents the design and fabrication of a multi-layer and multi-chamber microchip system using
thiol-ene ‘click chemistry’ aimed for drug transport studies across tissue barrier models. The tissue barrier
model employed to test the device was based on Caco-2 intestinal model and mannitol, dextrane and insulin
were used as drug molecules (in the presence or absence of membrane permeability enhancers) to investigate
transport in the microfluidic barrier system in comparison to the conventional Transwell system. The
developed fabrication process allows for rapid prototyping of multi-layer microfluidic chips using different
thiol-ene polymer mixtures. We incorporated porous Teflon support membranes to accommodate cell growth
by masked sandwiching thiol-ene-based fluid layers. Electrodes for TEER measurements were incorporated
using low melting soldering wires melted into channels as in combination with platinum wires. We
demonstrated that the thiol-ene-based microchip material including the electrodes does not induce adverse
effects on the cells. The Caco-2 cells cultured on the thiol-ene microchip differentiated and showed signs of
producing mucus and directional drug transport within 9 - 10 days of cell culture, indicating the formation of
a robust barrier at a much faster rate than in conventional Transwell models. The presented microdevice for
cell culture is useful for carrying out real-time studies of cellular barriers under optical monitoring, and enables
transport studies of drugs, chemicals, and pathogens. The system may have additional uses in toxicological
assessments.
Keywords: thiol-ene microchip, Caco-2 cell culture, membrane barrier studies, drug permeability
Significance statement
Transwell culture system is the gold standard in vitro model for assessing and predicting permeability and
absorption of oral drugs in pharmaceutical industry. However, this platform cannot support any form of luminal
flow conditions on the cells to more closely mimick in vivo conditions. Relevance of this study lies in
engineering an eight chamber multi-layer microchip to support long-term studies of tissue barriers by using
the Caco-2 cell intestinal model. We demonstrate the feasibility of using the in vitro intestinal model culture
in the thiol-ene-based microchip for transport studies by using three different test compounds. Such a platform
paves the way towards advanced in vitro intestinal model for high throughput screening of drugs, chemicals,
pathogens as well as toxicological studies.
\body
Manuscript Text
Introduction
Covering the inner walls of the intestines is a single layer of epithelial cells that forms a rate limiting barrier
to the absorption of drugs. Numerous experimental models have been developed for the prediction of intestinal
permeability - including in situ isolated perfused intestinal systems (1–4). However, the use of animal models
is time consuming, labour intensive and costly. Furthermore, animal models also raise ethical issues and are
often not able to accurately predict the results in humans (5). Culturing and differentiation of epithelial cells
derived from the intestine can provide relevant in vitro models for prediction of drug absorption in humans (6,
7). Caco-2 cells constitute a gold standard of intestinal model when cultured under specific conditions, i.e.,
grown on Transwell permeable filter supports, the cells will form a monolayer (8). They will further

spontaneously differentiate and proliferate, thus exhibiting many features of the small intestinal villus
epithelium (9, 10). Some of the most prominent features of Caco-2 cells cultured in this way are the formation
of brush border microvilli (10) on the upper side of the cells, development of intercellular tight junctions (11),
and the presence of various metabolic enzymes present in the intestinal epithelium (10, 12). Due to the
formation of a tight monolayer of Caco-2 cells, this provides a physical and biochemical barrier to the passage
of ions and small molecules through the Caco-2 cell layer. Therefore, it is one of the most well-established
human intestinal epithelial cell lines and has been extensively used as an in vitro intestinal model for
pharmaceutical studies, e.g., ADME-Tox (adsorption, distribution, metabolism, excretion, and toxicology)
studies. About three weeks are required for Caco-2 cells to fully differentiate and form confluent and tight
monolayers in Transwell inserts (8). However, this in vitro model does not allow to recreate the presence of
continuous fluid flow nor the presence of fluid shear stresses on the epithelial cells as can be found in their
natural environment. It has been postulated that the fluid shear stress in the intestinal tract varies depending on
the exact location and fluid shear stresses from 1 to 5 dyn/cm2 have been reported (13).
By using micro total analysis system technology, various functional microfluidic systems can be developed
to provide integrated microenvironments for cell maintenance, continuous perfusion and real-time monitoring
of cells. Several groups have reported on the design and fabrication of polydimethylsiloxane (PDMS) based
microdevices for Caco-2 cell culture (14–18). Kim et al. have reported that with the combination of peristaltic
motion and fluid flow in the microfluidic device, the Caco-2 cells displayed intestinal villi with physiological
growth up to several hundreds of microns in height, as well as increased expression of intestine-specific
functions, including mucus production (17). However, the reported microfluidic devices are only capable of
culturing one set of Caco-2 monolayers for analysis at any one time. In biological cell analysis studies or drug
transport studies across Caco-2 monolayers, or other model tissue barriers, it is highly desirable to investigate
different conditions in the same experimental system in a high throughput manner (19). Scaling up the number
of cell culture microchambers on the microfluidic chip provides the possibility for analyzing more than one
sample in parallel under controlled conditions, therefore allowing for controlled parameter comparisons.
Although PDMS is an excellent material choice for fabricating microfluidic devices for cell culture, it may
pose some challenges in studies that involve chemicals and drugs (20). Furthermore, PDMS has a tendency to
absorb small hydrophobic molecules and this may compromise accurate measurements of drug efficacy and
toxicity (21–23).
To pursue the goal of developing an alternative in vitro model of the human intestines for high throughput
transport studies (Fig. 1), we have explored the use of thiol-ene chemistry and a novel membrane system for
cell support within a microfluidic system to develop a multi-chamber microchip. To quantitatively evaluate
the integrity of the Caco-2 monolayer, two pairs of electrodes were embedded in the microchambers on the
microchip to acquire trans-epithelial electrical resistance (TEER).
Results and discussion
Development of thiol-ene-based microchip for Caco-2 cell culture. We designed and developed a thiol-ene
based microchip that consists of eight cell culture micro-chambers where each cell culture chamber has two
compartments (to become the apical and basal side of the cell layer, respectively) (Fig. 1). The developed
microchip contains eight micro-chambers, thus allowing parallel culturing of Caco-2 cells or other tissue
models. The design of eight channels allows for significant controls during drug transport studies and allowed
us to employ the previously reported microfluidic flow system developed by some of the authors (24). Thiolene was chosen since thiol-ene polymers have been reported to show low affinity to absorb molecules, have
low volume shrinkage (25, 26), and are biocompatible for use in cell culture (27). The thiol-ene-based
microchip has an external dimension of 76 mm x 52 mm x 2.7 mm and consists of three layers. The top and
bottom layers of the microchip were fabricated via the method reported by Lafleur et. al. (28) using a two-step
UV exposure (29, 30) (SI Text Fabrication of microfluidic device). The middle layer was a porous Teflon
membrane (BGCM 00010; Millipore, Denmark) (0.4 μm in pore size; 40 μm in thickness). This porous Teflon
membrane was suitable for cell culturing and it became transparent to visible light when wetted (Fig. S2), thus
allowing real-time and fluorescence microscopic monitoring of the Caco-2 cells cultured on it. The bonding
of the thiol-ene top and bottom fluidic layers with the Teflon membrane required a dedicated modification of
the membrane. The porous Teflon membrane was coated with a thiol-ene mixture and exposed to UV radiation
with a plastic mask that protected the part of the membrane to be used for cell cultures. Methanol was used to

