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ABSTRACT

Recent attempts to investigate living systems feolsiophysical point of view has opened new
windows for development of new diagnostic methaus therapies. Pulsed electric fields (PEFs)
are a new class of therapies that take advantabmpliysical properties and have proven to be
effective in drug delivery and treating severalbditers including tumors. While animal models
are commonly being used for development of newatbies, the high cost and complexity of these
models along with the difficulties to control thiearic field in the animal tissue are some of the
obstacles toward the development of PEFs-basedpiest Microengineered models of organs or
Organs-on-Chip have been recently introduced tacovee the hurdles of animal models and
provide a flexible and cost-effective platform &arly investigation of a variety of new therapies.
In this study microfluidic platforms with integratenicro-sensors were designed, fabricated and
employed to study the consequences of PEFs at dlelac level. These platforms were
specifically used to study the effects of PEFshmgermeabilization of the blood-brain barrier for
enhanced drug delivery to the brain. Different teghes such as fluorescent microscopy and
electrical impedance spectroscopy were used totorahie response of the cell monolayers under
investigation. Irreversible electroporation is avrfecal ablation therapy based on PEFs that has
enabled ablation of tumors in a non-thermal, milynavasive procedure. Despite promising
achievements and treatment of more than 5500 hyma#ients by this technique, real-time
monitoring of the treatment progress in terms efdlze of the ablated region is still needed. To

address that necessity we have developed micrmsansys that can be implemented on the



ablation probe and give real-time feedback aboaitsthe of the ablated region by measuring the

electrical impedance spectrum of the tissue.
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GENERAL AUDIENCE ABSTRACT

All biological systems ranging from cells to orgdrave distinctive physical properties that could
be leveraged for a better understanding of theirctions. New diagnostic and therapeutic
technigues have been developed through this pbwmew. Electric fields have a great potential

to manipulate biological systems at a cellular le¥éis has resulted in several new therapies
incorporating pulsed electric fields for treatingfetent diseases such as tumors and brain
disorders. Animals are commonly used to try newepies before they could be applied on human
patients. However, the high cost and complexitythifse animal trials hinders the treatment
development process, which encourages developniesutbgtitute platforms that could be used

instead of animals. The goal of this study wasetgetbp artificial models of the organs and sensors
using engineering techniques to test the effecdedttric fields for several therapeutic purposes.
Electric fields are able to improve the treatmehbmin-related disorders, by enhancing drug
delivery to the brain. In this study, by developiagificial models of the brain vasculature we

were able to look into this phenomenon and optirthieeelectric fields for a more efficient therapy
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Chapter 1.  Introduction

1.1. Therole of micro-devicesfor understanding biological systems

With the recent advancements in engineering knaydeand development of new tools and
technologies for fabrication and observation atlsgtales, many of the technological barriers for
manipulation, stimulation and observation of biatad)systems from organ to cellular level have
been removed. The fast growing areas of Lab-on-@hgOrgans-on-Chip are the consequences
of these technological achievements and are intetoleenhance our understanding of living
systems in general and to develop new therapiesdéghostic tests in particular. Taking
advantage of the microfluidic platforms, the OrgansChip models are developed to mimic
human organs from certain aspects and provide lugghrmation about their response and
functionality in response to specific treatments #imerapies. These models have been able to
resolve several challenges pertaining to the comoms® of animal models for the treatment
development, including ethical issues and theihltigst. Animal studies are an inevitable part of
the long process for the development of any kindrafy or therapy. No therapy could be even
tested on human patients without a record of prmmigesults in preclinical studies on animals.
However, in the early stages of treatment developnteis worthy to reduce the number of
sacrificed animals whenever possible. Reducingctse of experiments in the early stages also
provides more flexibility and allows for more exmtory studies for finding the best treatment.
The Organs-on-Chip models also provide more comivel the experimental conditions due to

their simplicity compared to the complexity of theal organ. By leveraging the capabilities of



microfluidic systems it is possible to create mareironments with highly controlled chemical,
physical and mechanical characteristics as requiyetie specific experiments.

Looking at the biological systems and their disoesdeom a physical point of view and considering
the biophysical phenomena that takes places dumangnal and abnormal functioning of these
systems, has resulted in development of both nagnaistic tools and therapies for a variety of
different diseases. There has been a special stt@r@ursuing this path for better understanding
and devising novel treatments for cancer [1]. Rukectric fields (PEFs) have proven to be one
of the physical methods with a great therapeutiteqoal including drug delivery and tumor
ablation. This method was found to be useful inaewement of drug delivery to the brain by
temporary disruption of the blood-brain barrier @BHowever, it still needs to be studied in
depth and characterized in order to unveil its deteggherapeutic potential. The cellular response
to PEFs which constitutes the overall tissue-wielgponse is still not fully understood. On the
other hand, accurate control over the extent aftetefield is not possiblén vivo due to the
complex structure and inhomogeneity of organs. @enisg all the challenges regarding the use
of animal models for this purpose, the Organ-onpGhodels can provide a suitable platform for
studying the effects of PEFs-based therapies. Mbenying hypothesis for this dissertation is that
micro-systems can be used to actively monitor aaepdn our understanding of the response of
tissues to electric fields. In Chapter 2, we depetba microfluidic platform and used that to
investigate permeabilization of adhered brain emelatl cells and gain information about the
possibility of transcellular transport across tH&BBin response to PEFs. This model is enhanced
in Chapter 4 in which the transport across the Big®lel could be measured in response to PEFs.
The development of miniaturized biosensors haserisbled monitoring a wide range of physical

and biological properties of organs at the tissuee @ellular level. Biosensors could be embedded



in the Organ-on-Chip platforms for a more accueaid quantitative monitoring at the cellular
level. In Chapter 3 we presented microfluidic msdef the BBB with embedded impedance
sensors and discussed the application of electricgdedance spectroscopy to monitor
permeabilization of the BBB in a microfluidic setji Chapter 4 presents a laminated microfluidic
platform for a more explicit measurement of BBBrpeabilization. At the tissue level, biosensors
could be used in monitoring the health and funetityn of the organs especially after
transplantation. The biosensors could also be dgadg different therapies to take advantage of
the undergoing biophysical phenomena and moni®ptbgress of the treatment. This capability
is highlighted when dealing with electric field-ledstherapies in which little to no information is
available from the inside of the tissue. In Chaptere have addressed this challenge and discussed
the development of an impedance micro-sensor #natycould be used for real-time monitoring
of ablations by irreversible electroporation, whisha kind of PEFs-mediated therapy. Based on
the developed platforms and the obtained resultsiespossible future works are discussed in

Chapter 6.

1.1. Organson Chip
Microfluidics provide an alternative platform tastlardin vitro systems for analyzing cells and
tissues in a more physiologically relevant envirent{2, 3]. Organs-on-chip platforms utilize the
advantages of microfluidics in order to recraateivo conditions of the body in an easily testable
in vitro setting. With micro-scale flow channels, microdligi devices are able to resembiesivo
conditions for cell and tissue analysis. A genepakrview of the microfluidics device
specifications for different cell cultures is prded in [4]. The main parts of a microfluidic cell
culture device could be the cell culture area &ednedia channels. In some cases membranes [4-

6] and electrodes [6, 7] are also incorporatedtimodevice. Two major ways of media circulation



inside the microfluidic device are direct flow aperfusion. In the direct flow mode media flows
over the cells, applying shear force to the cellsich may be detrimental for some cell types
including hepatocytes [8]. In the perfusion modadiadlows in a separate channel and diffuses
into the cell culture area through a perfusionibamr a membrane [5, 9]. A great overview of
recent achievements in this field has been proviyeskeveral reviews [10, 11]. These efforts have
so far yielded the development of microfluidic misdef liver [12, 13], lung [14, 15], heart [16],

intestine [17], brain [18], kidney [19], blood ve$s[20, 21], and tumors [22].

1.2. Blood-brain barrier and drug delivery to thebrain

Many potential therapeutics for disorders of thetd nervous system (CNS), which are proven
to be effectiven vitro, have limited to no effeah vivo. This is due to their large molecular weight,
water solubility and charge, which render it difficfor them to successfully cross the blood-brain
barrier (BBB). Only small and lipid-soluble moleeslare able to passively cross the BBB [23].
However, most drugs used to treat CNS disorderdaage water-soluble molecules, therefore
making the BBB a significant hindrance in treatpagients. In the United States alone, 80 million
people are suffering from CNS disorders such ambrancer, Alzheimer’'s and Parkinson’s
disease [23]. Despite the high need for developroketfective CNS drugs, only a small portion
of newly discovered therapeutics are clinicallgweant and have the ability to overcome the BBB.
First discovered by Paul Ehrlich in 1885 [24], BBB is comprised of a layer of highly restrictive
cells that line the walls of brain microvesselsff@ent vascular and parenchymal cell types
contribute to the formation of this barrier inclndiendothelial cells, astrocytes [25], pericytes
[26], neurons, the extracellular matrix and theelbasnt membrane [27, 28]. An vitro study
showed that about 75-80% of the contribution taibafunction is made by the brain capillary

endothelial cells lining the luminal surface of tinécrovessels [29]. These endothelial cells form



intercellular tight junctions (TJs) which limit theansport of hydrophilic molecules larger than
500 Da [30]. Therefore, the biggest obstacle inveehg an effective treatment to brain tissue is

penetrating this endothelial cell layer.

Figure 1-1. Schematic representation of the cressm of brain microvasculature. (Picture taken
from [25] with permission)

The structure and molecular basis of the TJs aserited in several reviews [31, 32]. TJs exist in
all barrier systems which include epithelial andl@helial barriers. However, the cerebral TJs
differ from epithelial and peripheral endothelialls in terms of morphology and constituent

proteins, which causes the unique barrier propafrtye BBB [31]. Several transmembrane and
cytoplasmic proteins have been detected in theolptex such as Occludin [33], Claudin-1, -2

[34], ZO-1 [35], ZO-2 [36], ZO-3 [37], 7H6 [38], @gulin [39] as well as junctional adhesion

molecules (JAM) [40]. Figure 1-2 shows the molecslaucture of the TJs at the BBB.

At the TJs the connection between the cells is tasiaed by strands of Claudins and Occludin
proteins and JAMs. These molecules are anchorexd lfrath sides to the actin filaments in the
cytoplasm of the adjacent cells through the ZO{nsembraneous TJ-associated protein [41]. It

should be noted that although ZO-1 is an integaal pf the TJ structure, it has been observed in



other cells that do not form TJs [42]. The expm@sdevel and localization of the ZO-1 protein

also does not correlate with the integrity of thiks T43].
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Figure 1-2. Proposed interactions of the majorganstassociated with tight junctions (TJs) at the
blood-brain barrier (BBB). (Picture taken from [4dith permission)

Normal and disrupted transport across this layey macur through two pathways. The
transcellular pathway, which is through the cellnmbeane and cytosol, and the paracellular
pathway which is located at the cell-cell TJs. Taeacellular pathway works on the basis of
passive diffusion for hydrophilic molecules. SeVed#ferent mechanisms contribute to the

transport through the transcellular pathway as shiowigure 1-3.
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Figure 1-3. lllustration of different pathways assothe BBB (picture taken from [45] with
permission).

Facilitating drug transport through the BBB hasrbperformed by either chemical modification
of the drug for better penetration or temporaryupson of the BBB. The former technique
includes rendering the drug molecules lipophilicaonending them with carriers that transport
them through the BBB [46-48]. As another altermatte avoid the BBB, the drug is directly
injected into the targeted region of the brain [499wever, that requires opening the skull and is
limited by slow diffusion of drug into the brain.

Several methods have been developed to tempotanigss or permeabilize the BBB through
paracellular or transcellular pathways. These nustlrclude focused ultrasound [50-52], osmotic
disruption [49, 53], drug delivery vehicles [47,]%hd pulsed electric fields (PEFs) [55, 56]
including electroporation [57, 58]. The ultrasodadhnique works in conjunction with a contrast
agent which is injected into the blood stream. @tretrast agent contains preformed microbubbles
which explode and release high energy in respanséirasound radiation [59]. Despite showing
the capability to non-invasively and reversiblyrdig the BBB, focused ultrasound is limited by
the small coverage area the focal beam can taggding to extended treatment times for large
tissue volumes [60]. The ultrasound wave is algaiBcantly attenuated by the bone tissue [50].

Osmotic and pharmacological disruption using agsath as mannitol or bradykinin have also



been studied as a way to transiently open the BERIb so in a systemic manner which may lead
to adverse effects such as headache, nausea,@ordnabneuron function [51, 61]. In the osmotic
disruption, injection of a hypertonic solution suahMannitol causes vasodilation and shrinkage
of cerebrovascular endothelial cells which resultthe widening of the intercellular space and
increased permeability across the BBB [62].

In addition, researchers have shown that immunséptes, endogenous peptides or other vehicles
successfully carry therapeutic drugs across the BB64]. Once there, many are unable to reach
the concentration necessary for effective treatnieespite all the achievements and capabilities
of the aforementioned methods for disruption of B&B, they still have some drawbacks and
limitations that encourage the development of o#iiternative techniques.

PEFs have shown promise in treating neurologicdl psychiatric disorders. PEFs are short,
intense electrical pulses which have been usedemp dorain stimulation (DBS) [65, 66],
electrochemotherapy (ECT) [67, 68] and irreversiblectroporation (IRE) [69-71] for tumor
ablation. PEFs have the potentialénhance the permeability of either of the tranatailor
paracellular pathways of the BBB. In the paracalgathway, TJs significantly restrict transport
in between cells due to their secure connectidhhgd@ytoskeleton. Due to the fact that PEFs disrupt
the cell membrane, and therefore the cytoskeldtwy, have the potential to disrupt the TJs as
well [55]. Since electroporation causes transiemép to form in the membrane, it may be possible
to enhance transport through the transcellularvpagh which has rarely been studied in the
literature.

It has been shown that PEFs disrupt the cytoskedeganization and result in delocalization of
junction-specific proteins such as VE-cadherin, cihiveakens the cell-cell integrity [72] and

enhances the paracellular permeability. In a resterty Lopez-Quinteret al. showed that PEFs



of low amplitude (2.5V/cm) and high frequency (2@)Hike the ones used in deep brain
stimulation (DBS), can cause the increased perrigabi the BBB [73]. Since due to the low
amplitude these pulses may not induce electroorati is postulated that the permeabilization
happens only through the paracellular pathway. dsguption of the TJs and increased
permeability of the BBB has also been reported aftposure to different types of electromagnetic
fields [74] including continuous wave electromagméelds [75], intense electromagnetic pulses
[76, 77] and microwave radiation [78] .

Garciaet al.investigated the effects of low intensity EF onBBBansport in aim vivostudy. They
found that the threshold for BBB disruption is beém 400 V/cm and 600 V/cm for ninety 50 ps
pulses delivered at 1 Hz [57]. In anothervivo study Areneet al. studied the effect of bipolar
sub-microsecond pulses on BBB permeability andddbat BBB disruption occurs at much lower
thresholds of 250 V/cm without any muscle cont@c{i79]. Hjoujet al. studied reversible and
irreversible electroporation thresholds of the BBBats and monitored the disruption by MRI
[58]. They found that reversible disruption occdrietween EF intensities of 330 V/cm and 500
V/cm using a total number of fifty to ninety, 50-d8 pulses at a frequency of 4 Hz, resulting in

BBB disruption volumes larger than tissue damadanes.

1.3. Invitro models of the BBB for transport studies
Animal studies have an essential role in the pmé@sdevelopment of new therapies. However,
their high cost and complication, hinders the pssa# treatment characterizatidimhas also been
shown that about 50% of results obtained from ahmadels cannot be translated into correct
human responses [80]. So far the majority of theliss on the BBB permeability has been
conducted on animali vivo experiments on BBB permeabilization, such as tlesanentioned

above, provide mostly qualitative results with lied flexibility over controlling the experimental



conditions and monitoring the outcomes. Thereforgitro models are necessary for obtaining
more quantitative information, although their ploysgical relevance is always a matter of debate.
In vitro models can provide more freedom in exploring défe parameters and facilitate
monitoring the response at the cellular level withthe complications of animal studies [81].
Taking advantage of different cell culture techmigiun vitro models have been previously
developed to simulate the permeability of the BBBdifferent substances [82, 83] as well as
investigate the effect of different stimuli suchamsemicals, [84] pressure shock [85], radiation
[86] and electromagnetic fields [77, 87, 88]. Thesmlels exploit monolayer cultures of cerebral
endothelial cells as the main constituent of théBBdifferent platforms such as transwells [89-
91], microfabricated membranes [92], tube [93]Jaggn matrix [94] and microfluidic channels
[6, 95-97] and monitor their integrity and permdéi&piusing tracers [98], transendothelial
electrical resistance (TEER) [6, 89] or electricappedance spectroscopy (EIS) [96, 99].

Earlyin vitro models of the BBB have used transwell inserte@tturing the endothelial cells and
studying the transport across them. Using the wahplatform some researchers have also made
artificial models of BBB with no cells by incorpaigg a lipid bilayer as the cell representative
[100]. The static models of the BBB using transwéilave incorporated cultures of endothelial
cells alone or co-cultured with astrocytes andgy¢es. These models commonly useuti®thick
polystyrene or polycarbonate membranes with 400pones. The endothelial cells are usually
cultured on the top (luminal) surface of the membrawvhile other cells such as astrocytes and
pericytes are cultured on the bottom (basolatesidl of the membrane. Colgahal. studied a
co-culture of brain endothelial cells with astras/bn opposite sides of the transwell membrane

and investigated the effect of serum on the perihgedf the barrier [101]. The transwell platform
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also allows triple culture of different cell typ@swhich the third cell type is cultured on thetoot

of the well. An example is the triple culture ofdethelial cells, astrocytes and pericytes [90].
Despite the significant achievements in understandi the BBB by static transwell models, the
static models are not physiologically relevant ttu¢he lack of flow induced shear stress which
has an important role in development of BBB chamastics [102-105]. Several investigators have
developed dynamic models of the BBB by culturingibrendothelial cells inside microfluidic
channels [6, 96, 97, 106] and investigating perniéabf the BBB to different therapeutics.
Boothet al.[6] developed a dual layer microfluidic devicehvé perforated membrane in between.
b.End3 cells (rat brain endothelial) and C8D1Ar@sttes) are cultured on opposite sides of the
membrane. They monitored the permeability of thé8BBodel by measuring the transmembrane
electrical resistance and permeability assays afesehemicals. They also investigated the
permeability of molecules with different molecwegights across the BBB stimulated by different
pH environments and chemicals. A similar work isieltoy Griepet al. [96] using human brain
endothelial cells. They modulated the permeabdityhe BBB mechanically and biochemically
by exposing it to flow induced shear force and Té\Fespectively.

While thesen vivo andin vitro studies have provided insight into the permeahiftthe BBB in
response to PEFs and other therapeutics, no distincas been made between the paracellular
and transcellular pathways. Although both of th@sg¢hways are essential in transporting
molecules across the BBB, each of them allows totegspecific, distinct molecules to cross
depending on their size and hydrophilic or hydrdpbmature. Therefore the ability to target and
controllably permeabilize each independently mé&yafor better delivery of drugs.

We have developed several microfluidic models ef BBB to study the effect of PEFs on the

permeabilization of the BBB from different perspees. In Chapter 2 we show a microfluidic
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platform that enables us to find the reversible anelversible electroporation thresholds for
adhered brain endothelial cells. The results frbes¢ experiments give insight into transcellular
permeabilization of the BBB. In Chapter 3 microfligi devices with integrated impedance sensors
are used to monitor the permeabilization of the BB&lel, in a more real-time and quantitative
manner. In Chapter 4 another microfluidic modehefBBB is discussed in which transport across
the cell monolayer could be measured using fluemstracers. This platform could be used to

investigate both paracellular and transcellulam@abilization of the BBB.

