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ABSTRACT

Blood Brain Barrier (BBB) is one of the main constituents of the central nervous system that
differs from non-brain endothelial vessels by its strictly controlled integrity and selective
permeability. The loss of BBB integrity has been found to be related to the major
neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease and multiple
sclerosis. In order to understand the underlying molecular mechanisms of these diseases, to
develop new treatments and to test possible drug candidates, it is an urgent need to develop a
platform that allows the easy tuning of the permeability of the endothelial layer. BBB-on-a-
chip is a microfluidic device that is of increasing interest in the last decade and studies focus
on the achievement of most physiologically relevant permeability of the endothelial cell layer.
The use of pulsed electric field (PEF) for the BBB permeability tuning grants significant
advantages over the previously tested methods; parameters of the electric field such as the
amplitude, frequency, pulse duration and pulse number can easily be changed during the
experiment, the application can be automatized and programmed, electric field can be applied
to entire cell layer or it can be focused on specific regions and most importantly, paracellular
and transcellular permeability can be induced separately. In this thesis, the possible effects of
the induced electric field were investigated by the Finite Element Method (FEM)-based
simulations. Two main configurations of BBB-on-a-chip, namely single-layer and multilayer
chip, were modelled as 3D-constructs and the distribution of the potential, electric field and
current density were simulated for different frequencies. Possibility of paracellular and/or
transcellular permeabilization were discussed for different frequency regions. Accordingly,
multi-layer chip configuration was found to have several major disadvantages for the use of

electric field for permeabilization purposes.
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1 INTRODUCTION
1.1 Biology of Blood-Brain Barrier and the Tight Junctions

Major brain tasks, such as sensation, memory and motion, and underlying homeostasis, synapse
activity and processing of information, require the precise distribution of metabolite and oxygen
through the cerebral blood vessels (Zlokovic, 2011; Blinder et al., 2013; Andreone et al., 2015).
This precise distribution and delivery require the collective and coordinated activity of several
central nervous system (CNS) elements; neurons, vascular cells such as pericytes and

endothelial cells and glial cells such as astrocytes.

Among these, endothelial cells constitute one of the most striking features of the CNS; the
blood-brain barrier (BBB), which serves to restrict the entry of wide variety of component,
including toxins, pathogens and blood cells (Winkler et al., 2011). The transport of essential
proteins, metabolites and nutrients into the brain and the export of metabolic waste products
from interstitial fluid (ISF) back into the blood is strictly regulated by substrate specific
transport proteins or protein complexes on the endothelial membrane of the BBB.

Endothelial monolayer constituting the BBB differs greatly from the blood vessels throughout
the rest of the organism due to the presence of important CNS cells and extracellular matrix
components regulating not only its formation but also its maintenance, strength and
permeability. Unlike non-brain endothelial layers, BBB exhibits i) significantly low non-
specific pinocytosis and prevents the paracellular diffusion of most hydrophilic compounds, ii)
strong asymmetric distribution of transporters on two sides of the monolayer for the protection
of upmost important brain homeostasis, and iii) it requires a larger amount of mitochondria to
support the high demand of metabolic activity. Altogether, this results in low barrier permability
and so high trans-endothelial electrical resistance (TEER) (Brightman & Kadota, 1993; Petty
& Lo, 2002; Abbott et al., 2006).
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Figure 1.1. Representation of the constituent of and the major transport events over the Brain
Blood Barrier (Oller-Salvia et al., 2016).

The basal lamina of the BBB is composed of three main layers (Fig. 1.1), an external layer
containing mostly laminin-1 and laminin-Il produced from glial cells (mostly astrocytes), an
internal layer containing laminin-1V and laminin-V produced directly from the endothelial cells
and a middle layer that contains collagen 1V that is contributed from both glial and endothelial
cells (Perlmutter & Chui, 1990). Matrix metalloproteases and Tissue Inhibitor of
Metalloproteases (TIMPs) are responsible for most of the regulation of BBB integrity both for
the healthy homeostasis and the inflammatory conditions (Yong, 2005). Even though the exact
mechanism of glial cell-mediated BBB regulation remains to be uncovered, several
extracellular proteins produced by astrocytes, including neurotrophic factors, angiotensin-11 and
angiopoietin-I, are shown to be required for the maintenance of the BBB integrity and its
extremely low paracellular permeability (Lee et al., 2003; Hoti et al., 2004; Wosik et al., 2007).
Similarly pericytes, which are also found in non-brain endothelial layers but to a lesser extent,
were shown to be directly correlated with the vasoregulation and low permeability of the BBB
in the brain (Lindahl et al., 1997; Peppiatt et al., 2006).

Even though the regulation and the number of factors involving in the tight junction of
endothelial cells in the brain are strongly different from their non-brain counterparts, the
structural constitution of the tight junctions in the BBB is still governed by the similar protein

families that form the epithelial tight junctions. Out of these, junction associated molecules



(JAMs), occludins and claudins represent the three main transmembrane proteins that bind two
adjacent endothelial cell membranes together. On the other hand, Zonula Occludens, with ZO-
| being the most prominent one, represents the direct bridge between these outer proteins and
the cytoskeleton of the endothelial cells (Wolburg & Lippoldt, 2002). Regardless of the
similarity of the protein families, the specific proteins which take part in BBB still differ from
non-brain epithelial layers; for instance tight junctions in BBB were found to express mainly
claudin-111 and V (Liebner et al., 2000) while the epithelial tight junction are mainly composed
of claudin-1, 1l and X1 (Wolburg et al., 2001). Resembling the non-brain equivalent, BBB tight
junctions are also strongly regulated by several signaling pathways, of which the cAMP
pathway is shown to be the main regulator where the phosphorylation of the structural proteins
that belong to the Zonula Occludens and occludin family directly translates into the strength of
tight junctions (Levanony et al., 1992). It has been shown that phosphorylation of ZO-1 is
related to the increase of permeability, while the phosphorylation of the occludin decreases the
paracellular permeability of the BBB (Rubin, 1992; Yamamoto et al., 2008). Likewise, other
signaling proteins such as VEGF, GTPases, ICAM-1 and reactive oxygen species (ROS) have
shown to take part in the integrity of the tight junctions, either directly or indirectly by affecting
the actin cytoskeleton (Jou et al., 1998; Schreibelt et al., 2007).

Overall, BBB is one of the most essential structures for the brain activity, due to its highly
regulated tight junctions, that is responsible for the strict control of the transport of molecules
between the body and the brain, for the prevention of the diffusion of harmful substances,
adequate supply of important metabolites and nutrients, the efflux of metabolic wastes and for
the regulation of trans-endothelial transport of circulating immune cells and inflammatory
factors, all of which are factors required for the accurate brain homeostasis and activity. Hence,
it is no surprise that many CNS-related diseases, including but not limited to Alzheimer’s
disease, Parkinson’s disease, brain injury, ischemic stroke, epilepsy, multiple sclerosis (MS)
and also psychiatric disorders such as major depression and psychosis were all found to be
directly or indirectly related to the BBB dysfunction, either as the cause or the result (Abbott et
al., 2006; Abbott et al., 2010).

This requires the complete understanding of the regulations of BBB under different
physiological conditions for a deeper understanding of certain neurodegenerative diseases and
drug delivery to the brain. Even though in vivo studies provide valuable findings, these
experiments suffer from the qualitative data they provide and no direct translation to human

tissue equivalents, along with other well-known issues such as being labor-intensive,
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significantly costly and ethically controversial. For this reason, microphysiological in vitro
BBB models represent a significant importance for the initial phase of the drug development
process that not only saves time and money, but also helps the development of a correct drug
candidate for a given specific disease condition. Hence, most of the papers published on in vitro
BBB studies focuses on the optimization and the maintenance of the permeability of endothelial

layer with an easily repeatable and adaptable experimental design and construct.
1.2 Current approaches on BBB-on-a-chip

Even though most of the in vitro BBB studies rely on the use of Transwell or other two-chamber
large constructs (Fig. 2a). This technique suffers from significant drawbacks such as the lack
of direct incorporation of sensors and real-time readouts, lack of possibility to study other
important BBB functions than just permeability, such as leukocyte extravasation or signaling
processes and the inconvenience of growing more than two cells simultaneously (Van der Helm
et al., 2016). For these reasons and more, there has been an increasing interest on finding other
solutions with the help of emerging micro-nano technology and fabrication techniques,
especially in last decade. BBB-on-a-chip represents a superior alternative to Transwell assays
due to its high versatility, repeatability, rapid and even automated analysis and relatively low-
cost design. These are small microfluidic devices with tiny networks of microchannels and
chambers where the desired cells are seeded, and corresponding tissues are mimicked by the
supply of physiological fluids and the restricted geometry. Depending on the parameters used
in the BBB-on-a-chip, such as the mechanical factors, accessory cell types, extracellular metric
and the geometry, the desired physiological conditions can be introduced in a controllable
fashion to better mimic of different diseases to study underlying molecular mechanism, to

investigate the effect of existing or developing therapies or to test different drug candidates.

However, being at the early stages of research, BBB-on-a-chip still lacks the complete
representation of the in vivo conditions and integrated read-out systems are still not fully
optimized for the easy use to obtain a reliable, and more importantly, consistent results. In fact,
up to 2016, barely ten publications on BBB-on-a-chip were issued in literature, among which
only two used human originated brain endothelial cells. Even though the number of publications
is increasing fast after these initial set-up studies, construction of the chips, established
conditions and the resulting data still differs significantly between each study, creates a major

inconsistency among the studies, even when the objective is completely the same.



Even though the complete geometry can differ greatly between each study, there are three main
structural approaches to grow endothelial cells on a BBB-on-a-chip. In a multi-layer
configuration (also called stacked or vertical) (Fig. 2b), one channel to accommodate
endothelial monolayer (aka. BBB channel) is separated physically by a porous membrane from
the other channel that will contain either solely culture media or other important cells such as
pericytes and astrocytes (aka. Brain chamber) (Booth & Kim, 2012; Griep et al., 2013; Achyuta
etal., 2013; Brown etal., 2015; Walter et al., 2016). This approach, however, lacks from several
drawbacks such as difficulties for direct observation of cell culture and problems with the
assembly of different chip components that are fabricated separately where any mismatch

between layers can induce the leakage from the channels.

In order to achieve easier fabrication, handling and better inspection with microscopy, single-
layer (also called flanked or lateral) BBB-on-a-chip is preferred (Fig. 2c). In this approach, one
or two BBB-channels and usually a single brain chamber are fabricated next to each other on a
single layer (Deosarkar et al., 2015; Xu et al., 2016; Partyka et al., 2017). Instead of using a
porous polymer membrane, PDMS pillar or stacks are fabricated between two components
where the endothelial cells can attach and fully form the BBB monolayer. In order to fully
separate two components, hydrogels can also be introduced in either component that not only
gives a 3D structure for the growth of cells but also prevents the cells belonging to other
components to enter the hydrogel-containing chamber, while still permitting full

communication between the channels.

