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Endothelial cells, EC, are the cell type closest to the blood stream in vessel walls.
These cells can affect the origin of atherosclerosis, plaques clogging the vessels. The
behaviour of EC is affected by neighbouring smooth muscle cells and shear stress
from the blood flow. The aim with this thesis was to fabricate a structure for an
aorta-on-a-chip that can be used to study these two parameters and their influence
on EC and vascular diseases. Previous research using a two-channel system resulted in
leakage and low viability of the muscle cells. A three-channel system has therefore
been made to include a middle channel with the muscle cells incorporated in a gel.
Cell medium is flowed in the outer channels to provide the cells with nutrition. The
flow in the channel with EC has been calculated to correspond to the shear stress in
an aorta. Membranes of polyethylene terephthalate and polycarbonate were used to
divide the channels and both were shown to be compatible with EC. Different
bonding procedures were investigated to manufacture leakage-free chips. In the study,
adhesive bonding clogged the channels and the parameters for thermal bonding of
COC, cyclic olefin copolymer, were not fully optimised. This made chemical bonding
with layers of PDMS, polydimethylsiloxane, the best alternative. APTES,
(3-Aminopropyl)triethoxysilane, treatment in addition to plasma treatment on the
surfaces improved the bonding strength. Polycarbonate membranes got better results
in the bonding tests than polyethylene terephthalate. The resulting aorta-on-a-chip
was therefore successfully fabricated in PDMS and polycarbonate membranes using
plasma and APTES treatment for bonding.
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Tillverkning och karakterisering av aorta-på-chip
med tre kanaler
Karolina Svensson
Forskning inom medicin är ett ständigt aktuellt område för att öka kunskapen om hur
kroppen fungerar, hur sjukdomar uppstår och framför allt, hur man kan bota dem.
Åderförkalkning är en vanlig kärlsjukdom där plack skapas i blodkärlen och blockerar
det normala blodflödet, vilket kan leda till hjärtinfarkt och stroke. I blodkärlens väggar
sitter endotelceller längst in, närmast blodflödet. Dessa kan sända ut signaler som förhöjer
risken att plack bildas. Hur endotelcellerna agerar beror på den omgivande miljön. När
blodet strömmar genom kärlen utsätts endotelcellerna för en skjuvspänning, en kraft
som verkar parallellt med ytan. Endotelcellerna påverkas också av interaktioner med de
närliggande glatta muskelcellerna. Mycket forskning har utförts på hur endotelcellerna
påverkas av muskelcellerna och skjuvspänningen var för sig, men kombinationen är inte
lika väl undersökt. Därför behövs sätt att studera hur dessa hänger ihop, för att bättre
förstå hur och varför vissa drabbas av kärlsjukdomar.
Idag utförs medicinsk forskning med cellstudier, djurstudier och kliniska studier. Resultatet från dessa tre steg är ofta motsägelsefulla. I cellstudier brukar celler odlas i
plastskålar. Det ger en miljö som skiljer sig mycket från miljön i kroppen. För att få en
bättre modell används därför djurförsök. Förutom de etiska perspektiven är djurförsök
också dyrt och tidskrävande. Det sista steget är kliniska studier på människor. Hos
både människor och djur är kroppen komplex och det finns alltid fler parametrar som
påverkar än de man vill studera. Det går inte att välja exakt vad en celltyp i kroppen ska
utsättas för. Alla individer skiljer sig också åt, vilket gör att det inte går att återskapa ett
experiment med exakt samma förutsättningar. För att förbättra forskningen har därför
organ-på-chip utvecklats. Organ-på-chip kombinerar mikrofluidik, flöden i små kanaler,
med cellstudier. Dessa chip ska efterlikna miljön i kroppen bättre än vad de vanliga
plastskålarna gör, samtidigt som det går att kontrollera vilka exakta parametrar som
ska användas. Genom att få mer pålitliga resultat redan i cellstudierna kan forskningen
snabbare gå framåt samtidigt som färre djur behöver användas.
I det här projektet har ett aorta-på-chip framställts för
forskning på kärlsjukdomar. I tidigare försök har ett chip
tillverkats med två kanaler. Det resulterade i låg överlevnadsgrad för de glatta muskelcellerna och läckage vid
membranet som särskiljde kanalerna. För att ändra miljön
för muskelcellerna har chippet i detta projekt istället tre
kanaler, särskiljda med membran. Figuren till höger
visar ett tvärsnitt av kanalerna. I mittenkanalen injiceras
muskelcellerna i en gel vilket ger dem en 3D-miljö att växa
i. I den övre kanalen, i figuren sett, växer endotelcellerna
på ett membran. I den övre och undre kanalen kommer
cellmedium att flöda som innehåller näring till cellerna. Flödeshastigheten i kanalen med
endotelcellerna beräknas för att erhålla en skjuvspänning motsvarande aortans.
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För att tillverka detta chip har flera designer, material och metoder utvärderats. Mittenkanalen, och därmed hela mittenlagret, måste vara tillräckligt tunn för att näringen
i cellmediumet ska hinna förflytta sig upp till alla celler. Det finns dock begränsningar,
desto tunnare lagret är, desto svårare blir det att hantera det. Ett mjukt material blir
väldigt fladdrigt när det är tunt och kanalerna kan lätt deformeras. PDMS (dimetylpolysiloxan) är ett silikongummi som ofta används inom mikrofluidik. Detta användes till den
övre och undre kanalen i chippet och formades genom gjutning. Till det tunna mittenlagret testades både PDMS och COC (cyklisk olefin sampolymer). COC är en hårdplast
som inte deformerar lika lätt som PDMS även när det är väldigt tunt. Till membranen
användes polykarbonat och polyester, endotelceller odlades och växte på båda sorterna.
Då läckage är ett stort problem i mikrofluidik undersöktes flera bondningsstrategier. När
ett chip består av flera lager är det viktigt att bondningen inte bara är stark, utan också
har ett högt utfall av gynnsamma resultat. Om en bondning misslyckats kommer hela
chippet vara oanvändbart. De bondningsmetoder som undersöktes var limning, termisk
bondning och kemisk bondning. Limning resulterade i att limmet hamnade i kanalerna
vilket störde flödet. Termisk bondning innebär att materialen värms upp tills de mjuknar
och ett tryck appliceras för att trycka ihop materialen. Det användes för att sammanfoga
membranen med COC. Processen gav varierande resultat då den använda utrustningen
inte genererade ett jämt tryck, vilket gjorde att processen inte kunde optimeras. Då COC
inte kunde bondas till membranen användes istället PDMS även till mellanlagret.
Kemisk bondning är ett vanligt sätt att bonda PDMS med. Det innebär att ytorna
behandlas för att ändra kemin och få reaktiva grupper längst ut. De yttersta grupperna på två ytor kan då binda till varandra och sammanfoga materialen. En metod att
göra detta är genom plasmabehandling som är en högspänningsurladdning som ändrar
ytkemin. Detta gör att PDMS kan bonda till sig själv och en rad andra material. Det gav
dock inte tillräckligt stark bondning till membranen som användes här. För att öka bondningstyrkan kan ytterligare behandling användas. I det här projektet plasmabehandlades
membranen och placerades sedan i en lösning av APTES. APTES består av molekyler
som binder till grupperna från plasmabehandlingen och resulterar i yttre grupper som
kan binda ännu starkare till nästa yta. Detta gav en starkt bondning mellan PDMS och
membranen i polykarbonat. Polyestermembranen bondade dock fortfarande för svagt.
Det slutgilitiga chipet tillverkades därför med kanaler
i PDMS och membran av polykarbonat. APTESbehandlingen utfördes på vartannat lager, här på membranen. Det tunna PDMS-lagret kunde då hanteras på
en skyddande hårdplast tills det sammanfogades med
resten av chipet. Detta resulterade i ett chip som inte
läckte och som nu kan användas för att odla celler i. I
figuren till höger visas en bild av det färdiga chipet med en gel injicerad i mittenkanalen.
Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala Universitet, juni 2017
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1

