
A microfluidic analysis system for an in vitro
model of the blood-brain barrier

Anette Wolff

Licentiate Thesis
Biomedical Engineering

Lund, June 2019



Dissertation for the degree of Licentiate in Engineering in Biomedical Engineering.

Cover illustration: Photograph of our microfluidic analysis system, BICCAS

Department of Biomedical Engineering
Lund University
P.O. Box 118, SE-221 00 LUND, SWEDEN

ISBN: 978-91-7895-147-5 (print)
ISBN: 978-91-7895-148-2 (pdf )
ISRN: LUTEDX/TEEM - 1119 - SE
Report No. 4/19
Printed in June 2019 Sweden by Tryckeriet i E-huset, Lund.

© Anette Wolff 2019.
In order to trace illicit reproduction of material I have included insignificant errors
throughout.



For my little Wolff pack

“We’re all just stories in the end. Just make it a good one.”
Eleventh Doctor





Abstract

Animal models are widely used in research and drug development today, but they are
not analogous to the human physiology, and often fail to predict drug efficacy and
human in vivo responses. Using animal models is a source of ethical concern as many
experiments cause the animals pain, suffering, or general distress. With this in mind,
development of new and improved in vitro models is of great interest.

This licentiate thesis has in vitro device development as its main focus. The the-
sis comprises one paper describing the method of creating a microfluidic cell culture
device with integrated sensors and excellent monitoring possibilities. The device is
created using thin-film techniques for metal deposition, as well as optimized assem-
bly procedures, cell culture methods and microfluidic flow protocols. The system
is revolutionary, as provides a solution for three different challenges in the field of
organs-on-chip, namely: visibility, electrical monitoring, and flow inclusion.

In addition, this thesis contains two peer-reviewed conference proceedings, de-
tailing a novel seeding technique for microfluidic systems, and the optimization of
the bonding protocols of our microfluidic system respectively.
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Chapter 1

Thesis Introduction

Getting a new drug to the market is an effort that takes decades of work, and mil-
lions of euros, with the estimated cost for neurovascular health in Europe alone at
800 billion ACPPP in direct and indirect costs in 2010 [1]. The high number of failed
compounds (only 1 in several thousand compounds eventually reaches the market),
the slow process, and the use of large numbers of animal subjects is not only econom-
ically unsound, but also ethically problematic. Research that minimizes the use of
laboratory animals, while increasing screening throughput, is therefore of increasing
interest. Some early animal tests have already been replaced by in vitro models, but
around 115 million animals are still used in scientific research every year [2]. Addi-
tionally, the number of new drugs approved annually has decreased over the past 20
years [3–6], and with an ageing population, diseases such as Alzheimer’s and Parkin-
son’s disease continues to increase in prevalence, with an estimated 85% increase in
costs for dementia care by 2030 [7].

A major factor to consider in drug screening, is that animal models are not always
analogous to the human system, and may therefore not correctly predict the clinical
efficacy. In fact, approximately 50% of results gathered from animal models cannot
be translated into correct human responses [8]. It has also been shown that differences
in the living conditions of the animals has an impact on the test results [9, 10].

A patient’s own cells would be the optimal starting material for obtaining a thor-
oughly translatable model. However, human cells, and especially brain primary cells,
are not as easy to come by as animal dittos, so a system using human cells needs to
be of a size that a small human sample is sufficient to perform a study. Even without
the use of human material, efforts and considerations on how to best utilise harvested
cells and minimize the need for large amounts of sample, should always be a part of
any new study. One way to achieve that would be to utilize microfluidic systems –
specifically organs-on-chip.

Organs-on-chip is a recently emerging field of research that shows a lot of promise

3



4 Introduction

for the future. In essence, an organ-on-chip is a cell-based (in vitro) model of some
part of the (usually) human physiology that aspires to mimic said physiology. An
organ-on-chip attempts to create more body-like stressors than what conventional
in vitro models do, in order to reach reactions more closely related to the in vivo
responses. There are now examples of microfluidic blood vessels [11], muscles [12],
bones [13], airways [14], liver [15, 16], brain [17], gut [18, 19], and kidney [20].
The term ”organ-on-a-chip” was not coined, however, until 2010 by Donald Ingber,
who developed a microfluidic in vitro system to mimic organ-level functions of the
human lung [21]. Regardless, since the organs-on-chip field is still in its cradle, new
and improved microfluidic in vitro systems are needed to eventually get to the point
where they can replace the classical in vitro models completely.

This Licentiate thesis deals with the assembly and characterization of a novel
blood-brain barrier-on-chip integrated system (named BICCAS). The general theme
of the thesis is characterization and measurement of the blood-brain barrier (BBB) as
well as different in vitro models of the BBB. There are a number of ways, and gener-
ally accepted practices, of how to create and characterize a BBB in vitro model, and in
order to clarify, the following chapters have been included in the thesis. In Chapter
2, the anatomy and physiology of the BBB is presented, as well as methods of charac-
terization. The different kinds of in vitro models are detailed in Chapter 3. Details on
the microfluidic approach as well as shear stress, and an overview of the BBB-on-chip
field is found in Chapter 4, with concluding remarks found in Chapter 5. Finally, a
brief summary of the included papers is found in Chapter 6.



Chapter 2

The Blood-Brain Barrier

The protection of the brain is, arguably, one of the most essential functions of the
body. Due to its sensitive constituents, the brain needs extensive protection, and the
blood-brain barrier (BBB) is an integral part of it. The BBB acts like a selective filter-
ing agent – it keeps harmful substances at bay, while making sure that nutrients are
transported from the blood to the cells, and the cells’ waste products to the blood.
It is made up of several cell types that work together to create the extremely tight
barrier that makes up the BBB: astrocytes, pericytes, neurons, endothelial cells, and
microglia – or the neurovascular unit (NVU), see Figure 2.1. These celltypes coop-
erate to create a very tight barrier, and the endothelial cells are only separated from
the rest of the cells by the basement membrane (or basal lamina), which is around
100 nm thick [22].

Figure 2.1: An overview of the NVU, with the basal lamina denoted as BL [23].
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6 Introduction

The BBB is also markedly different from the rest of the barriers of the body, such as
the glomerular filtration barrier (kidney), or the blood-air barrier (lungs), in that it has
no fenestrae (pores), a limited pinocytic vesicular transport (transport of compounds
across a cell body) and a high complexity of tight junctions (TJ’s), which regulates
diffusion [24]. In essence, the intercellular gap formed by the TJ’s is both size- and
ion-selective and represents a semipermeable diffusion barrier. For large molecules,
transport across the BBB happens via the transcellular and paracellular pathways [25].
While the transcellular pathways are energy dependent and substance specific (active
transport), the paracellular are passive, relying on the concentration gradient and the
low macromolecular permeability of the compounds to limit their passage (passive
transport). Polar compounds has trouble passing the BBB due to their low lipid per-
meability, and the presence of extremely tight TJ’s, which means that only very small
polar compounds will cross the barrier [26].

The BBB performs both active and passive transport in parallel, and knowing the
transport mode of a compound may give an initial indication of wether or not it may
traverse the barrier. Several different molecules are used as screening markers for an
in vitro model, based on size and what mode of transport they need. Active transport
is by its nature more complicated to create a common model for, since there are many
different kinds of proteins involved in creating a TJ, see Figure 2.2.

There are a couple of important transmembrane proteins however, that are most
often regarded as necessary for a functional BBB: claudins, occludins and junctional
adhesion molecules [27]. The composition of the claudin family is suggested to de-
termine the function of the BBB [28], while three specific proteins are primarily as-
sociated with effective barrier properties: ZO-1, Claudin-5 and occludin. ZO-1 is
especially important for TJ formation [29], as it functions as an anchor point for
claudin and occludin proteins [30], and claudin and occludin have both been shown
to be of utmost importance to the selective paracellular permeability [31,32]. Because
of the specificity of these proteins, if they are present in a BBB model, they are often
used as an indication of a successful BBB formation.
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Figure 2.2: Schematic of typical TJ proteins [33].

2.1 Characterizing the BBB

In order to know the barrier properties of a model, the tightness, or the effectiveness, of
the barrier can be measured in many different ways, depending on what kind of study
one wishes to perform. The common methods are: to measure the transendothelial
electrical resistance (TEER), permeability assays, and/or specific protein staining.

2.1.1 Transendothelial Electrical Resistance, TEER

The method of measuring the TEER gives a value of the physical tightness between the
cells of a barrier, or how small the paracellular gap is. Typically, four-terminal sens-
ing is used – two electrodes are placed in the luminal (upper) compartment, which
corresponds to the lumen of the blood vessel. The other two are placed in the ab-
luminal (lower), which corresponds to the ”neuronal side” of the blood vessel, see
Figure 2.3. Each electrode pair consists of one current electrode (force lead), and one
voltage electrode (voltage lead). The voltage leads do not include the voltage drop in
the force leads, and since almost no current flows to the measuring instrument, the
voltage drop in the voltage leads is negligible.

The electrode pairs are separated both by the cellular monolayer, and by the cell
culture scaffold – which is normally a suspended porous membrane. To avoid damage
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to both cells and electrodes, an alternating current (AC) voltage is applied to the elec-
trodes, and the resulting current is measured. The resistance is then calculated based
on Ohm’s law. The resistance of the semipermeable membrane (Rblank) is measured,
and subtracted from the resistance across the cell layer on the membrane (Rtotal). This
gives the cell specific resistance (Rtissue) in units of Ω, see Equation 2.1.

I

V

Figure 2.3: The original in vitro Transwell setup. Endothelial cells are grown,
luminally, on a Transwell membrane and a 4-electrode system is used to measure
the resistance over the cells and the membrane. The resistance over an empty
membrane is then subtracted from the cell culture resistance.