Both of these techniques, at the end, hosts an endothelial layer that is planar (2D), either located
on top of the polymer membrane or located vertically between the PDMS stacks. For the full
mimicry of the in vivo BBB structure, there is an increasing number of studies trying to produce
tubular structures where the endothelial cells are expected to attach on the surface of the hollow
fiber-like scaffold which will be removed as a sacrificial layer (Fig. 2d) (Herland et al., 2016;
Marino et al., 2018; Linville et al., 2019). However, given that the fabrication and handling is
more complicated, this approach is still not well characterized and far from common use in

research.
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Figure 1.2. Common in vitro Blood-Brain Barrier models. a) the regular Transwell model for
direct contact and indirect contact between endothelial cells and astrocytes (Niego & Medcalf,
2013) b) multi-layer structure with porous membrane between the layers (Wang et al., 2006)
c) single-layer structure with PDMS pillars between the layers (Prabhakarpandian et al., 2012)
d) tubular structure (Linville et al., 2019)

1.3 Characterization of BBB-on-a-chip permeability

Regardless of the geometry of the structure, almost in all of the cases, the inconsistencies lie on
the resulting permeability of the endothelial monolayer, which is measured either manually by
fluorescent tracking of transported species, or more recently by the use of electrodes to measure
the electrical resistance across the endothelial monolayer. TEER is one of the widely used
techniques for the quantitative analysis of barrier integrity and permeability and it can also be
used in other systems to follow the cell behavior such as proliferation and migration (Srinivasan
et al., 2015; Henry et al., 2017). In vivo TEER measurements reveal that the resistance across
BBB can change approximately between 1500 and 8000 Q.cm? depending on the health
condition, age and other factors (Wolff et al., 2015). Hence, it is important to obtain a TEER
value in this range in BBB-on-a-chip applications before proceeding to the main objective of
the study. Unfortunately, many studies fail to fall in this range of electrical resistance, and



therefore the desired permeability observed in physiological conditions, mainly because of
different parameters used in chip fabrication and different ways of obtaining TEER. TEER can
be obtained either by measuring the resistance by Ohm’s law, which ignores many important
biological factors affecting the permeability, or by the analysis of impedance across a range of
frequencies, which considers not only resistive but also capacitive and inductive contributions,
and after an initial analysis, it reveals the most optimal single-frequency to be used for the
following TEER measurement (Bard and Faulkner, 2000). After the impedance spectrum is
obtained, the data are fit to an electrical circuit equivalent by the least-square optimization
method in order to obtain factors contributing to impedance separately, such as double layer
capacitance of the electrodes that are used for TEER measurement, resistance of the culture
medium, and resistance and capacitance of the endothelial monolayer (Elbrecht et al., 2016). In
order to avoid electrode polarization and the variations of cell culture medium resistance,
instead of using 2 probes, the 4-probe approach is recommended (Van der Helm et al., 2016),
where two electrodes are used to deliver current and the other two electrodes are used to
measure voltage, or vice versa. There are several major factors affecting the resulting TEER,
among which the presence of pericytes/astrocytes, shear stress, the distance of the electrode
from the cell monolayer, position, shape and orientation of the electrodes with respect to
endothelial cells (to generate a uniform electric field), conductivity of the electrolyte inside the
microfluidic chips, the presence of other resistive materials inside the chips (i.e. porous
membrane and PDMS) and the type of electrode material are all shown to result in major

variations in TEER measurements (reviewed in Mir et al., 2020, submitted manuscript).
1.4 Tuning Permeability of the BBB-on-a-chip

As explained earlier, the breakdown of the BBB integrity and corresponding increase of
permeability have been observed in many neurodegenerative diseases including multiple
sclerosis, Parkinson’s and Alzheimer’s (Fu, 2012). Studying the molecular basis of these
diseases and developing new therapies requires the ability to control the permeability of
endothelial monolayer in vitro. Moreover, while essential for the brain function, the integrity
of the BBB also limits the success of therapies by preventing the drug transport into the brain.
Delivery of drugs into the brain can be achieved by either the transcellular pathway; through
the cell or paracellular pathway; in between the cells. In a normal functioning BBB, the tight
junctions prevent the passage of hydrophilic molecules that have a larger molecular weight than
approximately 500 Da (Fu, 2012). On the other hand, transcellular transport is strictly controlled
for the passage of only specific proteins and it restricts the passage of most of lipophilic, large
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drugs for CNS treatment (Santaguida et al., 2006). All these limitations highlight a requirement
for the manipulation and tuning of the permeability both in vivo, for the better delivery of the
drug particles, and in vitro, for the drug development and drug permeability studies along with
a better representation of the specific pathological conditions with corresponding physiological

BBB permeability.

Several techniques have been investigated to temporarily increase the permeability of BBB both
in vivo and in vitro, including the use of chemicals, osmotic pressure, focused ultrasound and
electric field, all of which present advantages and disadvantages (Warren et al., 2006, Kroll et
al., 1998; Hynynen et al., 2005; Arena et al., 2014; Garcia et al., 2012). Chemical or
pharmaceutical treatment is usually the least favored method as it may have systemic effects on
the rest of the CNS cells which lead to several side effects such as abnormal neuron function,
nausea and headache in vivo (Treat et al., 2007) and it can change the behavior of not only the
endothelial cells but also the supporting cells such as pericytes and astrocytes in vitro. Delivery
of drugs in theory can be aided with osmotic opening. However, it is not yet possible to control
and tune the extent of cell shrinkage and the resulting permeability by this technique (Kroll et
al., 1998). Focused ultrasound, although is noninvasive and mostly safe, it has a very
restructured coverage area that limits the permeability tuning to a small part of the BBB and
leads to extended treatment period once larger volumes of BBB is required to be permeabilized
(Liu et al., 2010). A more recent approach to temporarily increase the permeability of BBB is
the pulsed-electric field (PEF) treatment that has several major advantages over the previously
mentioned methods. PEFs are intense, short electric fields that have already been used clinically
for the treatment of several CNS pathologies, including deep-brain stimulation (DBS),
electroporation, electrochemotherapy and tumor treating fields (Vitek, 2008; Agerholm-Larsen
et al., 2011; Davalos et al., 2005). The main advantage of using PEF comes from the fact that
depending on the easily adjustable parameters used such as the magnitude of electric field,
number of pulses, duration of the pulse, polarization and the frequency, PEF can be used to
administer both transcellular and paracellular permeability in BBB, both in vivo and in vitro,
without causing little to no harm to surrounding tissues and cells (Lopez-Quintero et al., 2010;
Arena et al., 2014). While the effects of PEF on transcellular permeabilization are well
established, the mechanism of action of PEF on paracellular permeability of the BBB still

remains ambiguous.

Transcellular permeability can be increased by inducing electroporation by PEFs, which causes
transmembrane potential over the endothelial cells to exceed a certain threshold and induce the
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formation of nanoscale aqueous pores on the membrane (Kotnik et al., 2010). Depending on
the ability of the membrane to reseal these pores, electroporation can be either reversible or
irreversible (IRE). Considering the IRE eventually results in the death of the corresponding cell,
it is important to establish the extent of reversible electroporation and the threshold of IRE in
order to avoid endothelial apoptosis while still increasing the transcellular permeability of the

barrier.
1.5 PEF induced BBB Permeabilization in literature

One of the earliest studies on the reversible and IRE effects of a low magnitude electric field
on BBB integrity came from Garcia et al. (2012), where the electroporation has shown to be
reversible at electric fields below 400 V/cm where the temporary BBB permeability increase
occurs in vivo. Similarly, Hjouj et al. (2012) also studies the thresholds for reversible and
irreversible electroporation of BBB in rats and found that a temporary permeability increase
without significant cell death occurs between 330 V/cm and 500 V/cm at 4 Hz with pulse
duration of 50-70 ps. Arena et al. (2014) showed that in vivo BBB permeability increases
without irreversible electroporation at much lower electric field amplitudes, 200 pulses of 250
V/cm with only 850 ns pulse duration.

Even though above mentioned and other in vivo studies provide valuable information about the
reversible BBB permeabilization, these results remain mostly qualitative and cannot cover all
the parameters that can be adjusted for PEFs and investigated throughout. On the other hand,
in vitro assays not only save a great amount of time and cost, but also provide more quantitative
results where the distinction between the results of different PEF-induced BBB
permeabilization can be clearly demonstrated. Moreover, as explained earlier, it is important to
obtain an optimized in vitro BBB platform with controllable permeability for the study of new
treatments and to test new drug candidates. For this reason, the observation of the effect of PEF

on endothelial cells in vitro has gained major interest during the last decade.

One of the earliest in vitro studies on the electric field induced barrier permeabilization came
from Lopez-Quintero et al. (2010), where the authors investigated the effects of DBS-relevant,
low intensity electric field on the bovine aortic endothelial cells seeded in Transwell. After the
estimation of the relevant electric field of DBS near the endothelial cells by the use of the finite
element method, 0.62, 1.25 and 2.5 V/cm electric field with 90 us pulse duration is applied at
relatively high frequency of 200 Hz. After the stimulation with PEF, the permeability of the

endothelial barrier is assessed by the water flux across the monolayer. Cell viability and calcein



uptake analyses revealed neither reversible nor irreversible electroporation occurred in the
electric fields tested. Out of three EFs, 1.25 and 2.5 V/cm resulted in a significant increase of
water flux through the barrier, proving the DBS-relevant, low intensity electric fields can induce
permeability increase in the endothelial barrier. As these electric fields are well below the
typical electroporation threshold, the authors suggested the mechanism of permeability increase
might be due to the disruption of the tight junctions. Authors showed that the increase of
hydraulic permeability correlated to ZO-1 disorganization. As the effects of the electric field
on the tight junction proteins were already known (Shen et al, Bolton et al), authors proposed
that even as low as 1.25 V/cm electric fields can induce changes on the tight junction proteins
and cytoskeleton to reduce the tight junction strength. Considering that the induced chemical
imbalance over the cell results in alteration of the signaling pathways and can eventually lead
to apoptosis, even when the electroporation is completely reversible, it was a major finding that
the PEFs may still lead to a significant permeability increase without inducing any pores on the
membrane of endothelial cells. This evoked new research focus on the paracellular
permeabilization of the in vitro BBB by the use of electric field.

In order to understand the thresholds of reversible and irreversible electroporation and the
underlying molecular mechanisms in vitro, Meulenberg et al. (2012) studied a larger window
of electric fields between 68 and 685 V/cm at 1 Hz and 8 pulses with a pulse length of 100 ps.
Starting from approximately 100 V/cm, the PI fluorescent uptake into cells increases, which
indicates the formation of pores. However, this effect was mostly prominent about
approximately 400 V/cm. Fluorescein conjugated phalloidin staining showed that F-actin fibers
were not affected below 275 V/cm but became less rigid and fragmented with higher electric
field values. Similarly, above 275 V/cm beta-tubulins became denser as the cells shrank and
collapsed. Also, the survival rate was given as only 31% for the largest electric field applied
(685 V/cm), which suggests that the occurrence of irreversible polarization increases quickly
within this given range of electric fields. Even though the authors were successful with the
determination of the electroporation threshold in their particular Transwell choice, the
permeability below the electroporation limit and hence the possibility of paracellular
permeability is not investigated and the experiments are conducted on the absence of neuronal
cells and the shear stress, which would otherwise increase the electroporation threshold even

more.