Introduction

Cell studies, animal studies, clinical studies. These are the large parts that are used to
understand the human body, and to investigate diseases and medicines. Results from
these three steps can, though, be contradictory, both between the different steps and between different studies in the same step. Conventional cell studies have been performed
using well plates that provides the cells a flat 2D environment [1]. This environment
lacks parameters that are present in a living tissue such as mechanical load, blood flow
and interactions between different cell types [1]. Animal studies, which is the next step,
are expensive, time consuming and ethically arguable. Different species can also react
differently and it doesn’t always correspond well with humans. A huge problem with both
animal and clinical studies in humans is that all individuals differ and the complexity
makes it difficult to isolate phenomena. Moreover, there is no way of choosing exactly
the factors to analyse. It can’t be decided what mechanical and chemical environment a
cell should be subjected to in a living body. Since no humans are exactly the same, no
study can be replicated with the same conditions. All this makes it necessary to have
something else. Something that mimics the environment in the human body better than
a well plate. And where it’s possible to maintain control over different parameters and
replicate a study with exactly the same conditions.
This is where organs-on-a-chip makes an entrance. Organs-on-a-chip combines microfluidic devices with cell studies [2]. The chips can be designed to investigate certain factors
in the complex system of an organ and how they affect cells. Microfluidics also come with
the advantage that only a small amount of cell media and chemicals is needed. Organson-a-chip have been used to simulate blood vessels, blood brain barrier, guts etc [3–6].
One of the most famous is the lung-on-a-chip, where the movement of a breathing lung
was mimicked. The chip had an elastic membrane that stretched when the pressure in
the adjacent channels were decreased [6].
In this project a structure intended for an aorta-on-a-chip was fabricated. Closest to
the blood stream in the aorta are the endothelial cells, EC, and adjacent to them are
the smooth muscle cells, SMC. The intention was to provide a model of an aorta wall
where these two cell types could be cultured. The endothelial cells in the vessel walls
are thought to be responsible for vascular diseases as atherosclerosis [7]. Atherosclerosis
is plaque on the vessel wall that can clog the vessels and prevent the blood flow. How
the endothelial cells function depends on their environment, both mechanical forces and
neighbouring cells [8]. When a vessel gets dilated the flow velocity and shear stress decreases which can result in plaque forming [9]. The bigger the plaque grows the higher
the shear stress gets. A too high shear stress can result in plaque rupture [9, 10], which
risks heart attacks and strokes as consiquenses [11]. The shear stress in the aorta varies
between a few dyn/cm2 to 20 dyn/cm2 [5, 6, 8, 12, 13], the latter corresponds to 2 N/m2 .
To get a good model of the function of EC, a chip is needed where the EC are affected
both by interaction with SMC and subjected to a shear stress similar to the one from the
blood flow. Studies has been done with shear stress on EC and on cell-cell contact between SMC and EC [7,14], but the combination has not been as thoroughly investigated.

1

At Uppsala University a two-layer system has been fabricated containing two channels
separated with a membrane. This system has been used by researchers at Karolinska
Institutet, KI, to culture EC and SMC on each side of the membrane. The viability of
the SMC were too low and there were problems with leakage in the chip. An idea to
develop a three-layer system was therefore made where the middle channel can be used
to culture SMC in a 3D matrix. In this project an aorta-on-a-chip was fabricated with
three channels, a cross section of the channels is shown in Figure 1. In channel 1 the
endothelial cells will be seeded on the membrane and cell medium will be flowed to mimic
the shear stress from the blood. Channel 2 will contain a gel with SMC to give them a
3D environment instead of the 2D environment in previous system. Channel 3 will also
have a flow of cell medium that can diffuse through the membrane to the SMC. The chip
will be placed on a glass slide to make handling easier.

Figure 1: A cross section of the channels in the new chip. The blue lines are membranes
and the three numbers stand for the three channels.

1.1

Aim with the project

The aim with this project was to design and fabricate a three channel microfluidic system
intended for an aorta-on-a-chip, for further research on vascular diseases. To do this,
different materials and bonding techniques have been evaluated. Both in respect to
bonding strength, biocompatibility and ease of use. Calculations and simulations were
done on shear stress and diffusion as a consideration to the design.

2

2
2.1

Theory
Material requirements

There are a lot of parameters that should be considered while choosing materials for an
organ-on-a-chip. The chip must be optimised for fabrication, ease of use and cell studies.
For hosting cells, the chip needs to be sterile, biocompatible and stable in 37 °C. The surfaces should be hydrophilic, both for cell viability [15] and to keep a steady flow without
air bubbles sticking on the walls.
The chip will be single-use-only, which requires cheap materials and a cheap and simple fabrication method. Bonding strength plays an important role in microfluidic since
leakage is a common problem. The bonding strength needed in this project is set by the
highest wanted shear stress of 20 dyn/cm2 . The corresponding pressure, P, depends on
the geometry of the channels and can be calculated with Equation 1. η is the viscosity, Q is the flow rate and L, w and h is the length, width and height of the channel
respectively [16].
12 · η · L · Q
(1)
w · h3
Not only the strength is of importance, the more layers that should be bonded the more
important it gets to have a high yield of successive bondings. Five pieces should be
bonded in this project in addition to a glass slide and all bondings must hold for a usable
chip. The material properties required is transparency, low autofluorescence and resistance to deforming when subjected to a flow. The thinner a layer is, the harder it gets
to handle it; a thin and flexible material easily deforms. A thinner layer should therefore
be made of a stiffer material or be placed on a supportive substrate until it bonds to the
other layers. The size should be fitting for analyse in light microscopes.
∆P =

The membranes should separate the cell types but still let them interact with each other.
The porosity must be high enough to allow diffusion of nutrition to, and residues from,
all the cells.
The gel in the middle channel can be inserted in two ways. One way is to inject the
gel after the chip is finished. This requires a delay in gelification to be able to inject it
before it solidifies. The other possibility is to place the gel in an open channel, i.e. when
only one membrane bonded, and later on bond the rest of the layers. This requires that all
following fabrication processes are biocompatible, temperatures should not exceed body
temperature, no plasma treatment on the cells etc. The gel must allow the nutrition and
residuals to diffuse through it fast enough to keep all cells alive. However, the procedure
of inserting a gel containing cells will later on be performed by researchers at KI, whereas
this project will focus on fabricating the chip.
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2.2