1.4. Electroporation
Electroporation is the phenomenon in which the m&mbrane permeability increases due to the
formation of nano-scale pores which is inducedposure to short, high amplitude PEFs [107].
Depending on the pulse parameters and duratioheotreatment, this process could be either
reversible or irreversible. When reversible, théd ceembrane recovers and the cell survives.
Reversible electroporation has been used for gewke daug delivery. In the irreversible
electroporation, membrane permeabilization is paentand the process results in cell lysis.
Irreversible electroporation (IRE) has been usedlézades foin vitro studies and especially for
killing bacteria. However, it was not until the la2000 that it was implemented as a tissue
ablative technique [108] and has so far been imefeged to cure over 5500 human patients [109].
Unlike energy-based ablation therapies such asfraduency ablation (RFA) [110], ultrasound
[111], cryoablation [112] and microwave ablatiori3], IRE Kkills cells within the target tissue
with a primary non-thermal mechanism that helps@nee the underlying structure and the blood
vessels. Since its invention in 2005 [108] as sutsablation modality, IRE has gained increased
attention with manyn vitro, ex vivg animal and clinical studies being performed egedr. IRE

was first implemented in human patients to treakéumors [114]. Further clinical studies on
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human patients include liver [115-117], pancreas8{120] and lung [121]. According to a
comprehensive review of clinical trials of IRE bghefferet al [122], the majority of the clinical
trials have been performed on human liver tissukeMUsing the alternative RFA technique for
liver tumors, the adjacent structures includingllajatider, bowel and bile ducts are prone to
thermal damage. That makes IRE favorable for tngdiver tumors with minimal to no peripheral
damage.

During the IRE procedures, the electric pulsesdatevered through a combination of electrodes
inserted within the region of interest. Pretreathq@anning is necessary based on the electrode
configuration and the applied electric potentiabstimate the electric field distribution withireth
tissue and find the volume of ablation. Mathem&{it23] and finite element modeling [124, 125]
of the electric field distribution could be perfagthfor this purpose .

It is always desired to ablate as much of the tuasopossible while minimizing damage to the
surrounding healthy tissue. Monitoring the lesia® $s also possible during and after completion
of the treatment using a variety of techniques sisahitrasound imaging, MRI [126], and electrical
impedance spectroscopy [127].

A multitude ofin vitro electroporation studies exist to help find the hatsm of action of
electroporation at a cellular level. From studiedsmlated cells [128], cell suspensions [129] and
artificial membranes [130] it is known that elegooation happens when the transmembrane
potential of the lipid bilayer reaches a certairegihold. Based on the electroporation assessment
method the threshold value is reported in thedttee in the range of 200 mVv-1000 V [131].

Before electroporation happens, the induced transimene potentiallV,, is proportional to the

applied electric field and varies across the serfafche cell. For a spherical cell in suspens®n a

shown in Figure 1-2AV, is expressed according to the Schwan’s equatio?]{13
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AV, =2‘Eeer co$b) (1-1)

Equation (1-1) has the interesting consequencedieatroporation does not happen uniformly
across the cell membrane. Instead, areas facingléotrodes will get electroporated faster. This
fact has been experimentally observed in cells][IB@&ctroporation also happens asymmetrically
across the cell due to the resting transmembrartenfi@, which exists because of the

accumulation of negative ions inside and positivesioutside of the cell. Therefore the side facing

the anode reaches the critidsV/, faster than the other side. The asymmetric elpotagion has

been studied in several experimental works [134].

av 2
—_— _—
Eext A
PR -
Anode Cathode

Figure 1-4. Schematic of the experimental setup

It should be noted that Eq. (1-1) is only validtioe special case of spherical cells. Some coarcti
factors have been introduced for some special pbefgcal cases [135]. In reality the cells in a
tissue have more complicated geometries for whichamalytical expression does not exist
anymore. In these cases either finite element aisa]¥36] or experiments are needed to find the
correct relation. In Chapter 2 we have shown hawiaofluidic platform was used to find the

thresholds for reversible and irreversible eleatrafion of adhered brain endothelial cells.
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Cell membrane conductivity increases after elecrafpon. The intact cell membrane which is a

lipid bilayer, is insulative. However, after elaqporation electrical current can pass through the
induced pores, which makes the membrane more ctuduSeveral studies have shown the effect
of electroporation on the passive electrical proggrof single cells [137-139], cell suspension

[140-142], adherent cell cultures [143, 144] andnly tissues [145]. We used this effect of

electroporation to devise a method and device toitmothe progress of IRE ablation therapy in

tissues which is discussed in Chapter 5.

The field of IRE therapy is growing fast with newlging protocols [146], electrode designs [147,

148} and chemical agents [149] being proposed to emhdre treatment. The advantages of a
next generation IRE system called High-Frequendy RRve also being studied in the literature.

These include the ability to administer IRE theragthout the use of neuroblocking agents to

mitigate muscle contractions during the proced@f®] and creation of a more uniform electric

field distribution by reducing the impedance bargesed by low conductivity tissue [151].

1.5. Electrical impedance spectroscopy for characterization of biological systems

Electrical impedance spectroscopy (EIS) is a neasive powerful method for characterizing
electrical properties of materials and their irdegs. Depending on the targeted system, the
electrical properties give insight into many inher@hysical, chemical and even biological
properties that could not otherwise be measures viIrks on the basis of stimulating the system
with a voltage (or current) and observing the resgoas a resulting current (or voltage). The
stimulation could be one of the following threerfa. A step function, a white noise, or a single
frequency signal [152].

EIS has been traditionally used in electrochemsyastems for applications such as corrosion

monitoring [153], coating evaluation [154], battdrgalth monitoring [155] and semiconductor
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characterization. However in recent years, this hogtis gaining applications in the
characterization of biological systems at the ¢atland tissue level as a minimally invasive
method. EIS also has a wide range of applicatiortee food industry mainly for quality control
of food products such as meet [156, 157] and fi%i8]. In biological studies EIS has applications
in tissue engineering, cell culture, monitoringstis viability and physiological properties. In
medicine EIS is gaining applications in diseas@uisis. At the cell level EIS has been used to
monitor the electrical properties of single cells9] and cell cultures in 2D and 3D [160]. Electric
cell-substrate impedance spectroscopy (ECIS) ispaulpr technique for monitoring the growth,
motion, integrity and permeability of 2D cell culs [161, 162]. In this technique the cells are
cultured over the surface of co-planar electrodektheir properties such as viability and integrity
are reflected in the acquired impedance spectrims.t€chnique has been widely used to monitor
the behavior of endothelial celtsvitro in different conditions [152, 163-165]. IntegratiohECIS
into microfluidic devices has provided new oppoities for analyzing cells [166]. At the tissue
level EIS has been used to determine the physicdbgiate of the tissue in different conditions.
In tissues EIS contains information about the irdiial cells as well as the extracellular matrix
and the intercellular junctions [167]. The effeftdoug toxicity and ischemic conditions on the
state of different organs such as liver [167], h¢h68] and skeletal muscle [169] has been
investigated by this technique.

Equivalent circuit models of biological systems

In all of the EIS applications the electrical impede between the electrodes is measured in a wide
frequency range and subsequently an equivalentiekdccircuit model of the cell/tissue is fitted
to the data. The fitting provides key parametershsas conductivity and capacitance of cell

membrane, conductivity of extracellular space, gaqtional resistance and even information
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about the intracellular organelles. Figure 1-5 Bigiire 1-6 show some equivalent circuit models
for cell monolayers and tissue, respectively.

In medicine EIS has been used to detect canceedl@s the characteristic differences between
the impedance of the healthy and cancerous tidst@® [L71]. EIS has also been used to monitor
the effect of different therapies such as IRE [1&74 photodynamic therapy [172] on the target
tissue. In Chapter 3 EIS is used to monitor thengabilization of endothelial cell barrier by
integration of impedance micro-sensors into a niigidic platform. In Chapter 5 EIS is used to

monitor the progress of tissue ablation during IRE.

luminal

tight junctions

cell

monolayer nucleus

extracellular
matrix

gold electrode 3

Figure 1-5. Equivalent circuit model of endothetall monolayer (picture taken from [173] with
permission)
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Figure 1-6. Equivalent circuit model of tissue wittercellular gap junctions [167]
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Chapter 22 Blood-brain barrier-on-Chip: Electroporation of
adhered brain endothelial cells toward controlled

per meabilization of the BBB

Elisa Wasson has contributed in running experimants analyzing data for this chapter. This
chapter was published as an article inBigphysical Journahs ref [174] and is reprinted here

under permission from the journal.

2.1. Abstract
The blood-brain barrier (BBB), mainly comprisedbo&in microvascular endothelial cells, poses
an obstacle to drug delivery to the brain. Congiblpermeabilization of the constituent brain
endothelial cells can result in overcoming thigiearand increasing transcellular transport across
the BBB. Electroporation is a biophysical phenonretiat has shown potential in permeabilizing
and overcoming this barrier. In this study we depell a microengineerad vitro model to
characterize the permeabilization of adhered ladothelial cells to large molecules in response
to applied pulsed electric fields (PEFs). We fotimel distribution of affected cells by reversible
and irreversible electroporation and quantified thaken amount of naturally impermeable
molecules into the cells as a result of applied@uohagnitude and number of pulses. We achieved
81+1.7% (N=6) electroporated cells with 17+8% (N&&ll death using an electric field magnitude
of about 580 V/cm and 10 pulses. Our results petiek proper range for applied electric field
(EF) intensity and number of pulses for safe pebilieation without significantly compromising
cell viability. Our results demonstrate that ipsssible to permeabilize the endothelial cell$ef t
BBB in a controlled manner therefore lending to thasibility of using PEFs to increase drug

transport across the BBB through the transcelioddhway.
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2.2. Device design and fabrication

2.2.1. Devicedesign
The microfluidic device is comprised of dual tagemhannels 30 mm long with varying width
ranging from 1000 um at the ends to 300 at the center. Designing the device in this manne
creates a gradient of EF magnitudes. Accordingttm® law the EF magnitude inside the channel

is governed by the following equation:

E(x):%.](x):m (2-1)

where g is the conductivity of the mediund,is the current density is the length along the
channel and\ is the cross sectional area of the channel.degred to have a linear gradient of
EF along the length of the channel. According to @¢l) the magnitude of the EF and the cross

section of the channel are inversely proportiokignce, in order to get a lineglk), the cross

sectional area of the channel needs to be invepseportional to the length along the chanrel,
: : , : , C
That requires the channel width profile to be aieacof the curve defined by(x) == curve,
X

whereC is a constant and the endpoints of the sectiotharealues of the desired channel widths
which are 1000 and 300. These endpoints and thetattC are determined by satisfying the

following boundary conditions:

X
w(a) =1000 (2-2)
{V\(a +15000 = 300

wherea is the x-axis value of the curve that gives usdtiwof 1000 Solving the above equations
simultaneously gives the numeric valuesd@ndC. To have a symmetric channel geometry, two

of the above sections were attached end to enldoagnsin Figure 2-1a.
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Due to the device design, the cells in the middlthe channel experience an EF magnitude 3.3
times greater than the cells at the ends. Desighmgevice in this manner ensured that each part
of the channel shows the cell behavior in resptmaespecific EF magnitude and allows for testing
multiple conditions in one experiment. The symneettiual taper channel has an advantage over
a single tapered channel for transitioning the hidhregion from the channel end to its middle
where there is no disruption of the induced EF wuthe ports. Moreover, the symmetry of the
channel mandates a symmetric response from theicetie channel after exposure to PEFs, which
may serve as a verification tool for each experimen

Finite element analysis (FEA) was used to veriy tiiagnitude of the EF at each point along the
channel. The analysis was performed in COMSOL Mhisics 4.4 in a 2D model using the
AC/DC module. The channel geometry was designeflutoCAD 2014 and exported into the
COMSOL software. All the boundaries of the charwmete assumed to be insulating. The ground
potential of OV was applied to one end of the clediand the charged potential corresponding to

the pulse magnitude was applied to the other end.

2.2.2. Devicefabrication
Photolithography and replication molding were usedabricate the microfluidic channel in
polydimethylsiloxane (PDMS). A photolithography rkagas designed in AutoCAD software and
printed on a transparency sheet (Cad Art Serviged|and, OR). A four inch silicon (Si) wafer
was cleaned and silanized using 1,1,1,3,3,3-hexXayiditilazane (ACROS Organics) to enhance
photoresist adhesion, followed by spin coating WiA9260 photoresist (AZ Electronics).
Photolithography was performed by exposing the maféJV light through the mask (Karl Suss

MA6 mask aligner, Garching, Germany). After expestine photoresist was developed in
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AZ400K developer (AZ Electronics). The wafer washeid to a depth of 90 um using deep
reactive ion etching (DRIE) (Alcatel, Annecy, Frahc

As cheaper alternative technique for mold fabraratthe structural photoresist SU-8 (Microchem)
could be used, which eliminates the subsequentstefch the Si wafer. This method is useful in
circumstances where either DRIE is not availabltherhigh cost of DRIE operation needs to be
avoided. This method is fast and especially usefén trying a new design. However, the
obtained mold is not durable and usually afterva tigals the adhered photoresist delaminates.
The fabrication steps to yield features of 100uitkiiess are summarized in Appendix A.

The fabricated mold was then silanized using taod(1H,1H,2H,2H-perfluorooctyl)silane
(Sigma Aldrich, St. Louis, MO) under vacuum for dmeur as a mold release. PDMS (Sylgard
184, Dow Corning) was prepared by mixing the prepar and curing agent with a 10:1 weight
ratio. The mixture was then degassed and pourextbetSi wafer. The PDMS was cured at 100°C
for one hour. After curing, the inlets and outheere punched and the PDMS device was bonded
to glass slides using air plasma (Harrick Plasthach, NY). Figure 2-1 shows a schematic of the

channel along with the final device.

0.3mm

(a)

Figure 2-1. (a) Schematic of dual tapered micrdftucell culture channel, (b) Microfluidic device
comprised of three separate dual tapered channels.
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2.3. EF distribution inside the channel using FEA
Figure 2-2 shows the EF distribution in the charamel the EF magnitude along the centerline of
the channel for an applied potential of 1500 V.iAs shown in the figure, the design of the
channel provided a linear variation in the EF magie from 213 V/cm at the ends to 714 V/cm
at the center of the channel. It should also beedchdhat the EF magnitude did not change

significantly along the width of the channel.
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Figure 2-2. EF distribution in the channel as altesf applied potential at the channel ends (A)
EF contours in the channel and (B) EF magnitudegtbe channel centerline

2.4. Fluorescence calibration
To relate the fluorescence of the images to theaatnation of the uptaken dextran molecules, a
calibration curve was developed. This was donesiiygumicrofluidic channels of different heights
in order to simulate the height of the adheredsdelind using confocal microscopy. The channels
were filled with solutions of different concentrats of 4 kDa FITC-dextran in PBS and imaged
using fluorescent microscope. The purpose of intagias to record the intensity of fluorescent
light emitted from the fluid inside the channel &ach of the configurations and find a correlation
between the intensity and the concentration. Therélscence intensity was then obtained using

ImageJ. Figure 2-3 shows the fluorescent interasty function of the concentration of 4 kDa
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FITC-dextran inside channels of different heigl@sir observations using confocal microscopy
showed that after adhesion and spreading, thertbgskof the cell monolayer varied between 2
um (at the cell edges) to aroung@m (above the nuclei). Hence, four different heigirtsund this

range were selected for obtaining the calibratiorves. It was found that the intensity varied
linearly with respect to both the concentration #relheight. Linear regression was used to find
an empirical relation giving the fluorescence isignas a function of FITC-dextran concentration
and height. The linear dependence of intensityh@moel height was used in the following section

to obtain the profile of adhered endothelial cattsording to the fluorescence of absorbed dextran.
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Figure 2-3. Calibration curves for fluorescent ingigy of 4 kDa dextran in the microchannel (A)
for different heights (B) for different concentiats

These calibration curves will be used in the subest sections to find the concentration of
uptaken dextran molecules into the cells as welirmkng the profile of the adhered endothelial

cells.

2.5. Cdll cultureand characterization of the cell monolayer inside the chip

25.1. Cdl culture
Previousn vitro models of the BBB have been developed from a tyaoiedifferent primary cells
and immortalized cell lines [175]. Selection of ghveper cell type for a physiologically relevant
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model of the BBB is an active line of research eslly among biologists. However, the focus of
this work is on development of the platform for Icpermeabilization. Adjustments of the
biological aspects including the cell type is feft future studies.

In this study we used the mouse brain endothedihline, bEnd.3 (ATCC, Manassas, VA), which
has been used in previoimsvitro BBB models and has shown to be adequate for basisport
studies [6, 176-179]. The bEnd.3 cells were cuttureT-75 flasks at 37 °C and 5% g¢@nd
maintained in complete growth media consisting MM (ATCC) supplemented with 10% (v/v)
fetal bovine serum (Atlanta Biologicals, Flowery aBch, GA) and 1% (v/v) penicillin-
streptomycin (Life Technologies). The cells weratimwely passaged at 70-90% confluence. In
order to prepare the microfluidic device for caéding, the PDMS channels were first sterilized
with ethanol. To promote cell adhesion and pradifien, the channel was treated with 50 pg/ml
human fibronectin (Trevigen, Gaithersburg, MD) éore hour in an incubator. It should be noted
that several different types of fibronectin incluglimouse fibronectin were examined and despite
the interspecies differences it was found thathiwman fibronectin was more effective for cell
adherence to the channel. The Complete growth mealsathen introduced into the device and
incubated for two hours. Endothelial cells werdeastied by washing and detaching with trypsin.
The trypsin was then neutralized by the additionnaddia (serum neutralizes trypsin) and
centrifuged for five minutes at 120 x g. The trypsolution was removed and fresh media was
added to obtain a concentration of approximatelyniibion cells/ml. The cells were then
introduced into the device through manual injectiming a syringe and tubing until an even
distribution was achieved in the channel. The dewias incubated at 37 °C for two hours allowing
the cells to fully attach. Then, complete media wesvided to the channel using media-filled

pipet tips at the inlet and outlet. The deviceseniacubated for two days at 37 °C and 5%,CO
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until the cells were confluent in the channel. FegB-4 shows the confluent endothelial cell layer

inside the channel at second day after seeding.

Figure 2-4. Confluent monolayer of bEnd3 cellsdesihe tapered channel at day 2. Picture taken
using phase contrast microscope at 5x magnification

2.5.2. Immunofluorescence staining of tight junction proteins
In order to show the integrity of the endotheliallcmonolayer in the microchannel,
immunofluorescence staining was performed to visedlJs before pulsing. Among different TJ
proteins, zonula occludens 1 (ZO-1) was choseheatarget protein because it serves as a bridge
which links all of the TJ proteins (occludens, das, JAM) to the cytoskeleton of the cell. Cells
were fixed in the microfluidic channel using 4%\Wvparaformaldehyde (Boston Bioproducts,
Ashland, MA) for one hour at 37 °C. Cells were thiesed with PBS for 15 minutes and incubated
in permeabilization buffer consisting of 0.1% Tn¥-100 (Life Technologies) and 2% bovine
serum albumin (Sigma Aldrich) in PBS for 30 minuf€bis was used for permeabilization of the
cells and to prevent non-specific protein bindi8gbsequently, cells were washed for 15 minutes
in PBS followed by 2 hour incubation at 37 °C wptiimary anti ZO-1 monoclonal antibody (Cat#:
MABT339, Millipore) diluted in the permeabilizatiohuffer. After rinsing with PBS for 15
minutes, cells were incubated with secondary adibgoat anti-mouse IgG FITC conjugated
(Cat#: AP181F, Millipore), for 1 hour at 37 °C. Blly, the channels were rinsed with a solution
of NucBlue (Life Technologies) in PBS and imagethgdluorescence microscopy. TJ staining
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protocol is summarized in Appendix A. Figure 2-wsB the localization of the tight junction

protein ZO-1 at the boundaries of endothelial cells

Figure 2-5. Immunofluorescence staining of TJ prof#O-1. Cell nuclei are counterstained with
NucBlue.