rinse the entire membrane to remove any traces of uncured thiol-ene. The end result was a thiol-ene modified
membrane with regions, which were not coated with thiol-ene and thus allowed the porous Teflon membrane
to be used for cell culturing. When examined with a scanning electron microscope (SEM), a smooth surface
was observed in regions where the porous Teflon membrane was coated with thiol-ene and exposed to UV
light. In regions that were masked and rinsed with methanol, the porous structure of the Teflon membrane was
preserved (Fig 2D). This procedure clearly demonstrated that thiol-ene ‘click’ chemistry can be exploited to
functionalize and pattern the membrane surface (29, 30). In the pressure burst studies of the microfluidic chip,
the multi-layer microchip could withstand burst pressures of more than 6 bars (SI Table ST1). The presented
method of fabricating the microfluidic chip can easily be carried out at room temperature and in standard
laboratory environments, therefore eliminating the need for costly or specialized cleanroom facilities.
Caco-2 cell culture in microfluidic system. To investigate the feasibility of culturing Caco-2 cells in the
microchambers of the thiol-ene microfluidic chip, Caco-2 cells were seeded into the microchamber at a density
of 8.5 x 106 cells/ml. Cell culture medium was perfused through the upper and lower fluidic layers at a flow
rate of 3 μl/min for 9 – 10 days. Caco-2 cells were observed to adhere onto the extracellular matrix (ECM)
coated Teflon membrane (SI Text Cell culture in microfluidic system) within 30 min after cell seeding. During
the phase of active growth, it was observed that once the flow of cell culture media was started (first 24 hrs of
cell culture), the Caco-2 cells spread out (31). Yet, in some regions the cells grew in clusters. By day 2 (Fig.
3B), distinct polygonal shapes with clear, sharp boundaries between the Caco-2 cells were observed in all the
microchambers. The shape and morphology of the Caco-2 cells in the microfluidic device was similar to the
cells cultured in a microplate (results not shown). Confluent monolayers of Caco-2 cells were observed in the
microfluidic device typically around day 3-5 of cell culture. Folds started appearing in the monolayers around
day 5 (a suggestion of villous formation) and it became more challenging to observe the cells through an optical
microscope (Fig 3C). From day 7 and onwards, the appearance of ‘dark’ patches (Fig. 3D) were observed on
the cells.
Caco-2 cell morphological studies. The establishment of apical tight junctions determines the integrity of the
human intestinal epithelial cell monolayer (8). To visualise and validate the presence of apical tight junctions
in the Caco-2 cells cultured in the microfluidic device, immunofluorescence staining using antibodies directed
at the tight-junction protein, occludin, was carried out (SI Text Morphological studies of Caco-2 cells in
microfluidic and Transwell cultures).
The immunofluorescence images confirmed the formation of confluent Caco-2 monolayers, expressing tight
junctions (Fig 3E-F). Analysis of the vertical sections of the confocal images of the Caco-2 cells (Fig 3H)
revealed that the tight-junction proteins were situated between neighbouring cells at the apical side of the Caco2 cells (Fig 3F and 3H). Images of the cells cultured in the Transwell inserts at day 21 appeared cuboidal with
heights of 14 – 20 μm (Fig 3I). However, the Caco-2 cells cultured in the thiol-ene microfluidic device (three
days of cell culture) were observed to appear columnar in shape with heights of ≈ 40 – 50 μm (Fig 3H). Our
data is consistent with a previous report (17). The Caco-2 cells cultured in the microfluidic device is about the
same columnar size and shape (40-50 μm) as reported in healthy human intestinal epithelial cells (32). It is
believed that the presence of continuous perfusion of cell culture medium in the microfluidic device may be
responsible for stimulating the Caco-2 cells to polarise into columnar cells that were almost 2 fold taller than
the cells from Transwell inserts (17). An earlier reportshowed that the flow rate of cell culture medium was a
critical factor in controlling the Caco-2 cell shape and polarity (17).
In the reported microfluidic device, as the cell culture period progressed in the microfluidic device, from
microscopic phase contrast images, there were observable regions of ‘dark’ patches (Fig 3D). These ‘dark’
patches started appearing from day 7 of cell culture, but became more prominent from day 8 onwards. We
observed that these dark patches were absent when the cells were cultured at a low flow rate of 0.5 μl/min
(results not shown). To further investigate the nature or origin of these ‘dark’ patches, the Caco-2 monolayers
were stained for the muco-protein, Mucin-2 (Mucin-2 is commonly found in human intestines) on day 10 of
cell culture. Our immunofluorescence staining directed towards the protein Mucin-2 showed positive stains at
the apical surfaces of the villous Caco-2 monolayers (Fig 3J). This is surprising as in an earlier study (17, 33)
the authors claimed the production of mucus on the Caco-2 cells cultured in a microfluidic device was due to
fluid flow and cyclic peristaltic motions. However, the Caco-2 cells cultured in the thiol-ene microfluidic

device were only exposed to low fluidic stresses (≈ 0.008 dyn/cm2) at 3µl/min. It was also reported the
gastrointestinal tract has a tendency to protect itself from mechanical and other stresses by producing and
secreting a layer of lubricating mucus onto epithelial surfaces (34). Therefore, we hypothesise the exposure to
low fluidic shear stresses (≈ 0.008 dyn/cm2) may have resulted in the Caco-2 cells exhibiting some protective
function by producing mucus on the apical side of the cells. To further confirm our observation, we also
performed the same staining procedure on cells cultured in the Transwell inserts. Past studies have reported
that Caco-2 cells do not produce mucus when cultured in static culture conditions (19). As expected the images
of our Transwell cultures did not show the presence of Mucin-2 on the Caco-2 monolayers (Fig. 3K).
From the fluorescent images (Fig. 3J), it can also be observed that the Caco-2 cells cultured in the
microfluidic device form folds and are capable of growing up to a height of ≈ 100 μm when they are cultured
for a longer term (day 9 – 10). These results are consistent with an earlier study which showed fluid flow can
encourage the formation of villous structures in the Caco-2 monolayers (17, 33).
Differentiation of Caco-2 cells. Another characteristic of differentiated Caco-2 cells is the high level
expression of brush border enzymes that are commonly found in small intestinal epithelial cells (10, 12). To
evaluate the differentiation of the Caco-2 cells that were cultured in our thiol-ene microchip, we measured the
level of aminopeptidase activity by using the substrate L-alanine-4-nitroaniline hydrochloride (L-A4N). The
aminopeptidase experiments were also carried out in the static Transwell inserts. The Transwell studies were
carried out on day 5 and 21 of cell culture. In the microfluidic device, the aminopeptidase studies were carried
out on day 5 of cell culture. Analysis of data from the Transwell cultures showed that the aminopeptidase
activity increased by more than 5-fold between Caco-2 cells cultured for 5 days and 21 days, respectively.
These data are consistent with earlier findings (12, 17). Interestingly, analysis of the samples collected from
our microfluidic device, with only 5 days of cell culture, showed that the aminopeptidase activity was 4 times
higher than the aminopeptidase activity in the Transwell inserts at day 21 (Fig 3L). Our results are comparable
to earlier findings (14, 17). These results clearly confirmed that cells cultured in the presence of continuous
flow (as in the microfluidic device) required a shorter time to polarize and differentiate.
Trans-epithelial electrical resistance (TEER) measurements. Trans-epithelial electrical resistance (TEER)
is a widely used technique for quantifying the integrity of the tight junctions present between cells that govern
the solute transport across the paracellular space of epithelial monolayers (10). To ensure as much as possible
an equal potential drop over the entire membrane (35), the electrodes were embedded directly above and below
the membrane in our microfluidic device. The electrodes embedded in the thiol-ene microfluidic chip were
produced in-house using a low-melting indium alloy (InBiSn) (SI Fabrication of microfluidic device) for the
bottom electrodes and platinum wires for the top electrodes. TEER measurements were obtained by coupling
the electrodes to a multi-meter (Keithley, USA) that supplied DC signals (constant current = 10 μA). TEER
measurements of the Caco-2 monolayer cultured in the thiol-ene microchip were taken from day 3 onwards of
cell culture and monitored over the remaining days of the experiments. Importantly, the TEER measurements
of the Caco-2 cells cultured in the thiol-ene microchip showed a significant increase over the days of cell
culture (Fig 4A). TEER values for the microfluidic system reached a maximum of about 1400 Ω∙cm2 and the
high values could be maintained from day 7-9. The standard deviation (SD) of the TEER values from the
microfluidic device is much larger compared to the SD of the data from the Transwell inserts. This is attributed
to the difference in electrode designs. Furthermore, the positions of the electrodes on the microfluidic device
may vary slightly from microchamber to microchamber, and this may contribute to differences in measured
resistances (36).
Effect of membrane permeability enhancer on TEER values. To validate the accuracy of the TEER values
acquired from the electrodes on the microfluidic chip, a membrane enhancer, tetradecyl-β-D-maltoside (TDM),
was introduced to the Caco-2 monolayers for two hours. The membrane enhancer, TDM, is a compound that
interacts with lipid cell membrane to permeabilise it, therefore increasing the transcellular pathway (37–39).
It also modifies the tight junctions between adjacent cells, hence causing a drop in the TEER values. This also
causes an increase in the paracellular transport of compounds across the Caco-2 monolayer (37–39). The
concentration of TDM used in this study is within the range that was reported previously (37–39). The
concentration of TDM used in this study would disrupt the integrity of the Caco-2 monolayer while allowing

