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Abstract

Electrochemical impedance spectroscopy (EIS) is a valuable technique analyzing
electrochemical behavior of biological systems such as electrical characterization of cells and
biomolecules, drug screening, and biomaterials in biomedical field. In EIS, an alternating
current (AC) power signal is applied to the biological system, and the impedance of the system
is measured over a range of frequencies.

In vitro culture models of endothelial or epithelial barrier tissue can be achieved by culturing
barrier tissue on scaffolds made with synthetic or biological materials that provide separate
compartments (apical and basal sides), allowing for further studies on drug transport. EIS is a
great candidate for non-invasive and real-time monitoring of the electrical properties that
correlate with barrier integrity during the tissue modeling. Although commercially available
transendothelial/transepithelial electrical resistance (TEER) measurement devices are widely
used, their use is particularly common in static transwell culture. EIS is considered more
suitable than TEER measurement devices in bioreactor cultures that involve dynamic fluid flow
to obtain accurate and reliable measurements. Furthermore, while TEER measurement devices
can only assess resistance at a single frequency, EIS measurements can capture both resistance
and capacitance properties of cells, providing additional information about the cellular barrier's
characteristics across various frequencies. Incorporating EIS into a bioreactor system requires
the careful optimization of electrode integration within the bioreactor setup and measurement
parameters to ensure accurate EIS measurements. Since bioreactors vary in size and design
depending on the purpose of the study, most studies have reported using an electrode system
specifically designed for a particular bioreactor. The aim of this work was to produce multi-
applicable electrodes and established methods for automated non-invasive and real-time
monitoring using the EIS technique in bioreactor cultures. Key to the electrode material,
titanium nitride (TiN) coating was fabricated on different substrates (materials and shape) using
physical vapor deposition (PVD) and housed in a polydimethylsiloxane (PDMS) structure to
allow the electrodes to function as independent units. Various electrode designs were evaluated
for double-layer capacitance and morphology using EIS and scanning electron microscopy
(SEM), respectively. The TiN-coated tube electrode was identified as the optimal choice.
Furthermore, EIS measurements were performed to examine the impact of influential
parameters related to culture conditions on the TiN-coated electrode system. In order to
demonstrate the versatility of the electrodes, these electrodes were then integrated into in
different types of perfusion bioreactors for monitoring barrier cells. Blood-brain barrier (BBB)



cells were cultured in the newly developed dynamic flow bioreactor, while human umblical
vascular endothelial cells (HUVECSs) and Caco-2 cells were cultured in the miniature hollow
fiber bioreactor (HFBR). As a result, the TiN-coated tube electrode system enabled
investigation of BBB barrier integrity in long-term bioreactor culture. While EIS measurement
could not detect HUVECs electrical properties in miniature HFBR culture, there was the
possibility of measuring the barrier integrity of Caco-2 cells, indicating potential usefulness for
evaluating their barrier function. Following the bioreactor cultures, the application of the TiN-
coated tube electrode was expanded to hemofiltration, based on the hypothesis that the EIS
system may be used to monitor clotting or clogging phenomena in hemofiltration. The findings
suggest that the EIS monitoring system can track changes in ion concentration of blood before
and after hemofiltration in real-time, which may serve as an indicator of clogging of filter
membranes. Overall, our research demonstrates the potential of TiN-coated tube electrodes for

sensitive and versatile non-invasive monitoring in bioreactor cultures and medical devices.



Zusammenfassung

Die elektrochemische Impedanzspektroskopie (EIS) ist eine nutzliche Methode, um das
elektrochemische Verhalten von biologischen Systemen zu analysieren, wie z.B. die
elektrische Charakterisierung von Zellen und Biomolekilen, Drug Screening und
Biomaterialien im biomedizinischen Bereich. Fur die EIS wird ein Wechselstrom an das
biologische System angeschlossen und die Impedanz des Systems Uber einen Frequenzbereich
gemessen.

In vitro-Modelle von Gewebekulturen epithelialer Barrieren kénnen mithilfe kiinstlicher oder
biologischer Materialien, die Uber unterschiedliche Kompartimente (apikale und basolaterale
Seite) verfligen, hergestellt werden und ermdglichen weitere Untersuchungen zum Transport
von Arzneistoffen. Die EIS bietet dabei eine hervorragende Methode flir das nicht-invasive
Echtzeit-Monitoring der elektrischen Eigenschaften, die mit der Barriere-Integritat wahrend
der Gewebeentwicklung korreliert. Obwohl kommerziell erhéltliche Geréte zur Messung des
transendothelialen/transepithelialen elektrischen Widerstands (TEER) umfangreich verwendet
werden, ist ihre Verwendung besonders bei statischen Transwell-Kulturen verbreitet. Durch
die EIS kann im Gegensatz zur TEER-Messung fiir Bioreaktor-Kulturen, die einen
dynamischen Medienfluss aufweisen, genauere und verlassliche Messungen erhalten werden.
Zudem konnen EIS-Messungen anders als die TEER-Messung, die nur den Widerstand einer
einzelnen Frequenz misst, gleichzeitig den elektrischen Widerstand und die Kapazitat von
Zellen erfassen und damit zusétzliche Informationen Gber die zelluldren Barriereeigenschaften
uber verschiedene Frequenzen hinweg liefern. Der EIS-Einbau in ein Bioreaktor-System
bedarf einer sorgfaltigen Optimierung der Elektrodenintegration in das Bioreaktor-Setup und
der Messparameter, um akkurate EIS-Messungen durchfiihren zu kénnen. Da Bioreaktoren
abhangig vom Untersuchungszweck in ihrer Grof3e und ihrem Design variieren, verwenden die
meisten Studien speziell entwickelte Elektrodensysteme fur einzelne Bioreaktoren. Das Ziel
dieser Arbeit war die Herstellung von vielseitig anwendbaren Elektroden und etablierten
Methoden fir das automatisierte nicht-invasive Echtzeit-Monitoring von Bioreaktor-Kulturen
mithilfe der EIS. Entscheidend fiir das Elektrodenmaterial war die Titannitrid (TiN)-
Beschichtung, die auf verschiedenen Substraten (Materialien und Formen) durch Physical
Vapor Deposition (PVD) hergestellt und in einer Polydimethylsiloxan (PDMS)-Struktur
untergebracht wurde, damit die Elektroden unabhéngig voneinander arbeiten konnen.
Verschiedene Elektrodendesigns wurden auf Doppelschicht-Kapazitét mithilfe der EIS bzw.
auf die Morphologie mit Rasterelektronenmikroskopie untersucht. Die TiN-beschichteten

v



Elektroden in Rohrenform erwiesen sich als optimal. Weiterhin wurden EIS-Messungen
durchgefuhrt, um die Auswirkung von beeinflussenden Parametern auf die Kulturbedingungen
durch das TiN-beschichtete Elektrodensystem zu untersuchen. Um die Vielseitigkeit der
Elektroden aufzuzeigen, wurden diese anschlie}end zum Monitoring von Barriere-bildenden
Zellen in unterschiedliche Perfusionsbioreaktoren integriert. Zellen der Blut-Hirn-Schranke
(BHS) wurden im neu entwickelten dynamischen Flussreaktor kultiviert, wohingegen humane
umbilikale vaskulare Endothelzellen (HUVEC) und Caco-2-Zellen in Hohlfaserbioreaktoren
(HFBR) in Miniaturform kultiviert wurden. Das TiN-beschichtete Réhrenelektrodensystem
ermoglichte die Untersuchung der BHS-Barrieren-Integritdt in einer Langzeit-
Bioreaktorkultur. Wahrend die EIS-Messung in der Miniaturform-HFBR-Kultur keine
elektrischen Eigenschaften der HUVECs detektieren konnte, war es moglich, eine Barriere-
Integritat der Caco-2-Zellen zu messen, die den potentiellen Nutzen fir die Evaluierung deren
Barrierefunktion aufzeigt. Nach den Bioreaktorkulturen wurde die Anwendung der TiN-
beschichteten Réhrenelektrode auf die Hamofiltration erweitert, auf Grundlage der Hypothese,
dass das EIS-System ein Gerinnen oder Verstopfen wahrend der Hamofiltration Uberwachen
konnte. Die Ergebnisse zeigen, dass das EIS-Monitoring-System Veranderungen in der
lonenkonzentration des Blutes vor und nach Hamofiltration in Echtzeit verfolgen kann,
welches eventuell als MessgroRe fur ein Verstopfen der Filtermembranen genutzt werden kann.
Insgesamt weisen TiN-beschichtete Rohrenelektroden unseren Forschungen zufolge ein groRes
Potential fir ein empfindliches und vielféltiges nicht-invasives Monitoring von

Bioreaktorkulturen und Medizingerate auf.
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1. Introduction

1.1.  Electrochemical Impedance Spectroscopy Basics

Electrochemical impedance spectroscopy (EIS) is a prompt electrochemical technique used
extensively in fields, such as biochemistry [1-3], materials science [4-8], and biomedical
science [9-15]. The basic concept of EIS is to measure the electrical impedance of an
electrochemical cell as a function of frequency. This impedance data can then be used to
analyze various electrochemical properties, including resistance, capacitance, double-layer

capacitance, and mass transfer, among others [16-22].

Impedance is defined as the total opposition to the flow of alternating current (AC) in a circuit,
and it extends the concept of electrical resistance by including not only the measure of

resistance of a resistor but also the reactance of a capacitor or an inductor.

A B — E(t) = E, sin(wt)

) — I(t) = Iy sin(wt + @)
; = ~ Y(t) =Y, sin(wt
Period (7= 1/f )» (©) pinlat) Phase shift (¢)

@oovssenarinserssesessnasustesieranses

4

Yo W \ime / B W time
3

Figure 1.1. lllustration of sinusoidal graph. (A) Sinusoidal graph represents instantaneous value
of sinusoidal signal, Y(t), as function of time. Yo represents the amplitude, indicating the
maximum values of the waveform. Period (T) refer to time for one complete cycle of waveform.
T is inverse proportional to frequency (f), additionally, angular frequency () is equal to 2zf.
(B) When one waveform leads or lags behind another waveform due to a time shift, the amount
of this time shift is defined as the phase shift (¢) in sinusoidal functions. Example (B) illustrates
a situation where the potential sinusoidal signal wave (E(t)) lead the current sinusoidal signal
wave (I(t)) by a certain phase shift. This figure has been adapted from Gamry Instruments with
permission [23].

EIS devices are operated either in potentiostatic mode or galvanostatic mode [24]. In
potentiostatic mode, an input signal in the form of a sinusoidal potential is applied to the

electrochemical system, and the resulting output signal in the form of a sinusoidal current is

1



measured, and it is referred to as potentiostatic EIS. In contrast, in galvanostatic mode, using
sinusoidal current as an input signal and measuring the output sinusoidal potential. In the case
of pontentiostatic EIS, the applied potential as function of time, E(t) is represented to the form
in Equation 1.1.

E(t) = E,; sin (wt) 11
Where, Eo is amplitude of the potential wave, w is the angular frequency, and t is the time.

Thus, the basic sinusoidal graph is represented in Figure 1.1.

The angular frequency, w, is equal to the constant value 2z multiplied by the frequency, f
(Equation 1.2).
w = 2nf 1.2

The output signal in the form of sinusoidal current, I(t), may have phase shift and varying with
the amplitude of current signal, and that express in Equation 1.3.

I1(t) = Iy sin (wt + @) 13
Where, I(t) is current signal as a function of time, lo is amplitude of current signal, ¢ is phase
angle (Figure 1.1).

The total impedance (Z) of the electrochemical system is calculated by Ohm’s law equation.

_E(®)  Egsin(wt) sin (wt) 14
T I(t) T Ipsin (wt+ @)~ “%sin (wt + @)

As a result, the impedance is described by the magnitude of impedance (Zo) and the phase
angle () [23].

There is another way to represent impedance using a complex number, allowing for the easy
expression of both magnitude and phase [25,26]. In general, complex number is represented by

z, and included real part and imaginary part.

z=a+bj =|z|(cose + jsin @) 1.5
The a represents real part, bj denotes the imaginary part, and j is the imaginary unit

(where j = /(—1)). Both a and b are the real number.



Also, the complex number can be expressed in polar form with respect to absolute value

(modulus or magnitude) of complex number |z]|.

a = |z|cose 1.6

b = |z|sing 1.7

|zl = Va2 + b? 18

Additionally, a complex number can be represented using Euler’s formular (Equation 1.9).

e/ =cosg +j sing 1.9

Where e is the base of the natural logarithm, j is the imaginary unit (where j =./(—1)), and

@ can be any real numbers. Equation 1.5 can be expressed in exponential form, as shown
in Equation 1.10.
z = |z|e/? 1.10

Furthermore, Equation 1.9 can be rearranged to Equation 1.11.
cosp = e/? —jsing 1.11

The equation is expressed using real portion of complex number to remain only the real number

as followed (Equation 1.12). The real portion of complex number is denoted by Re.

cos @ = Re(e’?) 1.12
In this regard, potential and current sinusoidal signals can be expressed using the following
forms.
E(t) = E, cos(wt) = Re(E, e/®?) 1.13
I(t) = I, cos(wt — @) = Re(l, e/(@t=9) 1.14

Thus, the impedance is calculated using Ohm’s law, as represented by Equation 1.15.



Consequently, the impedance can be expressed as a complex number with magnitude |Z| and

phase ¢ (Equation 1.15).

E E, . .
Z:::_OeJ(lezlej(p 1.15
- L
Z =1Z| e/* = |Z| (cos @ + jsing) = Z, + jZ; 1.16

Z represents the complex impedance, E denotes the complex potential, and | stand for the
complex current. The exponential form can be extended to compose real impedance (Zr or Z*)

and imaginary impedance (Zior Z”’) (Equation 1.16).

Hence, EIS results including impedance magnitude (|Z|), real (Zr) and imaginary (Zi)
impedance, and phase angle (¢) are commonly presented using Bode and Nyquist plots. A Bode
plot is a graph that depicts impedance magnitude and phase angle as functions of frequency
(Figure 1.2A). Consequently, a Bode plot provides a simple and comprehensive representation
of the complex impedance data as a function of frequency. Unlike the Bode plot, the Nyquist
plot can be obtained by plotting Z, (or Z') on the x-axis and Zi (or Z") on the y-axis, as

demonstrated in the example plot shown in Figure 1.2B.
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Figure 1.2. Two types of graphical representation of EIS. (A) An example of a Bode plot
involves plotting the impedance and phase as functions of frequency. (B) An example of a
Nyquist plot involves plotting the complex impedance as a function of frequency. The
imaginary part (- Z") of the complex impedance is plotted on the y-axis, while the real part (Z)
is plotted on the x-axis. This figure was generated as a reference to the impedance data
measured in my work using the Nova software program and Autolab PGSTAT 204.

Even though frequency values are not directly indicated on the Nyquist plot, it offers a simple

and comprehensive representation of the electrochemical system [27]. Both graphical
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representations enable the identification of impedance behavior associated with
electrochemical systems within given frequency ranges. In terms of equivalent circuit
modeling, the impedance response of electrochemical system can be further analyzed to acquire
useful information. Based on impedance response of electrochemical system, the analogous

equivalent circuit elements used to model the electrochemical system.

Table 1.1 shows well-known electrical circuit elements. A resistor opposes the flow of current
in a circuit, resulting in an impedance, Zgr. This impedance is independent of frequency and
comprises only a real number contrast to other elements. The phase angle is zero, indicating
that current passing through a resistor and voltage applied across resistor are in phase. As an
example, the resistor is used to represent the electrolyte resistance [28,29], a polarization
resistance applied coating analysis study [30-33], and a transendothelial/transepithelial electrical

resistance (TEER) applied in biological analysis [34-37].

Table 1.1. Equivalent circuit elements [41]

Circuit elements Electronic symbol Impedance formular
Resistor (R) —NW— Zp =R
. 1
Capacitor (C) _| '_ Zc :ja)_C
Inductor (L) 000 Z;, = jwlL
1
Constant phase element (CPE) CPE |—

Zopg = ————
CPE Yg(jw)”

1
Warburg element (W) Zy = Ga)os

The impedance of capacitor, Zc, is occurred when the current passing through the capacitor
because the capacitor stored the electrical charge. The impedance of capacitor is dependant of
frequency, and phase shifted of - 90 °. As represented in Table 1.1, it includes imaginary
number, and a angular frequency and capacitance are inversely proportional to the Zc. The
example use of capacitor elements are to define double-layer capacitance [38,39] and coating
capacitance [5,40]. An inductor impedes the current flow as storing energy in a magnetic field
in an electrical circuit. Opposite to capacitor, the impedance of inductor (Z.) increases by
increasing frequency and is proportional to inductance. The current and voltage waveform in a

circuit containing inductor are out of phase as + 90 °.



In reality, the ideal capacitor does not exist in the most cases. Constant phase element (CPE)
is useful to examine inhomogeneity of a capacitor [42,43]. The impedance of CPE (Zcpe) equal
to inverse proportional to the Yo parameter carring capacitance information and to the
frequency. The fractional exponent, n, ranges from 0 < n <1. When n is equal to 1 indicating
a pure capacitor, on the other hand, n = 0 describes a pure resistor. The n = 0.5 corresponds to
the Warburg element. Several researches reported using CPE elements to model the double-
layer capacitance [21,44] and coating capactiance [45,46] of their electrochemcial circuits rather
than capacitor element. The Warburg element represents diffusion phenomena in
electrochemical system. Warburg impedance is frequency dependant and inverserly proportinal
to Warburg constant and (jw)®®. The phase is constant at 45 ° which is independent of
frequency. Most commonly, Warburg elements are used to model semi-infinite linear diffusion
layers, often accompanied by a charge-transfer resistance and a double-layer

capacitance [47- 49].
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Figure 1.3. Example of equivalent circuit modeling in EIS. The modeling is based on Nyquist
plot associate electrochemical system. (A) EIS responds to non-faradaic process where no
electron transfer occurs at the interface of the electrode and electrolyte. (B) EIS responds to
faradaic process, which involves electron transfer between electrode and electrolyte, is
controlled by kinetics, such as redox chemical reactions. (C) EIS responds to faradaic process
is controlled by kinetics and mass transfer, such as diffusion. This figure has been reconstructed
from Brett (2022) under the terms and conditions of the Creative Commons Attribution (CC
BY) license [50].



Figure 1.3 provides an illustrative example of modeling and fitting an equivalent circuit based
on impedance responses, specifically using a Nyquist plot, and employing elements analogous
to those found in an electrochemical system. This illustration demonstrates how diverse
electrochemical phenomena can be effectively modeled and investigated through the
application of an equivalent circuit. The line in Nyquist plots (Figure 1.3A, B, and C) are the
impedance response to the electrochemical system, where an inert metallic electrode is

immersed in an electrolysis composed of electroactive species.

Figure 1.3A describes the case of non-faradaic process which doesn’t involve the electron
transfer between electrode and electrolyte, the impedance response is depicted by a vertical
straight line. Considering the electrochemical system, circuit models with a resistor (Rq)
analogous to the electrolyte and a capacitor (Ca) analogous to the electrical double layer of
electrode are connected in series. Thus, an equivalent circuit can be fitted to the impedance
spectra. The choice of the equivalent circuit model would result in a different quality of fitting.
The Figure 1.3B represents the faradaic process which involves the transfer of the electron
between electrode and electrolyte, resulting semicircular form in Nyquist plot. Thus
phenomena, electron transfer, represents to charge transfer resistance (Rct), and Ret element is
connected in parallel with Cai. When larger the electroactive surface area of electrode because
of modifying to have nanostructure, the Rt becomes smaller. This is because the larger the
electroactive area is equivalent to increasing number of active sites available. Consequently,
when the charge transfer rate is controlled by diffusion at low frequencies, it is revealed as a
straight line in the Nyquist plot (Figure 1.3C), unlike Figure 1.3B. Thus, the diffusion process
is modeled by the Warburg element, and as a result, the circuit models in Figure 1.3B can be

extended to a more complex model, as shown in Figure 1.3C.

Hence, equivalent circuit modeling and fitting to impedance responses enable further
investigation and interpretation of the electrochemical system, providing quantitative

parameters such as resistance, capacitance, Yo, and o, among others.

1.2.  Electrochemical Impedance Spectroscopy for Investigating the

Integrity of Barrier Tissue in vitro Culture
The electrical properties of tissues have been investigated since the 1900s, alongside the
development of suitable electrical measurement devices. In particular, Herman P. Schwan
reported on the dielectric properties of cell membranes in relation to cell suspension [51]. When

an electric field is applied to biological materials such as biological tissue or cell suspension,
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dielectric polarization occurs within the biological materials, opposing the electric current. The
study focused on the passive electrical properties, such as resistance, capacitance, and
inductance, of biological tissue in response to external electrical signals in low frequency
ranges where Ohm's law applies.

Consequently, Schwan demonstrated that the dielectric properties of biological tissue possess
three dispersion characteristics («, £, and y-dispersion) across a wide frequency range. The
Figure 1.4 is the graph of the frequency dependent permittivity of muscle cells proposed by
Schwan [51] . Permittivity (e) is a physical constant that measures the ability of a material to
store electric charge in an electric field [52,53]. a-dispersion was observed at low frequency
ranges (below 10 kHz), where the permittivity was relatively high, and this correlated to the

counter-ion polarization along the cell membrane surface.
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Figure 1.4. Electrical properties of biological tissue.Three steps, a, £, and y-dispersion, of
dielectric constant as a function of frequency in muscle tissue. This figure has been reprinted
from Schwan’s original data with permission from publisher Elsevier [51].

As the frequency range increases (from 10 kHz to 1 MHz), the permittivity became lower than
that observed in a-dispersion, and this was referred to as g-dispersion. S-dispersion is caused

by the polarization of cellular structures, such as the cell membrane, proteins, and



macromolecules, and as the frequency increases, the current begins to pass through the cell
membrane. Lastly, water polarization contributes to the y-dispersion at the high frequency (over
1 GHz) [51,52].

Barrier tissue plays an important role as a physical barrier of two different compartments in the
body [54]. The major function of barrier tissue is to control the passage of substances, such as
pathogens, toxins, and foreign particles, from one side of the tissue to the other. The two
compartments that have the barrier tissue placed in the middle are called the apical (or luminal)
and basolateral (or abluminal) sides (Figure 1.5A). The endothelial tissue, which lines the inner
surface of blood vessels [55], and the epithelial tissue, which lines various organs such as the

skin, lungs, and intestines, are the most common barrier tissues in the body.
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Figure 1.5. Transport pathways of endothelial and epithelial cell layer. (A) Molecules are
transported between the apical and basolateral sides of cells through two distinct pathways: the
transcellular pathway and the paracellular pathway. (B) (Left) Schematic depiction of
intercellular junctions within the epithelial cell layer. The circular mark indicates junctions
located at the most apical membrane. (Right) Electron micrograph showing intercellular
junctions, including microvilli (Mv), tight junctions (TJ), adherens junctions (AJ), and
desmosomes (DS). Scale bar 200 nm. This figure has been adapted from Tsukita et al. under
permission Springer Nature [60].

The endothelial and epithelial cell layer have a unique feature in the form of specialized
intercellular junctions that connect adjacent cells. As shown in Figure 1.5B, intercellular
junctions are divided into four distinct types: gap junctions, desmosomes, adherens junctions,
and tight junctions (TJ) [56,57]. TJ consist of transmembrane proteins such as occludin, claudin,

and zonula occludens-1 (ZO- 1), which form interconnected strands between adjacent cells.
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Understanding of the transport mechanisms in barrier tissues began with Ussing's work [58,59],
which distinguished between passive and active transport by observing the transport of CI" and
Na* across a frog skin model. The conclusion drawn from the flux ratio analysis was that the
passive transport of Cl™ across the skin was determined by the difference in electrical potential
between the two sides (apical and basolateral membranes). On the other hand, it has been
demonstrated that Na™ undergoes active transport by confirming the electrical asymmetry of
Na* across the skin using the short-circuit method. The amount of Na* transported was exactly
equal to the current measured through the short-circuiting method [61]. Subsequently, the
transport mechanism has been expanded to demonstrate that solutes can be transported across
barrier tissues via either intercellular or paracellular pathways (Figure 1.5A). Transcellular
transport refers to the movement of molecules and ions across the cellular membrane from one
compartment to another. Alternatively, molecules and ions can move through TJs via the
paracellular pathway. Therefore, the selectively permeable cell layer enables the maintenance
of homeostasis by regulating solute movement through transcellular or paracellular routes

using active or passive transport.

1.2.1. Single Frequency Transendothelial/Transepithhelial Electrical Resistance
measurement
Transwell cell cultures are widely accepted and used as an in vitro cell culture such as blood
brain barrier (BBB) endothelial cells and intestinal epithelial cells. Cells are cultured on semi-
permeable membrane inserts in a transwell plate, separating the apical and basolateral
compartments (Figure 1.6). Closely mimicking an intact in vivo barrier is crucial when
modeling in vitro cell barrier especially for transport studies [62,63]. There are several methods
that can be used to examine paracellular or transcellular permeability, including the use of
fluorescent dye molecules such as fluorescein isothiocyanate (FITC)-dextran and lucifer
yellow, radioactively labeled sucrose, and TEER measurement. Among them, TEER
measurement is a direct and non-destructive method to investigate barrier integrity, unlike other
methods that require the addition of fluorescent dyes or contrast agents [64-67]. The Figure 1.7
shows the general setup of most commonly used and commercially available TEER
measurement device (EVOM and Millicell ESR-2). The fixed pair of double electrodes, made
out of silver/silver-chloride pellets, is immersed into each of the apical and basolateral
compartments filled with culture medium of inserts placed in a transwell plate. An AC current

with a frequency of 12.5 Hz is applied between the two electrodes, and the resulting output
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signal (voltage) is measured. As a result, total electrical resistance of transwell culture is

quantified using Ohm's law.
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Figure 1.6. lllustration of the in vitro transwell based cell culture. Cells are cultured on a semi-
permeable membrane within the insert. The inner part of the insert constitutes the apical
compartment, while the outer part is designated as the basolateral compartment.

The circuit diagram includes two series-connected resistors: one represents the TEER and the
other represents the resistance of the culture medium (Rwm), electrode (Re), and porous
membrane (Rpm) (Figure 1.7). Therefore, the Rteer can be extracted using the Equation 1.17

from obtained total resistance (Rrotal) [69].

RTEER[-Q ' sz] = (RTotal [-Q] - RBlank[QD X APorous membrane [sz] 1.17
1 1.18

R x —

A

Here, Reiank represents the TEER measurement without a cell layer, Rrotal represents the TEER
measurement with a cell layer, and Aporous membrane IS the geometrical surface area of the porous
membrane on which the cells are cultured. Since resistance is inversely proportional to surface
area (A) as per Equation 1.18 [70], the TEER value is multiplied by the surface area for
normalization, as shown in Equation 1.17. Despite its value as a non-invasive method, TEER
measurement is susceptible to errors due to various factors such as temperature changes,

electrode damage, and positioning [68,69,71].
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Figure 1.7. TEER measurement in transwell culture system. lllustration of TEER measurement
device that is commonly used in transwell culture. The device operates by allowing an AC
current with a constant amplitude to flow between two electrodes, while measuring voltage
changes in order to display the ohmic resistance at a frequency of 12.5 Hz. The equivalent
circuit represents electrochemical elements in transwell culture system that includes cell layer
resistance (Rteer), culture medium resistance (Rwm), electrode resistance (Re), and porous
membrane resistance (Rpm). This Figure has been reconstructed from 2013 Benson et al.;
license BioMed Central Ltd [68].

Therefore, it is important to carefully control these conditions during TEER measurement.
Furthermore, a volt-ohm meter exclusively measures resistance, implying that equivalent
circuits can be modeled to incorporate only resistors (Figure 1.7). However, this approach lacks
specific information, particularly regarding electrode characteristics such as CPE or W, as
introduced in Table 1.1.

1.2.2.  Electrochemical Impedance Spectroscopy

Unlike single-frequency TEER measurements, EIS offers the advantage of monitoring
electrical impedance across a wide range of frequencies. This capability enables the capture of
electrical impedances from different components within an electrochemical system in a single
measurement. Consequently, potential sources of error in single-frequency TEER
measurements, such as electrode damage and changes in medium resistance due to variations
in concentration or temperature, can be monitored or further eliminated, as R, CPE, and W can
be extracted from the given system. This leads to the attainment of more precise results.