2.5.3. Confocal microscopy
Confocal microscopy was performed to obtain theaye height of the cell monolayer. Prior to
imaging the cells were stained with rhodamine mhdith and DAPI (Invitrogen) which stain F-
actin filaments and nuclei, respectively (see Agited for more details on staining). Following
staining, the cells in the microchannel were imagsidg ZEISS LSM880 confocal microscope
(ZEISS, Germany) with 40X objective. The pinholeedpre for confocal fluorescence was
adjusted to produce a Z resolution of approximatejym. Images were collected in steps of 0.1
pum in the Z direction. ZEN Black software (ZEISSr@any) was used to analyze the sections
and build the 3D image. Figure 2-6 shows cross@®dtimages of the cell monolayer at different
heights from the channel base, as well as seveiahvgws of the cells along different transverse
sections. The maximum height of the cells was kEtatove the cell nuclei with an average value
of 70x14um. The rest of the cell body possessed a maximeighhof less than 4m. The
staining technique, clearly visualized the bounddrhe nucleus, but not the boundary of the cell

body as shown in the side views of Figure 2-6. Despsharply contrasted nucleus, the rest of the
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cell body was blurred. Hence another techniqueguia fluorescent intensity of uptaken FITC-

dextran was used to find the outer profile of adHdezells.

T ioopm
—

Figure 2-6. Confocal images of the endothelial seholayer. Top: Cross sectional images of the
bEnd.3 cell monolayer in the microchannel takedifé¢rent heights Bottom: Side views show the
relative height of the nuclei (blue) compared te tést of the cell body (red)

Based on the size of the cells and the diffusigityhe dextran molecules inside the cytosol, it is
possible to assume a uniform distribution of abedrteextran in the cell body after a few minutes.
Therefore, the fluorescent intensity at each pogtomes linearly proportional to the height of the
adhered cell, as shown in the calibration sectioguie 2-3B). We used this fact in addition to the
absolute height of the cells above the nuclei-atingrto the confocal imaging-to find the height

distribution of the adhered cells. Figure 2-7 shomesadhered bEnd.3 cells in the microchannel
and the outer profile along their longitudinal dtiens. Using this method, the average height of

the endothelial cell monolayer was calculated t@.4& um (N=30).
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Figure 2-7. Finding the height profile of cellsfidluorescent image (A) Fluorescence image of
adhered bEnd3 cells with absorbed FITC-dextrarH&ypht profile of the adhered cells

2.6. Determination of thereversible and irreversible electroporation thresholds
When using PEFs to permeabilize the endotheliéd oéthe BBB for drug transport, it is desirable
to avoid irreversible effects on the cell membramkich can result in permanent damage and
leakage of the blood vessels. Hence, it is necgss&now the IRE threshold and the margin for
reversible electroporation. The IRE threshold isuaction of applied number of pulses. A
treatment comprised of more pulses needs a lowen&gnitude to induce IRE. Figure 2-8 shows
the distribution of dead cells inside the chanoeldifferent number of pulses. As it is shown, by
increasing the number of pulses, more cells indher EF region (wider section of the channel)
were irreversibly electroporated. Expanding upads, tRigure 2-9 shows the percentage of dead

cells along the channel for different number ofsesland pulse magnitudes.
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Figure 2-8. IRE-treated cells for different numbépulses. (See Fig. S1 for high resolution color
image)
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Figure 2-9. Distribution of dead cell populatiorteafEP. (A) Dead cell population along the

channel for different number of pulses (B) Dead pepulation as a function of PEF magnitude
for different number of pulses.

Several factors such as cell orientation cell aizé distribution cause individual cells in the same

proximity to be affected differently by the pulsdgghe same magnitude. Our experiments showed
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that the cells which are oriented parallel to tleeteic field get electroporated at a lower electri
field than those that are perpendicular to thelfighis results in a distribution of live/dead sell
along the channel instead of a sharp delineatitwdsn live and dead cells. The percentage of
dead cells differed significantly among the exarditreatment parameters (ANOVA, p < 0.0001).
Post-hoc comparisons indicated that the dead ezliemtage for 10 pulses was significantly
different from 30 and 90 pulses at higher EF maglas whereas lower EF magnitudes (245-314
V/cm) did not show a significant difference. Thessults can be seen in Figure 2-9, which shows
that for a wide range of EF magnitude the induedbdeath for 10 pulses (0-40%) is much lower
than 30 and 90 pulses (5-100%). This finding isststent with the fact that usually 8-10 pulses
are applied for drug delivery during electrochenmeodipy. For 10 pulses almost no cell death is
observed for EF lower than 400 V/cm. It can alsosben that 30 and 90 pulses at higher EF
magnitudes (646-714 V/cm) and low EF magnitude$ (2&m) did not result in a significantly
different percentage of cell death whereas an Egnihale of 314 V/cm for 30 and 90 pulses
resulted in significantly different percentage®wRousin vivo studies show that an EF magnitude
of 500 V/cm and 90 pulses induce IRE[58]. Our resssthow that the same pulsing results in 85%
cell death.

Figure 2-10 shows the distribution of electropadatells visualized by uptake of Pl. The
percentage of electroporated cells differed sigaiftly among the examined treatment parameters
(ANOVA, p < 0.0001). Post-hoc comparisons indicateat the electroporated cell percentage for
10 pulses was significantly different from 30 ar@fulses at mid-range EF magnitudes (314 —
513 V/cm) whereas low and high EF magnitudes (B45;714 V/cm) did not show a significant
difference. Differences between 30 and 90 pulsas wet statistically significant for equivalent

EF therefore indicating that 30 pulses deliversragarable amount of Pl into the cell as 90 pulses.
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The electroporated cells spanned a wider rangd-afdtnpared to the irreversibly electroporated
cells. This is due to the fact that the cells wareontact with the Pl molecules during treatment,
therefore as soon as the pores opened, the madquelmeated the cells. On the other hand in the
case of IRE, only the pores which were not recaverfter one hour allowed the transport of Pl

molecules into the cell.
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Figure 2-10. (A) Distribution of Pl-permeated cediier EP (A) Pl-permeated cell population
along the channel for different number of pulsesHBpermeated cell population as a function of
PEF magnitude

By comparing Figure 2-9 and Figure 2-10 one caah e proper number and magnitude of pulses
for cell electroporation with minimal cell deathhi$ comparison is made in Figure 2-11 for the
specific case of 10 and 90 pulses which are tylpiaeded for electrochemotherapy and tumor

ablation treatments, respectively. This compardemonstrates how different EF magnitudes and
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pulse numbers can electroporate a population tf edlile keeping them viable. It is shown that
for 10 pulses there is a drastic difference betwéenonset of electroporation and the onset of
IRE. For example 10 pulses at 513 V/cm electroparabout 60% of the cells while causing only
10% cell death. On the other hand for the caségifses, less than 20% of the cells that were
electroporated remained alive. These results axgta reason 8-10 pulses are typically delivered
during electrochemotherapy treatments. It shoulchdted that Pl becomes fluorescent once it
binds to DNA after entering the cell. Since Pl & mtrinsically fluorescent, the emitted light is
restricted to the cell nuclei and does not refleetquantitative amount of Pl molecules present in
the cell body. In order to study this uptake pheaoom in a more quantitative manner, FITC-

dextran was investigated.
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Figure 2-11. Comparison of IRE and Pl uptake foat@ 90 pulses

2.7. Uptake of largeimper meable molecules dueto PEFs
4 kDa FITC-dextran is intrinsically fluorescent amaturally impermeable to the cells due to its
large size and hydrophilic nature. However, thipstance can penetrate the cell membrane

through induced pores formed by electroporatiogufg 2-12 shows the uptake of 4kDa FITC
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dextran after electroporation. The percentage feficedd cells differed significantly among the
examined treatment parameters (ANOVA, p < 0.00Bbst-hoc comparisons indicated that the
uptake of FITC-dextran into cells for 10 pulses wamificantly different from 30 and 90 pulses
at high EF magnitudes (646-714 V/cm) whereas lowrtalgnitudes for 30 pulses (245-314 V/cm)
and mid-range EF for 90 pulses (447-513 V/cm) didsimow a significant difference. Differences
between 30 and 90 pulses were statistically sigamifi for mid-range EF magnitudes (447-581
V/cm). Figure 2-13 indicates that uptake of dexirda the cells was more effective for lower EF
magnitudes for 30 and 90 pulses which initially ns@gm counterintuitive. For cells which were
reversibly electroporated, the molecules becamapéa inside the cells after the pores were
recovered. For the cells which were irreversiblceloporated, it is possible that the membrane
remained leaky and could not retain the absorbel@écules for the duration of the experiment.
Therefore, we hypothesize that dextran moleculeapesd the cells during the washing period,
reducing the emitted fluorescent light from thosgions of the channel. This behavior was not
observed for the uptake of Pl (Figure 2-10), siRt®inds to the DNA as soon as uptake occurs
and cannot exit the cell. Figure 2-13A shows therscent intensity of absorbed 4kDa FITC
dextran along the channel for different number olses. Knowing the calibration curve for
fluorescent intensity and the cell monolayer theds) it was possible to find the approximate
concentration of the accumulated dextran inside d¢b#s. Figure 2-13B shows dextran
concentration vs. EF magnitude for different numifguulses. Depending on the applied number
of pulses, different ranges of EF magnitude gavemam uptake of the FITC dextran molecules.
For the case of 10 pulses, generally, the higheeEffhmagnitude, the higher the amount of uptake.
This is due to the dominant occurrence of reveesddectroporation instead of IRE even at the

highest EF magnitude of 714 V/cm. In other wordasspite some cells dying by increasing the EF
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magnitude, other cells uptake enough moleculesttigatverall uptake by the monolayer is seen
as increasing. However, that was not the caseeasumber of applied pulses were increased.

Increasing the number of pulses resulted in moltaleath at the higher EF zone.
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Figure 2-12. Uptake of 4kDa FITC dextran after aggtion of different number of pulses
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Figure 2-13. Dextran uptake during EP (A) Fluoreséetensity along the channel for different
number of pulses. (B) Dextran concentration insielé after pulsing vs. EF for different number
of pulses. The dextran concentration in the pulsieglium was 10mg/ml. (Refer to the ESI for
high resolution image of the transfected cells imithe channel.)
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It should be noted that in the case of passiveusidh across the intact cell membrane, the
transcellular pathway is restricted to lipophiliolkecules. However electroporation can induce
hydrophilic pores into the membrane, which maylii@te the transport of hydrophilic molecules
such as dextran in this case. In the above expetsbe rationale for choosing Pl (668 Da) and
FITC-dextran (4 kDa) as the target molecules was thsemblance in size to several drugs, which
are currently being administered to patients withirbdiseases and tumors for which penetration
of the BBB remains a challenge. These drugs incRidemycin 1415 Da, Doxorubicin 543 Da,
Amphotericin B, 923 Da, and Paclitaxel, 853 Da.rngeslightly larger than these drugs, the results
for the uptake of 4kDa FITC-dextran into brain ettial cells gives an upper limit for the uptake
of these drugs into the BBB by applying the prdpEFs without causing any permanent damage
to the BBB.

In addition to reversible electroporation which ppehe transcellular pathway for transfer of
substances, PEFs may also disrupt the TJs betWeelfacent cells which opens the paracellular
pathway [180]. The current study was specificaltyed at finding the thresholds for reversible
electroporation and cellular uptake of differereesi molecules, which could yield relevant
information about the possibility of transcelluteainsport across the BBB. Studying paracellular
transport requires access to both luminal and abkinsides of the BBB which is left for future

studies.

2.8. Conclusions
In this study we quantified the uptaken amount ofenules into adhered endothelial cells as a
function of EF magnitude and the number of pulsesiding emitted fluorescent light from the
electroporated cells. To the best of our knowletigethe first time that such analysis is perfodme

for the electroporated cells. We implemented arspeicrofluidic channel to apply a gradient of
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EF on adhered brain endothelial cells and visudledectroporation phenomenon by tracking the
uptake of different naturally impermeable molecuids the cells. The tapered design allowed for
testing of multiple conditions in one experimehgerefore making it a useful platform to test drug
delivery using PEFs. Using this platform, we webiedo show the difference between reversible
and irreversible electroporation for different mulsumbers and a wide range of EF magnitudes.
The majority of the cells which were electroporat@dth 10 pulses, recovered, however
electroporation with 30 and 90 pulses was mostvarsible. Results for 30 and 90 pulses were
similar for the entire range of EF magnitude, alitjo 90 pulses caused more cell death. These
results provide the proper range of applied EF ntage and number of pulses for safe
permeabilization without significantly compromisiogll viability. Our results demonstrate that it
is possible to permeabilize the endothelial ceflshe BBB in a controlled manner therefore
lending to the feasibility of using PEFs to increakug transport across the BBB through the

transcellular pathway.
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Chapter 3:  Electrical impedance spectroscopy for monitoring the

per meabilization of the BBB on Chip

3.1. Abstract
Electrical impedance spectroscopy (EIS) was utllizeprovide a real-time and more quantitative
method for monitoring the permeabilization procésshe endothelial layer of the BBB. A
microfluidic platform with embedded impedance sesswas designed. The impedance sensors
were characterized in terms of different environtakrgonditions. The endothelial cells were
grown on the impedance sensors inside the micthflulevice and their integrity was monitored
electrically. Finally, the impedance measuremerd used to monitor the permeabilization of the

endothelial layer in response to stimulations byatic agent and pulsed electric fields.

3.2. Device design and fabrication
The platform for our BBB model is comprised of tmain compartments: a microfluidic channel
and an electrode array for electrical impedancesisgn The former is fabricated in
polydimethylsiloxane (PDMS) by photolithography areplication molding and the latter is
fabricated with either gold or indium-tin oxide (@) on glass by physical vapor deposition and

chemical etching. The Fabrication process is faistl in Figure 3-4.

3.2.1. Micro-channel design
The cell culture channel was designed in two déifiérconfigurations: straight and tapered (see
Figure 3-1). The straight channel wlas3 cm long,h=100 um high, anadv=1mm wide. Upon
application of electric potentials (V) to the emdishe channel, a uniform electric field was crdate
along the channel as determined by the equafionyV /L. The tapered channel was designed
based on the design presented in chapter 2. Howkge an asymmetric version was used in
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order to get the electric field gradient in a londestance. The width of the channel at the wider
section is Imm which narrows down to 300 according to the equation provided in section12.2
To provide the cells with a continuous, slow, grawnduced flow of culture medium after the
seeding and during the growth phase, the cell milthannel is amended by a high hydraulic

resistance micro-channel. The hydraulic resistarice rectangular cross sectional channel with

length L, width w; and height is (see Appendix B)

__ 1L, 1
R 063(h/wg ) h*wy

(3-1)

where/) is the fluid viscosity. The resistive annex isigesd to give a hydraulic resistance of

1x10" (Pa.s/m), which roughly allows 50QI of media stored initially in a pipet tip at thalet
to flow out in 12 hours. That time is enough to fke¢lee fluid running into the chip overnight,

before it could be recharged in the next morning.

<| ) E o
(a) (b)

Figure 3-1. Cell culture channels to be used alsitiy the impedance sensors (a) straight channel
for uniform electric field (b) tapered channel fiorear gradient of electric field

3.2.2. Impedance sensor design and fabrication
A variety of different geometries were tested fbe timpedance sensors to enable sensitive
measurements of the cells. The ideal configuratiomeasure the impedance of an object is to
place flat plate impedance electrodes at opposiés ®f the object. In that case due to the induced
uniform electric field, all points within the objewill have the same contribution to the impedance
measurement. However, this approach needs acctssdpposite sides of the sample which may

not be possible in all experimental configuratimugh as microfluidic platforms. Due to the
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fabrication technique, we only have access to aeed the microfluidic channel which faces the
glass substrate. Therefore the only option to lagampedance sensors is to fabricate them on
the glass, facing the microfluidic channel. Follogithis technique we will end up having
impedance sensors with both poles on the same,asenply coplanar electrodes.

To estimate the sensitivity distribution of an élede setup, one can look at the electric field

distribution generated by the same electrodes &sn&a from FEM and shown in Figure 3-2.

(a) (b)

Figure 3-2. Electric field distribution produced {8) interdigitated electrodes (b) parallel plate
electrodes in a micro-channel. For both configoragj the plots show the electric field magnitude
along a line 3um above the bottom surface of the channel. Thisuwée was chosen based on the
average thickness of the bEnd3 cell monolayer tsméed in Chapter 2. The channel height is
100um and a potential difference of 1V is applied te #hectrode pairs.

In case of parallel plate electrodes, all pointsvieen the two plates experience the same electric
field magnitude. That is translated into equal gesity of the points in case of impedance sensing.
However, in case of coplanar electrodes, the edigleeoelectrodes experience a higher electric
field compared to the center of the electrodesclwimeans when the same configuration is used
for impedance measurement, the impedance is moigtise to the electrode edges that the
electrode centers. Therefore, to increase thetseatysof the impedance sensors, an interdigitated

electrode array is used. To get multiple measurésradong the channel, five pairs of interdigitated
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electrodes, each containing 35 fingers are embedddide chip. Figure 3-3 shows a schematic of

the impedance chip.

High resistance outlet

Contact pad
_— /Cellculture channel
Resistivechannel | | /
Outlet _— = Pul Inlet
Elnsirags \ Interdigitated electrodes

Figure 3-3. Schematic of the microfluidic devicglwimpedance sensors.

For sensor material both gold and ITO were useskparate devices to compare the advantages
and disadvantages of each for cell impedance sgn$kold is highly conductive, inert,
biocompatible and commonly used for cell impedasessing. However the combined gold-
chromium layer is not transparent and does notwalNisual inspection of the cells in the
microfluidic channel. On the other hand ITO is Bparent. However, its lower electrical
conductivity compared to gold reduces the accuratymeasurements. ITO is stable in
physiological medium and poses no threat to theued cells [181]. ITO electrodes are optically
transparent, polarizable and highly sensitive duiaé absence of insulating oxide layers [182].
The gold electrodes are fabricated by E-beam ewasiparof chromium and gold on glass slides
with a thickness of 10nm and 100nm, respectivebllowing evaporation, the metal layer is
patterned with photolithography and etched usintd ggnd chromium etchants (Transene,
Danvers, MA). To form the transparent electrodé§) film (100 nm) is deposited on clean glass
slides at 10 torr by E-beam evaporation targeting ITO alloycgi® of 90% 1503 and 10% Sn©

composition (Kurt Lesker, Jefferson Hills, PA) ingeaphite crucible (International Advanced
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Materials, NY). Evaporation is performed with ndostrate heating in an oxygen-rich environment
with 20 sccm Qflow rate to make for oxygen loss during evaporatind improve the integrity

of the deposited oxide layer. A 100 nm thick ITQdawas deposited with a rate of 0.5 nm/sec.
After deposition the glass slides were photolitlagdpically patterned and chemically etched with
ITO etchant (Transene, Danvers, MA). The as-depaditO film does not have the optimal
electrical and optical properties. Hence a follogviennealing step is needed to increase the
electrical conductivity and transparency of thenf{ll83]. Annealing is performed in furnace at
400 deg C in air for 30 minutes. It is importanpttern the ITO film before annealing since the
etch rate will decrease significantly afterwardsg®&rdless of the electrode material, the fabricated
glass and PDMS parts are cleaned with Isopropghalcand DI water and irreversibly bonded
together using air plasma. After bonding the pastse pressed together and heated to 70 deg C
for 10 minutes. Two stainless steel needles witl3 @m diameter (Kingli, China) were inserted
into the two ports of the culture channel for apmiythe pulses. The assembled device is kept in

vacuum before the loading step. The fabricatiopsstge summarized in Figure 3-4.