Materials and fabrication

PDMS
The most common materials to use in microfluidic for biological applications are polydimethylsiloxane, PDMS, and glass [1]. Out of these PDMS is most interesting for an
aorta-on-a-chip. It is both cheaper and requires simpler fabrication processes [17], which
is important for a single-use-chip. PDMS is transparent in the visible region [17] and has a
working temperature up to 200 °C [18]. It is biocompatible and have been shown suitable
for both endothelial and smooth muscle cells [2, 5]. Young’s modulus for PDMS varies
with fabrication parameters, higher curing temperature and curing time results in a stiffer
material. Curing at 100 °C for 48 min results in a Young’s modulus of 2.05 MPa [19].
This gives a soft and elastic material which can be utilized in microfluidic components.
Holes can be punched out manually and if a hole is a bit smaller than a tube, usually in
polyethylene, the tube can be pushed in. The material forms around the tube and seals
the connection [17]. PDMS can also bond to other surfaces by making conformal contact
that gives van der Waals bonds [17]. PDMS can be sterilised by e.g. ethanol, autoclaving
and gamma radiation [5, 20].
PDMS can be formed by soft lithography replica moulding. A PDMS mixture is poured
over a master mould, cured in an oven and peeled off. The master is often made with
photolitography in silicon and SU-8 which gives high resolution [1]. Another way of doing
the master is to laminate plastic film. Channels are cut out in the plastic film and placed
on a substrate, which is heated up until the surface of the film melts and works as a glue.
PDMS is hydrophobic but can be made hydrophilic with plasma treatment. Plasma
changes the surface chemistry from the hydrophobic Si-CH3 to the hydrophilic Si-OH [17].
Plasma treatment can be done with a corona discharger or a plasma chamber [21].
COC
Cyclic Olefin Copolymer, COC, is a biocompatible thermoplastic that has become more
used in microfluidic applications [22, 23]. COC is transparent and has low autofluorescence [24, 25]. COC is more resistant to chemicals and do not swell in liquids as PDMS
can do [23]. It can be sterilised by autoclaving, ethanol and high energy radiation [24].
It is hydrophobic [23] but gets hydrophilic with plasma treatment. COC is stiff and has
Young’s modulus of 3000 MPa [24], which makes it easier to handle when thin than floppy
materials like PDMS.
Bonding procedures
Different bonding strategies can be used to prevent the chip from leaking. Adhesive
bonding can be performed with PDMS using prepolymer, uncured polymer. A layer of
structured PDMS with channels are dipped in the prepolymer and bonded to another
layer as seen in Figure 2. When all layers are positioned the prepolymer is cured in
an oven. Edges of membranes can also be dipped in the prepolymer to improve the
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sealing [26]. The layer of prepolymer must be adjusted to be thick enough to seal the
layers but still not clog the channels [26]. To get a more sticky elastomer, ethoxylated
polyethylenimine can be added which gives S3-PDMS that has shown increased adhesive
properties [27].

Figure 2: PDMS is dipped in uncured S3-PDMS and placed on another layer of PDMS.
PDMS can also be chemically bonded and a common method is by using plasma. If
two surfaces are plasma treated and brought together they will bond through siloxane
bonds, O-Si-O. This way PDMS can be bonded with glass, PDMS and other polymers
like polystyrene and polyethylene [17].
PDMS bonds poorly to thermoplastics with only plasma but the strength can be increased
with the use of an aminosilane [21]. It has been shown to bond with both PC, COC, PS
and PMMA with the use of the aminosilane APTES (3-aminopropyl)triethoxysilane [28].
The thermoplastic is first plasma treated to get hydroxide, OH, on the surface and then
incubated in a solution of APTES [21]. APTES can be diluted in water, aceton, ethanol or
chloroform [15, 21, 29, 30]. The plasma treated surface forms siloxane bonds with APTES
molecules which results in an amino group, NH2 , outermost as seen in Figure 3.

(a) Surface after plasma treatment.

(b) Surface after plasma/APTES treatment.

Figure 3: The chemistry of the surface after (a) plasma treatment and (b) plasma/APTES
treatment.
The plasma/APTES treated thermoplastic is then brought together with a plasma treated
PDMS and hydroxylamine bonds are created [31]. APTES treatment results in an hydrophilic surface that is stable for weeks in contrast to the plasma treated surfaces which
recover their hydrophobicity in a few hours [22, 29]. The stability in hydrophilicity is an
advantage for cell adherent and NH2 is shown to enhance the viability of endothelial cells
on porous PDMS [15].
5

To make alignment easier a surfactant can be used that delays the bonding process.
Dipping the layers in methanol results in a small amount of methanol on the surface that
makes it possible to slide the layers and realign them. When they are positioned the chip
is heated to evaporate the methanol and the layers will bond [32].
Bonding two thermoplastics, like the membranes and COC, can instead be done by
thermal bonding [33], see Figure 4. The materials are aligned and heated above the
glass transition temperature, Tg . A pressure is then applied that presses the softened
materials together [33]. The glass transition temperature varies for COC, the one used
in this project has Tg =142 °C.

Figure 4: Thermal bonding of COC and a membrane. The layers are heated above Tg
and pressure is applied.
Membranes
Membranes will be used to separate the cell types, cells should be able to interact with
each other while only the EC is subjected to the shear stress. The membranes are also
used for diffusive transport from the medium to the cells in the gel.
Polyester and polycarbonate are common membrane materials for seeding cells [3]. Polycarbonate isn’t as hydrophilic as polyester and can be treated with polyvinylpyrrolidone,
PVP, which is a biocompatible hydrophilic polymer [34]. Usually cut-outs of Transwell
membranes are used which are 10 µm thick [3]. This limits the design options since they
only appear in certain diameters.
The pore size depends on the application, cell culturing is often performed with membranes with 0.4 µm pores [3]. For cell interactions larger pores can be used. If the pores
are 1 µm, cells can make contact by protrusion through the membranes [7]. For migration
even larger pores are used [35].
In this project membranes of polyethylene terephthalate, PET, and polycarbonate, PC,
(Sterlitech) with track etched pores were used. These materials were chosen since they
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are hydrophilic and have been used for culturing both SMC and EC [7, 8]. The pore
diameters were 0.4, 1 and 8 µm. All membranes were 10±3 µm thick, except for the PC
membrane with 0.4 µm pores that were 24 µm thick. All membrane types can be sterilised by autoclaving, ethanol and high energy radiation [36,37]. The PC membranes were
coated with PVP as delivered. The PC membranes with 1 and 8 µm pores had one matte
side, which was rougher than the other, shiny side. Images of the membranes from a scanning electron microscope, SEM, are shown in Figure 22 in 4.3.2 Results, Thermal bonding.
Except from pore size the porosity also matters. The amount of pores a cell is in contact
with will affect how much it can interact with the other cell type. Endothelial cells are
approximately 10 µm in diameter [38]. Table 1 shows the average numbers of pores per
cell for three different pore diameters with different pore density. The pores are randomly
distributed as seen in Figure 22 in 4.3.2 Results, Thermal Bonding and each cell will not
be in contact with the same amount of pores. More pores increase the chance of each cell
being in contact with at least one pore. The membranes with 0.4 and 1 µm pores have
both several pores per cell in average while the membrane with 8 µm pores only have
0.08 pores per cell.
Table 1: Membrane parameters and calculated amount of pores per cell.
Pore diameter Pore density
Cell density
Pores per cell
0.4 µm
108 pores/cm2 1.27 ·106 cells/cm2
79
7
2
6
2
1 µm
2·10 pores/cm
1.27·10 cells/cm
16
5
2
6
2
8 µm
10 pores/cm
1.27·10 cells/cm
0.08