Rtissue(Ω) = Rtotal −Rblank (2.1)

As the resistance decreases with increased area, TEER values are generally nor-
malized to the growth area and reported in units of Ωcm2, calculated as:

T EER = Rtissue(Ω)×Amembrane(cm2) (2.2)

TEER measurements using external devices are dependent on the electrode posi-
tions. Meticulous handling of the electrodes is therefore vital when introducing them
for measurements to avoid any disturbance to the cells.

To make certain that what is measured is limited to the tightness of the TJ’s, one
may choose to use impedance spectroscopy as an alternative to only measuring the
resistance. To do this, an AC voltage is applied using a frequency sweep. At the
same time both the amplitude and the phase of the resulting AC current is measured,
giving the impedance (Z). This way, the impedance contains information about both
the TEER, and the double layer capacitance of the cell layer, see Figure 2.4.

The reason for using impedance and a sweep of frequencies is because a current
will always move along the path of least resistance. Ideally, this would be between the
cells, and not through them. When using high frequencies (above 40,000 Hz), the
current will meet with little resistance across the double layer capacitance that makes
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paracellular transcellular

RM

TEER RC CC

CE

Figure 2.4: Circuit diagram depicting the electrical components of the trans- and
paracellular pathways of the cellular monolayer: TEER (current going between
cells); CE , capacitance of the electrodes; CC, capacitance of the monolayer; RM ,
ohmic resistance of the culture medium; RC, ohmic resistance of the cell mem-
branes.

up the cellular walls, and thus the current will pass right through the cell. This is of
interest when looking att cell coverage, and cell proliferation, but of little use when
studying barrier function. By using low frequencies instead (200-5,000 Hz) [34], the
current will not pass through the cells, but instead try and pass between them, by
using the gap that makes up the TJ. This gives information about how tight TJ’s the
cells have actually formed. By using the complete data available from an impedance
spectroscopy, one may gain information on barrier tightness, as well as cell coverage
and proliferation, making it a valuable tool for BBB in vitro models.

The reported in vivo values of the resistance across the BBB is 1500-8000 Ωcm2

[35–37], but a value of 150-200 Ωcm2 is considered the lowest functional limit for
animal in vitro models [38]. For human in vitro models, 500 Ωcm2 seems sufficient
for investigations of small molecules (less than 400 Da.), while 900 Ωcm2 is enough
for larger molecules [39]. Measuring the TEER is, however, generally dependent
on there being some form of suspended membrane over which to perform the mea-
surement, and not all models are created thusly. Additionally, it is possible that the
normalization of the resistance (to the cell culture surface) that is done when calculat-
ing the TEER value is not directly scalable when measuring in small, or miniaturized
systems [40, 41].

2.1.2 Permeability

Permeability studies of the barrier uses nontoxic and non-cell permeable fluorescent
tracers with different molecular weights. The most commonly used compounds for
permeability studies of passive transport are Lucifer Yellow (ca. 440 Da), sucrose (ca.
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342 Da) and mannitol (ca. 182 Da) as well as Dextran, which is especially useful as
it is available in many different molecular weights.

The amount of permeated tracer is measured in a sample taken from the abluminal
compartment. By calculating the apparent permeability coefficient (Papp, measured
in cm/s) it is possible to compare data between experiments, if Papp is also normalized
for transport surface area, time duration of experiment and the luminally applied
concentration of tracer [42]:

Papp(cm/s) =
dQ
dt

× 1
AC

(2.3)

Where dQ/dt is the amount of tracer molecule transported per second (ng/s), A
is the growth area (cm2), and C is the starting concentration in the luminal compart-
ment (ng/cm3).

An in vitro model is considered useful if the permeability is within a factor 100
of the in vivo values, although one should be aware that passive transport studies do
not reflect the presence of transporter proteins. Investigations of active transport and
efflux are extremely specific and needs to be tailored for each substance that is to be
evaluated.

2.1.3 Immunostaining

This is the most widely used method of investigating the in vitro BBB. It does not rely
on multiple compartments, and is an extremely well known method in biology. The
limitation is of course that the data is not quantifiable in and of itself – the staining
should optimally be accompanied by either a transport assay, or a TEER measurement
to create a reliably stable prediction of the BBB model. It uses the method of staining
specific proteins with fluorescent particles, most often the ZO-1, occludin or claudin
proteins, which are necessary for the TJ’s to form. The relative amount of fluorescence
can then be compared to a control, studied as an indication of protein localization,
or just regarded as an affirmative or negative of a protein’s presence.



Chapter 3

In vitro Models

In vitro models evolved as a way of investigating biological questions in living, biolog-
ical tissue without the need for a whole animal. This simplifies the end result and can
be used as a prediction of how part of a body may react to a stressor. In essence, in an
in vitro model, cells from a corresponding part of the body are grown in a petri dish,
or culture flask. This is done using a tailored cell culture medium so the cells don’t
lose their phenotype. These cells can then be exposed to the stressor – a new com-
pound, ultrasound, radiation or whatever the study is geared towards. Sometimes,
this requires extra features of the culture, such as a specific way of culturing the cells
or the use of more than one cell type.

The common way of culturing cells for barrier studies is to use Transwells, a
form of cell culture scaffold placed in regular cell culture well plates, see Figure 3.1.
Most publications utilize the 10 µm thick polyester or polycarbonate membranes with
400 nm pores and a 10−8 pores/mm2 pore density [43–51]. This creates luminal and
abluminal compartments, which makes it easier to perform barrier measurements. In
essence, it creates a stand-in basement membrane, and has the added benefit of also
simplifying the addition of more cell types. The first, confirmed successful, bovine
cerebral cortex endothelial cells cultured on permeable nylon membranes was pub-
lished in 1974 [52].

In vitro models of the BBB are monolayers of brain capillary endothelial cells,
cultured on permeable supports. They can be cultured alone (monoculture), or to-
gether with other cell types such as astrocytes, neurons and pericytes (co-culture or
triple culture). Generally, a monoculture, where only endothelial cells are used, is less
complex, making it suitable for simple investigations as well as making it an excellent
control group. Cocultures are used for more complex studies, where specific BBB
proteins are needed, or a generally tighter barrier is preferable. Conversely, triple cul-
tures, due to their complexity, are mainly used for basic studies of the BBB formation
and function.

11
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Figure 3.1: Picture of a Transwell culture insert, from the product catalogue of
Corning Inc. http://www.corning.com

3.1 Monocultures

As it has been confirmed that microvascular endothelial cells form the basis of the
BBB [53], the simplest BBB in vitromodel is often endothelial cells grown alone in the
luminal compartment of a Transwell, see Figure 3.2. This is done with a cell-specific
growth medium, sometimes assisted by the use of astrocyte-conditioned medium to
increase barrier function [54].

Figure 3.2: Monoculture of endothelial cells in the luminal compartment of a
Transwell

Typically, immortalized, animal-derived cell lines are used despite the limitations
of translation mentioned earlier. However, there are now a few immortalized human
endothelial cell lines, the first (hCMEC/D3) having been introduced in 2005 [55].
The greatest advantage of immortalized cell lines is the ease with which they are cul-
tured. Consequently, even though they have a limited phenotypic expression, they
are a great resource for prototyping a new in vitro study.

In order to increase the model fidelity, primary cells (harvested directly from a
human or animal) can be utilized instead. Unfortunately, primary cells that are cul-
tured ex vivo lose the BBB phenotype within a couple of passages as a result of the

http://www.corning.com


13

lack of physiological factors (such as blood flow and shear stress). This gives a barrier
of few BBB properties. Primary cells should therefore be passaged as little as possible
prior to seeding (1-2 passages). Additionally, primary cells of human origin often
stem from biopsies of diagnosed patients (due to ethical concerns), which necessitates
the question; are the cells suitable for studies of healthy responses [56–58]? Human
stem cell-derived brain endothelial cells from healthy subjects, have shown their use-
fulness [45,59–61], but are difficult to obtain, and culture, without extensive knowl-
edge. Immortalized human cell lines are therefore often chosen for a human model.
So far, human brain microvascular endothelial cells (HBMEC’s) has given the best
barrier permeability properties using Transwells [62].

Although monocultures generally produce barriers of relatively low functionality,
they can still provide a robust enough model with which to perform a number of
permeability studies [63, 64].

3.2 Cocultures

Cocultures are cell cultures in which two different types of cells are cultured together
in some way, see Figure 3.3. In the case of BBB in vitro models, the combinations are
always based on endothelial cells grown together with one of the other components
of the NVU; astrocytes, pericytes, neurons or microglia. Cocultures are most often
performed using endothelial cells with astrocytes or perictyes. Although microglia are
normally not used, as they are mostly regarded as a factor in a damage response and
disrupts the barrier function [65, 66], there are indications that they might assist the
BBB structure while dormant [44].

Figure 3.3: Coculture in-contact and non-contact

A different approach to the conventional coculture, where cells are introduced
separately, is the practice of inducing pluripotent stem cells into endothelial cells.
This can be done in different ways. Minami et al. used astrocytes and astrocyte-



14 Introduction

conditioned medium to cause CD34+ (cells from human umbilical cord blood) to
differentiate into brain-like endothelial cells (BLEC’s) [67]. Cecchelli et al. con-
versely first induced human pluripotent stem cells (hPSC’s) into BLEC’s, followed by
induction of BBB properties by co-culture with pericytes [68]. A third way is supplied
by Lippmann et al., where they induce hPSC’s into endothelial cells, after which BBB
properties are acquired by codifferentiation with neural cells [60]. The procedures
for this are, however, often long and complicated, and although they seem to give
sufficient barrier properties, more work needs to be done before this is undertaken on
a larger scale.

3.2.1 Endothelial Cells and Astrocytes

Astrocytes are characteristically star-shaped glial cells found only in the CNS, and
have been shown to contribute to the ionic, amino acid, neurotransmitter and water
hemostasis of the brain [69] as well as regulate transport in- and out of the BBB
[70]. Astrocyte assistance in BBB tightness was first detailed in 1980 [71] and led
to speculation on whether or not they needed to be in contact with the endothelial
cells [72]. Since then, astrocytes have been shown to secrete factors needed for BBB
function [43, 54, 73, 74], and thus are able to influence endothelial cells even from a
distance.