I
Si Wafer Glass Slide
Spin and Pattern PR Evaporate Cr-Gold/ITO
: S— N S

Etch Si with DRIE Spin and Pattern PR

[ e
PDMS Casting Etch Cr-Gold/ITO
PDMS Demolding Anneal (only for ITO)
Y

Plasma Bonding

Figure 3-4. Fabrication steps of the sensor emtzedderofluidic chip. The left side shows the
steps to make the microfluidic part and the righe shows fabrication of the impedance sensor
using either gold or ITO.
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3.3. Cdll cultureon chip

In this study two different cell lines, bEnd3 (ATCKganassas, VA) and hCMEC (EMD Millipore,
Billerica, MA) -from mouse and human origins, resipeely - were used to construct the
endothelial cell monolayer inside the chip, andrttesponses were compared upon application of
the PEFs. Standard cell culture protocols wereofadd to culture both cell lines. Cells were
cultured in culture flasks and maintained in cortgoleedia at 37 deg C in a water jacket incubator
and were routinely passaged at 90% confluence. coh®plete culture medium for bEnd3 cells
consisted of DMEM (ATCC) supplemented with 10% JvAetal bovine serum (Atlanta
Biologicals, Flowery Branch, GA) and 1% (v/v) pahik-streptomycin (Life Technologies). The
complete culture medium for hCMEC cells consiste&mdoGRO basal medium supplemented
with EndoGRO-LS supplement (0.2%), rh EGF (5ng/mi;lutamine (10mM), Hydrocortisone
Hemisuccinate (1pg/ml), Heparin sulfate (0.75 U/m§corbic acid (50 pg/ml) and FBS (5%),
all from EMD Millipore. The cell culture protocolnochip is similar to an earlier study [174].
Briefly, the microfluidic channel was sterilizedtwi70% ethanol, washed with PBS and treated
with 50 pg/ml human plasma fibronectin (Cultrex)PBS for one hour. The fibronectin solution
was then removed and replaced with complete cétureu medium for another hour in the
incubator. The cell suspension was then introduckdthe culture channel at a concentration of
20 million cells/ml. The device was incubated fe? hours to let the cells adhere to the bottom of
the channel. After 2 hours the outlet of the catcihannel was blocked, forcing the media to flow
through the resistive channel to the outlet, manintg a slow, gravity induced flow over the cells
for the duration of cell proliferation. That proed a continuous supply of fresh media for about
12 hours without the need for a pump. Once thes aedire confluent the resistive channel was

blocked and continuous media flow was started ftiinotlhe culture channel using a peristaltic
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pump (Watson Marlow, UK). The pump flow rate waguated to provide the physiological shear

stress according to [184] (see Appendix B):

r = 6LQ
wh?

(3-2)

wherer,, is the wall shear stresQ,is the volumetric flow ratey is the culture channel width and

h is the culture channel height. Figure 3-5 shovesttinee steps for providing media in the chip

during cell seeding, growth and perfusion.

F i

(a) (b) (c)

Figure 3-5. Three steps of providing media to thip ¢a) static media during cell adhesion (b) low
flow rate gravity perfusion during cell growth (@)edia circulation with high flow rate using the
peristaltic pump. The black spot represents thekad port.

3.4. Electrical impedance spectr oscopy
A bipolar impedance measurement technique is usechwneans current injection and voltage
pickup are performed through the same pair of eldess, which constitute the interdigitated
electrodes. A printed circuit board (PCB) is desmjras an interface to make the electrical
connections with the microfluidic chip as showrFigure 3-6. A rectangular portion is cut from
the center of the interface board which housesnioeofluidic device. Conductive silicon paste
(Silicone solutions, Cat# SS-27S) is used to fatdi electrical connections between the gold/ITO

pads on the chip and the terminals on the backeoPCB board.
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Figure 3-6. Microfluidic interface board is usedtiake the electrical connections with the contact
pads on the microfluidic device.

A multiplexer is designed and fabricated to faatktimpedance measurements between different
pairs of impedance sensors on the same chip (App&)dThe multiplexer is controlled through
the impedance analyzer. At each point along tharélghe impedance spectrum (containing both
phase and magnitude) is measured in a wide frequemge (0.1Hz-1MHz). The impedance
spectrum contains useful information about the eebnolayer including, cell membrane
capacitance, intracellular resistance, and monolaytegrity. These information could be
extracted from the spectrum by fitting the dataato equivalent circuit model of the system
including the electrodes, the cells and the mednside the channel. Depending on the system
under experiment, electrode material and geomatrgl, medium composition, different circuit
models could be used for this purpose (Figure 3-7).

Gold and ITO are naturally polarizable, meaning thay do not allow any electron transfer to
happen at the electrode/electrolyte interface. Thates the electrode/electrolyte interface to act
as a capacitor (double layer capacitance [185]¢ mMledia inside the channel acts as a resistor
which is in series with the double layer capacildre electrodes in combination with the medium
also form a capacitor which is in parallel with thedium. That results in the electric circuit model
of Figure 3-7a. the double layer capacitance dominates the impedance spectrum at low
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frequency (<~1kHz) and does not allow other eleméntthe system to show up in those
frequencies. There are some methods that enabledenpe measurements at low frequency,
which are listed below:

Tetra-polar measuremenitiaving the excitation current in a separate paglectrodes than the
voltage pickup, eliminates polarization at the pigkelectrodes, removing the double layer
capacitance and allows measurement at low frequency

Non-polarizable electrodesuch as Ag/AgCl allow electron transfer with thiecéolyte,
bypassing the double layer capacitance.

Reduction/Oxidation agenfA redox agent dissolved in the electrolyte cagilifate electrode
transfer with the polarizable electrode such ad,gadain bypassing the double layer capacitance
and reducing the impedance of the electrode/elgtérmterface. A common example of the redox
probe is potassium hexacyanoferrate (II) and (Bigma Aldrich). Figure 3-7b shows the circuit
model for the case of electron transfer with treceblyte. Electron transfer happens in another
pathway in parallel with the double layer capacaitaat the interface of the electrode. That pathway
is comprised of a charge transfer resistatgen series with a diffusion impedange. The charge
transfer resistance is related to the rate of tearts electrons between the electrode and the ions
in the electrolyte. As we will see later this résie is inversely proportional to the concentratio
of redox probe in the electrolyte. In most of theasurement systems, the geometric capacitance
is very small, leading to its high impedance amgmoved from the circuit. That simplified model

is called the Randles model [186]. Several emdimecadels exist for the diffusion impedance
including the Warburg models and the Gerischer mdeiefer to Appendix D for more details

about these impedance models. In all the abovaeitirodels the capacitance is replaced with the
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constant phase element (CPE), which accounts éonahlinearities and frequency dependence of

the interface [187].

Cal
Ca Rm I R
I ) I I
I | |
Rer 72, _{ }_
Cgeo Cgeo
(A) (B)

Figure 3-7. Electric circuit models (A) bare elecke in regular media (B) bare electrode in media
containing redox probe. The circuit elements areubde layer capacitance {7 medium
resistance (R), geometric capacitance {49, Charge transfer resistancecR Diffusion
impedance (g)

3.5. Impedance sensor char acterization
In order to be able to use the fabricated impedaeraosors for characterizing the cell monolayer,
it is essential to first characterize the sengothe absence of the cells. In this section wegortes]
the readouts of the impedance sensors and invextitfze effects of different conditions such as
electrode material (gold/ITO) media conductivitgdox probe concentration, flow rate and
elapsed time on the impedance spectra. Figurel@B8ssthe schematic of an impedance spectrum
measured in a conductive medium and identifieddab®rs which have the most influence over

specific parts of it.
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Figure 3-8. Different sections of the impedancectpen for readings in a conductive medium
containing redox agent that facilitates chargesi@macross the electrode-electrolyte interface.

3.5.1. Electrode material
The electrode material makes a significant contidiouto the impedance spectrum due to its
electrical conductivity and charge transfer capgbiFigure 3-9 and Figure 3-10 compare the
acquired impedance magnitude and phase, respgdiivejold and ITO electrodes in cell culture
media. The electrodes have the same geometry ftbr baterials. Therefore the observed

difference is only due to the material.
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Figure 3-9. Comparison of impedance magnitude ébd gnd ITO in cell culture media
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Figure 3-10. Comparison of impedance phase for gotiTO in cell culture media

Three main differences could be observed in theedapce spectra for gold and ITBrst, at
very low frequency the phase diagram of the gaddtebde has a higher value than that of the ITO
(-70° compared to -90° at 0.1Hz). That is probahlg to some charge transfer that happens for
gold even without a redox probe, but not for IB2condthe flat part of the impedance magnitude
curve which corresponds to the resistive behavithedsensor and electrolyte, has a higher value
for ITO compared to gold. Since the same mediuose in both cases, the higher impedance is
attributed to the lower electrical conductivity IdiO (16e4 S/m) compared to gold (44e6 S/m).

Third: at very high frequency (>10 kHz) the ITO sensds toward capacitive behavior while

48



the gold sensor remains completely resistive. Tdebavior is discerned by looking at the
decreasing trend in the spectra of the ITO eleetatchigh frequency and is due to the geometric
capacitance of the sensor/medium combination, whgchconsidered in circuit model of
Figure 3-7a. The fact that this capacitance ismhsethe impedance spectrum of gold electrode

is due to its small Redsiawhich does not allow for the high impedance gfo@® show up.

3.5.2. Effect of electrolyte conductivity
The electrolyte conductivity has the same effectimpedance spectrum as the electrode

conductivity as they ae both considered in the salement of the circuit model.

3.5.3. Effect of redox probe concentrations
As mentioned before the redox probe enables chizagsfer across the electrode/electrolyte
interface. To find the proper amount, different cemrations of the redox pair [Fe(GNY* (1:1)
in cell culture media were introduced into the mftridic channel and the impedance spectra were
obtained. It should be noted that previous stutliease used this substance in cell culture with
concentrations as high as 5mM [164]. In the presafcedox probe, the circuit model of the
system should be modified to account for the chargesfer capability of the electrode
(Figure 3-7b). This model contains a second pathaecagss the electrode/electrolyte interface, in
parallel with the double layer capacitance, fos thurpose. This pathway contains a resistor for
charge transfer, &, and a frequency dependent impedance for diffusioions between the
medium and the electrode surface, Z
Increasing the redox concentration results in nmesgstive characteristics at the low frequency

part of the spectra as shown in Figure 3-11 andrEi§-12 for gold electrodes.
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Figure 3-11. Effect of redox probe concentratioll@m) on shifting the impedance magnitude for
gold electrodes
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Figure 3-12. Effect of redox probe concentratiowl@n) on shifting the impedance phase for gold
electrodes

As shown by the impedance phase spectrum (Figa£) 8ven a small amount of the redox probe
has a significant effect on enhancing the chamyester capability of the sensor. For the majority
of our experiments we used 1mM redox probe, whsohell tolerated by the cells.

To gain a more quantitative understanding of theseebehavior in presence of the redox probe,
the impedance spectra for gold and ITO electrodeke presence of different concentrations of

redox probe are fitted to the equivalent circuitd@loof Figure 3-7b. The Gerischer model is
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considered for the diffusion impedange as it gives better fitting compared to the Warburg

impedance.
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Figure 3-13. Nyquist plots of fitting of the cirtunodel to the impedance data acquired in the
presence of 1mM redox probe for (a) gold electrqe$T O electrodes. The arrows indicate what
phenomena each of the half circles are correspgrtdin

Figure 3-13 shows the Nyquist plots of impedancecsp for gold and ITO electrodes in the
presence of 1mM redox probe in cell culture methagwith the best fit of the impedance model.
Both data from gold and ITO electrodes fit very Melthe model. The slight deviation of the gold
electrode data from the model at low frequencyfifdibn section) may be attenuated by using a
generalized Gerischer model which was not availabke software (Gamry EChem Analyst).
The charge transfer resistances for gold and IT@eatracted from the impedance fitting and
compared in Figure 3-14. Higher order regressiamyans shows that for both of the electrode
materials, the charge transfer resistance is iel)eoportional to the redox probe concentration
according to the following equations:

12457

Gold: === R2=0.9895
Rer (3]
ITO: Ry = 1‘?68?47 R?=0.9904
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where [S] is the concentration of the redox prabmM.
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Figure 3-14. Comparison ofdRfor gold and ITO as a function of redox probe @arication

The obtained relationships for the charge transésistance is consistent with the available

equation which describes this element analytidai88]:

RT

o ALY

(3-3)

whereR is the ideal gas constarit,is the absolute temperaturejs the number of transferred
electrons per one molecule of the redox prébis, the Faraday constam,is geometric surface
area of the electrode (&mkcr is the potential dependent charge transfer ratstaat, and [S] is

concentration of the redox probe (molRm

3.5.4. Effect of fluid flow over the electrodes
Due to the presence of fluid flow over the cell miayer, it is critical to see how the measured
impedance could be affected by the flow of the medsually mechanical motion does not affect
electrical behavior of a system, mainly due to fiuet that electron transfer happens at a much
higher rate than such motions. However, that igl®icase in fluids. lons play the role of charge

carriers in a fluid, instead of electrons. lon moeat in fluids happens orders of magnitude slower
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than electron transfer in solid conductive matsridherefore, fluid flow can significantly affect
ion movements. According to equivalent circuit miogfethe electrode/electrolyte system in the
presence of the redox probe (Figure 3-7b) and aarsin the schematic diagram of Figure 3-8,
at low frequencies the impedance is dominated eyifiusion impedancgp.

Here we used the porous bounded Warburg modehéfQ@” circuit element) for the diffusion
impedanceZp as it gives a more physical interpretation of thiugion impedance. Fitting of the
impedance data shows that increasing the flow catesistently reduces the Warburg time
constantB (Figure 3-16). This parameter is related to thenstediffusion layer thickness,(cm),

and the diffusion coefficient of the ior3,(cn¥/s), according to:

B= (3-4)

The decreasing trend of th& parameter by increasing the flow rate is consisteith the

decreasing thickness of the diffusion layer.
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Figure 3-15. Nyquist plot of the impedance speatthe electrode-electrolyte system for different
flow rates inside the micro-channel. Cell culturedium with 1mM redox probe was used.
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Figure 3-17. Variation of charge transfer resisgarier as a function of flow rate

As shown about the diffusion impedance was sigaifity affected by the flow rate, reducing the
Warburg time constant (B) from 0.77 $eto 0.16 set® by increasing the flow rate from zero to
100 ul/min. However the charge transfer resistanee @d not change statistically by the flow
rate. That is in agreement with the fact that chdrgnsfer resistance is affected by electrode-
electrolyte interactions which are not a functidrilaw rate. This behavior should be considered

when performing the impedance measurement in tsepce of flow.

54



3.6. Impedance spectroscopy of endothelial cell monolayer on gold electrodes
After seeding into the microchannel, the cells warevided with complete cell culture media,
slowly perfused over the cells as provided by thavily perfusion mechanism on chip, and
allowed to grow for few days until confluence. Degig upon the seeding concentration (about
20 million cells per ml) and the cell type, thatyrtake from 2 to 5 days (Figure 3-18). The
adhesion and growth of the cells on top of thetedeles are reflected in the acquired impedance
from the electrodes. During the growth phase, tlbetmdes are covered by an increasing number

of cells which causes the impedance spectrum tengoedhree major changes (Figure 3-19):

Figure 3-18. Fluorescent image of confluent bEnelB monolayer cultured in the microdevice
over the gold electrode array. The cells are staugng calcein AM for the cytoplasm and
NucBlue for the nuclei. In order to take the flusrent image, the device was positioned upside
down on the microscope stage, avoiding the exoitalight to be blocked by the opaque gold
electrodes.
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Figure 3-19. Impedance spectra of growing bEndB aaler gold electrodes in the presence of
1mM redox probe. (a) Magnitude (b) Phase
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First: the low frequency part of the spectrum shifts dmvhigher magnitudes. This could be
attributed to the attachment of cells to the etet#rsurface and increasing the charge transfer
resistance (&). It should be mentioned that this change is @idiple in the presence of the redox
probe.

Second Another dispersion evolves at the frequency raofjdkHz-1MHz as visible in the
impedance magnitude diagram. This dispersion istoltlee impedance of the attached cell layer
which is commonly modeled by a parallel combinatioh paracellular and transcellular
impedances (Figure 3-20). The paracellular pathw#yough the tight junctions and has resistive
behavior (Rj). The transcellular pathway is through the cellmbheane and the cytoplasm.
Therefore, the transcellular impedance is a se&gesbination of membrane capacitanced§
and cytoplasmic resistancec(fl. The specific capacitance of the cell membrarapoximately

1 uF.cm?[189].

R C

cyt mem

Figure 3-20. Impedance model of cell monolayer

Third: Another small dispersion also starts to formhie frequency range 100Hz-1kHz, which is
more discernible in the phase diagram. It shouldnkationed that this dispersion has not been
detected in all endothelial cultures and seemgpear under specific growth conditions which
will be discussed in what follows. It is also ordgtectable if the impedance measurement is
performed in the presence of the redox probe. €dbtkst of our knowledge this feature of the
impedance spectrum has not been discussed inténatlire, probably because in most of the

studies the impedance measurements are performegutar culture medium with no redox probe
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supplement, which does not allow charge transfeh \he electrode and results in a large
interfacial impedance that masks this small digpars

Using a polarizable electrode (no redox probe aodtcimarge transfer) the cell monolayer is
commonly modeled as Figure 3-21, which is the sez@mbination of the electrode-electrolyte
impedance (Figure 3-7a) (when ignoring the geometapacitance) and the cell monolayer
impedance (Figure 3-20). A typical impedance sp@citorresponding to this model is also shown
in Figure 3-22.

Cal R Ry

\
| }J
Rcyt Cmem

Figure 3-21. Electric circuit model of electrodeghnadhered cell monolayer in a conductive
medium with no redox probe.
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Figure 3-22. Typical impedance spectrum of conflieadothelial layer in the absence of charge
transfer across the electrode and the overlayirig the impedance model of Figure 3-27. Fitting
was performed using the Gamry Echem Analyst so#waine small discrepancy in the fitting of
the phase diagram at very low frequency is attedub the small charge transfer that happens at
the electrode surface even in the absence of cli@ngsfer probes.

The addition of the redox probe to the media usvaibre details about the cell impedance at low

frequency which could be attributed to the morpgglof the cell monolayer. By doing that, two
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different types of spectra were observed for tHauced bEnd3 cells based on the appearance of
the third dispersion at frequency range 100Hz-1KHus difference in spectra was found to be
correlated with the morphology of the growing mayar which is highly affected by the initial
cell seeding density. In the following, this isssieliscussed in more details:

* High density seeding
Introducing a large number of cells into the chadoeing the seeding step, results in the coverage
of the entire surface of the channel with the callthe beginning, leaving no more space for the
cells to grow, divide and proliferate. Thereforgight monolayer of cells is produced within few
hours. Our observations using light microscopy $tasvn that in such a monolayer the cells are
relatively small, and interestingly aligned witletblectrodes. This behavior happens regardless of
the electrode material.

* Low density seeding
By introducing a low density of cells into the chahduring the seeding step, the cells get a chance
to spread out on the surface upon adherence dhnéating enough space for them to divide and
proliferate. This way the cells grow naturally, aetatively larger in surface area and do not seem

to follow the direction of the electrodes (Figur23).
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Figure 3-23. Confluent monolayer of bEnd3 cellsrave interdigitated gold electrodes (a) high
seeding density (b) low seeding density
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Apart from the visual appearance, our experimembsved that the cells which grow from a low
density population are more resilient to shearsstend last longer in the chip (data not shown
here). Here we also explain the important diffeeeme the impedance spectra of the cell
monolayers under the two conditions as pointedefdre. The impedance measurements for both
cases are taken in the presence of 10mM redox poobelen the range of useful frequency. It is
found that for the high density seeding, only oispérsion happens after vanishing the interfacial
electrode effects. However, for the low densitydéeg two dispersions exist in the spectrum after
vanishing the interfacial electrode effects. Thecta for two cases are similar at very low and
very high frequencies (Figure 3-28).
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Figure 3-24. Comparison of the impedance spectuofluent bEnad3 cells under two different
seeding conditions (a) impedance magnitude (b) dapee phase, in the presence of 10mM redox
probe.
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3.6.1. High density seeding
For the case of high-density seeded cells, thevabprt circuit model is basically the series
combination of the electrode interface, medium, #edcell layer as shown in Figure 3-25. This

models gives an accurate fit to the impedance gpacs shown in Figure 3-26.
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Figure 3-25. Equivalent circuit model for confluenbnolayer of cells seeded with high density
in the presence of redox probe
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Figure 3-26. Fitting of the equivalent circuit mbdé Figure 3-25 to the impedance spectrum of
confluent monolayer of bEnad3 cells over the intgtated gold electrodes obtained from a high
density seeding. (a) Bode plot (b) Nyquist plotropedance spectrum

There are several important notes about the fittingrcuit models to impedance data that should
always be considere#irst, it should be noted that for an existing set gbéatance data there are
always infinite irrelevant circuit models that garovide an accurate fit. Therefore, the goodness
of fit is not a sufficient criteria for validity o model and proper combination of the elements
should first be considered. This topic is discussenore details in reference [19@econdthe

equivalent circuit model should be simplified asomas possible to result in a unique set of values
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for the elements. For example in the case of diafurigure 3-25 the current combination of three
resistors R, Rrj, Rey, does not provide a unique solution to the fittingerefore, it is either
suggested to remove the,Rom the circuit due to its constant value over &xperiments, or to
run another experiment with the bare electrodestlmdame medium to find the exact value for
Rm by fitting to the model of Figure 3-7b, and implemh that as a constant in the model with the

cells. Doing so, resulted in the media resistafi@)dhm.