Zhou et al. (2013), on the other hand, use of the brain microvascular endothelial cells (BMVEC)
and the astrocytes co-culture on Transwell constructs for the investigation of the electric field
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on the BBB barrier by employing TEER measurements for the continuous track of the
paracellular permeability. However, the electric field used in this study was significantly large
(1000-4000 V/cm) and not relevant for the threshold between the paracellular and transcellular

permeability pathways.

Bonakdar et al. (2016) studied the effects of the electric field on BBB-on-a-chip for the first
time by using microfluidics. In this initial study, the authors focused on electroporation relevant
electric fields gradually changing between 214 (at the edges of the microchannel) and 714 V/cm
(at the middle of the microchannel) and employed three different pulse number (10, 30 and 90)
with a pulse duration of 100 ps at 1 Hz. Even though the experimental construct lacks the
astrocytes/pericytes and shear stress, the authors clearly demonstrated that the lower pulse
number (10) and low electric fields (until 580 V/cm) resulted in a relatively safe electroporation
while the occurrence of irreversible electroporation and the corresponding cell death was
significantly larger for 30 and 90 at even smaller electric fields. This study clearly shows that
the number of pulses for PEF induced BBB permeabilization is as important as the magnitude
of the electric field used. The study of the paracellular permeability by using electric fields
much lower than the electroporation threshold was left for the following study from the same
group, where the exact electric fields used in Lopez-Quintero et al. (2010) were tested and
compared to a larger electric field (Bonakdar et al., 2017). Even though the experimental design
suffered from the same drawbacks of the previous study, the authors improved the design of
Lopez-Quintero greatly by using multilayer BBB-on-a-chip model with a uniform electric field
density and measuring the permeability of both fluorescent sodium salt (376 Da) and FITC-
Dextran (70 kDa), instead of hydraulic permeability, in order to understand the transport of
small and large molecules. Accordingly, permeability to a small molecule increases even at
extremely low electric field at 2.5 VV/cm while the permeability to a large molecule increases
only at 25 V/cm. Considering these electric fields were far below the threshold of
electroporation, the authors proposed that the paracellular permeability increases in this range

of the electric field, yet this theory is left to be addressed in the future.

One of the latest studies on this subject was conducted by Sharabi et al. (2019) where the authors
included the pericytes in Transwell configuration to enhance the tight junction expression on
adjacent endothelial cells and the impedance spectrum-based TEER measurements to carefully
examine the permeability changes, while no shear stress is induced on the cells. Both low
voltage regime between 5 and 100 V (approximately 7 and 150 V/cm) and high voltage regime
between 200 and 2000 V (approximately 300 and 3000 V/cm) at 1 Hz, 10 pulses with a pulse
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duration of 50 us, were tested for viability, electroporation and permeability measurements.
Accordingly, no significant cell death is found below 100 V, suggesting no irreversible
electroporation. Endogenous lactate dehydrogenase (LDH) release experiments revealed the
electroporation starts only after 100 V while the permeability to Sodium Fluoresceoin (NaF)
increased almost 40% even at 10 V, suggesting that the electroporation was not the reason for
permeabilization in these low electric field regimes. This result is supported by a significant
decrease in TEER after the application of PEF at 10 V (no TEER change is obtained for 5 V).
These findings were tried to be confirmed by ZO-1 and VE-cadherin immunostaining, however,
the confocal microscopy analysis did not correlate to the previous results. Once again, the

mechanism of action of BBB disruption at low PEFs was left to be elucidated in the future.

Table 1. Summary of the recent studies on the pulsed electric field induced permeability change

in BBB in vitro models

TransWell
No permeability assay
Z0-1 No TEER.
Immunostaining No Shear stress
No
astrocytes/pericytes.
TransWell
Actin/Tubulin No shear
immunostaining  No astrocytes/pericytes
No TEER.
Only high EFs
addressed
No immunostaining
No TEER
No Shear stress
No astrocytes/pericytes
No TEER
25 . Microfluidics No Shear stress
25 = G 2L No astrocytes/pericytes
No immunostaining
TransWell
Pericytes No astrocytes
7to 147 50 10 1 TEER No consistency in
immunostaining
findings

0.62
1.25 90 Continuous 200
2.5

68, 137,
274,411, 100 8 1
548, 685

214t0 714 100 30 1 Microfluidics

PEF induced BBB permeabilization is a very relevant technology yet still in its infancy. More
comprehensive research is required for the fully understanding of this technique and many
important factors expected in a physiologically relevant in vitro model still not considered in
these studies, such as the human brain endothelial cells, neural cells such as astrocytes and

pericytes and shear stress.
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1.6 The Aim of the Present Study

There has been no research carried out that both mimics the BBB conditions and studies the
effects of a low electric field on paracellular permeability comprehensively, nor any research
to explain the findings of above-mentioned pioneering studies. Considering the importance of
being able to manipulate the permeability of BBB for improved drug delivery or for the
reconstruction of disease-induced permeability increase in brain capillaries, it is an urgent need
to develop a realistic BBB-on-a-chip that allows measuring the effects of varying PEFs on tight

junction structures in both molecular and physiochemical levels.

In this study, the effects of the applied electric field on the cell layer by the integrated electrodes
in two main configurations of BBB-on-a-chip; single-layer and multilayer, were investigated
by 3D modeling. Due to COVID-19 pandemic, the study was restricted only to finite-element
analysis based simulations and the theoretical calculations where the underlying effects of the
electric field was investigated by considering the physical parameters, such as conductivity,
relative permittivity and the geometry of the structural elements in the corresponding chip
configuration. The detailed analysis of the potential, electric field and the current density
distributions over the constructed endothelial layer was carried out to explain the possible
outcomes of the use of electric field. Finally, the advantages and the disadvantages of both chip
configurations were discussed with respect to their use in PEF-induced permeability tuning

studies.
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2 METHOD
2.1 Numerical Modelling and Parameter Settings

For the comparison of two different chip designs with respect to the potential, electric field and
current density distribution over the cell layer, finite element simulations were modeled in
COMSOL Multiphysics 5.2 (Stockholm, Sweden) using the AC/DC module with the
frequency-dependent study. Electric Currents physics was chosen to solve the following
equations to obtain the distribution of electrical parameters such as potential (V), induced
electric field (E) and the current density (J) on different structural domains;

]=(0+ e%)E

with the boundary condition of V.J] = 0

where € = €, x€y and u = w, x uy, With €, and p, are the relative permittivity and relative

permeability, respectively.

The boundary condition of the study was introduced as two fixed potentials at electrode

boundaries;

Vfront electrode — Vback electrodze = VCOSWL

where V is the externally applied driving voltage and w is the chosen frequency (1 Hz for the
fixed frequency studies and 1 kHz-1 GHz for the frequency sweep studies). The remaining
boundaries were defined as electrically insulating, i.e., n.J = 0; where n is the normal vector

to the surface.
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The electrical parameters of the structural domains are given in Table 2. The values of the
parameters as the average of previous similar studies (Sano et al., 2014; Taghian et al., 2015;
Murovec et al., 2016; Jayasooriya & Nawarathna, 2017; Li et al., 2018).

Table 2. Conductivity and permittivity parameters used for the structural elements in 3D Model

Parameter Value

Channel/Chamber conductivity (opes) | 1.6 SIm
Channel/Chamber permittivity (eees) | 80¢o
Cell membrane conductivity (om) | 107 S/m
Cell membrane permittivity (em) | 7¢o
Cytoplasm conductivity(oc) | 1 SIm
Cytoplasm permittivity (ec) | 80eo
Polycarbonate conductivity (oec) | 104 S/m
Polycarbonate permittivity (erc) | 3¢o
Pillar conductivity (oroms) | 2.5 x 10714 S/m

Pillar permittivity (eroms) | 2.75

At the beginning of each simulation, four different built-in physics-controlled meshing were
carried out; normal, fine, finer and extremely fine. In each scenario, only the extremely fine
mesh gave the results expected by theoretical calculations. This was confirmed by the color
images of mesh quality where any mesh below extremely fine resulted in low-quality mesh
elements where the small structural features are located. For this reason, an extremely fine mesh
with free tetrahedral mesh elements was created before the corresponding simulation was run
for all the following studies. In case of chip structures with the cell layer, additional Edge and
Free Triangular nodes were used for the better meshing of the small edges and the small

boundaries, respectively.
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The construction and the corresponding geometry of the structural domains are given in the
following sections. All simulations were repeated for the chip designs without the cell layer
(control) and with the cell layer.

2.2 Design and Optimization of the Single-Layer Chip Design

A 3D lateral chip was constructed by the 150 pm extrusion of a 7700 um x 1900 pum rectangle
to accommodate 19 pairs of PDMS pillars that are separated by 100 um between their longest
edges (Fig. 2.1). The edges of PDMS pillars were chosen as 300 um for the outer edge, 200 um
for the size edges and 70 pum for the inner edge. Throughout the following simulations, pillars
were assigned PDMS with a conductivity of 2.5 x 10™* and relative permittivity of 2.75.
Regions of the single-layer chip outside of the pillars was assigned water with a modified
conductivity of 1.6 S/m and relative permittivity of 80 to represent the physiological parameters
of PBS.

The electrodes were constructed as 2D circular disks and assigned gold as material. Unless
mentioned otherwise, the centers of the 2D electrodes were kept 150 um before (x=150) and
after (x=450) the gap between two pillars, where the endothelial cells are expected to form. To
be able to manipulate the cell layer, both by using a group of electrodes and also individually
in the same chip construct, four pairs of electrodes were placed in the first four gaps between
the pillars; following two gaps were left empty and the next three pairs of electrodes were placed
with one empty gap between them. No electrode was introduced between the upper pillars to
have endothelial cells that are not exposed to an electric field in in the same chip design during

the experimentation.
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Figure 2.1. Final structure of the single-layer chip design before the cell layer is introduced

(121,852 mesh elements with a minimum element size of 1.54 um)

For the studies involved in the optimization of the single-layer chip, three main cutlines were
chosen to be analyzed. One cutline of approximately 6000 um length was taken as passing along
the long axis of the chip, located just at the base of the pillars in order to see the difference of
electric field in each of the gaps in a single graph (Fig. 2.2, red line). A second cutline of 300 um
was taken between the centers of two electrodes located in the second gap (between the second
and third pillar) in order to understand the electric field distribution through the individual gap
(Fig. 2.2 blue line). A third cutline of 150 um was taken from the bottom to the top of the chip
at the point of the second gap in order to measure the electric field distribution along the height
of the chip where the endothelial cells are expected to form a vertical barrier (Fig. 2.2, violet
line).
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Figure 2.2 Representative image of the three main cutlines used in the single-layer chip
analysis. The red arrow represents the cutline along the long axis of the chip; the blue arrow
represents the cutline between the centers of two electrodes; the violet arrow represents the

cutline along the height of the gap between two pillars.

As for the first step of the optimization, three different diameters of electrodes were tested,
50 um, 100 pm and 150 pm. Smaller electrodes were not considered to reduce the complications
in the alignment of the electrode layer and the PDMS layer during fabrication; similarly, larger

electrodes were not considered as they would not fit between two pillars.

The effects of the distance between two electrodes on the electric field distribution along the
height of the channel were investigated by using only 50 pm electrodes in order to be able to
test larger distances. In this study, the distance between the centers of the electrodes was
gradually increased from 300 um to 1700 um and results of four chosen distance values were

compared.