Figure 1.8 represents an equivalent circuit model analogous to the barrier tissue models that

can be obtained by EIS. Compared to single-frequency TEER measurements (Figure 1.7), not
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only does Rt serve as an analogous tight junction protein regulating paracellular transport, but
Rcm and Cc also represent the polarization function of the lipid bilayer as part of the
transcellular pathway. The cell-related circuit elements, Ry, Rcm, and Cc, are connected in
parallel. Additionally, the electrode impedance is represented by Cg, and the cell culture

medium is represented by Rw.
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Figure 1.8. EIS measurement of cellular barrier. (A) Typical equivalent circuit model
corresponding to electrical properties of cellular barrier system as reflected in EIS
measurement. The tight junction that regulates paracellular transport can be modeled with
resistor (Rt). The transport through the transcellular pathway is regulated by the cell
membrane, which can be modeled with a parallel connection of a resistor (Rcm) and a capacitor
(Cc). Additionally, the electrode capacitor (Cg) and medium resistance (Rwm) is series connected
to the circuit. (B) Typical graphical representation of the impedance distribution of the cellular
barrier in the frequency spectrum. The electrical barrier parameters, Rt and Cc, contribute
dominantly to the total impedance at middle frequencies, while the electrode impedance (Ce)
and the medium impedance (Rm) are dominant at low and high frequencies, respectively. (C)
The equivalent circuit of the cellular barrier can be simplified. This figure has been
reconstructed from Benson et al. under the terms of the Creative Commons Attribution License,
published by BioMed Central Ltd [68].

The impedance of each component in an electrochemical system becomes dominant at a
particular frequency range. As shown in Figure 1.8B, the electrode impedance (Ce) dominates
the total impedance at low frequencies, while the cell-related impedance, composed of parallel
connected Rt and Cc, becomes predominant at middle frequencies. Figure 1.8C depicts the
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simplified equivalent circuit commonly utilized. At high frequency ranges, the permittivity of
both the electrode and the cell membrane decreases [52], causing the medium impedance (Rm)
to become the dominant factor contributing to the total impedance. The obtained EIS data can
be used to quantify the electrical parameters of barrier integrity, including resistance of tight
junction and capacitance of the cell membrane, by fitting an equivalent circuit using software.
The quantified Rt and Cc out of fitting program can be normalized to porous membrane surface

area and used.

RT,normalized [Q 'sz] = RT,Fitting[Q] X APorous membrane [sz] 1.19

The parameter Rt riting represents the resistance of tight junction quantified by fitting the
equivalent circuit to EIS data, and Aporous membrane denotes the geometrical surface area of the

porous membrane.

While resistance is inversely proportional to surface area, capacitance is directly proportional
to surface area (Equation 1.20).

CxA 1.20

Therefore, the capacitance can be normalized using Equation 1.21.

CC,Fitting[F] 1.21
CC,normalized[F/sz] = A 5
Porous membrane [Cm ]

Where Cc, normalized represents the normalized value of Cc, Cc, Fiting denotes Cc obtained from
fitting the equivalent circuit, and Aporous membrane Signifies the surface area of the porous
membrane. Hence, through the use of equivalent circuit fitting, accurate results can be obtained
regarding barrier integrity, effectively eliminating the impact of undesired background factors
like electrode and medium resistance. Moreover, the advanced measurement of EIS, when
compared to single-frequency TEER measurement, has been considered advantageous for
application in perfusion bioreactor cultures operating under fluid flow condition. Further
discussion on their utilization within bioreactor systems will be presented in the subsequent

sections.

1.3.  Titanium Nitride Coating as an Electrode Material

EIS measurements rely on the electrodes as an essential link between the measurement device

and the electrochemical system. By subjecting the electrode to AC voltage and measuring the

resulting current, valuable information regarding the impedance response of the

electrochemical system can be obtained. In simpler terms, the sensitivity of the electrodes holds
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importance. At the same time, since the impedance of the electrode affects EIS results, as
shown in the Figure 1.8, lowering electrode impedance becomes a crucial goal when employing
EIS for biological applications. Therefore, the choice of materials should be decided depends
on the specific electrochemical system along with preliminarily examination of electrode
properties to obtain meaningful results. In terms of studying electrical impedance of biological
tissue, the electrode should be conductive, biocompatible, and exhibiting no chemical reactivity

or degradation during the experiment.

Titanium nitride (TiN), a ceramic material possessing great hardness, is an excellent candidate
for use as an electrode in bioimpedance studies. TiN is mainly coated onto other materials such
as steel, titanium alloy, and aluminum for use. Even though the conductivity of TiN
(~ 4 x 10® S/m) is relatively low compare to noble metals such as gold (Au, 4.52 x 107 S/m)
and platinum (Pt, 9.44 x10° S/m) [72,73], TiN coating possesses other superior material
properties that make it more suitable for use in EIS measurements with biological tissue rather
than those materials. The biocompatibility and wear resistance of TiN coating has been
extensively demonstrated in biomedical research, to the extent that it is being used as a coating
for medical implants [74-79]. Another advantageous material property of TiN coating is
corrosion resistance. To ensure accurate bioimpedance measurements and prevent harm to
biological tissue, it is important to choose electrodes with high corrosion resistance. This is
because chemical reactions at the electrode/electrolyte interface can cause material
degradation, resulting in inaccurate EIS readings and the release of harmful corrosion debris.
Khatkhatay et al. [80] discovered that the TiN coating on Zircaloy-4 tubes stayed stable and
intact even after being exposed to supercritical water for 48 h, while the uncoated tubes showed
significant oxidation and corrosion. In general, supercritical water is defined as water at a
beyond critical point (above a temperature of 374 °C and a pressure of 22.1 Mpa) in a phase
equilibrium curve, and served as severe oxidizing agent [81]. Their corrosion test involved
exposing the samples to aerated water for 48 h at a temperature of 500 °C and a pressure of
25 MPa. They confirmed that TiN coating revealed high corrosion resistance due to the
formation of an oxide film. Also, Subramanian et al. [82] performed three TiN coatings (TiN,
TiON, and TiAIN) on CP-Ti substrates and compared their corrosion rates to the substrate
using EIS. Their findings showed a greater decrease in corrosion rate for all three TiN coatings
in simulated body fluid compared to the substrate. Lastly, another beneficial property of
TiN coating is its relatively low electrode impedance. Minimizing the contribution of electrode

impedance to the total impedance has been emphasized to obtain accurate results [51,83-85].
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Higher electrode impedance might lead to signal distortion, making it difficult to accurately
detect the electrical properties of biological tissue, which are the main focus of EIS
measurements in biology field. Preliminarily, electrode double-layer capacitance can be
defined using EIS measurement as it is significant factor deciding the electrode impedance.
Double-layer capacitance is an electrochemical property of the electrical double layer at the
electrode-electrolyte interface, where charges of opposite signs align, with one at the electrode
surface and the other in the electrolyte, resulting in the storage of electrical energy. Thus, if the
electrode has high double-layer capacitance, it results in low electrode impedance. The
equation that defines the relationship between double-layer capacitance and capacitor
impedance (where the electrode essentially acts as a capacitor) is explained in Table 1.1.
Several studies have investigated that TiN coating has a relatively higher double-layer
capacitance than other commonly used electrode materials. Norlin et al. compared
the double- layer capacitance of pure platinum (Pt) and Titanium (Ti), and TiN-coated
electrode (TiN coating on Ti substrate) using EIS [32]. The TiN coating electrode showed
a double-layer capacitance of value 3.5 x 102 F/cm?, which is hundred times higher than the
capacitance values of Pt and Ti, which are 6.0 x 10 F/cm? and 1.6 x 10™* F/cm?, respectively.
Their study indicated the rough surface of TiN coating causes a high effective surface area,
leading to an increase in double-layer capacitance. Schmitz et al. [86] reported a comparison of
the interfacial capacitance between smooth and rough TiN coating surfaces using EIS
measurement. Hence, they showed that the interfacial capacitance of rough TiN coating
(309 x 10° F/cm?) was higher than smooth TiN coating (11.1 x 10® F/cm?). Moreover,
interfacial capacitance of the rough TiN coating was higher than the gold (35.3 x 10 F/cm?)
and stainless steel (6 x 10 F/cm?).

To apply TiN onto substrates, physical vapor deposition (PVD) is a commonly used coating
method. It includes various processes, such as vacuum evaporation, sputter deposition, and ion
plating [88-92]. Among these processes, the sputter deposition is commonly used for producing
thin film of compound materials such as TiN, silicon dioxide (SiO), titanium carbide (TiC),

and so on.

The Figure 1.9 shows an example of sputtering process, specifically the radio frequency (RF)
magnetron sputtering process. RF power supply is connected to the vacuum chamber using a
matching network, and an AC electric field with a frequency of 13.56 MHz is applied to the

low-pressure gas in the chamber. Inert gases such as argon (Ar) are commonly used as process
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gases. Other process gases, such as nitrogen and oxygen, can also be used for specific

applications. Plasma is generated when gas atoms become ionized by an electromagnetic field.
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Figure 1.9. Schematic diagram of PVD coating process. The diagram illustrates PVVD process
using RF magnetron sputtering. A low-pressure process gas such as argon is ionized by an RF
energy source to form a plasma. High-energy ions (Ar*) from the plasma bombard a target
material, causing atoms to be ejected and deposited onto a substrate. This figure has been
adapted from Schmitz's doctoral dissertation [87].
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The gaseous ions from the plasma collide with the target surface, causing the surface atoms
and ions of the target to be bombarded. The sputtered materials are then deposited onto a
substrate. The magnetron traps electrons in a magnetic field, increasing the ionization of the
process gas and protecting the substrate from damage caused by ion bombardment. In
magnetron sputtering, the deposition parameters are highly linked to the characteristics of thin
films, thereby it is important to find optimized parameters depending on the demands [93-99].
Regarding RF magnetron sputtering specifically, Vasu et al. [100] found that the crystal
structure and optical properties of TiN thin films were influenced by substrate temperature in
RF magnetron sputtering, resulting in a transition from a non-stoichiometric, tetragonal Ti;N
phase to a nitrogen-deficient, cubic TiN phase. According to Kim et al. [101], reducing the
Ar/N2 ratio (to 20:30, 10:30, and 0:30 ratios) during RF magnetron sputtering caused a decrease
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in the grain size of the TiN coating. They also observed that increasing the flow rate of N led
to an increase in both the hardness and elastic modulus of the coating possibly because of a
fine dispersion of TiN nano crystals. This is consistent with results reported by Dhanaraj et al.
[102].

The TiN coating has shown promise as an electrode material for use in biological applications.
Furthermore, by optimizing the PVD coating deposition process, the surface properties of TiN

coating can be further improved to meet the requirements for electrode use.

1.4,  State-of-the-art of Electrochemical Impedance Spectroscopy Setup

for Cellular Barrier Culture in Perfusion Bioreactors
The transwell culture is a widely used in vitro cell culture for studying the BBB and intestinal
barrier due to its ease of use and reproducibility [103-105]. However, the model lacks some of
the dynamic conditions found in the in vivo environment, such as shear stress, continuous
nutrient supply, and pressure [106-111]. Bioreactor culture is one of alternatives providing
mechanical stimuli to approach to advance in vitro barrier cell culture. However, the use of
fixed double electrodes is limited to transwell cell culture, and obtaining reliable TEER
measurements under dynamic conditions, particularly under fluid flow, can be challenging. EIS
is a particularly suitable technique to be used in bioreactor culture, as it enables automated

long-term monitoring of tissue barrier integrity.

When integrating the EIS system into a perfusion bioreactor where a cellular barrier is being
cultured, several factors need to be considered to ensure that the system operates more precisely
and effectively. One of factors is electrode numbers. Most of impedance analyzer are four
probe instruments consisting working (W), counter (C), working sensing (WS), and reference
(R) probe. Working and counter probe are current carrier, and working sensing and reference
probe participate to measure the potential. The number of electrodes required for the
experiment may vary between two, three, or four, and the probes must be configured
accordingly [112]. In a two-electrode setup, the same electrodes participate for both carrying
the current and measuring the potential hereby, the working and working sense probe connect
to one electrode and the counter and reference probe to another electrode (Figure 1.10A).
The whole electrochemical cell contributes to the measurement results. The main difference
between the three- and the two-electrode setup is that in the former, a third electrode is used to
connect the reference probe (Figure 1.10B). This allows the potential change caused by the

counter electrode to be excluded. In a four-electrode setup, four probes are connected to
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individual electrodes (Figure 1.10C). The working sense and reference probes, what measure
the potential, are not connected to the working and counter electrodes, and therefore any
potential changes that may occur due to polarization or chemical reactions on the working and
counter electrodes will not be detected.

A B C

Potentiostat probe WS

W/WS C/ W/WS C W C

Electrochemical cell

Figure 1.10. Different probe configurations. (A) Two-, (B) Three-, and (C) Four- electrode
setup. (A) Connection of working (Red) and working sense (Black) probe to one electrode, and
counter (Blue) and reference (Green) probe connected to another. (B) Connection of a working
and working sense probe to one electrode, a counter probe to another electrode, and a reference
probe to a third electrode. (C) Four probes are connected to individual electrodes. This figure
has been reconstructed with permission from Gamry Instruments [112].

The measurement results involve information on potential differences from the electrolyte or
some barrier present within the electrolyte. In addition to considering the number of electrodes,
the electrode position also needs to be taken into account. Furthermore, various methods can
be used to integrate electrodes to bioreactor system, such as sputtering, printing, or inserting
metal wires. Another factor that needs to be considered is an impedance meter that performs
the actual measurement. The selection of impedance meters for biological impedance research
should be based on the specific characteristics of the biological samples under investigation.
This is because different impedance meters provide varying frequency ranges, impedance
ranges, automatic measurement options, and resolutions. In addition, the availability of fitting
and simulation programs for equivalent circuit modeling may also be considered when

choosing an impedance meter.

In the following paragraphs, an overview is presented of the state-of-the-art EIS system

integrated into a perfusion bioreactor, where cellular barriers are cultured. In their 2013 study,

Griep et al. [113] presented a microfluidic model designed for the cultivation of BBB, which

specifically utilized immortalized human brain endothelial cells (h\CMEC/D3) and enabled the

measurement of TEER. As you can see in the Figure 1.11A, their BBB chip comprised a top
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and bottom part made out of polydimethylsiloxane (PDMS), with the main channel for cell
culture and a side channel for the electrode. They embedded the two inert platinum (Pt)
electrodes on the side channels (top and bottom) and connected the HP4194A impedance/gain
phase analyzer to electrodes for TEER measurement. TEER measurement was performed
within 100 Hz to 10 MHz controlled by LabVIEW 7.1 software.
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Figure 1.11. State-of-the-art of EIS system (1). Griep et al. proposed a microfluidic BBB chip
integrating electrodes to examine BBB barrier integrity. (A) BBB on chip is composed of top
part (1) and bottom part (3), and porous membrane (2). The device consists of a main channel
for microfluidic culture and a side channel (4) that contains an electrode integrated on both the
top and bottom parts. The image on the far right displays a photograph of the BBB chip. (B)
Obtained EIS data represents to impedance and phase bode plot. The results show a comparison
of EIS measurements between the BBB chip without cells (day 0) and with cells (day 1).
Furthermore, the EIS data were fitted to equivalent circuits, where each circuit element
represents a specific frequency range. The electrode impedance (CPEq) is represented at low
frequencies, the medium resistor (Rmed) at high frequencies, and the electrical barrier function
resistor and capacitor (Reel and Ccm) at intermediate frequencies. The figure has been reprinted
from publication of Griep et al. with permission from Springer Nature [113].

Also, based on the obtained bode plots (Figure 1.11B), they have done equivalent circuit
modeling which is represented upper left corner in Figure 1.11B (phase plot), subsequently
fitting the equivalent circuit modeling on impedance data using external program (EC-lab
V10.02). They were able to analyze and quantified the TEER value of hCMEC/D3 in
microfluidic model. However, they found that the electrode positions differed slightly between
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batches during fabrication, which had an influence on the TEER value. Therefore, they
recommended the use of sputter electrodes with a higher surface area in future designs. Griep
et al. [113] used a two-electrode setup, while VVan der Helm et al. [114] and Linz et al. [115] have
employed a four-electrode setup for monitoring electrical barrier function. The advantage of
using the four-electrode setup is that it can eliminate the electrode impedance, which is not a
focus in monitoring barrier function. Van der Helm et al. fabricated thin metal layers on
polycarbonate (PC) by sequentially depositing titanium, gold, and titanium using e-beam
evaporation (Figure 1.12A). They then integrated four electrodes by bonding two of these films
to the top PDMS channel and two to the bottom PDMS channel of an organ-on-chip device

using silane chemistry.
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Figure 1.12. State-of-the-art of EIS system (2). (A) Gut-on-chip, as proposed by Van der Helm
et al. is composed of PDMS top and bottom channels, a PDMS membrane where cells are
cultured, and a polycarbonate films on which electrodes were deposited. The figure has been
reprinted from Van der Helm et al. licensed under a Creative Commons Attribution Non-
Commercial 3.0 Unported Licence [114]. (B) Linz et al. presented a 3D-printed bioreactor for
organ-on-chip applications. A cell culture membrane is placed in between of 3D-printed two
half cells, and the conductive glasses on below and upper chambers and inserted Pt electrodes
in each half cells participate for EIS measurement. This figure has been reprinted of the work
by Linz et al. and it is licensed under a Creative Commons Attribution-Non-Commercial
License. Copyright belongs to the authors and Advanced Materials Technologies, published by
Wiley-VCH GmbH [115].

The organ-on-chip device was used to culture Caco-2 cells under dynamic culture, and the
barrier function and differentiation were demonstrated using EIS. EIS measurement was
performed in galvanostatic mode by applying a constant AC current in the frequency range of
1 Hz to 100 kHz and measuring the potential difference using Autolab PGSTAT 204.

The impedance spectra graph indicated the detection of cell layer impedance between 100 Hz

and 10 kHz. Furthermore, it was observed that the measurement of the electrical properties of
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the cell layers remained unaffected by the double-layer capacitance with the use of a four-
electrode setup. Using obtained data, they quantified the cell layer resistance and capacitance
using mathematic equations. Additionally, Linz et al. [115] presented a 3D-printed micro-
bioreactor (Figure 1.12B) that included electrodes, enabling the culture of epithelial cells,
specifically Caco-2 cells, and online monitoring of cellular barrier function using EIS. Their
3D-printed bioreactor was composed of two identical half-cells with a 3 mm drilled area for
cell culture. The cell membrane was placed between half-cells and the Pt wire electrodes are
inserted in each half-cell. The indium tin oxide (ITO) glass of two half cells played a role of

current injecting electrodes while the Pt wire electrodes served as a pick-up voltage during EIS.

The positioning of the electrodes was intended to minimize any phase shift between voltage
and current that may result in measurement errors. They carried out EIS measurement in
galvanostatic mode applying constant current of 10 LA at a frequency range 10 Hz to 30 kHz.
The impedance data was fitted with the equivalent circuit using the fitting software Zview 2,

resulting in the quantification of TEER and cell layer capacitance.

Carcopardo et al. [116] described the integration of an EIS system into a milli-fluidic double
flow bioreactor, which is capable of real-time monitoring of the barrier functions of Caco-2
cells (Figure 1.13A). Their bioreactor is composed of a the apical and the basolateral chambers,
separated by the cell culture membrane equipped in membrane holder. They intended to
produce modular type of electrodes and has transparency for optical monitoring of cell culture
area. Hence, electrodes were fabricated by dispensing a silver-enriched epoxy paste on a glass
slide using a dispensing computer numerical control (CNC) machine. Two glass slides with
Ag-printed electrodes were placed, one on the basolateral side of the chamber and the other on
the apical side, creating four-electrode configuration. The EIS measurement performed both in
low frequency 40 Hz to 1.04 kHz and high frequency ranges from 2 kHz to 100 kHz. To
calculate the TEER, the impedance values within the range of 401.04 kHz were averaged, and
the resulting average value was subtracted by the respective blank impedance value (without
cells). This value was then normalized by the cell culture area.

In addition to the planar culture bioreactor, the hollow fiber bioreactor (HFBR) is widely used
for culturing barrier tissues that can mimic the vascular system of various tissues and organs,
such as the liver tissue [118-120], blood-brain barrier (BBB) [121,122] and renal tubule [123-127].
The hollow fiber bioreactor is composed of bundles of tubular, porous membranes made out of

materials such as polypropylene, polysulfone, or polyethylene. Thus, bundles of hollow fibers
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are housed within cylindrical housing creating HFBR. The bioreactor has inlet and outlet ports

that are dedicated for the intracapillary (IC) space and extracapillary (EC) space in the HFBR.
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Figure 1.13. State-of-the-art of EIS system. (3). Perfusion bioreactors with module electrodes.
(A) A dual flow membrane bioreactor presented by Carcopardo et al. The schematic view
represents the components of the bioreactor, where the apical and basal chambers are separated
by a membrane holder, and a glass slide with Ag-printed electrodes is assembled in each
chamber. The figure has been reprinted from Carcopardo et al., Elsevier Publishers, with
permission [116]. (B) DIV-BBB model proposed by Santaguida et al. A bundle of porous
polypropylene hollow fibers is fixed inside the cartridge. Two extraluminal space (ECS) ports
and two lumen ports for medium flow are located on the upper side, while four electrodes for
TEER measurement are embedded on the lower side of the cartridge. This figure has been
reprinted from Santaguida et al. with permission from the publisher Elsevier [117].

Electrodes

Due to their capillary structure with high surface area, hollow fiber reactors offer a great mass
transfer rate, which is advantageous for the exchange of nutrients and gases compared to
conventional tissue culture. Furthermore, perfusing medium culture or blood through EC space
and IC space enable to mimic microenvironment of living tissue giving relative shear stress
and pressure [128,129]. The use of commercially available HFBR is common, but they are
designed as closed systems, so it is not possible to open for microscopic observation during
cell culture. Thus, it is essential to have a non-invasive and real-time monitoring system to
evaluate cell growth, function, and differentiation in a hollow fiber bioreactor during tissue
culture. Resazurin assay is one of non-invasive methods to assess the cell viability using for
hollow fiber bioreactor culture [130,131]. In principle, resazurin, which is initially blue and non-
fluorescent, is reduced by the reducing agents produced during the metabolic processes of cells,
resulting in the formation of the pink-colored and fluorescent dye called resorufin. Cell

viability can be examined by measuring the fluorescence emitted by the dye.
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However, substances used during cell treatment can disturb the redox reaction, potentially
affecting the assay results [132]. Therefore, interpretation of the results should be done carefully.
Santaguida et al. [117] demonstrated the barrier integrity of the BBB cultured in a commercially
available HFBR from Flocel Inc (Figure 1.13B). The four embedded electrodes in the extra
ports of the cartridge, apart from the fluid flow ports, to measure TEER. The excitation voltage
of 0.06 V was applied through the excitation electrodes connected to the IC and EC spaces,
and the resistivity and capacitance per cm? were obtained by a microcontroller. Although
further details about electrode materials and frequency ranges were not described, the study
shows the possibility of real-time monitoring of barrier integrity during HFBR culture.
Subsequently, in 2013, their research group presented a TEER measurement study for a
dynamic in vitro (DIV)-capillary-venule model using the same TEER measurement setup [133].
However, the commercially available bioreactor with embedded electrodes may increase costs,

limiting practicality for parallel experiments or high-throughput screening.

Therefore, several crucial factors need to be carefully considered and designed to ensure the
success of EIS measurements in a perfusion bioreactor system. These factors include aspects
such as the number of electrodes, the positioning of electrodes within the bioreactor system,
and the input parameters of EIS. Two- or four-electrodes setup has been commonly used for
biological impedance measurement. A four-electrode setup has the advantage of eliminating
the contribution of electrode impedance to the total impedance, thereby preventing influence
of electrode impedance on the measurement of biological cell impedance. However, Grimmes
and Martinsen [134] have been reported that four-electrode setup (tetrapolar electrode system)
is possible to bring measurement errors because of several phenomenon such as negative
sensitivity regions, separate current paths and common-mode signals. Furthermore, their
findings showed that even dipolar electrode systems (two-electrode setup) exhibited higher
sensitivity zone that contribute to total impedance, compared to four electrode system in their
experimental design. Therefore, when the four-electrode setup is used, the electrode size and
placement must be carefully considered. On the other hand, although the influence of electrode
impedance cannot be neglected in measurements using a two-electrode system, it can be
eliminated through equivalent circuit modeling at a later stage. Additionally, the use of two
electrodes is cost-effective and less complicated for bioreactor designs compared to four-
electrode systems. Whether electrodes can be positioned either within the perfusion bioreactor
where cell cultures are present or in the tubing system outside of the bioreactor. Electrodes are

often integrated into bioreactors to reduce noise during EIS measurements by bringing them in
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close proximity to biological tissue. However, this integration can complicate the bioreactor
design and fabrication process, and the size of the integrated electrodes may vary between
batches, which could affect measurements. Furthermore, the integration can impede visual
inspections of cell culture during bioreactor operation, especially if the bioreactor has
transparency such as PDMS. Lastly, because the electrical properties of cells differ depending
on the cell types, it is important to optimize input parameters such as frequency range and
applied AC signal to obtain accurate and reliable measurements that are not harmful to
biological cells.

1.5.  Electrochemical Impedance Spectroscopy Niche for Hemofiltration

The utilization of a HFBR can be extended to medical devices, such as hemofilter. In order to
accommodate the demanding high-volume molecular transfer necessary for effective medical
treatment, the HFBR possesses a substantial surface area, achieved through the configuration
of a bundle of hollow fibers. In this section, the utilization or necessity of EIS within the context
of hemofiltration based on HFBR for monitoring purposes will be discussed. Hemofiltration is
a form of renal replacement therapy (RRT) that can be used to treat acute kidney injury (AKI)
or kidney failure (AKF) in patients. While hemofiltration will be the focus of this study, it
should be noted that RRT also includes other treatments such as hemodialysis and
hemodiafiltration. Hemofiltration uses a semi-permeable membrane filter to allow solutes and
fluid from the blood to pass through by convection, whereas hemodialysis relies on diffusion.
On the other hand, hemodiafiltration uses both convection and diffusion. During hemofiltration,
the patient's blood is circulated through an extracorporeal circuit that incorporates a hemofilter
(Figure 1.14). The blood exits the patient and enters the hemofilter, where waste products and
excess fluid are removed via a semi-permeable membrane through convection. This process
clears both small and large molecular weight waste products at similar rates [135,136]. The
filtrate is discarded, and replacement fluid is infused into the filtered bloodstream before
returning the blood to the patient. There are intermittent hemofiltration and continuous
hemofiltration. Intermittent hemofiltration requires 3 h to 5 h per session, which is done several
times per week, while continuous hemofiltration runs for 8 h to 12 h or more per treatment.
Continuous hemofiltration is most commonly used in the intensive care unit [135,137,138]. There
are several factors, such as filter clotting, blood line or sensor kinking, and hypotension, that
can occur during hemofiltration and lead to treatment failure. If measures are not taken

promptly, these factors can directly affect the patient's health. Among the factors, clotting is a
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common factor that can arise within the hemofilter, typically on the fiber membranes and

within the venous ‘air-trap' chamber [139].

Clotting occurs when platelets become activated and trigger a cascade of coagulation events
that result in the formation of a clot while circulating in the extracorporeal circuit [141,142].
Initial clotting is often induced at the entrance of the hemofilter, which can lead to further
clotting and accumulation of debris and proteins on the filter fibers, resulting in the clogging
of the filter membranes. Clotting and clogging of the fiber membranes, which is related to the

filter's life time, can result in inefficient treatment.
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Figure 1.14. A schematic diagram of hemofiltration. The patient's blood is directed out of the
body via a peristaltic pump and enters the extracorporeal circuit, where it passes through the
hemofilter. Waste products and water are separated from the blood through the semi-permeable
fibers in the hemofilter by convection. Fresh dialysate is infused back into the blood to maintain
a consistent blood volume that is returned to the patient. This figure has been reprinted from
Alhazmi et al. under the terms of the Creative Commons Attribution 3.0 License [140].

Clotting in the venous 'air-trap' chamber, where blood passes before returning to the patient,

occurs due to the continuous blood oscillation generated by turbulent flow in the chamber.

Consequently, the clotting causes resistance to blood flow, reducing the blood flow rate.

Overall, the clotting and clogging in extracorporeal circuit increased circuit costs and overload

of medical staff. Studies have been attempted to reduce clotting, such as adjusting the dose of
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anticoagulation [143-147], predilution of the filter [148,149], and improving the filter membrane
materials [150-152]. Furthermore, monitoring is also necessary to provide prompt feedback on
the right moment when the filter becomes clogged. The hemofiltration system possesses a
pressure monitoring function that measures arterial, venous, and effluent pressure during
hemofiltration, displaying the readings that can be interpreted by medical staff. Moreover, an
alarm is activated when the pressure readings exceed the input pressure limit, enabling the
medical staff to take appropriate action. An increase in post-pump arterial pressure may
indicate clotting problems in the hemofilter, whereas higher venous pressure denotes clotting
at the venous drip chamber. Additionally, a negative effluent pressure may also indicate that
the filtration is being driven by a pump instead of convection due to clotting or clogging in the
hemofilter. Moreover, the transmembrane pressure (TMP) can be calculated using measured
pressures (Equation 1.22), and it is commonly used as an indicator of clogging in hemofiltration
[153].
_ Arterial P + Venous P 1.22

TMP = > — Effluent P

However, these pressures are not definitive indicators of clotting or clogging on the fiber
membranes in the hemofilter, as other phenomena can contribute to an increase
in pressure [154]. For example, a kink, clamp, or occlusion in the arterial or venous line may
increase post-pump arterial or venous pressure, respectively. Additionally, clotting in the
venous catheter can also influence venous pressure. Consequently, there is a risk of taking
action with a misinterpretation based on pressure values. Thus, an absolute indicator that
monitors clotting or clogging of a hemofilter in real-time remains a niche area, enabling earlier
detection of clotting or clogging in hemofiltration and facilitating correct actions. This not only
contributes to beneficial cost efficiency by avoiding inappropriate interventions but also

promotes optimal patient health outcomes.
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1.6.  Aim of Thesis

EIS is a cutting-edge technique that enables non-invasive monitoring of the electrical behaviors
of biological cells and biomolecules within a perfusion bioreactor. Several attempts have been
made to integrate electrodes into perfusion bioreactor systems for EIS measurements, but these
electrodes are exclusively designed for a specific bioreactor. The aim of this thesis is to design
and develop a versatile add-on electrode that can be seamlessly integrated into various types of
perfusion bioreactors and medical devices, thereby simplifying the fabrication process and
reducing design complexity. Additionally, using the electrode system, the objective is to enable
the evaluation of barrier cell integrity in two different types of perfusion bioreactors and the
monitoring of clotting or clogging phenomena in biomedical devices during hemofiltration.