2.3

Diffusion

The middle channel in the chip will be filled with a gel and the gel will host living cells.
The nutrition will reach these cells from the upper and lower channel by diffusion through
the gel. The time it takes for a particle to diffuse a distance X can be calculated with
Equation 2 where D is the diffusion coefficient and t is the time [39].
p
(2)
X = (4 · D · t)
The diffusion rate of cell medium in a gel varies among different types of gels and different
particles in the cell medium. As an example collagen gel is used, it is compatible with
both EC and SMC and can be injected in a channel while cells are in the gel [13]. The
growth factor VEGF is used as an example of a substance in cell medium. The diffusion
coefficient of VEGF in collagen is D=5.8·10−11 m2 /s [13]. The diffusion coefficient of
VEGF in water can be calculated with Equation 3 [40] , where k is Boltzmanns constant,
T is the temperature in Kelvin and η is the viscosity of the liquid. r is the molecule
radius, which for VEGF is approximately 3 nm [41].
D=

kT
6πηr
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(3)

2.4

Shear stress

The purpose of the chip in this project is to analyse how the shear stress affects EC
in contact with SMC. It is therefore important to know what flow that is needed for a
certain shear stress. This corresponds to a minimum flow that the chip must withstand
without leakage.
Shear stress is a force applied parallel to a surface and in microfluidic it origins from
the no-slip condition that applies to the wall of a channel. In a laminar flow the velocity
profile is parabolic [42], as seen in Figure 5, the velocity is zero at the walls and reaches
its highest velocity in the middle. The flow can then be divided into layers which all have
different flow rates. This results in a shear stress between all these layers.

Figure 5: Parabolic flow profile of a laminar flow.
The only shear stress that is of importance in this project is the wall shear stress since
this is the one that will affect the cells. The wall shear stress, τ , can be calculated using
Equation 4 [42], where Q is the flow rate, η is the viscosity and h and w is the height
and width of the channel, respectively.
6·Q·η
(4)
h2 · w
The area of the channels affect the shear stress a lot. If the height of the channel increases
the flow must increase quadratically to maintain the shear stress, which means consuming
more cell medium.
τ=

2.5

Chip design

The channels in this aorta-on-a-chip will be rather big for a microfluidic chip since it
will host living cells. For maximizing the area of contact between cells, the channels
will be placed parallel on top of each other. After cell culturing, the long channels can
be sliced in pieces to get several cross sections where cell interactions can be analysed.
The chip will be placed on a glass slide that fits for analysis in a microscope. The size
of the glass slide is 25 mm×75 mm. Having a glass slide as support makes it easier to
handle the chip without compromising with the quality. If the chip bends the membrane
loses their conformal contact with the PDMS, which impairs the bonding strength. The
membrane size also limits the design with their diameter of 47 mm. The height of the
channels will be 100 µm since that can be manufactured in an easy way as described in
3.2 Experimental, Channel fabrication. Such thin channels are also an advantage as the
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consumption of cell media can be kept low. The limits in width of the channels lie in
the strength of the membranes, if the aspect ratio between width and height is too big
the membranes will collapse and bond to the top or bottom of the channel. The middle
channel with the gel will be 100 µm thick so that every cell can be reached by the cell
medium in a reasonable time. The thickness of the PDMS should be thick enough for
the inserted tubes to be kept in place, which is about 2 mm. The whole chip should not
be too thick though, since that can make it difficult to get focus in the microscope.
Two designs were made in AutoCad (Autodesk), one bigger with 2 mm wide channels
and one smaller with 1 mm wide channels, the designs can be seen in Figure 6.

Figure 6: Two designs of the channels made in AutoCAD.
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3
3.1

Experimental
Simulations

Simulations of the flow and diffusion were made in COMSOL Multiphysics (COMSOL).
The geometry included a small area of the three channels with membranes between. The
upper and lower channel were 100 µm high and contained water. The middle channel were
either 100 µm, or 500 µm high and contained a collagen gel. To simulate the membranes,
Interior Wall was used, which sets the velocity to zero at the boundary and free diffusion
through it. The simulations of diffusion of the growth factor VEGF were done in 2D with
the physics Laminar Flow and Transport of Diluted Species. The diffusion coefficient of
the growth factor in water was calculated according to Equation 3. To simulate the shear
the physics Laminar flow was used in a 3D model which gave the shear rate. The shear
stress was obtained by multiplying the shear rate with the viscosity of water. The velocity
of the flow was calculated accoring to Equation 2 to get a shear stress of 20 dyn/cm2 .
The parameters used in the simulations are presented in Table 2.
Table 2: Parameters used in COMSOL simulations.
Parameter
Value
Inlet velocity
0.033 m/s
Concentration of VEGF in water
1 mol/m3
Density of water
1000 kg/m3
Diffusion coefficient of VEGF in water
7·10−11 m2 /s
Viscosity of water
0.001 Pa·s
Density of collagen
2000 kg/m3 [13]
Viscosity of collagen
105 Pa·s [43]
Diffusion coefficient of VEGF in collagen 5.8·10−9 m2 /s [13]

3.2

Channel fabrication

The channel designs were made in AutoCad (AutoDesk). The master moulds were made
by cutting out channels in plastic foil, 100 µm thick, with a craft cutter (Craft ROBO
Pro, Graphtec). The foil was placed on a glass slide or a silicon wafer and attached by
heating. PDMS (Sylgard 184) was mixed 10:1 (w/w) base and curing agent and placed
in a fridge for about one hour to get rid of air bubbles. It was then poured on the master
and cured at 90 °C for 20 min before it was peeled off. The middle layer was made in
100 µm thick silicone film (PDMS) or COC. The silicone film, Elastosil, was obtained
from Wacker-Kemi AB and rolls of COC were obtained from microfluidic ChipShop. The
channel in this layer was cut out with the craft cutter. Holes for the inlets and outlets
were made with a 1 mm biopsy puncher (Miltex punch, Sylek).

3.3

Bonding procedures

All surfaces were cleaned with water and isopropyl alcohol, IPA, and blown dry with
nitrogen gas before bonding. PET and PC membranes were purchased from Sterlitech.
In the bonding tests, the 10 µm thick membranes with 1 µm pores, of both PC and PET
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were used. Layers and membranes were cut into the desired sizes manually. All plasma
treatments were performed using a corona discharger (BD-50E, ETP) for 30 s. For the
bonding tests, PDMS was moulded on silicon wafers, one without any structures and one
with channels in plastic foil. The channels were 2.5 cm long, 2 mm wide and 100 µm
thick, see Figure 7. With this geometry, the channels need to withstand at least 1 kPa
to get the wanted shear stress of 20 dyn/cm2 .

Figure 7: A silicon wafer with channels in plastic foil used as a master.
3.3.1

Adhesive bonding

For adhesive bonding S3-PDMS was mixed by adding 4 µl polyethyleneimine per gram
PDMS. The layers with channels were dipped in a thin layer of S3-PDMS and placed on
a flat layer of PDMS. Three chips were made with a membrane of polycarbonate, 1 µm
pores, between the PDMS as seen in Figure 8. Two of these membranes were dipped into
S3-PDMS before assembling. The third was placed upon the PDMS layer with S3-PDMS
on it and than S3-PDMS was spread on the membrane. The chips were cured in the oven
for 50 min at 85 °C.