To check the effect of the electrode paths on the electric field distribution in the gap between
the pillars, 70 um paths were added to all electrodes and extended towards the two opposite
sides of the chip (Fig. 2.3a). After the results were obtained, electrode paths were removed and
the circular electrodes in the brain chamber were replaced with a single rectangular electrode

as shown in Fig. 2.3b.
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Figure 2.3. Optimization of the single layer chip. Top view of single-layer chip design with a)
the electrode paths are introduced and b) electrodes in the brain chamber are replaced with a

single rectangular electrode
2.3 Modelling of The Cell Layer in The Single-Layer Configuration

Cellular structures were constructed as one hollow rectangular prism with a certain thickness;
representing the cell membrane, surrounding a smaller rectangular prism; representing the
cytoplasm. Dimensions of the cell were chosen considering the reported in the literature for
endothelial cells in BBB (Farkas and Luiten, 2001; Nicaise et al., 2009) and it was considered
to be 50 um in length, 20 um in height and 0.5 pm in thickness. On the other hand, in order to
prevent the problems with meshing and to decrease the amount of time simulation takes to
complete, the thickness of the cell membrane was increased to 50 nm from its physiologically
more relevant size of 5-10 nm. For similar purposes, the simulations were confined to a single
gap between two pillars and the total size of the chip is reduced accordingly. In total 14 cells
were placed between two PDMS pillars with a 10 nm gap between two adjacent cells to
represent the tight junctions between endothelial cells in BBB (Fig. 2.4). As there is no study
which investigated the conductivity of the human brain endothelial cell membrane to the best

of our knowledge, the cellular membrane was assigned to the conductivity of red blood cell
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membranes, that is 107 S/m, and a relative permittivity of 7 to represent the electrically
insulator part of the cell. On the other hand, the cytoplasm was given a conductivity of 1 S/m
and relative permittivity of 80 to represent the electrically conductive part of the cell.

_______________________________________

Figure 2.4. Single-layer chip design with 14 cells between two pillars (361,870 mesh elements

with a minimum element size of 0.01 yum)

After the introduction of the cell layer, the cutline between the centers of two electrodes was
still used to have a general idea of how parameters were distributed in a long range. However,
the remaining analyses were carried out for a much shorter cutline in the same direction,
extending only between 0.5 um before and after the cell structure. Together with the 0.5 um
cytoplasm and the 50 nm cell membrane in two sides, the total length of the cutline was only
1.6 um. It was necessary to look at very short distances once the cell structure was included in
order to have enough data points on the small details in the line graphs, such as the behavior
inside the cell membrane or the tight junction. If it was still necessary to scale down a particular
region to have a clearer picture, even shorter cutlines were used and the results were included
as insets. Lastly, another cutline with the same length and direction but passing through the gap
between two cells, i.e. tight junction, was analyzed to compare the behavior of the electric field

and especially the current density between two important regions.
2.4 Construction of the Multilayered Chip Structure

Unlike the single layer chip design with only one layer of fabrication that contains parallelly
two endothelial channels and the brain chamber in between two parallel endothelial channels

separated from each other by the presence of the pillars and the endothelial cell layer, the so-
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called sandwich design contains three individual layers representing the endothelial channel,
the porous membrane and the brain chamber. Only one out of 16 intersection points present in
the fabricated chip was constructed for the simulations of multilayer configuration. In order to
have 10° pores/cm? pore density (Cyclopore Track Etched Membrane 7091-4710, Whatman),
pores with 1 um diameters are homogenously distributed inside the polycarbonate membrane
with a 32 um distance between the pores. The area of the membrane, and hence the area of the
endothelial channel and the brain chamber, were reduced to 320 x 320 um from their original
size of 2 x 2 mm in order to have a total of 100 pores to run the simulation relatively easier.
The length of the endothelial channel and the brain chamber were kept as 180 pum as their
original value. Similarly, the length of the porous membrane was kept 10 um as its original

value.

Figure 2.5. Final structure of the multilayer chip design before the introduction of the cell layer

(713,208 mesh elements with a minimum element size of 0.1 um)

To manipulate easier, the layers are placed next to each other rather than being on top of each
other, such that the endothelial channel is located on the left, the porous membrane is located
in the middle and the brain chamber is located on the right side of the structure (Fig. 2.5). Gold
electrodes, whose diameter was reduced to 256 pm from their original value of 1.6 mm, were
located on two sides of the structure parallel to the porous membrane. Unlike their original
interdigitated structure, electrodes were represented as 2D spherical disks for the sake of easier
simulation. Finally, the porous membrane was assigned polycarbonate from the material library
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with a conductivity of 10 S/m and a relative permittivity of 3. The endothelial channel, the
brain chamber and the pores were assigned water with the modified conductivity of 1.6 S/m
and the relative permittivity of 80.

For the multilayer structure, as the electrodes were placed parallel to the cell layer, electric field
was mostly uniform in the direction perpendicular to porous membrane, hence, the analyses
were reduced to cutlines in two main directions. One cutline was taken from one electrode to
another with a total length of 370 um and passing through the pore at the middle of the of porous
membrane (Fig. 2.6., red line). Another cutline with the same length was taken but this time
passing through the polycarbonate region of the membrane close to. Shorter cutlines were also
taken to show the porous material in detail and included as insets in the main figures. In order
to understand the change of electric field and current distribution between the polycarbonate
region and the pores, and to investigate the differences between the edges and the central parts
of the porous membrane, a diagonal cutline between one corner of the membrane to the opposite
corner, positioned at the middle of the porous membrane, was analyzed (Fig.2.6., blue line).
Furthermore, another diagonal cutline was taken 1 um before the porous membrane in order to
understand how the electric field and current behave where the endothelial cells are expected

to form the cell layer before reaching their final value inside the porous membrane.

Figure 2.6. Representative image of the two main cutlines and their directions used in the
multilayer configuration. The red arrow represents the cutline between the center of two
electrodes passing through the porous membrane either through the polycarbonate or the
central pore; the blue arrow represents the diagonal cutline between two opposite corners of
the porous membrane passing either in the middle of the porous membrane or one micrometer

in front of the porous membrane
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2.5 Modelling of The Cell Layer in the Multilayer Chip Configuration

Considering the large size difference between the elements in cell construct, such as the
membrane thickness and the tight junctions, the size of the multilayer chip was reduced even
more to accommodate a total of only nine cells with the same dimensions given before. By
keeping the width of the endothelial channel and the brain chamber 180 um, and the porous
membrane thickness as 10 um, the cross-section area of the chip was reduced to 160 x 96 um
(Fig. 2.7). Likewise, the size of the electrodes was reduced to 90 um such that the electrodes
will cover most of the cross-sectional area at two sides of the chip, similar to the original
fabricated chip. Cells were placed inside the endothelial channel 10 nm before the porous
membrane. Conductivity and relative permittivity values were assigned as explained
previously. Finally, the size of the tight junctions between the adjacent cells were kept as 10

nm.

Figure 2.7. Multilayer chip design including nine cell constructs in front of the porous

membrane (1,468,141 mesh elements with minimum mesh size of 0.01 um)

Once the cell layer is constructed in front of the porous membrane, a much smaller cutline
between 0.5 um before and after the cell structure with a total length of 1.6 pm was analyzed.
Not only to see the difference between cells and the tight junctions, but also to see the effects
of the polycarbonate region of the porous membrane or the pores inside the membrane, three of
such cutlines were compared to each other. Accordingly, one cutline was passing through the
tight junction followed by the polycarbonate (Fig. 2.8., right image), a second cutline was
passing through a cell followed by the polycarbonate (Fig. 2.8., middle image) and a third
cutline was passing through a cell followed by a pore (Fig. 2.8., left image). Because of the low

porosity of the Whatman paper used in the fabricated chip, it was a low possibility for tight
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junctions to be located directly in front of a pore, hence, the cutline passing through a tight

junction followed by a pore was excluded from the graphical representations.

Figure 2.8. Representative image of the three main cutlines used in multilayer configuration
after the introduction of the cell layer. a) cutline is passing through a cell located in front of a
pore, b) cutline is passing through a cell located in front of polycarbonate and c) cutline is

passing through a tight junction at the intersect of four cells in front of polycarbonate
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3 RESULTS & DISCUSSION
3.1 Finite Element Analysis

The finite element method (FEM) introduced by Clough (1960), treats a continuous domain by
smaller, discrete and finite domains. The solutions of the studied physics in the entire structure
is represented by the collection of the solutions obtained from the finite elements. By the fast
development of computer science, wide range of numerical solutions of differential equations

has been adapted to finite element method and made available to commercial software engines.

The core of FEM lies on the process of meshing in which the geometrical domain is divided
into smaller elements where the numerical solutions can be obtained easier to recreate the
physical behavior of the studied model. The size of the mesh elements can range from very
large (extremely coarse) to very small (extremely fine). If the coarse mesh is used, the accuracy
of the results may be compromised depending on the study model. On the other hand, fine mesh
size can produce large accuracy at the expense of larger processing memory and simulation

time.

To the best of our knowledge, there has been no FEM-based study carried out to investigate the
effects of the electric field on a fully constructed BBB-on-a-chip design with physiologically

relevant elements such as the endothelial cell layer and the tight junctions.

3.2 Optimization of the Single-Layer Chip Configuration Effect of The Size and
Distance of Electrodes

To optimize the best conditions for the fabrication of the chip and the manipulation of the
endothelial barrier, several parameters were tested. Firstly, the effect of the size of the
electrodes has been investigated by using electrodes with three different diameter values while
keeping the center position of the electrodes the same. As can be seen in Fig. 3.1, the electric
field and the current density significantly increased when the diameter was increased, which

was expected due to the decrease in distance between two electrode edges.
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Figure 3.1 Effects of the electrode size on the electric field distribution (a) along the long axis

of the channel (b) between the centers of two electrodes (c) along the height of the channel

The distribution of the electric field along the long axis of the BBB channel (Fig. 3.1a) showed
that the electric field peaks on the corners of the PDMS pillars and decreases sharply in the gap
between pillars, where the endothelial cells are expected to form a barrier. The difference of
electric field between the corners and the gap was the highest for the largest diameter of
electrodes. This should be kept in mind during experimentation as the endothelial cells located
on the corners of the PDMS can be affected by the electric field significantly more than the
endothelial cells in the gap. Next, the electric field between the centers of two electrodes was
assessed (a total distance of 300 um). As shown in Fig. 3.1b, the electric field peaks at the edges
of electrodes and shows a homogenous distribution in the gap between two electrodes. The
higher current density on the electrodes edges is due to the skin effect, in which the AC has the
tendency of being concentrated near the surface of the conductor, for being reduced

exponentially with greater depths in the conductor. It should be noted that the skin effect was

26



significantly lower for the 150 um diameter electrodes, even though the value of the electric
field in the gap was higher compared to smaller electrodes. This gives an advantage for larger
electrodes for the experimental procedure as the highly concentrated electric field can damage
the cells on top of and/or around the electrodes, especially in the brain chamber. Having a larger
surface area, 150 um electrodes distribute the electric field relatively better and prevent such a

localization of high current for a given voltage and frequency.

