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Abstract

Enabling Multi-Zone Impedance Measurements for Higher Resolution Trans-Endothelial
Electrical Resistance (TEER) and Single-Cell Viscoelastic Analysis.

By
Roberto Falcon-Banchs
Doctor of Philosophy in Bioengineering
University of California, Berkeley
Professor Lydia L. Sohn, Chair

The spatial and temporal resolution improvements of current and future biological assays are
crucial elements in our advance toward single-cell assays, by which we dissect population-level
averages to better understand disease progression and treatment. In this dissertation, spatial and
temporal resolution improvements are demonstrated for two platforms by implementing a multi-
zone measurement approach. For the first platform, we implement a multi-zone trans-endothelial
electrical resistance (mz-TEER) continuous measurement within a microfluidic platform. This has
enabled us to measure four distinct TEER zones within a single sample versus measuring one bulk
TEER value. This work opens the door to questions of hetero- and homogeneity, and crosstalk
between the cells on each of the respective zones. I will discuss how our results, using MCF-7GFP
cell monolayers, showed that we are capable of monitoring these zones independently, and provide
important future objectives for biologically relevant experiments, and improvements to the
platform. Secondly, using the knowledge gained from developing mz-TEER, I then aimed to
improve another impedance-based microfluidic platform developed in our lab previously, visco
node-pore-sensing (viscoNPS) which is capable of measuring the viscoelastic properties of single
cells at a single user-defined frequency. With an improvement similar to mz-TEER, we enhanced
this platform by adding multi-zone measurement capabilities supported through the development
of custom hardware and software, enabling each cell to be tested at up to four user defined
frequencies.
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1 INTRODUCTION

Chapter Overview

This introduction summarizes the motivation for the research projects presented in this dissertation
and provides a description of how the platforms that have been developed are based on similar
resistance measurement principles. Furthermore, a brief description of the chapters that follow is
provided.

1.1 Motivation

As beautiful and complex as they are, biological systems have challenged many scientists and
engineers throughout history to develop new and creative approaches to improve our
understanding of their complexity. Motivated by the heterogeneity of biology known to exist even
within cell populations traditionally considered to be homogeneous, scientists and engineers are
currently focused on achieving single-cell resolution for many “gold standard” biological assays,
such as those that test for mechanical properties and those that seek to understand or uncover the
protein profile of cells!”’. Single-cell resolution enables the detection of sub-populations that were
not previously known and gives insight into the importance of the heterogeneity in a population.

This has proved important in the detection, monitoring, and treatment of diseases such as cancer®”
11

Cancer is the second leading cause of death in the United States’. Researchers have continued to
focus their efforts in understanding how cancer develops and what causes its progression and
metastases to help in the development of more effective therapies®!>!3. During metastasis, cancer
cells from the primary tumor, which are more mechanically compliant than non-cancerous cells,
migrate through the extracellular matrix (ECM) and endothelium in a process called
intravasation'#!>. After crossing the endothelium, cells that reach the blood stream are referred to
as circulating tumor cells (CTCs). CTCs traverse the vasculature and exit the blood stream through
a process called extravasation. During this process, CTCs adhere to the endothelium using selectins
(P- and E- selectins), ligands, and surface integrins (ICAM- 1 and 2)!*!®. They then cross through
the endothelium's cell-cell junctions, and establish a secondary tumor!'¢.

As explained previously, the endothelium, a layer of endothelial cells lining the blood vessels in
the human body, plays an important role during the metastatic process!’'. Because of the
complexity of this microenvironment, the development of in-vitro models serves as tools to study
how the endothelium regulate cell migration, for example, during metastasis®*>?!. One of these
tools, the Transwell Assay (TA), is regarded as the "gold standard" for cell migration and
endothelium barrier function studies!®*>?*. In a Transwell Assay, endothelial cells are cultured on
a porous membrane insert, allowing access to both the top (apical chamber) and bottom (basal
chamber) sides of the monolayer. This experimental setup is commonly used to evaluate the
metastatic potential of cells by adding them to the apical chamber and evaluating how many cells
cross the endothelial cell monolayer within a fixed amount of time!®?!,
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Transwell Assays also allow scientists to study the barrier function of the endothelial monolayer.
To do this, a trans-endothelial electrical resistance (TEER) measurement is performed, which
measures the average electrical resistance across a monolayer. The applied electrical current
crosses the monolayer through cell-cell junctions, thus serving as a quantitative assay that
evaluates the overall monolayer barrier function®*. In contrast to end-point measurements that
assess cell-cell junctions, such as immunofluorescence, TEER measurements can be repeated
without negative effects to the monolayer, making it a widely used technique??2*%7,

Although single-cell resolution in TEER 1is not possible since cell-cell junctions are required, this
dissertation focuses on the implementation of multi-zone, real-time electrical resistance
measurements within microfluidic platforms, with the overall goal of increasing the spatial and
temporal resolution of TEER measurements. I will show how the multi-zone approach inside a
microfluidic channel, allows the platform to reduce the number of cell-cell junctions being
measured, thus reducing the effects of bulk averages. After describing the development of a
microfluidic-based multi-zone platform to measure TEER (mz-TEER), we will discuss how the
knowledge from this project was applied to another microfluidic platform to improve resolution.
As previously mentioned, TEER is the gold standard measurement for monolayer barrier function.
Measuring the resistance across a monolayer of cells provides information about cell-to-cell
junctions and their function. In contrast to the single bulk resistance value obtained with the TEER
measurement, our platform measures TEER values from four distinct zones along a single
monolayer. This technology enables a more accurate assessment of the homo- or heterogeneity
of endothelial cell monolayers, which would lead better in-vitro endothelium models advancing
fields that relay on TEER (e.g. drug delivery). In addition, mz-TEER enables studies of zone-
specific perturbations, in which some zones of the monolayer are exposed to specific biochemical
cues and the control zones can be monitored to understand crosstalk along the sample. This intra-
monolayer experimentation had not been previously possible?>?3.

Developing mz-TEER required custom electronics and software that could measure electrical
resistance in various zones within the device. Applying this knowledge to a platform developed in
the Sohn Lab, we advanced single cell viscoelastic measurements using microfluidics®. This
proof-of-concept setup increases the platform’s capability to measure the electrical resistance from
one to four distinct zones along a microfluidic channel. When coupled with single-cell viscoelastic
measurements, this results in the interrogation of single cell viscoelastic properties at four
frequencies, instead of one, allowing mathematical material modeling ?°. As shown in Figure 1-1,
techniques used to create multi-zone impedance measurements used in mz-TEER were used to
develop a proof-on-concept setup using visco-NPS. With this new multi-zone visco-NPS (mz-
viscoNPS), multiple frequencies can be applied to a single cell for measurement, enabling the fit
of material models to each cell, instead of population-level averages. Figure 1-2 shows images of
both platform after assembly.



Resistance Measurement (sequential)

mzTEER

Zone 1 fone 2 Zone 3 Zone 4

Resistance Measurement (simultaneous)

mz-ViscoNPS
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Figure 1-1 Measurement setup for mz-TEER and mz-viscoNPS. Top: During multi-zone TEER,
we sequentially measure resistance across the monolayer at each of the four measurement zones.
Bottom: For mz-viscoNPS, the resistance is measured simultaneously in all four contraction
channels in which the viscoelastic properties of cells are measured.

A mzTEER B mz-ViscoNPS

Measurement Zones Measurement Zones —
5mm S5mm

Figure 1-2 Finalized microfluidic platforms. A, Top view of mz-TEER platform with arrows
indicating the measurement zones. Blue food dye used to increase contrast. B, Top view of a
proof-of-concept multi-zone viscoNPS device. Arrows show space between electrodes where
the contraction channels are located.



1.2 Organization of the Dissertation

This dissertation begins with an introduction to the important engineering principles upon which
the two platforms are based. Thereafter, the dissertation delves into the development of the mz-
TEER microfluidic platform and then on the mz-viscoNPS. Finally, this dissertation concludes
with important findings and recommendations for future research.

e CHAPTER 1: INTRODUCTION
This chapter summarized the motivation for the research, discussed important similarities
between the projects to be presented, and the organization of the chapters in this
dissertation.

e CHAPTER 2: ENGINEERING PRINCIPLES
This chapter discusses the engineering principles and design considerations used for the
development of mz-TEER and mz-viscoNPS.

e CHAPTER 3: DEVELOPMENT OF A MICROFLUIDIC-BASED MULTI-ZONE
TRANS-ENDOTHELIAL ELECTRICAL RESISTANCE
This chapter presents the development of the mz-TEER platform. Furthermore, it describes
fabrication techniques employed, computational modelling, and the protocols created for
cell culture and device sterilization.

e CHAPTER 4: RESULTS AND VALIDATION FOR MICROFLUIDIC-BASED
MULTI-ZONE TRANS-ENDOTHELIAL ELECTRICAL RESISTANCE
This chapter describes the validation and experimental results for the mz-TEER platform
introduced in Chapter 3.

e CHAPTER 5: MULTI-ZONE IMPEDANCE MEASUREMENTS FOR VISCO-
NODE-PORE SENSING
This chapter delves into the development of a proof-of-concept setup that employs a multi-
zone approach, similar to mz-TEER, aiming to advance single-cell viscoelastic
measurements.

e CHAPTER 6: CONCLUSIONS AND FUTURE RESEARCH
This chapter summarizes the results of the technologies presented in this dissertation and
provide overall conclusions, and future work for design improvements and assay
development.



2 ENGINEERING PRINCIPLES

Chapter Overview

This chapter highlights the key engineering principles used in the research discussed in this
dissertation. This chapter is divided into three key sections. In the first section, I will discuss the
impedance measuring techniques that is used in both mz-TEER and mz-ViscoNPS. In the second
section, I will describe the engineering principles used by each of the platforms. In the third
section, I will summarize the key elements discussed.

2.1 Principles of Four-Probe Impedance Sensing

As discussed before, this dissertation presents the development of two separate platforms, that
although having different applications, have the same readout: electrical impedance. In this
section, I will discuss the principles of electrical impedance, how it can be measured, and the
reasoning for choosing the methods we use. Details on how impedance sensing is applied to each
of the platforms will be discussed in the next two sections.

Electrical impedance is the measure of a component's opposition to the flow of current when an
electric potential is applied across it*°. This model is described by Ohm's Law,

V=IR 1)

where V is the electric potential expressed in volts (V), I is the current expressed in amps (A), and
R is the resistance expressed in Ohms (). The most commonly used technique to measure
resistance is a two-probe measurement!*2, This technique employs a voltage divider, which uses
a known reference resistor to calculate the voltage drop across an unknown resistor 2.

Figure 2-1 Electronic schematic of a voltage divider circuit. This circuit is used to calculated an
unknown resistance (R2) by applying a known voltage (Vin), having a resistor (R1) with known
value in series, and measuring the voltage across the unknown resistor (Vout). See equation 2 to
calculate Ro.

Using Kirchhoff's Law, we find that:



RZ:MR1 2)
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A two-probe measurement excels when precision is not required. However, when applied in
microfluidics systems, this measurement is prone to error because of the formation of an electric
double layer (EDL) that surrounds the measurement electrodes. Specifically, when electrodes are
exposed to an electrolyte (cell media), and EDL of thickness equal to the Debye length, A4, forms:

go&rkT
Ag = |/—— 3
d 2N ge21 )

where, 1 is the ionic strength of the electrolyte, € is the permittivity of free space, & is the dielectric
constant of the electrolyte, k is the Boltzmann's constant, T is temperature, Na is Avogadro's
Number, and e is the elementary charge. An EDL forms because positive-ions in the are attracted
to the negatively biased electrode, and negative-ions are attracted to the positively biased electrode.
This leads to an additional resistance measured (see Figure 2-2)*. To remove this added resistance,
a four-probe measurement can be performed. In such a measurement, the current and voltage leads
are separated and the resistance caused by the EDL is not measured*>*,

Two Probe Measurement
C+5 C+S C+S C+S

Four Probe Measurement
c S s C cC s s C

- C = Carrying Electrode
! S = Sensing Electrode

Resistance

EDL Formation

Time Time

Figure 2-2 Comparison between two-probe and four-probe resistance measurements. Left: A two-
probe setup with electrodes in contact with an electrolyte (e.g. cell media). The formation of an
electrical double layer (EDL) leads to an increase in measured resistance due to the EDL acting as
an insulator. Right: A four-probe measurement. In contrast with a two-probe setup, the EDL forms
on the carrying electrodes. The sensing electrodes are not affected, thus providing a stable, accurate
resistance measurement.