it to recover when subjected to 24 hours of recovery with cell culture medium (Fig. 4B). Therefore, one will
expect the TEER values to drop after exposing the Caco-2 monolayers to TDM, and then an increase of TEER
values after 24 hours recovery period in cell culture medium. Interestingly, with the introduction of TDM to
the Caco-2 monolayers cultured in the microfluidic device, the TEER data acquired in the absence and presence
of membrane permeability enhancers showed distinct differences. It could be clearly seen that in the presence
of TDM, the TEER values measured in the microfluidic device dropped to 20.6 % of their initial values (Fig
4B). When the Caco-2 monolayers were subsequently subjected to 24 hours of continuous perfusion with cell
culture medium, the TEER values recovered to 90 % of the initial values (Fig 5B). This significant drop in
TEER values with the introduction of TDM and an increase in the TEER values during the 24 hour recovery
in cell culture medium was consistent with the data acquired from the static Transwell cultures (Fig 5B). The
TEER results recorded from the microfluidic device were also an indication that the electrodes fabricated on
the microfluidic device were sensitive to detect dynamic changes in the integrity of the Caco-2 monolayers.
P-glycoprotein analysis. Another important characteristic present in differentiated Caco-2 cells is the
presence of efflux transporter P-glycoproteins (P-gp). These P-gp transporters play an important role in
determining the bioavailability of drugs, especially the orally administered drugs. We evaluated the presence
of P-gp transporters in the Caco-2 monolayers cultured in the microfluidic system by carrying out permeability
studies with a well characterized substrate, Rhodamine 123 (as a model drug for uptake and transport) (Rh
123). Rh 123 was flowed to either the apical or basal compartments and sample aliquots were collected
accordingly from the basal or apical waste reservoirs. Our analysis yielded a value for the apparent
permeability in the apical-to-basal direction of Papp(apical → basal) ≈ 1.03 x 10-6 cm/s. The results suggested that the
absorptive transport of Rh 123 was not affected by the presence of P-gp. Rather, Rh 123 was transported across
the Caco-2 monolayers via the paracellular route. In contrast, Papp(basal → apical) ≈ 1.12 x 10-5 cm/s, suggesting that
Rh 123 was transported across the Caco-2 monolayer by the P-gp transporters. The resulting efflux ratio ≈
10.82 was comparable to that obtained with static cultures that were previously reported (40–42). An efflux
ratio of higher than 2 is a strong indicator that the P-gp transporters are secretory (43). To further confirm the
presence of P-gp transporters in the Caco-2 monolayers, immunofluorescence staining towards the P-gp
transporters was performed (Fig 4C).
Permeability studies of FITC–dextran (FD-4), mannitol and insulin in the presence or absence of
membrane permeability enhancer. Paracellular transport of compounds across the Caco-2 monolayers is
governed by the presence of the tight junctions between adjacent cells. To further assess the rate-limiting
barrier of the Caco-2 monolayerscultured in the thiol-ene microchip, the behavior of three different test
compounds (mannitol, fluorescein isothiocyanate (FITC)-labeled-dextran (FD 4) and insulin) was studied.
Mannitol and dextrane were used as model drugs. Insulin was used due to the interest in oral delivery of this
drug in the pharmaceutical industry to provide a proof of concept of the Caco-2 monolayers cultured in the
thiol-ene microchip for drug permeability studies. Insulin is usually administered by the subcutaneous route
(44, 45); however, orally delivered insulin is attracting considerable attention due to the improved compliance
this would provide for diabetic patients (44). Oral delivery of insulin has major limitations, due to the
degradation of insulin by proteolytic enzymes in the gastrointestinal tract and poor intestinal barrier
permeability due to its molecular weight (45). To increase the oral bioavailability, various strategies have been
made to investigate to facilitate the absorption and transportation of insulin. One of the more successful
methods is to co-administer membrane permeability enhancers (37–39, 46, 47) (Fig. 1c) together with the drug.
For this reason, we chose to investigate the use of permeability enhancer, TDM, for aiding insulin transport to
further demonstrate the usability of microfluidic-based tissue barrier platforms for investigating drug transport.
Permeability studies were carried out on day 9 or day 10 of cell culture. We measured the permeabilities
(Papp) for mannitol, FD-4 and insulin to be 3.94 x 10-6 cm/s, 2 x 10-7 cm/s and 9.43 x 10-7 cm/s, respectively,
in the microfluidic chip. The Papp values of similar compounds in the static Transwell cultures were slightly
lower as compared to the microfluidic device (Fig 5). To further investigate whether the permeability of
different test compounds is affected by the introduction of TDM, we next exposed the Caco-2 monolayers in
both the microfluidic device and the Transwell inserts to mixtures of test compounds with TDM. In both
systems, the P app values for all three compounds greatly increased (Fig. 5) in the presence of TDM. In the
microfluidic device, the Papp values for mannitol, FD-4 and insulin were 12.42 x 10-6 cm/s, 14.29 x 10-7 cm/s

and 11.02 x 10-7 cm/s respectively (Fig 5). While the P app values of the similar test compounds from the static
Transwell cultures were 13.9 x 10-6 cm/s, 19.72 x 10-7 cm/s and 9.43 x 10-7 cm/s. The permeability results
clearly demonstrated that the addition of TDM effectively permeabilised the Caco-2 monolayers in both
systems and allowed substantial transport of compounds across the Caco-2 monolayers. Additionally, the Papp
values of the test compounds in the presence of TDM were comparable between the static Transwell cultures
and the microfluidic system. Therefore, the Caco-2 monolayers cultured in the microfluidic device could be
an interesting alternative in vitro model of the human intestines for drug transport studies.