Considering the endothelial cells are expected to be stacked on top of each other in the gap
between two pillars and placed on the middle of the two electrodes, it is crucial to look at how
the electric field changes within the height of the channel at this position. As the electrodes are
thin film deposited and represent the 2D constructs of the system at the bottom of the structure,
it was expected for the electric field to decrease along the Z-axis. All three different sizes of
electrodes had a certain decrease in the electric field from the bottom towards the top of the
channel (Fig. 3.1c), with the largest decrease found to be for 150 pm diameter electrodes. It can
be explained as the distance between the electrodes decreases (larger diameter), the current
cannot reach to further distances from the electrodes. But it should be noted that the value of
the electric field, even at the very top of the channel, was significantly higher compared to

smaller electrodes.
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Figure 3.2. Effect of the distance between electrodes on the electric field distribution along the

height of the channel
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To better understand the decrease of electric field in the Z-axis, the smallest electrodes (50 pm)
were placed at different distances. As the distance between the center of electrodes increases
from 300 um to 1700 pum, the distribution of the electric field became more homogenous (Fig.
3.2). Even though the decrease of electric field in the Z-axis for the electrodes that are placed
300 um away was larger compared to more distant situations, this decrease is compensated by
the significantly higher value of electric field. In order to have a reasonable electric field over
the vertical stack of endothelial cells, this result shows the importance of putting the electrodes
as close as possible to each other. Moreover, it is important to put electrodes close to the
endothelial cell barrier in order to reduce the field over astrocytes and pericytes in the brain

chamber, which also requires the electrodes to be as close as possible to each other.

In the interest of having the theoretically calculated voltage-to-distance electric field values; a
more homogenous distribution between the electrodes and lower skin effect; and last but not
least, an easier integration during the fabrication process, 150 pum diameter electrodes have been

chosen to proceed with in the following simulation/experiments.
3.2.2 Effects of the Electrode Paths

Even though using the circular electrodes on the COMSOL Multiphysics® simulation gives
enough information about the electric field distribution over the structure, it is important to
assess the effect of the electrode paths as they will be passing through the entire brain chamber
and may result in unwanted effects. For this reason, paths with 70 um width were introduced to
electrodes both in the endothelial channel and the brain chamber, similar to the real design of
the chips. As shown in Fig. 3.3, there were no significant effects of the presence of paths on
neither the distribution nor the values of the electric field. Similar to the simulation without
paths, the electric field in the brain chamber was still less than 10 V/cm, suggesting the presence
of paths had no particular effect on the electric field distribution in the brain chamber either

(data not shown).
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Figure 3.3. Effects of the electrode paths on the electric field distribution (a) along the long

axis of the channel (b) between the centers of two electrodes (c) along the height of the channel
3.2.3 Replacing Top Electrodes with a Single Rectangular Electrode

To reduce the interaction of the electrode paths with the astrocytes and pericytes and the
possible passivation of the electrodes, it is desirable to reduce the number of electrode paths in
the structure. For this reason, a different structure has been designed by replacing all top
electrodes with a single rectangular electrode. When compared to the previous design, it has
been found that the electric field was overall higher when all the electrodes are individual and
circular (Fig. 3.4). Not only this, but also putting a single rectangular electrode that spans from
the left end of the of the channel to the point where the last circular bottom electrode is located
resulted in an increase of the electric field at undesired locations, for instance in the gaps where
no circular electrodes were present. The idea of using individual electrodes is to be able to
manipulate individual endothelial barriers located in each gap. Even though it makes the
fabrication relatively easier and reduces the possibility of leaks, using a single rectangular
electrode may change the permeability of the off-target endothelial barriers, compromising the

promise of individual manipulation. Also, the presence of PDMS pillars prevents the
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rectangular electrode to come closer to the bottom electrodes, which increases the distance
between them and hence reduces the electric field in the gap where endothelial cells are
expected to form the barrier.
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Figure 3.4. Effects of the electrode shape on the electric field distribution (a) along the long

axis of the channel (b) between the centers of two electrodes (c) along the height of the channel
3.3 Introducing the Cell Barrier in the Single-Layer Configuration

The most crucial part of the experiment is to understand the differences of electric field and
current distribution over the cell structure and the gaps between cells, i.e. the tight junctions,
which in turn will determine if the outcome permeabilization is achieved through a transcellular
or paracellular pathway. To understand the differences between these two regions, a cutline
extending between 0.5 um before and after the cell is compared to another cutline with the same
length that is passing through the tight junction. After the introduction of two cell structures
with a highly resistive cellular membrane (om=10" S/m), the potential distribution over the
structure changed significantly. Due to the presence of a highly resistive element (cell) in the
structure, the potential drop over the channels were reduced compared to the control (without

cells) model and a significant potential drop is found over the cellular layer, namely over the
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front and back membrane of the barrier with almost no potential change over the cytoplasm
(Fig. 3.5).
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Figure 3.5. Potential distribution over the cell layer in the single layer configuration a) color
image of potential distribution from top view and b) along the cutline passing either i) through

the cell structure or ii) through the tight junction

To understand the behavior of the cell in the single-layer structure, an equivalent electrical
circuit can be designed. Given the parameters in Section 2.1, the cell layer can be represented
by both resistance and capacitance characteristics. Resistance characteristics of the cell layers
come from the intrinsic resistivity of the lipid bilayer against the current flow. Due to the
accumulation of the charges at two sides of the lipid bilayer, where the conductive extracellular

fluid (PBS) and the intracellular fluid (cytoplasm) acts like a parallel plates, the cell membrane
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also shows characteristics of a capacitor, defined by the dielectric constant of the cell
membrane, the total surface area and the thickness of the cell membrane. On the other hand, the
conductive parts of the chip, namely the channels, cytoplasm and the tight junctions could be
represented by a simple resistance defined by the conductivity of the solution, length of the
solution and the surface area according to Ohm’s law. Especially at low frequencies, the double

layer capacitance of the electrodes should also be considered.

Figure 3.6. Simplified equivalent circuit model of the cell layer between two PDMS pillars. Top
part represents the BBB channel and the bottom part represents the brain chamber. Resistance
of the channels, the tight junctions and the cytoplasm is given as Rch, Rty and Rc, respectively.
Double layer capacitance of the electrodes and the capacitance of the front and back membrane

are given as Cai, Crm and Cgw, respectively.

The complete equivalent circuit can further be simplified into Fig. 3.6. As the resistance of the
cell membrane is significantly larger than the capacitance of the cell membrane, which are
connected in parallel in the circuit model, the current would mostly go through the resistive
element. Hence, the cell layer can be represented by two cell membrane capacitances and one

cytoplasm resistance connected in series.

Keeping this model in mind, the current is not expected to flow through the cell layer because
of the high capacitance of the cell membrane at low frequency. As the membrane has low
conductivity, the charges accumulated in the two sides generate a similar relatively large
potential drop over the front and back membrane of the cell layer. As connected in parallel, the

total potential-drop over the tight junction acquires a similar total potential drop as of the cell
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layer. However, with a much smaller slope of the potential drop compared to the front and back

membrane.

As the consequence of the potential drop, two electric field peaks were found for the front and
the back membrane of the cellular structure (Fig. 3.7). These peaks reached extreme values, up
to ~250,000 V/cm, compared to ~100-200 V/cm electric field in the rest of the structure.
Corresponding to the linear decrease of potential, the electric field was relatively higher
(~50,000 V/cm) in the tight junction compared to the endothelial channel and the brain chamber
but significantly smaller compared to the front and back membrane. Inside the cytoplasm, due
to the nearly constant potential, the electric field was found to be almost zero. This result shows
the significance of this simulation-based model, in a sense that even the voltage-to-distance
ratio is kept as 300 V/cm, the electric field on the cell layer will be approximately a thousand
times more than this value. This suggests that the studies conducted in vitro to understand the
thresholds of reversible and irreversible electroporation, and hence the range of electric field
that leads to paracellular or transcellular permeabilization, underestimate the real electric field

value that exists on the cell.

While the voltage-to-distance ratio of electric field depends only on the applied voltage and the
distance between two electrodes, the real electric field that the cells are exposed to depends on
many other factors, such as the total surface area, the thickness, resistivity and the dielectric
constant of the cell layer and the distance between the cells that current can flow through, i.e.,
the side of the tight junctions. All these factors determine the amount of charges collected at
the two sides of cell layer, which in turn determines the potential drop and hence the electric
field over the cell layer. The strength of this electric field determines not only the size of the
induced pores but also the recovery of the cell membrane. Together, this finding suggests that
investigation of the real electric field values on the cell membrane can be an important tool to
understand the range of paracellular/transcellular permeabilization and the thresholds of
reversible/irreversible electroporation that leads to a better ability of tuning the characteristics

of the BBB-on-a-chip in vitro.
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Figure 3.7. Electric field distribution over the cell layer in the single-layer configuration a)
color image of electric field from top view and b) along the cutline passing either i) through the
cell structure or ii) through the tight junction

Unlike the electric field, the current density cannot have large values inside the cell structure
due to the high resistivity of the cellular membrane against the current coming from the channel.
The current density analysis across the cell and the tight junction showed that the current is
almost completely localized in the tight junction and retains extremely low values inside the
cell. This suggests that current, at least in given frequency of 1 Hz, can only pass through the
gap between the cells, but not through them. In the scaled inset of Fig. 3.8b, the current density
can be seen to decrease down to zero in the cell while it increases up to ~700 A/cm? in the tight
junction. In the rest of the endothelial channel and the brain chamber, the current density retains
low values around 2-4 A/cm?which can be understood as the total current is distributed to the

large cross-sectional area of the channels.
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Figure 3.8. Current density distribution over the cell layer in the single-layer configuration a)
color image of current density from the front view, showing the tight junctions at the intersect
of four cells and b) along the cutline passing either i) through the cell structure or ii) through

the tight junction

This result shows that at extreme low frequencies, the amount of current passing through the
unit area of the cell will be significantly lower than the amount of current passing through the
unit area of the tight junction. However, as explained in Section 1.5, it has been shown that
even at these low frequencies (i.e. 1 or 200 Hz), it is possible to obtain both reversible and
irreversible electroporation. To understand this effect, it is required to obtain the correct current
density value over the cell that leads to either paracellular/transcellular or reversible/irreversible
electroporation and the correlation between the current density obtained and the parameters
used in the study such as the amplitude and frequency of the electric field and the duration and
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number of the pulses. To the best of our knowledge, no such study is carried out. As the
experimental calculation of parameters such as the electric field and the current density over
the cell layer is not straightforward, it is recommended to carry out the corresponding
simulation for each different set of parameters used during the experiment in order to make a
complete correlation between the electric field and/or current density over the cell layer and the

observed effects on permeabilization.