2.2 Trans-Endothelial Electrical Resistance Measurements

Transwell-Assays (TA) are the gold standard for in-vitro endothelium models'®. In a TA,
endothelial cells are grown into a monolayer on top of a porous membrane that sits on a well-plate
insert (Fig. 2-3)!*?!. To characterize and validate the monolayer growth, a trans-endothelial
electrical resistance (TEER) measurement is performed. Such a measurement provides information
on whether the monolayer is completely confluent and whether cell-cell junctions have formed, at
which point the TA can be used for specific biological experiments.

In more detail, TEER is a four-probe measurement that is performed across the monolayer, from
the apical to the basal side. By measuring the current that flows across the cell-cell junctions from
the apical to basal side, one can determine how tight or loose these junctions are in the monolayer.
Typically, however, TEER measurements in TA are mainly used to detect when the barrier
function is reached (100% confluency)!*¥-¢. Because TA inserts all vary in size, the resistance
values measured are multiplied by the membrane area (R*A, where R is resistance and A is the
area of the TA insert) in order to obtain a TEER value (units: Q-cm?).

e )z )

Cell-Cell Junctions

g Jol )

Loose Tight

Toam'cam com m m ) Ry

Transwell Assay

O
.
=

p——
———
Resistance
A 4

Time

Figure 2-3 Transwell Assay (TA) schematic with the corresponding trans-endothelial electrical
resistance (TEER) measurement. Left: The TA uses an insert with a porous membrane on top of
which endothelial cell monolayers are cultured; electrodes are inserted to take a four-probe
measurement of resistance across the cell layer and porous membrane. Right: an illustration of
how TEER 1is used as a quantitative proxy assay to study cell-cell junctions.

For commonly used human umbilical vein endothelial cells (HUVEC) and human cardiac
microvascular endothelial cells (HCMEC), expected TEER values when barrier function is
achieved is 80 + 10 Q-cm? ?**7. Researchers have used shear stress and chemokines (e.g. TNF-
alpha) to stimulate the loosening or tightening of cell-cell junctions. Specifically, when HUVEC
cells were exposed to shear stress (10 dyne/cm?) in a microfluidic TA, TEER values decreased by
18% as compared to when compared to when there was no shear stress?’. As another example,
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when HUVEC monolayers are exposed to TNF-alpha, they loosen their cell-cell junctions and this
is leads to a 22% decrease in TEER. The effect of shear stress and TNF-alpha is synergistic, and
when combined, TEER is reduced by 35% 3%,

The importance of a TEER measurement in TA cannot be understated. Drug delivery experiments
rely heavily on TAs to provide a quantitative in vitro model of how a certain drug compounds
cross the endothelial cell monolayer?’**4?. Testing drug absorption, the necessary carriers to
increase the efficiency of that absorption, and drug concentration can be accomplished with a TA.

TEER measurements performed in TAs provide information on the bulk properties of an
endothelial monolayer. Current TA platforms, even those that integrate microfluidics, only provide
bulk information of the endothelial monolayer. They assume that the cell-cell junctions are
homogeneous across the monolayer. To improve the spatial and temporal resolution of TEER
measurements, we have developed multi-zone TEER (mz-TEER), shown in Figure 2-4. mz-TEER
is a microfluidic platform that allows apical and basal access to specific areas of a monolayer. We
enable spatial resolution by monitoring TEER in four separate zones of the monolayer, resulting
in four distinct TEER values within a sample, a first for a TEER based platform. mz-TEER also
measures each zone every 15 seconds, representing an improvement in obtaining temporal
information when compared to previously published microfluidic platforms that measured at the
minute time-scale*'*?. Overall, mz-TEER’s multi-zone capability can advance our understanding
of the barrier function heterogeneity within an endothelial monolayer. In Chapters 3 and 4, I go
into greater details of the design and measurement of mz-TEER.

Multi-zone TEER

PDMS

e o Je 1o Jo e Jo Je 1o 1o Jo ]

Zone 1 Zone 2 Zone 3 Zone 4

PDMS PDMS

Figure 2-4 mzTEER schematic.



2.3 Principles of Visco Node-Pore-Sensing

Visco Node-Pore-Sensing (ViscoNPS) employs the principles of Resistive-Pulse Sensing (RPS)
to measure the viscoelastic properties of cells?****3%  In this section, I will first discuss the
principles of RPS and how these have been leveraged by the Sohn Lab to develop platforms to
measure various properties of cells, including their viscoelastic properties’.

Resistive Pulse Sensing Node-Pore-Sensing

oS- .-

Resistance

_ Cross Section__

L.-.a L.—.a

R : Mechano-NPS

Resistance

Resistance

Time Time

Figure 2-5 Descriptions and illustrations of Resistive Pulse Sensing (RPS), Node-Pore-Sensing
(NPS), and Mechano-NPS. Left: RPS works by measuring the electrical resistance of a pore filled
with a conductive fluid. When a non-conductive particle passes though the pore it displaces
conductive fluid and temporarily increases the pore resistance, thus producing a resistance pulse.
The pulse magnitude is correlated with particle size as illustrated by the red and blue particles and
their respective signals. Right, top: In NPS, consecutive pores are patterned with antibodies of
interest that interact with cell surface markers, slowing down cells as they transit regions patterned
with antibodies for which they have receptors. A cell's transit times through each pore are
compared to determine which cell surface markers are expressed. In this schematic, the cell is
positive for the blue surface marker, resulting in a longer blue pulse. Right, bottom: Similarly,
mechano-NPS uses transit time through a contraction channel, generally inversely correlated with
cell stiffness, to mechanically phenotype single cells.

RPS involves performing a four-probe measurement across a microfluidic channel. When a cell,
transits the channel, a resistive pulse is measured. This pulse is caused by the cell partially
blocking the flow of current. The pulse magnitude corresponds to the size of the cell and the pulse
duration corresponds to the cell’s transit time across the channel. When nodes (i.e. widen areas)
are inserted in the channel and consequently segment the channel, the resistive pulse of a cell is
modulated. This modulation is due to the fact that the cell blocks different proportions of current
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flow in a node vs the segment between the nodes. With “node-pore sensing” (NPS), one can use
the modulated resistive pulse to determine where the cell is at any given time in the channel. When
one of the segments between the channel is much narrower than the diameter of a cell, a cell must
squeeze through in order to transit the entire NPS channel. As such, one can determine the
mechanical properties of the cell, including the cell size, the resistance to deformation, and
recovery from transverse deformation. “mechano-NPS” has proved to be a rich platform and has
been used to differentiate malignant (MCF-7) and non-malignant (MCF-10A) breast epithelial
cells and to identify chronological age differences in primary human mammary epithelial cells*.

Recently, mechano-NPS was advanced even further—this time by including a sinusoidal
“contraction channel”. As it transits the channel, it undergoes periodic deformation within that
sinusoidal contraction channel. The resistive pulse measured is sinusoidal and one can extract
viscoelastic properties (G” and G corresponding to elasticity and viscosity, respectively). “visco-
NPS” has been used to determine the contributions of different cellular components (e.g.
cytoskeleton, nucleus) that contribute to the viscoelastic properties of MCF-7 and MCF-10A cells.
This platform successfully measured the viscoelastic properties of malignant and non-malignant
cells and enabled the use of a Kelvin-Voight material model to better elucidate differences between
populations®. While visco-NPS presents a high-throughput method of measuring the viscoelastic
properties of cells (vs. the gold standard of atomic force microscopy or micropipette aspiration,
each of which analyze 1-2 cells/hr), this method can only measure the bulk properties of cells.
Specifically, visco-NPS can only measure a single cell at one particular frequency. In Chapter 5,
I will discuss a proof-of-concept platform, multi-zone visco-NPS, which enables measuring the
viscoelastic properties of single cells at four different frequencies. Multi-zone visco-NPS takes
advantage of the hardware, software, and knowledge gained from mz-TEER’s development.

Mechano Node Pore Sensing Visco Node Pore Sensing

Resistance
Resistance

Time Time
Figure 2-6 Difference in resistance pulse from mechano-NPS and viscoNPS. Left: mechano-
NPS generates a constant pulse that starts when the cell enters the contraction channel and
returns to baseline when the cell exits. For viscoNPS, shown on the right, the pulse has a
sinusoidal shape corresponding to the sinusoidal contraction channel.
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2.4 Conclusion

As discussed in the previous sections, the technologies that are detailed in the following chapters
are based on four-probe resistance measurements. By using the engineering principles discussed
and integrating a multi zone approach into the development of our platforms, we aim to increase
the assays spatial and temporal resolution. For mz-TEER, measuring four distinct zones, instead
of one bulk average, will allow our platform to answer questions regarding the heterogeneity of
cell-cell junctions within a monolayer. These results will guide us to better understand the complex
endothelium microenvironment. As with the mz-viscoNPS platform, our goal is to use this proof-
of-concept to inform the development of the next generation viscoNPS to improve our current
single-cell viscoelastic capabilities, thus eliminating the use of averaged populations. In the
following chapter I will delve into the design, fabrication, and validation of the multi-zone TEER
device.
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3 DEVELOPMENT OF A MICROFLUIDIC-BASED MULTI-
ZONE TRANS-ENDOTHELIAL ELECTRICAL RESISTANCE

Chapter Overview

In this chapter, I will discuss the design and fabrication of a novel microfluidic-based multi-zone
TEER sensing platform. This new device, is capable of measuring TEER along specific zones
within the same sample, thus improving the resolution of current technologies which provide only
one bulk average value. Furthermore, the development of the custom hardware and software will
be discussed. I will discuss possible areas of optimization regarding the platform's design and
operation. The following chapter will include the validation, results, and modelling of this
platform.

3.1 Introduction

Given the complexity of the endothelium microenvironment in-vivo, the development of in-vitro
models has been of great importance. Much of the progress in developing in-vitro models has been
led by drug delivery research?’**434¢ Understanding how drug candidates affect and cross the
endothelium when absorbed by the body, is a crucial step in the drug approval process. The current
gold standard for in-vitro endothelium models is a Transwell Assay (TA)!*7 . As detailed on
Chapter 2.2, this assay involves the formation of an endothelial cell monolayer on top of a porous
membrane. This membrane is suspended in a well plate insert that allows access to both the
apical(top) and basal(bottom) sides of the monolayer, and in turn, enables trans-endothelial
electrical resistance (TEER) measurements as a means to characterize the monolayer!®?. As
detailed in this chapter, access to both sides of the monolayer is a key design feature that I have
integrated into my microfluidic platform.

Current commercially available technologies (e.g. EVOM?2, World Precision Instruments) that
enable TEER measurements employ two different electrode pairs for a four-terminal measurement:
one pair is inserted in the apical chamber, and the other in the basal chamber®®. Although
performing TEER in this manner has been successfully employed for years, it has some
fundamental limitations. First, it only provides one bulk average resistance value per monolayer.
This is problematic if the monolayer has a small imperfection in the monolayer confluency, as this
will act as an electrical sink and current will flow through this imperfection instead of through
cell-cell junctions?*?"-28, Second, the electrodes do not provide a homogeneous potential across the
sample, which leads to measurement bias and error®®. Third, the user often manually holds the
electrodes in place for measurement, requiring the sample to be taken out of the incubator and
increasing the chance of contamination due to constant user-sample interaction. Fourth, temporal
resolution is limited since each measurement is performed individually?!243648,
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Figure 3-1 Effects of monolayer imperfections on TEER measurements. Left: On a uniform
monolayer, cells are equally distributed and fully confluent, resulting in accurate TEER
measurements. Right: An imperfection is present, due to cell death or incomplete confluency,
resulting in non-uniform current flow and thus compromising the measurement.