Astrocytes are difficult to culture in a way that doesn’t activate them as if to an
injury. This begs the question of how it affects the in vitro cocultures when reactive
astrocytes can produce either BBB-promoting, or BBB-disrupting factors. There is
a way around this issue however – astrocytes in hydrogel can be kept quiescent [75]
and could, potentially, be a future golden standard.

3.2.2 Endothelial Cells and Pericytes

Pericytes are vascular mural cells embedded in the basement membrane, which they
share with the endothelial cells [76]. They cover 22-33% of a capillary [77], depend-
ing on microvessel type [78], and the number of pericytes seemingly correlates to the
degree of tightness of the endothelial junctions [79]. They aid in BBB formation dur-
ing embryogenesis, before the astrocytes, and are necessary for BBB formation dur-
ing development [80]. Pericyte deficiency increases BBB permeability by endothelial
transcytosis, and they induce polarization of the astrocyte endfeet, which surrounds
the CNS blood vessels [81]. Pericyte loss leads to brain vascular damage by a reduc-
tion in the microcirculation of the brain and by accumulation of serum proteins and
vasculotoxic and/or neurotoxic macromolecules [82].

During the last decade, it has become increasingly clear that pericytes are more
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influential than previously assumed. However their effect seem to be strongly linked
to cell type origin [83–85] and even to their differentiation stage [86]. As opposed to
astrocytes, it also seems as though close association with the endothelial cells is crucial
for pericyte contribution to barrier function [84, 87].

3.3 Triple Culture

In triple cultures of the BBB, endothelial cells are most often cultured together with
astrocytes, as they were the first cell type to be shown as essential for BBB function
[88], with either neurons or pericytes as the third cell type, see Figure 3.4.

Figure 3.4: Triple culture of cells

3.3.1 Endothelial Cells with Astrocytes and Neurons

Mostly, rat brain endothelial cells have been used for triple culture with astrocytes and
neurons. With significantly lower permeability for sucrose than moncultures [89–91],
TEER values range between 250-500 Ωcm2. A study by Schiera et al. indicates a
synergistic stabilization of TJ’s with synthesis and sorting of occludin to cell periphery
happening faster in triple culture with neurons [90] (compared to coculture with only
neurons [92, 93]). It has, however, been demonstrated that occludin is not necessary
for TJ construction, as other proteins are upregulated in the event of occludin shortage
[94], making it unclear if the TEER increase is caused by the rise in occludin synthesis.

Generally, astrocytes are cultured in-contact. However Lippmann et al. use neu-
ral progenitor cells (NPC’s) of either human, or rat origin, together with rat brain
endothelial cells (in order to circumvent the use of primary cultures). In their study
they show that NPC’s can be differentiated into a 3:1 ratio of astrocytes to neurons,
cultured abluminally, which reaches roughly the same TEER values as that of cocul-
ture with primary astrocytes [59].
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3.3.2 Endothelial Cells with Astrocytes and Pericytes

As previously noted, responses from animal models may differ significantly from those
using human material. It is made especially clear in Figure 3.5, where similar studies
has been made using different triple culture permutations of endothelial cells, astro-
cytes and pericytes – one done using human material, and one using rat. In the human
model, coculture with only astrocytes gives the highest TEER values. Although per-
icytes improved TJ formation, triple culture TEER values did not differ much from
monoculture [85], see Figure 3.5 A). For rat-based cultures however, TJ protein levels
increase with TEER values, with triple cultures almost a factor four higher than mono-
cultures of endothelial cells, see Figure 3.5 B). TEER is also markedly higher when
pericytes are cultured in-contact, rather than astrocytes [84,95]. It has moreover been
shown that triple culture with pericytes in-contact maintains TEER values, as well as
showing the lowest increase in sucrose permeability, after an anoxic event [46]. Ad-
ditionally, in a study with porcine endothelial cells with rat or porcine astrocytes and
pericytes, no significance in TEER value was seen between permutations of cocultures
or triple cultures. This despite a tendency towards higher TJ-protein expressions in
triple cultures compared to cocultures [96]. There are, however, a number of studies
that indicate that TEER values alone does not give sufficient information to deter-
mine the quality of the barrier, as TEER values above 150 Ωcm2 do not necessarily
decrease the permeability properties of the barrier [38, 42, 84, 97, 98].
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3.4 Other Types of Culture

There are also examples of a form of human-derived quadruple culture, where the
endothelial cells are first cocultured with pericytes in non-contact, followed by cocul-
ture of differentiated NPC’s (astrocyte/neuron ratio 3:1). Together with treatment
of retinoic acid, this was shown to more effectively enhance TEER values than co-
culture of either pericytes or NPC’s [61], reaching TEER values in excess of 5,000
Ωcm2. This is more than 10 times higher than regular human models [97]. Though,
again, the protocol and procedures for this type of culture is highly complex and
time-consuming.



Chapter 4

Microfluidics

Microfluidics is an interdisciplinary field, joining feats of engineering, biology, physics
and many more to create practical systems in which low volumes of fluids, and sam-
ple material, can be processed to achieve parallell, automated and high-throughput
screening. In essence, in a microfluidic system, some form of fluid is manipulated
and controlled in a sub-millimeter-scale device. The device is made up of a pattern of
microchannels, into which fluids are injected and later evacuated. The channels are
meticulously designed to behave with the desired features, as fluids at the microscale
behave differently than in a macro environment.

Using a microfluidic system allows for analysis, and use, of a smaller amount
of sample which, in the case of in vitro models, means that fewer cells are needed.
This can help reduce the cost of creating new therapeutic drugs, as well as reduce the
number of animals used during the drug-screening process. Since experiments can
be processed and analyzed with only minor sample handling, variance between users
would be minimized, increasing the validity of experiment comparisons.

Utilizing microfluidic devices for in vitro BBB models has a distinct advantage –
they are capable of incorporating shear stress. In the in vivo environment, endothelial
cells are continuously exposed to shear stress in the form of blood flow. The shear
stress is somewhere around 4-30 dyne/cm2 [99–102] and is now regarded by most
as a necessary addition to a BBB in vitro model. It is also possible to include several
forms of continuous analyses, such as biochemical, optical, and electrical monitoring.

4.1 Shear Stress

Studies show that physiologically relevant shear stresses upregulate the expression of
certain BBB-specific proteins [103], and may play a role in vessel dilation [104]. Ge-
nomic and proteomic analyses show that shear stress affects several aspects of BBB
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physiology – from TJ’s to cell division and expression of multidrug resistance trans-
porters [105]. For at least some endothelial cells, shear stress seems to contribute to
the differentiation into the BBB phenotype, aiding in both TJ formation [105,106],
as well as in cell division and transporter expression [105]. Additionally, for b.End3
cells, shear stress also increases cell alignment in the direction of flow [107]. However,
studies have also shown that shear may not be necessary to achieve good (enough) bar-
rier properties for all cell models [60, 61, 108], and for some endothelial cells (such
as HBMEC’s) physiological shear stresses does not affect their morphology [109]. It
does however significantly reduce barrier permeability both with [54,80] and without
[110,111] the endothelial cells being simultaneously exposed to astrocyte-conditioned
medium.

4.2 BBB-on-chip

The classical in vitro systems, in which cells are cultured on a suspended membrane
in a static environment, has led to many improvements and has increased the drug
screening efficiency. However, there is still a large discrepancy between these systems
and the human physiology. Some of this can be attributed to the difference in host
material, but not all. Microfluidic BBB systems came about as a way to circumvent
a lot of the issues inherent in the conventional in vitro models – such as the static
environment [112, 113], the large sample sizes, as well as the intrusive methods of
measuring resistance across barriers.

Some of the first systems with integrated electrodes were introduced by Booth and
Kim in 2012, where they used a cut-out of a Transwell membrane as a culture platform
[107, 114, 115]. They created a coculture of astrocytes and b.End3 cells under flow
(1.3×10−2 dyne/cm2) to mimic the shear stress experienced in vivo, see Figure 4.1.
By integrating electrodes in their model, it was possible to measure TEER without
disturbing the barrier layer. They were also able to perform permeability studies in-
chip to test the passive transport of different compounds. Using b.End3, they reached
TEER values significantly higher than those seen for conventional in vitro models
(250 Ωcm2 compared to 25 Ωcm2), but since b.End3 doesn’t create very tight barriers,
it could be interesting to investigate other endothelial cells using this system.

Another approach to the integrated electrodes has been shown by Griep et al., who
insert platinum wires into systems made of glass and poly(dimethylsiloxane) (PDMS),
with a Transwell membrane sandwiched in-between the PDMS layers [110], see Fig-
ure 4.2.

In many models, a Transwell culture membrane, generally made of 10 µm thick
polycarbonate has been used as a cell culture scaffold [107,110,114,116–123], which
creates a geometry where it is often easy to measure TEER values. They are, however,
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Figure 4.1: Booth and Kim’s integrated system µBBB [116].

Figure 4.2: Griep’s et al. integrated system with platinum electrodes [110].

thick in comparison to the basement membrane which they mimic (about 100 times
thicker [22]), and optically translucent. This has resulted in investigations toward the
use of other membrane materials, or membrane-free geometries.

One group in particular has created a membrane-free circular geometry [124–
126], that utilize a pillared boundary between two compartments – effectively the
luminal and abluminal compartments of the conventional models. Endothelial cells
are cultured in the outer compartment, where a flow can be introduced, and gener-
ally astrocytes are cultured in the middle (as they have no need of shear stress), see
Figure 4.3. Others have made use of tubular structures, or vascular networks to mimic
blood vessels [127–132], see Figures 4.4 A-C). No TEER values can be measured from
these setups, but permeabilities are significantly lower than conventional models.