Conclusion
A thiol-ene based multi-chamber and multi-layer microfluidic chip was engineered to provide a controlled
platform to sustain long-term Caco-2 cell cultures under fluidic flow for transport studies. Characterization of
the microfluidic chip revealed that the functionality of the porous Teflon membrane (sandwiched between the
top and bottom fluidic layers) could be changed by coating and curing it with a thiol-ene mixture, followed by
ECM coating of the porous region of the Teflon. Thus, bonding the Teflon membrane between two cured thiolene layers within a fluidic system formed a microchip that could support long time cell culture. The
experiments with the Caco-2 cells cultured in the thiol-ene microfluidic chip revealed, the growth and
differentiation of the Caco-2 cell cultures accelerated under fluidic conditions. Furthermore, under continuous
flow conditions, the Caco-2 cells cultured in the microchip developed villous morphogenesis, exhibited
increased differentiation, formed a tight barrier and P-glycoprotein transporters, closely mimicking the human
intestine. We showed that this intestinal model was adequate for transport studies.
In summary, this work has shown that the thiol-ene polymers used in fabricating the microfluidic chip were
biocompatible, permitting long-term culturing of Caco-2 cells. Additionally, the Caco-2 cells cultured in a
microengineered thiol-ene microfluidic chip may serve as a promising alternative in vitro platform for
pharmaceutical, toxicological, and cell-cell communication studies, among others. With eight chambers
fabricated on the same microchip, it allows for parallel studies to be carried out on the same microfluidic chip
under basically identical conditions.
Materials and methods
Fabrication of thiol-ene microfluidic chip. Pentaerythritol tetrakis-(3-mercaptopropionate) (4 thiol
moieties), tri-allyl-tri-azine (3 ene moieties) and trimethylopropane tris-(2-mercaptopropionate) (3 thiol
moieties) used for fabricating the fluidic layers in the thiol-ene microfluidic chips were all purchased from
Sigma Aldrich, Denmark. The commercially available Teflon membrane that was modified and sandwiched
between the thiol-ene layers was purchased from Milipore, Germany. Methanol (Sigma, Denmark) was used
for removal of uncured thiol-ene on the modified Teflon membrane. The microelectrodes embedded in the
thiol-ene microchips were fabricated by inserting pieces of low-melting temperature indium alloy (InBiSn, In
51 % Bi 32.5 % Sn 16.5 % by weight) (Indium Corp., Utica, NY) for the bottom fluidic layer and platinum
wire (Advent, UK). The detailed fabrication of the microfluidic device is reported in the SI Text Fabrication
of microfluidic device.
Cell culture. Human Caco-2 intestinal epithelial cells used in the experiments were obtained from American
Type Culture Collection ((ATCC), HTB-37, Germany). The passages of the Caco-2 cell line used in the
microfluidics studies ranged from the 40th to 50th passages, and for the Transwell studies, passages in the range
of 40th to 65th were used. The Caco-2 cells were cultured routinely in Dubelco’s Modified Eagle Medium
(DMEM; Sigma, Denmark). The culture medium is supplemented with 10 % (v/v) heat-inactivated fetal bovine
serum (FBS; Sigma, Denmark), 1% (v/v) nonessential amino acids (NEAA; Gibco, Denmark) and 1% (v/v)
penicillin-streptomycin (P/S; Gibco, Denmark).
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Figure Legends
Figure 1. Schematic illustration of the thiol-ene based microfluidic chip for intestinal transport studies. (A)
Cross-sectional view of human intestinal microvilli. (B) Microarchitecture of one microchamber on the thiolene microfluidic chip consisting of upper and lower cell culture chambers separated by an ECM coated Teflon