Improvements to TEER measurements have involved smaller TA inserts (smaller monolayer area),
and the use of measurement correction factors?®. Yet, these improvements still do not provide
sufficient spatiotemporal resolution necessary for transmigration events, where malignant cells
cross the monolayer. Recently, microfluidics has been integrated with TEER measurements?>242°,
Although microfluidics offers the potential to create vessel-like microenvironments (organ-on-a-
chip), and the addition of shear stress (fluid flow), TEER measurements still suffer from the same
aforementioned limitations: only bulk values of the monolayer are obtained and manual
measurements are still performed?’-*6-38-37,

Here, we present a microfluidic platform that enables TEER measurements with: 1) high temporal
resolution, as measurements are taken ever thirty seconds automatically, and 2) spatial resolution
by measuring up to four distinct areas within the same monolayer. Our platform consists of a two-
layer polydimethylsiloxane (PDMS) with a porous membrane in the middle. This construction, as
shown on Figure 3-2, mimics a Transwell Assay (TA), by enabling access to the apical and basal
sides of the monolayer via top and bottom chambers. Through microfluidic fabrication, we divide
the basal chamber into specific measurement zones, as shown in Figure 3-2, which enable mz-
TEER. Such an approach enables such novel zone-specific experiments as the spatiotemporal
response of a monolayer to a specific cue (i.e. drug). In this chapter, we will detail the design and
fabrication process of the mz-TEER platform.
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Figure 3-2 mz-TEER platform development process. As with the Transwell Assay (TA), a
key design consideration is the access to the apical and basal side of the monolayer need to
measure TEER. A traditional TA setup uses a well plate with custom inserts that have a porous
membrane that separates the apical a basal chamber. When integrated into a microfluidic
setup, the same access is obtained by leveraging a two-layer PDMS device that house a porous
membrane in-between.
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3.2 Platform Design and Fabrication

This section includes key aspects of the design process and selection, the development of
fabrication protocols, details on the computational model used for validation, and the final device
including the custom hardware and software that complete the platform.

3.2.1 Device Design

Through microfluidic channels, our platform provides access to both the apical and basal side of a
monolayer. TEER measurements can thus be performed. As well, a user can easily expose either
side of the monolayer to specific chemical cues to thus study its spatiotemporal reaction. To create
the monolayer, cells are cultured on top of a 10 um-thick polyester membrane consisting of 2pm-
large pores (Sterlitech Corp., USA).

Apical Inlet

Apical Channel

Basal 1 Basal 2 Basal 3 Basal 4

Cross Sectional View

Figure 3-3 Finalized mz-TEER device. The top view (top) shows the function of each inlet and
outlet. The apical channel is a single straight channel in which the cells are loaded and the
monolayer forms. As shown in the cross-sectional view, the basal channels are orthogonal to the
apical channel, forming four measurement zones where the channels intersect. The top inset
shows a magnified, dimensioned view of a single zone. The bottom inset is a micrograph of an
MCF-7GFP monolayer; dashed line indicates the zone's perimeter.

Although our two-layer design is similar to previously published devices for TEER measurements,
our added zone-specific access through multiple basal fluidic channels is entirely unique and
advantageous, as described above?>?*2%27_ Figure 3-3 shows a completed device with four Imm x
Imm (L x W) zones and a fifth zone (the apical channel itself), which monitors cell media
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conditions. All measurements are performed using a custom electrode interface that was designed
and fabricated to fit with our PDMS device. Below we provide the details of the device design
and fabrication, and the development of the custom hardware and software that enable mz-TEER
measurements.

3.2.2 Microfluidic Device Fabrication

The mz-TEER platform is fabricated using soft-lithography, which involves casting a
polydimethylsiloxane (PDMS) mold from a lithographically defined negative master. In more
detail, two lithographic masks, which define the top and bottom PDMS layers, were designed via
AUTOCAD.

»

Assembly Top Layer Middle Layer Bottom Layer
(PDMS) (Membrane) (PDMS)

Figure 3-4 Exploded view of multi-zone TEER device. The top layer, made from PDMS, houses
the apical channel and the inlets/outlets for all the channels in the device. The middle layer is a 10
um-thick polyester membrane with 2um-diameter pores. The bottom layer, made from PDMS,
houses the four basal channels that provide zone-specific access to measure TEER.

With these masks, a negative master is created on a polished silicon (Si) wafer (Fig. 3-5). SU8
3050 resist (MicroChem, Kayaku Advanced Materials Inc.) is spun onto the Si wafer at 900RPM
for 30 seconds to create a 120um thick resist layer. The resist-coated wafer is baked for 10 minutes
at 65 °C and then UV exposed (272 W, 45 seconds) to one of the masks. Once exposed, the wafer
is subsequently baked at 95 °C for 30 minutes. The wafer is then developed in SU8 developer
(MicroChem, Kayaku Advanced Materials Inc.) for 5 minutes, which removes any unpolymerized
SU8 3050, rinsed with isopropyl alcohol, and dried with nitrogen gas. The wafer undergoes a final
bake (2 hours, 125 °C) in order to release any mechanical stress in the patterned features, thereby
improving their durability during PDMS molding.

The completed wafer is a negative master for PDMS molding via soft lithography. PDMS (Sylgar
184, Dow Corp.) is mixed in 10:1 ratio (base: curing agent), degassed and poured on top of the
wafer. The wafer is then baked at 70 °C for at least two hours to cure the PDMS. After curing, the
PDMS layer is peeled from the negative master and cut to size. Four mm diameter holes are
punched using a punch needle to create inlets and outlets as shown on Figure 3-3. The negative
master is reused for additional PDMS molding by repeating the process detailed above.

Once the top and bottom PDMS layers are completed, the final assembly can be performed. A
porous membrane, described above, is exposed to oxygen plasma (Harrick Plasma, 30 W, 425
mTorr for 1 minute) and then submerged in 5% (3-Aminopropyl)triethoxysilane (APTES) at 80
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°C for 20 minutes. Membranes are then left to dry 2 minutes. While they are drying, the top and
bottom PDMS layers are exposed to oxygen plasma (Harrick Plasma, 30 W, 425mTorr for 1
minute). This creates the necessary -OH groups on the PDMS surface that will bond to X on the
surface of the membrane. The membrane is placed between the two PDMS layers and the layers
are pressed to remove any air bubbles that may be at the interface. The PDMS assembly is heated
to 100C for four hours to ensure irreversible bonding. The devices are thus completed and can be
stored for months before being used for cell culture.

®-@.

Silicon Wafer Negative Photoresist
Layer

4

Crosslinked
Photoresist

Finalized PDMS Layer PDMS Layer Curing

Figure 3-5 Fabrication process for mz-TEER. Photolithography is used to create a negative relief
in negative photoresist on a silicon wafer. This master mold is then used for PDMS soft-
lithography to fabricate the microfluidic devices. Each wafer can be used to make many devices
by repeatedly mixing, pouring, curing, and peeling PDMS.

3.2.3 Computational Model

We developed a computational model using COMSOL Multiphysics to analyze the electrical
impedance of various design prototypes and to validate experimental results obtained from
completed devices. The electrical circuits models of COMSOL do not include the EDL, discussed
in Chapter 2, thus providing a model equivalent to the mz-TEER four-probe setup.

In the model, shown in Figure 3-6, all the channels are filled with cell media with a conductivity
of 1.6 S/m *°, The cell monolayer is modeled as a Sum-thick layer with a conductivity of 1 mS/m,
chosen to reflect those reported in the literature for an endothelial cell monolayer 2*°!. Electrodes
are integrated in the model and have the same radius as the pins used in our electrode interface.
We chose measurement parameters that we use with our platform, i.e. 12 Hz AC current with a 10
mV potential (EVOM2, World Precision Instruments, USA).
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A key motivation for modeling is to inform us as to whether it would be necessary to normalize
all impedance measurements to the changes in cell media conductivity that are a result of cell by-
product accumulation during the 12-hour culture between each media change. We thus included a
simulation in which the cell media conductivity varied 50%, 75%, 100%, 150%, and 200% of the
expected value. In the next chapter, I will discuss the results of these simulations.

\ X
\
y 4
\
Y
X

Top Channel: Apical
access to monolayer

Bottom Channels: Basal access to
monolayer at specific zones

Figure 3-6 Three-dimensional view of the mz-TEER COMSOL model. The AutoCAD design
used to fabricate our devices was imported into COMSOL to produce the model. Channel height
is 150um. Arrows indicate the apical and basal channels, and inset shows a magnified view of
Zone 1 with dimensions of Imm x Imm (W x L).

3.2.4 Electrode Interface

As mentioned previously, an attractive feature of our platform is the ability to perform four-probe
measurements across various zones of an endothelial monolayer within the same device. We
designed and fabricated a custom, reusable electrode interface that, when placed on top of the of
the mz-TEER platform, connects to all necessary electrodes. This interface, shown in Figure 3-7,
consists of a laser-cut acrylic sheet (75 mm x 23 mm, L x W) to which electronic pins (Sparkfun
Electronics, USA) are inserted through cut holes and glued in place. The pins, which are connected
to a custom circuit to be discussed in the next section, match the position of the inlets of the
platform and can measure the monolayer in different zones. Overall, the benefit of having this
reusable electrode interface is that a user is able to connect and disconnect to the platform quickly,
which is important for media changes. The electrode interface can UV sterilized and be re-used
with multiple devices.
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Figure 3-7 The electrode interface that connects to assembled mz-TEER devices. A, Dimensions
of the interface and position of each electrode pair. B and C, Side views with electrodes extending
Smm from the interface. D, The finalized setup in which the interface is connected to a PDMS
device and loaded into the incubator for measurements.

3.2.5 Hardware and Software

The custom electrode interface discussed in the previous section requires its own circuitry and
software to operate. Specifically, it is controlled by an Analog Discovery 2 (AD2, Digilent Inc.),
which produces an excitation signal and cycles through each zone of the platform, recording each
impedance value. The AD2 uses in-house written software, which allows a user to enter the
parameters for the excitation signal, how many cycles to run, and provide information about the
device being measured. This software can be found in Appendix 8.2.

Attached to the AD2 is a custom circuit PCB that contains all of the necessary components to
conduct four-probe measurements and the multiplexers needed to select each zone individually.
This circuit, shown in Figure 3-8, has a single TEER measurement unit that by using two
multiplexers, is connected sequentially to each of the five zones to record resistance values. This
process cycles continuously until the user stops the measurements, resulting in a data log file
containing the resistance data for each of the five zones.

19



Multiplexer

Analog Discovery
2

Instrumentation Trans-lmp,t?dance
Amplifier Amplifier

T ——

! Trans-Impedance
Amplifier

T =
h S ;
Z =
() 3
=1 =
o :
2 4

ANALOG
DISCOVERY

Analog Discovery 2 3 Instrumentation
g Amplifier

e e

Figure 3-8 Electronic schematic and image of hardware that measures resistance in the mz-TEER
platform. Components in the top schematic correspond to those on the custom printed circuit board
in the image below. The Analog Discovery 2 (AD2) controller produces the potential applied
across the monolayer and, using multiplexers, controls which zone is being recorded at any given
time. The instrumentation amplifier (INA) measures the voltage and the trans-impedance amplifier

(TTA) measures the current across a single zone. The zone's resistance is calculated (Equation 1)
and recorded in a log file.
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3.3 Experimental Methods

This section provides details regarding cell culture methods (traditional and in-device), the
preparation of mz-TEER devices for experiments, and data acquisition and analysis.

3.3.1 Cell Culture

Cells are initially grown in flasks, usually, but not limited to, a T25 flask (Thermo Fisher Inc.).
For the experiments I describe in Chapter 4, MCF7-GFP cells were chosen because fluorescent
imaging is possible through the porous membrane. MCF7-GFP cells were cultured with
Dubelcco's Modified Eagle Medium (DMEM) media supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (PS), and were cultured in 37 °C in 5% CO2. Media changes
were performed every 48 hours and flasks were split when confluency reached 80%. Only cells
of less than Passage 15 were used.

To culture cells in the mz-TEER platforms, cells were prepared and loaded, as detailed in the next
section. After loaded into the devices, the cells were maintained at 37 °C in 5% CO2. Because the
volume of our devices is much less than traditional culture plates, media exchanges occurred every
12 hours as shown on Figure 3-9.