One challenge facing most BBB-on-chip systems, is the integration of multiple
cells from the NVU. Most use only cocultures of endothelial cells and astrocytes, with
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i) ii)

iii)

Figure 4.3: Membrane-free circular geometry by Deosarkar et al. [125].

Sellgren et al. making use of hydrogels to encapsulate the astrocytes in their 3D model
with a polytetrafluoroethylene nanoporous membrane [133], which is also optically
transparent. Using hydrogels with more celltypes integrated than just astrocytes could
be one solution to introducing more cell types in the BBB chip.

Sellgren et al. also address the other issue with in vitro models – visibility. The
polycarbonate membranes, which are suitable for shear stress studies due to their ro-
bust cell adhesion, are optically translucent, which limits the number of ways to mon-
itor a system during an experiment. Because of this, many microfluidic BBB systems
lack the option of continuous observation of, for instance, dynamic changes from
migration events, or disease or infection progression.

A few forays have been made to create thin membranes for BBB cell culture, which
are optically transparent; such as Si3N4 [17,134–139], electrospun nanofibers [140],
or bacterial cellulose [141]. Si3N4 membranes have been integrated in microfluidic
systems, with promising results [134], but the system did not include the option of
TEER monitoring. Such a system, capable of real-time visual monitoring, would be
of greater value if it also had the option of electrical and electrochemical analysis. If
that system also had the possibility of integrated flow, and the capacity to hold more
than two cell types, one would have a highly effective BBB analysis system. In creating
our BICCAS (see Paper I), we have endeavoured to do just that, and have created a
stable and reproducible multi-analysis system for the BBB.
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Figure 4.4: Vascular networks with shear forces by A) Xu et al. [130], B) Marino
et al. [127] and C) Campisi et al. [129].
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Chapter 5

Concluding Remarks

Optimally, for an in vivo-like in vitro model of the BBB, a vessel-like circular geom-
etry, with all the components of the NVU, would be the norm. The cells would be
positioned with the correct distances and interconnections. At the present, such a
system is only available for permeability studies and it is limited to the use of en-
dothelial cells [142]. However, such a complex system is not always necessary. For
initial studies a simple system could be beneficial – it could, in fact, be enough to use
a conventional, static, in vitro model for many proof of concept studies. But to truly
travel past the threshold of the efficacy of the in vitro model, one would, in all likeli-
hood, need to mimic the in vivo environment better than what is done at present. If
this was achieved, the number of animals sacrificed each year would, quite possibly,
decrease dramatically, with lower cost and faster drug screening processes as an excel-
lent motivator. The system developed in this thesis (the BICCAS), see Paper I, has the
possibility of mimicking many of the in vivo properties, and may be sufficiently close
to the in vivo environment to become a contestant in the race for a proper replacement
for many animal studies.
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Chapter 6

Summary of Included Papers

6.1 Paper I: A novel Blood-brain barrier mIcrofluidic
Cell Culture Analysis System

In [I] we have developed a BBB mIcrofluidic Cell Culture Analysis System (BICCAS),
complete with integrated platinum electrodes and a thin, transparent nanoporous
Si3N4 membrane. The integrated electrodes make it possible to measure TEER in an
effective and continuous manner. Since they are also positioned at a distance from
the culture membrane, the cell culture area is fully visible for monitoring. The Si3N4
membrane could likewise aid in studies using cocultures, as its thinness would allow
for closer contact between cell types.

PDMS (1:10 ratio of curing agent:elastomer) was cast-molded into two channel
layers and cured at 80 ◦C for one hour. Platinum electrodes were deposited onto
commercial glass slides by way of photolithography and thin-film deposition systems.
A thin, translucent, Si3N4 membrane was sandwiched between the two PDMS layers,
which were book-ended by the glass slides, see Figure 6.1. Each of the four in-/outlets
were outfitted with silicon connectors to facilitate attachment to reservoirs or fluid
pumps. b.End3 cells were cultured in the luminal compartment of the systems, and
monitored for five days using light microscopy and impedance measurements. The
cells were exposed to either very low shear stress (10,000 times less than in vivo) start-
ing one hour after seeding, or to a static environment with 100 µl reservoirs at each
inlet and outlet.

TEER was measured using a variation of 4-point electrical measurement with
Gaussian elimination, to decrease inter-system variance. Due to the low flow intro-
duced in the dynamic systems, TEER values between dynamic and static systems
did not differ significantly, although the variation between individual systems was
markedly lower for systems under flow.
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Figure 6.1: Photo of the complete system. Each channel is 2.5 cm long, 2 cm
wide, and 500 µm high. The interfacial culture area is 1.4 mm2.

The BICCAS is constructed using, almost exclusively, air plasma activation, with
minimal use of adhesive layers. This produces a device with precisely controllable
dimensions, with a measurable flow profile and shear stress. As the monitoring sys-
tem can be automated, the human impact on the active experiment can be markedly
reduced. We expect this system to become a useful tool in basic research of the BBB.

6.2 Paper II: Evaluation of a Novel Seeding Technique
in Microfluidic Chips

In paper [II], the main objective was to present a possible alternative culture method
for BBB on-chip systems, where cells were cultured to confluency outside of the sys-
tem before insertion.

PDMS (1:10 ratio of curing agent:elastomer) cell culture chambers with a height
of 200 µm, and a diameter of two millimeters were molded and cured at 60 ◦C for one
hour. Polyester Transwell membranes, with 0.4 µm pores, and a thickness of 10 µm
were precoated with fibronectin, after which b.End3 cells were cultured until conflu-
ent (3-4 days). The PDMS layers were bonded together using a Corona handheld
wand, a cut-out of the pre-cultured Transwell membrane sandwiched in-between. A
low flow was applied after over-night bonding, both to facilitate medium renewal,
and for the permeability assay.

Permeability measurements and light microscopy indicated barrier formation and
no obviously visible changes to the cells after this mode of insertion. The seeding
technique was deemed successful, although further investigations would be necessary
due to the high osmotic difference between the donor and the receiver solutions, as
this may have affected the experiment.
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6.3 Paper III: Assembly of a Microfluidic Device Using
Only Plasma Activation

To achieve a completely reproducible system, it needs fully controllable dimensions.
In paper [III], the main goal was to create a glass/PDMS/PDMS/glass system com-
pletely without any adhesive layers, to create systems with low individual dimensional
variance. System reliability was evaluated using impedance spectroscopy through in-
tegrated electrodes, pressure and mechanical force.

PDMS channel layers (1:10 ratio of curing agent:elastomer), 500 µm thick, 2 mm
wide, and 2.5 cm long, were cured for one hour at 80 ◦C. Silver electrodes were
fashioned on glass slides, using photolithography and thin-film deposition systems.
Impedance spectra was recorded using an AC input signal of 0.5 V amplitude of the
frequency range 100 Hz to 1 GHz, with 400 data points recorded per frequency scan.
Bonding strength was tested using a pair of fine tweezers, and through pressure cor-
responding to twice the flow needed for physiological shear forces in the cell culture
area. Devices were validated without biological material to ascertain the true individ-
ual variance between systems.

An optimal bonding protocol was achieved, with a low error of mean of the
impedance between two systems (3%). By integrating the electrodes, the microfluidic
device has the ability to utilize computerized data gathering, which further increases
robustness and decreases variance between measurements.
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A novel Blood-brain barrier mIcrofluidic Cell
Culture Analysis System

Abstract

The blood brain barrier is a highly specialized barrier for the central nervous system (CNS)
that keeps the sensitive neurons from harm. This is a major hindrance in drug development
for CNS disease, as most drugs are also kept from entering the brain. To speed up the drug
discovery process we need better in vitro models and for this end we have developed a Blood-
brain barrier mIcrofluidic Cell Culture Analysis System (BICCAS) complete with flow pos-
sibilities, as well as integrated electrodes to analyze barrier tightness using transendothelial
electrical resistance (TEER). The individually addressable luminal compartment was seeded
with endothelial cells, and the abluminal compartment can support other cell types. In the
present study, immortalized mouse brain endothelial cell line b.End3 was cultured luminally
in the microfluidic system, and monitored for five days using optical imaging, and electrical
measurements. Systems were studied with dynamic (flow at 100 µl/h) or static conditions.
Maximum TEER levels were measured at 10-14 Ωcm2, and a variance between seeded systems
at ±1.6 Ωcm2 on day three for dynamic systems, indicating high stability and reproducibility
of the BICCAS.

Anette Wolff, Emma Thomée, Lars Wallman, Maria Tenje
“A Novel Blood-brain barrier mIcrofluidic Cell Culture Analysis System”,
Submitted to PLOSONE, May 2019.
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1 Introduction

The blood-brain barrier (BBB) is a highly specialized barrier for the central nervous
system (CNS) that keeps the sensitive neurons from harm. The BBB is made up of
the different celltypes of the neurovascular unit (NVU): astrocytes, pericytes, neu-
rons, endothelial cells, and microglia [1]. These celltypes cooperate to create a very
tight barrier, and a breakdown of their function is the cause of a number of neurode-
generative diseases and cognitive dysfunction [2, 3]. The protection of the brain is
one of the most essential functions of the body. Due to its sensitive constituents, the
brain needs an extensive protection and the blood-brain barrier is an integral part of it.
It keeps harmful substances at bay, while making sure that nutrients are transported
from the blood to the cells, and waste products away from the cell. This poses a huge
challenge in drug research for CNS disease, although both nanoparticle-mediated
drug-delivery [4] and temporary disruption using ultrasound [5] are both being in-
vestigated as possible solutions.

Decades of work, and millions of dollars [6], are needed for a CNS drug to reach
the market. Using large amounts of resources on drug development with the risk
of failure in very late stages of the process, is not only economically unsound, but
also ethically problematic. Research that minimizes the use of laboratory animals,
while increasing screening throughput as well as screening efficacy, is therefore of vital
importance. By using classical in vitro models, and commercially available cell lines,
some animal tests has already been replaced, but around 115 million animals are still
used in scientific research every year [7].