The research objectives are specifically designed to achieve the aims outlined in this thesis.

To fabricate electrode material. The electrode material is considered a critical factor that
brings stable and accurate results in electrical measurement. Furthermore, it must be
biocompatible due to its direct contact with the cell culture environment. A TiN coating will
be fabricated using the PVVD method previously optimized by Schmitz et al. [86]. Also, various
electrode substrates with different materials will be compared to optimize the electrode. In
addition to the analysis of surface chemistry and structure, the double-layer capacity, a
reflection of the electrical impedance of the TiN coating, will be compared across various

electrode substrates.

To find optimum design for producing add-on types electrodes. To achieve versatile
applications of electrodes in a perfusion bioreactor system, various electrode designs will be
attempted during the production process. PDMS casting and 3D printing techniques support
modifying the structure to find an optimum design of add-on type electrodes. The electrode
structure will undergo characterization by subjecting it to varying flow rates. This
characterization aims to evaluate the extent to which the structure is prone to leakage under
conditions of fluid flow. By means of this evaluation, the objective is to further refine and

enhance the electrode design to achieve optimal functionality.

To explore how influential parameters of a fluidic culture system impact electrochemical
impedance spectroscopy. Before integrating electrodes into perfusion bioreactors, electrode
system was examined as varying influential parameters of a fluidic culture system using EIS.
This step aims to analyze the impedance response of the electrode system across a broad

frequency range (1 Hz to 100 kHz) under various parameters such as temperature, flow rate,
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and other controlled factors during dynamic flow culture. The objective is to determine how

each parameter influences EIS results across the frequency range.

To test applicability of a non-invasive monitoring system in perfusion bioreactor systems.
This step involves optimizing the overall bioreactor setup, while considering the number and
placement of electrodes. Additionally, it includes conducting EIS online monitoring under
dynamic flow conditions. The impedance data obtained through online monitoring is
subsequently analyzed and quantified to assess cell barrier integrity using equivalent circuit
fitting and simulation. This evaluation will cover essential indicators, including tight junction
resistance and cell membrane capacitance. In detail, the first application is implementing the
electrodes on a novel chip bioreactor designed by Dr. Tobias Schmitz, and aims to verify online
monitoring of cellular barrier integrity during long-term dynamic flow culture. The transwell-
based human induced pluripotent stem cells (hiPSC)-BBB in vitro model established by
Appelt-Menzel et al. [155] will be adapted to dynamic flow bioreactor culture. The second
application is to set the electrodes in a miniature HFBR to examine the effectiveness of
implemented non-invasive monitoring system in monitoring cell barrier integrity. Cell lines,
such as HUVECs or Caco-2, will be cultured within the HFBR system for the test.

To test of applicability a non-invasive monitoring system into hemofiltration. The testing
of the electrodes will be expanded to a medical device operated using a HFBR. This expansion
will aim to assess the hypothesis that impedance spectroscopy can reliably detect instances of
hemofilter clogging. The number of participating electrodes will be adjusted based on the
specific measurement focus within the system, including impedance across the fiber, blood
impedance, and effluent impedance. The focus of the study is to develop a method for
interpreting the EIS data that reflects the hemofiltration system across a wide range of
frequencies. This interpretation aims to establish a connection with phenomena related to

hemofiltration, such as clogging in the hemofilter.
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2.
Table 2.1. Chemicals

Materials

Chemicals

Company

Antibody Diluent, AL120R500

DCS Innovative Diagnostik-Systeme GmbH
& Co. KG (Hamburg, Germany)

B27 supplement

Life Technologies (Darmstadt, Germany)

Citric acid

Sigma Aldrich

Clear resin (FLGPCLO02)

Formlabs (Berlin, Germany)

Collagen-1(rat tail)

TERM Wuerzburg

Dental SG (FLDGORO1)

Formlabs (Berlin, Germany)

Dental Model (FLDMBO01)

Formlabs (Berlin, Germany)

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich GmbH
(Taufkirchen,Germany)

Donkey serum, 31965080

Life Technologies GmbH (Darmstadt,
Germany)

Dublisil® 15

Dentalversender(Cologne, Germany)

Dulbecco's Modified Eagle Medium
(DMEM) (high glucose, Hepes)

Gibcol/life Technologies GmbH (Darmstadt,
Germany)

Endothelial Cell Growth Medim
(CatC-22215), Supplements (CatC-39210)

Promo Cell (Heidelberg, Germany)

Ethanol 96 %, denatured

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Fetal calf serum (FCS), FCS.ADD.0500

Bio & Sell e.K. (Feucht, Germany)

Fluoromount-G DAPI™

Life Technologies GmbH (Darmstadt,
Germany)

human basic fibroblast growth factor
(hbFGF, 100-18B)

PeproTech (Cranbury, NJ, USA)

Human Endothelial SFM [+] L-Glutamine

Gibco/Thermofisher

Human plasma fibronectin (FO0895-1MG)

Sigma-Aldrich GmbH
(Taufkirchen,Germany)

hydrogen peroxide 200 (1561563)

Fisher scientific UK

Isopropanol

Carl Roth GmbH (Kalsruhe, Germany)

Leit-C

Plano GmbH (Wetzlar, Germany)

Nacl 0.9 % 182778001

B.Braun (Melsungen, Germany)

Non-Essential Amino Acid (NEAA)

Gibco/life Technologies GmbH (Darmstadt,
Germany)
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Penicillin/Streptomycin

Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany)

Phosphate buffered saline (PBS without
Mg?* and Ca*") (PBS)

Sigma-Aldrich Chemie GmbH
(Taufkirchen, Germany)

Retinoic acid

Sigma-Aldrich GmbH (Taufkirchen,
Germany)

Roti® Histofix, 4 % Paraformaldehyde

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Sodium pyruvate

Life Technologies (Darmstadt, Germany)

Sylgard® 184 silicone, DOWSIL™

DowDuPont, Inc. (Wilmington, Delaware,
uUs)

Triton™ X-100, BioUltra

Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany)

Trypan blue solution, 0.4 %

Sigma-Aldrich GmbH (Taufkirchen,
Germany)

Trypsin 0.5 % 10 x, 15400-054

Invitrogen GmbH (Darmstadt, Germany)

Tween® 20, viscous liquid

Sigma-Aldrich GmbH (Taufkirchen,
Germany)

VascuLife EnGS-Mv Endothelial Medium
Complete Kit (LS-1035)

Cellsystems (Troisdorf, Germany)

Table 2.2. Laboratory devices

Laboratory devices

Company

Aspiration Device Vacusafe

Integra Biosciences GmbH (Fernwald,
Germany)

Autoclave DX-45 Bench-topTechnoclav

Systec GmbH (Wettenberg, Germany)

Autoclave Steam sterilizer (Varioklav)

HP Medizintechnik GmbH
(Oberschleissheim, Germany)

Autoclave Technoclav

Biomedis Laborservice GmbH (Giessen,
Germany)

Autolab, Impedance spectroscopy
(PGSTAT 204)

Metrohm Autolab, Utrecht, Netherland

Centrifuge Heraeus Multifuge X1R

Thermo Fisher Scientific GmbH (Dreieich,
Germany)

Centrifuge Micro SD 220 V AC

Carl Roth GmbH & Co. KG (Karlsruhe,
Gemany)

Cold storage room 4 °C

Genheimer KKT GmbH (Hoechberg,
Germany)

Confocal-microscope TSC SP8

Leica Microsystems (Wetzlar, Germany)

Form 2

Formlabs GmbH (Berlin, Germany)

FormWash device

Formlabs GmbH (Berlin, Germany)
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Freezer Comfort, 513 [, -20 °C

Liebherr-International Deutschland GmbH,
(Biberach an der Riss, Germany)

Freezer TS Series TS 588¢, -80 °C

Thermo Fisher Scientific GmbH (Dreieich,
Germany)

Freezing container Mr. Frosty

VWR International GmbH (Darmstadt,
Germany)

Hot plate 062

Labotect (Gottingen, Germany)

Ice machine AF-80

Scotsman Ice Systems Frimont S.P.A.
(Milan, Italy)

Incubator Heraeus BBD 6220 37 °C, 5 %

Thermo Fisher Scientific GmbH (Dreieich,
Germany)

Inverse Fluorescence Microscope BZ-9000

Keyence Deutschland GmbH (Neu-
Isenburg, Germany)

Laminar flow hood safe 2020 1.8

Thermo Fisher Scientific GmbH (Dreieich,
Germany)

Liquid nitrogen storage tank

German-cryo® (Juechen, Germany)

Microscope EVOS® XL Core

Thermo Fisher Scientific GmbH (Dreieich,
Germany)

Oven

Thermo Fisher Scientific GmbH (Dreieich,
Germany)

Plasma chamber Pico LF PC 115656

Diener Electronics (Ebhausen, Germany)

Sputter coater

Leica Microsystem (Wetzlar, Germany)

SEM microscope DSM 940

Zeiss (Oberkochen, Germany)

Ultrasonic bath

Branson Ultraschall Nierlassung der
EMERSON Technologies GmbH& Co. KG
(Dietzenbach, Germany)

Water bath

Memmert GmbH & Co. KG (Schwabach,
Germany)

Water purification system Milli-Q
Advantage A10

Millipore GmbH (Schwalbach, Germany)

Table 2.3. Disposable materials

Disposable materials

Company

Aluminum Foil

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Autoclave bag

A. Hartenstein GmbH (Wuerzburg,
Germany)

Black PVC EHT cable, @ 5.2 mm,
7/0.3 mm strands

RS Components GmbH (Frankfurt am main,
Germany)

BRAND plates for 24 well plate (1478060)

Omnilab (Bremen, Germany)
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Centrifuge tubes Cellstar® Blue Cap, 15 mL,

50 mL

Greiner Bio-One GmbH (Frickenhausen,
Germany)

Cover slips for object slides, 24x60 mm

Gerhard Menzel Glasbearbeitungswerk
GmbH & Co. KG (Braunschweig,
Germany)

CryoTubes® 1.8 mL

Nunc® GmbH & Co. KG (Wiesbaden,
Germany)

Disposable pipettes, 5 mL, 10 mL, 25 mL,
50 mL

Greiner Bio-One GmbH (Frickenhausen,
Germany)

Econ connect KS4 Bananenstecker Stift-@ :
4 mm Metall 1 St.

Conrad Electronic (Hirschau, Germany)

Flexible silicone tubing (ID: 3.2 mm,
OD: 6.2 mm)

Saint-Gobain Performance Plastics (Charny,
France)

Lamellenstecker Stecker, Einbau vertikal
Stift-@ : 4 mm

Conrad Electronic (Hirschau, Germany)

Luerlock connectors, various shapes and
sizes

Mednet GmbH (Minster, Germany)

Microscopic slides 76x26x1 mm, uncoated

Gerhard Menzel Glasbearbeitungswerk
GmbH & Co. KG (Braunschweig,
Germany)

Microscopic slides Polysine™

R. Langenbrinck (Emmendingen, Germany)

Microscopic slides Super Frost® Plus Object
slides

R. Langenbrinck (Emmendingen, Germany)

Millicell culture inserts, 0.4 um PCF, 12
mm diameter

Merck Millipore Ltd. (Darmstadt, Germany)

Minisart® single-use filter unit

Sartorius (Goettingen, Germany)

Parafilm laboratory film Parafilm® M

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Parafilm® M

Carl Roth GmbH (Karlsruhe, Germany)

Pasteur pipettes, glass, 120 mm, 2 mL

Brand GmbH & Co. KG (Wertheim,
Germany)

Peristaltic pump tubing

IDEX Health& Science (Wertheim,
Germany)

Petri dishes, plastic, various sizes

Greiner Bio-One GmbH (Frickenhausen,
Germany)

Pipette tips 0.5 pul — 10 ul, 10 ul =100 pl,
100 pl — 1000 pl

Greiner Bio-One GmbH (Frickenhausen,
Germany)

SiC wet sandpaper

Schmitz-Metallographie GmbH,
(Herzogenrath, Germany)

Stainless steel tube (4249598)

Gust. Alberts GmbH&Co. KG (Herscheid,
Germany)

Steel Slotted Hex Bolt Drive, 7 — 9 mm
inside diameter (27428912)

RS components (Frankfurt am main,
Germany)

Test lead connectors socket diameter 4 mm

Voltcraft (Hirsau, Germany)

Tissue culture flasks, growth area 175 cm
(T175)

Greiner Bio-One GmbH (Frickenhausen,
Germany)
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Tissue culture flasks, growth area 75 cm
(T75) 90076, 150 cm 90151 (T150)

TPP Techno Plastic Products AG
(Trasadingen, Switzerland)

Tissue culture plates 6 well, 24 well

TPP Techno Plastic Products AG
(Trasadingen, Switzerland)

Unique-Mem® Track-Etched Membrane
(A4 sheets, 210401U4)

Oxyphen (Lottstetten, Germany)

Table 2.4. Laboratory equipment

Laboratory equipment

Company

Centrifuge tube racks, various sizes

NeoLab Migge GmbH (Heidelberg,
Germany)

Eppendorf pipettors, Research plus, 0.5 pl —

10 ul, 10 pl — 100 wl, 100 pl — 1,000 pl

Eppendorf AG (Hamburg, Germany)

Fine tweezers

Fine Science Tools GmbH (Heidelberg,
Germany)

Forceps, various sizes

Karl Hecht GmbH & Co KG (Sondheim,
Germany)

Glass cutter (diamond)

A. Hartenstein GmbH (Wuerzburg,
Germany)

Laboratory glass bottles Duran® with thread,

various sizes

Schott AG (Mainz, Germany)

Neubauer cell counting chamber, depth 0.1
mm, area 0.0025 mm?

A. Hartenstein GmbH (Wuerzburg,
Germany)

Pipettor accu-jet® pro

Brand GmbH & Co. KG (Wertheim,
Germany

Scalpel blade handles, stainless steel

C. Bruno Bayha GmbH (Tuttlingen,
Germany)

3M™ MicroPES® TF10 (Polyethersulfon)
3M™ Plasmaphan® P1 LX (Polypropylen)

3M science. Applied to life. ™
(Wuppertal,Germany)

FX80 dialyzer (Frensenius Helixone® High
Flux, ref.5008881)

Fresenius Medical Care (Bad Homburg,
Germany)

Table 2.5. Software

Software name Version Company
BZ-9000/-11 Keyence Deutschland GmbH (Neu-Isenburg,
Analyzer Germany)

Java Rasband, W.S., ImageJ, U. S. National Institutes
ImageJ/Fiji of Health, Bethesda, Maryland, USA,

1.8.0_172[64-bit]

https://imagej.nih.gov/ij/, 1997-2018.

Microsoft office

(Excel, Word, 2019 Microsoft Corporation (Redmond, WA, USA)
PowerPoint)
Nova Nova 2.1.4 Metrohm Autolab B.V. (Utrecht, Netherlands)
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Origin OriginPro 2021b 1494 999 OriginLab Corporation

(64-bit) SR2
Photo View 360 for Dassault Systemes SolidWorks Corporation
Solid- Works (Waltham, MA, USA)
PreForm PreForm 3.15.0 2012-2021 Form labs inc.
Education . . .
SolidWorks Edition 2017 Dags_ault S_ystemes SolidWorks Corporation
SP5.0 (Vélizy-Villacoublay, France)

Table 2.6. List of Cells

Cells Source

Caco-2 (ACC 169) DSMZ, Braunschweig
RS BGY wicanusa

Human Umbilical Vein Endothelial Cells Lonza Cologne GmbH, Koeln
I(—llzlé:r?ggog)mbilical Vein Endothelial Cells Lifeline Cell Technology

Table 2.7. Caco-2 and BCECs culture media and supplements

Cell culture media Composition

Caco-2 culture media
(Transwell and bioreactor culture)

DMEM [+] high glucose, [+] hepes (500
mL)

10 % FCS

1% NEAA

1 % Sodium-pyruvate

BCECs culture media
(Transwell and bioreactor culture)

Human Endothelial SFM [+] L-Glutamine
(500 mL)

1:200 B27 supplement
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Table 2.8. HUVECs culture media and supplements

Cell culture media Composition

HUVECs culture media
(Transwell culture)

VascuLife Basal Medium (500 mL)

50 pg/mL Ascorbic Acid LifeFactor (0.5
mL)

10 mM L-Glutamine LifeFactor (25 mL)

5 ng/mL rh EGF LifeFactor (0.5 mL)

0.2 % rh EnGS LifeFactor (1 mL)

5 % FBS LifeFactor (25 mL)

HUVECs culture media
(Bioreactor culture)

Endothelial cell Basal Medium (500 mL)

Fetal Calf Serum (0.02 mL/mL)

Endothelial Cell Growth Supplement (0.004
mL/mL)

Epidermal Growth Factor (0.1 ng/mL)

Basic Fibroblast Growth Factor (1 ng/mL)

Heparin (90 pg/mL)

Hydrocortisone (1 pg/mL)

Table 2.9. ECM coating solution

ECM coating solution Final concentration Composition
Fibronectin 10 pg/mL 1 mg/mL Human plasma
fibronectin
DMEM

Collagen I coating solution

Collagen 100 pg/mL (rat tail)

0.1 % acetic acid
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3. Methods

3.1. Electrode Fabrication

3.1.1. Substrate Preparation for Physical Vapor Deposition

In the process of electrode fabrication, multiple electrodes were manufactured to explore an
optimal electrode design suitable for use within a dynamic fluidic system. A range of
substrates, characterized by distinct shapes, sizes, and materials, were employed in the
fabrication of the electrodes. These substrates included Luer lock connectors, stainless-
steel (SS) mesh, glass plates, and SS tubes. No size modification was necessary for the other
substrates before TiN coating, except for the SS tubes. With the use of a saw, the length of the
SS tube, having an outer diameter (OD) of 8 mm and an inner diameter (ID) of 6 mm, was
subsequently adjusted to 15 mm. Afterwards, the cut surface was polished using ascending
grits of polishing paper, starting from number 8 and progressing up to number 4000. All
substrates were ready by washing with isopropanol and placing them in holders. These holders,
along with the substrates, were then positioned within a custom-made vacuum chamber

designed for PVD coating.

3.1.2.  Physical Vapor Deposition

The custom-made vacuum chamber consisted of an RF generator and a titanium target (with a
height of 10 mm and a diameter of 120 mm). First, the chamber was evacuated to achieve of a
pressure of 5 x 10”7 mbar. Second, the mixture of argon (Ar) and nitrogen (N2) gas were filled
in vacuum chamber under pressure set 4.0 x 10 mbar. The magnet sputtering was processed
with 800 W generated by a 13.56 MHz RF generator for 3 min and with 500 W for 60 min
sequentially. The TiN coating process was performed by Dr. Tobias Schmitz, employing an

optimized method outlined in a previous study by Schmitz et al. [86].

3.1.3.  Design of Modular Electrode Models
The TiN-coated electrodes with different substrates were combined with silicone tubes in
unique ways, enabling easy assembly with a tubing system. This structure is referred to as the

core structure, which was then covered with a PDMS shell using a PDMS casting method.

3.1.3.1. Different Design of Electrode

The following paragraph provides a detailed description of the geometry and the specific

fabrication process for the core structure of different electrodes, as well as the geometry of the

PDMS shell. The PDMS casting method for the PDMS shell will be further described in the
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following section 3.1.3.2. The Luer lock connector used for tubing connections does not require

a PDMS housing. It can be directly used without any additional modifications.
TiN-Coated Stainless Steel Mesh Electrode

TiN-coated SS meshes were cut in in rectangular 5 mm wide and 25 mm long using scissors.
Also, the silicone tube was cut perpendicular to its axis for electrode insertion, but not all the
way through. Then the cut meshes were inserted, covering the cut cross-sectional area of the
tube, and the outer parts were glued with PDMS. Thus, the core structure was covered by a
cylindrical-shaped PDMS shell that was 13 mm wide and 23 mm in length using the PDMS
casting method as described in the following section 3.1.3.2, except for some parts of the
meshes electrode that were left uncovered for electrical connection with external devices
(Figure 3.1A).

Core structure PDMS shell
A TiN-coated mesh
Silicone tube +
B Titanium foil ﬂ Steel slotted
hose clip
TiN-coated Glass
plate T

C Steel slotted hose clip with banna plug

T1N coated tube
3D- printed

1 connectors +
il

Figure 3.1. Graphical illustration of various designs of TiN-coated electrodes. (A) TiN-coated
SS mesh electrode, (B) TiN-coated glass plate electrode, and (C) TiN-coated SS tube electrode.
The core structure's components were assembled, and the assembly was housed by PDMS.

Slhcone tube

TiN-Coated Glass Electrode

TiN-coated glass plates were cut in rectangular 5 mm wide and 25 mm long using glass

diamond cutter. Similar to the TiN-coated mesh electrode, the silicone tube was cut to insert

the TiN-coated glass plate electrode, but this time the glass plate was placed attached to the
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wall. The cut parts were glued with Biopor AB Xtreme silicone. Additionally, titanium foil
was glued to glass plate using Leit-C plast for electrical connection. The glass plate electrode
ultimately had two PDMS shells that were rectangular in shape. The inner shell measured
30 mm in height, 15 mm in length, and 30 mm in width, while the outer shell measured 50 mm
in height, 28 mm in length, and 30 mm in width (Figure 3.1B).

TiN-coated SS Tube electrode

TiN-coated SS tube electrodes, length with 15 mm and 6 mm in diameter, were connected to a
silicone tube using 3D-printed Luer lock connectors. This is for eliminating the need to cut the
silicone tube in order to insert the electrodes, as required with TiN-coated SS mesh and glass
plate electrodes. The Luer lock connectors for 3D printing were designed utilizing
SOLIDWORKS™ Premium 2017 software. The process began with sketching 2D drawings
on a plane, followed by the creation of 3D features mainly using revolved boss/base and fillet
functions. Dr. Tobias Schmitz performed the 3D design. The design of 3D-printed Luer lock
connectors has the exact same geometry as 30 mm diameter commercial Luer lock connectors.

Thus, completed 3D design was imported into the Preform software for SLA 3D printing.

Table 3.1. Post processing of Dental SG resin

Steps Conditions Time (min)

Washing Solution: 5 min
Isopropanol

Curing Temperature: 60 °C 30 min

Since the culture medium passes through the 3D-printed Luer lock connectors in bioreactor
culture, the Dental SG resin (FLDGORO1), which is autoclavable and biocompatible, was
chosen as the material, and the layer thickness was set to 0.5 mm. After completing the 3D
print, the printed parts underwent post-processing, including washing and curing steps, for
further hardening. The details of post-processing for Dental SG resin (FLDGORO01) are
provided in Table 3.1. Also, a banana plug was attached to the electrode using a steel slotted
hose clip on the outer surface for electrical connection. The core structure was housed in a
PDMS shell that had a height, length, and width of 25 mm, 25 mm, and 30 mm, respectively
(Figure 3.1C).
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3.1.3.2. Polydimethylsiloxane Casting

The Figure 3.2 shows a general overview of the steps involved in the PDMS casting method.
The positive mold was produced by 3D printing technique. The positive mold design was
created using SOLIDWORKS™ Premium 2017 software, incorporating specific geometries for
the electrodes as mentioned in the previous section 3.1.3.1. Briefly, for the 3D design of the
positive mold for the mesh electrodes, a 2D sketch of a circle was created, and a 3D feature
was formed using the extrude function. Afterward, a hole was created in the center of the
cylindrical configuration using the extruded cut function, allowing for the secure placement of
the core structure within the 3D feature. Unlike the cylindrical shape used for the positive mold
of mesh electrodes, a rectangular column was designed for the positive mold for the glass plate
and tube electrode. For 3D design, a square shape was drawn using a 2D sketch, and a 3D
feature was created using the extrude function. A hole was formed using the extrude cut
function. The designs were subsequently exported to the Preform software program for SLA
3D printing. Dental Model resin (FLDMBO01) was used for the printing, and the layer thickness
was set to 0.5 mm. After completing the 3D printing, the 3D-printed part underwent post-
processing steps such as washing and curing step. The detailed parameters for washing and
curing, especially for Dental Model resin (FLDMBO1), are presented in the Table 3.2. After
ready the 3D-printed positive mold, the PDMS casting was performed (Figure 3.2).
The 3D- printed positive mold, prepared as described, was first placed inside a container, and
then a mixture of the DUBLISIL® 15 duplicating silicone rubber, which consists of resin and

hardener in a 1:1 ratio, was poured into the container.

Table 3.2. Post processing of Dental Model resin

Steps Conditions Time (min)

Washing Solution: 10 min
Isopropanol

Curing Temperature: 60 °C 30 min

After the mixture was left to cure and harden for 30 min at room temperature, the silicone
negative mold was detached from the container and positive mold. To prevent bonding with
PDMS in the next steps, the surface of the silicone negative mold required an oxygen plasma
treatment for surface deactivation. The oxygen plasma treatment was performed using

500 W RF for 2 min with an oxygen pressure of 0.3 mbar in plasma vacuum chamber.
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3D-Printed
positive mold

Container

Silicone negative mold

Electrode core strucfure

Silicone negative mold

PDMS C’:U
product

Figure 3.2. PDMS casting steps for add-on electrodes. This specific figure illustrates the TiN-
coated tube electrode process. The fabrication of various substrate electrodes also involves the
PDMS casting step with their respective designs. The 3D-printed positive mold, which has the
same design as the desired product, is placed in a container for primary molding. Next, the
silicone rubber mixture was poured into the container and allowed to harden, creating a
negative silicone mold. In the following steps, the electrode core structure (Figure 3.1) is
assembled within silicone negative mold. The PDMS mixture solution was added to the mold
cavity of the negative mold and left to cure. This resulted in the final PDMS product after
undergoing a second hardening process.

Meanwhile, a PDMS mixture solution was prepared by mixing the pre-polymer and cross-
linker components of PDMS polymer (Sylgard® 184) in a ratio of 10:1, and any gas bubbles
generated during mixing were removed under vacuum conditions. Each core structure of
electrodes was placed inside the mold cavity of the negative mold, and the PDMS mixture
solution was poured into the mold cavity and primary cured at 55 °C for 3 h in an oven. The
completed electrodes were detached from the negative mold and underwent heat treatment at
80 °C for 1 h.

3.2. Electrode Characterization

3.2.1.  Scanning Electron Microscope
SEM was carried out to examine the surface topography of TiN coatings on substrates

(SS meshes, glass plates, and SS tubes) with high resolution. Each sample was cut into small
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pieces to fit onto the SEM specimen stub, and then washed with acetone and dried with
compressed air. Before SEM imaging, a 4 nm thick platinum coating was applied to the samples
using a sputter coater for higher quality of SEM images. Finally, the surface topography of the
TiN-coated SS meshes, glass plates, and SS tube electrodes was captured using SEM (Zeiss
DSM 940).

3.2.2. Electrical Double Layer Characterization of Electrodes
Using EIS, the electrical double layer characteristics of different substrate electrodes, including

TiN-coated SS mesh, glass slides, and SS tubes, were compared.

AC
Silicone tube | Cpfg R, Electrolysis
Working electrode Counter electrode

Figure 3.3. The electrode system setup for electrical double layer characterization. The
equivalent circuit, representing the electrode system, is depicted. In this circuit, a resistor (Re)
represents the electrolyte, and a constant phase element (CPE) represents for both electrodes,
which are connected in series.