After 12hrs of culture ew media loaded

Figure 3-9 Images of mz-TEER devices before and after media changes. The total media volume
in a device is 200 pL, and media was replaced every 12 hours to maintain cell viability. After 12
hours of culture, cell growth in the apical channel is confirmed by a stronger color change in the
media in this channel. Media change frequency must to be optimized for different cell lines to
ensure proper growth.
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3.3.2 Device Sterilization and Cell loading

To sterilize devices, assembled mz-TEER devices are treated with oxygen plasma (Harrick
Plasma, 30 W, 425 mTorr for 1 minute). This both sterilizes the device and makes the PDMS
hydrophilic for easier loading of liquid. After plasma exposure, the devices are filled with sterile
Phosphate-buffered saline (PBS) and exposed to UV light for 30 minutes inside a sterile bio-safety
cabinet. After sterilization, the PBS is exchanged with cell media and the devices are placed in an
incubator for at least an hour before cells are loaded (Fig. 3-10).

Assembled Device Plasma Exposure PBS and UV Light Media and Store

Store for at least 24hrs Expose device to Fill device with sterile Change the PBS in the

to ensure good oxygen plasma to PBS and expose to UV device for fresh cell

bonding. sterilize and make light for at least 30 media and store in the
inner surfaces minutes. incubator until ready
hydrophilic. for use.

Figure 3-10 Schematic detailing the sterilization protocol. From left to right: the device is first
assembled and stored for at least 24 hours to ensure proper bonding between the three layers.
Subsequently, the device is exposed to oxygen plasma to sterilize and make surfaces hydrophilic.
The device is then filled with PBS and exposed to UV-C light for 30 minutes, after which the PBS
is exchanged for fresh cell media, and the device is stored in the incubator to equilibrate for at least
24 hours before cells are loaded.

During the time in which the devices are in the incubator, cell suspensions are prepared. Cells are
released from their cell culture plate using trypsin. For a 25 cm? culture flask, 2 mL of 0.25%
trypsin/EDTA is used for 5 minutes, and then neutralized with 4 mL of fresh media (2:1, media:
trypsin). The suspension is centrifuged at 0.5 RCF and resuspended at a concentration of 500,000
cell/mL, which is sufficient to establish a monolayer in approximately 7 days. This timeframe is
similar to that of Transwell Assays. Optimization (including seeding density and frequency of
media changes) is needed to establish a monolayer in 7 days for other cell lines of interest. To load
a device with cells, all of the cell media is removed from the top channel (apical), and 50 pL of
the cell suspension is subsequently loaded. After allowing 5 minutes for the cells to settle, the
inlet and outlet are filled with fresh cell media. This same procedure is used for media changes,
where all of the media in the top channel is removed and replaced with fresh media.
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Figure 3-11 Schematic of the cell loading procedure. From left to right: the assembled and
sterilized device is retrieved from the incubator and the media from the apical channel is removed
using a pipette. The prepared cell suspension is then loaded into the apical channel, and cells settle
and attach to the membrane during the 12 hours before the first media change.

3.3.3 Data Acquisition and Analysis

When cells are loaded into the device, the electrode interface discussed in section 3.2.4 is placed
on top and the device is placed in the incubator. All of the data acquisition is controlled from a
computer connected to the AD2. The user selects a file name, the duration of the measurement,
and starts the software, which controls the AD2. TEER values for each of the zone is measured
and stored in a log file.

Once measurements are completed, the data is analyzed using MATLAB or Excel. TEER values
are normalized against that measured for zone 5. As discussed earlier, this normalization is key
since it removes any changes in resistance caused by the variation in cell media properties. As will
be discussed in the next chapter, this normalization also becomes important when chemical cues
are introduced to disturb the monolayer and their effect on cell media conductivity needs to be
accounted.

3.4 Discussion

In this chapter, I discussed the platform development process and the key design features met to
create the mz-TEER platform. While we have included four zones of 1mm?, using the same
techniques we can easily reduce the area of each individual zone to accommodate for more zones
and therefore achieve higher spatial resolution. In the next chapter, I discuss the platform
validation, and experimental and computational simulation results.
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4 RESULTS AND VALIDATION FOR MICROFLUIDIC-BASED
MULTI-ZONE TRANS-ENDOTHELIAL ELECTRICAL
RESISTANCE

Chapter Overview

In this chapter, I will discuss key results regarding cell loading and monolayer formation in the
mz-TEER platform, zone-specific measurements, and how computational modeling aided
platform validation and design guidance. Together these results demonstrate mz-TEER’s
capabilities, and the biological questions this platform can help to answer. Furthermore, I will
discuss possible measurement sensitivity improvements, monolayer formation time optimization,
and future work directions that would be interesting to explore.

4.1 Results

Here, I discuss important results regarding cell culture in the devices, results of the COMSOL
simulations, the development of a normalization protocol, and mz-TEER results with MCF7-GFP
monolayers.

4.1.1 Cell culture and Monolayer Formation

As shown in Figure 4-1, the formation of a confluent MCF-7-GFP monolayer was achieved in 168
hours (7 days). To test for monolayer stability, samples were kept in culture for seven more days
and our fluorescent imaging confirms complete confluency even after fourteen total days. This is
comparable with TA setups which take 1-2 weeks before a monolayer reaches complete
confluency and is ready for TEER measurements'®>2. The validation protocol we developed
should be performed with any cell line that is going to be used, and if cell lines are not fluorescent,
we recommend that cell tracer dye be used every 24-36 hours to monitor monolayer growth and
formation.
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324 hours

Figure 4-1 Micrographs of an MCF-7GFP monolayer in the mz-TEER platform. Media
changes were conducted every 12 hours and fluorescent images taken every 24 hours,
beginning 12 hours after seeding cells. White dashed lines outline the zone perimeter (L =1
mm and W =1 mm).
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4.1.2 COMSOL Simulations

To validate our measurements of each specific zone, we employed the COMSOL model discussed
in the previous chapter. Shown below are the results obtained from these simulations in which the
measurement of each zone is simulated with an applied potential of 10 mV. The streamlines for
the electric potential are plotted in red and show the path of the current along the device for each
of the measurement zones. These data validate the mz-TEER design by demonstrating that during
each zone-specific measurement, the current only crosses the monolayer—from top apical channel
toward the bottom basal channel—through the intended zone of interest as shown on Figure 4-2.
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Figure 4-2 COMSOL mz-TEER simulation results. The electric potential distributions, shown in
red, confirm zone specific measurements by passing only through the measurement zone of interest.
Top view inset shows a magnified view of the distribution when measuring zone 1, and the side
view inset illustrates how the potential crosses through the zone.

Results from these simulations are graphed in Figure 4-3. Figure 4-3 A shows that indeed changes
in media conductivity will affect our zone-specific measurement, and that these changes are also
observed in zone 5 (the cell media monitoring zone), which we can use to normalize. Panel B
shows how the resistance of zone 2 when normalized against the resistance of zone 5, resulting in
the elimination of measurement changes as a result of media conductivity changes discussed in the
previous Chapter. In Panel C, we normalize the data for all zones with respect to zone 5 to
determine the expected normalized resistance value for each of the zones. As expected, and shown
in Figure 4-3, the baseline resistance increases from zone 1 to 4 since microfluidic channel between
the electrodes is longer (see Figure 4-2). Panel D shows that the normalized resistance of each
zone is 14% higher when a cell monolayer is included in the simulation.
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Figure 4-3 Data normalization testing using COMSOL simulations. A, Shows the resistance
values for zone 2 and 5 as a function of media conductivity (100% represents the nominal value
for media conductivity, 1.6 S/cm). B, Confirms that normalizing to zone 5 removes the effects of
media conductivity, thus allowing the platform to detect only changes in the monolayer (simulated
normalized resistance for zone 2). C, Normalized resistance for all zones. D, Expected normalized
resistance values with and without cells based on our simulations.
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4.1.3 Hardware Validation with Calibrated Resistors

Prior to mz-TEER measurement, we first validated the hardware setup and software. We used
various resistors with known values and measured the circuit when connected to each of the zones.
Resistors, ranging from 990 Q -98.5 kQ), were employed in order to test the dynamic range of the
platform. A maximum resistance measured in our devices, however, was 45 kQ. Based on this
data (Fig. 4-4), the maximum error we see is 1.1%, which is within the minimum expected change
in resistance of 14% when cells are loaded based the results discussed in the previous section.
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Figure 4-4 Characterization of the AD2 and custom electronics. A, A 990 Q resistor was measured
using electrode pairs for each zone for validation. The highest error measured was in zone 5, a
1.1% difference from the nominal resistance. B, The experiment was repeated with a 98.5 kQ
resistor, with zone 5 having a 0.3% difference. n=10 for all measurements, and error bars indicate
one standard deviation.
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4.1.4 Measurement Time Optimization

To ensure the highest sensitivity in our measurements, we investigated whether the “cycle” time,
the time it takes to perform a measurement in each zone, limits the temporal resolution of our
platform. To determine the minimum cycle time that can be achieved, a range of measurement
times were tested and their corresponding coefficient of variation (CV) was compared. A device
with no monolayer was setup inside an incubator and measured. Fifty measurements taken of each
zone using cycle times of 1, 2, and 4 seconds, after which the CV was calculated for each data set.
As shown in the Figure 4-5, our results show that there were no differences between cycle times
of 1 and 2 seconds but a significant increase in the CV for the 4 second cycle time. Based on these
tests, we choose a cycle times of 1 second, which was also the lowest, and correspondingly, the
highest temporal resolution that is achievable with our current setup. It is important to note that
with cycle time of 1 second, when we include the measurement of each zone sequentially and the
operation of the multiplexers, zones are measured every 15 seconds.
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Figure 4-5 Comparing the effects measurement time on the measured resistance at each zone. A
device filled with cell media and kept at room temperature, was measured 50 times (50 data points
per zone) and the CV calculated for each zone. The measurement time was changed in the software
(1, 2, 4 seconds).
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4.1.5 Normalization and Stability of mz-TEER Measurements

Since changes in TEER should correspond to changes in endothelium properties, we wanted to
ensure that our platform is stable and robust. Computational models, as discussed, showed that we
should normalize our TEER measurements in each zone by zone 5, which again measures the
conductivity changes of the cell media. To test this normalization on our platform, we exposed a
control device (no cells) from 22 “C(room temperature) to 37 °C(incubator) for 5 minutes and
again to 22 °C, and recorded mz-TEER. As shown in Figure 4-6, media conductivity changes are
indeed captured by our measurements.
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Figure 4-6 Resistance normalization validated by varying temperature to change cell media
conductivity. Resistance was measured for 30 minutes with devices filled with cell media. Devices
were placed in an incubator for 5 minutes (pink region) then removed and maintained at room
temperature (blue region). The change in media conductivity is apparent in all of the zones.
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Using the data in Figure 4-6, each zone is normalized against zone 5, and Figure 4-7 shows the
differences in CV between normalized and raw data. Overall, these data show that not only is
normalization is a good approach to remove any variability due to the cell media, but also our
measurement platform is indeed stable and robust.
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Figure 4-7 Coefficient of variation of raw versus normalized mz-TEER measurements.
Normalization reduced the CV for all zones, with zones 1 through 4 decreasing by 54%, 55%, 47%,
and 55%, respectively. To calculate CV, the standard deviation was divided by the mean. For all
zones, n=120.
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4.1.6 Baseline Resistance for mz-TEER Devices

In this section, we evaluate the baseline resistance of our devices, and test if electrode interface
placement has any effect on our measurements. Figure 4-8A shows the normalized resistance of
control (no cell) devices against the COMSOL showing no statistical significance.