The classical in vitro systems, in which cells are cultured on a suspended, porous,
membrane in a static environment [8–16], has led to many scientific discoveries and
has decreased the drug screening time. However, there is still a large discrepancy be-
tween in vitro systems and the human physiology. This is in part due to the static
culture environment – in vivo, the BBB is a dynamic environment where blood flow-
ing through a vessel creates shear stresses. In order to include the shear stress in the
in vitro models, a microfluidic system can be utilized. These systems are often small
enough to be able to use human material, and also incorporates the lacking shear stress
from the classical in vitro models [17,18]. A number of microfluidic systems have so
far been characterized and shown to be useful for modeling the BBB [17]. These sys-
tems has the possibility of incorporating many analysis tools, as well as minimizing
the sample sizes needed for successful culture. Often, a Transwell culture membrane
(10 µm thick) is used as a stand-in basement membrane [19–28], which is a sim-
ple way to create a system in which the transendothelial electrical resistance (TEER)
can be measured. Others use circular structures, or vascular networks to mimic the
blood vessels [29–34], while yet others use a ”membrane-free” pillared circular ar-
rangement [35–37], but will then generally not be able to measure TEER values.
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A limitation of the microfluidic in vitro systems today is the use of Transwell
membranes that, due to their thickness, often makes it difficult to visualize the cells
during culture. Most microfluidic BBB systems thus lack the possibility of continu-
ous monitoring of dynamic changes from, for instance, chemical compounds, disease
or infection. Membranes made of silicon nitride (Si3N4) has emerged as a viable re-
placement for the thicker polycarbonate or polyterephtalate membranes [38, 39]. A
study by Mossu et al. recently proved the viability of cell culture and visibility in a
PDMS-based Si3N4 membrane setup using cell-derived brain-like endothelial cells to
study T-cell migration [40]. They successfully visualized the process of cell migration
for up to six days of culture. It would be advantageous to use this to be able to fol-
low both visual, and electrical changes immediately, and uninterrupted, in real-time
without ending the culture for analysis. This is especially useful for studies of barrier
damage or acute cellular response studies.

To this end, we have developed a BBB mIcrofluidic Cell Culture Analysis System
(BICCAS), complete with integrated electrodes, with which it is possible to measure
TEER in a very effective manner. The electrodes are set a distance from the culture
site which, together with a thin (75 nm) porous membrane, makes the cell culture
area readily visible for monitoring. It also enables future studies with cocultures, with
a possibility of direct contact between cell types.

The system is assembled using mostly air plasma activation with only minimal
use of adhesive layers. In conjunction with the integrated electrodes, this allows us
to control the dimensions of the device precisely, leading to a tightly controlled flow
profile and shear stress in the system. It also minimizes the risk inherent in introducing
multiple sources of material, such as leakage or toxicity. Since the entire procedure of
surveying the barrier tightness can also be automated, the risk of human impact on
the active BICCAS can be minimized. We anticipate that this system will provide a
great tool for basic research of the BBB.

2 Materials & Methods

The BICCAS is a layered microfluidic device containing two PDMS substrates, two
glass layers with embedded electrodes, and a nanoporous Si3N4 membrane situated
between the two PDMS substrates (see Figure 1). The finished device is comprised
of two channels, to introduce dynamic flows, with a perpendicular center crossing, a
porous membrane at the center cross for cell culture, and four embedded electrodes
for TEER monitoring of the barrier. The PDMS channels are 2.5 cm long, 500 µm
high and 2 mm wide, with the abluminal channel being outfitted with a 300 µm en-
trenchment for membrane placement (dimensions as determined by the Si framework
of the membrane, see Figure 2. Situated apart from the membrane are two sets of Pt
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thin-film electrode pairs, creating a four-point measuring structure. Connection to
fluid pumps or reservoirs is done using the two pairs of inlets/outlets, and the electri-
cal connection is facilitated by soldered-on wires on each electrode pad. The BICCAS
were constructed in sequence using air plasma treatment, by bonding the two PDMS
channel-layers, the two glass/electrode layers, and the sandwiched Si3N4 membrane,
giving the complete, integrated system, see Figure 3.

Figure 1: An exploded image of the system design. Each channel is 2.5 cm long,
2 cm wide, and 500 µm high. The interfacial culture area is 1.4 mm2.

One of the hallmark features of the BICCAS is the free-standing nanoporous
Si3N4 membrane surrounded by a Si framework, which is commercially available at
SiMPore Inc. (West Henrietta, New York, United States). The membrane is 75 nm
thick with an area of 1.4 mm2, with an average pore diameter of 35 nm and a porosity
of 1.5×108 nanopores/mm2 (15%), see Figure 2.
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Figure 2: A) Representation of the Si3N4 nanoporous membrane sandwiched in
the BICCAS. The free-standing culture membrane is a 2 mm×0.7 mm window in
the center of a 5.4 mm×5.4 mm Si membrane frame. B) The cross section view of
the membrane. The bulk frame consists of 300 µm of crystalline silicon, which is
etched at the center, leaving a 75 nm thin Si3N4 membrane. Adapted from Mossu
et al. [40]

Figure 3: The complete BICCAS, with integrated electrodes, membrane and at-
tached wiring.

2.1 Electrode Fabrication

Glass slides with Pt electrode patterns were fabricated using photo lithography and
thin-film deposition systems, as described below.

Photolithography
A photomask with the pattern of the electrode design was fabricated using Auto-
CAD (Autodesk, San Rafael, California, United States) and printed by a mask writer
(DWL66, Heidelberg Instruments, Heidelberg, Germany). A 4 µm layer of negative
photoresist (AZ nLOF 2020, AZ Electronic Materials, Luxembourg, Luxembourg)
was spin coated onto clean 75×38 mm microscope slides (2000 rpm/30 s), these were
pre-baked on a hotplate for 3 min at 90 ◦C. The glass slides were subsequently exposed
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to UV light in a mask aligner (Mask Aligner MA4, SUSS MicroTec SE, Garching,
Germany) through the mask defining the layers, after which it was post-baked for
3 min at 110 ◦C. The photoresist was developed using the developer AZ 326 (MIF
Developer, Merck, Kenilworth, New Jersey, United States).

Thin-film Deposition
The photo patterned glass slides were cleaned using oxygen plasma (Diener Femto,
Diener Electronic, Ebhausen, Germany) for 3 min, after which they were placed in
a thin film deposition system (Auto 306 Vacuum Coating System, Edwards, Burgess
Hill, United Kingdom). A layer of 25-50 nm Ti, and 100-150 nm Pt was deposited
onto the glass slide by e-beam evaporation. The excess metal was removed by lift-
off in dimethyl sulfoxide (VWR Chemicals, Radnor, Pennsylvania, United States),
preheated to 80 ◦C in an ultrasonic water bath, until the polymer was dissolved. The
glass slides were then cleaned using Milli-Q water, and washed once in a dishwasher
loaded with detergent (Extran AP17, Merck).

2.2 Channel Fabrication

The molds for the BICCAS were fabricated in-house using a milling machine (ICP
4030, Isel, Dermbach, Germany). The molds were then polished to improve the
surface quality for bonding. The PDMS (10:1 elastomer:curing agent, Sylgard 184,
Dow Corning, Midland, Michigan, United States) was degassed for 2 h, poured into
the molds and cured in an oven at 80 ◦C for 1 h. After curing, the PDMS was cleaned
using ethanol and scotch tape to remove any debris stuck to the surface, and left in
MilliQ water for >1 week.

2.3 Assembly procedure

The microfluidic device was bonded using air plasma treatment (Zepto, Diener Elec-
tronic) at 30 W and 100 sccm air flow using activation times of 10 s/2 min/4 min
(PDMS/Glass/Si3N4). The following assembly procedure was used: first, the bottom
glass substrate was surface activated. This piece was then set aside while the bottom
PDMS surface was activated, after which these two substrates were bonded together
for 4 min on a hotplate at 80 ◦C. The Si3N4 membrane was activated separately
for 4 min, then set aside. The bottom glass/PDMS layer was then surface activated
together with the top PDMS, uncured PDMS was carefully spread in the pocket en-
trenchment and the membrane placed on top. Uncured PDMS was carefully spread
along the edges of the silicon framework, then the PDMS pieces and the membrane
was bonded together and heat treated for 4 min on a hotplate at 80 ◦C. As a last step,
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the top glass substrate was activated as well as the glass/PDMS/Si3N4/PDMS piece
in accordance with the first bonding process, and then these two pieces were pressed
together overnight in room temperature to ensure complete bonding. Short pieces
of silicone tubing (Silicone Elastomer, Merck) were glued (Elastosil A07, Wacker
Chemie AG, München, Germany) to each inlet and outlet to facilitate connections to
medium reservoirs and pumps. The bonding process was evaluated using fluid flows
corresponding to shear forces of 4 Nm2 at the cell culture site, which is twice as high
as the in vivo shear forces [41], and 10,000 times higher than the shear forces later
used for the cell culture (2.18×10−4 N/m2). Electrical wiring was soldered onto each
of the four electrode connection points, and covered with elastomer glue for stability
(Elastosil A07, Wacker Chemie AG).

2.4 Cell Culture & Cell Integration

All biological solutions and material were acquired from Merck unless otherwise stated,
and cell culture medium was always heated to 37 ◦C before use.

The cells used in the BICCAS are immortalized mouse brain microvascular en-
dothelial cells (b.End3 cell line). b.End3 cells were cultured with Dulbecco’s Mod-
ified Eagle’s medium supplemented with 10% FBS, penicillin (100 units/ml) and
streptomycin (100 µg/ml), 1% w/v non-essential amino acids, glutamine (2 mM),
2-mercaptoethanol (5 µM) and sodium pyruvate (1 mM). The cells were seeded, and
allowed to grow to approximately 80-85% confluency in tissue culture treated T75
(Dow Corning Midland, Michigan, United States) culture flasks in a humidified at-
mosphere (incubator with 5% CO2, 37 ◦C, MCO-19AIC, Panasonic, Wood Dale,
Illinois, United States). Medium was refreshed every 2-3 days and confluent flasks
were subcultured or used for experiments (passages 26-34).