3.6.2. Low density seeding
In order to get a better picture of the mid-frequedispersion for low-density seeded cells, we
performed impedance measurements of the confluetdteelial monolayer in the presence of a

range of redox probe concentrations. (Figure 3-27)
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Figure 3-27. (a) Magnitude (b) Phase of impedapeetsa for confluent monolayer of bEnd3 cells
at day 3 in the presence of different concentratmiredox probe.

It is shown that by increasing the redox probe eatration and consequent decrease in the charge
transfer resistance, more details from the impeelafithe cell monolayer is revealed and the mid
frequency dispersion becomes more pronounced.

Usually, the number of capacitors in the model &sponds to the number of dispersions in the
spectrum. The two existing capacitors in the ma@gland Gnem cause the two dispersions at low
and high frequency, respectively. In order to fthd proper model for the low-density seeded
cells, one should note that the additional dispersit mid frequency requires implementation of
a third capacitor somewhere in the circuit model.start, we know the complete model should
contain blocks of elements which represent the trelde-electrolyte system and the cell
monolayer, i.e. the Randles model and the cell motlé-igure 3-20, respectively. Now the
guestion becomes how to connect these blocks gthddition of any further elements. Applying
all the requirements, considering the morphologghefcell monolayer and trying to optimize the
fitting, the following circuit model was obtained.
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Figure 3-28. Equivalent circuit model for confluentnolayer of cells seeded with low density in
the presence of redox probe.

Compared to the model of Figure 3-25, the proposedel has the following modifications:

* An additional capacitance-em2is considered to account for the cell-electroderaction.
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» After passing through the electrode-electrolyteerifaice another resistive pathway is
considered in parallel with the cells that accodotghe small gap between the cells and
the electrodes. This gap is caused by the extrdaethatrix beneath the cells.

The fact that this resistive pathway does not eritfie cell monolayer after high density seeding
needs to be further studied and is out of the sabghis work. However, one possibility is to
correlate that to the difference between the theskrof the adsorbed fibronectin layer in the chip
before cell seeding and the thickness of the sadmsttracellular matrix from the cells during the
growth and proliferation step. In the case of hilgimsity seeding, all the cells attach to the very
thin layer of adsorbed fibronectin that was introeldiduring the device preparation step. However,
in the case of low density seeding, the initialdhared cells attach to the existing adsorbed
fibronectin layer. During proliferation the cellscsete their own extracellular matrix that is tleick
than the existing fibronectin. Therefore, an addiél pathway is created below the cells which
corresponds to IR

This model provides a perfect fit to the impedaspectrum of confluent cell layer over the entire

frequency range of 0.1Hz-1MHz. (Figure 3-29)
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Figure 3-29. Fitting of the equivalent circuit mbdé Figure 3-28 to the impedance spectrum of
confluent monolayer of bEnad3 cells over the intgtated gold electrodes obtained from a low
density seeding. (a) Bode plot (b) Nyquist plotropedance spectrum
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3.1. Impedance spectr oscopy of endothelial cell monolayer on I TO electrodes

Due to its high resistivity, the impedance speobtained from ITO electrodes are higher than the
ones obtained from gold electrodes. An exampleanimaparison between the two materials under
same conditions was provided in Figure 3-9. ThaiSaantly higher value of the base of the
impedance curve for ITO compared to gold (i.e. @k vs. 90 Ohm) causes the impedance of
the cell layer to be masked by the high impedarfcth® electrodes. Therefore, an accurate
measurement of the cells is not possible. One wagdolve this issue is to decrease the resistance
of the ITO electrodes by increasing their size.r€fae another impedance sensor was fabricated
with wide electrodes and a common counter electesdshown in Figure 3-30. The impedance

sensor is used in conjunction with the tapered blan

Figure 3-30. Schematic of the ITO impedance sengbhrwide working electrodes and a common
counter electrode.

bENnd3 cells were grown inside the device with atiainlow density to give a partial coverage,
and the impedance was monitored during 2 days (€igeB81). It is shown that the impedance

spectrum is mostly affected by the cell culturéhatlow frequency range.
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Figure 3-31. Phase contrast images of bEnd3 celigigg on ITO electrodes on chip (a) first day
after seeding (b) second day. The impedance spiectthe same cells and the cell-free chip are

shown in Figure 3-32
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Figure 3-32. Impedance spectra of bEnd3 cell cailltur ITO electrodes at different time steps in
the presence of 10mM redox probe (a) impedance moggn(b) Impedance phase
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3.2. Osmotic disruption of the endothelial barrier measured visually and electrically
In order to have an idea of how the disruptionhef tell monolayer would affect the impedance
spectrum, the cell monolayer was osmotically diggdpand the effect of disruption on the
impedance spectrum was observed. Mannitol was fmethis purpose. Mannitol results in
osmotic imbalance between the cells and the mediamsing an outflow of water from the cells
and cell shrinkage, which results in opening offiaeacellular space. Mannitol is being clinically
used at concentration of 1.6M to open the BBB fagdielivery [62]. Fom vitro studies mannitol
concentrations of 0.1M [191] or 0.3 M [94] have beesed. In order to have an estimate of the
effect of mannitol on the disruption of the celéa, different concentrations of mannitol were
injected into separate microchannels with conflimd3 cells and their behavior were monitored
optically over 4 hours after injection (Figure 3)3B was found that 0.1M mannitol did not cause
any detectable change in the cell shape over thise®f 4 hours. However, 1M mannitol caused
the cells to round up within few minutes and detdidm the surface. 0.3M resulted in
deformations and round up in a fraction of thesceller time but leaving the majority of the cells
intact.
According to the results obtained from differenhcentrations of mannitol, 0.3M was chosen to
try on the cell monolayer during impedance spectpg. 10mM redox probe was used during
impedance spectroscopy to enable capturing dadawider frequency range. After injection of
0.3M mannitol solution into the channel, the impezkawas recorded for a duration of 4 hours.
As shown in Figure 3-34 it was found that the imgreme changed rapidly during the first 90

minutes and reached the final shape in approximatd minutes.
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Figure 3-33. bEnd3 monolayer after exposure teebfit concentrations of mannitol for 4 hours
(@) 0.1M, (b) 0.2M, (c) 0.3M, (d) 0.5 M, (e) 0.7 i) 1 M

In a separate setup, the cell monolayer was expgosbe same concentration of mannitol and the
cell shape was monitored over time using opticalrosicopy (Figure 3-35). Shrinkage of some
cells is detectable over time. However, comparedstaal inspection, the impedance measurement
seems to be more accurate. For example after dhiyiB, a significant shift in the impedance
curve is detectable in both low and high frequenegions but almost no change in cell
morphology could be seen after 1 hour. Also, aftitr 5 hours the general appearance of the cells
seems to be fine and except some minor defectsngoith detectable. However, at that time the
impedance spectrum becomes completely flat atlbatland high frequencies, which corresponds
to a leaky monolayer.
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Figure 3-34. Impedance spectra of confluent moreslay bEnd3 cells after exposure to 0.3M
solution of mannitol in the presence of 10mM regoabe

Figure 3-35. Time-lapse optical imaging of bEndB m®nolayer after exposure to 0.3M mannitol
after (a) 0, (b) 1 hour, (c) 2 hours, (d) 3 ho@e$,4 hours, (f) 5 hours
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In order to obtain more quantitative informatioroabthe monolayer disruption process during
the treatment with mannitol, the proper equivaleintuit model of Figure 3-25 (high density
seeding) is fitted to the acquired impedance daththe most important parameters such as
extracellular resistance and charge transfer eegistare extracted and plotted as a function of
time (Figure 3-36 and Figure 3-37). It is seen thaing the first 90 minutes after treatment, the
extracellular resistance drops sharply, which sgoads to the disruption of TJs between the cells.
However, the charge transfer resistance seemsdbnumest unaffected by the disruption.
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Figure 3-36. Charge transfer resistancerjfRs a function of time after treatment of bEndB ce
monolayer with 0.3M mannitol.
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Figure 3-37. Extracellular (or tight junction) retsince (Rj) as a function of time after treatment
of bEnd3 cell monolayer with 0.3M mannitol.
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3.3. PEFs-induced disruption of the endothelial barrier measured electrically
PEFs are used as the second method to disrupinttahelial cell monolayer in the chip. In
Chapter 2 we showed how the disruption of the talhdar pathway could be monitored by
fluorescent microscopy. The goal of this sectiotbisee how electrical impedance spectroscopy
could be used to monitor the permeabilization pgecVe are specifically interested in low level
electric field pulses which do not cause electrapon and therefore the method of Chapter 2
could not be used for monitoring their disruptivieet.
Here we exposed the cells to bipolar pulses oftrdefields with 3 V/cm magnitude and 200 Hz

frequency (similar to DBS fields) and monitoredithenpedance over 3 hours.

(a) (b)

Figure 3-38. bEnd3 cell monolayer in micro-chan@aglbefore (b) after 3 hours exposure to PEFs

As shown in Figure 3-38 no major change is visudéiectable in the configuration of the cells.
However, a significant shift in both magnitude githse diagrams of the impedance spectra is

observable (Figure 3-39).
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Figure 3-39. Impedance spectra of bEnd3 cell mymolbefore and after exposure to low-level
electric field pulses for 3 hours.
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Chapter 4: Laminated microfluidic platform for studying

transport acrossthe BBB

4.1. Abstract
A laminated microfluidic platform featuring a peratde membrane is developed and used to
culture brain endothelial cells as a dynamic madehe BBB. This platform provides access to
both sides of the endothelial cell monolayer amiifates direct measurement of transport across
the cell monolayer. This platform could be usedhte@stigate the effect of pulsed electric fields
(PEFs) on the controlled and temporary permeabitizeof the BBB to molecules of different

sizes.

4.2. Introduction
This projects aims at finding the effects of PERstlee permeability of BBB for the purpose of
drug delivery. A double layer microfluidic platformas chosen to make threvitro model of the
BBB and perform the permeability measurements. Aatayer of brain microvascular endothelial
cells was cultured in the top channel of the mierace over a permeable membrane and exposed
to physiologically relevant shear stress for theegulation of tight junction proteins. The luminal
(top) channel was exposed to solution of a nagunadpermeable substance with large molecules
such as 70 kDa Dextran which is conjugated witbritiscent FITC molecule for visualization and
guantification purposes. The permeability of theBB&uld be measured by sampling the media
in the abluminal (bottom) channel and subsequentdiscent spectroscopy. Figure 4-1 shows the

schematic of this experiment.
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Figure 4-1. Schematic of fluid flow circuit for maa&ing the permeabilization of BBB on chip
4.3. Devicefabrication
The microfluidic platform is comprised of two lagewhich are separated by a permeable

membrane. The membrane is cut from the commeraakylable transwell inserts (Costar 3450,

Fisher Scientific) and its properties are summarireTable 1

Table 1. Properties of the permeable membrane

Material PET

Pore size (nm) 400

Pore density (1/cm2) 4e6
Thickness (um) 10
Appearance translucent

Each layer of the device is fabricated separateilggiphotolithography and replication molding

as described in section 2.2.2. The device is tleserabled by sandwiching the membrane in
between and bonding the layer together using a PDM@tar as described in [192] and

summarized in Appendix A. The schematic of the devand the final product are shown in
Figure 4-2 and Figure 4-3, respectively.

For the ease of fabrication, the top and bottonernayof the device are identical which are

positioned with 90 deg angle with respect to eablero Each layer has 4 parallel channels which
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after overlapping with the other layer createsritérsections. The 1x1 mm intersection of the two

channels is where the transport phenomenon occurs.

top channel

membrane

bottom channel
PDMS

channels Tmm
wide

100 um

* | topchannel
bottom channel

Glass slide

Figure 4-2. Schematic of the double layer micraficidevice

Figure 4-3. Fabricated double layer microfluidivide

4.4. Cdl culture
The immortalized mouse brain capillary endothead&ll line, bEnd3, has been widely used for the

in vitro modeling of the BBB [177, 193-196]. The bEnd.3<sw®lere cultured in T-75 flasks at 37
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°C and 5% C@ and maintained in complete growth media consisthddMEM (ATCC)
supplemented with 10% (v/v) fetal bovine serum §Ath Biologicals, Flowery Branch, GA) and
1% (v/v) penicillin-streptomycin (Life TechnologlesThe cells were routinely passaged at 70-
90% confluence. In order to prepare the microfluidievice for cell seeding, the PDMS channels
were first sterilized with ethanol. To promote catlhesion and proliferation, the channel was
treated with 50 pg/ml human fibronectin (Trevigédaithersburg, MD) for one hour in an
incubator. Complete growth media was then introducg¢o the device and incubated for two
hours. Endothelial cells were collected by washang detaching with trypsin. The trypsin was
then neutralized by the addition of media and deiged for five minutes at 120 x g. The trypsin
solution was removed and fresh media was addedtwnoa concentration of approximately 40
million cells/ml. The cells were then introducetbitthe top channel of the device through manual
injection using a syringe and tubing until an edéstribution was achieved in the channel. The
device was incubated at 37 °C for two hours allgntime cells to fully attach. Then, complete
media was provided to the channel using mediadfibipet tips at the inlet and outlet. The devices
were incubated for two days at 37 °C and 5% Qftil the cells were confluent in the channel.

Figure 4-4 shows the confluent monolayer of bErel& én the top channel at day 2 post seeding.
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Figure 4-4. bEnd3 cells cultured in the top layethe double layer chip at day 2 post seeding

4.5. 70kDa FITC-dextran asatracer for permeability of BBB
70 kDa FITC dextran is commonly used as a tracemi@asuring the permeability of BBB in the
in vitro models. Due to its large size and hydrophilic r@atthis molecules is not able to pass
through the transcellular pathway (through the ce#mbrane and the intracellular space).
Therefore its pathway is restricted to the paratallspace. In the case of BBB, due to the
formation of intercellular tight junction, the paglular pathway is restricted to small molecules
of less than 500 Da molecular weight. Therefore KBBa dextran molecules see a small
permeability value of 1.5E-7 cm/s across the BBRiuo [197]. Sucrose has also been used as
another tracer for this purpose [194, 198].
The permeability coefficier® is calculated based on the following equation

1 9Q

AC, ot ®)
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whereA is the surface area across which transport isdrapg, Co is the concentration of the
solute in the source chamber, 8 is the solute flux. This equation is commonly lgeused

for transport studies in transwell models in whiliffusion occurs from a static source solution to
a static sink solution. In this case Eq. (5) wdaddtransformed into

__lcv
AC, At (6)

in which C is the final concentration of the solute in théuatinal chamber with volum¥ after
time interval At .

Over the course of static experiments the conceéortraf the source solution decreases while that
of the sink solution increases. This changes thmanyc of the transport phenomenon across the
barrier and requires some assumptions for &qgto( be valid. For example it is assumed that the
experiments are conducted under the sink condttigrhich the concentration of the sink solution
does not increase more than 10%.

As opposed to the transwell system, the microftupdatform is a dynamic system with fluid flows
in both luminal and abluminal channels. That dyrangture causes the diffusion phenomenon to
be different than static system with a modifiednpeability coefficient. In the dynamic system the
solute with a fixed concentration is always beiirgutated in the luminal channel compensating
for the amount of diffused solute. Due to the amntius fluid flow in the abluminal channel, a
steady state would be achieved with a constanterdration as opposed to the static system in
which the concentration of the abluminal channeteases with time. With the fresh medium with
zero concentration of the solute always flowingitite abluminal channel there would be no back

diffusion and the sink condition assumption is alsvaalid.
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9Q

In the dynamic case the solute fluaéi—, term in EqQ. %), which means the amount of diffused

solute in unit time, transforms into

0Q _

in which C is the steady state concentration of the solutbenabluminal channel and is the
abluminal volume flow rate. The modified permedbitoefficient is then

_Ccu
AC, (8)

P

The concentration of FITC-dextran could be detesdirbased on the amount of emitted
fluorescent light using fluorescent spectroscopyd® that a calibration curve is needed to relate
the amount of fluorescent intensity to the knownaamtrations of the solute. 100 ul samples of
different concentrations are placed in a 96 wedkglnd the intensities are measured at excitation
and emission wavelengths of 490 and 520 nm, resplc(for FITC). The calibration curve for

70 kDa FITC-dextran is shown in Figure 4-5.
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Figure 4-5. Calibration curve for 70kDa FITC-dextra
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It is shown that the fluorescence follow a lineant up to 0.5 mg/ml and after that deviates to

lower values.

4.6. Permeability of the BBB-on-Chip
In the developed microfluidic model of the BBB, thpparent permeability from luminal to
abluminal channel is attributed to diffusion of thelute across both the cell layer and the
permeable membrane on which the cells are cult@edsidering the permeability analogous to

conductivity, the three permeability coefficients aelated as follows [199]

+ L
P, 9)

SO -

1
Pa
in which P, is the apparent permeabilitf?, is the permeability of the cell monolayer aRgl is

the permeability of the membrane. We can only dyemeasureP,, but since we are only

interested in the permeability of the cell monolayhe effect of the membrane should be

subtracted.
A control experiment was performed with a devicehwio cells to findP,, . 70 kDa FITC-dextran

solution in PBS with a concentration of 5 mg/ml wasulated in the luminal channel of the device
with a peristaltic pump (Watson Marlow, UK) with approximate flow rate of 5 pl/min. PBS
was injected into the abluminal channel using anggrpump (Harvard Apparatus, Holliston, MA)
with different flow rates. The PBS was collectedtla outlet of the abluminal channel and
collected in the wells of a 96 well plate for thnsequent fluorescent spectroscopy. 8 samples of
100 ul was collected for each flow rate. Theordicdy running the experiment with only one
flow rate, the permeability coefficient could baetenined, a® is the only unknown of Eqg. (8).
However, by running the experiment with differetdw rates we had two purposes: First to

minimize the error and second to see if the perihBathanges with the flow rate.
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The same experiment is repeated with the devicenpathe confluent monolayer of brain
endothelial cells (bEnd3). The permeability coedints P are calculated for each experiment and
are plotted in Figure 4-6 as a function of ablurhif@av rate. It is shown that when there is no
cells in the device, the permeability coefficieatteases significantly by increasing the abluminal
flow rate. However, in the case of the device wathtured endothelial cells, the permeability
coefficient stays almost the same.