Another importance regarding baseline values, because we are connecting and disconnecting the
electrode interface for media changes, we were concerned whether this introduces variability to
our measurements. To investigate this, we set a control (no cells) device inside the incubator,
performed a mz-TEER measurement, took the device out to replace with fresh media, placed the
device back in the incubator, and measured mz-TEER. We repeated this a total of seven times.
The variation introduced is quantified in Panel B, where we show that the maximum coefficient of
variation is 7% (zone 1) which is within our 14% limit as described in Section 4.1.3.
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Figure 4-8 Baseline NR values for mz-TEER devices. A, Comparison of the baseline NR for
devices (n=60) with COMSOL results, with no significant difference (Student’s t-test). B,
Maximum CV was 7% (Zone 1) after seven media changes. Devices were placed in the incubator
and mz-TEER was measured. Devices were then retrieved, the media replaced, and the process
repeated a total of 7 times.
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4.1.7 mz-TEER Measurements During Long Term Cell Culture

To validate our platform's capability of long-term cell culture and continuous mz-TEER
measurements, we measured and compared unloaded (control) and loaded (monolayer) devices.
The conditions of both these devices were the same, and all of the media changes were performed
every 12 hours. mz-TEER measurements were taken 30 minutes after each media change to ensure
that the media temperature and CO2 concentration reached steady state once the devices were
placed back into the incubator.

Shown below are the results of the unloaded devices. In general, all of the zones follow their
expected normalized resistance (NR) value and remain stable during the 288 hours (12 days) of
experimentation. Deviations in NR at hour 216 (zone 1) and hour 240 (all zones) and hour 216
(zone 1) are a result of air bubbles introduced into the channels during media exchange. Since
PDMS is gas permeable, the air bubbles eventually escape, as shown by the next data point (e.g.
hour 252). To test that our signal is stable, we compared the first five datapoints against the last
five via a Student-t test. Shown on Figure 4-9B, we determined that there was no statistical
significance between the two, thus suggesting that our baseline measurements without cells are
stable.
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Figure 4-9 Long-term mz-TEER measurements on control devices (no cells). Devices were
cultured for a total of 14 days and media changes performed every 12 hours. Scatter plots show
NR values for zones 1 through 4 (n=10 for each data point; error bars represent one standard
deviation). The bar graph compares the initial and final five measurements of each zone (n=5 for
each bar; error bars represent one standard deviation). Differences between initial and final values
for each zone were not statistically significant (Student’s t-test).
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Figure 4-10 shows the data we obtained for a device in which cells were loaded at time t = Ohrs.
As seen on the graphs, we do not observe the expected rise of normalized resistance due to the
monolayer barrier function. Performing a statistical comparison between the first five values we
measured and the final five, we find that there is no difference between the values. It is possible
that the rise in normalized resistance (NR) that we would have expected to measure was masked
by variability introduced with an electrode-interface alignment issue or the accumulation of cell
by-products in the porous PDMS.

Another possible reason for this lack of resolution could be because measurements where
performed every 12 hours. In the following sections, we will discuss results which showed that we
were able to measure barrier function successfully. These results suggest that measurement
frequency is important.
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Figure 4-10 Long-term mz-TEER measurements on devices with a MCF7-GFP monolayer.
Devices were cultured for a total of 14 days with media changes every 12 hours. Scatter plots show
NR values for zones 1 through 4 (n=10 for each data point; error bars represent one standard
deviation). The bar graph compares the initial and final five values of each zone (n=5 for each bar;
error bars represent one standard deviation). Differences between initial and final values for each
zone were not statistically significant (Student’s t-test).
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4.1.8 Determining mz-TEER Dynamic Range by Perturbing the Monolayer

In this section, we present our findings on real-time monolayer perturbation. With this experiment,
we determined the dynamic range of mzTEER in the presence of an endothelial monolayer. We
used trypsin to disassemble the monolayer and subsequently removed all the cells from the device.
Using the devices from the previous section, after 14 days of culture, we measured a loaded
(monolayer) and an unloaded (control) device. Media in each device was replaced with 0.25%
trypsin/EDTA, and the device placed inside the incubator with measurements taken for 30 minutes.
Shown in Figure 4-11 are the results: red data points represent control (no cells), and black
represent loaded devices.
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Figure 4-11 Dynamic range of mz-TEER using 0.25% trypsin/EDTA to dissociate MCF-7GFP
monolayer. Both devices were cultured for a total of 14 days with media changes every 12 hours.
After 14 days, the media was replaced with trypsin solution and mz-TEER measurements taken
every 15 seconds inside an incubator. The NR for control devices is indicated in red, and the NR
for loaded devices is indicated in black.

For all the zones shown in Figure 4-11 the decrease in NR due to trypsin-induced cell dissociation
is observed within the first ten minutes. The effect of trypsin on the monolayer in each zone is
confirmed with fluorescent imaging (Fig. 4-12). After the first ten minutes, when all the cells have
been dissociated, the NR value stabilized and remained constant, like the control devices (shown
in red).
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Figure 4-12 Comparing mz-TEER measurements on control and loaded devices after trypsin
exposure. A, Bar graph comparing the NR values 1 minute and 30 minutes after treatment with
0.25% trypsin for an mz-TEER device with an MCF7-GFP monolayer. B, Bar graph comparing the
NR values 1 minute and 30 minutes after treatment with 0.25% trypsin for a control device. C,
Micrographs of an MCF-7GFP monolayer (zones 1-4) before and after 30-minute trypsin exposure.
For all zones and conditions, n=5; error bars represent one standard deviation. * denotes p < 0.05
(Student’s t-test).
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4.1.9 Viability Testing of Long-term Continuous mz-TEER Measurements

To determine whether the platform and cells are capable of long-term continuous mz-TEER
measurement, we ran a 14.5-hour long experiment, starting when the cells are loaded followed by
TEER measurements every 15 seconds. The data, shown below in Figure 4-13 suggests that the
platform is capable of long-term measurements. Zones 3 and 4 show relatively constant TEER
values, which we hypothesize is due to the higher impedance baseline masking any small changes.
For Zones 1 and 2, the NR has a sharp decrease after the first media change (indicated by the
dashed lines) suggesting the introduction of an air bubble, as discussed on section 4.1.7.
Altogether, this preliminary data suggests that long-term continuous mz-TEER measurements are
possible. Further experiments are needed with mz-TEER devices that contain a confluent
monolayer to evaluate the sensitivity of this approach to detect differences between zones.
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Figure 4-13 Long term continuous mz-TEER measurements. MCF-7GFP cells were loaded at t =
0 min, and the device was placed in the incubator. mz-TEER measurements were taken every 15
seconds for a total of 14.5 hours. Dashed lines indicate media changes, and the solid black line
represents a moving average of 30 measurements (7.5 minutes).
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4.2 Discussion and Future Work

mz-TEER is a novel platform that offers spatiotemporal resolution of TEER measurements. Using
lithographic techniques to create a two-layer PDMS device with a porous membrane in the middle,
we could integrate multiple measurements zones within a sample, something of which was not
possible previously. Our new platform required the development of custom electronics that
enabled four-probe impedance measurements in the 5 zones. Improvements to the platform
include: performing frequency sweeps on each of the zones, which would yield more information
about the monolayer, and creating an electrode-interface that enables cell media changes without
having to disconnect the interface from the device. The latter would greatly improve the reliability
of our measurements, as discussed in section 4.1.6.

A key aspect of the mz-TEER platform is the ability to culture cells until monolayer formation,
which takes approximately 14 days. The capability of long-term culture in our device is
characteristic of a well-designed device that considers the needs of cells, not only to survive but to
form a healthy monolayer. The experiments presented here attest to our platform’s capability to
grow monolayers and to probe them in various ways. A key aspect of our design that was not
tested, and should be a focus of future work, is zone-specific perturbations. As discussed on 4.1.2,
the platform provides zone-specific basal access, which can be used to introduce certain cues to
specific zones and study the spatiotemporal reaction of the monolayer. Does the perturbation
remain in a single zone? Is the messaged relayed along the monolayer? These are questions this
platform can uniquely answer. Another application that should be explored is to test whether the
current spatiotemporal resolution is sufficient to study cancer cells undergoing trans-endothelial
migration (TEM) across the monolayer. This would be a novel non-invasive approach to capture
such phenomena. Refinement to the platform include reducing the area of each zone measure,
which would reduce the cell-cell junctions being monitored at once.

In general, mzTEER represents the next-generation TEER measurements and will enable scientists

to better test and understand monolayer behavior, and in turn, improve our understanding of the
endothelium.
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5 MULTI-ZONE IMPEDANCE MEASUREMENTS FOR VISCO-
NODE-PORE SENSING

Chapter Overview

In this chapter, I will discuss my work toward single-cell viscoelastic measurements. This proof-
of-concept platform, which I refer to as multi-zone viscoNPS (mz-viscoNPS), employs a multi-
zone impedance measurement to enable interrogating a single cell at multiple frequencies. This
improvement would provide much more detailed mechanical properties for each cell, thus
improving stratification of cells from different populations or subpopulations. I will delve into the
details of developing this proof-of-concept platform, the preliminary testing of this platform, and
discuss why a multi-zone approach is a viable solution.

5.1 Introduction

Understanding cellular mechanical properties, especially at the single-cell level, can elucidate
various biological mechanisms and functions '%?**. Cellular mechanical properties arise from
intracellular components such as the cytoskeleton and nucleus®>*-¢. Differences in these
properties have been linked to various biological processes such as metastasis and cell
division!®*37-38  Traditionally, cellular mechanical properties are measured with atomic force
microscopy (AFM) or micropipette aspiration®*%2. Although they represent the gold standard in
the field, these techniques require a complex experimental setup and can only process a few cells
per hour! %4463,

To overcome these drawbacks, the Sohn Lab developed visco-Node Pore Sensing (viscoNPS), a
microfluidic platform that measures the viscoelastic properties of cells. As outlined in Chapter 2,
the visco-NPS platform consists of a microfluidic channel segmented by nodes. One segment, the
contraction channel, is narrower than the diameter of the measured cells and is sinusoidal in shape.
Consequently, a cell that transits this segment is periodically squeezed. A current pulse is measured
using a four-probe measurement. This pulse is sinusoidal, reflecting the periodic deformation of
the cell. Information on the cell’s elasticity (G’) and viscosity (G”) can be extracted from the
current pulse (Fig. 5-1)%. In this chapter, we examine a proof-of-concept design that integrates a
multi-zone approach to measure the resistance of multiple contraction channels in series. This will
directly result in multi-frequency single cell viscoelastic measurements.

To achieve this, we employ techniques and knowledge gained from developing mz-TEER
(Chapters 3 and 4) to modify the current viscoNPS platform design to enable multi-zone
measurements. The following sections describe the microfluidic design, development of hardware
and software, and preliminary results of devices with two, or four zones. These results serve as a
blueprint for future work, and we detail key next steps to improve the platform's capabilities.
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Figure 5-1 Schematic comparing viscoNPS and the proposed multi-zone viscoNPS. Left: multi-
zone viscoNPS uses two extra pairs of electrodes to monitor the resistance in the second and third
contraction channel. Right: expected resistance pulses from corresponding schematics on the left.
For a single cell passing through the channel, the proposed multi-zone approach would produce
three pulses corresponding to the measurement at each of the three contraction channels (each with
a distinct frequency).
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5.2 Platform Design and Fabrication

This section includes details about the design process, design considerations for multi-zone
measurement, the platform fabrication, and the hardware and software developed.

5.2.1 Microfluidic Design and Fabrication

Our platform consists of two parts: the PDMS channel, which includes the sinusoidal contraction
channels, and the glass substrate with patterned electrodes, which provide an electrical interface
for each zone. The AUTOCAD design of a four-zone device is shown in Figure 5-2, where the
PDMS mold and electrodes are represented in red and yellow accordingly. For the device designed
to measure MCF-10A cells, the contraction channel geometry follows the sinusoidal equation
presented in Figure 5-2 %°.

An example of an assembled device is presented in Figure 5-3.

7

Inlet . Outlet
(d=1.5mm) , , ) , | ' _ . . (d=1.5mm)

Figure 5-2 AUTOCAD design for a multi-zone viscoNPS device. Inset shows close-up view of
the first contraction channel (white dash line). The contraction channel is sinusoidal in shape,
containing four periods and a peak-to-peak amplitude of 3 um. Yellow lines indicate the position
of each electrode within the microfluidic channel.
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Figure 5-3 Assembled multi-zone viscoNPS device. The PDMS contains the microfluidic
channels, while the electrodes are pattered on the glass substrate. These two pieces are irreversibly
bonded using oxygen plasma. A cell suspension is loaded into PTFE tubing, which is inserted in
the inlet of the microfluidic channel and connected to a microfluidic pump to provide constant
pressure-driven flow.