The BICCAS were flushed with 70% ethanol and left overnight in a sterile en-
vironment. They were then flushed with PBS three times before being primed with
fibronectin (100 µg/ml) and left in the incubator for 3 h before cell seeding. The
devices were then flushed with endothelial cell growth medium, after which endothe-
lial cells were inserted into the microfluidic device with a pipette at a seeding density
of 3-6×106 cells/ml. Cells were allowed to adhere for 1 h in the incubator, after
which the remaining cells were flushed out. A medium reservoir was placed by the
inlets connected by silicone tubing (Silicone elastomer, Merck), and syringe pumps
attached to the outlets (KDS-210, KD Scientific, Holliston, Massachusetts, United
States), set to a withdrawal rate of 100 µl/h. Devices without flow were outfitted with
100 µl reservoirs on all four inlet and outlet ports. Culture medium was replenished
every 24 h for the static systems, while the systems with flow had a reservoir of 50 ml
for the duration. The cells achieved growth to a confluent monolayer within 2-3 days
of seeding.
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2.5 Impedance Measurements

4-point electrical impedance and phase measurements were performed by connect-
ing the electrode pads of the integrated Pt electrodes to a potentiostat (CompactStat,
Ivium Technologies, Eindhoven, The Netherlands). Data was gathered over a fre-
quency range of 10 Hz to 10 kHz and at 0.5 V amplitude, with 10 logarithmically
spaced data points collected. For static systems, the medium was manually renewed to
minimize differences between systems, before measurement commencement. Due to
the small dimensions of the systems and channels, the systems reached room tempera-
ture before data gathering which, according to established TEER protocols, minimizes
measurement errors. System analysis was done using the impedance magnitude (|Z|,
which will just be noted as impedance, Z, going forward) at 1 kHz, where the double
layer capacitance of the cell layer is expected to not influence the magnitude of the
impedance or resistance [42]. The equation for calculating the impedance across the
membrane was adapted from [26], with the R for the resistance exchanged for the
symbol for impedance, Z. Briefly, each system was subjected to six different measure-
ments, with the impedance between two electrodes denoted as Zx−y, with x and y
referring to the number of the electrode in accordance with Figure 4. This gives a
system of equations where the impedance of the cellular barrier and membrane Zm
can be determined using Gaussian elimination. The TEER of each system is then
calculated by normalizing Zm to the cell culture area Acult (see Equation 1) and by
subtracting the TEER value of the system prior to cell seeding.

Figure 4: Schematic of the different impedances inherent in the cell culture system,
where E1 and E3 are positioned on the luminal side of the membrane, and E2 and
E4 are positioned on the abluminal side.

T EER = Acult ×Zm

= Acult ×
1
4
(Z1→2 +Z1→4 +Z2→3 +Z3→4 −2Z1→3 −2Z2→4)

[
Ωcm2] (1)
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3 Results & Discussion

The goal in this study was to introduce a cell culture system capable of continuous
monitoring, both optically, and electrically, and the system proved stable for measure-
ments and visualization during the entire experiment. Additionally, the total system
volume is less than 150 µl, which allows for small sample sizes and less medium use.

The main focus of this study was system manufacture, cell viability and mea-
surement stability, so in order to lower the complexity of the experiment, the flow
protocol was simplified. Although shear stress has been shown, on multiple occa-
sions [28,43–46], to be positive for barrier formation, low flows have been shown to
maintain physiologically relevant oxygen levels [47]. They do not, however, increase
TEER values for the b.End3 cell line to previously noted levels [48].

b.End3 cells were cultured for five days, in the device, and barrier formation was
monitored during day 2-5 (n=6). This cell line has previously been shown to have BBB
functionality of P-glycoprotein transporter, as well as several other transporters [15]
and is a suitable cell line for proof-of-concept studies. In contrast to most other sys-
tems with integrated membranes and electrodes, the BICCAS are nearly identical. No
dimensions are unknown, since the membrane is placed in a slot precisely engineered
after its measurements, and no adhesives are used between channel layers. Neither
is the device volume variably changed due to post-assembly electrode insertion as
in [25, 26, 42, 49]. Our method of fabrication and assembly, effectively decreases di-
mensional variation between the microfluidic devices. In conventional in vitro mod-
els, the Endohm chamber or chopsticks are normally used for TEER measurements,
but they have been shown to not be interchangeable [50]. The measurement proto-
cols, where the culture cup is removed from its culture well, or which includes manual
positioning of the chopsticks, also introduces many sources of variance. The BICCAS,
in contrast, allows for non-compromising and highly repeatable measurements of the
barrier.

To minimize the risk of added resistive disturbances in the channels, such as from
debris and temperature differences – impedance gathering was done using a mathe-
matical model for 4-point measurement [26], where the impedance over the mem-
brane is isolated using Gaussian elimination. The BICCAS, due to the difference
in top and bottom channel geometries, have very characteristic impedance charts.
Electrode pairs E1-E3 unmistakably belongs to the luminal channel, as that passage
is without entrenchment and thus will have a lower impedance than the abluminal
channel (E2-E4), as seen in Figure 5.

The systems under dynamic conditions (flow at 100 µl/h) had a notably smaller
variance than the systems under static conditions, see Figure 6. Interestingly, de-
spite low shear forces, the cells appeared to generally prefer the dynamic environment
(based on general observations of cell appearances during development of the BIC-
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Figure 5: The measured impedance (Ωcm2) of one system, for each electrode
pairing. Measured for four consecutive days, n=6. The two dotted lines indicate
the electrode pairs for the luminal channel (E1-E3) and the abluminal channel
(E2-E4).

CAS), although the reservoirs (totaling 200 µl/channel) should be more than enough
to sustain a healthy cell culture. This could indicate an extra dimension to the dy-
namic systems, where it is not solely the shear forces acting on the cells that increases
the barrier function. The maximum TEER values did not differ significantly between
the two systems, as the shear forces likely are too low to cause any effect on the en-
dothelial cells.

The coefficient of variation (Cv) for the dynamic systems (calculated as the ratio
of the standard deviation σ to the mean µ, Cv=σ/µ) is at its lowest at day 3 (15.2%).
At day four, the Cv has increased somewhat (25.3%) but is still greatly improved
compared to that of day one (64.9%), indicating a system that becomes progressively
more stable with more reliable measurements as the cells are allowed to grow. The Cv
for the static systems (for day one) was similarly 54.8%.

Looking solely at the TEER values for the dynamic population (see Figure 7 C),
they mostly follow the same pattern of a larger increase in impedance on day one. It
is quite unlikely that a barrier has formed already on day one, but it could be in place
on day three as the cell coverage looks adequate, see Figure 7A-D.

As all electrodes and connections in the BICCAS, are put in place before cells
are introduced to the microfluidic channels, the system can be kept stationary and
in an incubator at all times after cell seeding. This radically minimizes the handling
of the system, decreasing the risk of data contamination from temperature shifts and
human interaction. Should data gathering outside of the incubator not affect the cul-
ture in any significant matter, minimizing the human involvement would nonetheless
conceivably decrease the variance in microfluidic cell culture systems.
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A B

C

Figure 6: The calculated TEER values, normalized against the blank systems. A)
BICCAS under flow (100 µl/h), n=6. B) BICCAS under static conditions, n=6.
C) The complete TEER profile of all (n=6) dynamic systems, and the average
TEER for each day.
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Figure 7: Bright-field images of Si3N4 membranes with cells cultured in dynamic
devices on Day 1-4 (A-D).
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4 Conclusions

In this study we have shown a proof-of-concept cell culture microfluidic system, com-
plete with integrated electrodes capable of automated measurements and a possibil-
ity of reducing the human factor in cell culture systems. Our study has shown the
BICCAS to be a reproducible and reliable microfluidic cell culture system, with low
variance with a device design capable of housing several cells of the NVU as well as
non-invasive continuous monitoring.
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Evaluation of a Novel Seeding Technique in
Microfluidic Chips

Abstract

In this paper we have evaluated the permeability of an in vitro model of the blood-brain
barrier (BBB) by studying the permeability for cells that have been allowed to grow in a regular
Transwell culture cup before being inserted in a microfluidic chip. The microfluidic chips were
made of PDMS, with Transwell membrane cut-outs sandwiched between. The permeability
have been evaluated using a D-mannitol colorimetric assay. We find that the endothelial cells
do indeed create a barrier in this novel manner of culturing and the chips are functional.

©2015 MME. Reprinted, with permission,
Anette Wolff, Birger Brodin, Maria Tenje,
“Evaluation of a Novel Seeding Technique in Microfluidic Chips”
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1 Introduction

Pharmaceutical companies today put a lot of time, effort and money into developing
and releasing new drugs on the market. One of the most challenging parts of the
drug discovering process is to ensure a good delivery of the active compound. This
is especially challenging for the BBB due to the limited passage of molecules across
the barrier. The estimated cost for the neurovascular health care system in Europe
was recently estimated at 800 billion ACPPP (purchasing power parity) in direct and
indirect costs [1]. This estimate can only be expected to increase with the steady
increase in age in the world population.