More experiments are needed to determine the eglation between the permeability coefficient
and the flow rate. However, it is hypothesized thatincreased pressure in the abluminal channel
due to the increase in the flow rate reduces theuatrnof diffused solute from top to the bottom

channel.
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Figure 4-6. Permeability coefficieRtwith and without cells
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4.7. Summary and Futurework
A double layer microfluidic platform featuring arpgeable membrane was developed. bEnd3 cells
were successfully cultured in the device. Basiangability measurements were performed by
tracing large impermeable molecules (70 kDa FIT&€u@@m) across the cell monolayer.
Monitoring the permeability of the endothelial barin response to different PEFs is left for fetur
studies. This platform could also be used to monite permeabilization due to other stimuli such

as thermal shock and ultrasound.
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Chapter 5:  Electrical impedance micro-sensor and its application
in  ablation  monitoring during irreversible

electroporation ther apy

This Chapter has been co-authored by Eduardo Liaéoared is published in the IEEE Transactions
in Biomedical Engineering as ref [127] ( © 2015EE Reprinted with permission, from M.
Bonakdaet al, The Feasibility of a Smart Surgical Probe foriffeation of IRE Treatments Using

Electrical Impedance Spectroscopy, TransactionBiomedical Engineering, Nov 2105)

5.1. Abstract

Irreversible electroporation (IRE) is a new fochlagion therapy that works based on delivering
microsecond-long pulsed electric fields (PEFs)Hhe tissue Applying the PEFs in the tissue

initiates a cascade of different biophysical eveitthe cellular level that yields cell membrane
disruption and eventually cell death. Currently,siidRE procedures are relied on pretreatment
planning based on calculating electric field dizition to predict the ablation zone prior to

treatment. One clinical limitation of IRE is thesaimce of methods for real-time treatment
evaluation to actively monitor the dimensions @& thduced lesion. This information is critical to

ensure a complete treatment and minimize collatialage to the surrounding healthy tissue. In
this study we are taking advantage of the bioplaygcoperties of living tissues to address this
critical demand. Recent studies have shown thatrelal properties of living tissues, as given by
the electrical impedance spectrum, are affectehgtine ablation process. Using microfabrication
technigues, we have developed an electrical impedamicro-sensor to collect impedance data
along the length of an IRE probe for treatmentfigaiion. The probe was first tested on potato

tuber, and then used to monitor the lesions inrtuped porcine liver. We used the impedance
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spectra, along with an electrical model of theusgo obtain the conductivity of the tissue before
during, and after treatment. It is shown that eleatimpedance spectroscopy could be used as a
technique for treatment verification, and when comad with appropriate FEM modeling can
determine the lesion dimensions. This techniquettiapotential to be readily translated for use
with other ablation modalities already being usedclinical settings for the treatment of

malignancies.

5.2. Introduction
Minimally invasive energy-based focal ablation teicues have received much attention
throughout the last few decades, particularly figrtreatment of aberrant masses. Radiofrequency
ablation (RFA), microwave ablation (MWA), and higitensity focused ultrasound (HIFU)
ablation are among the most commonly used therdpiethe management of cancerous tissue
[200]. More recently, the phenomenon of electropora(EP) has opened new windows in the
field of focal ablation. Electroporation is a methased to increase the permeability of cell
membranes to ions and macromolecules by exposamg th short yet intense pulsed electric fields
(PEFs) [201]. Electroporation has been arounddoades fom vitro applications but it is gaining
strength for drug delivery and tumor treatmentattissue level [202, 203]. During EP a series of
short PEFs (70-100 us) are delivered to the cglufation. These pulses affect the transmembrane
potential of the cell that can create nano-scalegpon the cell membrane [204]. Depending on
the pulse parameters (electric field magnitude seulength, number of pulses, etc.), the
phenomenon can be either reversible, which is U$efucell transfection, or irreversible, which
results in cell death [123]. Therefore, EP gavethbito three treatment modalities:
electrochemotherapy (ECT) [205, 206], electro-gieeapy (EGT) [207, 208], and irreversible

electroporation (IRE) [209, 210].
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IRE is a new minimally invasive procedure for tHaaéion of undesirable tissue [204]. The
procedure uses two or more surgical probes (eldesioto deliver low quantities of energy into
the tissue with minimal Joule heating effects atik lthermally-induced cell death in the region
of interest [70]. IRE lesions typically present sublimeter margins between dead and live tissues
due to the rapidly decaying electric field surrowmgdthe electrodes [211]. Unlike high-energy
thermal-based therapies, IRE spares critical blexsels and nerves in the periphery as well as
the overall stroma surrounding the electrodes [2lt2¢linical settings, surgeons have the option
to use several imaging techniques such as comomegraphy and ultrasound to actively monitor
the position of the electrodes in the patient alé ageto visualize post-treatment results [213-215]
During any focal ablation therapy, the ability teriy the lesion size is critical [216]. A small
lesion may not enclose the whole tumor volume anarge one can damage the surrounding
healthy tissue. For most thermal-based tissue iablahechanisms the created lesions are
commonly monitored through ultrasound, magnetiomasce, or computer tomography imaging
systems, which do not give clinicians a satisfactiescription of the area of treatment neither
they provide information in an active manner [21&though IRE has enjoyed great success in
the treatment of inoperable tumors, IRE lesionsvarderately hard to predict due to electric field
distortion caused by the heterogeneity of mosuéss[217]. Currently, treatment planning is
performed by finite element models of tissue anecteic field distribution witha priori
information about the tissue of interest to adibstpulse magnitude for a proper lesion size [123].
Several groups have developed numerical modelsledftrie field distribution during IRE
treatment, taking into account the variation afuis conductivity due to EP and temperature [218-
220]. Despite all the advancements in modelings thethod could be challenging when the

volume to be treated contains complex heterogenstoustures. In result, some complex tissues
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such as the pancreas introduce additional chalengeich can lead to high patient to patient
variability and result in under-treatment or skigpaions. This highlights the importance of a real-
time feedback system for monitoring the progresheftreatment.

Electrical impedance spectroscopy (EIS) has bestitimnally used in electrochemical systems
for applications such as corrosion monitoring [1%®jating evaluation [154] and semiconductor
characterization. However in recent years, this hoetis gaining applications in the
characterization of biological systems as a miniyrialvasive method. These include applications
in tissue engineering, cell culture monitoring @mskase diagnosis. At the cell level EIS has been
used to monitor the electrical properties of sirggts [159] and cell cultures in 2D and 3D [160].
Electric cell-substrate impedance spectroscopy $E@ a popular technique for monitoring the
growth, motion, integrity and permeability of 2Dllcsultures [161, 162].

Recent studies have shown that healthy and care¢isswes have different dielectric properties
[221-223], leading to the application of EIS foncar diagnosis. EIS could also be applied to the
EP-based treatments. EP affects the dielectricgpties of cells and tissues due to the alteration
in transmembrane pathways and the conductanceeointérstitial fluid. Several studies have
shown the effect of electroporation on the passieetrical properties of single cells [137-139],
cell suspension [140-142], adherent cell cultutds] 144] and living tissues [145]. These studies
have unveiled the potential application of EIS &mtive monitoring of the lesion during IRE
treatments. Some previous studies exist using relaktimpedance tomography (EIT) and
magnetic resonance electrical impedance tomogrdMBEIT) to produce an image of the
electroporated aresx vivo[145, 224, 225]. EIT requires the implementatibseveral electrodes
around the treatment zone, which makes it diffibadtclinical applications. Ivorrat al[226, 227]

used plate electrodes to electroporate rat livervo and measure the impedance spectrum of the
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tissue in between the pulses. They found that dimeluctivity of the liver tissue increases by 9%
and 43% after reversible and irreversible electrapon, respectively. Although this method is
effective for determining the changes in tissugprboes after uniform IRE treatment, it does not
provide information about the geometry of the alatissue. In general, EIT is difficult to
implement because it requires utilizing a large banof external electrodes which must surround
the area of interest. MREIT requires no additiciattrodes and is not limited to the boundaries
of the object of interest, which provides an imagtn better spatial resolution compared to EIT.
However, MREIT adds at least 15 seconds betweepuses to reconstruct the images making it
difficult to use during clinical IRE treatments tltommonly utilize 5 times more pulses than EP
treatments [225, 228]. Monitoring the conductivitlythe tissue during electroporation is also
possible by measuring the electric current passirmugh the tissue during the treatment [229].
This method is easy to implement and less invasiivee no additional electrodes are needed for
impedance measurement. However, using this methlydgoves the conductivity of the tissue in
the vicinity of the pulsing leads and no informatie obtained regarding other areas of the tissue.
Although this measurement could provide some irisigbut the treatment at the point of pulsing,
it does not reveal detailed information regardimg geometry of the lesion.

In the last decade, with the advancement of mibratation techniques, microelectrodes are
becoming more available for biomedical applicatiofBese include microelectrode arrays for
neural recording and interference [230-234], andctecal impedance micro-sensors for
monitoring tissue properties in different situagof235]. Electrical conductivity and thermal
conductivity micro-sensors have also been fabritdte the purpose of monitoring tissue

properties during RF ablation [236, 237].

86



In this chapter we address the feasibility of usangustom-made micro-electrode array along a
bipolar IRE probe to actively monitor changes ie impedance of tissue during IRE, and use that
information to verify the extent of ablation. THexXible sensor array is made out of biocompatible
materials and can be installed on probes of smalneter (~1mm) without causing any
constriction during the operation. We have devedopeomputational model, taking into account
the change in the conductivity of the tissue dutiegtment. This model is used to predict the
electric field distribution for different treatmeptrocedures. Measurements taken through our
microelecrode-array match the expected results fsomcomputational model, which suggests
that the proposed electrode array may be usedrity ¥he expected outcome from treatment
planning protocols. We believe that this method ioapact the outcome of ablation therapies in
the field of surgical oncology by providing surgsawith real-time information about the status

of the therapy.

5.3. Fabrication of theimpedance micro-sensor array

Advanced microfabrication techniques are used boidate the impedance micro-sensor array.
The fabrication of the micro-sensor array was edrrout at the Micro & Nano Fabrication
Laboratory at Virginia Tech. A 4” Si wafer was useithe temporary substrate for the fabrication.
The wafer was cleaned with acetone, Isopropyl a@c@iPA) and DI water. Polyimide (PI)
solution, P12525 (HD Microsystems, Parlin NJ) wpsscoated on the Si wafer at 2000 rpm to
yield a 13um thick Pl base layer. To evaporate the solvert whfer was soft-baked on a flat
hotplate at 120 °C for 30 seconds followed by 16Gdr another 30 seconds. For complete curing
of the PI, the wafer was transferred to a furnate temperature was ramped up to 200 °C in air
environment at a rate of 4 °C/min. After 30 minuéeflow of nitrogen was started at 10 lit/min

and the temperature was ramped up to 300 °C. Aftesur the furnace was turned off and let to
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cool down to room temperature. Slow heating andimgoates were necessary to avoid cracking
the Pl layer. The adhesion between the Pl layeiSamdafer is weak, which facilitates detachment
of the structure from the wafer after fabricatiarnt bould also cause premature detachment in the
middle of the fabrication steps. To avoid the latan adhesion promoter, VM651 (HD
Microsystems, Parlin NJ) was used at the edgeseoiMafer prior to spinning the PI solution to
keep the PI layer attached without interfering vitie probe structures. A 30 nm thick Cr layer
was deposited as an adhesion layer followed by & i@ thick gold layer using E-beam
evaporation (Kurt Lesker, Clairton PA). The metdrs were photolithographically patterned
using AZ9260 positive photoresist (AZ Electroni@grmany) and chemically etched with Cr and
gold etchants (Transene, Danvers MA) to form thedoative structures containing bonding pads,
wires and sensors. As an insulation, a second lafyBt was spin-coated toun thickness and
cured using the aforementioned technique. The ttgyBr on the bonding pads and sensors should
be etched down to the gold to expose them. Allrotidayers except the designated areas for the
probes were etched away to release the individiddgs from the wafer. Pl dry etching was
performed through a titanium mask. 100 nm thicKilim was deposited and patterned using E-
beam evaporation and buffered oxide etch (BOEpeaets/ely. Pl etching was performed in
oxygen plasma with 30 ml/min oxygen flow rate a8 of forward power. Finally, to remove
the Ti layer and release the structures, the wates dipped into BOE for few seconds. The
fabricated sensor was installed on the IRE proloenares were soldered to the bonding pads. The

fabrication steps are summarized in Appendix A.
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Figure 5-1 Fabrication steps for the flexible misensor array

89



Figure 5-2. Silicon wafer’'s journey through condem steps of fabrication (a) Gold film
evaporation (b) patterning electrodes in gold y@p®rating Ti film, Photoresist patterning for the
Ti mask (d) Etching Ti mask.
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Figure 5-3. Polyimide etching progress at diffetanes (left) along the indicated direction (right)
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Figure 5-4. Fabricated impedance microsensorsef@yé installation (b) after installation on the
IRE bipolar probe
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5.4. Different configurations of theimpedance sensor
Three different configurations of the impedancesserwere designed and fabricated, each of
which could be used for a specific application:

* Impedance sensors with a counter electrode

* No counter electrode
* Interdigitated sensors

i |

)
e

Figure 5-5. Schematics of different sensor arrays

Figure 5-5 shows schematics of these sensors. Veheounter electrode is available, the
impedance will be measured between any of the wgrkiectrodes and the counter electrode.
Since the counter electrode is made with a vergelaurface area compared to the working
electrodes, the contribution of the counter elat#ro the measured impedance could be neglected
and the measured impedance is only affected bymtedium in the vicinity of the working
electrode. This technique is beneficial in a sehaeit allows for impedance to be measured at a
very specific location as defined by the workingottode without being much affected by the
counter electrode. The counter-electrode can csoisee complications during the IRE therapy
which are discussed in the results section ofahépter.

In the second configuration, the impedance is nredsbetween two similar working electrodes

along the probe. In this case the impedance isctaffesimilarly by both electrodes. This
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configuration has the advantage of allowing theatpblar impedance measurement in which the
current injection and voltage pickup are perforrttedugh different pairs of electrodes. Usually
the current is injected at the outer electrodes thrdvoltage is picked at the electrodes in the
middle.

In the last configuration the interdigitated eledies allow for impedance to be measured at a close
proximity of the sensor. In this case the alteraideep into the tissue will not affect the reading
from the sensors and only a thickness the sanealdtance between the fingers would contribute
to the readings. More details about the interdigdalectrodes will be provided in the Blood-brain
barrier section.

Due to the small size of the fingers in the intgitdited configuration, the previous fabrication
technic as illustrated in Figure 5-1 could not bwlemented. The problem arises in the final
etching step where the top PI layer is removed filoensensor areas. To accomplish that step, it
is required to have a Ti mask covering the gapsédat the fingers to avoid cutting through the
finger gaps. However, due to the small size offitigers and the accuracy of the instruments, it
would be hard to align the gold electrodes with Thenask. Also undercutting during the wet
etching process makes this more complicated. Thexeive modified the procedure to accomplish
this final step. An Si@layer is deposited over the interdigitated elatgrarray and under the top
Pl layer to act as an etch stop during the finai ef the top PI layer. Figure 5-6 show the conglet

fabrication procedure for the interdigitated seasor
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spin coat polyimide on Silicon wafer spin coat 2nd layer of polyimide
r k|
Deposit Cr/Au Deposit titanium
B | I
Pattern Cr/Au layer following photolithography pattern titanium as hard mask for etching polyimide
- I = | : -
L ea— |
Deposit Si02 - Etch polyimide .
S = | : — i 1
Patterns SiO2 Remove Titanium and 5i02 and release structure

Figure 5-6. Fabrication steps for microsensor arkaigh interdigitated electrodes

The impedance analyzer measures the impedancedrethetwo fixed input wires. A multiplexer
is needed in order to facilitate measurements féérdnt sensor locations. In the case of the
impedance probe with the counter electrode, oneipaiways connected to the counter electrode
and the other port should switch between sevenmamss distributed along the length of the
impedance probe. A second multiplexer was alsaydesi which allows for the impedance to be
measured between any combination of two sensong ét@ length of the probe. This multiplexer
could be used in the case no counter electrodeésexigl also for the interdigitated electrodes.

Please refer to Appendix B for more details ab@asigh and fabrication of the multiplexer.
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5.5. Electrical impedance spectr oscopy

The microsensor array is comprised of 5 individuatking electrodes (WE) (Figure 5-5b) which
are located 2.2 mm apart along the probe. The iapeEalis measured between the consecutive
WEs. The chosen electrode placement made it pessilshonitor the growth of the lesion up to
1 cm beyond the pulsing leads, which corresponddimically relevant lesions when using a
bipolar EP probe. The impedance spectrum was madsusing a Gamry Reference 600
potentiostat/galvanostat (Gamry, Warminster, PA)hi& frequency range of 1Hz-1MHz at ten
points per decade. The impedance probe was cowhecthe impedance analyzer through the
custom-made multiplexer which enables switchingveen different sensors along the probe. The
impedance analyzer and the multiplexer were cdetiolising Gamry Framework 6.12 data
acquisition software (Gamry, Warminster, PA). Tdrast quantitative information about the
desired electrical properties of the tissue from ithpedance spectrum, it is necessary to fit the
spectrum to an equivalent circuit model of the ttmte/tissue system. For the best results, the
model should contain elements taking into accoinet éffect of electrode/tissue interface,
intracellular and extracellular pathways. The Cotde model [238, 239] had been previously
used for impedance spectroscopy of tissues dutewreporation [226, 240]. In this study the
parallel Cole model is adopted with addition ofanstant phase element (CPE) to account for

electrode-tissue interface. Figure 5-7 shows thevatgnt circuit model of the potato tissue.
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Figure 5-7. Equivalent circuit model of potato
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The Cole-Cole model takes into account the inttalzl and extracellular current pathways.
Before EP, the cell membrane capacitance prevétdow frequency current from passing
through the intracellular space. After EP, the memb capacitance is shunted by the induced
membrane pores, resulting in a lower cell resigaAttissue level, not all cells undergo EP at the
same time, hence instead of a sudden shift in ispeE a transition in impedance spectrum is
observed. In this case the parameRysndRec are no longer representative of pure intracellular
and extracellular resistivities, but they inclutie effect of membrane permeabilization as well.
However, as previous studies have shown, the Cole-@odel is still valid for impedance

analysis after EP.

5.6. Electroporation setup

To show the principles of sensor operation andibe @® use relevant FEM modeling, we had to
use an ideal domain for the experiments to factdrparasitic effects which exist in real tissue
such as tissue heterogeneity, anisotropy, blood #ad many other factors. For these reasons
potato tuber has been chosen as the platformdatnrent. Potatoes are a relevant platform and
well accepted model for running EP experiments {243]. Despite biological differences the
main similarity between potato and organs, whickesahese experiments relevant, is that potato
cells respond to EP in a similar manner as mammalkdls. That similarity also facilitates the
analogy in electrical impedance spectroscopy aatpatnd tissue share the common equivalent
circuit model. The PEFs were generated using an B8®pulse generator (Harvard apparatus,
Holliston, MA) and delivered to the tissue througltommercially available IRE bipolar probe
(AngioDynamics, Latham, NY). The general geomefryhe probe presented a diameter of 1.63
mm with two conductive leads at the tip of 7mmendth each, separated by an 8mm long spacer.

Based on clinically established protocols, all tfteatments were performed delivering squared
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pulses of 100s in length at a repetition rate of 1 pulse pepsdd211, 244]. Treatments were
delivered by applying 10, 30 and 100 pulses of @00 and 1500 V magnitude to the pulsing

leads (total of 9 parameters).

5.7. Dynamic conductivity function and | RE threshold
Pretreatment planning of IRE therapies are usuahducted by finite element modeling of the
electric field distribution within the target tissuThe FEM models give the electric field
distribution generated by the applied potentiahatelectrode leads. It is known that an electric
field threshold exists for the occurrence of IR other words, the treatment zone is a region of
the tissue in which the magnitude of the inducexttel field is higher than a certain amount.
Knowing the electric field threshold for the spectissue is required to determine the size of the
treatment zone or the ablation size. Different téghes could be used to find the IRE threshold,
such as discoloration of the tissue, live/deadhstgiafter treatment or measuring the electrical
conductivity of the tissue.
It is known that the electroporation phenomenomgkea the electrical conductivity of the tissue.
The cell membrane disruption allows the electricent to flow through the cell and reduces the
resistivity of the tissue at low frequency range.
To characterize the electrical properties of potatesponse to EP, and to find the IRE threshold
for different number of pulses, a set of 1-dimenal@xperiments were performed similar to the
procedure implemented in [242], in which cylindiisamples of potato are exposed to uniform
PEFs between two parallel plate electrodes andinipedance is measured across the same
electrodes before and after treatment (Figure 5h8).addition to that all samples were

guantitatively assessed based on the darkenirgeafample with respect to its initial color.
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Potato tuber tissue was removed using a surgiopklgineedle resulting in cylindrical samples of
6mm in diameter and 5mm in height. Potato sampkae wxposed to uniform PEFs using parallel
aluminum plate electrodes. Connected to the impmzlanalyzer, the same electrodes were also
used for impedance measurements pre- and posteglection. A variety of pulse-numbers and
magnitude permutations were applied to the sanwiiisn=4 for each combination. Resistance
values from the impedance measurements were sdbredsing an equivalent circuit model

previously described and used to solve for conditgtf tissue by using Eq. (5-1).