Figure 3.3 represents the electrochemical cell for electrical double layer characterization, and
depicts the equivalent circuit. Two electrodes of each substrate were connected using silicone
tubes and Luer lock connectors. The distance between the two electrodes was 30 mm, and they
were filled with phosphate-buffered saline without calcium and magnesium (PBSY)
electrolytes. Impedance measurement was performed by applying sinusoidal AC signal with
0.2 Vrws in a frequency range of 1 Hz to 100 kHz using electrochemical impedance analyzer
(Autolab PGSTAT 204), and the results were displayed in Nova 2.1.4 software. The
temperature was sustained at room temperature (20 °C) during impedance measurement.
Afterward, obtained EIS data were fitted in an equivalent circuit model composed of a series-
connected resistor (Re) and constant phase element (CPE) using the Nova 2.1.4 software
program to quantify electrical parameters (Figure 3.3). The impedance of electrolyte and

electrodes were represented by Re and CPE in equivalent circuit respectably.
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3.2.3.  Impedance Spectroscopy for Investigating the Impact Parameters

Before applying TiN-coated tube electrodes to a dynamic fluidic system, the electrochemical
characterization of the electrode system was evaluated by testing various parameters that could
influence impedance spectroscopy measurements. The electrical characterization was
performed by varying four different parameters; distance between two electrodes, temperature,
flow rate, and electrolyte concentration. The basic experimental setup was that two electrodes
were connected at particular distances and filled with electrolytes. To check the effect of
varying distance between two electrodes on impedance spectroscopy, the distances set with 30,
60, 100, 150, and 200 mm for testing. Furthermore, two different temperature 20 °C
(room temperature) and 37 °C (optimal culture of human cells) were tested with 60 mm
distance electrodes. To carry on the test about the effects of flow rate, a 60 mm distance
between two electrodes was connected to a peristaltic pump. Impedance measurements were
then performed at differing flow rates of 0, 7, 5, 140, and 280 mL/min. Finally, different
electrolyte concentrations; 20, 40, 60, 80, and 100 % of PBS™ were diluted with distilled water.
The different concentrations of PBS™ were filled in 60 mm distance electrodes connected tube
for impedance spectroscopy. AC signal with 0.2 Vrms were applied in frequency range of 1 Hz

to 100 kHz for impedance measurement.

3.3.  Electrode Application 1: Chip Bioreactor

The TiN-coated tube electrodes were applied to two different types of perfusion bioreactor
systems and a medical device to assess their versatility. This section presents the initial
application of electrodes to a custom-made chip bioreactor, originally designed by Dr. Tobias

Schmitz, with subsequent applications described in sections 3.4 and 3.5.

3.3.1. Chip Bioreactor Preparation

A chip bioreactor is primarily composed of two PDMS chambers and 3D-printed culture
membrane frames. These main components are securely assembled using 3D-printed
bioreactor clamps. Additionally, several pieces of equipment, such as bioreactor stands and a
bottle holder, are used to support the operation of the bioreactor system. In this section, the

preparation of these essential components of the bioreactor will be discussed.

3.3.1.1. Polydimethylsiloxane Chambers

The bioreactor chamber was made out of PDMS, and accordingly, the fabrication of PDMS
chambers was based on polymer casting method developed by Dr. Tobias Schmitz. First, the
body and head parts of each chamber design drawn using SOLIDWORKS™ Premium 2017
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software program was imported to Preform software for 3D printing. The printing material is
set as Dental Model resin (FLDMBO01), and subsequently, the parts were 3D-printed using an
SLA 3D printer (Form 2, Formlab GmbH, Germany). Afterward, the 3D printed-parts were
through post-processing steps according to Table 3.2. The PDMS casting for the chip bioreactor
has been described in a previous publication by Choi et al. [156]. Briefly, the 3D-printed parts
were placed in containers, forming the mold cavity to produce negative molds. The duplicating
silicon rubber (DUBLISIL® 15, Dentalversender, Germany) was used for negative molds, and
the resin and hardener of dublisil® 15 were mixed in a ratio of 1:1 and poured into container.
The rubber mixture was placed for 30 min in room temperature for hardening. The negative
molds were separated from 3D-printed parts and container, and underwent an oxygen plasma
treatment for surface deactivation. The plasma chamber evacuated; the oxygen gas filed up to
0.3 mbar with a flow rate 12 sccm. Once the chamber pressure became stable at 0.3 mbar,
500 W RF was operated for 2 min causing oxygen plasma. Finally, the negative molds were
ready for fabrication of PDMS chambers. The pre-polymer and cross linker of PDMS polymer
(Sylgard® 184, Dow Corning, Germany) were mixed in ratio 10:1. Before pour PDMS polymer
mixture into negative molds, the air bubbles generated during mixing were removed with a
vacuum chamber. Prepared some PDMS polymer was transferred to 50 mL syringes and
injected into negative molds of body parts of each chamber with 1 mL/min using syringe pumps.
The rest was poured into negative molds of head parts of each chamber otherwise. The negative
molds filed with PDMS polymer kept in oven at 37 °C for 10 h. Each chamber's body and head
parts were adhered to by applying a thin layer of PDMS on the contact surface and completed
treating heat 100 °C for 2 h in the oven. Finally, the PDMS chambers underwent oxygen plasma
treatment for surface modification. The vacuum plasma chamber was filled with 0.3 mbar of
oxygen gas at a flow rate of 12 sccm. Subsequently, 350 W of RF power was applied for
40 seconds. This plasma treatment was performed to convert the hydrophobic PDMS surface

into a hydrophilic one.

3.3.1.2. Three-Dimensional-Printed Culture Membrane Frames

The chip bioreactor was designed to accept an insertable frame fixed cell culture membrane
called chip inserts. Two compartments of membrane frames were designed using 3D design
software (SOLIDWORKS™ Premium 2017) by Dr. Tobias Schmitz. Subsequently, for
3D printing, the part file was imported into Formlab software, which was configured to print

using a biocompatible resin (Dental SG FLDGORO01). Consequently, membrane frames were
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printed using an SLA 3D printer (Figure 3.4A and B). The 3D-printed parts of membrane frame

underwent post-processing according to the Table 3.2.

Additionally, ultrasonication was conducted by treating them in an ultrasonic bath for 15 min
at least twice to remove any surface contaminants. Also, they were incubated in 70 % EtOH

for 15 min and then autoclaved at 120 °C for 30 min for chemical disinfection.

A Before assembled After assembled
3D-printed
membrargtrame | Three compartments
bonded with PDMS
Porous membrane ——
=
ADegrited — ==
membrane frame 2
B
3D-printed Side surface view of chip inserts
3D-printed membrane frame 2
membrane frame 1 Fiaiie 9 —
X Frame 1l —
Porous Pétsiia
membrane

membrane

Figure 3.4. Chip insert fabrication. (A) Three components of chip inserts, two 3D-printed
frames and a porous membrane, were bonded using PDMS. (B) Photograph of the three chip
insert components. (C) Ilustrated side view of the assembled chip inserts.

Chip inserts were prepared to be used for cell culture by sandwiching the cell culture membrane
(Oxyphen, 0.4 um pore size) between two membrane holders. A thin layer of PDMS polymer
was applied to the inner surfaces of the membrane frames, precisely at the location where the
cell membrane adheres. (Figure 3.4A and C). Thus, sandwiched chip insert was gently pressed
and given heat 65 °C for 3 h. Completed chip inserts were gamma sterilized to be ready for cell
culture. Consequently, chip inserts provide a surface area of 0.95 cm? on which cells can be

seeded.

3.3.1.3. Bioreactor Clamps, Stand, and Medium Bottle Silicone Holder
Some glitches are commonly encountered while running the perfusion bioreactor systems. For

example, leakage is the one causing contamination. Furthermore, an air bubble can cause cell
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culture damage and flow instability. Thereby, additional equipment such as clamp and holder
were designed to prevent thus glitches. Their designs, created using 3D design software
(SOLIDWORKS™ Premium 2017), were imported into Preform software for 3D printing.
A layer thickness of 0.5 mm and clear resin (FLGPCLO02) were selected as the materials for
clamps and holders. Following SLA 3D printing, the components underwent
the post processing steps detailed in Table 3.2. To enhance ease of handling and prevent
contamination, a medium bottle holder was crafted using silicon casting. Openings placed at
the bottom of the bottle for fluid flow were connected with silicone tubes and then positioned
inside the container. The height of the container was half of the bottle height. A mixture of
DUBLISIL® 15 in a 1:1 ratio was poured into the container. The rubber mixture was left to
harden at room temperature for 30 minutes. After hardening, the silicone bottle holder was
detached from the container and the bottle.

3.3.2.  Generation of Human Induced Pluripotent Stem Cell-derived Brain Capillary
Endothelial Cells
The differentiation of the hiPSC line IMR90-4 to BCECs was carried out by Dr. Sanjana
Mathew following the described procedure [155]. The hiPSC cell line (IMR90-4) was obtained
from Wicell (USA). The donor details include fetal lung fibroblasts and the donor is female.
For differentiation, the dissociated single cells of hiPSCs were seeded on 10 cm? plate coated
with matrigel. The initial cell density was 7.5 x 10% cells/cm?. For the first 24 h, mTeSR™1
medium, including 10 uM dihydrochloride was treated after that daily medium change was
conducted with mTeSR™1 medium until reaching the cell density at 2.5 — 3.5 x 10* cells/cm?.
Once the cells reached desired density, the mTeSRTM1 medium was switched to an
unconditioned medium, and the day was designated as day 0 of differentiation. During day 0
to day 5 of differentiation, the medium change was performed with unconditioned medium
every day. Afterwards, the 4 mL EC++ medium (+B27 (1:200), +RA (10 pum), +hbFGF
(20 ng/mL)) was treated on each dish on day 6 of differentiation instead of unconditioned
medium, and then there was no medium change on day 7 of differentiation. Before cells seeding
on chip inserts for bioreactor and transwell inserts for 2D static culture on day 8 of
differentiation, the inserts were coated with 200 pg/mL matrigel and incubated for 1 h at room
temperature (20 °C). Cells were detached using Accutase™ and seeded in chip and transwell
inserts with cell density 10° cells/cm? in EC++ medium. On day 9, medium change was
performed with EC medium (+B27, -RA, -hbFGF). Finally, on day 10, the BCECs cultured in

chip inserts were transferred to a chip bioreactor for long-term dynamic flow culture,
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accompanied by EIS measurements. Meanwhile, cells cultured in Transwell inserts continued

their static culture in a specialized transwell plate for EIS measurements.

3.3.3.  Static Culture of Brain Capillary Endothelial Cells

To examine the effect of flow conditions, especially shear stress, on the barrier integrity of
BCECs, EIS measurements were conducted simultaneously on cells in static culture within a
transwell plate. This served as a control for the dynamic flow culture. On day 10 of
differentiation, as described in section 3.3.2, the transwell inserts with BCECs were transferred
to 24-well specialized plate for EIS measurement. Day 10 of differentiation is subsequently
referred to as day O of the extended long-term culture.

EIS Measurement

For EIS measurement, the custom-made measuring device equipped with nanostructured
TiN electrodes previously described by Schmitz et al. [86] was sterilized with 70 % EtOH under
a safety cabinet. The EC medium was filled freshly on the apical side (400 uL) and basolateral
side (850 pL) of the insert in 24 well-specialized plates. Then, the transwell plate was closed
with the sterilized measuring device and incubated for 40 min in an incubator (Figure 3.5A).
After that, the plate closed with measuring device was moved to a tailored incubator system

and connected to an electrochemical impedance analyzer (Figure 3.5B).
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Figure 3.5. EIS measurement setup with TiN electrodes for static culture. (A) A 24-well
transwell culture plate equipped with a TiN electrode measuring device. (B) Each pair,
comprising two electrodes, is connected to a potentiostat for EIS measurements. (C) An internal
view of the TiN electrode measuring device (Left photo) is shown. One electrode is positioned
inside the insert (apical compartment), while the other electrode is located outside the insert
(basolateral compartment). (D) The equivalent circuit model used for fitting and simulation is
represented. Rm stands for the impedance of the cell culture medium, while Rt denotes the
impedance related to tight junction protein. Cc represents the impedance of the cell membrane,
and CPE is used to indicate the impedance associated with the electrode.

EIS measurement was conducted at 0, 2, 4, and 6 h on day 0, followed by subsequent
measurements every 24 h. A voltage amplitude of 0.05 Vrms was applied for EIS measurement
within a frequency range 1 Hz to 100 kHz.

Fitting and Simulation of Impedance data

The impedance data obtained (Bode plot and Nyquist plot) were further analyzed using the fit
and simulation commands in the Nova 2.1.4 software program to quantify the desired electrical
parameters (Rt, Cc, and CPE). Designed equivalent circuit model (Figure 3.5D) for static
culture was inserted in equivalent circuit editor, and the fitting and simulation operations were
conducted. Afterward, the fitting and simulation results were overlayed onto an impedance
graph, and parameters for each component of the equivalent circuit were quantified.
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3.3.4. Dynamic Flow Culture of Brain Capillary Endothelial Cells

3.3.4.1. Sterilization

The chip bioreactor system was aimed to have two flow circuits through each chamber. Before
sterilizing bioreactor system, the components of each flow circuit were connected; a medium
bottle (capacity 50 mL), a pump tube, three pieces of silicone tubes (two with length 400 mm
and one with 450 mm), and Luer lock connectors. For convenience, the two chambers and two
electrodes were prepared separately. Finally, the assembled and not yet assembled parts were

autoclaved at 120 °C for 30 min.

3.3.4.2. Bioreactor Set Up and Cell Culture

The assembly of the chip bioreactor system was completed under a biosafety cabinet. In the
state of vacancies of electrodes and two bioreactor chambers in the assembly of the flow circuit,
the TiN-coated tube electrode was first connected to the pre-assembled part in sterilization
steps. Two TiN-coated tube electrodes were attached to where they could place diagonally
opposite each other, right next to each chamber. Before the chip bioreactor joined the flow
circuit, the pre-cultured chip inserts with hiPSC-derived BCECs were equipped in the middle
of two PDMS chambers. Then, the PDMS chambers were closed tightly with clamps and then
connected to the rest of the assembly. Before filling the EC medium, the checkpoint was to
block the way of EC medium out in the bottle using screw clamps to prevent uncontrol medium
flow into the bioreactor system before controlled flow started. Also, the culture medium should
have been warm enough (37 °C) to avoid any air bubble generation after bioreactor culture
begins. Lastly, air filter was equipped on the medium bottle, 45 mL EC medium was filled in
each medium bottle. Finally, all the assembly of the chip bioreactor system completed under a
biosafety cabinet was transferred to the tailored incubator system equipped with a peristaltic
pump. The pump tube of the chip bioreactor system was installed on the peristaltic pump, and
the screw clamps were taken off to start the pump. The flow rate was set at 0.3 mL/min, and
the whole bioreactor system with hiPSC-derived BCECs was incubated at 37 °C and 5 % CO>
in a tailored incubator system during cell culture. The initial culture running time was 48 h
intending to validate the bioreactor system. After that, the culture period was even prolonged

to 7 days.

3.3.4.3. Electrochemical Impedance Spectroscopy Measurement
In order to make continuous non-invasive online monitoring possible during dynamic flow

culture, the two Black PVC EHT cables were installed on the tailored incubator system.
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The electrochemical impedance analyzer was linked to electrodes of the bioreactor system
located in the incubator using Black PVC EHT cables. The EIS measurement of dynamic flow
culture has been begun as soon as the whole bioreactor system was filled up with EC medium.
On day 0, the dynamic flow culture was monitored for 0, 2, 4, and 6 h and then measured
every 24 h. For EIS monitoring of hiPSC-derived BCECs, the voltage amplitude 0.05 Vrws
was applied with a frequency range of 1 Hz to 100 kHz.

3.3.4.4. Fitting and Simulation of Impedance Data
After EIS measurement, the obtained impedance data were further analyzed using Nova 2.1.4
software program. Since Nova software program enables both measurement and analysis,

easily and immediately the analysis can be carried out.
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Figure 3.6. Equivalent circuit modeling for the chip bioreactor system. (A) A real photograph
(on the left) and schematic side view (on the right) of the chip bioreactor with an electrode
(B) Equivalent circuit was modeled for impedance data fit and simulation in the chip bioreactor
system. Rm (Pink) represents the impedance of the cell culture medium, Ry (Dashed line)
indicates the impedance of tight junction barrier integrity, Cc (Dashed line) corresponds to the
impedance of the cell membrane, CPE (Green) signifies the impedance of the electrode.

The analysis was performed using fit and simulation command. An equivalent circuit that is
corresponds to the bioreactor culture model (Figure 3.6A) is represented in Figure 3.6B. The

equivalent circuit model included a series connection of CPE for electrode impedance and Ru
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for culture medium impedance, with an additional series connection of a parallel combination
of Cc for cell membrane and Rt for the tight junction barrier. Thus, the designed equivalent
circuit model is added to the equivalent circuit editor in the fit and simulation command within
the Nova 2.1.4 software program. Consequently, the fitting and simulations were carried out,
and the results were overlaid on the impedance graph.Furthermore, the electrical parameters of
the cell layers, such as the capacitance of the cell membrane (Cc) and the resistance of the tight

junction (Rt), were quantified using the equation introduced in Table 1.1.
3.3.5. Histology and Image Analysis

3.3.5.1. Immunofluorescence Staining and Microscopy

Immunofluorescence was conducted to observe the cell morphology with tight junction
proteins of hiPSCs-derived BCECs after dynamic flow culture and 2D static culture. The
BCECs cultured on chip inserts and transwell inserts were washed with PBS™ and fixated with
4 % Roti Histofix for 15 min at room temperature. The fixated samples were rinsed and filled

again with PBS’ for storing at 4 °C when it is not the case for immediate use.

After fixation, the permeabilization step was carried out to enable antibody penetration through
the lipid membrane. Consecutively, non-specific antigen was blocked using host serum to
avoid non-specific binding causing background fluorescence signal in the blocking step. Then,
the incubation of primary antibodies having high specificity of interest proteins (Occludin,
ZO- 1, Glucose transporter-1 (GLUT-1)) was performed overnight. In the next step, secondary
antibodies conjugated with fluorophore were boned with the primary antibody in secondary

antibody incubation. For the final steps, the samples were placed on microscope slides.
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Table 3.3. Immunofluorescence procedure for BCECs

Procedure Solution Time (min)
Fixation 4 % paraformaldehyde 10 min
Permeabilization Permeab%lization bulf'fer: 5 min
0.2 % Triton-X 100 in PBS
Blocking Washing buffer: . ' 5 min
0.5% Tween-20 in PBS (3 times)
Blocking buffer:

5 % donkey serum +0.02 % Saponin + 20 min
0.1 % Triton-X 100

Primary antibody Primary antibody solution: . o
70-1, Occludin, and GLUT-1 Ovemnight (4 °C)
Secondary antibody Washing buffer: 5 min
0.5% Tween-20 in PBS (3 times)
Secondary antibody solution .
Alexa Fluor 488 and 647 60 min
Cover cells Fluoromount-G™ with DAPI mount a cover slip

Finally, the nuclei were stained using DAPI including mounting solution, and the sample was
covered with coverslips for microscopy. The details of immunofluorescence steps are described
in the Table 3.3. Following, the immunofluorescence staining was imaged using Leica SP8
confocal laser scanning microscope. Dr. Sanjana Mathew performed the sample preparation

and image acquisition.

3.3.5.2. Image J Analysis

The microscopic image was analyzed to quantify the nuclei number. It was for comparing of
the nuclei number of three different culture conditions, 2D static culture (0 h and 7 days) and
dynamic flow culture (7 days). The samples from three biological replicates of each condition
were taken for microscopy. The microscopic photo (magnification 40x) captured three
different areas of each sample. As a consequence, 9 photos of each condition were used for Fiji
analysis. The microscopic images were converted to 8-bit and thresholded to binary images in
black and white, using Fiji [157]. Then, the ‘Watershed” command was applied to separate
touching objects from images. The minimum and maximum surface area pixel size needed to
be defined to exclude counting the not-interest objects. Thereby, the surface area of the smallest
nuclei was measured in pixels and input into the minimum size setting. The maximum size was
set to infinity. The default value was used for the circularity setting. Finally, the particle

analyzer was run for particle counting.
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3.4. Electrode Application 2: a Miniature Hollow Fiber Bioreactor

The second application object of TiN-coated tube electrode was a miniature HFBR to monitor
cell growth. Microscopic observation during cell culture in a commercial miniature HFBR
presents challenges, non-invasive monitoring is required for cell viability and growth assay.
TiN-coated tube electrode availability was tested individually on a miniature HFBR with cell
cultures of two different cell lines, such as HUVECs and Caco-2.

3.4.1. Passaging and Cryopreservation of Cell lines

Passage numbers 3 to 5 were used for HUVECs, while passages 30 to 35 were employed for
Caco-2 cells in conducting transwell plate cultures and miniature HFBR experiments. Cells
were cultured until reaching 70 % confluency of cell density in the T75 culture flask. Once the
cell density was about 70 %, the cells were rinsed with 10 mL PBS’, and then the
ethylenediaminetetraacetic acid (EDTA) solution (0.05 %) was treated for 3 to 5 min at 37 °C
for cell detachment. After observing the cell detachment using microscope, 10 % fetal calf
serum (FCS) and 10 mL PBS" were added to stop further enzyme reaction. The cell suspension
was transferred to a 50 mL centrifuge tube and centrifuged at 1200 rpm for 5 min. The
supernatant was discarded carefully by not touching cell pallets, and the cell pellets were mixed
with a fresh cell-specific culture medium. Afterward, total cell numbers were verified by cell
counting. Depending on cell culture surface area, the desired density of cells was taken from
the cell suspension. The residue cells in cell suspension were preserved using cryopreservation
technique for long-term storage. As soon as the mixture of 1 mL cell suspension (cell density
of 0.5 million/mL), 10 % FCS, and 10 % dimethyl sulfoxide (DMSQ) was prepared in
cryotube, the tubes were put into Mr. Frosty for cooled down step at - 80 °C for 24 h.
Afterwards, the cryotubes transferred to liquid nitrogen tank for long-term storage.

3.4.2. Reference Transwell Culture of Cell lines

Before monitoring Huvecs and Caco-2 cell cultures in a miniature HFBR, the electrical and
morphological characterizations of HUVECs and Caco-2 cells in transwell cultures were
performed. HUVECs (FC-0003) and Caco-2 cells (ACC 169) were used for transwell culture
(Table 2.6). These characterizations served as a reference for EIS measurements in the
miniature HFBR.

3.4.2.1. Electrochemical Impedance Spectroscopy Analysis
Transwell culture of HUVECs and Caco-2 cells was performed before miniature HFBR culture

to investigate the barrier integrity of the cells in a simple setup using EIS.
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The porous membrane 24 well inserts were coated with 10 ug/mL fibronectin overnight and
with 100 pg/mL collagen in 0.1 % acetic acid for 30 min in the incubator for HUVECs and
Caco-2 cells culture, respectively. HUVECs (FC-0003) were seeded onto the fibronectin-
coated inserts at a density of 60000 cells/cm?, while the Caco-2 cells (ACC 169) were seeded

onto the collagen-coated inserts at a density of 100000 cells/cm?.

The EIS measurements of the transwell cultures followed the same method that was used in
the BCECs transwell model, as mentioned in the previous section 3.3.3. Briefly, the 2D static
measuring device with TiN electrodes were sterilized with 70 % EtOH under a safety cabinet.
Meanwhile, the medium on the apical and basolateral sides was replaced with 450 uL and
600 pL of fresh medium, respectively. The transwell plates were closed with a measuring
device equipped with TiN-coated electrode, and incubated for 40 min in incubator (Figure 3.5).
The EIS measurement was conducted under controlled temperature conditions, with an applied
AC voltage of 0.05 Vrwmsin a frequency range 1 Hz to 1 MHz for HUVECs and 1Hz to 100 kHz
for Caco-2 cells. For further analysis, EIS data were analyzed through fit and simulation using

an equivalent circuit model applied to the BCECs transwell culture (Figure 3.5D).

3.4.2.2. Immunofluorescence Staining and Microscopy

Immunofluorescence staining was performed on HUVECs on day 0 and day 9, and Caco-2
cells on day 21, to assess the morphology of the tight junctions in both cell types. The same
protocol described in section 3.3.5.1 for immunofluorescence staining of BCECs was followed
for HUVECs and Caco-2 cells.

The details of the immunofluorescence steps are described in the Table 3.4. HUVECs histology

images were captured at magnification 20x using Keyence fluorescence microscope.
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Table 3.4. Immunofluorescence procedure for HUVECs and Caco-2

Procedure Solution Time (min)
Fixation 4 % paraformaldehyde 10 min
Permeabilization Permeabilization buffer: 5 i
0.2 % Triton-X 100 in PBS T
Blocking Washing buffer: 5 min
0.5% Tween-20 in PBS (3 times)
Blocking buffer:
5 % donkey serum + 0.1 % Triton-X 20 min
100
Primary antibody Primary antibody solution: Overnight (4 °C)
Z0-1
Secondary antibody Washing buffer: 5 min
0.5% Tween-20 in PBS (3 times)
Secondary antibody solution: .
Alexa Fluor 488 and 647 60 min
Cover cells Fluoromount-G™ with DAPI mount a cover slip

For capturing immunofluorescence images of Caco-2 cells, Leica SP8 confocal laser scanning
microscope was used. Maximum projection Z-stack images were taken at 40x magnification
with confocal laser scanning microscope, and the images were accessed by Z-stack function in
Fiji.

3.4.3. Miniature Hollow Fiber Bioreactor culture of Cell lines

3.4.3.1. Miniature Hollow Fiber Bioreactor Culture Setup and Sterilization

The existing miniature HFBR is connected to a tubing system and a medium bottle for cell
culture. Additionally, two TiN-coated tube electrodes were integrated into the existing
bioreactor setup. The electrodes were connected to a tubing system to locate at the EC outlet
and IC inlet. For sterilization, the miniature HFBR and tubing system with electrodes were

packed separately and autoclaved at 120 °C for 30 min.

3.4.3.2. Extracellular Matrix Protein Coating and Equilibrium

The hollow fiber membrane (MicroPES® TF10), was coated with ECM proteins before cell
seeding. Two independent experiments with miniature HFBR using distinct cell lines were
conducted for HUVECs and Caco-2 cells.

Specifically, fibronectin was used at a concentration of 10 pg/mL for HUVECsS, and collagen

was applied at a concentration of 100 pg/mL for Caco-2 cells, following the protein coating
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protocol provided by our collaboration partner, eXcorLab GmbH. In general, cells can be
seeded either in the 1C space or EC space. In this study, for the HUVECs culture experiments,
cells were seeded in the IC space, while for the Caco-2 culture experiments, cells were seeded
in the EC space; the only difference is the initiation of injection, whether it starts in the IC or

EC space. Here, the seeding procedure in the EC space will be described.
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Figure 3.7. Miniature HFBR setup for protein coating and cell seeding. (A) depicts the structure
of a miniature HFBR. Solutions can be introduced through the extracapillary (EC) and
intracapillary (IC) inlets and outlets, thereby filling the corresponding EC and IC spaces.
(B) The illustration of a miniature HFBR setup depicts the initial step of protein coating or cell
seeding on the EC surface of hollow fibers.

Briefly, the prepared 3 mL coating solution was put into the syringe (cap 5 mL) and connected
to the EC inlet. All other entrances, such as the EC outlet, IC inlet, and IC outlet were linked
with empty syringes (cap 5 mL) (Figure 3.7). The coating solution was filled in extracapillary
space. Two syringes have cooperated in any cases of injecting or removing a solution, such as
ECM coating solution, cell suspensions, etc., in a HFBR. The injection and removal of
solutions were led by pulling the plunger of one side syringe while another side syringe was
assisted as gently pushing the plunger. This was for achieving a homogenous filling of the
solutions without bubbles in a miniature HFBR. To fill the EC space with the coating solution,
the first step involves pulling the syringe at the EC outlet, initiating the flow of the solution
from the syringe connected to the EC inlet. Subsequently, the same process is performed in a
reversible direction and repeated for two rounds. As a result, the EC space is filled with the
coating solution, and the remains from the filling process are left in both the syringe at the EC
inlet and outlet. In the second step, the remaining solution from the first step in each syringe,
including the EC inlet and EC outlet, flows through the membrane to ensure the complete
coating of the membrane surface. The flow direction is from the EC inlet to the IC outlet and
from the EC outlet to the IC inlet, respectively. Afterward, the miniature HFBR was incubated

at 37 °C and 5 % CO for 1 h for both fibronectin and collagen coating.
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During the incubation time, the bioreactor rotated along the cylinder axis by 180 °every 15 min
to ensure a uniform coating on the membrane fibers. After the incubation, the coating solution
was removed from the bioreactor, and the bioreactor was connected to a pre-assembled tubing
system composed of silicone tube, Luer lock connectors, and medium bottle. The ECM protein-
coated hollow fiber membrane was equilibrated by given culture medium flow with a flow rate
of 0.15 mL/min under 37 °C and 5 % CO> for 30 min before cell seeding.