Lastly, the distribution of the electric field and the current density was plotted along the height
of the chip (Fig. 3.9). Accordingly, one cutline was taken along the front membrane of the cell
layer and the other was taken in the middle tight junction, both extending from the bottom of
the chip to the top of the chip. The results revealed that neither the electric field nor the current
density changes significantly between the cells located at the bottom of the chip and the cells
located at the top of the chip. Considering the electric field at the top of the chip was reduced
almost one-third of its value at the bottom of the chip in the control group (Fig. 3.1c), the
addition of the cell layer can be said to result in a more homogenous distribution of the electric
field by localizing the majority of electric field in the cell memrane and the majority of the
current density in the tight junctions and hence, minimizes the differences with respect to cell

position otherwise expected previously.
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Figure 3.9. Electric field and current density distribution inside the cell membrane and the tight

junctions, respectively, along the height of the chip
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3.4 Distribution of Potential, Electric Field and Current Density in the Multilayer
Chip Configuration

The major difference between the single-layer structure and the multi-layer chip lies on the use
of highly resistive porous membrane separating the two chambers. The finite element analysis
showed that the presence of such a non-conductive polycarbonate layer in the multilayer
configuration significantly alters the distributions of three main electrical parameters assessed
in this study. The color image in Fig. 3.10 shows the decrease of potential is almost completely
localized over the polycarbonate membrane in the middle of the structure while there is barely
any change of potential in the rest of the structure. This can be understood by the fact that the
polycarbonate membrane has 14 power of magnitude times higher resistivity and a significantly
smaller dielectric constant compared to the surrounding PBS if these two elements are

considered as two current paths connected in series.

Figure 3.10. Color image of the potential distribution inside the multilayer chip with the scaled

image of a pore inside the polycarbonate membrane.

The presence of pores distributed over the polycarbonate membrane suggests that these two
parts of the structure might have different properties and eventually different impacts on the
cell layer that will be in front of them. Therefore, the potential decrease over a cutline passing
through the polycarbonate has been compared to another cutline passing through one of the
pores at the middle of the membrane. According to Fig. 3.11, the potential almost entirely

decreases over the porous membrane, regardless of passing polycarbonate or a pore. This
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suggests that the polycarbonate region and the pores act like two current paths connected in
parallel, with an almost same potential drop over them. Significantly smaller decrease of
potential can be observed inside the endothelial and brain channels in scaled part of the graph
at left. Another important observation can be seen towards the end of the endothelial channel;
the decrease of potential starts relatively earlier in front of the pores due to the continuity
between the channel and the pore. On the other hand, the potential starts decreasing only at the
starts of the polycarbonate region but not beforehand due to the discontinuity of the channel
and the polycarbonate and the large difference of the electrical properties of these two structural
elements. This is yet another significant finding of the simulation and suggests that the potential
drop in the close proximity of pores will be larger than the potential drop in front of the
polycarbonate.
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Figure 3.11. Potential distribution along the cutline between two electrodes passing either i)

through the polycarbonate or ii) through one of the pores inside the membrane

To confirm the expected consequences of the potential distribution, the electric field inside the
entire structure is measured. Corresponding to the sharp potential decrease over the porous
membrane, the electric field is found to increase to large values in the porous membrane while
it retains low values in the endothelial channel and the brain chamber. The scaled color image
on the right (Fig. 3.12) also shows how the electric field starts increasing earlier in close

proximity of the pore but not in front of the polycarbonate region of the porous material.
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Figure 3.12. Color image of the electric field distribution inside the multilayer chip with the

scaled image of a pore inside the polycarbonate membrane.

Like the potential distribution, two different cutlines were taken to graphically represent the
difference between the electric field distribution over the polycarbonate and one of the pores.
As shown in Fig. 3.13, electric field reaches large values over the porous membrane, both in
the polycarbonate region and the pore. Similarly, the left inset in Fig.3.13 shows that the electric
field starts changing earlier (approximately 2 um before the pore) and increases gradually to its
highest value in front of the pore, while no such gradual increase is seen for the case of

polycarbonate, where the electric field sharply peaks only when it encounters the polycarbonate.
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Figure 3.13. Electric field distribution along the cutline between two electrodes; passing either
i) through the polycarbonate region of the membrane or ii) through one of the pores inside the

membrane
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Not only to see the difference between the polycarbonate and the pores better, but also to see
the difference between the corners of the porous membrane and its central region, a diagonal
cutline is taken, extending from the bottom corner of the porous membrane to the opposite top
corner as depicted in Fig. 3.14. To see the electric field distribution in the region where
endothelial cells are expected to grow, one diagonal cutline is taken at the middle of the porous
material (x=185) while the second diagonal cutline is taken 1 pum in front of the porous
membrane. As evident in Fig. 14b, when the diagonal cutline is passing in the middle of the
porous membrane, there is a decrease of electric field each time it passes through a pore,
approximately from 6000 V/cm to 5000 V/c. This corresponds to a slight difference between
the potential drop over the polycarbonate and the pore. On the other hand, when the diagonal
cutline is located 1 pm before the porous membrane, there is an increase in the electric field
each time it passes in front of a pore, while its value remains close to zero in front of
polycarbonate regions. This is the direct consequence of the fact that the potential starts to
decrease earlier in front of a pore and remains almost constant in front of polycarbonate (left
insets in Fig. 3.11 and Fig. 3.13).

And lastly, the diagonal cutline analysis revealed no significant difference of electric field
distribution between the corners and the center of the porous membrane (Fig. 3.14). This can
be understood as the diameter of the electrodes are almost the same size with the porous
membrane and they are positioned in parallel to the porous membrane, which creates a
symmetric distribution of electric field over the entire surface of the porous membrane. This
can be considered as an important difference between the single-layer and the multi-layer chip
configuration. As shown in Fig. 3.1c, the electric field and the current density was not
distributed homogenously in the single-layer configuration, but rather both of these parameters
were found to decrease along the height of the chip, given that the electrodes are located at the
bottom of the chip. Even though the distribution of these parameters were found to be not
significantly different between the bottom and the top of the chip once the cell layer is
introduced in the single-layer design, it should be kept in mind during the experimentation that
the multi-layer configuration gives the most homogenous distribution of electric field and the

current density over any chosen cross sectional area of except for the porous membrane.
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Figure 3.14. Electric field distribution along the diagonal cutline between two opposite corners
of the porous membrane passing either i) in front of the membrane (x=179) or ii) at the middle
of the membrane (x=185)

Even though the electric field distribution can be directly related to the potential distribution
over a given structure, the current created by the applied voltage may not follow the same
distribution when the insulators are included in the system. Considering the current is one of
the most important factors on the disruption of the cellular structures, it is important to see how
the current is distributed in the chip. Color images of current density distribution shows that the
current is almost zero inside the polycarbonate but instead localizes inside the pores (Fig. 3.15).
Streamline analysis also support this finding; the current lines change their trajectories as they

approach to porous membrane and enter the closest pore (data not shown).

|
|

Figure 3.15. Color image of the current density distribution inside the multilayer chip with the

scaled image of a pore inside the polycarbonate membrane.
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Like the potential and electric field distribution, one cutline passing through the polycarbonate
region of the porous membrane is compared to another cutline passing through one of the pores.
Unlike the previous two cases, the current density shows a significant difference between these
two regions of the porous membrane. As can be seen in Fig. 3.16, the current density increases
up to 100 A/cm? inside the pores, which reflects its concentration inside these small tunnels.
On the other hand, the current density sharply drops to zero when the cutline is passing through
the polycarbonate. This result was expected as the polycarbonate has almost no conductivity
compared to the pores and current cannot flow through it in low frequencies. In the rest of the
structure, namely in the endothelial channel and the brain channel, the current density remains
at significantly lower values between 0.06-0.08 A/cm? due to the large cross-sectional area that
the total current distributes in.
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Figure 3.16. Current density distribution along the cutline between two electrodes; passing
either i) through the polycarbonate region of the membrane or ii) through one of the pores

inside membrane

The diagonal cutline analysis confirmed that the current peaks inside the pores and remains zero
in the rest of the porous membrane (Fig. 3.17). When the diagonal cutline is positioned just in
front of the membrane, relatively smaller peaks of current density can be seen in front of each
pore. This indicates that at a given distance of approximately 1-2 pym from the membrane, the
current density already starts localizing, however, stays less concentrated compared to the
pores. Like what is observed in the electric field, no significant difference of current density is
found between the corners and the center of the porous material.
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Figure 3.17. Current density distribution along the diagonal cutline between two opposite
corners of the porous membrane passing either i) in front of the membrane (x=179) or ii) at the
middle of the membrane (x=185)

3.5 Introducing the Cell Barrier in the Multilayer Configuration

In order to have an approximately same cross-sectional area of the cell layer in the single-layer
configuration for the comparison purposes, a cell layer composing of 9 cells with 50 pm x
20 pm x 0.5 pm dimensions are introduced 10 nm in front of the porous membrane. To avoid
the meshing problems and make it easier to simulate, the width of the cellular membrane was
increased to 50 nm from its physiologically relevant value of 5-10 nm, same as in the single-

layer model.

As explained in the previous section, the main difference of the multilayer configuration from
the lateral chip is the presence of a porous membrane with an extremely small conductivity.
Therefore, it is important to investigate the effects of the polycarbonate and pore regions of the
porous membrane on the cell layer individually and to compare the results to the tight junctions
located in front of the polycarbonate. Compared to other scenarios, having a tight junction
directly in front of a pore has a very low probability due to the low porosity of the membrane,
hence the effect of a pore on a tight junction is excluded from the analysis. Overall, three
different cutlines extending 0.5 pm before and after the cell layer passing either i) a cell in front
of the polycarbonate, ii) a cell in front of a pore and iii) a tight junction in front of the

polycarbonate were graphically analyzed.

Fig. 3.18a shows the largest potential decrease occurs over the back membrane of the cell in
front of the pore, followed by the back membrane in front of the polycarbonate, the front

membrane regardless of the location and finally the tight junction in front of the polycarbonate.
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It can also be seen that at the presence of a cell layer in the system, the potential decrease over
the porous membrane significantly changes. This can be understood as the addition of another
high resistive element to the system results in a redistribution of the potential that was
previously confined almost entirely over the porous membrane. But the most relevant
information that we can extract from these results is the clear different behavior of the total

potential decrease in the front and back cell membrane.
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Figure 3.18. Potential distribution over the cell layer in the multilayer configuration along the
cutline passing either i) through a tight junction positioned in front of the polycarbonate, ii)

through a cell positioned in front of the polycarbonate or iii) through a cell positioned in front
of a pore

To understand and discuss the individual elements in the system, it might be helpful to consider
the circuit equivalent of the multilayer chip design with the cell layer. According to cell
dielectric properties, the cell layer once again can be represented by the capacitance of a cell

membrane and the resistance of the cytoplasm. As the current can either flow through the cell
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layer or through the tight junctions, the total impedance of the cell layer can be represented as
connected in parallel with the resistance of the tight junctions. Like the single-layer chip, the
BBB channel and the brain chamber can be approximated as two resistors with a certain

resistivity, cross sectional area and length.

Figure 3.19. Simplified equivalent circuit model of the endothelial cells in front of the porous
polycarbonate membrane. The cells are scaled up for the easier interpretation. Resistance of
the channels, the tight junctions, the cytoplasm and the pores are given as Rch, R3, Rc and
Rp, respectively. Double layer capacitance of the electrodes and the capacitance of the front
membrane, back membrane and the polycarbonate membrane are given as Cqii, Cem, Cem and

Cprc, respectively.