membrane. (C) Presence of membrane enhancer causing compounds to be transported across Caco-2
monolayer
Figure 2. A) Schematic process of fabricating the thiol-ene coated membrane. B) Exploded view of the high
throughput multi-layer thiol-ene microchip for cell culture (Dimension of microchip: 76 mm x 52 mm x 2.7
mm). Thickness of the modified membrane is 0.3 mm. The membrane is coated with a thiol-ene mixture on
both sides to ensure good bonding between the chip layers. Fluids were pumped in the upper and lower layers.
(C) SEM images of Teflon membrane (Top view). Surface morphology was changed significantly after coating
a layer of thiol-ene. The surface of the membrane has become very smooth after coating and curing a layer of
thiol-ene (as indicated by red arrow). D) Expanded view of Teflon membrane that was masked off and rinsed
with methanol, thus maintaining its porous structure in these areas.
Figure 3. Caco-2 cells cultured in microfluidic system (A-G). Caco-2 cells cultured in Transwell system (H-I).
Phase contrast images of the Caco-2 cells cultured in the microchambers on the thiol-ene microchip over 10
days. (A) Day 1; (B) Day 2; (C) Day 5; (D) Day 8. Cells multiply and differentiate over the days of culture.
Folds in the monolayer of Caco-2 cells start appearing from day 4 of cell culture. The folds in the Caco-2
monolayers are more prominent from day 5 onwards (indicated by red arrows). Dark ‘patches’ also start
appearing on the Caco-2 monolayers from day 7 onwards. They become more prominent from day 8 of cell
culture (indicated by white arrow). (E) Immunofluorescence image showing the distribution of the tight
junction protein, occludin (green) at day 3. (F) Immunostaining of tight junctions (green) and nuclei (magenta).
(G) Caco-2 cells cultured in Transwell stained for nucleus and tight junctions (Nuclei in red and tight junctions
in green) (Day 21). (H) Vertical cross-section view of the Caco-2 monolayer (nuclei in magenta, tight junctions
in green). The Caco-2 cells are ≈ 40 μm – 50 μm in height on day 3 of cell culture in the thiol-ene microfluidic
chip. (I) Vertical confocal image of Caco-2 cells in Transwell (Nuclei in red and tight junctions in green).
Immunofluorescence staining of nucleus and mucus on Caco-2 cells cultured in: (J) Thiol-ene microchip on
day 10 of cell culture (nucleus in red, mucoprotein 2 (MUC-2) in green). The fluorescent images of the cells
demonstrate that the cells have polarised into columnar cells of about 100 μm in height and formed villiouslike structures. (K) Cells in the Transwell inserts were stained for nucleus and mucoprotein 2 at day 21. Only
the nuclei could be fluorescently imaged but not MUC-2. Height of cells were about 25 -30 μm at day 21. Cells
were photographed at 10 x magnification. (Scale bar = 50 μm) (L) Differentiation of Caco-2 cells cultured in
Transwell inserts and thiol-ene microchip as indicated by the activity of the brush border enzyme
aminopeptidase. (n = 3, mean ± SD)
Figure 4. TEER measurements of Caco-2 cells cultured in thiol-ene microchip and Transwell inserts for the
same cell concentration of 2.55 x 105 cells/cm2. (Here, number of measurements per data point n = 12 for
microfluidic device; and n = 5 for Transwell inserts). B) Effect of test compounds alone or with TDM on Caco2 TEER in the Transwell or microfluidic system, immediately after the experiment or following 24 h recovery
in medium. (C) Immunofluorescence staining of P-gp on Caco-2 cells cultured in microfluidic device (nucleus
in magenta, P-gp in cyan). Magnification 20x. (D) Rh 123 accumulation profile in the basolateral and apical
chambers across Caco-2 monolayers in microfluidic device Data points represent mean ± SD (n = 3).
Figure 5. Permeability of A) mannitol, B) FD4 and C) insulin, alone or with TDM, across Caco-2 monolayers
grown in the Transwell or microfluidic system. Data points represent mean ± SD (n = 4 for all Transwell
inserts), (n = 4 for each of the experiments carried out with the microfluidic device)
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Fabrication of microfluidic device. Two sets of molds were required to fabricate the fluidic layers of the
thiol-ene microchip. The first mold was fabricated on polymethylmethacrylate (PMMA). The design of this
mold was the exact replica of the thiol-ene microchip design. A second mold made from PDMS was the inverse
design of the PMMA mold. The designs of the top and bottom layers of the microchip were first drawn with
an engineering software, Autocad (Ver 18.1). To fabricate the first master molds, the drawings were converted
to codes by EZ-CAM (ver 15.0, Germany) and micromilled (Mini-Mill/3, Minitech Machinery Corporation,
GA, USA) onto 5 mm PMMA blocks. The second molds were fabricated by mixing poly dimethylsiloxane
(PDMS; DowCorning, Germany) in the ratio of 1:10 (curing agent: pre-polymer), degassed under vacuum and
poured onto the PMMA master mold. The liquid PDMS was cured in the oven at 70 °C for more than 20 hrs.
Once the PDMS molds were cured, they were de-molded from PMMA molds, bearing the replicated design of
the microchip layers.
Two different mixtures of thiol-ene were prepared for the microchip fabrication. The top and bottom layers,
containing the fluidic microchannels and chambers were fabricated with a mixture of pentaerythritol tetrakis(3-mercaptopropionate) (tetra-thiol moieties; Sigma, Denmark) (and 1,3,5 trilallyl-1,3,5-triazine2,4,6(1H,3H,5H)-trione (tri-allyl moieties; Sigma, Denmark) in stoichiometric ratios. The different
components were mixed, poured onto the PDMS molds and exposed to UV (for 40 s on both sides (Dymax
5000-EC Series UV curing flood lamp, Dymax Corp., Torrington, CT, USA, ∼40 mW cm−2 at 365 nm) (Fig
S1A).
To fabricate the thiol-ene coated Teflon membrane, a commercially available Teflon membrane (Millipore,
Denmark) (0.4 μm in pore size; 40 μm in thickness) was modified to enable better bonding of the membrane
to the thiol-ene parts containing the fluidic manifolds. A thiol-ene mixture consisting of trimethylopropane
tris-(2-mercaptopropionate) (tri-thiol moieties; Sigma, Denmark) and the tri-allyl component as above, in
stoichiometric ratios, was prepared and used to coat the membrane. The coated membrane was exposed to UV
radiation for 25 s through a plastic mask (Infinite Graphics, Singapore) that protected the cell culture regions
(Step 2 in Fig S1B). Thereafter, methanol (Sigma, Denmark) was used to rinse the entire membrane to remove
any uncured thiol-ene (Step 3 in Fig. S1B). Before bonding the layers, holes for the inlets, outlets and electrode
ports were drilled through the partial cured thiol-ene layers. Next, the layers (thiol-ene coated membrane and
thiol-ene fluidic manifolds) were aligned onto each other. Slight pressure was applied with a roller over the
layers to ensure good contact between the surfaces. To finalise the bonding, the combined layers were exposed
to UV radiation for an additional minute on each side (Final step in Fig S1).
The completed microchip would have two sets of electrodes (top and bottom) embedded into selected
chambers for measurement of the trans-epithelial electrical resistance (TEER). The bottom electrodes were
fabricated using an Indium alloy (InBiSn (In 51 % Bi 32.5 % Sn 16.5 % by weight); Indium Corp, Utica, NY).
Top electrodes were fabricated using Platinum wire (Pt, Advent, UK) (diameter 0.5 mm). To fabricate the
bottom electrodes, the assembled microfluidic chip was first placed onto a hot plate set at 80 °C for 10 min.
Pieces of the InBiSn metal, with length of 5 mm, were inserted into the electrode ports (connecting to the lower
fluidic layer) on the thiol-ene microchip. Slight pressure was applied manually to push the melted metal into
the electrode groove. Once the electrodes were formed, electric wires of diameter 0.4 mm were inserted to the
liquid metal to act as connecting wires to the multimeter (Keithley, USA). To fabricate the top electrodes,
pieces of Pt wires (diameter of 0.5 mm, length of 5 mm) were forced fit into the electrode ports drilled through
the top fluidic layer. Two connecting Cu wires were soldered to the Pt wires. To fix the electrodes in position,
UV-epoxy (NOA81; Norland, USA) was applied at the junctions between connecting wires and thiol-ene chip.
The entire chip was exposed to UV light for 30 s. The entire procedure of embedding the electrodes on the
microchip could be carried out in ambient environment, eliminating the use of expensive, sophisticated
instruments in environment-controlled cleanroom.
Pressure burst studies of thiol-ene microchip layers. The burst pressure test of the different thiol-ene
microfluidic chips were carried out at two different temperatures, namely room temperature (25°C) and
incubator temperature (37 °C). The bond strength between the layers were investigated at 37 °C, which was
the required temperature for cell culture of Caco2 cells. Therefore, this will also be the temperature that the