3.4.3.3. Cells Seeding and Electrochemical Impedance Spectroscopy analysis

The concentration of each cell line being seeded on a miniature HFBR was 60000 cells/cm?
(Total of 0.42 milion cells in 3mL suspension) for HUVECs (Lonza Cologne GmbH, Koeln)
culture experiment and 100000 cells/cm? (Total of 1.4 milion cells in 3mL suspension) for
Caco-2 cells (ACC 169) culture experiment. The cell seeding was performed similarly to the
protein coating of fibers. The protocol for cell seeding was supplied by our collaborative
partner, eXcorLab GmbH. HUVECs culture was carried out by Dr. Moritz Tulke in eXcorLab
GmbH. To seed the cells, the prepared 3 mL cell suspension was put in a syringe (cap 5 mL)
and connected to an EC inlet. The three empty syringes were linked to the IC inlet, IC outlet,
and EC outlet. The cell suspensions were filled into the bioreactor following the same
procedures as those described for treating the coating solution in the hollow fiber bioreactor in
section 3.4.3.2. Then, the miniature HFBR with cells was incubated for 3 h. Every 15 min, the
bioreactor was turned 180 ° during incubation to achieve homogeneous cell seeding on the
surface. The miniature HFBR seeded with cells were taken out from incubator to biosafety
cabinet for assembly with electrodes and tubing system. The assembly were connected to the
pump, then placed in incubator at 37 °C, 5 % CO2, and humidity about 95 % for long term
dynamic flow culture. The medium flow was constantly controlled with a flow rate
of 0.15 mL/min for the HUVECs culture experiment and 0.3 mL/min for the Caco-2 culture
experiment. EIS measurement was performed with two TiN-coated tube electrodes using EIS
measuring device (either Autolab PGSTAT 204 or Sciospec). 0.05 Vrus amplitude AC voltage
was constantly applied in frequency range 1 Hz to 100 kHz. Fitting and simulation of obtained
impedance data for further analysis were conducted using an equivalent circuit model identical

to that in Figure 3.6D and following the same procedures as described in section 3.3.4.4.

57



3.4.3.4. Immunofluorescence Staining and Microscopy

After the long-term of dynamic flow culture, Hoechst staining was carried out to identify cells
on hollow fibers. Our collaboration partner, eXcorLab GmbH, supplied the procedure for
Hoechst staining. Briefly, the culture medium in miniature HFBR was rinsed out with 3 mL
PBS using 5 mL syringe very carefully. Then, for fixation of the cells, the 3 mL fixation
solution was treated in hollow fiber reactor, and the bioreactor was kept at room temperature
for 5 min. Afterwards, it was rinsed again with 3 mL PBS". Subsequently, the hollow fiber
bioreactor was filled with 3 mL Hoechst stain solution for cell nuclei staining and incubated
for 5 min at room temperature. As last step of Hoechst staining, the bioreactor was washed
with 0.5 % human serum albumin (HAS) solution (3 mL) twice. When the Hoechst staining
has been done, the hollow fibers were taken out by dismantling hollow fiber bioreactor using
saw. Hollow fibers were stored in 10 mL falcon tube filling with 0.5 % HSA solution (3 mL).

3.5.  Electrode Application 3: Hemofiltration

3.5.1.  Setup of a Hemofilter with Titanium Nitride-Coated Electrodes

To investigate whether EIS enables the monitoring of clogging in hollow fiber membranes
during hemofiltration, TiN-coated tube electrodes were tested and characterized into a
hemofilter test system operating with blood. Human blood was collected for the study, with
explicit consent obtained directly from blood donors carefully selected from a healthy
population. Technical support during hemofiltration was provided by Dominik Kéhler. The
sterilized blood tubing line containing three drip chambers and a hemofilter was installed
following the order of the extracorporeal blood circuit on the DBB-05 dialysis device. The
extracorporeal blood circuit diagram is described in Figure 3.8. Supplementary the
photography of hemofilter setup with TiN-coated tube electrode represented in Appendix G
(Figure G.1). The extracorporeal blood circuit is categorized into two sections: designated
arterial blood line and venous blood line. The blood taken out from arterial access of blood
bags flows along the arterial blood line, and the filtered blood returns through the venous blood
line to the blood bags. Briefly explaining the connection of components of extracorporeal blood
circuit following order of the blood pathway, the arterial drip chamber and arterial inlet blood
pressure chamber were positioned before and after the arterial blood pump of the arterial blood
line respectively and connected to pressure sensors. Then, the hemofilter was located next to
the hemofilter inlet blood pressure chamber for blood filtration. Finally, the venous drip

chamber was placed on the venous blood line, so the filtered blood passed over the drip
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chamber connected with the pressure sensor and returned to the blood sample bag. Additionally,
a peristaltic pump was linked to a ultrafiltrate line to collect drained ultrafiltrate from the

hemofilter and send it to the venous drip chamber for mixing with blood.
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Figure 3.8. Implementing TiN-coated tube electrodes into the hemofiltration circuit. Each two
electrodes were placed in the arterial, venous, and ultrafiltrate lines close to the hemofilter. For
every EIS measurement, a pair of electrodes was used. The upper left corner box signifies the
measurement objective for each electrode pair.

Since the setup was for testing, the filtrate, instead of replacement fluid, returned to the blood
sample bag after being mixed with blood for continuous circulation, unlike medical treatment.
The six TiN-coated tube electrodes were integrated into the circuit using Luer lock connectors.
Two electrodes were placed on the arterial blood line, two on venous blood line, and two on
dialysate line near the entrance of the hemofilter.

3.5.2.  Hemofiltration and Electrochemical Impedance Spectroscopy Analysis

Before begin hemofiltration, the priming blood circuit was conducted, rinsing the blood circuit
with saline solution to check for any blocking and leakage on the circuit pathway. The sample
bag with 1 L saline solution (0.9 % NaCl) was connected to the arterial access tubing line and
the waste bag to the venous access tubing line. The arterial blood and dialysate pumps were set
with flow rates at 200 mL/min and 60 mL/min for priming blood circuits, respectively.
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After the 1 L of saline solution circulation, the saline solution sample bag was switched to
blood sample bag. Following, the residue of saline solution left on the blood circuit was
discharged given a single blood pass and collected in a waste bag. Once the saline solution on
blood circuit was completely removed, the venous access tubing line linked with blood sample
bag instead of waste bag. Afterward, the blood pump was operated with a 300 mL/min flow
rate, and the temperature was kept constant at 37 °C. Also, the dialysate pump ran at a flow
rate of 60 mL/min while the arterial blood pump was active. The pressure at hemofilter inlet
blood, venous, and ultrafiltrate pressures was monitored and recorded every 1 min during the
hemofiltration. Later on, TMP was calculated by adding measured pressure values to
Equation 1.22. The EIS measurement was carried out to monitor the hemofiltration. A pair of
electrodes were connected to EIS analyzer (Autolab PGSTAT 204) for each EIS measurement,
depending on the desired measuring point. The applying voltage was set to 0.05 Vrms and

frequency range was 1 Hz to 100 kHz.

3.6.  Statistical Analysis
Mean and Standard Deviation (SD)

In order to calculate measures of central tendency and dispersion, mean and standard deviation
(SD) were calculated using the mean and STDEV.P functions within Microsoft Excel 2019.

ANOVA Test

A One-Way ANOVA was conducted in the OriginPro 2021b software to investigate significant
differences among groups. The Tukey test was applied, and a significance level of 0.05 was
chosen. A p-value less than 0.05 (indicated with *) indicated statistically significant differences

in population means among the groups.

60



4, Results

4.1.  Add-on Electrode Development

Electrodes play a crucial role in enhancing the accuracy of results of EIS measurement because
they represent the physical interface between the measurement system and the biological
system. Thereby, electrodes with superior physical properties, such as low electrical impedance
and high corrosion resistance etc., are preferred for biological application. Also, electrodes
should be biocompatible since electrodes have direct contact with the cell culture medium or
even with cells. Furthermore, the placement of electrodes, whether within the bioreactor where
tissue is located or in the tubing connected to the bioreactor, would be a consideration
depending on the research goal. Progress has been achieved in developing electrodes with

various designs to identify the optimal electrode for EIS in dynamic flow culture.

4.1.1. Examine Applicability of TiN Coating on Various Substrates

TiN layers were deposited on four distinct substrates (Polycarbonate Luer lock connector,
SS mesh, glass plate, and SS tube) using PVD. Subsequently, the TiN layers on each substrate
were examined through visual inspection and SEM. This assessment aims to evaluate the
applicability of TiN coating on various substrate materials and geometries. The use of a
polycarbonate Luer lock connector as electrode substrates is advantageous, as it is already
served as a tubing connector. This means that no additional modifications are required for its
application in a bioreactor system. The TiN-coating was deposited on the exterior of the
polycarbonate Luer lock connector (Figure 4.1A), and a color change to dark brown was
observed after the PVD. Nevertheless, incomplete coating was occasionally observed,
particularly at the edges, attributed to the complex 3D structure. Furthermore, both a SS mesh
(Figure 4.1B) and a glass plate (Figure 4.1C), featuring flat surfaces, were employed as
substrates for electrode. Following the PVD, TiN-coated surface exhibited a dark brown color.
For the SS tube substrate, TiN coating was applied to the inner surface of the SS tube. Despite
the relatively complex geometry when compared to a flat surface, the SS tube form was chosen
as a substrate candidate because it allows for the easy design of electrodes that can be integrated

into the tubing system.
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Figure 4.1. Photograph of pre- and post-coating on different substrates: (A) Luer lock
connectors, (B) SS mesh, (C) glass plate, and (D) SS tube. Overall, the color change to dark
brown was observed in all samples. However, due to the TiN coating being applied to the inner
surface of the SS tube, it may not be clearly visible in photograph in Figure D. Each subfigure
includes a scale bar representing 10 mm.

Color changes were observed across the entire inner surface of the SS tube, although this
change was not clearly visible in the picture (Figure 4.1D) because of the coating being on the
inner surface. SEM analysis was conducted on the TiN-coated surfaces of all substrates except

the Luer lock connector.

Figure 4.2. SEM images of TiN-coated surfaces on different substrates: (A) SS mesh (scale
bar 200 nm), (B) glass plate (scale bar 200 nm), and (C) SS tube (scale bar 200 nm). Nano-
scale rough sturctures were observed in all samples. Philip Stahlhut performed the capturing
of the SEM images.
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SEM images revealed a rough nanostructure of the TiN coating on SS mesh (Figure 4.2A),
glass plate (Figure 4.2B), and SS tube (Figure 4.2C). Due to its highly uniform flat surface, the
glass plate displayed relatively consistent and uniformly rough nanostructures.

4.1.2. Various Designs of Electrode Models and Leak Test

Figure 4.3 depicts four different electrode designs developed to find optimum electrodes for
applying to bioreactor culture. A thin layer of TiN was deposited on each substrate using PVD,
resulting in each TiN-coated electrode having its own unique design. First, TiN-coated Luer
lock were initially developed intending to simplify the development process. Except for TiN-
coated Luer lock electrodes, TiN-coated electrodes of each substrate were housed using PDMS
shell to make electrodes externally attachable. As shown in Figure 4.3B, the TiN-coated SS
mesh was inserted through the incision part. The TiN-coated SS mesh inserted in the tube was
covered with PDMS casting to prevent leakage, but a portion of the TiN-coated SS mesh
remained exposed to connect to the EIS device. In the same way as TiN-coated mesh electrode,
the TiN-coated glass plate (Figure 4.3C) was inserted into silicone tube through incision part.
However, this time, the whole TiN-coated glass inserted in silicone tube were covered by
PDMS shall unlike TiN-coated mesh electrode design. The banana plugs and titanium sheet
played a conductive link between the TiN-coated glass electrode and the EIS device. Lastly,
the TiN-coated SS tube electrode is shown in Figure 4.3D. The TiN-coated SS tube was
connected to a silicone tube using a 3D-printed connectors, and their core structures, including
an electrode, 3D-printed connectors, and silicone tubes, were surrounded by a PDMS shell.
The banana plug was fixed to the steel hose clip, which was linked to the TiN-coated SS tube,

enabling electrical contact between the TiN-coated SS tube and the EIS device.

Each electrode was connected to a fluid flow circuit and tested to see whether it leaked or not.
The TiN-coated Luer lock electrode was directly connected to a silicone tube in the fluid circuit.
On the other hand, the TiN-coated SS mesh, glass plate, and SS tube electrodes used
commercially available Luer lock connectors to connect to silicone tubes. TiN-coated Luer
lock electrodes did not have any leakage as expected since it is for joining silicone tubes. Like
the TiN-coated Luer lock electrode, the other two, the TiN-coated glass and SS tube electrodes,
showed no leakage even at high fluid speed. It was noticed that the TiN-coated SS mesh
electrode started to leak as the flow rate increased (up to 280 mL/min). Another important
observation was the tendency of air bubbles to become easily trapped on the TiN-coated
SS mesh in the flow system which can have an impact on impedance measurements.
Nevertheless, there remains an opportunity to utilize the TiN-coated SS mesh electrode without
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requiring experiments that demand high flow rates. Additionally, any trapped bubbles can be

easily eliminated by gently tapping the electrode.

Furthermore, it was observed that the TiN coating on the Luer lock connector was prone to

wearing off during handling, indicating a relatively low wear resistance of the coating.
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Figure 4.3. Photographs of various electrode designs. (A) TiN-coated Luer lock connectors
electrode (B) TiN-coated SS mesh electrode (C) TiN-coated glass plate electrode (D) TiN-
coated SS tube electrode

The poor wear resistance causes several issues such as poor electrical connections and high
electrode impedance leading inaccurate results. As a result, the TiN-coated Luer lock connector
electrode was excluded in the list of candidates. The photo of the Luer lock electrode issues
presents in Appendix A (Figure A.1)

4.1.3. Electrical Double Layer Characterization of Electrode Models

Electrochemical double layer capacitance is an indicator related to electrode sensitivity. The
electrochemical properties of TiN-coated electrodes with different substrates, SS mesh, glass
plate, and SS tube, were demonstrated using impedance spectroscopy. As mentioned in the
previous section 4.1.1and 4.1.2, the TiN-coated Luer lock electrode was excluded because the
coating was unstable, causing peeling off easily by friction. The results were plotted on a Bode
plot representing total impedance versus frequency range (Figure 4.4A). Electrode impedance

was dominantly presented in the low-frequency range (1 Hz to 100 Hz), while the electrolyte
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impedance was relatively dominant at the high-frequency range (100 Hz to 10 kHz) in a Bode

plot.

All impedance values across the frequency ranges (1 Hz to 10 kHz) were adjusted by
subtracting the baseline impedance at 10 kHz. This adjustment enables a concise comparison
of electrode impedance among different substrate electrodes. As a result, the baseline at 10 kHz
set to 0. When comparing impedance values at 1 Hz, where the electrode impedance is most
dominant, the TiN-coated glass plate had the highest impedance with 385.39 + 7.12 Q.
The TiN-coated SS mesh was lower than the TiN-coated glass plate with 167.31 £ 1.42 Q.
Furthermore, the TiN-coated SS tube electrode impedance was the lowest at 83.97 £ 1.29 Q.
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Figure 4.4. Characterization of double-layer capacitance of electrodes. A pair of electrodes
connected using Luer lock connectors and filled with PBS™ was used for these measurements.
(A) The impedance value depicts the function in relation to the frequency range of 1 Hz
to 10 kHz. The baseline at 10 kHz indicates that medium resistance was subtracted from the
impedance value across the entire frequency range. (B) Phase responses were measured over a
frequency range of 1 Hz to 10 kHz for three different substrate electrodes. Each experiment
was technically replicated three times, and the mean value with standard deviation (SD) is
presented in the graph. Since the SD is relatively small, the error bar representing SD in graph
is difficult to perceive. To enhance visibility, a zoomed-in inset of one data point at 50.119 Hz
of impedance and 25.119 Hz of phase is provided.

The phase angle as function of frequency was represented in Figure 4.4B. As the input signal
frequency lowered (1 kHz to 1 Hz), the phase angle was changed to negative values. The phase
angleat 1 Hz was - 2.78 £ 0.01 ° for SS tube, - 16.43 + 0.59 ° for SS mesh, and - 21.65 £ 0.20 °
for the glass plate. In addition, the impedance data were fitted to an equivalent circuit model to

obtain quantitative values relating double layer capacitance.
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The electrochemical cell used for the test was represented in Figure 3.3 by a series connection
of a constant phase element (CPE) and an electrolyte resistor (Re). The Table 4.1 shows the
results of impedance data fitting using Nova 2.1.4 software program, CPE admittance (Yo) is
where containing capacitance information, and n represents the inhomogeneity of the coating
surface. The TiN-coated SS tube showed the highest CPE admittance value
with 19.5 x 10"# S-s". The SS mesh and glass plate values were lower than TiN-coated SS tube
as 6.16 x 10 S-s"and 3.42 x 10 S-s", respectively.

Table 4.1. Comparison of CPE parameters of TiN-coated electrodes

Electrode CPE admittance, Y, ( S's?) n(0<n<1)
Coating + Substrate ~ Mean (x104) SD (x107%) Mean SD (x10-%)
TiN + Glass plate 3.42 0.04 0.74 4.03
TiN + SS mesh 6.16 2.22 0.82 1.02
TiN + SS tube 19.5 1.89 0.65 6.36

In general, n ranges from 0 to 1. n = 1 means the CPE behaves as a pure capacitor, whilen =0
means the CPE behaves as a pure resistor. Furthermore, the electrode inhomogeneity of the
TiN-coated tube electrode was 0.65, and the TiN-coated glass plate was 0.74.

The TiN- coated SS mesh was the closest to a pure capacitor with 0.82, among others.

4.1.4. Investigating Influential Parameters Impact on Impedance Measurement

Based on the leak test and the evaluation of the CPE parameter discussed in sections 4.1.2 to
4.1.3, it was determined that the TiN-coated tube electrode was the most optimized choice for
application in the bioreactor. Before incorporating the electrodes into the bioreactor system, an
assessment of the impact of various influential parameters on EIS measurements was
conducted. The electrochemical cell used for the assessment was configured by connecting two
electrodes (Figure 4.5). For the flow rate experimentation, the peristaltic pump was additionally
connected to the two electrodes. The system was filled with PBS". Four different parameters
such as distance between two electrodes (Figure 4.5A), temperature (Figure 4.5B), electrolyte
concentration (Figure 4.5C), and flow rate were varied to evaluate the electrical properties of
TiN-coated tube electrodes (Figure 4.5D). The results of impedance spectroscopy are
represented in the Bode plot in Figure 4.6 and Figure 4.7. In a Bode plot, the magnitude of the
impedance (Z) and the phase angle, are displayed as a function of frequency on a plot.
Impedance baseline, in this context, refers to the impedance value at the frequency where the

phase angle is closest to 0 ° in each recorded spectrum. In high-frequency conditions, due to
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the rapid changes in the supply voltage, capacitors act as short circuits, resulting in very low
impedance in EIS. As a consequence, the electrolysis resistance response becomes dominant
at high frequencies, representing a minimum value in the impedance spectrum and effectively
serving as the baseline. Also, resistance exhibits a frequency-independent response, meaning

its phase remains constant at O °.
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Figure 4.5. Electrodes setup for investigating impact parameters on EIS measurement. The
setup includes two electrodes connected using a Luer lock connector and the system filled with
PBS". Various parameters influencing the impedance response of electrode system were varied,
including: (A) distance between two electrodes (30, 60, 100, 150, and 200 mm),
(B) temperature (room temperature (20 °C) and 37 °C), (C) electrolyte concentration (20, 40,
60, 80, and 100 %), (D) flow rate (0, 7.5, 140, and 280 mL/min). Additionally, a peristaltic
pump was connected to the two electrodes using a silicone tube to generate fluid flow. The
default parameters applied to all experiments, except for the parameter being intentionally
varied, include a 60 mm electrode distance, room temperature, O rpm flow rate, and 100 %
PBS" concentration. This figure has been adapted from the previous publication by Choi et al.,
under the terms of the Creative Commons Attribution (CC BY) license [156].

As shown in the Figure 4.6A, the impedance baseline (at frequency 794.33 Hz) was risen with
increasing electrode distance from 2.96 kQ at 30 mm to 18.19 kQ at 200 mm distance.
An average of 974.15 + 61.51 Q increased by the distance getting 10 mm longer. The electrode
impedance became prominent moving into the low frequency range (30 Hz to 1 Hz) at all other
distances. Accordingly, the phase between 1 Hz to 30 Hz tended to increase as the distance

between the two electrodes increased (Figure 4.6B). The phase at 1 Hz was - 2.46 °at 30 mm
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and rose to - 0.40 ° at 200 mm. Unexpectedly, the impedance increased with increasing
frequency at the high frequency range (10 kHz to 100 kHz). Furthermore, the increment was
greater as the distance between the electrodes increased. The changes were also observed in
phase graph (Figure 4.6B), the phase of the high frequency range (10 kHz to 100 kHz) was

decreased by increasing the distance.
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Figure 4.6. EIS results from the investigation of impact parameters (1). The experimental setup
is depicted in Figure 4.5. (A and B) EIS measurements were carried out at varying distances
between two electrodes: 30, 60, 100, 150, and 200 mm. The (A) impedance and (B) phase Bode
plots are presented as a result. (C and D) The EIS measurements were conducted at
temperatures ranging from room temperature to 37 °C. The results include Bode plots for
(C) impedance and (D) phase. The total impedance increased with increasing distance between
the electrodes and decreasing temperature. The results of the electrode distance variation
experiments were obtained from a single trial each. The temperature variation experiment was
conducted three times for technical replication and was represented by the mean and standard
deviation. This figure has been reproduced from the previous publication by Choi et al., under
the terms of the Creative Commons Attribution (CC BY) license [156].
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The Figure 4.6C shows impedance response according to temperature changes. The baseline
(at frequency 2.5119 kHz) of room temperature was 7.98 + 0.005 kQ but decreased
to 6.48 £ 0.006 kQ by increasing temperature to 37 °C. Unlike the electrode distance variation
test, the phase angles at both room temperature and 37 °C were similar across the frequency
ranges (Figure 4.6D). EIS was conducted with the same electrochemical cell while varying
electrolyte concentration (Figure 4.7A and B). The impedance at frequency 31.623 kHz, being
a baseline, was taken for comparison (Figure 4.7A).
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Figure 4.7. EIS results from the investigation of impact parameters. (2). This is a continuation
from Figure 4.6. (A and B) EIS measurements were conducted with varying concentrations of
the electrolyte (PBS’): 10, 20, 40, 60, 80, and 100 %. The results include Bode plots for
(A) impedance and (B) phase. (C and D) EIS measurements were performed with different
flow rates: 0, 7.5, 140, and 280 mL/min. The findings incorporate Bode plots illustrating
(C) impedance and (D) phase. Electrolyte concentration and flow rate variations affected
impedance and phase shifts with frequency. Each experiment was conducted three times for
technical replication, and the mean and standard deviation were calculated from three
replicates. The Figure (C) and (D) were reproduced from previous publication Choi et al., under
the terms of the Creative Commons Attribution (CC BY) license [156].
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As a result, 100 % impedance was started at 5.67 £ 0.008 kQ. Subsequently, the impedance
exhibited exponential growth as the concentration of PBS™ decreased. The impedance followed
an increasing trend, reaching 6.39 * 0.003 kQ at 80 %, 819+ 0.03kQ at 60%,
and 11.88 + 0.045 kQ at 40 %. Continuously, the impedance increased to 21.81 + 0.108 kQ at
20 % and reached 40.40 £ 0.158 kQ at 10 %. Like the electrode distance test, phase change at
low frequency and high frequency appeared by changing PBS™ concentration (Figure 4.7B).
The phase at 1 Hz gradually increased from - 1.48 + 0.001 ° at 100 % to nearly O ° as the
concentration decreased. Oppositely, the phase at 100 kHz decreased from - 0.27 + 0.001 ° at
100 % until - 2.79 £ 0.010 ° at 10 % by reducing concentration. Lastly, EIS was conducted at
three different flow rates to investigate the influence of flow rate on the impedance of the
electrochemical cell (Figure 4.7C and D). As the pump started at 7.5 mL/min, the impedance
dropped by 128.22 Q from 6.48 £ 0.006 kQ of the static state (0 mL/min) to 6.36 + 0.001 kQ.
Impedance decreased continuously from 6.34 + 0.006 kQ at 140 mL/min to 6.32 + 0.002 kQ
at 280 mL/min. Overall, the results show a decreasing trend. The rate of decrease in each step
got lower with increasing flow rate. The phases of each different flow rate were similar within
the frequency range of 1 Hz to 10 kHz. In the high frequency range (10 kHz to 100 kHz), the

phase appeared to increase with an increase in flow rate.

4.2.  Electrode Application 1: A Chip Bioreactor

The first application of TiN-coated tube electrodes was a chip bioreactor. The novel PDMS-
based bioreactor was developed to provide a more physiological environment than ordinary
culture conditions by stimulating the shear stress-sensitive cells mechanically. On the other
hand, a non-invasive monitoring system was required to monitor cells’ functionality during
bioreactor culture, because of its closed system. EIS is one of the valuable techniques allowing
non-invasive methods. Therefore, the TiN-coated tube electrode system was implemented into
the chip bioreactor system. As the PDMS-based chip bioreactor, newly developed by Dr.Tobias
Schmitz, was implemented, the system setup, including TiN-coated tube electrodes, was
optimized for bioreactor culture. Furthermore, the hiPSCs-derived BCECs were cultured in the
bioreactor to test the monitoring system whether the real-time monitoring of barrier integrity
is possible. In this context, dynamic culture is defined as cell culture in a bioreactor under fluid

flow conditions, while static culture refers to cell culture in a transwell plate without fluid flow.

70



4.2.1. Optimization of Chip Bioreactor System with TiN-Coated Tube Electrodes

Bioreactor manufacturing based on 3D printing technique and PDMS casting caused cost-
efficient and reproducible bioreactor for dynamic culture. A sophisticatedly 3D-printed part
with defined geometries was reusable and contributed to generating multiplicities of negative
silicone molds. Also, it required less than 30 mins for silicone casting. Therefore, according to
needs, several bioreactors could be easily produced at the same time. The chip bioreactor was
mainly composed of two bioreactor chambers made by PDMS and a chip insert. As shown in
Figure 4.8A, the two PDMS bioreactor chambers are symmetric except for the tongue and
groove joints. After completing the PDMS bioreactor chambers through PDMS casting,

oxygen plasma treatment was applied to render the initially hydrophobic surface hydrophilic.
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Figure 4.8. 3D graphical view of a chip bioreactor. (A) The chip insert is positioned between
two chambers, providing a customizable platform for constructing an experimental setup with
two separate compartments. (B) The assembly of the bioreactor involves the tight closure of
the two chambers using 3D-printed bioreactor clamps. Luer lock connectors are used to connect
the chambers to the tubing. (C) Completed chip bioreactor shown in assembled view. This
figure has been reproduced from the previous publication Choi et al., originally created by
Dr. Tobias Schmitz, under the terms of the Creative Commons Attribution (CC BY) license
[156].

This modification was implemented due to the observed tendency of the hydrophobic surface
to readily trap bubbles generated within the bioreactor system. Since the air bubble in the
bioreactor interrupts not only the nutrient supply to cells but also EIS measurement, it must be
avoided. In the Figure 4.8A, the culture membrane (Oxyphen, 0.4 um pore size) was glued
using PDMS in between two 3D-printed frames by evenly stretching.
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Thus, completed framed culture membranes, called chip insert, enabled cell culture in transwell
plates and chip bioreactors, which also meant a simple transfer from static culture protocols to
the dynamic culture and vice versa. Also, the 3D-printed frame was made of autoclavable
material (Dental SG FLDGORO1), giving it an advantage in terms of reusability. Lastly, the
3D-printed bioreactor clamps tightened the main three compartments, two PDMS chambers

and a chip insert, thereby avoiding leaks (Figure 4.8B).

The setup of the bioreactor system for cell culture and non-invasive monitoring has been
optimized. Figure 4.9 shows the overall flow scheme of bioreactor system. In this study, two
flow regime were generated considering future study such as transport study. Each flow circuits

were completely separated by inserting the chip inserts in between bioreactor chambers.
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Figure 4.9. Schematic diagram of chip bioreactor system with EIS. Two separate flow circuits
pass through the apical and basolateral compartments of the chip bioreactor, with fluid flowing
in a co-current pattern. TiN-coated tube electrodes were positioned at the entrance of each
compartment. The chip bioreactor systems were operated in an incubator. Electrodes 1 and 2
are connected to external devices, including an Autolab PGSTAT 204 potentiostat and a
computer, for measuring EIS. This figure has been modified from the previous publication
Choi et al., under the terms of the Creative Commons Attribution (CC BY) license [156].

The TiN-coated tube electrodes were placed next to each PDMS bioreactor chamber and both

electrodes stood on a diagonal line with each other. The Figure 4.10 shows a photograph of a
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bioreactor with hiPSCs-derived BCECs installed in a tailored incubator system. The bioreactor
was positioned on a dedicated bioreactor stander (Figure 4.10A, ®) printed using a 3D printer.
The advantage of using a vertical postured bioreactor stander was to prevent bubbles from
getting stuck in the bioreactor and electrodes. In very rare cases, if air bubbles became trapped
on the bioreactor or electrodes, they could be easily observed through transparent PDMS and
removed by tapping (Figure 4.10B). The bottle holder (Figure 4.10A, ®) helped to keep the
medium bottle stable, reducing the risk of air filter (Figure 4.10A, @) contamination caused by
the medium bottle lying or tilting during handling. For EIS measurement, the tailored incubator

was modified whereby making holes in the wall and implementing adapters (Figure 4.10A, ®).
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Figure 4.10. Photographs of the chip bioreactor system in a custom incubator system. (A) An
overall view. (B) A close-up view focused on the chip bioreactor and electrodes.