Figure 8: A membrane bonded between two layers of PDMS with the use of S3-PDMS.
3.3.2

Thermal bonding

Thermal bonding was used to bond membranes and COC with a multilayer press (RMP
210, Bungard) and a nanoimprint lithography system (Eitre, Obducat). The multilayer
press was not optimised for small samples. The materials were therefore placed between
two aluminium plates, 10 cm×10 cm in size, in addition to the larger, 25 cm×30 cm,
plates in the machine, see Figure 9.
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Figure 9: Thermal bonding of two membranes to COC.
Membranes of PET and PC were cut out to cover the channels in the COC. A membrane
was placed upon the COC and put into the press. Different temperatures, times and
pressures were tested between 120-150 °C, 4-70 min and 20-90 bar. After bonding the
first membrane, the COC was turned upside down and the second membrane was placed
upon and thermally bonded to it, see Figure 10. The PC membrane was bonded either
with the shiny side of both membranes against the COC or with the matte side of both
the membranes against the COC. To integrate the resulting structure in the final design,
the laminate was treated with plasma and APTES and bonded to PDMS according to
3.3.3 Chemical bonding.

Figure 10: Thermal bonding of two membranes to COC.
Leakage tests were performed with a solution of fluorescent dye (Fluorescein, Sigma
Aldrich) in water. When the first membrane had bonded, a droplet was placed in the
channel. When the second membrane was bonded too, the liquid was injected between
the membranes. The samples were imaged using a light microscope.
3.3.3

Chemical bonding

To investigate the effect of APTES on the bonding strength, a comparison study was
made between surfaces treated with only plasma and with both plasma and APTES. Four
types of chips were produced, where a sketch of the cross section is shown in Figure 11.
One type, seen to left in the figure, contains two layers of PDMS. The other three types
have an intermediate layer between the PDMS, as seen to the right in the figure. The
intermediate layer was either a membrane of PC or PET or a 100 µm thick layer of COC.
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Figure 11: The cross section of the different types of chips for the bond test. The
intermediate layer consists of either a membrane or COC.
Each type of chip was bonded in two different ways. One way was by only using plasma.
The surfaces were then brought together immediately after the plasma treatment.
The other method included the use of APTES((3-Aminopropyl)triethoxysilane) 99%,
Sigma Aldrich). A solution was prepared with 5% APTES in deionized water and heated
to 80 °C, a lid was used to keep the water from evaporating. The intermediate layers, i.e.
membranes and COC, were plasma treated and placed in the solution for 20 min. The
layers were then rinsed with deionized water and placed on a clean room wipe to dry.
PDMS was treated with plasma and the layers were put together.
One type consisted only of PDMS/PDMS. For this, the flat layer was treated with plasma
and APTES. Then the layer with a channel was plasma treated and the two layers were
assembled.
For all the chemical bonding, the layers were squeezed together manually where it was
seen that they hadn’t achieved conformal contact. Eleven chips of each type were fabricated. Additionally, two more were fabricated that were tested three weeks later to
investigate if the bonding strength had changed over time.
A smaller study was performed to investigate the effect of methanol used as a surfactant. Before the layers, treated with plasma or plasma/APTES, were assembled they
where dipped in methanol. They were then aligned and placed on a hot plate at 80 °C
for 80 min to let the methanol evaporate [32].
The strength of the bond was evaluated 2-3 days after bonding by flowing dyed water in
the channels with increasing velocity until the chip started to leak. The flow started at
1 µl/s and was increased to 5, 10, 20 µl/s and then increased with 20 µl/s at the time
until it leaked. The velocity below the leakage-velocity was used in the result, i.e. if
the chip started to leak at 80 µl/s, the highest flow tested that it could withstand was
60 µl/s.

3.4

Biocompatibility

To investigate if the membranes were suitable for endothelial cell growth, a viability study
was performed before integrating the membranes into the chips. Pieces of each membrane
type were cut out with a razor blade to fit into a 24 well plate and sterilised with IPA.
Since the membranes float, rings of PDMS were moulded and placed on the membranes
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in each well to keep them in place, see Figure 12. As a control, cells were also seeded in
empty wells and in wells with only a PDMS ring. Each test was done in triplets. There
were also well plates with the same line-up but without cells as comparison. Endothelial
cells, bEnd.3, from mouse brains were seeded at a concentration of 7000 cells/cm2 . Cell
medium was prepared by mixing Dulbecco’s Modified Eagle Medium (Sigma Aldrich),
Fetal Bovine Serum (Sigma Aldrich) and Penicillin-Streptomycin (Sigma Aldrich) at a
ratio of 100:10:1 and the medium was changed after two and five days.

Figure 12: Membranes in the bottom of the wells are kept in place with a PDMS ring.
Cell viability was analysed after two, five, and seven days. AlamarBlue (Sigma Aldrich)
was mixed to 10% with Gibco MEM media (Sigma Aldrich) and 200 µl solution was
pipetted into each well. If cells are alive and have a metabolic activity they react with
the solution which becomes fluorescent. The plates were incubated for 1 hour before the
fluorescence was measured using a microplate reader (Infinite 200 PRO, Tecan). The
values from the wells without cells were then subtracted from the values from the wells
with cells. For more information, see protocol in Appendix A.

3.5

Fabrication of complete chips

Channels were made in PDMS and Elastosil film as described in 3.2 Channel fabrication
with the master seen in Figure 13. PC membranes were used with a pore size of 0.4 µm.
The membranes were plasma treated and incubated in 5% APTES solution. The PDMS
layers were cleaned and holes were made before plasma treatment. The PDMS layers
and the membranes were assembled according to Figure 14. Holes in the membranes
were made after one side of the membrane had bonded to the chip. A glass slide was
plasma treated and incubated in the APTES solution before the chip was placed on it.
The protocol can be seen in Appendix B.

Figure 13: A glass slide with a channel in plastic foil that was used as a master for
moulding PDMS.
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Figure 14: The layers and membranes with channels and holes that constitutes the chip.
The circular layers are membranes and the rectangular layers are PDMS.
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4
4.1

Results
Simulations

A simulation of the concentration profile for the 100 µm high middle channel is shown in
Figure 15. The growth factor has diffused for 1 min and reached the whole channel. A
simulation with the 500 µm high middle channel is shown in Figure 16. In this case, the
growth factor has only reached a small part of the middle channel after 1 min.

Figure 15: Concentration gradient of growth factor after 1 min of diffusion with a 100 µm
high middle channel.

Figure 16: Concentration gradient of growth factor after 1 min of diffusion with a 500 µm
high middle channel.
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A simulation of the shear rate is seen in Figure 17, where all channels are 100 µm high.
The highest shear rate of 2000 s−1 occurs at the walls of the channel, which corresponds
to 20 dyn/cm2 .

Figure 17: Shear rate for 100 µm high channels with a flow rate of 0.033 m/s in the upper
and lower channel.

4.2

Channel fabrication

Fabrication of the master with plastic foil was simple and fast. Gluing by heating worked
well and PDMS did not creep under the plastic. Since the plastic pieces were placed
manually on the substrates the positioning was not exact. The craft cutter produced
structures of varied quality. Especially the smaller, 1 mm wide, channels resulted in a
discontinuous width. It wasn’t possible to change the height of the channel with this
method since it was determined by the thickness of the plastic foil, which was 100 µm.
Cutting in COC resulted in an increased roughness along the edges of the channels, likely
due to the greater stiffness of this material compared to the foil. Elastosil was softer and
easier to cut.

4.3
4.3.1

Bonding procedures
Adhesive bonding

Table 3 shows the pressure the chips bonded with S3-PDMS could withstand without
leaking. Exact application of S3-PDMS was difficult to achieve since the membranes
were thin and flexible. The first chip with a membrane got clogged and no liquid could
flow through. If any layer required realigning, S3-PDMS ended up in the channel.