microfluidic chip would be subjected to for long periods. For the studies carried out at 37 °C, the microchip
was first placed into an oven set at 37 °C, then transferred to a hotplate set at 37°C during the burst pressure
tests. The system and method reported by Silkane et. al. (1) was used to carry out the burst pressure studies.
The microchannels were first filled with diluted red food colour dye. Red dye was used to allow better visual
observations during the pressure experiments. When testing the top layer, the inlets and outlets of the bottom
layer and the outlet of the top layer were sealed with a layer of cured thiol-ene. These ports were sealed to
prevent any leakage of pressure during the studies. The same procedure was carried out when testing the
bottom fluidic layer. The instrument for the pressure test, as well as the chip filled with dye are shown in Fig.
S2. Next, the microchip was connected to a mechanical clamp, where a pressure sensor was mounted onto a
polycarbonate block. Via a tube, the system was connected to two 10 ml syringes. Pressure in the microchip
was increased, by using the clamp to compress the air in the syringes. The entire system for the burst pressure
test is shown schematically in Fig. S2a. The output of the pressure sensor was measured with an in-house
written Labview program (National Instruments, Austin, TX, USA).
Cell culture in Transwell inserts and microfluidic chip
Transwell system. Control studies were carried out using static cultures of Caco-2 cells in 12 well Transwell
plates (Corning , Sigma, Denmark). The inserts in the well plate each had a porous polycarbonate membrane
(1.1 cm2, 0.4 μm pores). In the Transwell studies, the Caco-2 cells harvested with trypsin/ETDA solution
(0.05 %; Sigma, Denmark) were seeded on the top surface of the porous Transwell membrane at a density of 1
x 105 cells/well. The Caco-2 cells were grown for 14–16 days in Dulbecco’s Modified Essential Medium
(DMEM; Sigma, Denmark) supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS; Sigma,
Denmark), 1% (v/v) nonessential amino acids (NEAA; Gibco, Denmark) and 1% (v/v) penicillin-streptomycin
(P/S; Gibco, Denmark). The medium was changed every second day of cell culture.
Microfluidic system. After the microchip was fabricated, it was assembled onto the platform with
MAINSTREAM components (2). The Teflon tubings (inner diameter = 0.2 mm; Bola, Denmark)
microcomponents and microchip were sterilised by perfusing 70 % ethanol throughout the entire system at a
flow rate of 5μl/min for 2 hours. Following that, sterile water was flushed into the entire system for an
additional 2 hours at a flow rate of 5μl/min. It was crucial to ensure good microenvironment in the cell culture
chamber and good cell attachment during cell seeding in the microchip. To achieve this, extra cellular matrix
mixtures (ECM) known to have the ability in improving the cellular microenvironment (3–5), was used to coat
the Teflon membrane. An ECM mixture: 300 μg/ml matrigel (Corning, United Kingdom) and 50 μg/ml
collagen (BD Bioscience, Denmark) and serum-free DMEM was flowed into the microchip to coat the porous
membrane. The ECM mixture was flowed into the microchip for 2 hours at a flow rate of 5μl/min in an
incubator. After the incubation, the microchip device was perfused with cell culture medium overnight in an
incubator (37°C, 5 % CO2). Following that, the harvested Caco-2 cells from the trypsin/EDTA solution was
seeded into the microfluidic chip.
For cell seeding in the microfluidic microchip, the harvested Caco-2 cells was diluted with DMEM
containing 60 % (v/v) FBS solution. The re-suspended cell mixture was syringed into the ‘cell loading’
reservoirs that were assembled onto the microfluidic platform. The peristaltic micropump on the microfluidic
platform was activated at a very high flow rate (flow rate ≈ 65 μl/min) to draw the cell suspension into the cell
culture chambers. The microchambers were seeded with Caco-2 cells at a concentration of 2.5 x 105 cells/cm2.
A normal optical microscope was utilized to observe the distribution of the cells in the chambers. Caco-2 cells
attached onto the ECM-coated Teflon membrane within 30 minutes. Next, the entire system with the microchip
was placed in the incubator (37°C, 5% CO2). After 2 hours, the peristaltic micropump was activated to perfuse
culture medium through the upper microchannels and microchambers at a constant flow rate of 0.5 μl/min.
Cell culture medium was flowed only in the upper layer on day 1 of cell culture. This was to ensure the Caco2 cells establish an intact monolayer. From the second day of cell culture onwards, the micropump that was
perfusing through the lower microchannels and microchambers was also activated. Flow rate was set at 3
μl/min for both top and bottom channels. Over the 9 - 10 days of cell culture, phase contrast images of the cells
in four different positions of each of the microchambers were taken and compared.

Trans epithelial barrier measurements (TEER)
Transwell set-up. To acquire the TEER measurements (Ω) from the Transwell inserts, a Millicell ERS-2
(Millipore, USA) coupled to a pair of chopstick Silver/SilverChloride (Ag/AgCl) electrodes was used. TEER
values (Ω∙cm2) were determined by subtracting the baseline measurements recorded in absence of cells, then
multiply the cell culture area (cm2) (eq. 1).
Microfluidic device. TEER measurements (Ω) of the Caco-2 cells cultured in the microfluidic device were
obtained by coupling the connecting wires of the electrodes to a multimeter (Keithley, USA) using alligator
clips. Similar to the Transwell studies, the final TEER values were determined by subtracting the baseline
measurements recorded in the absence of cells, then multiply the cell culture area of the porous Teflon
membrane (area 0.1 cm2).
TEER measurements. The final TEER values (Ω∙cm2) from the microfluidic device were determined by
subtracting the baseline measurement in the absence of cells (Rbaseline) from the read out (R1) and multiplying
with the area of cell culture (Ao) as shown in equation 1.
Eq (1):

(R1-Rbaseline) x Ao = TEER

Morphological studies of Caco-2 cells cultured in microfluidic system and Transwell cultures. Phase
contrast images of the Caco-2 monolayers were obtained using an inverted microscope (Carl Zeiss, Germany).
Images were analysed with the imaging software (AxioVision 4.8.2, Carl Zeiss, Germany). Fluorescent
confocal images of the monolayer morphology were obtained using a confocal microscope (Carl Zeiss,
Germany). The procedure for cell staining and the dyes used were the same for both Transwell cultures and
microfluidic device. PBS was used to rinse the cells between each processing step. The Caco-2 cells were fixed
with 4% (vol/vol) paraformaldehyde for 30 min, following by permeabilisation with 0.1 % Triton X-100 for
30 min. After which, a blocking buffer (1% bovine serum albumin (BSA; Sigma, Denmark), 0.1% Tween-20
(Sigma, Denmark) in phosphate buffer saline (PBS; Sigma, Denmark)) was introduced to the cells for 1 hr. To
visualize tight junctions, immunofluorescence staining was performed using mouse anti-ZO-1 (Z0-1; Life
Technologies, Denmark) diluted in the blocking buffer 1:100, and introduced into the cells and left static
overnight in the fridge at 4°C. Immunofluorescence staining was also carried out to stain the mucoprotein,
mucin-2. Primary mouse monoclonal antibody (ab11197; AbCam, Denmark) prepared in blocking buffer
(1:100), was introduced to the cells. The samples were protected from light and left static overnight in the
fridge at 4°C. After which, the cells was rinsed with PBS followed by introducing the secondary antibody
(AlexaFluor 488 goat anti-mouse; Life technologies, Denmark) prepared in blocking buffer (1:200) and left
static in room temperature for 2 hrs. Similar immunofluorescence staining procedure was carried out to stain
the P-glycoprotein transporters. Primary rabbit polyclonal antibody (ab129450; Abcam, Denmark) prepared
in blocking buffer (1:200) was introduced to the cells and left static overnight in the fridge at 4°C. Following
that, the cells were rinsed with PBS and stained with secondary antibody (AlexaFluor 488 goat anti-rabbit IgG
H & L; Abcam, Denmark) prepared in blocking buffer (1:200). The cells were left in static condition in room
temperature for 2 hrs. Staining of the nucleus and actin were carried out by diluting 7-aminoactinomycin D (7AAD; Invitrogen, Denmark) (32 μM) and rhodamin phallodin (RP; Life Technologies, Denmark)) to 1:100 in
PBS and incubated with the cells for 1 hr. Lastly, mounting media (Vectashield; VWR, Denmark) was added
to the cells to protect the fluorescent dyes. For the Transwell cultures, the membranes were removed from the
inserts and mounted onto glass slides before microscopic imaging. Staining of cells in the microfluidic device,
were performed in situ within the microchannels by flowing the different reagents into the microchannels and
microchambers via MAINSTREAM platform. Visualisation of the tight junctions, mucus and P-gp
transporters were carried out at excitation/emission wavelength of 488/570 nm was chosen. The stained nuclei
were visualised at excitation/emission wavelengths of 546/647 nm. Fluorescent imaging of the stained Caco2 cells on the thiol-ene microchip was performed through the thiol-ene layer on an upright microscope (ZEISS
Axioscope; Carl Zeiss, Germany). The recorded images of the cells were analysed with an imaging process
software AxioVision SE64 Rel4.8.