Specific to the multilayer chip, two more elements can be introduced in the circuit; the
polycarbonate and the pores, which are connected in parallel to represent two possible paths for
the current passing through the porous membrane. Like cellular membrane, polycarbonate also
acquires a charge accumulation at two sides where the conductive channels are located, for this
reason the polycarbonate part of the porous membrane can be represented by capacitance
properties that are given by the dielectric constant, the thickness and the cross sectional area of
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the polycarbonate, which is connected in parallel to the intrinsic resistance of the polycarbonate
given by its resistivity. On the other hand, the pores in the system can be represented simply by
their resistance value, similar to the tight junctions. This complete circuit can be further
simplified by the removal of the resistance characteristics of the cell membrane and the
polycarbonate as the current would not pass through these elements as explained before
(Fig. 3.19).

To understand the behavior of individual structural elements, the results after the introduction
of the cell layer is compared to the control (no cell layer) results. Comparing the potential
decrease over the tight junction to the control group reveals that the potential sharply decreases
over the tight junction even though it is intrinsically a conductive region. This potential
decrease, however, was not the same with the potential decrease over the surrounding cell layer.
This result was significantly different from the results of the single-layer chip where the cell
layer and the tight junction behave like ideal electrical components connected in parallel and
acquire a similar total potential drop over them. It can be clearly seen in Fig. 3.18 that in the
multilayer configuration due to the presence of a highly resistive and charged membrane the
potential drop over the cell layer, regardless of where it is located, is significantly larger than
the total potential drop over the tight junction. This already suggests that the distribution of the
electrical parameters is not homogenous over the cell barrier and the equivalent circuit may not

be addressed to explain several of these findings.

For instance, comparing the potential decrease over the cell layer located in front of the
polycarbonate to the control group revealed that the potential decrease was slightly larger in the
back membrane compared to the front membrane. This was the direct consequence of the use
of the polycarbonate membrane for the attachment and growth of the cells and highlighted a
crucial difference between the single-layer and the multilayer structure. Once the cell layer was
located at a close proximity to the porous membrane, the charges accumulated at two sides of
the porous membrane (due to its capacitance properties) are constricted in a hanometer size
distance (10 nm), which resulted in a large amount of charges accumulated outside of the back
membrane. At this point, even the capacitance of the front and back membrane was completely
the same, the potential drop over the back membrane was significantly larger (~3.5 V)

compared to the potential drop over the front membrane (~0.5 V)

The similar result can be seen for the cell structure located in front of a pore, but with a much

greater extent of potential decrease over the back membrane (Fig. 3.18d). The potential

decreased from almost 6 V to 2 V over the cell when it is located in front of a pore. As shown
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in the previous section, the potential starts decreasing earlier in front of the pore, due to the
continuity between the channel and the pore, and this results in a larger electric field in front of
the pores compared to polycarbonate parts of the porous membrane. Together with the
collection of large amounts of charges at the close proximity of the pores, this early presence
of large electric field seems to impose a significantly large potential drop over the back

membrane when the cell is located in front of a pore.

This decrease of potential over very short distances (50 nm membrane thickness) resulted in
extremely large electric field values over the cell structure. At this point, it should be kept in
mind that the cell membrane thickness is 7-10 times larger than the real lipid bilayer thickness
and more realistic electric field values can be obtained by multiplying the results by this
correction factor. As shown in Fig. 3.20a, the largest electric field was found in the back
membrane of the cell located in front of a pore, followed by the back membrane in front of the
polycarbonate, the front membrane regardless of the location and finally the tight junction in
front of the polycarbonate. The value of the electric field was approximately 6500 V/cm in the
tight junction and it dropped to zero in the gap between the tight junction and the polycarbonate
membrane (10 nm), corresponding to the constant potential inside the gap between the cell layer
and the porous membrane (Fig. 3.20b). Inside the polycarbonate, the electric field jumped to
larger values close to 7000 V/cm. This behavior was similar in the case of the cell located in
front of the polycarbonate (Fig. 3.20c). The electric field dropped to almost zero in the gap
between the cell structure and the polycarbonate; and then increased to 4000 V/cm inside the
polycarbonate. However, in the latter scenario, the electric field in the back membrane of the
cell structure reached much larger values, approximately 225,000 VV/cm while the electric field

in the front membrane was only around 70,000 V/cm.

In case of the cell structure located in front of a pore (Fig. 3.20d), there was no drop of electric
field to zero inside the gap between the cell layer and the porous membrane. The electric field
decreased gradually from extremely large values around 800,000 V/cm in the back membrane
to its final value of 2000 V/cm inside the pore (Fig. 3.20d inset). The electric field inside the
front membrane was similar to the case of the cell structure located in front of the polycarbonate.
In both cases, the electric field remained almost zero inside the cytoplasm part of the cell

structure.
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Figure 3.20. Electric field distribution over the cell layer in the multilayer configuration along
the cutline passing either i) through a tight junction positioned in front of the polycarbonate,
ii) through a cell positioned in front of the polycarbonate or iii) through a cell positioned in

front of a pore

The electric field distribution results clearly show that there is a significant difference between
the single-layer and the multi-layer configuration, even when a similar voltage-to-distance ratio
is used. The major difference between the two systems was found on the back membrane of the
cell layer; the electric field in the multilayer configuration in the back membrane was almost
four times larger than the electric field induced in the back (and also the front) membrane of
the cell layer in the single-layer configuration. This data suggests that there are several
important points to be kept in mind when working with two systems simultaneously. First of
all, the same applied voltage will have a significantly different result in the two chip
configurations; the electric field on the cell layer in the multilayer configuration can easily
acquire much larger values, which would increase the possibility of electroporation, and even

cell disruption, while the electric field on the cell layer in the single-layer configuration can
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easily be under the electroporation limit. This suggests that the thresholds for paracellular and

transcellular permeabilization most probably will be completely different in the two systems.

Secondly, even when the applied potential is decreased in the multilayer configuration, this
does not guarantee that a complete paracellular or a complete transcellular permeabilization via
reversible electroporation will be achieved. Due to the extreme difference of electric field
between the front and the back membrane in the cell layer, the effect of the electric field will
be significantly different in two sides of the cell. For instance, it is quite possible that the front
membrane and the cytoskeleton extending in this region will not be affected by electric field in
low voltages, while the back membrane and the cytoskeleton extending in this region of the cell
layer will still be disturbed even in very low voltages. This inhomogeneity may eventually lead
to the disruption of cell homeostasis and following cellular apoptosis. Even if the
electroporation can be achieved in a reversible manner, the pores will most probably localize
in the back membrane of the cell layer and this will not have any use for the purpose of
temporary permeabilization studies, where the aim is to transport specific molecules across the

cell layer, not across only one side of the lipid bilayer.

Finally, an important point to consider is the effect of the electric field will depend on the
location of the cell layer in the multilayer configuration. As seen in Fig. 3.20c and Fig. 3.20d,
there is a significant difference in the electric field in the back membrane when it is located in
front of a pore compared to when it is located in front of the polycarbonate region of the porous
membrane. From this finding, it can be assumed that there will be major differences of the cell’s
response to the electric field depending on how close it is located to a pore. This may have two
important consequences; the TEER measurements which do not provide spatial resolution may
yield under/overestimation of the integrity of the cell layer and the localization of the
transported species on particular regions, rather than a homogenous distribution behind the cell
membrane. Same inhomogeneity can also be said for the paracellular permeabilization;
depending on the location of the cell, not only the electric field on the cell membrane, but also
the electric field on the tight junction changes, which may affect the current passing through

the tight junctions and therefore, the distribution of the tight junction proteins.

49



125 —— Cell + Pore 125 === Conlr
100 =~ 1004
g 5
<
2 2
S 75 > 75
) G
S S
Q 50— l Q 50—
I3 <
& : L
S d S
S 25 /" S 25
00— SR H o o-
I llllllll | """""" [ """"" ] T | ||||||||| | ||||||||| ' ||||||||| | ™1
0.0 0.5 10 15 0.0 05 1.0 15
Distance (um) Distance (um)
e : 100 —— Cell + Pore ——
40— i o
_ o~ 80
S
€ 30 §
S ~
= 01004 &
< < 60
2 5
2 20 <
o L
2 Q 40
= b=
S g
E 10 S |
3 S 2
0- 0
T I e e R o e e mal e T BB I T
0.0 0.5 1.0 15 0.0 0.5 1.0 L5

Distance (um) Distance (um)

Figure 3.21. Current density distribution over the cell layer in the multilayer configuration
along the cutline passing either i) through a tight junction positioned in front of the
polycarbonate, ii) through a cell positioned in front of the polycarbonate or iii) through a cell

positioned in front of a pore

As expected, the current density graphs (Fig. 3.21a and Fig. 3.21b) showed that the current in
the system is not only localizing inside the pores as the previous case, but it is also localizing
in the tight junctions before reaching to the porous membrane. The value of the current density
is found to be 100 A/cm? for the tight junction while it was almost zero inside the cell structure
regardless of the location. On the other hand, the value of the current density inside the cell
layer was extremely low compared to tight junctions, which can be explained by the capacitance
characteristics of the cell membrane and the large surface area of the cell layer. These results
suggest that for a given conductivity of 107 and relative permittivity of 7, the current cannot
pass though the cellular membrane at low frequencies and must pass through the tight junctions
and then the pores inside the porous membrane. Even in this case, the current density was found

to change significantly with respect to the location of the cells. Accordingly, the current density
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in the back membrane of the cell located in front of a pore was approximately four times larger
than that of the cell located in front of polycarbonate. Such difference was also observed
between two sides of the cell layer; regardless of the location of the cell, the current density in
the back membrane was one magnitude larger than the current density inside the front
membrane. Overall, the current density results confirm the above considerations regarding the
use of multilayer chip configuration for the pulsed electric field induced permeabilization
studies.
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Figure 3.22. Effect of the distance of the cell layer from the polycarbonate membrane on the

potential distribution over the cell layer

Lastly, these effects of the polycarbonate on the cell layer were shown to depend on the location
of the cell layer. As shown in Fig. 3.22, once the cell layer is located 1-um away from the
polycarbonate, almost all differences with respect to the position of the cell membrane and the
position of the cell itself diminished. Compared to the previous case where the cell layer was
only 10 nm away from the polycarbonate, at larger distances the front and back membrane
acquired an almost equal potential distribution regardless of the position of the cell layer with
respect to the pores. This result confirms that the polycarbonate results in an accumulation of
the charges surrounding the back membrane of the cell and this accumulation reaches to
extreme levels in front of the pores, both effects can be reduced if the cell layer is kept relatively
away from the polycarbonate membrane. In this respect, the single-layer chip configuration,
where the cell layer is hanging by the stacks and it is perpendicular to the electrodes, holds an
advantage. Even though cells are supported by the resistive PDMS pillars in two sides, these
regions remain outside of the effective electric field region, unlike the gaps between PDMS
pillars where the cell layer acts like suspended cells away from any insulator surface.
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3.6 Effect of Frequency in the Single-Layer Configuration