17

Table 3: Pressure that the chips bonded with S3-PDMS could withstand without leakage.
Chip type
Pressure [kPa]
Only PDMS
48
PC membrane between PDMS, dipped membrane
PC membrane between PDMS, dipped membrane
27
PC membrane between PDMS
30
4.3.2

Thermal Bonding

When the multilayer press applied pressure, the bigger plates in the machine bended
over the smaller aluminium plates, which prevented a uniform pressure. The area of the
samples that were placed close to the edge of the aluminium plates experienced a higher
pressure. This could be seen where the membrane bonded best and by the transparency of
the COC, see Figure 18. The COC lost its transparency during the process and became
more matte. The rough edges in the channel, which was a result of the cutting, got
smoothed out during thermal bonding.

Figure 18: PET membrane thermally bonded to COC.
To adjust the pressure, rubber or teflon sheets were placed over and under the aluminium
plates. Although this helped a bit the machine still produced an uneven result. The
nanoimprint system, produced a more uniform result. The results from the leakage test
are shown in Table 4 for the PC membrane and in Table 5 for the PET membrane. The
results were obtained when one membrane was bonded only, Figure 19 shows an example
of how it looked when the fluorescent liquid leaked out and not.
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Table 4: Results from thermal bonding of a PC membrane to COC.
Temperature [°C] Pressure [bar] Holding time [min]
Leakage
145
90
60
No leakage
150
75
50
No leakage
150
75
50
No leakage
120
60
40
Leaks
140
75
70
Leaks
142
30
4
Leaks
145
60
70
Leaks
150
30
15
Leaks
150
50
15
Leaks

Table 5: Result from thermal bonding of a PET membrane to COC.
Temperature [°C] Pressure [bar] Holding time [min]
Leakage
140
45
15
No leakage
140
18
45
No leakage
142
30
30
No leakage
145
60
70
No leakage
120
60
40
Leaks
140
23
15
Leaks

(a) Fluorescent liquid in a leaking channel.

(b) Fluorescent liquid in a channel that
doesn’t leak.

Figure 19: A droplet placed in a channel with one membrane bonded. In (a) the channel
is leaking and in (b) it is not.
When bonding a PET membrane to COC the membrane became wavy within the channel
as seen in Figure 18. When bonding the second membrane on the other side of the COC,
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the membranes bonded to each other at some parts which clogged the channel, a sketch
of this is shown in Figure 20.

Figure 20: The PET membranes get wavy in the channel making some parts clogged.
When bonding the first PC membrane, it stayed flat. The second membrane, on the other
side of the COC, bonded with different results. When the membranes were placed with
the shiny side against the COC, the membrane bonded to each other and clogged the
channel. This can be seen in the dark spots in the middle of the channel in Figure 21(a).
When the membranes were placed with the matte side against the COC this did not
happen. Although there is less fluorescence in the middle of the channel in Figure 21(b),
implying that the membranes were bending into the channel. The different surfaces of
the two side of the PC membrane is shown in Figure 22, where the matte side is rougher
than the flat and shiny side.

(a) Shiny side against the COC.

(b) Matte side against the COC.

Figure 21: Two membranes bonded to the COC with different sides against the COC. In
(a) the shiny side is against the COC and in (b) the matte side is against the COC. Both
images were acquired using identical settings.
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(a) Shiny side.

(b) Matte side.

Figure 22: SEM images of a PC membrane with 1 µm pores. (a) Shows the shiny side of
the membrane and (b) shows the matte side of the membrane.
4.3.3

Chemical bonding

The result from the study comparing plasma treatment and plasma/APTES treatment
are shown in Figure 23. The greatest increase in bonding strength with APTES treatment
occurs for the polycarbonate membrane. In the case of PDMS/PDMS the average value
increased with APTES but there was not a significant difference. The results from the
leakage test made three weeks after the bonding process are also shown in Figure 23. For
most cases, no significant difference of the bonding strength was seen compared to the
chips tested a few days after the bonding process. The exception was the chips with a
PC membrane bonded with APTES, which had a decreased bonding strength.

Figure 23: Pressure that the chips could withstand without leaking. The chips are named
after the intermediate layer.

21

The different roughness of the PC membrane affected the chemical bonding. When the
matte, rougher, side was bonded with plasma/APTES it was possible to loosen the membrane and realign it. This was difficult to do with the shiny side without breaking the
membrane. However, the bonding strength was not as high for the matte side. When
treated with only plasma the matte side sometimes didn’t bond at all to PDMS. In most
cases the membrane bonded to the bottom of the channel which prevented the water from
flowing in the whole channel. The flow often broke that bond after a while with rising
flow rate.
The use of methanol as a surfactant made it possible to realign the layers before they
bonded. This did not interfere with the bonding strength for neither of the two bonding
processes. There was though, an increased risk for air bubbles to occur between the
layers. These could be removed by placing the chip in a vacuum chamber once during
the evaporation time for some minutes before placing it on the hot plate again.

4.4

Biocompatibility

The endothelial cells could be seen in the empty wells and in the wells with only a PDMS
ring, see Figure 24(a). It was though, difficult to distinguish any cells on the membranes,
see Figure 24(b). According to the results from the viability test shown in Figure 25,
cells were surviving and proliferating in all wells.

(b) A PET membrane with 0.4 µm pores with
cells that have been growing for a week.

(a) Cells in the empty well that have been growing for a week.

Figure 24: Images of endothelial cells that have grown for a week. In (a) are cells in an
empty well and in (b) are they on a PET membrane.
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Figure 25: Results from the cell tests after two, five, and seven days. The numbers shows
the pore size of each membrane in µm. ”PDMS” stands for the well that only contained
a silicone ring and no membrane. There is no day two measurement for the empty well
plate since a control sample was forgotten so there was no value to subtract with.
Some differences between the set-ups can be seen after two and five days when the intensity were highest for the PET membrane. After seven days though, none has a significant
higher value than another. The empty wells were crowded after a week and in wells with
PDMS rings, cells began to grow under and on the ring. Cells under the PDMS ring can
be seen in Figure 26.

Figure 26: Images of the area under the PDMS ring where cells have start growing.
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4.5

Fabrication of complete chips

The first design with 2 mm wide channel resulted in a collapse of the membranes which
made them bond to the bottom of the channel, see Figure 27. The length of the channels
in this design was almost as long as the membranes. This resulted in inlets and outlets
positioned at the edges of the membranes. Introducing a fluid in the channels then
resulted in leakage along with the membranes. The second design had shorter channels
which prevented this leakage. This design also had narrower channels, 1 mm, which
prevented the membranes from collapsing.

Figure 27: Image of a cross section of the 2 mm wide channels.
Instead of cutting out a sizeable membrane the whole membrane was used and afterwards
the remaining parts were cut off. This made fabrication easier since they did not had
to be aligned on the chip. Avoiding unnecessary steps also made it easier to keep the
membranes flat.
The PC membranes with 0.4 µm pores were the thickest ones used in the study, 24 µm
thick, and also the least transparent. This made it difficult to align the layers well since
it was hard to see the channels through the membranes.
When medium was introduced in the chip with the first design, the liquid flowed from
the upper or lower channel into the middle channel and out through the middle outlet.
In the second design, a gel of gelatin and green food dye was inserted in the middle
channel as seen in Figure 28(a). When liquid was introduced after that it kept flowing in
the channel it had been inserted in. The cross section is seen in Figure 28(b) where the
middle channel is gelatin filled.
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(a) Completed chip.