The Black PVVC EHT cable was threaded through adapters, with one end of the cable connected
to the EIS potentiostat on the exterior, while the other end was connected to the electrodes on
the interior of the incubator. This enables automated EIS measurements without the need to
open the incubator. Furthermore, Black PVC EHT cables help to reduce magnetic field

interference.

4.2.2. Electrochemical Impedance Spectroscopy Analysis of Blood Brain Barrier

BCECs were differentiated from hiPSCs line IMR90-4 for 10 days. After day 10 of
differentiation, the BCECs culture was extended in the chip bioreactor. The dynamic culture
was conducted with a controlled flow rate of 0.3 mL/min. As mentioned in previous
section 4.2.1, it was possible to transfer from static to dynamic culture without modifying
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conventional static culture protocol by using the chip insert that can be used for both static and

dynamic cultures.

EIS measurements were conducted at 0, 2, 4, and 6 h after cell seeding, followed by subsequent
measurements every 24 h to monitor the barrier integrity during dynamic culture.
Simultaneously, the transwell culture was accompanied to compare cellular barriers in static
and dynamic culture conditions. The measuring plate with TiN electrode was used for EIS
measurement of a transwell-based model (Figure 3.5), and the EIS measuring time point was
the same as dynamic culture. Initially, BCECs were cultured in quadruplicate for 48 h under
dynamic and static conditions. After observing that the bioreactor system worked properly with
BCECs, the culture time was extended to 7 days (168 h).

4.2.2.1. Electrochemical Impedance Spectroscopy Data Analysis in Static and Dynamic
Culture
In this section, the results of a 48 h impedance experiment are presented with the intention of
examining how the BCECs dynamic flow culture system is represented across the frequency
spectrum through EIS. Furthermore, the study aims to determine whether the impedance
responses of each system component are represented in frequency ranges comparable to those
of a static culture system, despite the relative complexity of the dynamic culture system. In this
context, static culture refers to cell culture in a transwell plate without fluid flow, while
dynamic culture is defined as bioreactor culture under fluid flow conditions. Once again, the
primary focus here is not on interpreting the integrity of the BCECs barrier using impedance
results; instead, this aspect will be addressed in the subsequent section (Section 4.2.2.2). The
Figure 4.11 depicts the Bode plots obtained from EIS measurement in a dynamic
(Figure A and B) and static culture (Figure C and D), which were conducted in parallel. In
Bode plot (impedance versus frequency), the baseline impedance at the frequency where the
phase close to 0 °, was subtracted over frequency range, then the impedance value was
normalized by porous membrane area. The geometrical surface area of the chip membrane was
0.95 cm?, and the inserts membrane for static culture was 0.33 cm?. In the EIS measurement of
dynamic culture (Figure 4.11A and B), the medium culture resistance was dominated at
approximately the high frequency range (1 kHz to 10 kHz). In Figure 4.11A, the impedance
values of the dynamic culture at 3.1623 kHz were set to 0 through baseline subtraction across
all frequency ranges. This adjustment was made as the primary focus of the study was on
determining barrier integrity. The impedance reflecting the BCECs was detected across the
middle frequency range (approximately 5 Hz to 1 kHz). When compared to the blank, which
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represents the bioreactor system without cells, the bioreactor system cultured with BCECs

apparently demonstrated an increase in impedance within the middle frequency range.

The electrode impedance started to appear in the spectrum at the frequency approx. 1 Hz
to 5 Hz. Each component impedance (electrode impedance, cellular barrier impedance, and cell
culture medium impedance) of the static culture system (Figure 4.11C) was plotted on

frequency ranges comparable to the dynamic culture system (Figure 4.11A).
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Figure 4.11. Comparing EIS data over 48 h in dynamic and static culture. (A and B) represent
EIS results of dynamic culture. (A) Impedance was plotted as a function of frequency (1 Hz
to 3.1623 kHz) after subtracting the baseline impedance at 3.1623 kHz and normalizing it by
the surface area of the porous membrane (0.95 cm?) (B) Phase Bode plot was obtained in the
frequency range 1 Hz to 3.1623 kHz. (C and D) depict EIS results of static culture.
(C) Impedance was plotted as a function of frequency (1 Hz to 100 kHz) after subtracting the
baseline impedance at 100 kHz and normalizing it by the surface area of the porous membrane
(0.33 cm?). (D) Phase Bode plot was represented over the frequency range (1 Hz to 100 kHz).

The phase shift in the middle frequency was smaller in dynamic culture than in static culture

due to the bigger geometrical surface area of a chip insert of the chip bioreactor than the
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membrane of the insert used for static culture. The lowest phase angle over EIS measurement
time was approx. - 2 °to - 6 °in dynamic culture, on the other hand, approx. - 45 °to - 60 °in

static culture.

4.2.2.2. Quantification of Barrier Integrity of Blood Capillary Endothelial Cells

After the verification that electrode system enabled the measurement of the barrier function of
BCECs through EIS in a 48 h experiment, the BCECs culture was extended to 7 days in both
dynamic and static culture to conduct a more specific examination of electrical barrier function
characterization. Each part comprising the chip bioreactor system, the TiN-coated tube
electrodes, the BCECs layer, and the cell culture medium was modelled using known
equivalent circuit elements to quantify useful electrical parameters. As shown in Figure 4.12,
the equivalent circuits corresponding chip bioreactor system was constructed with a resistor
(Rm) representing culture medium resistance and constant phase element (CPE) representing

TiN-coated tube electrode impedance.

Medium flow 1

Cell medium
BCECs
- e Tight junction
_________ Porous
membrane
I\ile’di:lng flow 2 ;i ﬁ L Electrode

Figure 4.12. Illustration of the equivalent circuit model for bioreactor culture. It includes a
constant phase element (CPE) to model the double layer capacitance of the electrode, a resistor
(Rm) for the culture medium, and a parallel combination of a resistor (Rt) and a capacitance
(Cc) to represent the electrical barrier function of the hiPSC- derived BCECs. These are
connected in series with the CPE and Rw.

The BCECs layer was modelled with a parallel connection of a resistor (Rt) and a capacitor
(Cc) where Rt is tight junction barrier resistance and Cc is cell membrane impedance.
Therefore, the obtained impedance data from EIS measurement was fitted to the equivalent
circuit using the Nova 2.1.4 software. Example raw data of fitting results for both dynamic and

static cultures were captured and are depicted in Appendix B (Figure B.1).
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As a result, the electrical parameters, Rt and Cc, were obtained. Due to resistance being
inversely proportional to the cross-section area (Equation 1.18) the Rt was normalized by the
geometrical surface area (chip insert membrane: 0.95 cm?, transwell inserts: 0.33 cm?) of
culture membrane to compare the static and dynamic culture. Conversely, the capacitance is
proportional to the cross-section area (Equation 1.20), the Cc values were divided by the
membrane surface area. The normalized Rt and Cc are represented in Figure 4.13A and B over

the culture time.
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Figure 4.13. Barrier integrity of BCECs cultured in dynamic and static culture. (A) Tight
junction resistance, Rt, were obtained over culture times by fitting and simulating EIS data
with equivalent circuit model. (B) Cell membrane capacitance, Cc, were quantified over culture
times by fitting and simulating EIS data. Normalized Rt and Cc values were plotted over time,
with surface area of the porous membrane used for normalization. Except for the significant
difference (p < 0.05) in Rt at 0 h between static and dynamic cultures, which can be attributed
to the adaptation of BCECs to the dynamic culture environment, the Rt and Cc values were
comparable between dynamic and static cultures during the 7-day culture period. The
experiment was conducted with seven biological replicates from 0 to 48 h and three biological
replicates from 48 h to 168 h. One-way ANOVA with Tukey's post hoc comparison test was
conducted using OriginPro 2021b to compare electrical parameters over culture time in static
and dynamic cultures, p < 0.05 (*). This figure has been reproduced the previous publication
Choi et al., with under the terms of the Creative Commons Attribution (CC BY) license [156].

The EIS measurement started as soon as the bioreactor assembly, including BCECs cultured

chip insert, was installed in the tailored incubator and filled the medium. Thus, the first

measurement was designated to 0 h. At 0 h, there were substantial differences between static

and dynamic culture. Rt of dynamic culture was 1.042 + 0.433 kQ-cm?. The static culture

showed 3.411 + 1.779 kQ-cm?. The initial adaptation of BCECs to dynamic culture resulted

in a significant reduction in tight junction resistance. The tight junction resistance recovered to
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the originated state post-stabilization. Thereby, the Rt reached 2.609 + 1.029 kQ-cm? at 6 h

under the dynamic culture.

The Rt began to drop in both dynamic and static culture after 6 h, the value at 24 h was
1.865 + 0.786 kQ-cm? and 2.513 + 0.424 kQ-cm?, respectively. Afterward, the Rt of dynamic
culture decreased substantially until 641 £ 219 Q-cm? at 96 h. The reduction of tight junction
resistance was also shown in static culture, and reached to 697 + 244 Q-cm?at 96 h. The tight
junction resistance kept dropping until 168 h in both dynamic and static conditions.
Consequently, the final Rt value was 285 + 76 Q-cm? in dynamic culture and 449 + 149 Q-cm?

in static culture.

Another equivalent circuit element, a capacitor, was modelled to represent the capacitance of
the cell membrane. As with R, the capacitance of the cell membrane was quantified by fitting
and simulating the impedance data (Figure 4.13B). The Cc of dynamic culture at 0 h was
1.18 + 0.42 pF/cm?. The value increased slightly to 1.47 + 0.36 pF/cm? for 24 h and decreased
to 1.31 + 0.06 uF/cm? at 72 h. After that, Cc increased again reaching 1.49 + 0.11 pF/cm? at
168 h. In static culture, Cc was raised from 1.59 + 0.58 pF/cm?at 0 h via 1.68 + 0.47 pF/cm?
at 24 h through to 2.25 + 0.56 pF/cm? at 96 h. After that, the capacitance decreased slightly to
2.02 + 0.22 pF/cm? at 168 h. Compared to 0 h, the capacitance showed a high value at 168 h
for both static and dynamic cultures. In addition, the average of the fitting error values for all
results was calculated. The fitting errors for Rt and Cc were 0.7 % and 0.8 %, respectively, in

static culture. In dynamic culture, the fitting errors were 6.59 % for Rt and 14.12 % for Cc.

Table 4.2. CPE parameters obtained from dynamic culture. The results were adapted from the
previous publication Choi et al., under the terms of the Creative Commons Attribution (CC
BY) license. (Biological replicates, N = 7)

Dynamic culture

Mean SD
CPE admittance, Y, 8 84x10 4.42%104
[ S.Sn]
n(0<n<l) 0.65 0.09

The mean of Rt and Cc from 7 replicates (4 replicates for 48 h and 3 replicates for 168 h in
both dynamic and static cultures) were represented in the Appendix C (Table C.1).
Additionally, the electrode capacitance remained stable with a mean of CPE admittance
of 8.84 x 10 S-s"during 7 replicates (Table 4.2).
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4.2.3.  Analysis of Immunofluorescent Images

After 7 days of culture of BCECs under dynamic and static culture, the tight junction protein
expression was investigated by immunofluorescent using specific protein markers such as
Occludin, ZO-1, and GLUT-1.

Figure 4.14. Immunofluorescence analysis of BCECs. Immunofluorescence staining of
Glucose transporter-1 (GLUT-1, green), Zonula occludens (ZO-1, red), and Occludin (green)
in static and dynamic cultures at 0 h and 168 h. (A, B, and C) GLUT-1 staining at (A) 0 h,
(B) 168 h of static culture, and (C) 168 h of dynamic culture. (D, E, and F) ZO-1 staining at
(D) 0 h, (E) 168 h of static culture, and (F) 168 h of dynamic culture. (G, H, and I) Occludin
staining at (G) 0 h, (H) 168 h of static culture, and (1) 168 h of dynamic culture. In both static
and dynamic conditions at 168 h, hiPSCs-derived BCECs exhibited an increase in nuclear
condensation and upregulation of protein expressions of GLUT-1, ZO-1, and Occludin
compared to 0 h. After 168 h of dynamic culture, the intensity of protein expression at the cell-
cell borders was stronger and showed a continuous pattern compared to static culture. The
fluorescent images were captured with 40x magnification and scale bar 50 um. The images
presented in this figure are representative of three biological replicates (N = 3). This figure has
been adapted from the previous publication Choi et al., under the terms of the Creative
Commons Attribution (CC BY) license [156]. The histology and immunofluorescent imaging
were performed by Dr. Sanjana Mathew.
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Using immunofluorescence, the objective was to verify the stability of the chip bioreactor
system and assess whether dynamic culture affects cellular barrier characteristics. The
complete cell layers remained after 168 h dynamic culture on the chip insert. This observation
proved that the bioreactor system is applicable and suitable for BCECs culture. In addition, the
DAPI size of BCECs after 168 h dynamic culture (Figure 4.14C, F, and 1) and static culture
(Figure 4.14B, E, and H) became smaller, consequently, seemed more compact and tightly
packed than BCECs at 0 h (Figure 4.14A, D, and G).

For detailed investigation, the DAPI 's number of each condition's images was counted using
Fiji software program. According to DAPI counting (Table 4.3), the number of cells at 0 h was
204.22 £ 64.00, while the cell number rose to 298.77 + 30.00 after in 168 h static culture and
to 291.77 £ 74.00 in 168 h dynamic culture. Furthermore, the expression pattern of ZO-1
(Figure 4.14F), and Occludin (Figure 4.141) at the cellular border was smoother and thinner in

168 h dynamic conditions compared to 0 h (Figure 4.14D, and G).

Table 4.3. Analysis of DAPI counting of hiPSCs-derived BCECs. The results were adapted
from the previous publication Choi et al., under the terms of the Creative Commons
Attribution (CC BY) license [156].

DAPI counting
Mean SD
0Oh 204.22 64.00
Static culture
(168 h) 298.77 30.00
Dynamic culture
(168 h) 291.77 74.00

Moreover, the expression of GLUT-1 (Figure 4.14C) was less cytoplasmic localization in 168 h
dynamic conditions than at 0 h (Figure 4.14A). The expression pattern shown in 168 h static
conditions (Figure 4.14B, E, and H) was similar to 168 h dynamic conditions (Figure 4.14C,
F, and I). However, the marker expression of 168 h static conditions (Figure 4.14B, E, and H)

was not homogenous and was fragile at the membrane.

4.3.  Electrode Application 2: A Miniature Hollow Fiber Bioreactor

TiN-coated tube electrode was also used in another type of perfusion bioreactor, namely the
miniature HFBR. This was done to test the versatility of the TiN-coated electrode. Miniature
HFBR consists of 15 hollow fibers that are securely fixed in a solid housing. However, due to

its structure, verifying cell growth on the fibers while operating the bioreactor can be
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challenging. In such cases, the bioreactor may run unnecessarily, leading to wasted operating
costs and time. Therefore, a non-invasive method is necessary to avoid these disadvantages.
The TiN-coated tube electrode was implemented to a miniature HFBR to inspect if the
electrode system capable of monitoring cell growth during the HFBR culture. Cell lines of
HUVECs and Caco-2 were used for the test. Before conducting EIS measurements on the
miniature HFBR, EIS measurements on both HUVECs and Caco-2 cells in the transwell culture

as a reference.
4.3.1. Barrier Integrity of Human Umbilical Vein Endothelial Cells

4.3.1.1. Reference Impedance Spectroscopy measurement for Barrier Integrity of
Human Umbilical Vein Endothelial Cells

The bioreactor system is considered more complex than the transwell culture system due to the

unavoidable long distance between two electrodes caused by the length of the bioreactor, the

flow environment, and the high cell culture surface area. Consequently, the EIS measurements

in the transwell culture were required as a reference to help interpret the EIS measurements in

the miniature HFBR.

Electrochemical Impedance Spectroscopy Analysis

EIS measurement was performed on culture days 1, 2, 4, 6 and 9 in transwell culture. The
frequency range of 1 Hz to 1 MHz was applied for EIS. Consequently, a Bode plot is
demonstrated in Figure 4.15. It was confirmed that the impedance, equivalent to cellular barrier
function (Tight junction resistance and cell membrane impedance), was detected dominantly
between the frequency at approximately 1 kHz to 794 kHz (Figure 4.15A). The phase got
lowered at the impedance of the cell membrane domain (frequency at 39 kHz to 794 kHz) as
culture day increased (Figure 4.15C). To closely examine the detection of cell barriers, the
phase plot represents frequencies ranging from 10 Hz to 1 MHz (Figure 4.15D). The phase was
- 0.63 °on day 1 and decreased to - 1.41 ° on day 4. Finally, the phase reached - 2.2 °on day 6
and was kept until culture day 9. As frequency decreased from 39 kHz to 1 kHz, the phase
shifted close to 0 ° on all culture days, which meant of the tight junction resistance became
dominant at the frequency ranges. Figure 4.15C shows that as the frequency decreased to 1 Hz,
the phase approached a constant value of approximately - 20 © at all culture times, which can
be attributed to the dominant electrode impedance. Figure 4.15A represents the impedance as
a function of frequency. For better comparison, the impedance value at 794.33 kHz (baseline)

was subtracted from the impedance values over the frequency range (1 Hz to 794.33 kHz).
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As a result, the impedance values at 794.33 kHz set to 0 Q. Figure 4.15B shows a frequency
range of 10 Hz to 1 MHz for a more detailed examination of tight junction resistance changes
over different culture times. At high frequencies (approximately 1 kHz to 794 kHz), the
impedance of the barrier integrity increases as the frequency decreases compared to the control.
In addition, the impedance gradually increased from day 1 to day 6 and then remained stable
until day 9 of culture. Based on the EIS data in Figure 4.15, the electrical parameters were

quantified through fitting and simulation using Nova 2.1.4 software.
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Figure 4.15. Referencing EIS results for HUVECs cultured in a transwell system. (A) The
impedance was plotted as a function of frequency after subtracting the impedance baseline at
794 kHz. (B) To better observe the impedance corresponding to the barrier function, the
impedance values between 10 Hz and 794 kHz were extracted from the Figure (A) and plotted
separately. (C) The phase was plotted as a function of frequency from 1 Hz to 1 MHz. (D) The
phase values between 10 Hz and 1 MHz were plotted separately to focus on the barrier function.
The impedance and phase changes representing the electrical barrier function, tight junction
resistance (Rt), and cell membrane capacitance (Cc) were detected between the frequency
range of 39 kHz and 794 kHz from culture day 1 to day 9. The experiment was performed with
three biological replicates (N = 3) and was represented by the mean and standard deviation.

82



The equivalent circuit had the same design as that of BCECs in static culture (Figure 3.5D).
The fitting results are depicted in the Figure 4.16. Tight junction resistance, Rr, was 4.12 Q-cm?
on day 1. The impedance kept rising to 6.55 Q-cm? on day 4 and reached 8.51 Q-cm? on day 6.
After day 6, the impedance stayed stable, so the impedance was 8.08 Q-cm?on day 9.

The electrical parameter representing cell membrane capacitance, Cc, showed the same trends
as Rt over culture times. Starting Cc from 0.10 pF/cm? on day 1, it gradually increased over

the next days until day 6 to 0.47 pF/cm?, then the value stayed until day 9.
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Figure 4.16. Fit and simulation of EIS data from HUVECS in static culture. The values obtained
from fitting and simulation were normalized by the surface area (0.33 cm3. (A) Tight junction
resistance (Rt) as function of culture days. (B) Cell membrane capacitance (Cc) as function of
culture days. The experiment was performed with three biological replicates (N = 3) and was
represented by the mean and standard deviation.

Overall values, Rt and Cc, from Figure 4.16 were presented in Appendix D (Table D.1). In
addition, Yo and n representing CPE elements were quantified. Yo containing electrode
capacitance information was sustained with averaging 0.002 S-s" during the cultures. The
indicator of electrode inhomogeneity, n, was also stable, with an average value of 0.67 over

culture time.
Analysis of Immunofluorescence Images

After finalizing EIS measurement on day 1 and 9, each cell samples were immunofluorescence
using a ZO-1 protein marker and DAPI staining to analyze the cell's morphology over culture
time. The immunofluorescent images were captured with magnification 20x using

immunofluorescence microscopy. The cell number increased day 9 (Figure 4.17B) compared
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to day 1(Figure 4.17A). On day 1, although ZO-1 (green) was concentrated and localized in
the cytoplasm, cell-cell contact had not yet been completely established (Figure 4.17C).

Figure 4.17. Immunofluorescence images of HUVECSs in transwell culture. Day 1 images with
channels for (A) DAPI staining (Blue), (C) Zonula Occludens-1 (ZO-1, Green)), and
(E) merged images. Day 9 images with channels for (B) DAPI staining (Blue), (D) ZO-1
(Green), and (F) merged images. The images were captured at a magnification of 20x and a
scale bar of 100 um. The proliferation of HUVECSs during day 9 cultures was observed by
DAPI staining. On day 0, the ZO-1 protein was mostly expressed in the cytoplasm, whereas on
day 9, its expression was prominent at the border of adherent cells, indicating the formation of
tight junctions between cells.
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On the other hand, on day 9, the ZO-1 was expressed in the tight junction of adjacent cells and
the cytoplasm (Figure 4.17D). Despite the expression pattern of the tight junction observed at
the overall adjacent cells, the boundary strands still had relatively thin and weak expressions.

4.3.1.2. Assessment of Barrier Integrity of Human Umbilical Vein Endothelial Cells in
Miniature Hollow Fiber Bioreactor

TiN-coated tube electrodes were implemented to miniature HFBR. Miniature HFBR with TiN-

coated tube electrodes were assembled in an incubator for long-term dynamic culture. The

Figure 4.18A shows the miniature HFBR setup including electrodes in custom-made incubator.
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Figure 4.18. Miniature HFBR system setup incorporating TiN-coated tube electrodes.
(A) Photograph of the miniature HFBR setup with TiN-coated tube electrodes. (B) Schematic
representation of the structure of the HFBR and fluid flow direction. For EIS measurements,
two electrodes were integrated into one at the intracapillary (IC) circuit, specifically at the IC
inlet, and another at the extracapillary (EC) circuit, specifically at the EC outlet. In general, the
cells can be seeded either intracapillary or extracapillary surface. In the HUVECSs culture in the
mini HFBR, cells were seeded on the intracapillary surface.

One electrode was placed in an EC outlet (Figure 4.18A @), and the other was in an IC inlet
(Figure 4.18A ®@). The schematic of the miniature HFBR represented in Figure 4.18B. The
miniature HFBR was composed of 15 hollow fiber membranes, and the direction of medium

85



passing through each I1C and EC flowed in parallel. In the HUVECSs culture, cells were seeded
on the inner surface of the hollow fibers. EIS measurement ran daily, as a result, the Bode plot
is depicted in the Figure 4.19A. The impedance value at 100 kHz (baseline) was subtracted
from the impedance values at the frequency range (1 Hz to 100 kHz). Figure 4.19B represents

the frequency range of 10 Hz to 100 kHz to focus on the cellular barrier impedance.
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Figure 4.19. EIS analysis of HUVECs culture in miniature HFBR. (A) A Bode plot of
impedance representing frequencies from 1 Hz to 100 kHz over 5 days of culture. The
impedance at 100 kHz was subtracted from the impedance measured across the frequency
range. (B) To closely examine the impedance differences between days, the impedance values
within the frequency range of 10 Hz to 100 kHz were separately plotted. (C) A Bode plot of
phase representing frequencies from 1 Hz to 100 kHz over 5 days of culture. There was no
display of cell membrane capacitance behavior in the impedance spectrum, and no
corresponding phase changes were observed. Although the impedance showed an increasing
trend with increasing culture days, it was difficult to define it due to fluctuations. The
experiment was performed with a biological replication of one (N = 1).

Impedance values extracted at 10 kHz for each culture time showed a trend of rising impedance

until day 3, increasing by approximately 25 Q from day 1 to day 2, followed by an additional
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50 Q increase on day 3. After 5 days of culture, the measurement result showed a decrease of
15 Q compared to culture day 4. These trends appeared in most middle-frequency ranges (about
10 Hz to 16 kHz) except for fluctuation that could occur by disturbance. The phase shifts,
indicative of barrier function, were anticipated, as observed in the reference static culture.

However, there was no obvious phase shift compared to the blank (Figure 4.19C).

After finishing the bioreactor culture, Hoechst staining was performed to assess cell
morphology. It was observed that the cells were well distributed in hollow fibers after dynamic

cultures. The immunofluorescence image is represented in the Appendix E (Figure E.1).

4.3.2. Barrier Integrity of Cancer coli-2

Due to the relatively low barrier integrity of HUVECS, it seemed that EIS measurement was
difficult to detect the barrier integrity of HUVECs on the miniature HFBR. To address this
uncertainty, Caco-2 cell lines, which exhibit relatively higher barrier integrity compared to
HUVECs, were tested using EIS measurements to evaluate the potential for non-invasive

monitoring in miniature HFBR with TiN-coated tube electrodes.

4.3.2.1. Reference Impedance Spectroscopy Measurement in Transwell Culture

The barrier integrity of Caco-2 cells cultured in the transwell system was assessed as a
reference before conducting experiments with the miniature HFBR. As mentioned above
(Section 4.3.1.1), this was done to ensure the barrier integrity of cell lines in a simple system

and to establish a standard value for interpretation in a complex system.
Electrochemical Impedance Spectroscopy Analysis

Caco-2 culture based on transwell culture was performed prior to miniature HFBR culture, and
their impedance was used as a reference for EIS measurement of miniature HFBR. Three
biological replicates (Passage 29, 30, and 31), each with three technical replicates, were carried
out. Due to variations in culture time for each biological replicate, the results for each replicate
are presented individually. Consequently, the Bode plot was obtained from EIS measurement
(Figure 4.20). The impedance baseline was normalized to 0 by subtracting the impedance value
at 100 kHz from all impedance within frequency ranges (Figure 4.20A, C, and E). Impedance
and phase Bode plots of P29 Caco-2 culture is depicted in Figure 4.20A and B. The cellular

barrier impedance was detected frequency range 10 Hz to 10 kHz.
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Figure 4.20. Referencing EIS results for Caco-2 cultured in a transwell system. The EIS
measurements were conducted using three biological replicates (N = 3) with each of the cell
passages, P29, P30, and P31. Each measurement, represented by the mean and standard
deviation, includes three technical replicates. (A) Impedance Bode plot of P29. (B) Phase Bode
plot of P29. (C) Impedance Bode plot of P30. (D) Phase Bode plot of P30. (E) Impedance Bode
plot of P31 (F) Phase Bode plot of P31. The baseline impedance at 100 kHz was subtracted
from the impedance measured over the frequency range of 1 Hz to 100 kHz prior to plotting it
as a function of frequency. The electrical barrier function of cells was depicted at the middle
frequency range (10 Hz to 100 kHz). The overall trend in cellular impedance showed a gradual
decrease during the first 7 days, followed by an increase as the culture duration increased. The
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phase shift was observed according to the cell membrane capacitance.
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The impedance exhibited a decrease from day 1 to day 7, followed by an increase until day 23,
as depicted in Figure 4.20A. The phase showed an increase from - 13.45 °on day 1to - 8.41 °
on day 7, followed by a decrease to - 23.07 ° on day 23 (Figure 4.20B). The impedance in the
P30 experiment demonstrated a similar pattern, with a decrease in impedance until culture
day 7, followed by an increase until day 21 (Figure 4.20C). The phase of culture day 1 was
- 11.54 ° which increased to - 9.34 ° by day 10 (Figure 4.20D). However, it then decreased to
- 25.27 °. The cellular barrier impedance of P31 dropped for 7 days and then increased on
day 10 (Figure 4.20E). However, unlike P29 and P30, its impedance dropped again on day 15
but increased by day 22. The phase on day 1 began at - 9.73 ©and increased to - 7.60 ° by day 4
(Figure 4.20F). It then decreased to a value of - 12.01 °by day 10, increased to - 5.3 °on day 15,
and ultimately ended with a value of - 11.37 ° by day 22.