We employed the same lithographic fabrication methods that we used for mz-TEER (described in
Section 3.2.2). We created a negative master of the microfluidic channels by first spinning SU8
3025 (MicroChem, Kayaku Advance Materials Inc.) onto a polished silicon wafer at 4000RPM
for 30 seconds to achieve a 22 pm thick resist layer. The wafer is baked on a hotplate at 95 °C for
10 minutes, and then exposed UV light (272 W, 36 sec) through a photomask. The exposed wafer
is subsequently baked on a hot plate at 95 °C for 5 minutes and then developed in SU8 developer
for 5 minutes. The developed wafer is then cleaned with isopropyl alcohol, dried with nitrogen,
and baked for 2 hours at 125 °C to prevent cracking of the patterned SUS.

PDMS (SYLGARD 184, Dow Corning Corp.) is mixed at a 10:1 ratio (base: curing agent), poured
on top of the wafer with the patterned negative master, and cured at 70 °C for two hours. After
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curing, the PDMS layer is peeled from the wafer and cut to size. 1.5 mm diameter holes are
punched to create inlets and outlets as shown in Figure 5-3.

To pattern electrodes on glass (Fig. 5-4), positive photoresist S1813 (Microchem, Kayaku Advance
Materials Inc.) is spun onto a clean glass slide (VWR, USA) at 3000 rpm for 30 seconds to achieve
a 1.5 um thick resist layer. The coated glass slide is baked on a hot plate at 100 °C for 1 minute,
and then exposed to UV light through a photomask as detailed above for 27 seconds. The slide is
then developed by submerging it in MF321 (Microchem, Kayaku Advance Materials Inc.) for 15
seconds, after which deionized (DI) water is used to rinse any residual developer and the slide is
dried with nitrogen gas. Electron beam evaporation is used to deposit a 100/250/250 A layer of
Titanium (Ti)/Platinum (Pt)/Gold (Au). Lift-off is performed using acetone to remove excess resist
and metal, leaving patterned electrodes on the slide.
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Figure 5-4 Schematic of electrode fabrication protocol using electron beam evaporation. Standard
photolithography is used to pattern a positive photoresist on a glass slide. Electron beam
evaporation is used to deposit Ti/Pt/Au on the patterned surface of the glass slide. Acetone is
employed to lift off polymerized PR, removing with it the excess metal.

To complete the visco-NPS device, the PDMS mold and glass substrate with patterned electrodes
are exposed to oxygen plasma (Harrick Plasma, 30 W, 425 mTorr for 1 minute). After exposure,
50 uL of a 2:1 methanol:DI water solution is deposited on top of the glass substate to enable the
alignment of the PDMS mold with the patterned electrodes. The devices are baked on a hotplate
at 100 °C for 1 hour to evaporate the methanol solution and create a permanent bond. An assembled
device is presented in Figure 5-3.
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5.2.2 Hardware and Software

As discussed in the Introduction, the hardware developed for this platform was modified from the
mz-TEER hardware detailed in Chapter 3. The addition of 5 instrumentation amplifiers (INA)
enables the circuit to measure from 1 to 6 contraction channels simultaneously. In this platform,
the hardware is connected to a USB DAQ (USB-2500, Measurement Computing Corporation)
enabling 10 kHz sampling rate and real-time data plotting using a custom MATLAB script
(Appendix 8.3).

To accommodate the increase in contact pads due to added electrodes for monitoring each
contraction channel, a new pin array was built. This pin array (Figure 5-5B) connects to devices
with 1 to 6 total measurement zones (contraction channels). Only a pair of current carrying
electrodes (I+ and I-) are used, and the voltage difference is calculated in each of the zones, as
described by the table in Figure 5-5. Since the zones are positioned as resistors in series and the
applied current along the channel is set by the user, by measuring the voltage drop at each zone,
the MATLAB code uses Ohm's Law (Rzone = Vzone/ltotar) to calculate the resistance in each zone.

L Instrumentation Amplifier

(Zone 1-6)

Trans-impedance / " I+ V+ V1 V2 V3 v4 V5 V- |-

Amplifier Y | (V+)-(V1)| ZONE1
(V1)-(v2) | ZONE2
(V2)-(v3) | ZONE3
(v3)-(v4) | ZONE4
(v4)-(v5) | ZONES5
(V5) - (V-) ZONE6

Figure 5-5 Custom circuit used to measure individual zones in mz-viscoNPS device. A, Custom
circuit containing one trans-impedance amplifier (TIA) that measures the current (Iiotal) through
the device and six instrumentation amplifiers (INAs), each of which measures the voltage drop
(Vzone) across each contraction channel (a maximum of 6). B, Spring-loaded pin array that
connects to the electrodes on the glass substrate. The table indicates which voltage
measurements are used to calculate the voltage drop (Vzone) across each contraction channel
(zones 1-6).
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5.3 Experimental Methods

In this section, I will discuss the data acquisition process and setup, and the cell suspension
preparation used for experiments.

5.3.1 Data acquisition

A MATLAB script (Appendix 8.3) controls the USB-DAQ (USB-2500, Measurement Computing
Corporation, USA), which is used to apply a 5 V DC potential across the microfluidic channel.
The USB-DAQ also records, at a sample rate of 10 kHz, the voltage drop across each contraction
channel. To reduce electronic noise, the USB-DAQ is powered by the battery of a laptop computer,
and custom hardware, described in Section 5.2.2, is powered by 9V batteries. This assembly is
placed inside a shielded metal box to further reduce electronic noise.

5.3.2 Cell Culture and Preparation

MFC-10A (ATCC CRL-10317) cells were cultured using the Brugge Protocol media recipe. Cells
were cultured with DMEM/F12, 5% horse serum, 20ng/mL epidermal growth factor, 0.5mg/mL
hydrocortisone, 100ng/mL cholera toxin, 10ug/mL insulin, 1% penicillin-streptomycin and kept
in an incubator at 37 °C and 5% CO2. Media was changed every 48 hours until cell cultures were
80% confluent. Cells less than Passage 15 were used.

To passage, MCF10-A cells where incubated in 0.25% trypsin/EDTA at 37 °C until cells lifted
from the culture plate. Growth media was subsequently added (2:1, growth media: trypsin) to
neutralize the trypsin, and the cell suspension was centrifuged at 0.5 RCF for 5 minutes then re-
suspended at a concentration of 500,000 cells/mL in PBS. This suspension was loaded into a length
of PTFE tubing (1.5 mm outer diameter, 0.5 mm inner diameter, Tygon Inc.), which was
subsequently connected to the microfluidic device. The tubing was connected to a microfluidic
pump (MFCS-EZ, Fluigent Corp.) to drive the cells through the device at a constant pressure.
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5.4 Results

In this section, I will present the results of our proof-of-concept platform, mz-viscoNPS, tested
with two and four contraction channels. These results confirm the viability of a multi-zone
approach and indicate key areas of improvements for the next design iteration.

5.4.1 mz-viscoNPS Viability Testing

We first designed a two-zone microfluidic channel to test the capability of the hardware to make
simultaneous measurements. This design includes two zones of equal length (2 mm), the first with
four periods and the second with eight periods (Figure 5-6A). Panel B shows the resistance pulse
as an MCF-10A cell crosses the first and second contraction channel. To characterize the effect of
periodic length on the resistance pulse, we quantified the peak height of each period and calculated
the coefficient of variation. Ideally, the sinusoidal response curve should have constant peak
height, indicating that the cell deforms in the same way as it moves through each period of the
sinusoidal channel. Periodic length (Lp) is defined as:

L _ Nperiods
period — |

()
. . channel .
where Nperiods corresponds to the number of periods in a contraction channel of length Lchannel. The

coefficient of variation of peak height for each zone is plotted in Panel C; Zone 1 (L, = 500 um)
has five times less variation in peak height than Zone 2 (L, = 250 pm).
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Figure 5-6 Schematic and representative resistance traces for a two-zone mz-viscoNPS
measurement as an MCF-10A cell flows through the channel. A, Schematic of sinusoidal contraction
channels with length of 2 mm and either four or eight periods. B, Resistance pulse from each channel
when an MCF-10A cell passes through (driven at 1 psi), resulting in a measurement frequency of 80
Hz (contraction channel 1) and 160 Hz (contraction channel 2). C, Coefficient of variation of peak
height in the response signal indicates greater peak height variability in Zone 2 than Zone 1.
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Following the success of our two-zone device, we tested a four-zone device. As in the two-zone
device, the length of each of the four contraction channels was 2 mm, with zones 1-4 containing
4, 8, 12, and 16 periods, respectively (Figure 5-7A). Our hardware and software successfully
measured four contraction channels simultaneously (Figure 5-7B). The large differences in CV of
peak height between contraction channels (Figure 5-7C) highlights the importance of periodic
length in our measurements. Together, these data confirm the ability of our proof-of-concept
platform to measure up to four contraction channels simultaneously and suggest that the minimum
periodic length should be 500 pm. Our hardware is currently limited to six zones by the pin-array
(Figure 5-5B). We anticipate that our hardware and software are capable of simultaneously
measuring more than six contraction channels by increasing the number of parallel measurement
circuits and by using longer, commercially available, pin arrays; further investigation is required
to determine the maximum number of simultaneous measurements possible with this platform.
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Figure 5-7 Schematic and resistance data for a four-zone mz-viscoNPS device. A, Schematic of
sinusoidal contraction channels. The first contraction channel has 4 periods, the second has 8, the
third has 12, and the fourth has 16, all with a length of 2 mm. B, Representative resistance pulse
from each channel when an MCF-10A cell passes through (driven at 1 psi), resulting in a
measurement frequency of 3 Hz (contraction channel 1), 4 Hz (contraction channel 2), 10 Hz
(contraction channel 3), and 20 Hz (contraction channel 4). C, Coefficient of variation of peak
height in the response signal indicates greater peak height variability in Zones 2, 3, and 4 than
Zone 1.
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5.5 Discussion

This proof-of-concept mz-viscoNPS platform has yielded key results that will inform the next
design iteration. Most importantly, we have demonstrated the ability to simultaneously measure
resistance in up to four contraction channels within the same microfluidic channel. The success of
this viability test establishes the multi-zone measurement approach as the foundation for the next
generation of mz-viscoNPS capable of measuring the viscoelastic properties of single cells at
multiple user-defined frequencies. Multi-zone measurements will provide the resolution necessary
to investigate the effect on cell viscosity of repeated deformation, were cells are deformed in
consecutive contraction channels with matched frequencies. Multi-zone measurements will further
allow investigating the impacts of high- and low-frequency deformation on cell structure by
deforming cells at different frequencies in rapid succession and independently measuring cell
response at each frequency. Regardless of future applications of multi-zone measurements, the
data presented in this chapter demonstrates the successful development of hardware and software
to measure multiple contraction zones, thus providing a strong foundation for the development of
the next-generation multi-zone viscoNPS.
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6 CONCLUSIONS AND FUTURE RESEARCH

Chapter Overview

In this chapter, I will summarize the results of the dissertation research and provide conclusions
and recommendations for future research using the mz-TEER and mz-viscoNPS platforms based
on major fabrication, validation and viability milestones.

6.1 Summary and Findings

In this dissertation, I have presented the integration of a multi-zone approach for electrical
resistance measurements to characterize monolayer barrier function and single-cell viscoelastic
measurements. The multi-zone TEER measurements device, mz-TEER, is a novel tool that enables
investigation of the heterogeneity of cellular monolayers. Furthermore, it permits scientists to
expose specific areas of the cell monolayer to chemical cues, and by measuring the effects of these
cues on distant zones, it will improve our understanding of how cells communicate along a
monolayer (both spatially and temporally). Using the knowledge gained from developing mz-
TEER, I also developed new hardware and software that enable multi-zone viscoNPS
measurements, allowing viscoelastic measurement of single-cells using 1-4 distinct user-defined
frequencies.