(b) Cross section.

Figure 28: Chip with 1 mm wide channels. In (a) is the whole chip with gelatin in the
middle channel and in (b) is a cross section of the channels.
Making holes in the membranes resulted in the membranes being pressed and deformed
before the puncher went through. This destroyed the bonding around the hole and some
liquid could leak out in a small area around the hole as seen in Figure 29, it did not leak
more than that though.

Figure 29: Image of the inlet with fluorescent liquid flowing in the channel.
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5
5.1

Discussion
Simulations

The diffusion time is proportional to the distance in square, see Equation 2, which makes
the hight of the channels an important factor. This is seen in the different concentration
profiles in Figure 15 and 16. Having a 500 µm high channel will be a drawback for the
SMC since only a fraction of the gel has been reached by the growth factor after 1 min.
The 100 µm high channel, however, was more suitable as the whole gel has been reached
within a minute. If the upper and lower channel are too thin in comparison to the length
of the channel, or if the concentration or diffusion constant of the liquid is too low, the
flow will be depleted of the nutritions before it reaches the end of the channels. In these
simulations an arbitrary concentration was used and no further calculations on depletion
were therefore made. The simulation does not take into consideration the thickness of
the membranes or the interaction between the gel and the membranes. However, the
cell medium consists of several more substances than the growth factor and the diffusion
constant is only accurate for that specific gel, which makes this result an approximation.
In practice, some liquid can flow through the membrane, which will distinguish the velocity from zero at the wall and affect the shear stress. The membrane will also be covered
with cells, which decreases the flow area and results in a less flat wall. The calculated
values are for an ideal case and were used to estimate how high flow rate the chip had to
withstand without leaking.

5.2

Channel fabrication

It is difficult to predict the practical issues that might follow with a design, like too
small margins on the edge of the chip, collapsing membranes or alignment difficulties.
It was therefore beneficial to fabricate a first master with plastic film that did not need
a lot of equipment. For a silicon master a photomask must be manufactured and several steps are needed to transfer the pattern to the silicon wafer. With the plastic film
the master could be remade in one hour. If this master can be used later on in the
project depends on the requirement of the resolution. For the first tests, this master can
be used to see if the cells survive and interact in the chip. Later on, the shear stress
should be well defined, which requires a steady flow and uniform channels. To give every
cell a chance to interact across the membrane the channels should also be equally wide
and well aligned. Etching in silicon wafer would be more suitable in these circumstances.
The silicon wafer is also more reproducible since the channels are not positioned manually.
To vary the height of the channel different plastic films can be used but there are limitations. An advantage with the plastic is if the desired thickness exist, no optimising is
needed for the process, as for etching a certain height in silicon.

5.3

Adhesive bonding

The bonding strength for the adhesive bonding was high and definitely enough for this
project. But the adhesive often ended up in the channel, which made the yield of suc26

ceeded chips low. Using an adhesive while bonding membranes can also clog the pores [21],
which would prevent interactions between the cells across the membrane. It was difficult to get a uniform layer of S3-PDMS and still not get any in the channel, it could
have helped to spin-coat the S3-PDMS. With adhesive bonding there was no chance of
realignment, which is a problem in a system with this many layers.

5.4

Thermal Bondings

With thermal bonding, one membrane was bonded at each side of the COC, which resulted in a membrane-COC-membrane laminate. To handle the membranes alone was
cumbersome since they were thin, flexible and easily wrinkled. The resulting laminate
was pleasant to handle, easy to move around and the membrane stayed flat. The laminate could be treated with APTES and placed between two layers of PDMS structured
with channels. This means that the whole chip doesn’t need to be done at once. Flat
membranes improves the conformal contact to the upper and lower layer in PDMS during
chemical bonding. Plasma treatment was done on the whole laminate, which means that
only two sides needed to be treated instead of six sides.
The finished laminate structure was pleasant to use but the fabrication was more of
a challenge. The PET membrane got wavy in the channel. This was probably due to the
different thermal expansion of COC and PET [21]. The thermal expansion of PC and
COC are more similar, which can be a reason that this membrane stayed flat. The waves
will be a problem since there won’t be an uniform height of the channels, which will
affect the flow and the shear stress. There will not be any SMC where the membranes
are bonded to each other and the EC above will not get any cells to interact with. For
the same reasons the PC membrane with the shiny side against the COC should neither
be used since it also clogged the channels.
The matte side of the PC membrane was rougher than the shiny side, which can decrease the conformal contact between the membranes and prevent them from bonding.
To have the matte side against the COC had other advantages too. The shiny side
had better optical properties, which made it easier to analyse the endothelial cells on the
membrane. Since the shiny side was smoother it also bonded better to PDMS. The matte
side might still have been bending down in the channels though. Thermal bonding was
only tested with channels of 2 mm. With smaller channels, the membranes might not
have been bending and bonding to each other.
Thermal bonding with the multilayer press was not reproducible and the results in
Table 4 and 5 are not completely accurate. The pressure was manually adjusted with
a knob and the pressure kept changing several minutes after the adjustment, which made
it difficult to set an exact value of the time and pressure. The pressure also depends
on the area that is pressed and here the sizes of the COC differed a bit since they were
cut out with a scissor without any measurements. With the nanoimprint system exact
parameters could be set and it gave a more uniform pressure, but more tests would be
needed to optimise the process.
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5.5

Chemical bonding

Treating one surface with APTES increased the average bonding strength for all materials, compared with results when they were only treated with plasma. There were,
though, great variations in the results from the bonding tests. The is due to the fact
that all steps were performed manually. Chemical bonding demands clean and flat surfaces, if there is dust between two layers the bonding strength will decrease. Also, if
there is dirt on the master while moulding the PDMS their surfaces will not be as flat.
Another uncertainty factor is that the plasma treatment was performed with a corona
discharger. This can result in huge discharges hitting a small area instead of a uniformly
treatment of the whole sample. The samples were manually slided under the corona and
the time and distance can differ. A plasma chamber can be used instead to give a more
uniform result, then it would be possible to set exact parameters, which reduces the manual steps in this process. Some of the membranes bonded to the bottom of the channel,
this prevented the liquid to flow in the entire channel, which affects the resulting pressure.
The chips with PDMS or COC treated with APTES resulted in the highest standard
deviation in this study. The samples were incubated in the APTES solution for 20 min.
Some of the samples got an uneven surface after the treatment, which probably was an
extra layer of precipitation of the APTES [30]. This can affect the bonding strength since
the surfaces were no longer flat. When doing the complete chip the time was changed to
15 min instead and no precipitation was seen. No precipitation was seen on the membranes. The APTES might not have been properly diluted each time since it was only
stirred manually for a short time.
The matte side of the PC membrane bonded less well to PDMS than the shiny side,
which depends on its rougher surface that decreases the contact to the PDMS. With
APTES treatment the desired bonding strength was still reached. The PC membranes
with 0.4 µm pores had two shiny sides. It is possible that this membrane therefore bonds
better than the membranes with larger pores.
The bonding test performed three weeks after the bonding was only made in two replicates, which is too few to draw any quantitative conclusions on how the time affected
the bonding strength. This study was mainly done to see if the bonding had decreased
completely, which was not the case.
The use of methanol as a surfactant took more time but made it possible to realign
the layers. It was difficult to align the layers well directly as seen in figure 28(b) and
27, where the chips were made without methanol. It is therefore a great advantage that
methanol is compatible with APTES treatment.