The obtained EIS data was further analyzed by fitting and simulation using Nova 2.1.4
software. The Figure 4.21 represents quantified values in Rt and Cc over culture days, and the
values were normalized by the geometrical surface area of the insert membrane (0.33 cm?).
The Rt is equivalent to tight junction resistance and Cc is to cell membrane capacitance.
The tight junction resistance of P29 (Figure 4.21A) was recorded as 78.79 + 4.37 Q-cm? on
day 1, then it continuously decreased to 36.62 + 1.38 Q-cm? However, the Rt value was
60.40 + 3.36 Q-cm? on day 12, increased to 94.57 + 8.28 Q-cm? on day 17, and ultimately
reached 106.30 + 6.74 Q-cm? by day 23. The capacitance of the cell membrane was
1.92 + 0.02 uF/cm? on day 1, gradually increasing to 9.47 + 0.13 pF/cm? by day 7.
Subsequently, it doubled in value and reached 19.02 + 0.17 uF/cm? by day 12. The value was
sustained until day 17 at 19.44 + 0.5 uF/cm?, then decreased to 16.75 pF/cm? on day 23.
The results of P29 and P30 showed similar pattern in Rt and Cc. The Rt of P30 (Figure 4.21C)
depicts decreasing trend for 10 days, from 71.40 + 3.38 Q-cm?on day 1t0 37.05 * 9.41 Q-cm?
on day 10. Afterwards, the Rt increased until day 21, with a value of 73.76 + 4.14 Q-cm? on
day 15 and 131.30 + 3.84 Q-cm? on day 21. The Cc of day 1 was 2.22 + 0.09 pF/cm?, and
reached 5.42 + 0.38 uF/cm? on day 4. Then, like P29, the Cc was doubled on day 7 from the
value of day 4, hereby the capacitance was 10.98 + 0.19 pF/cm?. After day 10, the capacitance
increased further, and finalized 16.10 + 0.80 pF/cm? on day 21 (Figure 4.21D). The Rt of P31
(Figure 4.21E) on day 1 was relatively lower compared to the cultures of P29 and P30. It was
recorded at 56.20 + 1.88 Q-cm? and gradually decreased to 29.21 + 1.25 Q-cm? by day 4.
Thereafter, it increased to 48.84 + 4.67 Q-cm? on day 10, but decreased again
to 20.76 + 0.67 Q-cm? on day 15. Finally, on day 22, the Rt increased to 51.50 = 15.52 Q-cm?.
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The Cc of P31 (Figure 4.21F) was increased relatively rapidly from 2.09 + 0.08 puF/cm?
onday 1 to 11.01 + 0.02 pF/cm? on day 2. Subsequently, it decreased to 8.56 + 0.38 pF/cm?
on day 7. However, on day 10, the Cc value reached at maximum value with
13.55 + 1.09 pF/cm?, and finally recorded with 9.02 + 1.08 uF/cm?on day 22.

Analysis of Immunofluorescence Images

After concluding the long-term transwell cell culture, the investigation of Caco-2 cell
morphology was carried out using immunofluorescence staining. The immunofluorescent

samples were visualized by confocal microscopy.

A

Figure 4.22. Immunofluorescence images of Caco-2 cells in static culture. The images depict
cells following 21 days of transwell culture. (A) DAPI staining (Blue), (B) Zonula occludens- 1
(Z0-1, Red), and (C) merged image. The images were captured at a magnification of 40x and
a scale bar of 50 um. The cell nuclei are densely packed, and the expression of ZO-1 protein
was highly localized at the adherent cell interface.

Figure 4.22A displays a DAPI-stained image captured at 40x magnification from the P30
experiment on day 21, Figure 4.22B shows a ZO-1 stained image captured at the same
magnification, and Figure 4.22C shows an overlay of both images for comparison. As seen in
Figure 4.22B, the tight junction proteins, ZO-1, was localized along the border of adjacent
cells. Furthermore, the ZO-1 expression was uniformly intense and well-defined along the

boundaries.

4.3.2.2. Assessment of Barrier Integrity in Miniature Hollow Fiber Bioreactor

Electrochemical Impedance Spectroscopy Analysis

After the first trial with HUVECs, the miniature HFBR was tested and followed by Caco-2 cell

culture. The bioreactor system setup, including the TiN-coated tube electrodes, was the same
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as that used for the HUVECs culture (Figure 4.18A). The Caco-2 cell culture in

miniature HFBR was performed for 14 days.

During the EIS measurement, it was observed that measurement failure often occurred due to
a reduction in impedance, specifically in the middle frequency range. It seemed that tiny
bubbles on the membranes disturbed the electrical signal. Figure 4.23A demonstrates the
example of a measurement error, on the other hand, Figure 4.23B represents the Bode plot in

general without any measurement error.

The graph in Figure 4.23A and B extracted the EIS results from day 6 and day 7, respectively.
The assessment of cellular barrier function detection over culture time was accomplished by
analyzing the phase Bode plot (Figure 4.24A). Beginning on day 6, with the frequency
decreasing from 10 kHz to 100 Hz, a consistent trend of decreasing phase angle was observed
as the detection of cell membrane capacity progressed, followed by a gradual increase in phase

angle approaching 0 © as tight junction resistance was detected.
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Figure 4.23. Error in EIS measurement during miniature HFBR culture of Caco-2. An abnormal
drop in cellular impedance was observed in a specific frequency range. (A) Bode plot with the
error highlighted. (B) Bode plot without error. The Bode plots were smoothed using the Nova
2.1.4 software program.

The phase was lowered to - 0.2 ° at frequency 1.9953 kHz on day 7, even more got lowered to
- 0.33 © at frequency 1.9953 kHz on day 14. Except the impedance data occurred the
measurement error (d3 and d6), impedance Bode plot on day 7 and day 4 (Figure 4.24B) were
subsequently quantified to obtain the Rrand Cc by fitting and simulation (Figure 4.24C and D).
As a result, the Rt on day 7 was 163.08 Q and increased to 293.48 Q by day 14.
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Figure 4.24. EIS monitoring of Caco-2 cells cultured in a miniature HFBR. (A) The phase was
plotted as a function of frequency (1 Hz to 10 kHz) for different days of culture. Phase shifts
due to the electrical properties of the cells began to be detected from day 6 in the frequency
range of 100 Hz to 10 kHz. (B) Due to the errors indicated in Figure 4.23 occurring on day 3
and day 6, impedance results for day 7 and day 14 were depicted on a Bode plot. (C) The tight
junction resistance and (D) the cell membrane capacitance of Caco-2 on day 7 and day 14 were
quantified by fitting and simulation. The equivalent circuit depicted in the left corner of
graph C was used for fitting and simulation. The results of the fitting and simulation graph are
depicted in the Appendix B (Figure B.3). The experiment was performed with a biological
replication of one (N = 1).

However, the cell membrane capacitance (Cc) decreased from 0.663 pF to 0.364 pF as the
culture day increased from day 7 to day 14. Since provided surface area was an approximate
value (approximately 12 cm?) for the surface area of the hollow fiber, the fitting results of Rt
and Cc were not further normalized by surface area.
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Immunofluorescence Analysis

On day 14 of Caco-2 culture in miniature HFBR, hollow fibers were taken for Hoechst staining

to examine their morphology.

A

Figure 4.25. Immunofluorescence images of Caco-2 culture in miniature HFBR. Hoechst
(Blue) staining images of Caco-2 cells on the hollow fiber after 14 days of culture. (A) The
scale bar of the image is 100 um. The cell nuclei are well spread out on the surface of the
hollow fiber membrane. (B) The scale bar of the image is 50 um. The presence of microvilli in
the Caco-2 structure was observed.

The cell nuclei well distributed on hollow fiber membrane surface (Figure 4.25A). Furthermore,

the microvilli structure was observed as shown in Figure 4.25B.

4.4.  Electrode Application 3: Hemofiltration

The last application of the TiN-coated tube electrode was hemofiltration. Filter clotting and
clogging reduce filter effectiveness leading to insufficient solute removal, costs, and greater
workloads for medical staff. TMP is commonly used as an indicator for monitoring filter
clogging. However, establishing absolute pressure guidelines for filter clotting or clogging can
be challenging due to the possibility of misreading caused by pressure changes from chamber
clotting or other factors, not just filter clotting or clogging. The hypothesis was based on the
idea that, when current flows through the membrane, filter clogging might lead to a change in
resistance, which could be detected using impedance spectroscopy. Therefore, EIS
measurements correlated to four independent hemofiltration were analyzed and reviewed in

this study.
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4.4.1. Analysis of Electrochemical Impedance Spectroscopy and Pressure Data

Six TiN-coated tube electrodes were implemented in the flow circuit for EIS monitoring of
hemofiltration. Each connected two electrodes at a distance of 5 cm were placed at each
entrance where blood enters the hemofilter, blood leaves the filter, and effluent leaves from the
filter (Figure 3.8). This electrode set allowed to measurement of impedance across the
membrane (Zawm), impedance along fibers (Zar), arterial impedance (Zarterial), VeNous
impedance (Zvenous), and effluent impedance (Zesfient). Depending on the impedance being
focused on, particular two electrodes were connected with probes of Metrohm Autolab
PGSTAT 204 for EIS measurement. The list of two electrodes used for measuring a specific
impedance is presented in a square box in Figure 3.8. Four independent hemofiltration
experiments were analyzed, designated as Hemofiltration 1, Hemofiltration 2,
Hemofiltration 3, and Hemofiltration 4, in the order of the time sequence of the experiments.

As soon as hemofiltration began, EIS measurement continued until the end of the process. The
focus during hemofiltration was on the changes in Zawm, as per the hypothesis. Figure 4.26
illustrates the line graphs of three independent experiments: Hemofiltration 1,
Hemofiltration 3, and Hemofiltration 4. These graphs represent Zawm (Figure 4.26A, C, and E)
as a function of time. Additionally, the pressure values (Figure 4.26B, D, and F) at the

corresponding time points, where EIS was performed, is displayed.

Hemofiltration 1 (Figure 4.26A and B) ran for overnight. The initial Zam as soon as
hemofiltration started was 28.89 kQ. Then, the impedance dropped to 24.71 kQ at 106 min.
This decreasing pattern was also seen in Parteriat and Pvenous at the same time points as shown in
the Figure 4.26B. After 106 min, Zam sustained until 231 min then increased to 25.49 kQ
at 357 min. Afterwards, the impedance was gradually decreased as reaching 19.81 kQ
at 1312 min. However, after about 1 h, it increased again to 23.26 kQ. The Parterial and Pvenous
were initially recorded as 240.96 mmHg and 60.36 mmHg, respectively, at 0 h. As mentioned
above, the Parterial and Pvenous had decreased patterns between 0 and 106 min. But they increased
again, thereby, the Parteria and Pvenous reached 291.97 mmHg and 57.37 mmHg at 357 min,
respectively. Each pressure kept stable until 1312 min, but there was a certain dropped to
31.03 mmHg of Parteriat and 41.22 mmHQg 0of Pvenous at 1389 min. Unlike the Parteria and Pvenous
pattern, the effluent pressure gradually decreased from starting pressure of 27.34 mmHg
to - 142.60 mmHg until 422 min. The negative Pesfiient means the effluent moves out from the

hemofilter not by convection but by a pump caused by the clogged filter.
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Figure 4.26. EIS and pressure measurement during hemofiltration. Three independent
hemofiltration rans. Results of Hemofiltration 1 presented with (A) EIS and (B) pressure
reading. Hemofiltration 3 results represented with (C) EIS and (D) pressure reading.
Hemofiltration 4 results depicted with (E) EIS and (F) pressure reading. EIS was utilized to
assess the impedance across the hollow fiber membrane. The impedance value at 100 Hz was
extracted and plotted as a function of hemofiltration time (A, C, and E). Simultaneously,
arterial, venous, and effluent pressures were monitored, and the transmembrane pressure
(TMP) was calculated based on the measured pressures. The obtained pressure data was plotted
as a function of hemofiltration time (B, D, and F).
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The effluent value seemed to sustain until 1312 min but afterward increased, approaching
- 102.95 mmHg at 1389 min. TMP, which is used as an indicator of filter clogging, is depicted
in Figure 4.26B. It is not considered an absolute value indicating filter clogging, but still the
only useful parameter in hemofiltration. Overall, the TMP trend was opposite to Zam except
first dropping for 106 min. TMP was over 300 mmHg at 422 min, and usually, when TMP
reaches above 300 mmHg which typically indicates filter clogging. After 422 min, TMP stayed
near 300 mmHg until 1312 min, then dropped to 140.86 mmHg at 1389 min. Even though
impedance-increasing trends were expected if there is a clogging of the hemofilter, most of the
time, Zam showed decreasing trends. However, the overall TMP of Hemofiltration 1 was less
than 300 mmHg, which was still below the filter clogging alarm range (above 300 mmHg)

except for the value of 422 min.

Hemofiltration 3, was displayed in the Figure 4.26C and D. Hemofiltration 3 was performed
overnight, and a first impedance drop similar to Hemofiltration 1 was observed from 15 min to
145 min, which might be the reason for early clotting, with values of 21.61 kQ at 15 min and
19.85 kQ at 145 min. The impedance then increased to 23.34 kQ at 343 min. After 580 min,
the impedance started to decrease again to 18.63 kQ (760 min). Although it increased once
more before 1000 min, the impedance dropped back to 17.34 kQ on the last measurement. The
Parterial and Pvenous trends over hemofiltration were quite similar. Each pressure shows the first
drop between 15 and 145 min even though the difference in Pvenous Was minor. Afterward, the
arterial and venous pressure increased and reached the highest value of 314.94 mmHg
and 69.15 mmHg, respectively, at 580 min. The arterial value kept decreasing until the
hemofiltration was terminated, dropping to 191.56 Q at 1000 min over 253.61 Q at 640 min.
Unlike Parterial Started to decline right after 580 min, Pvenous Showed later than 820 min. Thus,
the Pvenous Was 1.56 mmHg at 1000 min. Effluent pressure stayed stable at about 200 mmHg
for 384 min, and began to drop from 14.06 mmHg at 384 min to - 135.1 mmHg at 640 min.
The value was kept until the end of hemofiltration. TMP was kept stable for 384 min at an
average of 113.09 £ 7.11 mmHg. After that, the pressure increased to 267.12 mmHg at 580 min
and was stable until 1000 min. Like Hemofiltration 1, TMP at all time points was
below 300 mmHg, which is not belonging to the filter clogging alarm zone. Also, after
580 min, the trends of TMP and Zam were opposite to each other.

Lastly, the Zam result of Hemofiltration 4 is represented in Figure 4.26E. Unlike the impedance

drop between the first two time points (about 0 to 100 min) of Hemofiltration 1 and 3, the Zam

began at 24 min with 27.04 kQ, and increased slightly to 27.26 kQ at 103 min. After 30 min,
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it decreased to 25.96 kQ but increased again to 26.63 kQ at 159 min. Afterward, impedance
seemed to drop again but rapidly raised to 27.76 kQ, which is the highest value, at 282 min.
The Zam dropped once more to 26.02 kQ for the next about 45 min, and the Zam at 353 min
was 26.39 kQ. Opposite to Zam that showed fluctuation during hemofiltration, pressure was
stable for 236 min of Parteriai, for 257 min of Pvenous and Pesfiuent. At 353 min, Parterial increased
to 455.82 mmHg and Pvenous increased to 69.7 mmHg, while the Pesrwent dropped
to - 121.83 mmHg. TMP was calculated based on three measured pressure values, Parterial,
Pvenous, and Pefrivent USing Equation 1.22. As a result, TMP stayed with an average pressure of
130.92 + 4.14 mmHg for 210 min. It continuously raised, the value of 282 min
was 340.11 mmHg, and the TMP at 353 min even reached 378.85 mmHg. The pressure
changes, which became apparent starting at 210 minutes, were observed in the arterial, venous,
and effluent lines, indicating a potential issue with hemofiltration clogging. Thus consequently,
TMP reached above 350 mmHg. Similarly, Zam showed increasing trends from 210 min to
282 min likely but suddenly dropped after 282 min. The same trend was observed previously

in Hemofiltration 3.

To investigate the reason for the drop in Zawm, the impedance of arterial, venous, and effluent
lines was subsequently examined in Hemofiltration 1, 2, 3, and 4. To note, Hemofiltration 1,
3, and 4 were the same experiments mentioned above in Figure 4.26, and furthermore, an
additional Hemofiltration 2 was conducted. The electrode pair that participated to measure

arterial and venous impedance represents in the Figure 3.8.

The Figure 4.27 shows a double Y-axis graph depicting the impedance difference between
arterial and venous blood, as well as the TMP, as a function of hemofiltration time.
Hemofiltration 1, Hemofiltration 2, Hemofiltration 3, and Hemofiltration 4 are depicted in the
Figure 4.27. Here, " AZv.a " refers to the impedance difference between arterial and venous.
A single EIS device was used for the measurements, resulting in an interval of about 5 — 7 min
between arterial and venous measurements. In Hemofiltration 1, the initial 4Zv.a filter was
16.32 kQ and it was almost stable until 216 min, but then, 4Zv.a recorded with 2.76 kQ
at 1046 min. The TMP kept stable for 221 min starting with 142.43 mmHg, after that, it
increased to 326.85 mmHg at 1046 min which was the opposite trend compared to the AZv.a.
At the start, there was a notable impedance difference between venous and arterial
measurements. However, over time, this difference decreased, suggesting a potential issue with
membrane transport possibly due to filter clogging. TMP rising simultaneously with the
decrease of 4Zv.a supported the explanation of filter clogging.
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Figure 4.27. Comparison of AZv-a and TMP as function of time. Venous impedance (Zv) and
arterial impedance (Za) were measured at the entry and exit of the hemofilter, respectively, and
their differences (4Zv-a) were calculated. (A) 4Zv-a for Hemofiltration 1. (B) 4Zv-a for
Hemofiltration 2. (C) 4Zv-a for Hemofiltration 3. (D) 4Zv-a for Hemofiltration 4. (A, B,
C, and D) The blood impedance difference is shown on the left Y-axis, while TMP is plotted
on the right Y-axis as a function of hemofiltration time. After a stable period lasting
approximately 3 h, the blood impedance showed a decreasing trend, while the TMP displayed
an increasing trend, suggesting potential hemofilter clogging.

When examining Hemofiltration 2 (Figure 4.27B), the 4Zv.a measured 13.87 kQ initially,
followed by a decrease to 11.64 kQ at 122 min. Afterward, the 4Zv.a gradually dropped from
205 min to 1290 min resulting in a 2.90 kQ. However, TMP was increased similar to

hemofiltration 1.

The result of Hemofiltration 3 ran for 398 min represents in Figure 4.27C. Unlike
Hemofiltration 1 (Figure 4.27A) and 2 (Figure 4.27B), TMP was not over 300 mmHg of all

time, which means insignificant hemofilter clogging during hemofiltration.
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In Hemofiltration 3, the initial 4Zv.a with 10.77 kQ at 6 min dropped to 9.84 kQ at 132 min.
Afterward, it increased to 11.64 kQ at 190 min, and decreased and reached to 11.06 kQ at
256 min. After 256 min, the impedance slightly rising time to time, and the 4Zv.a was 11.30 kQ
at 370 min, though the final measurement was recorded as 10.83 kQ. The graph of 4Zv.a and

TMP trends over time was similar to each other.

Lastly, the 4Zv.a and TMP of Hemofiltration 4 was analyzed (Figure 4.27D). The impedance
difference between arterial and venous was mostly stable for 250 min except for two peaks
at 53 and 225 min. The 4Zv.a was 10.23 kQ at 250 min. After 250 min, the 4Zv.a dropped
remarkably in 25 min to 7.33 kQ at 275 min. The decreasing trend continued until the last
measurement recorded 6.07 kQ at 376 min. The TMP was 139.43 mmHg initially, and the TMP
was stable until 225 min, but then the value increased by 200 mmHg between 250 min
and 308 min. Finally, the TMP reached to 389.49 mmHg at 376 min. As observed in
Hemofiltration 1 and Hemofiltration 2, the time that TMP increased simultaneously happened

when impedance decreased.
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5. Discussion

Barrier tissue culture using a perfusion bioreactor is often preferred over conventional transwell
culture due to its ability to provide in-vivo like tissue culture environment with continuous
nutrient supply and mechanical stimulation, including shear stress [158-160]. However, a non-
invasive monitoring system is necessary for investigating cellular functions when a perfusion
bioreactor is operating in a closed system. The incorporation of EIS allows for non-invasive

monitoring of cellular behavior in bioreactor cultures under dynamic flow conditions.

To manufacture a novel electrode material with low impedance suitable for biological
experimentation, TiN coating material was fabricated using PVD technique. The TiN coating
previously demonstrated and established by Schmitz et al. [86] was used in the fabrication
process. This PVD method was beneficial to generate TiN layers on various substrates at a low
cost. Primary, the even TiN coating could be checked by color change with a dark brownish
color on all substrates such as polycarbonate Luer lock connectors, SS mesh, SS tubes, and
glass plates. However, the observation revealed that the TiN coating on the polycarbonate Luer
lock connector exhibited poor wear resistance, as it easily peeled off upon physical friction,
distinguishing it from the TiN coating on glass or SS. As a result, TiN-coated Luer lock
connector electrode could potentially result in a poor electrical connection and high electrode
impedance. Moreover, there are risks associated with its long-term use as an electrode in fluidic
flow cell culture environments. Hence, the Luer lock connectors were intentionally excluded
from the process of identifying the most suitable options. After the primary check for TiN
coating by color changes, the TiN coating on all different substrates was appraised by SEM.
The TiN coating on the SS mesh, glass plate, and SS tube electrode has all demonstrated a
rough nanostructured surface. The advantages of these fractal structures that offer highly
effective surface properties needed as electrodes, such as high charge capacitive and low
impedance, have been reported in several studies [161,162]. To investigate the impedance of
TiN-coated electrodes with different substrates, EIS was conducted. As a result of EIS
measurement, the electrode impedance was the highest with a TiN-coated glass plate. In
contrast, the TiN-coated tube electrode had the lowest impedance which is preferable. Still, the
impedance of all the electrodes was sufficiently low to ensure good performance as electrode
sensors. In addition, their capacity was assessed by quantifying the electrical double layer
capacitance occurring at the electrode/electrolyte interface. This was achieved by fitting and
simulating the equivalent circuit model, comprising a series connection of Re and CPE, to

impedance data using the Nova 2.1.4 software. Consequently, the CPE admittance (Yo)
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containing capacitance information and n (0 < n < 1) constant associated with the double layer
behavior of electrodes (Table 4.1) were obtained. The Yo of the TiN-coated tube electrode was
the highest as 19.5 x 10% S-s". The TiN-coated SS mesh electrode was lower with
6.16 x 10"* S-s"than the TiN-coated tube electrode, and the TiN-coated glass plate was even
lower with 3.42 x 10 S-s". The higher Yo value observed in the TiN-coated tube electrode can
be attributed to its larger geometric size. The capacitance of an electrode is directly proportional
to its surface area of the electrode. Despite the challenges in comparing with the TiN-coated
SS mesh electrode due to difficulties in precisely calculating its surface area, an observation
indicates that the TiN-coated tube electrode, with a surface area twice that of the glass plate as
depicted in Figure 4.1, demonstrates a higher Y, value. Therefore, the surface area may account
for the observed increase in the Y, value. This relationship between capacitance and surface
area is expressed in Equation 5.1, which is commonly used to calculate the capacitance of a

capacitor [163].

A 5.1
C—SE

In this equation, C represents capacitance, ¢ denotes the permittivity of the electric field, A
signifies the surface area of the electrode plate, and d represents the distance between the two
electrodes. Therefore, it was examined that TiN coating can be applied to glass substrates and
SS substrates, resulting in high wear resistance. TiN-coated glass plates, SS mesh, and SS tube
electrodes were found to possess relatively high capacity and low impedance, although the

TiN-coated SS tube electrodes had the lowest impedance.

To determine the optimum design for producing add-on types of electrodes, various designs of
add-on types of electrodes were manufactured. The objective of the optimization is to ensure
easy implementation and prevent fluid leakage under fluid flow conditions. In this study, the
add-on electrodes with various designs were created by securely fixing the core electrode
structure inside the PDMS shell. PDMS is a biocompatible material that has already been
proven by using widely for microfabrication, such as microfluidic bioreactors [164-167]. Also,
the casting method is relatively easy. Thereby, three different electrode designs, TiN-coated
SS mesh, TiN-coated glass plate, and TiN-coated tube electrode, were completed using PDMS
shell structure. Indeed, the 3D printing technique used to produce positive mold contributed to
modifying design easily in need. Consequently, PDMS shells played an important role in
insulating joints of either electrode, silicone tubing, or 3D-printed Luer lock connector to avoid

leaking of fluid and electricity. At the subsequent leak test, there was no leak under conditions
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with a low flow rate, whereas the leak occurred with TiN-coated SS mesh while increasing the
flow rate (up to 280 mL/min), although it was minor. Also, air bubbles generated in a fluid
flow were trapped on the mesh, causing raising the electrode impedance. This can lead to a
measurement failure. Unlike, the TiN-coated glass plate and SS tube electrode did not have
any leak even in high fluid flow rate. Therefore, in summary, the embedding of electrodes
connected with a silicone tube in a PDMS shell has been demonstrated to create an independent
and versatile electrode unit. Both the TiN-coated glass and SS tube electrodes have shown their
suitability for integration into bioreactor systems with dynamic fluid flow and long-term
operation. Notably, among the others, the TiN-coated tube electrode exhibits outstanding

electrical properties without any leakage issues.

To investigate how influential parameters of a fluidic culture system impact EIS measurements,
four independent tests were conducted, considering parameters such as the distance between
electrodes, temperature, electrolyte concentration, and flow rate. Based on the electrode system
setup, impedance consists of a real part and an imaginary part (Figure 4.4). The real part is
determined by ohmic resistance, and the imaginary part is determined by double-layer
capacitance. As the frequency decreased, the imaginary part, which represents double-layer
capacitance, became dominant, while the real part approached zero. Conversely, as the
frequency increased, the ohmic resistance, representing electrolyte resistance, became
dominant, and the imaginary part approached zero. As the distance between the two electrodes
increased, the electrolyte impedance also increased. Because as stated in the electrolyte
resistance formula (Equation 5.2), the length of the material carrying current is proportional to

electrolyte resistance [23].

l 5.2
R = pz
Electrolyte resistance, R, is directly proportional to solution resistivity, p, and length of the
material carrying current, I, while it is inversely proportional to cross sectional area, A. In the
high frequency range, the impedance is raised by increased frequency. This trend began to
appear at a 5 mm distance, and the rate of impedance increase became more pronounced as the
distance increased further. Furthermore, the electrolyte impedance, primarily observed at high
frequencies, decreases with increasing electrolyte concentration, temperature, and flow rate.
Despite presenting results for a 10 % interval of electrolyte concentration testing, it was
confirmed that EIS could detect a 2 % concentration difference in additional tests. Based on

the test results, the TiN-coated tube electrode demonstrated high sensitivity as an electrode and
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was found to be influenced by these parameters. Consequently, it is crucial to consider these

parameters when interpreting the EIS data.