Aminopeptidase studies to determine differentiated Caco-2 cells. L-alanine-4-nitroaniline hydrochloride
(L-4AN; Sigma, Denmark) was prepared by dissolving the L-A4N substrate in DMEM without phenol red
(DMEM-PR, Gibco, Denmark) to a concentration of 1.5 mM. In the Transwell studies, the Caco-2 cells were
first rinsed with DMEM-PR in both the apical and basolateral sides for 3 times. 500 μl of L-A4N substrate
solution was added to the apical side of the cells and 1500 μl of DMEM-PR was added to the basal lateral side
of the cells and incubated at 37 °C. Sample aliquots of 100 μl was removed from the apical side at 30 min
intervals and transferred to a 96-well microplate. Studies were carried out for a 2 hr period. Analysis of the
sample aliquots were carried out with a microplate reader (Victor 3V; Perkin Elmer). DMEM-PR was set as the
reference. The test was calibrated with a series of dilutions of 4-nitroanilide in DMEM-PR. One unit is defined
as the hydrolysis of 1.0 μmol of 4-nitroanilide per minute. All of the reagents preparation and experimental
studies were conducted under the protection of light. The aminopeptidase experiments in the Transwell
cultures were carried out on cell culture day 5 and 21.
In the microfluidic device, the aminopeptidase studies were carried out on day 5 of cell culture. DMEM-PR
was first perfused to both the top and bottom fluidic channels for 45 min at a flow rate of 3 μl/min. Next, 1.5
mM of L-A4N solution was flowed into the upper microchannels and microchambers of the thiol-ene
microchip at a flow rate of 3 μl/min. Sample aliquots of 120 μl were removed from the outlets of the upper
microchannels at every 30 min and transferred to a 96-well microplate. Similar to the Transwell studies, the
sample aliquots from the microfluidic system were analysed for the cleaved product, 4-nitroanalide with the
microplate reader.
Permeability studies of fluorescein isothiocyanate–dextran (FD-4), mannitol and insulin in the presence
or absence of membrane enhancer and Rhodamine 123 (Rh 123). The compounds used in the permeability
studies, [3H]-mannitol (PerkinElmer; USA), fluorescein isothiocyanate (FITCH)-labeled dextran (FD4; 4kDa;
Sigma, Denmark), insulin (Novo Nordisk, Denmark) and tetradecyl-β-D-Maltoside (TDM; Sigma, Denmark)
were all prepared using buffer+ as the diluent. Buffer+ was prepared by mixing Hank’s Buffered Saline
solution (HBSS; Gibco, Denmark), 0.1% (wt/v) OVA (ovalbumin; from chicken egg white, Sigma, Denmark)
and 10 mM HEPES (HEPES; Sigma, Denmark) at pH 7.4. The different compounds were prepared in various
concentrations: 0.8 μCi/ml [3H]-mannitol, 100 μM insulin (peptide/drug) or 540 μM FD4, and 0 or 400 μM
TDM.
In the Transwell studies, before carrying out the transport experiments, DMEM was changed to buffer+. 400
μl of buffer+ was added to the apical side and 1 ml to the basolateral prior to equilibrate the Transwell plate for
60 minutes. Buffer+ was replaced apically by 400 μl test solution at time zero, and the Transwell plates were
incubated at 37°C and 5% CO2 with gentle shaking. The gentle shaking is to ensure there was little unstirred
diffusion layers of fluid in the basolateral region. Basolateral samples were collected every 15 minutes for 1
hour and analyzed along with apical test solutions, for [3H]-mannitol content in a scintillation counter (Packard
TopCount; PerkinElmer), after mixing with scintillation fluid (Microscint-40; PerkinElmer), along with a
peptide and FD4 content. We chose to use the peptide, insulin, as a proof-of-concept demonstration in using
the Caco-2 monolayers cultured in the thiol-ene microchip for drug permeability studies. After experiments,
cells were washed twice with buffer+ and replenished with medium for 24 hour recovery. In the microfluidic
system, similar to the Transwell studies, before the start of experiment, the DMEM was replaced with buffer+.
Buffer+ was flowed into the system for 1 hr. Subsequently, the buffer was changed to the test solutions in the
top fluidic layer. Flow rate was set at 3 μl/min (in both the upper and lower layers). In the waste collection
reservoirs, 200 μl of buffer was added to each of the waste reservoirs. This would enable sample aliquots of
100 μl collected at every 15 min intervals. During calculation of the permeability of the compounds across the
cell monolayers, dilution of the sample aliquots were factored. Preparation of the test solutions can be found
in Materials and methods segment.
For the Rhodamine 123 (Rh 123) efflux studies, Rh 123 (Sigma-Aldrich, Denmark) was prepared in buffer+
to a concentration of 10 µM. Before carrying out the Rh 123 studies, buffer+ was flowed to both the upper and
lower channels for 1 hr. Following that Rh 123 (Sigma-Aldrich, Denmark) prepared in buffer+ to a
concentration of 10 µM was flowed to the donor side – for absorptive the donor is the apical chamber and
secretory transport the donor is the basolateral chamber. 200µl of buffer+ was added to each waste reservoirs.
At each 15min interval, 150 µl was removed from the respective waste reservoirs with replacement of 150µl
of buffer+. Studies were carried out in triplicates.

Data analysis of permeability results. The Caco-2 translocation of peptide, [3H]mannitol or Rh 123 over
Caco-2 layers is expressed as the apparent permeability (Papp), given by:
𝑑𝑄
1
Eq. (E1):
𝑃𝑎𝑝𝑝 = 𝑑𝑡 𝐴 ∙ 𝐶
0

Where dQ/dt is the steady-state flux across the cell layer (pmol/s), A is the surface area (1.12 cm2 for
Transwell, 0.1 cm2 for microfluidic), and C0 is the initial sample concentration (6) .
The basolateral samples were analyzed for insulin content using commercial insulin enzyme immunoassay kit
(EIA, Phoneix Pharmaceuticals, Germany). Standards were prepared from test solutions, and were fitted to
eq. 2 using Prism-6 (GraphPad).
𝐵−𝐴
Eq. (E2):
𝐴𝑏𝑠(450𝑛𝑚) = 𝐴 + 1+10((𝑙𝑜𝑔𝐸𝐶50−𝑥) ∙ 𝐶)
where x is log(concentration) of peptide in M, and A, B, C and EC50 are fitting parameters (7).
Basolateral samples were analyzed for FD4 content in a fluorescence plate reader (MD Spectramax Gemini,
USA) with excitation/emission of 490/525 nm, based on standard curves prepared from test solutions.
Statistical analysis was carried out using the softwares, Origin (OriginPro, Ver 9.1) and Prism (GraphyPad,
Ver 6), where unpaired Students t-tests were used for comparison, and a significant difference was considered
if p < 0.05. Results are presented as the mean ± standard deviation of the mean (SD).
For the P-gp studies, the collected samples were analysed for Rh 123 content using a fluorescence plate reader
with excitation/emission of 485/546nm, based on standard curves prepared from test solutions. The efflux ratio
of P-gp was determined by:
Eq. (E3):

𝑒𝑓𝑓𝑙𝑢𝑥 𝑟𝑎𝑡𝑖𝑜 =

𝑃𝑎𝑝𝑝 (𝐵𝑎𝑠𝑎𝑙 →𝐴𝑝𝑖𝑐𝑎𝑙)
𝑃𝑎𝑝𝑝 (𝐴𝑝𝑖𝑐𝑎𝑙 →𝐵𝑎𝑠𝑎𝑙)
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Thiol-ene microfluidic chip
Figure S1. Schematic process of fabricating the thiol-ene microchip. (A) The upper and lower fluidic layer;
(B) The thiol-ene coated Teflon membrane. (C) Final assembled system with microfluidic chip for cell culture.
Microchambers on the microchip are embedded with the electrodes for acquiring TEER measurements.