Like studies conducted at fixed low frequency (1 Hz) that effectively acts like a direct current
(DC), a small circuit equivalent can be used as an approximation in order to understand the
behavior of structural elements for a given frequency range in alternated current (AC). As the
frequency increases, the impedance of the structural elements gets dominated by the capacitive
factor where the geometry and the dielectric constant play an important role. As most of the
charges are collected at the two sides of the cell layer and, in case of a multilayer structure, the
porous membrane, the capacitance of the BBB channel, brain chamber, tight junctions and the
pores can be neglected.
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Figure 3.23. Frequency sweep analysis between 1 kHz and 1 GHz in the single layer

configuration. a) potential drop, b) electric field and c¢) current density distribution over the
selected structural elements
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Frequency sweep analysis reveals frequency regions where the behavior of the cell layer
significantly changes. In the single layer chip design, the total potential drop is distributed
between two major elements, the channels and the cell layer. As can be seen in Fig. 3.23a,
approximately between 1 and 20 MHz, the potential drop over the cell layer (and hence over
the tight junctions) decreases, which corresponds to an increase of potential drop over the BBB
channel and the brain chamber. This behavior can be explained by the decrease of capacitive
impedance of the cell layer, which eventually becomes even lower than the resistance of the
channel and the chamber. Even though in the literature the cell layer has shown to change its
electrical behavior as early as 40 kHz, the potential distribution in the single-layer chip started
to change significantly only after ~1 MHz. Like the potential distribution, the electric field value
inside the cell membrane also significantly drops at early MHz regime and becomes constant
eventually (Fig. 3.23b). However, it should be noted that even when the impedance of the cell
layer is smaller than the channel resistance (smaller potential drop over the cell layer), the
electric field remains approximately ten times larger than the electric field inside the rest of the
structure and approximately three times larger than that of the tight junctions, which can be
explained by the potential drop, however small it is, occurs over a very short distance (50 nm).
On the other hand, the current density remains almost zero inside the cell layer in the kHz
regime and only starts increasing significantly after ~1 MHz, accompanied by a proportional
decrease of the current density inside the tight junctions for the conservation of the total current
inside the system (Fig. 3.23c). Around ~10 MHz, the current density inside the cell layer
becomes almost equal to that of the channels. This region draws attention for the purpose of the
electric field induced permeability studies. Specifically for the single layer chip design, it seems
that above 1 MHz, the possibility of transcellular permeabilization significantly increases until
the cell becomes fully transparent to the current coming from the channels, on the other hand,
paracellular permeabilization is expected to dominate at smaller frequencies. It should also be
noted that regardless of the increase of the current density inside the cell layer, the current
density value always remains larger inside the tight junctions due to its significantly smaller
total surface area. This suggests that a direct relationship between the relative magnitude of the
current density over the tight junctions and the cell layer and the possibility of paracellular and
transcellular permeabilization cannot be constructed. For instance, even in the extreme low
frequencies, where the current density is significantly larger than the cell layer, transcellular
permeabilization and even irreversible electroporation have been shown to be possible. This
requires the establishment of the current density threshold above which the electroporation

starts in the cell membrane, regardless of how small it is compared to the tight junctions.
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3.7 Effect of Frequency in the Multilayer Configuration

A similar analyses of different frequency regimes on the multilayer structure showed that the
behavior of the cell layer is significantly different when located close to the porous membrane
compared to the single chip design where the cell layer is surrounded by PBS in two sides.
Unlike the single chip configuration, the total potential-drop over the cell layer showed a
significant decrease in the kHz regime, namely after ~40 kHz, accompanied by a proportional
increase of the potential drop over the porous membrane and no change of the potential drop
over the channels (Fig. 3.24a). This result was in agreement with the literature, where the cell
layer characteristics were shown to change above 40 kHz if the cells are located on top of an
insulator support. This behavior can be explained by the fact that in the kHz regime, potential
is mostly partitioned between two high impedance structural elements; the cell layer and the
porous membrane. Having a larger capacitance than the porous membrane, the impedance of
the cell layer decreases at smaller frequencies, which causes less potential to drop over the cell
layer and leaves more of the potential to drop over the porous membrane. Only in the MHz
regime, once the impedance of the porous membrane starts having similar values of channel
resistance, the potential is distributed between the porous membrane and the channels, while
there is no potential drop over the cell layer, and hence over the tight junctions (Fig. 3.24b).
Even though the distribution is almost the same, it can be seen that the value of the potential
drop over the cell located in front of polycarbonate is strictly different than that of the cell
located in front of pore in all of the frequencies tested. As explained earlier, such difference

disappears if the cell layer is located farther from the porous membrane.

As of the potential distribution, the electric field over the cell membrane decreased significantly
after ~40 kHz, regardless of the location of the cell layer (Fig. 3.24c). However, the electric
field in the cell layer located in front of a pore remained significantly larger until later
frequencies around ~100 MHz while the electric field in the cell layer located in front of the
polycarbonate was as small as that of the channels already at ~10 MHz. This suggests that the
electric field response of the cell layer in the multilayer configuration will be inhomogeneous
not only in the low frequency, but instead throughout the entire spectrum until the cell layer
becomes electrically invisible around ~100 MHz, after which the cell layer cannot be used for
temporary permeabilization purposes. As discussed earlier, this situation raises questions
regarding the use of the multilayer chip configuration and shows that the main disadvantage of
the system, i.e. the inhomogeneity of the electric field in the front and back membrane of the
cell layer and in its location with respect to the pores, persists in all frequencies of interest.
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Figure 3.24. Frequency sweep analysis between 1 kHz and 1 GHz in the multilayer
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Following this trend, the current density increases in the cell layer as the impedance decreases
in the kHz regime, accompanied by a certain decrease of the current density in the tight junction
(Fig. 3.24e). The behavior of the current density in these two main structural elements, was not
completely complimentary, due to the difference between the current density in front of the
polycarbonate and in front of pores. Starting from ~1 MHz, the current density inside the cell
layer located in front of the polycarbonate acquires the same current density value of the channel
(Fig. 3.24f). The current density inside the cell layer located in front of the pore follows the
same distribution only with a slightly larger magnitude. All together, these results show that the
current passing through the cell membrane increases significantly even in the low-kHz regime
and the cell becomes transparent to current as early as ~1 MHz. This suggests that the frequency
window for paracellular permeabilization is narrower in the multilayer structure compared to
the single layer structure and the possibility of inducing electroporation increases significantly

as soon as the applied frequency exceeds ~40 kHz.
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4 CONCLUSION

In this study, two main configurations of BBB-on-a-chip were investigated for the possible use
of applied electric field as an actuator for the permeability tuning of endothelial cell barrier.
Simulation results showed that the induced electric field on the cell membrane can reach up to
250,000 V/cm in the single-layer chip configuration and up to 800,000 V/cm in the multi-layer
chip configuration at low frequencies, compared to applied voltage-to-distance ratio of only
300 V/cm that is frequently used in the literature. On the other hand, the current density studies
clearly showed that the current in the tight junctions were significantly larger than the current
in the cell layer. This initial results illustrate the importance of supporting the experimental
work by simulation-based theoretical studies where the small elements of the structures such as
the cell membrane and the tight junctions can be addressed individually and be correlated with
the results of the corresponding experiment for the better establishments of the differential

effects of the electric field on the BBB permeabilization.

Comparison of the two chip configuration revealed that the single-layer chip configuration
offers major advantages such as the homogenous distribution of the electric field in the cell
layer and homogenous current density distribution in the tight junction, together with easier
fabrication and individual permeability tuning of each cell layer between two PDMS pillars by
the integrated small electrodes that focuses the electric field through the cell layer. Single-layer
chip configuration was also optimized by testing different electrode configurations and the
geometry was finalized such that both the electrodes placed consecutively and the electrodes
with adequate distance between them can be used for electric field delivery simultaneously in
the same experimental design, together with the control group where the endothelial cells will
not be exposed to electric field. This property of the single-layer chip not only reduces the time
and the effort spend on each experiment significantly, but also provides a more accurate and
precise data throughout the structure. On the other hand, multilayer chip configuration revealed
significant differences of electric field and current density distribution not only between two
faces of the cell layer, but also between the position of the individual cells with respect to the

pores in the polycarbonate membrane.

Actuator properties of the integrated electrodes were tested for a wide spectrum of frequencies

up to 1 GHz. The results showed that the cell layer in the single-layer configuration behaves

like suspended cells and becomes electrically invisible between 1 and 10 MHz. This suggests

that the electric field for the permeabilization can only be used until approximately 10 MHz,

above which the cell layer is expected to disintegrate irreversibly. On the other hand, the cell
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layer that is attached on the polycarbonate membrane was shown to become electrically
invisible at much earlier frequencies around 40 kHz. The frequency range where the cell layer
still acquires a certain impedance to oppose the current, however, lasted all the way up to 100
MHz. This was the direct consequence of major difference between the cells located in front of
polycarbonate and the cells located in front of the pores. Even though the response of the cell
layer against the applied electric field changes over a much larger frequency range in the
multilayer chip configuration, the inhomogeneities of the electric field and current density
distribution persist throughout this entire region, which makes any possible permeability tuning
in the multilayer configuration less accurate and significantly less precise. These findings,
together with the problems during the fabrication, i.e. alignment of the different channels and
electrodes layers, and the problems with the direct visualization under the microscope, the
multilayer chip configuration suffers from major drawbacks with respect to its use for the PEF-

induced permeabilization studies.

It is also important to consider the drawbacks in this simulation-based study. As explained
earlier, the 3D model lacked some of the realistic conditions. For instance, the thickness of the
cell membrane was increased to 50 nm from its more physiologically relevant values of 5-10
nm. This was a compromise made to be able to introduce more relatively large number of cells,
which has not been done in the literature to best of our knowledge. Similarly, the tight junctions
between the endothelial cells were depicted as 10 nm. Even though it is shown in the literature
that the tight junctions can change significantly with the introduction of important contributors,
for instance other CNS cells and the shear stress, the fully developed tight junctions might be
as small as 2 nm. However, most of the BBB-on-a-chip construct fails to regenerate the in vivo
BBB conditions with the fully developed tight junctions. For this reason, it is very important to
measure the thickness of the tight junctions during the BBB-on-a-chip applications and
correlate it with the TEER measurements. This way, the numbers presented in this study for the
10 nm tight junction thickness can easily be converted to experimental condition by applying a
simple correction factor for the size. Similarly, the electric field and the current density values
obtained for the cell membrane can also be converted to their more realistic equivalents by the
introduction of a size correction factor. For instance, if the average thickness of the endothelial
cell line used in the experiment is five time smaller, the electric field values obtained in this
study can be multiplied by five to obtain an approximated value for the electric field induced in

10 nm endothelial membrane.
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5 FUTURE PERSPECTIVES

It is important to consider that the model presented in this study requires an experimental
confirmation in the future. Accordingly, the two chip configurations will be fabricated as
designed in the first section of this thesis and the initial optimizations for fully functioning BBB
in the present of astrocytes, pericytes and the shear stress will be carried out. The integrity of
the cell layer will be measured before and after the endothelial cells are seeded using integrated
electrodes as sensors of TEER impedance spectroscopy. The change of permeability will be
tracked for not only different magnitudes and frequencies of the electric fields applied, but also
for different pulse numbers and pulse durations. Lastly, the experimental results will be
correlated with the corresponding simulation-based study to establish the thresholds for the
paracellular and transcellular permeabilization while keeping the cell viability in consideration

to stay under the irreversible electroporation limit.
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