To integrate and test the applicability of a non-invasive monitoring system in a chip bioreactor,
the configuration of the newly fabricated chip bioreactor was optimized, considering the
quantity and placement of electrodes. The chip bioreactor was constructed using PDMS. Due
to its biocompatibility and autoclavable properties, PDMS was a suitable material choice for
bioreactors. In addition, the material cost is relatively low compared to bioreactors made of
high-performance 3D printing material or glass. Furthermore, negative mold obtained through
computer aided drawing (CAD) modelling, 3D printing, and silicon molding could be used
multiple times, enabling rapid production after the first production. Another advantage of the
bioreactor was that it is easy to assemble and handle, as no additional tools or screws are
required to assemble the bioreactor. Moreover, the 3D-printed membrane frames enable it to
be used for other scaffolds, such as biological matrices, electrospun carbon nanofiber mats, and
3D bioprinting scaffolds, by modifying their size. In other words, the bioreactor can be applied
to various tissue cultures, not confined to particular tissue cultures. The objective of the test
was to optimize the chip bioreactor setup with the TiN-coated tube electrode for EIS
measurements and cell culture. Subsequently, it was to assess the capability of the TiN-coated
tube electrode, in cooperation with EIS, to examine the barrier integrity of hiPSC-derived
BCECs during bioreactor culture. Two TiN-coated tube electrodes were constructed in the chip
bioreactor system, each positioned right next to the bioreactor chamber and diagonally from
each other. In addition to the chip bioreactor, additional accessories that support the system
were produced. The silicone medium bottle holder helped reduce the contamination rate caused
by a wet air filter, which can occur due to the ease with which the medium inside the bottle can
reach the air filter during handling. Surface modification of bioreactor chamber using oxygen
plasma treatment prevented the trapping of air bubbles that might be generated during long-
term cell culture in the chip bioreactor. For the EIS measurement, the applied voltage set for
EIS measurement was 0.05 Vrwms, resulting in an expected maximum current below 10 pArwms.
Since the electrodes were independent units, the distance between two electrodes was
approximately 20 cm. Nonetheless, due to the superior material properties of TiN coating as
an electrode with low impedance (approx. 80 Q (Figure 4.4)), the electrode impedance
remained within the detected frequency range of 1 Hz to 10 Hz in the spectrum. This resulted
in a lesser impact of electrode impedance on the high-frequency range where cell barrier

impedance is detected.
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As mentioned above, the hiPSC-dervied BCECs were used for practical test the chip bioreactor
providing non-invasive monitoring system. In the previous study [155], the promising
in vitro hiPSC-derived BBB model based on transwell culture was established. The aim of this
study was also to culture hiPSC-derived BCECs under dynamic conditions that generate
mechanical shear stress while simultaneously monitoring the integrity of the BCECs barrier.
As reported in the previously published paper [156], the chip bioreactor can supply the shear
stress in the range of 1.76 x 10 dyne/cm? to approx. 8.34 x 102 dyne/cm?. In this study, the
shear stress of 1.76 x 102 dyne/cm? was applied for the dynamic culture of BCECs. The hiPSC-
derived BCECs were cultured in the chip bioreactor system for 168 h. The EIS measurement
started once the culture medium filled the whole bioreactor system, and the time point was
designated as 0 h. Afterwards, EIS measurement was carried out every 24 h for 168 h. Based
on the impedance results, it was possible to derive an equivalent circuit that accurately
represented the BCECs bioreactor culture system. This circuit allowed for the quantification of
important electrochemical parameters, including Rt (tight junction resistance), Cc (cell
membrane capacitance), Rm (culture medium resistance), and CPE (electrode capacitance), as
illustrated in Figure 4.12. The Rt of dynamic culture was comparable to static culture over 6 h
to 168 h. Adapting BCECs to dynamic culture conditions had an impact on tight junction
resistance, leading to low Rt value of 1.042 + 0.433 kQ-cm? at 0 h compared to static culture.
Nevertheless, the Rt value of dynamic culture was recovered after 6 h showing
2.609 + 1.029 kQ-cm?. From the 6 h, the Rt of dynamic culture remained above 1 kQ-cm? for
96 h, then continuously decreased and reached to 285 + 76 Q-cm? at 168 h. However, the Rt
of static culture remained above 1 kQ-cm? for 48 h, ultimately reaching 449 + 149 Q-cm?
at 168 h. This is in line with Vatine et al. [168], who demonstrated a decreasing trend in TEER
values in an organ-on-chip model cultured with hiPSCs-derived brain microvascular
endothelial-like cells (iBMECs) on the blood side, and separately with astrocytes and neurons
on the brain side, after a few days of stabilization and increasing dynamic culture time. Also,
Hollman et al. [169], reported a similar pattern of results in static culture. Nevertheless, there is
a lack of research on the dynamic culture of hiPSCs-derived BBB. This study provides a direct
comparison of the electrical properties of these cells under static and dynamic conditions over
an extended period. The cell membrane capacitance was possibly quantified and compared
between dynamic and static culture, in addition to tight junction resistance. The cell membrane
capacitance showed an increasing trend with the culture times in both static and dynamic
cultures. In dynamic culture, the cell membrane capacitance was 1.18 + 0.42 uF/cm? at 0 h and
increased to 1.49 + 0.11 pF/cm? at 168 h. In static culture, it started at 1.59 + 0.58 uF/cm? at
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0 h and rose to 2.02 + 0.22 pF/cm? at 168 h. Consequently, the cell membrane capacitance in
static culture consistently demonstrated higher values than that of dynamic culture throughout
the entire culture period. Uncertainty remains regarding whether shear stress influences cell
membrane capacitance in accordance with physiological changes. Further molecular studies,
including ion channel assays and immunofluorescence with plasma membrane protein markers,
are required. Although the tight junction resistance (Rt) decreased after 168 h in both static and
dynamic culture systems, the expression of tight junction proteins (ZO-1 and Occludin) and
Glut-1 in static and dynamic culture, as examined via immunofluorescence (Figure 4.14),
exhibited further compaction in the cytoplasm after 168 h. Furthermore, cell nuclei numbers
were Vverified to increase after 168 h of both static and dynamic culture using Fiji (Table 4.3).
These morphological changes suggest potential maturation of BCECs. However, additional
molecular-based studies are necessary to substantiate this hypothesis. Another aspect is that
the increase in cell numbers might contribute to the electrical parameters of cell barrier, Rt and
Cc, through changes in surface area. Basically, resistance is inversely proportional to the
effective surface area. It can be assumed that as the number of cells increases, the area of tight
junctions between cells increases and the Rt decreases accordingly [170]. On the contrary, the
capacitance is proportional to the effective surface area. Thus, the observation of an increased
trend of capacitance in continuing static and dynamic culture may be due to the growth of cell
numbers. These results suggest the need for further investigation to explore morphological
changes associated with BCECs maturation, including permeability tests with tracer molecules,

while also examining electrical parameters.

Following the practical application of TiN-coated electrodes in a chip bioreactor, TiN-coated
tube electrodes were integrated into a miniature HFBR to assess their applicability. The cell
culture in a miniature HFBR is beneficial for mimicking the microenvironment in studies of
tissue culture models related to the mammalian circulatory system, including endothelial,
epithelial cells, and cardiomyocyte models [128,171-174]. Additionally, effective real-time and
non-invasive monitoring of cell behavior, such as cell viability or barrier function, is required.
Thus, the applicability of TiN-coated tube electrode for EIS measurements, a non-invasive
method, was tested in the miniature HFBR. Prior to conducting the initial test to monitor
HUVECSs culture in miniature HFBR, EIS measurements were performed for transwell culture
of HUVEC: as a reference. As a result, the cellular barrier impedance, including tight junction
resistance and cell membrane capacitance in HUVECs, was detected in a relatively higher
frequency range (1 kHz to 794.33 kHz) than BCECs (5 Hz to 1 kHz) discussed in the previous
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section. Here, emphasizing the importance of finding the optimal frequency range for
objectives, which depends on cell types or EIS measurement setup. The Rt value on culture
day 9 was 8.08 + 0.40 Q-cm?. Meanwhile, the immunofluorescence image showed a confluent
monolayer expressing TJ proteins (ZO-1) expression. The results are consistent with those
reported by Beti Ernawati Dewi et al., who found that HUVECs demonstrates TEER values of
10 Q-cm? to 12 Q-cm? in transwell culture, when the cells reach confluence [175]. The cell
membrane capacitance reached its highest point on day 9 at 0.45 + 0.01 pF/cm?. This result is
comparable to the study by Pitsalidis et al., who reported a capacitance of 0.73 + 0.36 pF/cm?
for a co-cultured HUVEC model [176]. Although the typical range for cell membrane
capacitance is around 1 pF/cm?, variations in membrane folding, cell layer thickness, the
number of transmembrane proteins among cell lines can lead to differences in membrane
capacitance [177-179]. For minature HFBR culture, the two TiN-coated tube electrodes were
positioned right next to the IC inlet and the EC outlet of miniature HFBR. Due to the length
(approx. 10 cm) of miniature HFBR, the distance between two electrodes were approx. 7 cm.
After subtracting the medium impedance, the observed impedance (from 1 kHz to 100 kHz)
increased as the culture proceeded from day 1 to day 3, after which it remained stable until
day 7 (Figure 4.19). However, the impedance and phase pattern related to cellular barrier
impedance, which includes the parallel connection of the Rt and Cc, were missing. The
relatively low tight junction resistance of HUVECs in transwell culture could explain the
diminishing contribution of barrier impedance to total impedance as the system became more
complex. Furthermore, for a total inner surface area of 15 hollow fibers with an approximate
geometrical surface area of 7 cm?, the tight junction resistance value could be even lower due
to the inverse relationship between resistance and surface area. Furthermore, based on the
reference EIS measurement in transwell culture of HUVECS, the expectation was that the
cellular barrier impedance would represent in high frequency range (1 kHz to 1 MHz). As
observed in influential parameter test (Figure 4.6), the electrode system with a greater distance
between electrodes shows an increase in impedance at high frequency ranges, with respect to
the experimental setup. Hence, another potential explanation for the undetectability of cellular
barrier impedance could be the predominant influence of impedance with respect to the

experimental setup in the frequency range of 100 kHz to 1 MHz.

To further assess the applicability of the TiN-coated tube electrode in a miniature HFBR with
Caco-2 cell lines, additional experiments were conducted. Before performing EIS

measurements in the miniature HFBR culture of Caco-2 cells, the cellular barrier function was
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initially assessed in a transwell culture of Caco-2 cells as a reference. The overall average Rt
values in static culture showed a decreasing trend during the first seven days of differentiation,
dropping from 68.79 + 9.4 Q-cm? on day 1 to 38.04 = 4.2 Q-cm? on day 7. Afterwards, as the
Caco-2 cells became confluent and formed a polarized layer, Rt values steadily increased and
reached 96.36 + 33.32 Q-cm? after day 21, indicating tight junction formation between adjacent
cells. The Ry value after three weeks culture is comparable to the findings reported by
Kannapin Felix et al. [170] and Balaji Srinivasan et al. [69]. Furthermore, the Rt value obtained
in this study is within the TEER values, 12 Q-cm?to 120 Q-cm?, reported for the small intestine
in vivo [180,181]. In contrast to Rt value, the Cc value in static culture across all three replicates
showed an increasing trend throughout the entire culture period, with overall average value
of 2.07 + 0.12 pF/cm? on day 1 that increased to 13.75 * 3.34 pF/cm? after day 21. According
to George Linz et al., the cell membrane capacitance varied between 3 pF/cm? to 6 uF/cm? on
culture day 8 to day 10 depending on the ECM coatings used on the inserts [34].
Larissa Lefers et al. also reported that the capacitance of confluent monolayers was between
3.8 uF/cm? to 5 uF/cm? [182]. This study demonstrated a higher capacitance than those reported
by Linz et al. and Lefers et al. The variation in capacitance values can be associated with the
development of microvilli, as proposed by several studies, which have demonstrated an
increase in surface area leading to higher capacitance values [114,183]. Supporting the
impedance results, the immunofluorescent image revealed the formation of a Caco-2
monolayer after 21 days, with intensive tight junctions observed between adjacent cells. In the
miniature HFBR culture of Caco-2, the tight junction resistance and cell membrane capacitance
of Caco-2 cells were detectable within a given frequency range of 100 Hz to 10 kHz. However,
difficulties were encountered due to measurement errors caused by air bubbles trapped between
the hollow fibers. The abrupt drop in impedance occurring in the middle frequency range has
disabled the precise extraction of tight junction resistance and cell membrane capacitance
values, as the baseline cannot be accurately determined. The miniature HFBR possesses a small,
compact space containing about 15 hollow fibers, making the removal of stacked air bubbles a
challenging task. Therefore, when seeding cells by injection using a piston, it is important to
be careful and avoid generating any air bubbles. Although the abrupt drop in impedance was
significant in both the impedance Bode plot and Nyquist plot, the phase Bode plot remained
unaffected. The phase pattern reflecting the parallel connection of a resistor, representing the
resistance of the tight junction barrier, and a capacitor, representing the charging characteristic
of the cell membrane, was observed throughout the culture days (day 3, 6, 7, and 14). The
impedance results of days 7 and 14 didn't encounter any error issues, making it possible to
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quantify the Rt and the Cc through fitting and simulation. The values of Rt and Cc on day 7
were 163.08 Q and 0.663 uF, respectively, and increased to 293.48 € and decreased to
0.364 uF on day 14. Because of incorporate biological replication, it may limit the
generalizability of the findings to compare with those of other studies. However, the results
still confirm the potential of using a TiN-coated tube electrode for non-invasive monitoring
Caco-2 culture in miniature HFBR culture. Therefore, although this study has its limitations,

its findings can still be valuable for future research and applications in this area.

To investigate the practicality of the electrode system in hemofiltration, TiN-coated electrodes
were incorporated into a hemofilter system. The ultimate goal of this application is to test the
hypothesis that EIS measurements can detect clogging on the filter membranes. Clogging of
the hemofilter is a critical factor that reduces membrane effectiveness during hemofiltration.
Continuing to operate hemofiltration with a clogged hemofilter can increase pressure,
potentially causing damage to the filter or cells in blood and increasing the risk of infection
[184,185]. Therefore, promptly detecting clogging is important to prevent those side effects. An
investigation was conducted to determine whether EIS measurement, utilizing TiN-coated tube
electrodes, could enable real-time monitoring of clogging on the hemofilter membrane based
on the hypothesis. Connecting the six TiN-coated tube electrodes to the hemofilter was a simple
and easy process using commercially available Luer lock connectors. The three entrances,
blood inlet and outlet and effluent outlet connected each with two TiN-coated tube electrodes
(Figure 3.8). Two electrodes were paired to perform a single EIS measurement, capable of
measuring specific impedances such as impedance across the membrane (Zawm), along the fibers
(Zar), arterial (Zarterial) and venous (Zvenous) blood impedance, as well as the impedance of
effluent (Zesuent). Despite the complexity of the hemofiltration process, the TiN-coated
electrodes were sensitive enough to detect impedance through the hemofilter, resulting in clear
impedance readings in frequency spectrum. To test the hypothesis, the Zam value at 100 Hz
was extracted and plotted as a function of the measurement time points to compare it with the
pressure readings (Figure 4.26). The first impedance drop was observed within one hour, and
simultaneously, a pressure drop was also noted in both Parteriai and Pvenous. This could be
attributed to early clotting occurring as soon as hemofiltration begins. Clotting can potentially
reduce the blood flow rate, and the changes in blood components due to clotting might
contribute to the impedance drop. Furthermore, it was observed that the Zam mostly showed its
highest value at the time point where the TMP reached its peak pressure around 300 mmHg.

However, after the peak, while the TMP was sustained it until the end of the hemofiltration,
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the Zam value dropped even lower than its initial value. Thus, trend was observed in all three
individual hemofiltration tests. It was assumed that the contribution of blood impedance
(electrolyte impedance) to total impedance might be higher than impedance occurred by
clogging, where the Zam dropped after peak unlike TMP. To check the assumption, the
calculation of the difference in blood impedance between arterial and venous (4Zv.a) was
conducted and subsequently compared with the TMP. As investigating three individual
hemofiltration (Hemofilter 1,2, and 4), during the first 200 min, both the 4Zy. nand TMP values
remained stable and comparable to their initial values, following a similar trend. However, as
the hemofiltration process continued, the TMP steadily increased while the AZv.a value
gradually decreased until the end. The initial values of the three hemofiltration experiments
ranged from approximately 9.5 kQ to 16 kQ, while the final values were approximately 2 kQ
to 6 kQ. This is likely due to the fiber membrane becoming clogged, resulting in reduced ionic
permeability across the membrane and a subsequent decrease in AZy. a. As ions such as sodium
(Na*), bicarbonate (HCO3’), and chloride (CI) that are removed from blood during
hemofiltration are relatively smaller in size compared to other waste solutes such as urea and
creatinine, lower A4Zv. A suggests impediment to ion permeation by the clogged membrane.
Although TMP values are commonly used indicators for the clogging of a hemofilter, they are
not absolute, as they can be impacted by other phenomena such as clotting or clogging of the
venous drip chamber. Therefore, tracking the ions permeability using AZv. A may offer a more
precise and absolute indication of membrane clogging during hemofiltration. The results
suggest the potential for real-time non-invasive monitoring of hemofilter clogging through EIS
measurements, but further research is necessary to establish a definitive conclusion. To
improve understanding of the phenomenon, future studies should focus on investigating
multiple results at various measurement time points (e.g., every minute) to capture the
dynamics of the process. To achieve measurements at various time points, the frequency range
can be narrowed (e.g., using 10 frequency points or even fewer), thereby reducing the

measurement time from 8 min to 10 min down to 1 min to 3 min.

In summary, the independent add-on electrode unit ultimately suggests enhancing the
versatility of the electrode in either perfusion bioreactors or a medical device to enable EIS,
while providing precise EIS results for specific objectives. Recent studies have reported using
electrodes inserted inside a bioreactor or directly affixed to it, as well as constructing four
electrodes within a perfusion bioreactor [113-116,186,187]. However, the use of electrodes is

limited in specific bioreactor, and especially, in microfluidic, the reproducibility is an issue.
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Moreover, although four electrodes setup has preferred because it can eliminate the electrode
resistance, which is not main object in biological experiments, it is a challenge to secure the
space for electrodes in bioreactor. Here, the TiN-coated tube electrode achieved a relatively
low impedance, resulting in a minor impact on the frequency spectrum of EIS measurements,
allowing for a two-electrodes setup instead of four-electrodes setup. Consequently, it enables
obtaining precise results with a simple setup using only two electrodes. Also, this independent
add-on electrode design is reusable multiple times through autoclaving, and the simple
fabrication process enables mass production. So, it could resolve the reproducibility issues, as
electrode production is independent of bioreactor fabrication. Furthermore, its adaptability to
various existing perfusion bioreactors has been confirmed, demonstrating versatility of the
TiN-coated tube electrode in chip bioreactors, hollow fiber bioreactors, and hemofiltration for
real-time and non-invasive EIS monitoring. While testing the applicability of TiN-coated tube
electrodes in a chip bioreactor, this study proposes a novel bioreactor system that allows for
non-invasive monitoring of cell barrier characteristics using EIS. Consequently, it enables the
development of long-term shear stress-sensitive in vitro hiPSC-derived BCECs model. While
Vatine et al. demonstrated long term TEER monitoring within a micro-organ-on-chip model
that incorporates shear stress, the limited sample size remains as a concern in terms of
reproducibility and the widespread applicability [168]. Regarding this, a millimeter-sized chip
bioreactor could offer a greater number of cell samples for further analysis. In the next
application of miniature HFBR, it was verified that non-invasive EIS monitoring of Caco-2
culture is feasible using a TiN-coated tube electrode, although it requires further
experimentation for validation. There is a commercially available hollow fiber bioreactor
facilitate four electrodes [116]. However, when considering studies like those presented on fiber
modification aimed at enhancing the optimization of cell culture within a hollow fiber
bioreactor [122,188-190], the use of commercial options is limited because they are associated
with a single type of HFBR produced by company. On the other hand, the TiN-coated electrode
can be adaptable in any type of HFBR. In the final application section involving the TiN-coated
tube electrode, it was confirmed that the integration of the TiN-coated tube electrode into a
hemofilter allows for real-time and non-invasive EIS monitoring of hemofilter clogging.
TMP monitoring is only commonly used method for clogging monitoring during
hemofiltration [191-194]. However, there is a possibility that pressures can be influenced by
other factors, such as clogging on the venous drip chamber, making the definitive detection of

clogging on the hemofilter membrane still a challenge [195]. Therefore, the EIS monitoring
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proposed in this study, which tracks real-time blood conductivity, can complement the pressure

monitoring methods in detecting clogging on the hemofilter.
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6. Conclusion and Outlook

In conclusion, a modular add-on electrode, specifically a TiN-coated tube electrode, has been
developed, demonstrating superior material quality and a robust structure suitable for use under
fluid flow culture conditions. To verify the versatility of the electrodes, the TiN-coated tube
electrodes were applied to two different bioreactor platforms and a medical device, including
a newly fabricated perfusion bioreactor called the chip bioreactor, a hollow fiber bioreactor,
and a hemofilter, for EIS monitoring. As a result of first application with chip bioreactor, the
successful automated, real-time, and non-invasive EIS monitoring of barrier integrity of
hiPSC-derived BCECs in dynamic culture was achieved using TiN-coated tube electrode.
Moreover, the dynamic culture system is proposed to be capable of generating a flow-sensitive
model of hiPSC-derived BCECs with potential applications in transport studies. The second
application of a miniature HFBR indicated the potential for non-invasive EIS monitoring of
Caco-2 cells in a miniature HFBR culture. However, the detection of HUVECS culture was
limited due to the relatively low impedance associated with barrier integrity in the complex
system. Lastly, TiN-coated tube electrodes were integrated into hemofiltration to test the
hypothesis that EIS could be employed for detecting the clotting and clogging of the filter
membrane. The results revealed that real-time monitoring of changes in ion concentration in
the blood at the inlet and outlet of the filter was possible through EIS using TiN-coated tube

electrodes, with the distinction in blood impedance may serve as an indicator of filter clogging.

It has been confirmed that the TiN-coated tube electrode can be easily integrated into existing
perfusion bioreactor systems without the need for any construction processes. Consequently,
various applications can be expected within dynamic barrier tissue culture models. As an
example, the TiN-coated tube electrode can be adapted to microfluidic bioreactors or organ-
on-chip systems by adjusting the diameter of the 3D-printed Luer lock connector and SS tube
substrate. This could potentially offer a secure space within a micro-sized bioreactor while still
delivering reliable EIS results. In future studies within the chip bioreactor system, additional
analysis is required to explore the connection between the maturation and morphological
changes observed in hiPSC-derived BCECs. As part of this analysis, it is essential to conduct
a correlation between electrical parameters measured by EIS and the permeability of tracer
molecules to effectively address the findings. Furthermore, the chip bioreactor system,
incorporating TiN-coated tube electrodes, can be used for drug transport studies. For the
monitoring of Caco-2 cells in the miniature HFBR experiment, additional experiment

repetitions are necessary to verify the feasibility of EIS monitoring in miniature HFBR cell
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culture. Also, other tissue cultures, such as the BBB, can be utilized for electrode verification
in HFBR tissue culture. Through the EIS monitoring in hemofiltration, the finding real-time
monitoring of blood impedance can be valuable indicator to detect clotting and clogging in the
hemofilter. To find the standard value correlating clotting or clogging of hemofilter, enormous
experiments need to be conducted. In addition, it is essential to conduct simultaneous EIS
measurements of venous impedance and arterial impedance for further study by incorporating
more impedance spectroscopy device. Additionally, the applied frequency range needs to be
adjusted to enable measurements at one-minute intervals, reducing the measurement time to

one minute.
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8. Appendix

Appendix A. Unstable Coating Issue on Luer Lock Connectors
A B

Post-coating Peeled-off
coating

g W o=

Pre-coating

e

Figure A.1. Coating imperfections revealed: Titanium nitride (TiN) coating flaws on Luer lock
connectors. Our observations indicate that the TiN coating on Luer lock connector is prone to
peeling off due to physical friction. (A) displays TiN pre-coating and post-coating on Luer lock
connectors, with the post-coating samples shown after use. (B) A close-up view. This appendix
figure is relevant to Section 4.1.2.
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Appendix B. Equivalent Circuit Fitting on Electrochemical Impedance Data
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Figure B.1. Fitted and simulated EIS data results using NOVA software program for BCECs
in static and dynamic culture. (A and B) Bode (A) and Nyquist (B) plot of fitted and simulated
EIS data results for BCECs in static culture. (C and D) Bode (C) and Nyquist (D) plot of fitted
and simulated EIS data results for BCECs in dynamic culture. The equivalent circuit model
used for fitting the EIS data for dynamic (Figure 3.5) and static (Figure 4.12) cultures was
ultimately same. The data points in the plot represent the original EIS measurements, while the
lines represent the fitted curves. The fitting lines of both static and dynamic cultured EIS data
demonstrate accurate fitting with minimal errors. This appendix figure is relevant to
section 4.2.2.2.
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Figure B.2. Fitted and simulated EIS data results using NOVA software program for HUVECs
and Caco-2 in a transwell culture. (A and B) Bode (A) and Nyquist (B) plot of fitted and
simulated EIS data results for HUVECs in a transwell culture. (C and D) Bode (C) and Nyquist
(D) plot of fitted EIS data results for Caco-2 in transwell culture. The equivalent circuit model
represented Figure 3.5 was used to fit the EIS data for all. The data points in the plot represent
the original EIS measurements, while the lines represent the fitted curves. The fitting lines of
HUVECs and Caco-2 cells in the transwell culture EIS data demonstrate a perfect fit. These
appendix figures (A and B) serve as supplements to section 4.3.1.1, while figures (C and D)
serve as supplements to Section 4.3.2.1, respectively.
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Figure B.3. Fitted and simulated EIS data results using NOVA software program for Caco-2
culture in miniature HFBR. Fitting and simulation was performed in frequency range 1 Hz to
10 kHz. The data points in the plot represent the original EIS measurements, while the lines
represent the fitted curves. (A and B) Fitted and simulated EIS data of Caco-2 culture in
miniature HFBR on day 7 represented in Bode plot (A) and Nyquist plot (B). (C and D) Fitted
and simulated EIS data of Caco-2 culture in miniature HFBR on day 14 represents in Bode plot
(C) and Nyquist plot (D). The estimated error of fitting was below 10 %. This appendix figure
is relevant to section 4.3.2.2
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Appendix C. Barrier Resistance and Capacitance of Human Induced Pluripotent Stem
Cell-derived Brain Capillary Endothelial Cells

Table C.1. Overall values of tight junction resistance (Rt) and cell membrane capacitance (Cc)
in static and dynamic cultures using EIS data fitted with an equivalent circuit over a culture
period of 7 days. Biological replicates (N=7 (0 h—48 h) and N = 3 (72 h — 168 h)). This table
has been reprinted our previous publication Choi et al., with under the terms of the Creative
Commons Attribution (CC BY) license [156]. This appendix includes raw data for Figure 4.13.

R, [Qcm? Cc [pF/cm?]

Dynamic culture Static culture Dynamic culture Static culture
hours (h)  Mean SD Mean SD Mean SD Mean SD
0 1042 433 3411 1779 1.18 0.42 1.59 0.58
6 2609 1029 3010 2008 1.25 0.44 1.69 0.58
24 2513 424 1865 786 1.47 0.36 1.68 0.47
48 1733 785 1129 451 1.44 0.32 2.04 0.73
72 1165 762 860 358 1.31 0.06 2.05 0.33
96 641 219 697 244 1.36 0.08 2.25 0.56
120 550 232 706 336 1.45 0.04 2.09 0.29
144 437 176 648 298 1.51 0.23 2.06 0.26
168 285 76 449 149 1.49 0.11 2.02 0.22

Appendix D. Barrier Resistance and Capacitance of Human Umbilical Vein Endothelial
Cells in Transwell Culture

Table D.1. The overall values of tight junction resistance (Rt) and cell membrane capacitance
(Cc) of Huvecs in transwell culture were obtained by fitting an equivalent circuit to the EIS
data. The obtained values of Rt and Cc were normalized by the surface area of the porous
membrane (0.33 cm?) and the mean and standard deviation were calculated from three
biological replicates. This appendix includes raw data for Figure 4.16.

Culture time

(day) R; [Q-cm?] C¢ [nF/em?)
Mean SD Mean SD
dl 4.12 0.20 0.10 0.02
d2 5.59 0.15 0.17 0.02
d4 6.55 0.37 0.24 0.09
dé 8.51 0.13 0.47 0.04
d9 8.08 0.40 0.45 0.01
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Appendix E. Hoechst Staining Images of Human Umbilical Vein Endothelial Cells in

Miniature Hollow Fiber Reactor

A

Figure E.1. Fluorescent image analysis of HUVECSs in a miniature HFBR. (A) Hoechst staining
images were captured after 5 days of culture. The distribution of HUVECs within the hollow
fiber appears to be even. (B) There are concerns regarding the formation of tight junctions, as
the distance between cell-cell junctions seems relatively larger. To further investigate this,
future studies may include immunofluorescence analysis using tight junction protein markers
such as Occludin or Zonula occludens (ZO-1). The scale bar for the image is not provided. This
appendix figure is relevant to section 4.3.1.2. The Hoechst staining preparation and imaging
were conducted by Dr. Moritz Tulke from eXcorlab.
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Appendix F. Barrier Resistance and Capacitance of Cancer Coli-2 in Transwell Culture

Table F.1. The overall values of tight junction resistance (Rt) and cell membrane capacitance
(Cc) which were quantified by fitting equivalent circuit. The quantified values of Rt and Cc
were then normalized by the surface area of the porous membrane (0.33 cm?). The mean and
standard deviation were calculated from three technical replicates (N = 3). This Appendix
includes law date for Figure 4.21.

R, [Q:cm?]
P29 P30 P31
Day (d) Mean SD Day(d)  Mean SD Day (d) Mean SD
1 78.79 4.37 1 71.40 3.38 1 56.20 1.88
2 60.80 2.41 2 74.96 7.73 2 46.36 5.38
4 41.84 0.46 4 62.26 9.06 4 29.21 1.25
7 36.62 1.38 7 43.82 1.49 7 33.90 0.87
12 60.40 3.36 10 37.05 9.41 10 48.84 4.67
17 94.57 8.28 15 73.67 4.14 15 20.76 0.67
23 106.30 6.74 21 131.30 3.84 22 51.50 15.52
Cc [uF/cm?]
P29 P30 P31
Day (d) Mean SD Day (d)  Mean SD Day (d) Mean SD
1 1.92 0.02 1 2.22 0.09 1 2.09 0.08
2 3.23 0.07 2 3.35 0.16 2 11.01 0.02
4 5.54 0.17 4 5.42 0.38 4 7.27 0.37
7 9.47 0.13 7 10.98 0.19 7 8.56 0.38
12 19.02 0.17 10 10.33 1.13 10 13.55 1.09
17 19.44 0.50 15 14.53 0.47 15 7.37 0.52
23 16.75 0 21 16.10 0.80 22 9.02 1.08
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Figure G.1. Photograph of hemofiltration operation. (A) presents an overview of the hemofilter
setup, which includes TiN-coated tube electrodes that are incorporated into an EIS device. (B)
provides a close-up view of the TiN-coated tube electrode, marked by a yellow circle in
Figure A. The electrode structure maintained its solidity and structural integrity even under
high flow rates, highlighting its well-constructed. (C) depicts the locations of the six integrated
electrodes within the hemofilter setup. The specific positions of these electrodes were described
in section 3.5.1.
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