(B)

(A)

Figure S2. Porous Teflon membrane modified with a layer of cured thiol-ene mixture. Black arrow indicating
the region on porous membrane that was protected by a plastic mask during UV-exposure. When dry, the
region appeared white and opaque. (b) Two chambers were wetted with DI water, as indicated by red arrows.
Teflon membrane becomes transparent in visible light. (Scale bar = 5 mm)

(B)

(A)

Figure S3. Burst pressure study for thiol-ene microchip. (a) Schematic view of the pressure system (1). The
thiol-ene microchip was clamped between the PC holders. The pressure sensor on the top of the PC holder will
measure the pressure of the set-up. The syringes are compressed to provide the pressure into the microchip.
(b) Microfluidic chip filled with red dye. The inlet and outlet ports for the bottom fluidic layer and outlet for
the top layer were sealed with cured thiol-ene. The inlet port of the top fluidic layer is clamped between the
mechanical device.

Sample
3T3E + 3T3E

Maximum pressure (Bars)
2.0 ± 0.66

Temperature

4T3E + 4T3E

Layers could not be bonded

4T3E + 3T3E

> 6.0

3T3E + 3T3E

< 0.3

4T3E + 4T3E

Layers could not be bonded

4T3E + 3T3E

> 6.0

25 °C

37 °C

Table ST1. Tabulated data of the maximum pressure the different thiol-ene mixtures used for fabricating the
microchips could withstand in different temperature conditions. All thiol-ene mixtures were prepared in
stoichiometric ratios. Where 4T = tetra-thiol, 3T = tri-thiol and 3E = tri-allyl. (n = 6)
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ABSTRACT
We present a multi-layer and multi-chamber microfluidic chip fabricated using two different thiol-ene
mixtures. Sandwiched between the thiol-ene chip layers is a commercially available membrane whose
morphology has been altered with coatings of thiol-ene mixtures. Experiments have been conducted with
the microchip and shown that the fabricated microchip is suitable for long term cell culture.
KEYWORDS: Thiol-ene, multi-chamber, multi-layer, cell culture
INTRODUCTION
Several groups have reported the use of thiol-ene as a material in microchip fabrication [1-4]. To our
knowledge, this material has so far not been used for the fabrication and application of microchips for
long term cell cultures. This paper reports on using thiol-ene as the main material in fabricating
microchips for long term cell culturing. The presented microchip is comprised of three layers, where the
middle layer is a thiol-ene-modified Teflon membrane. The fabricated microchip holds a total of eight
individual chambers, thus allowing different cell concentrations and different types of cells to be cultured
on the same device.
MICROCHIP FABRICATION
Two different mixtures of thiol-ene were prepared for the microchip fabrication. The top and bottom
layers were fabricated with a mixture of pentaerythritol tetrakis(3-mercaptopropionate) (4 thiol moieties)
and tri-allyl-tri-azine (3 ene moieties) in stoichiometric ratios. A commercially available Teflon membrane, which is known to be ideal for cell culture, was modified to enable bonding of the membrane to
the thiol-ene parts containing the fluidic manifolds. A thiol-ene mixture consisting of trimethylopropane
tris-(2-mercaptopropionate) (3 thiol moieties) and the same “ene” component as before in stoichiometric
ratios was mixed and applied to both sides of the membrane. Following this, the coated membrane was
exposed to UV radiation for about 25 s through a mask, which protected the cell culture chamber regions.
After the thiol-ene was cured, the entire membrane was washed with methanol to remove any uncured
thiol-ene. Next, the underside of the membrane was coated with another layer of thiol-ene and exposed to
UV radiation. This was done to ensure good bonding with the chip layers in the next step. Figure 1 shows
a schematic drawing of the exploded view of the microchip.
Microscopic inspection shows that the Teflon membrane’s surface structure was modified after applying the thiol-ene. Figure 2 shows SEM images detailing the surface morphology of the Teflon membrane
before and after curing of a coating of thiol-ene. To further investigate wetting behavior of the modified
membrane, contact angle measurements were carried out with different materials to compare to the surface energy of the modified membrane. Figure 3 shows the contact angle measurements of different polymers in comparison with thiol-ene. The thiol-ene coated membrane was found to be hydrophobic.
After the different layers were fabricated, they were placed on top of each other and slight pressure
was applied to ensure good contact between the surfaces. The combined layers were then exposed to UV
radiation for another 1 min on each side of the entire chip.
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Figure 1: Schematic drawing of the 3 layer
microchip. Dimension of microchip: 76mm x
52mm x 2.7mm. Thickness of modified membrane is 0.3mm. Membrane is coated with thiol-ene mixture on both sides to ensure good
bonding between the chip layers. Fluids are
pumped in the upper and lower layers.
Thiol-ene coated
membrane

Thiol-ene

Left angle = 95.87°
Right angle = 95.03°

Left angle = 96.4°
Right angle = 96.57°

Figure 2: SEM images of a Teflon membrane. Surface
morphology was changed significantly before and after
curing a layer of thiol-ene. (A) Before coating and curing a layer of thiol-ene: observable pores on the membrane; (B) Teflon membrane after curing a layer of
thiol-ene: no observable pores, the surface is very
smooth. Top left side of membrane was uncoated.

PolymethylMethacrylate
(PMMA)

Left angle = 76.73°
Right angle = 77.13°

Polycarbonate
(PC)

Left angle = 74.2 °
Right angle = 76.37°

Poly-dimethylsiloxane (PDMS)

Left angle = 113.13°
Right angle = 113.93°

Figure 3. Contact angle measurement of materials typically used in microchip fabrication for cell culture. The contact angle measured on thiol-ene was compared to the other materials. Volume of droplet
used for contact angle measurement was 4μl. The thiol-ene coated membrane was found to be hydrophobic.
RESULTS AND DISCUSSION
Different cells, specifically Caco-2 cells and Hela cells of different concentrations, were cultured in
the reported microchip. The microchip was assembled to a pressurized system that utilised LEGO Mindstorm motors and controllers and a Lab View-based programming interface [5]. The cells seeded in the
respective chambers were cultured in the chip for 7-11 days. Following this, live and dead cells staining
was carried out to evaluate cell viability. Figure 4 shows the phase contrast and fluorescence images of
stained Caco-2 cells cultured in the thiol-ene microchip.
0.5 x 10 6 cells/ml (seeding concentration)
Phase contrast

1750

10 x 10 6 cells/ml (seeding concentration)

Live & dead
cells staining

Figure 4. Images of Caco-2 cells in the thiol-ene microchip after culturing for 11 days. Green fluorescence indicates live cells whereas red fluorescence indicates dead cells. (Images were taken with 10x
magnification)
CONCLUSION
We have successfully designed and fabricated a multi-layer microchip with thiol-ene as main substrate
material for long-term cell culturing. Sandwiched between the thiol-ene layers is a commercially
available Teflon membrane whose surface morphology had been altered with thiol-ene. Altering the morphology enabled the membrane to be bonded to the thiol-ene chip layers. The reported microchip is biocompatible and we have demonstrated that it is suitable for long-term cell culturing. Such a system provides an avenue for drug transport studies in cell lines.
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