The BBB rigidly controls what compounds are allowed to reach the brain, and
many drugs deemed successful in the first stages may fail very late in human trials.
This means higher cost, and more animal tests being performed. This is one reason
why effort is directed towards developing a functional BBB in vitro model. In vitro
models of the BBB have been developed [2], often using so-called Transwell systems,
where cells are cultured on opposite sides of a porous membrane. There is however
a downside to these systems – they do not apply shear stresses on the cells, which
is something the cells are subjected to in vivo. To circumvent this, a few groups
[3–5] have created microfluidic devices where the cells have been seeded in the chip,
after its assembly. It is however known that one does not reach the same results in
a microscale device as one would with a standard Transwell cell culture insert, with
transendothelial resistances in microchips right now being in the vicinity of 100Ωcm2

[3, 4]. Our hypothesis is that this is due to the surface-edge ratio difference in macro
vs. microsystems, and if this is the case it would be impossible to compare chip-seeded
microsystems with macro scale cell cultures.

The main objective of this work is to present the possibility of using pre-seeded
material inside microfluidic chips. To evaluate the barrier tightness we have performed
a colorimetric assay with D-mannitol. Cells have been seeded on fibronectin-coated
Transwell membranes in a cell culture insert which, after cell confluency, has been
transferred into a BBB-chip. This would also circumvent the build up of cells on the
channel surfaces outside of the membrane, which could influence subsequent per-
meability measurements. We find that it is a simple procedure to insert pre-seeded
Transwell membranes into a microfluidic chip and then applying a flow of 15 µl/h.
This flow is set low so as not to affect the cells with shear stresses but still have medium
renewal, and make certain no adverse gas effects occur from the small medium vol-
ume. Permeability measurements and light microscopy images observed show that
the cells have indeed formed a barrier and do not seem to be adversely affected by the
treatment.
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2 Experimental Details

A PDMS mould was created in POM, using a milling machine in house. Cell culture
chambers with a height of 200 µm, and a diameter of 2 mm were moulded in PDMS
(10:1 mono-mer:curing agent) and cured in an oven for 1 h at 60 ◦C.

Polyester Transwell membranes, with 0.4 µm pores and a thickness of 10 µm,
were all pre-coated with bovine fibronectin (100 µg/ml, Sigma Aldrich, Germany)
overnight.

b.End3 cells were cultured using Dulbecco’s modified medium, supplemented
with 10% foetal bovine serum, 1% penicillin/streptomycin and 1% non-essential
aminoacids (Sigma Aldrich, Germany), in an incubator at 37 ◦C and 5% carbon diox-
ide.

2.1 Corona Bonding

The PDMS top and bottom parts were bonded together using a Corona handheld
wand (Electro-Technic Products, USA). The electrode was placed 0.5-1 cm from the
surface of the PDMS to be bonded. The charge was set for the discharge to only
just give off a spark, then the electrode was passed over the PDMS piece for 10-15 s.
The pieces were then pressed together, sandwiching the Transwell cut-out which was
punched from a cell culture cup using a 0.5 cm biopsy puncher.

To make certain the corona treatment would work with already seeded mem-
branes, a test was performed using pre-seeded membrane cut-outs. The cut-outs were
carefully dried on a piece of tissue and then placed on the bottom slab of PDMS. A
drop of cell culture medium was then placed on top of the membrane before the top
slab was put in place. Three different volumes (0.5 µl, 0.7 µl and 1 µl) was used to
see how much fluid the bonding could work through. The chips were then placed
in an oven at 40 ◦C for 2 h. An Evans blue stain was pumped into the chips to see
if the bonding had succeded, then left for 30 min to see if any capillary forces might
be seen around the membrane. As can be seen in Figure 1, all three volumes bonded
well. After evaluation with live cells, 1 µl was decided upon to minimise the risk of
damaging the cells before more medium could be added after completed bonding.
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Figure 1: The different volumes after 30 min with the bonding confirmed using
an Evans blue stain.

2.2 Empty System (ES)

Empty systems were created as negative controls. A biopsy-puncher was used to make
a cut-out from a fibronectin-coated insert that was transferred to the PDMS. The
membrane was bonded in-between the PDMS slabs, and left over night. The fluid
flow in both top (running D-mannitol solution) and bottom (running only medium)
channels was then set to 15 µl/h for 3 h initiation, and 5 h of testing. The permeability
of the empty system was evaluated by measuring the concentration of D-mannitol in
the inlet, as well as the top and bottom outlets, using a colorimetric assay (D-mannitol
Colorimetric Assay Kit, Sigma-Aldrich, Germany) and a plate reader.

2.3 Pre-seeded System (PS)

Cells were seeded and cultured on a Transwell cell culture insert (pass 20-24) and
allowed to reach confluency. A biopsy-puncher was used to make a cut-out from the
insert that was transferred to the PDMS. The membrane was bonded in-between the
PDMS slabs, and left for 1 h. The chambers were then filled with medium and left
overnight to ensure complete bonding of the PDMS. The subsequent morning, cell
coverage was optically evaluated with a light microscope and the permeability of D-
mannitol was tested after cell confluency was confirmed. The fluid flow in both top
(running D-mannitol solution) and bottom (running only medium) channels was
then set to 15 µl/h for 3 h initiation, and 5 h of testing. The permeability of the cell
culture was evaluated as described above.
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2 mm

Figure 2: Experimental setup of the chip, with coloured fluids to visualise the
channels. The black ring circles the extent of the sandwiched membrane.

3 Results and Discussion

Cells may perform and act differently due to seeding protocols, and it stands to reason
that seeding protocol may also affect the performance of cells seeded in microchips.
This study therefore endeavoured to establish a new cell seeding protocol where cells
are seeded outside of the chip, instead of inside as commonly done [3–5]. We found
that it is indeed possible to pre-seed Transwell membranes outside of the chip, and
later transplant this into a PDMS microfluidic chip. This would then circumvent
the possible surface-to-edge ratio complication of microsystems that could arise in
chip-seeded systems.

3.1 Cell Coverage

Figure 3 shows an enhanced phase contrast image of the edge of a culture membrane
in a pre-seeded system. The small yellow dots are light effects on the membrane pores,
and the slight shadows of cells indicate a complete cell coverage. This image is repre-
sentative of the border in both pre-seeded chips.
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100 µm

Figure 3: Enhanced phase contrast image of cells growing close to the chamber
walls in a pre-seeded system (scale bar at 100 µm)

3.2 Barrier Permeability

A simple way to study the tightness of the formed monolayer, and thus the tight-
ness of the barrier formed, is to use the permeability of a compound known to not
pass the BBB in vivo. In this study, D-mannitol was used as that substance as this
is a common substrate to use in initial trials [6]. To evaluate the permeability in a
chip, a D-mannitol solution 500 µg/ml was prepared by dissolving the D-mannitol
in medium.The D-mannitol solution was introduced to the top channel, while reg-
ular medium was kept in the bottom channel. As seen in Equation (1) the diffusion
distance x is dependent on the time, t, and the diffusion coefficient D. In light of this,
to ensure time enough for the mannitol to travel across the channel, the flow rate of
both channels was set to 15 µl/h, as mannitol has a diffusion coefficient of approxi-
mately 2.9×106 cm2/s. In Figure 4 is the standard curve set for this experiment, as
well as the linear regression fit used for further calculations. This gave the absorbances
for each well.

x =
√

2Dt (1)

The equation from Figure 4 was used to find the concentrations for D-mannitol
in each assay well, by transforming the equation as seen below in Equation (2).

X =
Y −m

K
(2)
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Figure 4: The standard curve used for concentration calculations, where the x-axis
is the concentration in nmol and the y-axis is absorbance in AU. The linear regres-
sion equation was used to calculate the unknown concentrations of the samples.

Table 1: The amount of D-mannitol in each well from assay and regression curve
for chips n=2

Chip Amount of mannitol in nmol
PS1 Top Average 7.1
PS1 Bottom Average 4.1
PS2 Top Average 9.4
PS2 Bottom Average 7.7
ES1 Top Average 5.5
ES1 Bottom Average 5.8
ES2 Top Average 4.6
ES2 Bottom Average 5.8

The average concentrations calculated from Equation (2) are displayed in
Table 1.

Using this data we then calculate the real concentrations by also allowing for the
sample volume used in each well, as seen in Equation (3). Where Sa is the amount of
D-mannitol in the unknown sample, in nmol, Sv is the sample volume added to the
reaction well and C is the concentration of D-mannitol.

C =
Sa

Sv
(3)

The calculated concentrations, using the sample volumes are seen in Table 2.
From Table 2 it is clear that some measure of barrier has formed in PS1, com-

pared to the empty systems ES1 and ES2. PS2 had, after experiment termination,
some small holes in its cell coverage, which may explain the smaller difference in
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Table 2: The different calculated concentrations, from 25  µl of sample

Chip Concentrations in nmol/�l
PS1 Top 0.28
PS1 Bottom 0.16
PS2 Top 0.37
PS2 Bottom 0.31
ES2 Top 0.22
ES2 Bottom 0.23
ES2 Top 0.19
ES2 Bottom 0.23

concentration between its top and bottom channels.
It is clear that the endothelial layer does create a barrier to the D-mannitol in-

troduced in the top channel. However, because of the large osmolarity difference
between the donor and the receiver solutions it may be that the mannitol is forced
across the membrane. The mannitol concentration was chosen due to constraints in
the analysis, this will be rectified for later studies with the use of fluorescent molecules.

4 Conclusion

Permeability of D-mannitol in a novel microfluidic cell culture setup has been investi-
gated for a novel cell-seeding method, where cells were cultured outside of a microflu-
idic chip, to avoid the possible surface-to-edge ratio effect that may adversely affect
cells seeded in-chip. This seeding technique may also be favourable as it is certain
the cells reside only on the membrane, and not in the rest of the system. This was
done using a microfluidic chip made in PDMS, with a flow of 15 µl/h, a D-mannitol
colorimetric assay and a plate reader. Observed data from the cultured chip indicates
that the cells are not adversely affected by the neither the handling, nor the corona
bonding process.