In Chapter 4, I described the development of mz-TEER, a microfluidic platform that enables multi-
zone trans-endothelial electrical resistance (TEER) measurements. First, I detailed how we
designed a two-layer PDMS device combined with a porous membrane that recapitulates the apical
and basal chamber of a traditional Transwell Assay, thus enabling TEER measurements.
Furthermore, by creating four distinct basal chambers, this first-of-its-kind device permited
multiple TEER measurements along the same monolayer, an improvement from traditional bulk
measurements. Along with the PDMS device, a custom electrode interface, circuit, and software
was developed to accommodate this multi-zone capability. Using this setup, we demonstrated a
maximum error of 1.1%, with a measurement every 15 seconds (within each zone). Additionally,
our platform was capable of monolayer culture for up to 14 days using MCF-7GFP cells,
corroborating the sterilization and cell culture protocols developed. Furthermore, I showed that
our platform measured TEER autonomously while the samples were kept inside an incubator, in
contrast with TA, where the plates must be taken out of the incubator to perform TEER
measurements. At the end of Chapter 4, I demonstrated that mz-TEER is capable of detecting the
dissociation (0.25% trypsin exposure) of an MCF-7GFP monolayer, showing a decrease in
normalized resistance value over the first 10 minutes, after which it stabilized to baseline.
Altogether, my results show that mz-TEER was capable of measuring four distinct zones within a
monolayer, and could detect monolayer dissociation.

In Chapter 5, I introduced a proof-of-concept platform in which I aimed to integrate a multi-zone
approach to a platform developed in the Sohn Lab, viscoNPS, that measures single cell viscoelastic
properties. viscoNPS works by flowing single cells through a sinusoidal contraction channel,
inducing periodic deformation which allows for the extraction storage (G", elasticity) and loss (G,
viscosity) modulus. I used knowledge from developing the mz-TEER platform to integrate up to
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four contraction channels, each with a different user-defined frequency. I used MCF10-A cells to
test devices with two or four zones, successfully detecting cells traversing each of the contraction
channels. Furthermore, quantification of peak height in the response signal suggested further
investigation about the geometric design of the channels is needed to ensure cells deform
reproducibly while traversing the contraction channels. Together, these results serve as a blueprint
for the development of the next generation mz-viscoNPS.

6.2 Future Work

In this dissertation, I have presented the development of two novel platforms: one that improves
the spatial and temporal resolution of TEER measurements, and another which enables the
viscoelastic measurements of single-cells at various frequencies.

Zone-specific Chemical Cue Exposure

o
o
2
i
Resistance
\

Time
Cancer Cell Transmigration Detection
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= >
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@ >
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Time

Figure 6-1 mz-TEER future work schematics. Top: Schematic showing the zone-specific effects
of chemical cues introduced through the basal channel. These effects will be quantified using
TEER with effects detected in unexposed zones elucidating of spatial and temporal extent of the
exposure. Bottom: Schematic of mz-TEER detecting cancer cell transmigration. A cell migrates
across the monolayer through cell-cell junctions inducing a drop in the zone's resistance.

In relation to the mz-TEER device, the discussed results validate the protocols developed for
monolayer culture and TEER measurements. Future work should include experiments regarding
the effect of zone-specific exposure to chemical cues (e.g. TNF-a)), where a zone is exposed
through its basal channel, while the other three zones remain unexposed (Fig. 6-1). By monitoring
TEER changes on the unexposed zones, we can improve our understanding of the spatial and
temporal effects of any chosen selected cues. Regarding metastasis, the mz-TEER platform is
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designed to detect cancer cell transmigration across the monolayer. For this experiment, cancer
cells are introduced into the apical channel once the monolayer has reached complete confluency.
TEER is monitored in all zones while cancer cells transmigrate across the monolayer to the basal
channel, and since during this process migrating cells create a pore at the cell-cell junctions, a drop
in TEER should be detected. Furthermore, to increase spatial resolution, smaller zones should be
tested (e.g. 500um x Imm, 250um x 1mm), resulting in designs with more than four measurement
zones.

For the multi-zone viscoNPS, which is already in use in the Sohn Lab, further investigation on the
amount of contraction channel is needed to understand the effects of consecutive deformation on
single cells. Does the measurement in the first contraction channel affect the following
measurements? To test this, cells are flowed through a mz-viscoNPS with, for example, four
identical contraction channels and the resistance pulse for each contraction should match.
Differences in the pulse would indicate that previous deformation does have an effect in our
measurements. To alleviate this, the contraction channels should be placed farther apart, allowing
the cell to relax between measurements. Furthermore, by investigating which frequencies best
capture changes in the cells' cytoskeleton, nucleus, and membrane, the contraction channels can
be tuned to detect specific cellular processes (e.g. cell cycle, malignant progression).

Throughout this dissertation, I have detailed the development of two microfluidic platforms that

use a multi-zone resistance measurement approach to improve the spatial and temporal resolution
of TEER measurements, and to advance single-cell viscoelastic measurements using viscoNPS.
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8 APPENDICES

8.1 Appendix A: PCB Circuit for mzTEER

J3
Fgen V-
'+ V5

¥

Wlﬁ\\ll\\\ll
Ll

Gnd V3
Iin V1
| [Vin

>
GllEl
) |
= IMUX
! p INA
1HF 1pF 3 H Lo —+
— .

= {ogic |
sy e
N 4
ISL84051IBZ-TTA ymux

R1 ISL840511BZ-TTA

Tk, 1 ,TIAMUX

Gl B
OO0k
00k

BM/
~

56



8.2 Appendix B: Python Code for mz-TEER Measurements

from ctypes import *

from dwfconstants import *
import math

import time

import matplotlib.pyplot as plt
import sys

import numpy as np

import scipy.signal as sps
from datetime import datetime
from scipy.io import savemat

if sys.platform.startswith("win"):

dwf = cdll.dwf
elif sys.platform.startswith("darwin"):

dwf = cdll.LoadLibrary("/Library/Frameworks/dwf.framework/dwf")
else:

dwf = cdll.LoadLibrary("libdwf.so")

HHHHIH I I A PARAMS
R

fs = 1e5 # sampling rate [samp/s]

duration = 1 # time to measure each zone [s]

fc = 12 # frequency of stimulus/carrier signal [Hz]

Ac=0.01 # amplitude of stimulus/carrier signal [V]

numCycles = 120 # number of times to repeat measuring all zones
RTIA = 10e3 # gain resistor of TIA [Ohm]

plotting = False
R
SR R

filename = input("Input filename: ")

filepath = "C:/Users/Roberto/Desktop/TEER Python/"+filename+".mat"

now = datetime.now()

current_time = now.strftime("%H:%M:%S")
startTime = current_time

timeStamps = []

impedanceData = np.zeros((numCycles, 5))

# loop over cycles
for cycleNum in range(numCycles):

print('Cycle', cycleNum)
if cycleNum > 0:
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print('Inside waiting')
#time.sleep(30-15)

# loop over 5 zones
for zoneNum in range(5):
pinValues = np.zeros(8)
if RTIA == 10e3:
pinValues[0:1+1] = np.array([0, 0])
elif RTIA == 100e3:
pinValues[0:1+1] = np.array([1, 0])
elif RTIA == le6:
pinValues[0:1+1] = np.array([0, 1])
elif RTIA == 10e6:
pinValues[0:1+1] = np.array([1, 1])
else:
print("INVALID RTIA VALUE!!")
if zoneNum == 0:
pinValues[2:4+1] = np.array([0, 1, 0]
pinValues[5:7+1] = np.array([0, 1, 0]
elif zoneNum == 1:
pinValues[2:4+1] = np.array([1, 0, 1]
pinValues[5:7+1] = np.array([1, 0, 1]
elif zoneNum == 2:
pinValues[2:4+1] = np.array([1, 1, 1])
pinValues[5:7+1] = np.array([1, 1, 1])
elif zoneNum == 3:
pinValues[2:4+1] = np.array([0, 1, 1])
pinValues[5:7+1] = np.array([0, 1, 1])
elif zoneNum == 4:
pinValues[2:4+1] = np.array([0, 0, 1]
pinValues[5:7+1] = np.array([0, 0, 1]

# declare ctype variables

hdwf = c_int()

sts =c_byte()

hzAcq = c_double(fs)

nSamples = int(duration * fs) # [samples]
vSamples = (c_double*nSamples)()
iSamples = (c_double*nSamples)()
cAvailable = c¢_int()

cLost=c_int()

cCorrupted = c_int()

fLost=0

fCorrupted = 0

# print(DWF version)



version = create_string_buffer(16)
dwf.FDwfGetVersion(version)
# print("DWF Version: "+str(version.value))

# open device
# print("Opening first device")
dwtf.FDwfDeviceOpen(c_int(-1), byref(hdwf))

if hdwf.value == hdwfNone.value:
szerr = create_string_buffer(512)
dwtf.FDwf{GetLastErrorMsg(szerr)
print(str(szerr.value))
print("failed to open device")

quit()

# set up analog IO channel nodes (voltage supplies)

dwf.FDwfAnaloglOChannelNodeSet(hdwf, ¢_int(0), c_int(0), ¢ _double(True)) # enable
positive supply

dwf.FDwfAnaloglOChannelNodeSet(hdwf, ¢_int(0), c_int(1), ¢ _double(5.0)) # set voltage
toSV

dwf.FDwfAnaloglOChannelNodeSet(hdwf, ¢_int(1), c_int(0), ¢ _double(True)) # enable
negative supply

dwf.FDwfAnaloglOChannelNodeSet(hdwf, ¢_int(1), c_int(1), ¢ _double(-5.0)) # set voltage
to-5V

dwf.FDwfAnaloglOEnableSet(hdwf, c_int(True)) # master enable

R
SR R R R R
# set gain muxes and data mux
# print("Setting digital pins...")
hzSys = ¢_double()
dwf.FDwfDigitalOutInternalClockInfo(hdwf, byref(hzSys))
for pinNum in range(len(pinValues)):
dwf.FDwfDigitalOutEnableSet(hdwf, ¢c_int(pinNum), ¢_int(1)) # enable pin
dwtf.FDwfDigitalOutDividerSet(hdwf, c¢_int(pinNum), c_int(int(hzSys.value)))
if pinValues[pinNum] == 0:
dwt.FDwfDigitalOutCounterSet(hdwf, c_int(pinNum), c_int(1), ¢_int(0)) # 1 tick low,
0 tick high
elif pinValues[pinNum] == 1:
dwf.FDwfDigitalOutCounterSet(hdwf, ¢_int(pinNum), ¢_int(0), c_int(1)) # 0 tick low,
1 tick high
dwf.FDwf{DigitalOutConFigure(hdwf, c_int(1)) # master enable?
# print("Digital pins set!")