R:Aio_ (5_1)

whereR is the resistance value obtained from impedancasarements.,. is the length of the
cylindrical sampleA is the cross sectional area of the sample,saisdthe conductivity of the
potato. In order to assess electroporation, tresdatples were stored in petri dishes for 12 hours
at which point the samples were placed on a whatkground and a picture was taken using a
digital CCD camera (Canon PowerShot SX110is). Alages were converted to grayscale and
assessed based on the darkening of the sampleeasiplect to its initial color (control sample)

using the ImageJ software (NIH, Bethesda, MD).

Impedance Spectrum
16406 Impedance Analyzer

1.E+05

1.E+04

1.E+03

1.E+02
1E+00 1.E+01 1E+02 1.E+03 1.E+04 1.E+05 1.E+06

Potato sample

parallel plate electrodes

Figure 5-8. Schematic of the experimental setupdfremination of conductivity function and
IRE threshold
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The results of the 1-D experiments were used w dimmodel for the variation of conductivity as

a function of electric field magnitude and the nembf pulsesj.e., o,(E). For this purpose a

sigmoidal equation was developed for each particalamber of pulses by fitting to the
experimentally obtained conductivity values. Sigth@unctions have been used in the past to
describe the change in tissue conductivity due léat®poration [245]. We found that the
following equation fits our impedance data verylwel

g4 =0y* aex-e"=) (5-2)

In this equationg, is the conductivity of the non-electroporateduesanceE is the applied electric
field. The values for parameteash, andc were obtained following the best fit of the eqoatto

the experimentally obtained data points for conditgt Parametera is the amplitude of the
change in conductivity for irreversibly electropta@ tissueb is a constant regulating the growth
rate anct is the location of the transition zone.

Figure 5-9 shows the results from the visual ingpacof samples after 1-D electroporation
experiments. Potato samples exposed to a unifarotr field presented the expected change in
coloration when a sufficiently high electric fieatd number of pulses was delivered. The parallel
plate electrodes ensure a uniform electric fieldbsg the sample, which results in a uniform
treatment. As shown in Figure 5-9.A the color af theated samples serves as an indication for
the occurrence of IRE. The colors of the potatogaswere quantitatively analyzed in ImageJ
and the normalized contrast with respect to thdy felectroporated sample is plotted in
Figure 5-9.B. As shown in Figure 5-9, an acute asttcan be observed between samples exposed
to 100V/cm and the rest of the samples. This iagreement with the data in Figure 5-10.B, as

100V/cm is located below the inflection points dfarves for different number of pulses. The
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sharp contrast between electroporated and norr@becated samples is in agreement with the

lesions observed inside the treated potatoes asslader in Figure 5-13.
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Figure 5-9. (A) Potato tuber samples (B) Normalizedtrast after 12 hours post-treatment. Data
is shown as average +SD.

The rapid change in the color of potato samplesr atven a small number of pulses makes it
difficult to use the color criterion to find the ERthreshold. It is believed that the electrical
conductivity of the tissue increases significargfier IRE treatment. Hence, the increase in the
electrical conductivity value is used as the cidtefor determination of the IRE threshold.

The shifting in the electrical impedance spectraathto samples exposed to PEFs of 400 V/cm
magnitude and increasing pulse numbers is showigire 5-10.A as an example. For all samples
the impedance spectra are analyzed using the éeniv@rcuit model of Figure 5-7. After fitting,
the Rec resistance is extracted as a measure of the saegigance at low frequency [235]. The

obtained resistance is then converted to electaoabuctivity using Eqg. (5-1). The fact that
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electroporation pulses are short DC pulses justifsang the low frequency electrical conductivity
for modeling purposes. Figure 5-10.B shows the gdatats and the ﬁtteaUd(E) functions as in
Eq.(5-2) for 10, 30 and 100 pulses. The inflecpomt of each curve corresponds to the electric
field threshold for the occurrence of electropamati241, 242], which are found to be 581 V/cm,
298 V/cm, and 227 V/cm for 10 pulses, 30 pulsed, HDO pulses, respectively. The inflection

points are shown with hollow circles on the graph.
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Figure 5-10. (A) Comparison of impedance spectrpathto tuber samples after exposure PEFs
of 400V/cm magnitude and increasing number of @{Bg. Electrical conductivity of potato as a
function of electric field for different pulse nuets. The inflection points are shown with hollow
circles. The inflection points are considered &sIRE thresholds and are equal to 581 V/cm, 298
V/cm and 227 V/cm for 10 pulses, 30 pulses andd0€es, respectively.
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Figure 5-10.B shows how the electrical conductiwitgreases after exposure to different pulse
numbers of increasing electric field magnitudes Khown that the transition zone between initial
and final conductivity values narrows down as thenher of pulses increase, resulting in a sharp
increase in electrical conductivity for 100 puls&ut the transition for 10 pulses happens
gradually. It should be noted that the inflectiamrnps of all three curves correspond to the same

conductivity value (~0.22 S/m).
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5.8. Finite element analysis

A finite element model (FEM) was developed in COMSRultiphysics® V4.3 (COMSOL,
Stockholm, Sweden) to find the electric field distition inside the tissue for each treatment. A 2-
D axisysimmetric platform was used to develop a ehtitat mimics our experimental setup. The
geometry used to obtain numerical results was cegrof an ellipsoid with the average
dimensions of all treated potatoes along with gpsfrad geometry of the experimental bipolar
probe with both geometries sharing center of maskeaorigin. In order to keep the problem
general, it was further assumed that the tissis@isopic and macroscopically homogeneous. The
physics involved in solving for the electric fieltistribution is governed by the following
differential equation:

0i(o,09)=0 (5-3)
where o, represents the electrical conductivity of the tesas described by Figure 5-10.B apd
is the electric potential [123]. Boundary condisoior the electrode-tissue interface were set to

@ =V, on one electrode while setting the other electiooiendary tog =0. All boundaries with

no direct contact with an electrode were assumednthlly and electrically insulated. Heat

conduction and generation during the treatmenbiemed by the following equation.
oT d
o, =T +al0g = (5-4)
wherek; is the thermal conductivity, is the temperature; is the specific heat capacity, anis

the density of the potato (tissue). The Joule hga*érm,ad|D¢|2, is simplified by using a scale

factor directly related to the ratio of pulse dioatd, and pulse intervatl. This simplification
exemplifies a duty cycle approach in which theltetzergy delivered to the tissue is averaged

throughout the duration of the treatment [246]. IREexpected to take place in potato tissue
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exposed to a marginal electric field threshold,alihivas found by matching experimental lesion
dimensions to electric field values from our findlement analysis [242]. The material properties

of potato are given in Table 5-1.

Table 5-1- Tissue properties and constants usednputational

Property Symbol Value Ref

Heat capacity, J/(kg-K) (o 3033 [247]
Density, kg/m3 Py 1040 [247]
Thermal conductivity, W/(m-K) k, 0.552 [247]

The computational model is solved for 10, 30 an@ &0Gnsecutive pulses of 100V, 600V and
1500V to the pulsing leads (total of 9 analysesjufe 5-11 shows the induced electric field
magnitude along the length of the IRE probe forheseatment. Generally, the electric field
magnitude decreases slightly by increasing the murmbapplied pulses which is attributed to the
increased tissue conductivity during EP treatmastshown in Figure 5-10.B. Each graph also
shows the IRE threshold for each number of pulaegbtained from the dynamic conductivity
function. For each number of pulses, the areakeopbtato with a higher electric field magnitude
than the indicated threshold become irreversibgctebporated. For instance, for 10 pulses of
1500V and 1000V the lesion grows 1.5mm and 0.6myoie probe 1, respectively. 10 pulses of
600V will not create any ablation beyond probe ¥.ifcreasing the number of pulses a lower
threshold is needed for IRE, as proved by 1-D @rpants and shown in Figure 5-10.B. 30 pulses
of 1500V, 1000V and 600V will create lesions 3mn8mm and 0.6mm beyond probe 1. In this
case for 1500V the lesion boundary is located reftyetween probe 2 and 3 and for 1000V the
lesion is very close to probe 2. For 100 pulsess60V, 1000V and 600V, the lesion grows 4mm,
2.5mm and 1mm, respectively, beyond probe 1. kxdase for 1500V and 1000V pulses the lesion

grow close to probe 3 and probe 2, respectively.
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Figure 5-11. FEM results for electric field distrtion along the length of the probe for different
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Figure 5-12. FEM modeling of electric field diswiion for 1500V and 100 pulses. The dark red
region at the center represents the lesion whideistified by EF>227 V/cm
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5.9. Lesion monitoring during IRE treatment in potato
The impedance spectrum is measured between coiveesensors of the impedance probe before
and after applying a total number of 10, 30 andd@8es for each potato. The impedance spectra
before and after pulsing at each sensor are fittede equivalent circuit model of Figure 5-7 to
find the circuit parameters. The tissue resistaReg|s then converted into the conductivity using
the calibration equation. Geometrical factors a#l a® electrical heterogeneity across different
potatoes induce differences in the measured impedbafore running any treatment. For this
reason the tissue resistances were normalizeeitoinitial values for better comparison.
Figure 5-13.A shows the percent change in tissnductivity between sensor pairs for different
treatments. Each diagram shows the change in ctntly@fter applying a certain number of
pulses with different magnitudes. It should be dotieat potatoes are heterogeneous and as
revealed by our measurements, the conductivityotditp varies up to 24% at different points in
different potatoes. Hence, instead of the absolaliee of the conductivity, the relative change in
tissue conductivity is plotted, which is obtaineyl lormalizing the conductivity after each
treatment to the conductivity of bare potato at siaene point. As shown in Figure 5-13.A,
depending on the applied pulse number and magnitadain sensors along the probe undergo a
significant increase in the measured electricaticotivity. The results from the 1-D experiments,
as shown in Figure 5-10.B, show how a certain exean electrical conductivity could be related
to the occurrence of IRE for the case of homogesd¢@atment. However, during the treatment
with the bipolar probe, due to the non-uniform #&iedield, both the ablated and non-ablated areas
of the tissue contribute to the impedance measurenmence a lower increase in electrical
conductivity is expected at sensors within the saleetric field compared to the 1-D experiment.

As shown in Figure 5-13.A, for each number of psisbe normalized conductivity decreases by
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moving away from the pulsing leads. This valuedsa to 100% (i.e., no increase) for points
sufficiently away from the lesion.

Figure 5-13.B shows the induced lesion in potaterdf0, 30 and 100 pulses of 1500V. Itis shown
that for 10 and 30 pulses the lesion edge is ldch&tween probes 1&2 and 2&3, respectively.
For 100 pulses the lesion has grown up to probEh8se results are consistent with the FEM
results presented in Figure 5-11.

Based on the equivalent circuit model of Figureth€/impedance spectrum could be divided into
three frequency intervals. At low frequencies (KHz) the impedance spectrum is dominated by
the capacitive behavior of electric double layahatelectrode-tissue interface which is shown by
the linearly decreasing impedance magnitude inreig410.A. At very high frequencies (f>100
KHz) the impedance of all capacitive elements warsgnplifying the equivalent circuit model to
the parallel combination & andRec as verified by the resistive characteristics efithpedance
spectrum at this range. As depicted in Figure &P does not change the high and low
frequency regions of the spectrum. The electricbtulayer at the electrode interface is not
affected by electroporation, resulting in the sazapacitance and the same impedance at low
frequency range. At high frequency, the cell memereapacitance is bypassed and the effect of
EP on the membrane resistance is not reflectduismart of the spectrum. On the other hand the
combination of cytoplasmic and the extracellulasiseances which contribute to the high
frequency impedance, do not change after EP, neguit the same impedance at high frequency.
At mid frequency range (1 KHz<f<100 KHz) the eledke effects are vanished, however the
existing cell membrane capacitance results in @fatie intracellular current to pass through the

induced membrane pores. Hence, this part of thetrgme is mostly affected by the membrane
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resistance and undergoes the most significant shifiagnitude after EP due to the decreasing
resistance of the cell membrane.
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Figure 5-13. FE (A) Change in tissue resistivitdiffierent points along the probe during treatment
with different number of pulses (B) The ablatedagrmside the potatoes after treating with 10, 30
and 100 pulses of 1500V.

As shown in Figure 5-13.B, the lesion starts iretliptical shape around the pulsing leads of the
bipolar probe which further grows into a circulaape after applying sufficient number of pulses
(i.e., 100 in this case). This behavior which isfamned by our FEM modeling, is a result of the

change in conductivity after EP.

The impedance data gives feedback about the si#gedgésion in both axial and perpendicular
directions of the probe. This feedback is quaraand accurate for determining lesion size in
the axial direction yet it allows for qualitativeterpretation of lesion growth in the perpendicular
direction. In general sensors which are embedda@ m¢o the lesion, show a higher increase in
the measured conductivity. According to the impegatiata and depicted lesions in Figure 5-13,

sensors which read a doubling in the measured otindy are located at the lesion boundary

108



along the probe. For example in case of 10 puls&s5@V, the E12 and E23 measurements show
100% and 50% increase in conductivity, respectivElys means that the lesion has reached E1
but not E2. In case of 30 pulses of 1500V, E23 BAd, measure 150% and 50% increase in
conductivity, respectively, which corresponds t® ligsion growing up to E2. In case of 100 pulses
of 1500V, E34 and E45 measure 100% and 30% incrieasenductivity, respectively, which
corresponds to the lesion growing close to E4. @hmsasurements are in agreement with the
observed lesions in Figure 5-13.B and the predigsidn size by FEM (Figure 5-11).

Lesion growth in the perpendicular direction of fm®be is also reflected in the impedance
measurement by the probe. For example it is prediiby FEM model (Figure 5-11, solid line)
and observed in Figure 5-13.B that for 30 and lWeeptreatments, E1 and E2 would fall within
the lesion. However, the corresponding impedancesmement shows 400% and 500% increase
in conductivity for 30 and 100 pulses, respectivélyis difference is attributed to the depth of the
lesion in the perpendicular direction. For the cafsg0 pulses of 1500V, the small depth of the
lesion in perpendicular direction and the margioeation of E2 compared with the lesion, results
in 100% increase in conductivity for E12 measuremegor all treatments, the measurements
showing 0% increase in conductivity correspondlézteodes completely outside of the lesion.
The results show that the impedance probe is nigt capable of monitoring the lesion length
along the probe, but also gives relevant infornmategarding its other dimensions. In this study
the correlation of lesion depth and impedance datghown more qualitatively, however this
information when combined with FEM modeling canegaccurate shape and size of the lesion in
all dimensions.

The FEM model was developed under the assumptigsotbpic domains, which is relevant in

case of a potato tuber. However some tissues kiedet®l muscles are anisotropic, showing
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different electrical conductivities and IRE threklwoin different directions. This behavior affects
the distribution of the electric field within thissue and consequently the ablated area, as shown
in previous studies [248]. However, we believe thdten combined with the proper FEM model,
the same electrode setup could be used for anmottiesue as well. This issue is out of the scope
of this paper and will be addressed in our futtueies.

In our experiments, acquisition of the complete eagnce spectrum took about 20 seconds.
However, the 10 points per decade resolution obbtained spectra is far beyond the requirement
for fitting the data to the model. Our results sate that only a few impedance measurements
distributed along the frequency range (dependinthershape of the spectrum) could give us an
accurate fitting to the model, reducing the measerd time to a fraction of a second. Therefore,
the entire impedance measurement sequence cam thitei inter-pulse time gap of 1 second,

facilitating real-time monitoring during the treant.

5.10. Validation of a perfused organ model for verification of irreversible
electroporation treatments
Once the impedance probe was proven to be funttioapotato tuber, the next step was to try
the functionality of the probe in an animal tissnedel. For that purpose we first investigated the

validity of a perfused porcine liver to reprodube butcomes of IRE treatments perfornredivo.

5.10.1. Organ preparations
Freshly harvested porcine livers were acquired feolocal slaughterhouse. Connections were
made to the portal vein, hepatic artery, and mlaggatic vein, using Luer lock connectors. The
organs were then perfused with modified PBS comgiNaCl (137mM), KCI (2.7mM), NddPQy
(10mM), KH:PQy4 (1.8mM), Cad (1mM) and MgC4 (0.5mM). Upon arrival to the lab, the organs

were connected to the VasoWave™ Perfusion SystemarSPerfusion, Denver, NC) for active
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perfusion. The VasoWave system has been used liefenbiance organ preservation [249]. Using
this system the perfusate was delivered to the tw®ugh the portal vein and hepatic artery and

was recycled back via the hepatic vein (Figure p-14

Figure 5-14. Porcine liver connected to the Vaso®¥\&ystem for active perfusion with modified
PBS.

5.10.2. Comparison of the ablation sizesin the perfused organ and in vivo

IRE pulses were applied to the perfused liver tghoa pair of monopolar electrodes using the
BTX pulse generator. A variety of different treatrteecomprised of different pulse parameters
were applied to the perfused liver. After the tneert, the liver was sliced through the mid plane
of the ablation and stained using triphenyl tetliano chloride (TTC) (MP Biomedicals, Santa
Ana, CA) in PBS (10 gr/l) for 5-10 minutes whicHoa¥s visualization of the dead tissue. The
ablation sizes were compared to previously pubtisti@ta inin vivo porcine livers [250] and
another set of data that was previously obtainéa wvo canine livers and kindly provided by Dr.
Robert Neal (AngioDynamics Inc.). A linear regressianalysis was performed to check the

correlation between the ablation sizes for perfus®atin vivo organs (Figure 5-15).
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Figure 5-15. Comparison of in vivo and ex vivo tessizes for all experiments.

As shown above, a strong correlation exists betweerablations in the perfused model and the
corresponding ones in vivo. {80.94), which proves the validity of the perfusedam model for

investigation of IRE treatments.

5.11. Lesion monitoringin liver
A preliminary experiment was performed to showfteesibility of using the impedance technique
to monitor the lesion growth in the liver tissuRH treatments were performed in the perfused
liver with the same setup as the treatments ipthato tuber and the impedance data was collected
after delivery of 10, 60 and 110 pulses. After ctetipn of the treatment the ablation zone was

sliced and stained with TTC to visualize the lesion

112



%10 Pulses ®60 Pulses m 110 Pulses

10

% Conductivity Change
=
19,1

(@) (b)

Figure 5-16. (a) The induced lesion in the perfyseatine liver after delivery of 110 pulses and
(b) Tthe corresponding changes in the tissue eagistafter delivery of 10, 60 and 110 pulses.

The induced lesion after delivery of 110 pulseshigwn in Figure 5-16a. The impedance spectrum
was measured between adjacent sensor pairs (SP&&Pthe tissue conductivity was calculated
and plotted for each of the sensor pairs (Figuté}). It is shown that sensors 1 and 2 are located
inside the lesion and therefore, the correspondorgluctivity reading (SP1) shows a significant
increase during and after delivery of treatment.

It should be noted that the data presented herearsidered to be preliminary and for the
feasibility study only. Further experiments on psgd organs with variable treatment parameters
are required to fully characterize the impedanegliregs in tissue and correlate those to the size

of the ablation.