5.6

Biocompatibility

The well with only cells and no ring or membrane was used to evaluate if the PDMS ring
affected the cells. The ring does not seem to have affected the growing, which makes the
method of keeping membranes in place with PDMS rings suitable for viability analysis.
How big area the cells had to grow on is hard to say. In the empty well there was no
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blocking PDMS ring, which means the cells had bigger area to grown on in these wells.
However, some cells grew under and on the PDMS ring too and therefore no exact area
could be determined. The values were therefore not normalized to the area. The thickness
of each ring can differ a bit and a thicker ring makes it harder for the cells to ”climb up”.
Although, the cells in each well should have approximately the same chance of growing
under and on the PDMS ring. To see the cells better a fluorescent marker could have
been used.
After two and five days the cells on the PET membrane had grown the most, but after seven days there was no significant difference between the membranes of different
materials and pore sizes. In the wells where cells could be seen, empty and with only a
ring, it looked crowded. It is possible that the cells grew faster on the PET membranes
but that the growing had stagnated because of lack of space in the wells.

5.7

Fabrication of complete chips

If the Elastosil film was removed from its protective plastic layer it was hard to handle.
Since it was so thin and soft it easily deformed, which made it difficult to align the channel correctly. By only treating one side at the time, the film never had to be handled
alone and it kept its form.
There were no alignment holes in the design, which would have helped to align the
different layers. Especially for the channels that were 1 mm wide, a miss alignment could
change the contact area a lot.
To use the whole membrane and make the holes after bonding the membrane to one
other layer simplified the fabrication, since no alignment had to be done in this step.
There was though, an increasing risk of destroying the bonding around the holes when
the holes were made in this way. The tool had to be very sharp to not drag down the
membrane in the hole. A sharper biopsy puncher would have been better.
It is difficult to say how flat the membranes were in the chip and how much they were
bending. In the cross section in figure 28(b) the membranes are bent into the middle
channel. This probably happened due to shrinkage of the gel when it dried out. A cross
section could have been made before or directly after the gel was injected to exclude this
effect. Since the height of the channel is important for the shear stress, the shear stress
could be measured in the finished chip to know how much the bending of membranes and
the layer of cells affect this.
To inject the gel it needed to have a delay in gelification, if it got solid to fast it clogged
the channel and no more could be injected.
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6

Conclusion

A complete three channel microfluidic system could be fabricated without leakage and a
gel could be injected in the middle channel. Both PDMS and COC could be used as the
middle layer in this system.
Endothelial cells were successfully cultured on PC and PET membranes with pore size
of 0.4 and 1 µm and on PC membranes with 8 µm pores.
The bonding strength between PDMS and PC, COC and PDMS can be increased with the
use of APTES in addition to plasma treatment. The bonding strength was high enough
to withstand a flow corresponding to the highest wanted shear stress of 20 dyn/cm2 without any leakage.
The bonding strength between PDMS and PET is low both with plasma and APTES
treatment. In thermal bonding the PET membranes wrinkles. A PC membrane can
be thermally bonded to COC, but the process still needs to be optimised by using the
nanoimprint system with higher pressure.
Fabrication of a master with plastic film is a suitable process in the beginning of a
project when different designs are evaluated, although it has a lack of accuracy.

7

Outlook

The next step in this project will be to culture cells in the chip and analyse if the viability
of the SMC is better in the gel than in the previous system. Different types of gels can be
tested, here gelatin was used but collagen can also be used for SMC that shall be injected
in a chip. If the cells survive, different flows can be tested to get various shear stress.
In the beginning, the PC membranes with 0.4 µm pores will be used since these are the
most commonly used ones, but later on a bigger pore size might be used to enhance the
interaction between the SMC and EC.
For the fabrication process a master in silicon can be used to get more accurate dimensions. Alignment holes should also be included in the design both to align the layers
above each other and to cut out each layer in the same outer dimensions. To use the COC,
a higher pressure should be used in the nanoimprinter system to optimise the process,
and the 1 mm wide channels should be used to prevent the membranes from collapsing
into the channel. If a wider channel would be needed this can be optimised by trying a
value between 1 and 2 mm. A magnetic stirrer can be used to dilute the APTES better.
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Appendix A: Biocompatibility study
PDMS rings were fabricated by mixing 10:1 (w/w) base and curing agent of PDMS and
pour approximately 0.5 g prepolymer in each well in a 24 well plate. The PDMS were
cured at 60 °C for 1 hour and 50 min. After released from the wells, holes were punched
out with 8 mm biopsy puncher. Membranes were cut into pieces with razor blades to fit
in the wells of a 24 well plate.
Membrane pieces and PDMS rings were placed in IPA for 24 hours. They were then
rinsed with water three times and left in water for 24 hours. Six well plates were prepared with the set up seen in Figure 30.

Figure 30: Set up of each well plate. The blue rings represent PDMS rings. PC and PET
stands for the different membrane types and the number for their pore size. Three of the
wells were not used.
The amount of cells (B.end3, P24) were calculated using Trypan Blue (Sigma Aldrich) and
Burker counting chamber. Cells were seeded in three of the well plates at a concentration
of 7000 cells/cm2 . 1.5 ml cell medium was pipetted into each well. After two days the
cell medium was changed in four of the well plates. The other two were used to test the
viability. The cell medium in these wells were removed and the wells were rinsed two
times with PBS. AlamarBlue was diluted to 10% in Gibco MEM medium. 500 µl of the
solution was pipetted into each well. The well plate was then incubated for 1 hour. 200 µl
of solution from each well was moved to a black well plate and placed in a microplate
reader (Infinite 200 PRO, Tecan) to measure the fluorescence. The reader was set at
560 nm excitation, 590 nm emission and a gain of 100, 90, 80 and 70. The procedure of
changing media and measuring fluorescence were repeated after five and seven days.
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Appendix B: Fabrication of complete chip
 Channels were made by moulding PDMS on a glass slide with plastic channels. A
channel in Elastosil, thin PDMS film, was made by cutting out the channel with a
craft cutter.
 APTES was diluted in deionised water to 5% and placed on a hot plate at 80 °C.
 Two polycarbonate membranes were treated with plasma on both sides for 30 s
each, with a corona discharger at 1 cm distance.
 The membranes were put in the APTES solution for 20 min, rinsed with deionized
water and placed on a clean room wipe to dry.
 Six holes were made in one of the PDMS layers with a 1 mm biopsy puncher. One
for each inlet and outlet.
 A glass slide was cleaned with water and IPA and dried with nitrogen gas. The
glass slide was plasma treated and incubated in the APTES solution for 15 min.
 The PDMS layer with holes was cleaned and plasma treated. One of the treated
membranes was placed upon it. Holes to the second and third channels were made
in the membrane with a needle.
 Elastosil, still on its protective plastic, was plasma treated and placed upon the
membrane. The protective layer was peeled of and holes were made to the third
channel.
 The other side of the Elastosil was plasma treated before the second membrane was
placed upon it, holes to the third channel were made in the membrane.
 The second PDMS layer was plasma treated and placed upon the second membrane.
 The other side of the last PDMS layer was plasma treated and the glass slide was
placed upon it.
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