HHHHHHHHHHHEH
HHHEHHHHHHHH
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# print("Generating sine wave...")

dwf.FDwfAnalogOutNodeEnableSet(hdwf, c_int(0), AnalogOutNodeCarrier, c_bool(True))

dwf.FDwfAnalogOutNodeFunctionSet(hdwf, ¢_int(0), AnalogOutNodeCarrier, funcSine)

dwf.FDwfAnalogOutNodeFrequencySet(hdwf, ¢c_int(0), AnalogOutNodeCarrier,
c_double(fc))

dwf.FDwfAnalogOutNodeAmplitudeSet(hdwf, c¢_int(0), AnalogOutNodeCarrier,
c_double(Ac))

dwf.FDwfAnalogOutConFigure(hdwf, c¢_int(0), c_bool(True))

# set up acquisition

dwf.FDwfAnalogIinChannelEnableSet(hdwf, c¢_int(0), ¢ _bool(True))
dwf.FDwfAnalogInChannelEnableSet(hdwf, ¢ _int(1), c_bool(True))
dwf.FDwfAnalogIinChannelRangeSet(hdwf, ¢ _int(0), c_double(5.0))
dwf.FDwfAnalogInChannelRangeSet(hdwf, ¢c_int(1), ¢ _double(5.0))
dwf.FDwfAnalogInAcquisitionModeSet(hdwf, acqmodeRecord)
dwf.FDwfAnalogInFrequencySet(hdwf, c_double(fs))
dwf.FDwfAnalogInRecordLengthSet(hdwf, c_double(duration)) # -1 infinite record length

# wait at least 2 seconds for the offset to stabilize
time.sleep(2.0)

# print("Starting oscilloscopes")
dwtf.FDwfAnalogIinConFigure(hdwf, c_int(0), ¢ int(1)) # master enable for analog in?

cSamples =0

now = datetime.now()

current_time = now.strftime("%H:%M:%S")
timeStamps.append(current time)

print(f"'Starting acquisition: cycle #{cycleNum+1}, zone #{zoneNum+1}")
#it=0
while cSamples < nSamples:
#it=it+ 1
# print("iter "+str(it))
dwf.FDwfAnalogInStatus(hdwf, c_int(1), byref(sts))
if cSamples == 0 and (sts == DwfStateConfig or sts == Dw{StatePrefill or sts ==
DwfStateArmed):
# Acquisition not yet started.
continue

dwtf.FDwfAnalogInStatusRecord(hdwf, byref(cAvailable), byref(cLost),
byref(cCorrupted))

cSamples += cLost.value

if cLost.value:
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fLost=1
if cCorrupted.value:
fCorrupted = 1

if cAvailable.value == 0:
continue

if cSamples+cAvailable.value > nSamples:
cAvailable = c_int(nSamples-cSamples)

# get channel 1 data

dwf.FDwfAnalogInStatusData(hdwf, c¢_int(0), byref(vSamples,
sizeof(c_double)*cSamples), cAvailable)

# get channel 2 data

dwf.FDwfAnalogInStatusData(hdwf, ¢_int(1), byref(iSamples, cSamples +=
cAvailable.value

# print("cSamples = "+str(cSamples))

dwf.FDwfAnalogOutReset(hdwf, c¢_int(0))
dwf.FDwfDigitalOutReset(hdwf)
dwtf.FDwfDeviceCloseAll()

# print("Recording done")
if fLost:
print("Samples were lost! Reduce frequency")
if fCorrupted:
print("Samples could be corrupted! Reduce frequency")

V = np.fromiter(vSamples, dtype=np.float)
I = np.fromiter(iSamples, dtype=np.float) / -RTIA
t = np.arange(0, nSamples) / fs

# remove DC offsets...

V_m = np.mean(V)

I m = np.mean(I)

V=V-V m

I=I-Tm

# print("Means: ",V_m, I m*RTIA)

# 1Q demodulation

mixI = 2*np.cos(2*np.pi*fc*t)
mixQ = -2*np.sin(2*np.pi*fc*t)
V IQ=V *mixl + 1j * V * mixQ
[ IQ=1*mixI+ 1j * I * mixQ

HHEHHHHHH
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# get the mean resistance value

V_mean = np.mean(V_IQ)

I mean = np.mean(l_IQ)

Z mean=YV _mean /I mean

R _mean = np.abs(Z_mean)

print(f'Resistance = {np.round(R_mean/l1e3, 3)} kOhms @
{np.round(np.angle(Z mean)/np.pi*180, 3)} deg")

impedanceData[cycleNum, zoneNum] = R_mean

R
HHR R R R
if plotting:

plt.Figure()

mask =t <5./12.

plt.plot(t[mask], V[mask])

plt.plot(t[mask], I[[mask] * -RTIA)

plt.legend(["IN1", "IN2"])

plt.ylabel("Voltage [V]")

plt.xlabel("Time [s]")

plt.title(f"Cycle #{cycleNum+1}, Zone #{zoneNum+1}")

plt.show()

now = datetime.now()
current_time = now.strftime("%H:%M:%S")
endTime = current time

# save data

mdict = {"startTime": startTime, "endTime": endTime, "impedanceData": impedanceData,
"RTIA": RTIA, "sampRate": fs, "freqVin": fc, "Vpeak": Ac, "timeStamps": timeStamps}
savemat(filepath, mdict)
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8.3 Appendix C: MATLAB Code for mz-viscoNPS

%% NPS acquisition script for MCC DAQ
% Alan Dong

% edits: Roberto Falcon

% 2019-03-08

%% stop and release previous session if needed
if exist('s', 'var')
stop(s);
release(s);
end
fclose all;
close all;
clear;

%% ACQUISITION PARAMETERS

sampleRate = 10e3; % sampling rate [samp/s] // MAKE THIS A MULTIPLE OF 10!
signalBandwidth = 1e3; % signal bandwidth [Hz] (this sets the lowpass cutoff) // MAKE THIS A
SIMPLE FRACTION OF THE SAMPLING RATE!

nfftRaw = min(2"nextpow2(sampleRate/2), 2*15); % FFT size for raw PSD estimate
nfftBaseband = min(2"nextpow2(5*signalBandwidth), 2*15); % FFT size for baseband PSD
estimate

inputDuration = 0.1; % length of each input data read [s] (also sets plot update rate) // MAKE
THIS NO LESS THAN 0.1

windowDuration = 1.0; % length of plot window [s]

ampsPerVolt = 1e-6; % current preamplifier sensitivity [A/V]

% generate output signal

freqVin = 0.814e3; % frequency of sine excitation [Hz] // MAKE THIS NO MORE THAN 1/5th
OF THE SAMPLING RATE AND A MULTIPLE OF 10!

% freqVin = 0; % FOR DC ACQUISITION

Vpp = 1.0; % peak to peak voltage of excitation signal [V]

if freqVin == 0, Vpp = Vpp*2; end % amplitude fix for DC

outputDuration = 1; % length of each output data write [s] (1 second is fine)

outputData = Vpp/2 * cos(2*pi*freqVin*(0:outputDuration*sampleRate-1)/sampleRate).’; %
output data to write to output queue

demodSignal = 2 * exp(-11*2*pi*freqVin*(0:inputDuration*sampleRate-1)/sampleRate)."; %
signal same length as the input data read for demodulation

% initialize PSD estimates
psdRaw = zeros(nfftRaw/2+1, 1);
psdBaseband = zeros(nfftBaseband/2+1, 1);

% fix resistance calculation...
if freqVin == 0, Vpp = Vpp*2; end
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% initialize figure

figureHandle = figure; % open a new figure to plot in

set(figureHandle, 'Units', Normalized', 'OuterPosition', [0.1 0.1 0.9 0.9]); % almost fullscreen
subplot(3,1,1);

subplot(3,1,2);

subplot(3,1,3);

lineHandle = animatedline;

% set global variables so plotData callback function can access them
setGlobalPsdRaw(psdRaw);
setGlobalPsdBaseband(psdBaseband);
setGlobals(sampleRate, ...

signalBandwidth, ...

Vpp, ...

ampsPerVolt, ...

demodSignal, ...

nfftRaw, ...

nfftBaseband, ...

inputDuration, ...

windowDuration, ...

lineHandle, ...

figureHandle);

%% ACQUISITION INITIALIZATION

% create and configure data acquisition session

s = dag.createSession('mcc');
addAnalogOutputChannel(s, 'Board0', 0, 'Voltage');
addAnalogInputChannel(s, 'Board0', [3,4,5], "Voltage");

% set session parameters

s.Rate = sampleRate; % sampling rate [samp/s]

s.IsContinuous = true;

s.NotifyWhenDataAvailableExceeds = inputDuration * sampleRate; % this sets the input data
buffer read rate

s.NotifyWhenScansQueuedBelow = 5 * outputDuration * sampleRate; % this sets when to write
to the output queue

% open binary data log file

L )

fidl = fopen('log.bin', 'w');

% add callback function listeners
btn = uicontrol('Style', 'pushbutton', 'String', 'Stop', 'Position’, [10 10 40 20], ...

'Callback’, 'stop(s); release(s)'); % this push button is supposed to stop the analog input
object
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lh1 = addlistener(s, 'DataAvailable', @(src, event) plotDataMulti(src, event)); % plots data for
every input data buffer read

1h2 = addlistener(s, 'DataAvailable', @(src, event) logDataMulti(src, event, fid1)); % logs data to
file for every input data buffer read

1h3 = addlistener(s, 'DataRequired’, @(src, event) src.queueOutputData(outputData)); % writes
output data whenever output queue is low

%% START ACQUISITION

queueOutputData(s, repmat(outputData, round(10/outputDuration), 1)); % start with 10 seconds
of output data

fprintf('Output samples in queue = %d\n', s.ScansQueued);

prepare(s);

pause(1); % just in case

s.startBackground(); % this starts the continuous acquisition
fprintf(' Acquisition started!\n");
fprintf('Output samples in queue = %d\n', s.ScansQueued);

% loop for printouts
tic;
while s.IsRunning
pause(5);
fprintf('"Elapsed time = %d seconds\n', round(toc));
fprintf('Samples acquired = %d\n', s.ScansAcquired);
fprintf("Output samples in queue = %d\n', s.ScansQueued);
end

% after completion, delete listeners
delete(lh1);

delete(1h2);

delete(1h3);

fclose(fid1);

fprintf('Acquisition stopped!\n');

%% load data into MATLAB from binary log

fid2 = fopen('log.bin', 'r');

[data, count] = fread(fid2, inf, 'double'); % load data into MATLAB
fclose(fid2);

return

%% save?

data = data.';
filename = input('Input file name: ', 's");
save([filename '.mat'], 'data’, 'Vpp', ); % save the variables you want

65



	Table of Contents
	List of Figures
	1 INTRODUCTION
	Chapter Overview
	1.1  Motivation
	1.2  Organization of the Dissertation

	2 ENGINEERING PRINCIPLES
	Chapter Overview
	2.1  Principles of Four-Probe Impedance Sensing
	2.2  Trans-Endothelial Electrical Resistance Measurements
	2.3  Principles of Visco Node-Pore-Sensing
	2.4  Conclusion

	3 DEVELOPMENT OF A MICROFLUIDIC-BASED MULTI-ZONE TRANS-ENDOTHELIAL ELECTRICAL RESISTANCE
	Chapter Overview
	3.1  Introduction
	3.2  Platform Design and Fabrication
	3.2.1  Device Design
	3.2.2  Microfluidic Device Fabrication
	3.2.3  Computational Model
	3.2.4  Electrode Interface
	3.2.5  Hardware and Software

	3.3  Experimental Methods
	3.3.1  Cell Culture
	3.3.2  Device Sterilization and Cell loading
	3.3.3  Data Acquisition and Analysis

	3.4  Discussion

	4 RESULTS AND VALIDATION FOR MICROFLUIDIC-BASED MULTI-ZONE TRANS-ENDOTHELIAL ELECTRICAL RESISTANCE
	Chapter Overview
	4.1  Results
	4.1.1  Cell culture and Monolayer Formation
	4.1.2  COMSOL Simulations
	4.1.3  Hardware Validation with Calibrated Resistors
	4.1.4  Measurement Time Optimization
	4.1.5  Normalization and Stability of mz-TEER Measurements
	4.1.6  Baseline Resistance for mz-TEER Devices
	4.1.7  mz-TEER Measurements During Long Term Cell Culture
	4.1.8  Determining mz-TEER Dynamic Range by Perturbing the Monolayer
	4.1.9  Viability Testing of Long-term Continuous mz-TEER Measurements

	4.2  Discussion and Future Work

	5 MULTI-ZONE IMPEDANCE MEASUREMENTS FOR VISCO-NODE-PORE SENSING
	Chapter Overview
	5.1  Introduction
	5.2  Platform Design and Fabrication
	5.2.1  Microfluidic Design and Fabrication
	5.2.2  Hardware and Software

	5.3  Experimental Methods
	5.3.1  Data acquisition
	5.3.2  Cell Culture and Preparation

	5.4  Results
	5.4.1  mz-viscoNPS Viability Testing

	5.5  Discussion

	6 CONCLUSIONS AND FUTURE RESEARCH
	Chapter Overview
	6.1  Summary and Findings
	6.2  Future Work

	7 BIBLIOGRAPHY
	8 APPENDICES
	8.1  Appendix A: PCB Circuit for mzTEER
	8.2  Appendix B: Python Code for mz-TEER Measurements
	8.3  Appendix C: MATLAB Code for mz-viscoNPS