5.12. Conclusions
Taking advantage of the characteristic changeoonductivity during IRE, we have created a
sensor that can be used to collect impedance dategdreatments in potato tuber. We performed
experiments applying a uniform electric field asraglindrical tissue samples to characterize the

IRE thresholds and bulk conductivity changes duringatments. The results from our
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computational model, which was constructed baseahiform electric field data, correlated well
with the lesion dimensions. Using advanced micna€altion techniques, we fabricated aua0
thick, flexible impedance micro-sensor array. Wedugmpedance data collected through the
sensor array to estimate the extent of insult ®tthsue for a variety of treatments. Finally,
agreement between the FEM and impedance data tealldoough the sensor array was verified
by physically measuring the induced lesion whiclovedd excellent agreement for different
protocols.

The system presented herein can be adapted farpotse measurements, which could potentially
eliminate overtreatment of tissue and reduce urssacg thermal effects. Furthermore, the device
presented in this study could be readily implemeimethe clinic as the proposed micro-sensor is
fabricated from biocompatible materials and istreddy easy to manufacture. Finally, this method
of active ablation monitoring could potentially banslated for use with other therapies involving

probes as energy foci.
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Chapter 6: Summary and futurework

Several microfluidic platforms were developed fomicking the permeability and transport
across the BBB, each of which were intended todtigate the permeabilization process of the
BBB model using different tools and from differgmérspectives. In Chapter 2 a microfluidic
device was designed to expose the brain endotleeliainonolayer to a gradient of pulsed electric
fields. Using this platform the threshold for resibte and irreversible cell membrane
permeabilization due to electroporation was fouiitie threshold for uptake of naturally
impermeable molecules due to PEFs was also detednand the approximate concentration of
uptaken molecules was found. This information efuisfor estimating the extent of transcellular
transport across the cell monolayer. In Chaptengcaofluidic device embedded with impedance
micro-sensors was fabricated. The response of iammsensors in different chemical conditions
was characterized using equivalent circuit modélthe bare sensor. Using this platform the
integrity of the endothelial barrier was monitorachormal conditions as well as after disruption
with mannitol and PEFs. Equivalent circuit modeisell monolayer were used to translate the
experimental impedance data into useful informatlonorder to make a more physiologically
relevant model of the BBB and find the permeabilitya direct way, a double layer microfluidic
device was fabricated and presented in Chapten 4hi$ device brain endothelial cells were
cultured on a permeable membrane between two moltaonels and the permeability was
measured by exposing the top (luminal) side otlemonolayer to solution of a tracer molecule
and measuring the diffused concentration in théobo{abluminal) channel. The micro-devices
presented in Chapters 2, 3 and 4 were intendeavasiigate the effects of PEFs at the cellular
level. Chapter 5 shows how micro-device and spzadlfi micro-sensors could be used to monitor

the effects of PEFs at the tissue level. The impeelanicro-sensors presented in this chapter were
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successfully used to monitor the electrical impegaspectrum and give information about the
size of the ablated tissue during IRE therapy.

The aforementioned achievements in this studylaadéveloped microengineered platforms pave
the way to many future experiments to extent owvkedge about PEFs-based therapies. Here
we have presented a list of potential studies ¢batd be done in continuation of this study to
complement that from different aspects:

Biological aspects of the BBB

The main focus of our study on the BBB was to dewé¢he required platforms for stimulating the
cells and monitoring their response. These platéoware tested on cell lines such as bEnd3 and
hCMEC. However, more physiologically relevant sasdcould be performed by using primary
cells which give a better representation of the BBBving a co-culture of endothelial cells with
other important cells of the BBB such as astrogypesicytes or neurons is also considered a
significant improvement.

TJ disruption

In continuation of the work performed in Chaptear2l by using the same platform, it would be
possible to find the thresholds required to disthptTJs by staining the TJ-related proteins such
as Occlaudin or Claudins after application of tlg-8. The results presented in Chapter 2 were
corresponding to the transcellular transport actosBBB. On the other hand, disruption of the
TJ could be correlated with the paracellular tramspcross the BBB.

Brain tumor-on-Chip

As a long term vision, the BBB model could be imétgd into a more general model for studying
brain tumor treatments (Figure 6-1). This model rhaye the BBB on top of a hydrogel layer

which embeds the brain tumor cells. Neurons cowdcbltured as an underlying layer over
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transparent electrodes. This model could be usedugly the simultaneous effects of different
therapies on the tumor cells and neurons, by visbakrvation of tumor cells and electrical

stimulation/recording of neurons, respectively.

Fluid flow o S Endothelial cells
- Blood-brain barrier < Membrane
o » . Astrocytes
PYC i
— Hydrogel
Neurons

- Transparent
: electrodes

Figure 6-1. Comprehensive model of brain tumor-bip-éncluding BBB model on top, tumor
cells embedded in hydrogel in the middle and nesiawer electrodes at the bottom.

Ablation monitoring in animal tissue

The impedance sensor of Chapter 5 could be testadimal tissue eithezx vivoor in vivo to
monitor the lesion during IRE therapy. From a tecainstandpoint, a tetra-polar measurement
could increase the useful frequency range of aedumpedance spectra, which along with the
proper circuit model of the tissue could be usedgiee detailed information about the
physiological changes that undergo during the itmeat. This information could eventually be

used to determine the regions of reversible amyénsible ablations during the treatment.
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Appendix A

Protocols
Table A-1. SU-8 fabrication steps
Step Time Details
Dehydrate wafer 60 min 200 deg C (optional)
10 sec 500 rpm
Spin SU-8-2035 5 sec 900 rpm
30 sec 1000 rpm
5 min 65 deg C
Soft bake :
20 min 95deg C
Expose UV 45 sec Adjust focus for sharp contrast
3 min 65 deg C
Hard bake :
10 min 95deg C
Develop 6 min Only SU8 developer
Wash Few seconds In IPA
Final film thickness 105 um
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Table A-2. TJ staining of ZO-1 protein for bEnd3se

Step Time Details
Fixation 1 hour | 4% paraformaldehyde (Boston Biopizid Cat#: BM-155)
Wash 15 min| 1xPBS
Blocking buffer (BB): 1xPBS with:
Permeabilize 30 min e Goat serum 10% (Life Technologies, Cat#50062Z2) or
BSA 2% (Sigma Aldrich, Cat#A7906)

e TritonX-100 0.2% (Life Technologies, Cat#HFH10)
Wash 15 min| 1xPBS
Primary AB 2 hours| Dilute 2:1000 in BB (EMD Millipe, Cat#MABT339)
Wash 15 min| 1xPBS
Secondary AB | 1hour| Dilute 1:100 in BB (EMD Millipgy Cat#AP181F)
Wash 15 min | 1xPBS+1 drop/ml NucBlue (Life Technaésg Cat#R37605)

Table A-3. Staining with rhodamine phalloidin an4®l

Step Time Details
Fixation 1 hour | 4% paraformaldehyde (Boston Biopizid Cat#: BM-155)
Wash 15 min| 1xPBS
Blocking buffer (BB): 1xPBS with:
Permeabilize 30 min * Goat serum 10% (Life Technologies, Cat#50062Z) or
BSA 2% (Sigma Aldrich, Cat#A7906)
* TritonX-100 0.2% (Life Technologies, Cat#HFH10)
Wash 15 min| 1xPBS
Staining 1 hour | Phalloidin, dilute 1:100 in BB + BAdilute 1:500 in BB
Wash 15 min| 1xPBS
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Table A-4. Fabrication steps for the double layerailuidic device

stiffness.

Step | Description Details
1 Fabricate top and bottom PDMS parts by replicatmmiding
Prepare the membrane (ex. cutting from transwell).
2 Cut and punch the holes in top PDMS parts
3 Put both PDMS parts in vacuum 1 hr
4 Mix (~20gr) PDMS with curing agent and degas M:datio
5 Mix PDMS mixture from step 4 with toluene=>PDMlBig 1:1 wratio
6 Keep stirring the PDMS glue from step 5 with agmetic stirrer Room Temp
7 Spin PDMS glue on a clean glass slide 1009 pm
1 min
g Take the PDMS parts from vacuum and immediatelyopuglue- Wait 1 min
coated glass slide, face down. Push down sligbthet the air out
9 Detach the PDMS parts from glass slide slightlyhwib lateral
movement
10 Put the membrane on the glue-coated side dbfhPDMS part
1 Put the bottom PDMS part on the assembly of steaftE®d proper
alignment. Push slightly to get the air out.
12 Wait About 15 min
13 Put the assembly on a hot plate, and bake 00 deg C
12 hours
14 Bond the entire assembly to a glass slide to peoméchanical
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Table A-5. Fabrication steps for the impedance oagansor array

individual probes from the Si wafer

Step Description Details
1 Clean silicon wafer with Acetone, IPA, DI wa Spin 100 rpr
Adhesionpromotion on 4 corners of wafer. Use VM651 (I
microsystems) to wet 4 points on the edge of thiemvahis will
2 keep the polyimide (PI) layer attached during tieritation steps.
Avoid any contact with the rest of the wafer asilt inhibit
detachment at the final step
o o ) 2000 rpm, slow rarr
3 Spin first polyimide layer (P12525, HD microsysts)
30 sec,
120 degC for 30 s
4 Soft bake PI on hot plate
150 degC for 30 sec
o 200 deg(
5 Ramp up temp in air )
4 degC/min
6 Cure Plin Curein ai 30min
furnace o o 300 deg(
7 Ramp up temp in nitrogen flow 10 lit/min _
4 degC/min
8 Bake in nitrogen at 300 de 1 hou
9 Cool down, turn off furnace and let it cool dowrittwthe wafe Few hour
10 Evaporate Cr/Gold with PV 30/100 nm thic
11 Pattern Cr/Golwith lithography and chemical wet etch
_ o 5000 rpm, slow ran
12 Spin second polyimide layer
30 sec
13 Repeat steps-9 to cure the second Pl la
14 Evaporate Ti with PVI 100 nn
15 Pattern Ti after lithography through the secondlnweith BOE to
make a hard mask for etching top Pl layer.
50 W
16 Etch Pl in oxygen plasma 30 ml/min Q flow
~80 min
17 Release in BOE; this will remove the Ti mask armbaletach th
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Appendix B
Fluid flow in the microchannel and shear stress
Some fundamentals of fluid mechanics will be présgin this appendix to show the governing
equations of fluid flow in the microfluidic channednd leverage them to control the
microenvironment in which the cells are culturede Will start from the most general case and
then will make the equations more specific to nflaidic systems by making proper assumptions.
The continuity equation expresses the conservatianass in classical mechanics. In the most
general case consider a compressible fluid wherel#émsityp is a function of space and time.

Considering an arbitrarily shaped, but fixed regibim the fluid, the total mass (Q,t) insideQ

can be expressed as
M(Q.t)=[[]. o(F,t)dr (A-1)

wheredr is the volume element.

According to Eg. (A-1) the time rate of change @swinside the control volume is
%M(Q,t)zmgdr%p(r,t) (A-2)
On the other hand the mass flow rate dengitis defined as
J(r.t)= p(r tN(r t)= (A-3)

whereV is the Eulerian velocity field. Using Eq. (A-3)etlime rate of change of mass inside the

control volume could be obtained as

2 W(@.0)= [ dantolr 09(r.0) = -[[[or Seolr,09(r.0) )

ot

whereda is the unit area element amdis the surface unit normal vector. The last exqiogsis

obtained by using the Gauss’s theorem. By equ&aw) (A-2) and (A-4) we obtain
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J]]ar {% plF 1)+ Eﬂp(F,tﬁ(F,t))} =0 (A5)

To have the integral equal to zero for any choifceegionQ the integrand should be zero, which

yields the continuity equation:

%—f+ﬁ[ﬂp\7)=0 (A-6)

For the special case of incompressible flow theinaity equation reduces to
OW=0 (A-7)
Newton’s second law for fluid systems is called Nwavier-Stokes equations which gives the

constitutive equations for the Eulerian veIociQ‘IcﬂiV(F,t). The Newton’s second law gives
D=3 1, (A-8)
J
Where fi represents the force densities dndis the material time-derivative:

D, = % +(v.0) (A-9)

Therefore, we will have

pQﬂﬂﬂEp%Vﬁ@iﬁ:-%Vﬁﬂ+&ﬂkﬁiﬂ (A-10)

Which is the left side of Eq. (A-8). Different fas could be applied to the fluid. Here we consider
the most important ones: pressufg, viscous forceF,, and gravityF,, with f,, f, and f,
representing the corresponding force densities.graeity force density is

f, =03 (A-11)

The pressure force density is obtained as follows.
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F, = LQ daf(-p)= deF (— Dp) (A-12)

The integrand of the volume integral representddhee density.

f =-Op (A-13)

==
The viscous force can be written as a surface iateg the applied shear stress to the volume

element.

F, = [7[hda= [OFdF (A-14)
0Q Q

where 7 is the shear stress tensor. Again, the integratiteosolume integral represents the force

density.

f =00 (A-15)

The constitutive relations are needed to statesliear stress as a function of velocity field. Here
we will assume that the fluid is Newtonian, meartimgf its viscosity is independent of the strain

rate. For Newtonian fluid the shear stress tensditlae viscous component of the strain rate tensor

are related according to
7 = 2 = () + () ) (A-16)
Substituting into EgError! Reference sour ce not found. we get
f, =00 =0m(0v)+ (9] ) (A-17)
For an incompressible fluid that simplifies to
f, =n0% (A-18)
with all other terms vanishing due to the contipwetjuation. Therefore the complete Navier-

Stokes equations for Newtonian incompressible fisiid
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,0[%\7+ (v.i)v} = pg-Op+n0% (A-19)5

We will now make proper assumptions to make thei®taStokes equations simplified and more
specific for analyzing the fluid flow inside the enofluidic channels. It is assumed that the gravity

force is negligible compared to the viscous forge tb the small size of the channel.

Pressure-driven steady state flow in channel: Ralkeflow
In microfluidic systems the fluid is driven througHong, straight and rigid channel by applying
a pressure difference. In this case only the lowgiial (x-axis) component of the velocity is

nonzero.
v(F)=v.(v2)8& (A-20)
Therefore the Navier-Stokes equation reduces to

n?lv,(y28]-0Op=0 (A-21)

92 92 9
/7[7+7JVX(V,Z)—&D(X) (A-22)

The fact that the left side of Eq. (A-22) is a ftioo of (y, z) and the right side is only a function

of x, implies that both sides should be equal to theesaomstant number. Solving for the right

side first yields
A
p()="(L-x)+ p, (A-23)

in which we have assumed a pressure dkppover the lengthL of the channel. With this we

finally arrive at the second order partial diffeiehequation for the velocity field in the channel
along with the no-slip boundary condition.
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0"+ 9"\ (y2)=-2p
2 2 Vx\%2)=
dy> 0z nL (A-24)

v, (y.z)=0 for ( y zonthechanneboundary

Hydraulic resistance
Solving the governing partial differential equatiPh-24) for different channel cross sections

reveals that in the pressure-driven steady statetfirough a straight channel, a constant pressure

drop Ap results in a constant flow ra@ which are related with the hydraulic resistame,.

AP=R,,Q (A-25)
Common channel cross sections in microfluidic systenclude circular and rectangular. The

hydraulic resistances for these sections are

1271 1 . .
= L :length h: height w:width
Ree =10 063(h/w) h*w gth ont
- (A-26)
R =W R:radius

These equations are useful when calculating the flates or pressure drops in microfluidic

channels.

Wall shear stress

Shear stress is an important parameter of the fludiz cell culture systems. Some cells are
sensitive to shear stress and their viability cdagdcompromised if exposed to excessive shear
stress, while some other cells such as endotlegil, should be exposed to flow-induced shear

in order to express their physiological phenotypells are usually cultured on the walls of the

microfluidic channels. Therefore, knowing the wsliear stresg,, is critical. Considering a
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rectangular cross section with<< w, the differential equation (A-24) could be soltedjive the

velocity field in the channel.

0z
2
0Ny o By Mo BPyicpd Ly, =2[-2R)yzscy+c,
oy nL oy nL 2\ nL
BC:
M| _g. C =0 (A-27)
oy /=0
_ _Oph?
VX|y=h/2 =0 > CZ —U—LE
ov, hAp
T, =n =
0y |y, 2L
Ap could be stated as a function of hydraulic resistaand the flow rate:
Ap=R.Q
_12gL 0 (A-28)
h3w
which yields the wall shear stress at the top ¢tobo of the channey = i%
67Q
=—= A-29
Ty = o (A-29)

<

A 4

h
A
h >
—
> w

Figure 2. Pressure driven flow in rectangular clehnn
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It should be noted that the above solution is malyd for channels with a small height compared
to channel width. Another empirical relation is gagted in the literature for the channels with

comparable width and height dimensions:

r, = 23 Mol fn+ )
h*“w{ m

m=17+05a"* n=2 fora = h < 1
w 3

(A-30)
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Appendix C

I mpedance M ultiplexer
The impedance analyzer that we use for our apprsi{Gamry Reference 600) provides a 4-bit
control signal that we used to control the multiele 16 states could be selected with these 4 bits
using a demultiplexer chip.
The circuit is designed in two separate levels Whie electrically connected together. The bottom
circuit incorporates a demultiplexer chip (CD74HC4EN) which translates the 4 bit control
input to 16 bits. Each of the 16 bits is connettealreed relay on the top circuit through a trstosi
which turn the relays on and off. The input of tleéays are connected to the samples to be
measured and their output is connected to oneedfith output ports of the circuit to be connected
to the impedance analyzer. Depending on the apjlicadifferent relay configurations could be
used in the top circuit. Here we designed and ¢aled two different boards. In the first board,
one of the ports is always connected to a fixedapithis considered for the counter electrode. The
other port could be switched between 16 inputsgutie relays. At each time depending on the
control signal only one relay could be on. Thiggit could be used for impedance measurements
using sensors which feature a counter electrodehénsecond circuit the relays are divided
between the two ports, i.e., each port could benected to 8 different samples. However, in this
circuit, after each relay is triggered by the cohsignal, it stays on by using a memory feature
that is enabled by a second channel in each okthgs. Briefly, after the relay is triggered on by
the control signal, one of the two channels inrélay close the circuit to provide power for itself
keeping the relay on even when the control sigmaist off. That feature enables multiple relays

to be switched on, therefore facilitating impedanm@asurement between any combination of the
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inputs. The electrical circuits for a relay unigiach of the multiplexer designs are shown in Egur

B-1.
vce Switch VCe Switch
—O G—l\l el G—L\é
0 o—e 0 0 o0

Signal Signal

Figure B-1. Control circuit for each relay unit

The electrical circuits were designed in the Eagltware and the gerber files were extracted.
Figure B-ZError! Reference source not found. shows the designed circuit for the relay boards
and Figure B-3 shows the circuit for the bottomrdodhe gerber files were sent to a vendor to

be printed on the circuit boards. (Advanced cissuAurora, Co). Figure B-4 shows the final

assembled multiplexer.
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Figure B-2. Circuit diagrams for two versions oé tielay board (top) for fixed counter electrode
(bottom) for combination measurement
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CH CIRCUIT-BOTTOM BOARD [

SWITC

Figure B-3. Circuit diagram of the lower board Y@ board)

To system

Figure B-4. Assembly of the top and bottom boarfdsi® multiplexer
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Appendix D
I mpedance models of diffusion
Several empirical models have been proposed touatdor the diffusion impedance at the
electrode-electrolyte interface. Assuming an inéindiffusion layer the infinite Warburg

impedance is defined as

Z, =%(1— i) (C-1)

Where AW is the Warburg coefficient. The infiniteavidurg impedance is actually the CPE with
a frequency independent phase of 45°. The porousdsal Warburg or the “O” circuit element is

defined as:

Zy= \52%)"’ tanI{B\/Tw) (C-2)

TheB parameter in the bounded Warburg model is cafled¥arburg time constant and is related
to the Nernst diffusion layer thicknegs,and the diffusion coefficient of ions according t

8= (c-3)

The Gerischer impedance is used to model the @ffiuphenomenon coupled to a chemical
reaction and is expressed as [251]:

Zy

Jiriw (C-4)

Zs =
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