The seeding technique was deemed successful, however further experiments need
to be done with a smaller osmotic difference between the donor and the receiver
solutions, as well as a comparison of the performance of chip-seeded systems. A larger
number of chips need also be tested, to fully investigate the effects of the PDMS’s own
permeability characteristics, attachment of mannitol on the PDMS surface or on the
polyester membrane itself.
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Assembly of a Microfluidic Device Using Only
Plasma Activation

Abstract

The blood-brain barrier (BBB) is a complex system, and essential for normal brain function
as it protects the brain from harmful substances and changes in the blood composition. To
analyse the BBB, the simplest way is by using in vitro models, and by utilising microfluidic
devices it is possible to integrate several parameters and analysis steps into one device. We
have developed a stable and reproducible bonding protocol for assembling a PDMS-based
microfluidic device using only plasma activation, to remove the dimensional uncertainty of
using intermediate layer adhesives.

©2017 MME. Reprinted, with permission,
Anette Wolff, Emma Thomée, Lars Wallman, Maria Tenje
“Assembly of a Microfluidic Device Using Only Plasma Activation”
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1 Introduction

The BBB acts as a biological filter between the blood and the sensitive brain cells [1],
since they are incredibly susceptible to fluctuations in the body such as changes in
temperature or the pH of the blood. The brain microvessels, where the vessel walls
are made up of endothelial cells transport the blood to the brain. The endothelial
cells are connected to one another through tight junctions, and though the assistance
of the rest of the neurovascular unit (astrocytes, pericytes and neurons), see Figure 1.
These junctions are so tiny that they only allow small molecules, such as oxygen, to
diffuse through, while most other, larger compounds need to cross the cells through
active transport [2]. This means that in order for a molecule to be transferred to the
brain cells, it needs to be ”recognised” by the transporter proteins. This poses several
problems, and is one of the reasons new drugs are expensive to develop and slow to
reach the patients. By using miniaturised systems, the process could become quicker
and cheaper, and this is one of the reasons microfluidic devices has gained interest in
BBB research [3].

Figure 1: The composition of the neurovascular unit [4]

Several groups today are using poly(dimethylsiloxane) (PDMS), and glass with
an adhesive (uncured PDMS) as an intermediate layer to aid in assembly of their mi-
crofluidic device [5,6]. Cell viability in PDMS environments is very good as has been
shown before [7], and does not pose a problem for microfluidic cell culture systems.
Instead dimensional uncertainties, specifically in the height of the microfluidic chan-
nel, could be introduced through the use of these intermediate layers. To avoid this
we are developing a PDMS-based microfluidic device assembled only through plasma
activation. This results in full control of the channel dimensions which creates a more
reproducible device.
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2 Methods

The microfluidic structure, see Figure 2, of the culture chip comprises two layers of
PDMS and glass substrates, top and bottom, that form two crossing channels with
a cross section area of 4 mm2. At this open junction a free-standing membrane can,
in the future, be embedded to allow a diffusion path between the two channels, with
a channel-height of 500 µm on either side of the membrane. In each arm of the
microfluidic channels, a thin-film electrode is microfabricated by depositing and pat-
terning Ag layers on a glass substrate. Each channel is connected to fluidic inlets and
outlets.

Figure 2: A schematic image of our in-house created PDMS-based microfluidic
chip with a membrane placed in the cross area between the two channels.

2.1 PDMS Moulding & Bonding

The moulds for the channels are fabricated in-house with a 3-D printer (Form 2,
Formlabs UK) using a methacrylate resin. The forms were cured for 4 h under UV
light, after which the mould was post-baked in an oven at 110 ◦C for 16 h and then
placed in Milli-Q water over-night to remove any uncured methacrylate. To improve
the surface quality for bonding, the mould was then polished to remove small im-
perfections. The PDMS was cured (10:1 elastomer:curing agent ratio) in the moulds
placed in an oven at 80 ◦C for 1 h.

After curing, the PDMS was cleaned using ethanol and scotch tape to remove any
debris stuck to the surface. The microfluidic device was bonded using only air plasma
treatment (Zepto, Diener Electronic, Germany) where the bonding strength was eval-
uated in relation to the air plasma treatment time (10 s to 5 min) and the gas flow
(25% to 100%) while maintaining the power (100%) constant. The following assem-
bly procedure was used: first, the bottom glass substrate was surface activated. This
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piece was then set aside while the bottom PDMS surface was activated, after which
these two substrates were bonded together for 4 min on a hotplate at 80 ◦C. The
bottom glass/PDMS layer was then surface activated together with the top PDMS,
bonded together and heat treated for 4 min on a hotplate at 80 ◦C. As a last step,
the top glass substrate was activated as well as the glass/PDMS/PDMS piece in accor-
dance with the first bonding process, and then these two pieces were pressed together
overnight in room temperature to ensure complete bonding.

2.2 Electrode Fabrication

Firstly, a photomask with the pattern of the electrode design was fabricated using
AutoCAD (Autodesk, USA) and printed by a mask writer instrument (DWL66, Hei-
delberg Instruments). A 4 µm layer of negative photoresist (AZ nLOF 2020, AZ
Electronic Materials, Luxembourg) was spin coated onto clean 75×38 mm micro-
scope slides (2000 rpm/30 s). The glass slides with photoresist were pre-baked on a
hotplate for 1 min at 100 ◦C. The wafer was subsequently exposed to UV light in a
mask aligner (Karl Suss Mask Aligner MA4) and then exposed for 9 s, after which it
was post-baked for 1 min at 110 ◦C. The photoresist was developed using the devel-
oper AZ 326 MIF Developer, AZ Electronic Materials).

The photo patterned glass slides were cleaned using oxygen plasma (Diener Femto,
Diener Germany) for 3 min, after which they were placed in a thin film deposition
system (Auto 306 Vacuum Coating System, BOC Edwards). A layer of 30-40 nm
Ti was deposited onto the wafer by resistance evaporation, after which 200 nm Ag
was deposited by e-beam evaporation. The excess metal was patterned using lift-off
in dimethyl sulfoxide (VWR Chemicals, USA) preheated to 80 ◦C in an ultrasonic
water bath until the polymer was dissolved. The glass slides were then cleaned using
Milli-Q water, and washed once in a dishwasher loaded with detergent (Extran AP17,
Merck Millipore) to remove any lingering polymers.

2.3 Impedance Measurements

2-point electrical impedance measurements were performed by connecting the elec-
trode pads of the integrated Ag electrodes to an impedance/gain phase analyser (HP4194A,
Hewlett-Packard, USA). The system was controlled by a customised Matlab-script.
Impedance spectra were recorded using an AC input signal of 0.5 V amplitude over
the frequency range 100 Hz to 1 MHz. 400 data points were recorded per frequency
scan. Channels were emptied, and a change of medium was made between subsequent
measurements.
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2.4 Evaluation

Evaluation of the plasma bonding was done in four different ways: ocularly, by force,
through pressure (flow), and by impedance measurement.

By introducing a droplet of ethanol (70%) to one of the channel inlets and letting
capillary forces pull the ethanol into all connected air-filled compartments. Similarly,
Evans Blue was also used in cases of uncertainty because of its vibrant colour, which
makes it easier to visualise leaks, see Figure 3. The bond was force-tested by inserting
a pair of fine tweezers (tip ca. 0.5 mm) at a controlled pressure, and scraping them
along the edge of a bonded surface while looking for bond failure.

Figure 3: Examples of a failed bond (left) and a good bond (right)

The highest flow needed in the system to reach physiological shear stresses (10-20 dyn/cm2,
[8]) over the membrane area is 920 ml/h, and the bonding strength was tested for
twice the flow corresponding to that value (1.84 l/h). Air bubbles forming in the
channels were sometimes noticed disrupting the flow. To circumvent this problem
the systems were first flushed with ethanol (70%).

The devices were validated without biological material, by impedance spectrum
analysis, so that no frequency-related information was overlooked. The gathered data
was then analysed based on variance between measurements on the same device, and
in-between different devices. Impedance measurements were performed at a read-
out frequency of 10 kHz, where the double layer capacitance of the electrodes is not
expected to influence the magnitude of the impedance.

3 Results

Our observations gives a bonding protocol, where PDMS is activated for 10 s and glass
is activated for 2 min while maintaining 100% gas flow and 100% power. The glass
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keeps its activation longer than PDMS, so it is imperative to treat them sequentially
with glass first. Bond failure for the air plasma activation was defined as an incomplete
bond with minor to severe leakage, see Table 1, where bond fail is denoted as a dash,
and successful bonding as an X.

Table 1: Table of tested settings for bonding using air plasma, where dash indi-
cates insufficient bonding with minor to severe leakage, and X indicates successful
bonding without leakage.

 Time 10 s 30 s 1 min 2 min 3 min 5 min 

G
L

A
SS

 Gas 25% - - - - - - 

Gas 50% - - - - - - 

Gas 75% - - - X X X 

Gas 100% - - - X X X 

PD
M

S 

Gas 25% - - - - - - 

Gas 50% - - - - - - 
Gas 75% - - - - - - 

Gas 100% X - - - - - 
 
 
 

The impedance spectrum was analysed using single channels, resulting in a low er-
ror of mean (3%) between two devices, see Figure 4. The graph shows the impedance
measured as a function of frequency. The impedances between subsequent measure-
ments do not differ much from each other, which indicates good bonding properties
and stability of the assembled device. Additionally, the low error of mean between
two devices indicates a reproducible protocol for assembly, decreasing the potential
differences between systems when used for in vitro studies.

Figure 4: Impedance measured as a function of frequency on two different single
channels, with very low variance between measurements and devices.
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4 Conclusions

We conclude that 10 s activation was optimal for activating the PDMS surface, whereas
the glass surface required longer times (2 min). The low error of mean of the impedance
between the two chips (3%), together with an optical, and manual confirmation of
the resulting bond indicates a stable and reproducible bonding protocol. Also, by in-
tegrating and optimising electrodes, our microfluidic device is utilising computerised
data gathering, which simultaneously minimises the risk of human error and increases
the robustness and redundancy in the system.
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