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Abstract

Research in label free methods for biological asialjzas brought interesting
developments. Cell impedance spectroscopy hasdreznf the promising outcomes. It
allows the measurement of cell proliferation andiltypwhereby it is possible to study
wound healing and cell behaviorvitro. This thesis presents the progress towards an 8-
well impedance measurement setup that uses condumtiymers as electrode material in
cell impedance spectroscopy. A step by step fatwicaf devices with PEDOT:PSS
electrodes is described along with the hardwaresaftiare, developed and integrated, to

perform impedance measurements of cell cultures.

Electrochemical analysis was performed for PEDOB.R8d Au electrodes to
compare the two materials for use in cell impedapaxtroscopy. PEDOT:PSS electrodes
showed lower interfacial impedance and reach aelsgmical equilibrium faster than Au
electrodes. It was observed through electrochernmgatdance analysis that the lower
interfacial impedance is due to the low chargediemresistance of PEDOT:PSS. MDCK
cell proliferation experiments were performed udnogh types of electrode materials to
provide a comparative study. The impedance measnerasults showed differences
between the two materials that led to a differend lof electrical model for the changes
measured due to cell proliferation. Curve fittiegults to the electrical model provided an
understanding of the cell-substrate interactiortstae capabilities of cell impedance
spectroscopy.

The application of cell impedance spectroscopyuimdn embryonic stem cells
was also explored. The impedance changes of pkenpstem cells during differentiation
to trophoblasts were measured and analyzed. Asatysihanges to the phase values in the
frequency spectrum show that by measuring the &ecuwhere the phase is minimum, it
Is possible to distinguish between the two celedt provides a new method of using cell
impedance spectroscopy to study stem cells behavreal time and help researchers in
the maintaining of stem cell cultures in the laibogher new application of cell impedance
spectroscopy to determine cell types based onekibility of the cytoskeleton was also

explored. Some preliminary data is presented iflasiechapter.
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ECM Extra cellular matrix
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FEM Finite element method
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Chapter 1:Introduction

The human race is distinguished for its intelleatjosity, and creativity. Where once
an artificial heart or a fully walking robot werayhing but a dream, today they are
realities. The history of our endeavors in sciepeeyide us with a constant belief that we
can achieve more. We recognize that our knowledgigedaws of Nature and how it
works are not complete. Many times we have mimidkatlre or developed tools that
work on the very basics that drive it. The humadybis perhaps one of the greatest pieces
of complexity devised by Nature. What better melfpot of chemistry, physics, and
mechanics to explore than ourselves. We have studiebodies to know how to repair
them, enhance them and simply understand how tlogly fwr many centuries and have
achieved a lot over that extensive time. The undeding of mammalian cells and their
working over many years have enabled us to cuesades and perform techniques like
genetic engineering and cloning. It is vital tolb@sts to be able to understand more about
the response and behavior of cells during experisndrechniques such as fluorescent
staining, polymerase chain reaction (PCR) analgsanning electron microscopy and
various optical microscopy techniques, to nameaustv, have been paramount to
biologists over many decades. Development of seskarch tools is essential to the

development of cell biology.

The need for label free and real time analysisihlmology is constantly
increasing. While traditional techniques of stagnand chemical analysis are still the
mainstay of biological analysis, there is a needr@lyzing biological experiments without
destroying the samples. Furthermore, there is d teebe able to know more about the
processes and cell behavior as they progress thittmg such as measurement of wound
healing rates and drug toxicity. The nature of ballogical research also requires parallel
experiments in large numbers that yield cumulasiatistical results. Research to meet
these demands has led to many technological adsaméelds such as lab-on-chip
devices and instrumentation that process large wbeksive experiments in a factory line
style. Most lab-on-chip devices still require ceétidoe labeled before analysis [1]. Novel
ways of detection along with parallel processirgraquired which do not interfere with

the cells in culture. Electrical cell-substrate adpnce sensing (ECIS), a method pioneered
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by Giaever and Keese [2] , provides such a po#sidiCIS has been an evolving label-
free tool for over two decades. It allows celldb&omonitoredn vitro and data can be
collected for multiple experiments in parallel. Faesearch showed that the method could
not only be applied for cell proliferation and niibyimeasurements, but also be used to
assess morphological characteristics (confluentkeo€ells) and behavioral aspects (such
as metastasis) of the cells [3, 4]. With the additbf multiple frequencies, some have
termed it a spectroscopic technique and calledliimpedance spectroscopy (CIS). The
applications and research for CIS have been grovépmglly including in field

toxicological studies [5], drug testing [6], medagrmesenchymal stem cell differentiation
[7-9] , the measurement of cell substrate separ§tid] and the monitoring of relaxation
and contractility of muscle cells [11]. Electrodes CIS have predominantly been based
on noble metals. Conducting polymers have beerarelsed thoroughly for antistatic
coatings, electrodes (electrochemical capacitd} Electrochromic devices, ion sensors

[13]) and have been instrumental in new forms osbnsors. [14].

Conducting polymers were first reported in the @0 century [15-17] but it was
the discovery by Shirakaw al. in 1977 that is considered the highlight for thei
discovery of polyacetylene [18] and earned himpglaith Alan J. Heegar and Alan G.
MacDiarmid, the Nobel Prize in chemistry in 200§.tBe 1980’s organic semiconductor
based FET's were made possible and polymer fiditefransistors in 1988 by R.Friend
and colleagues [19]. Organic light emitting dioslese already under research before the
discovery of polyacetylene and now the field ofaorig electronics is under heavy
investigation by researchers [20]. The combinatibconducting polymers,
organics/polymer light emitting diodes and orggmatymer semiconductors for transistors
has spewed out remarkable applications such aspaeent flexible screens and plastic
touch screen displays. There is a lot of room dothier development and understanding
about the materials and their mechanics as web@® for growth in their applications.
The conductivities of many types of conducting patys are low for most of the current
electronic applications, however many biomedicalliaptions do not have such a
requirement. The characteristics and flexibilityapplications with conducting polymers
makes them very useful in biomedical applicatidi®e fact that conducting polymers are
organic materials, flexible, chemically/structuyadliterable, versatile, inexpensive and can
be fabricated on various organic substrates givesta great advantage over metals. It

also opens the doors to new ideas and methodstiisirg) applications.
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Polymer Conductivity  Stability  Applications in Biomedical
(S/cm)

Polyacetylene 10 Poor

Polyphenylene 500 Poor

Polypyrole (PPy) 100-200 Good Tissue Engineering, neural probeg dru
delivery, bio-actuators, amperometric sensors

Polythiophene 100-200 Good Neural process, tissue engineering, drug
delivery, micropumps

Polyanaline 10 Good Tissue Engineering, bio-actuators.

(PANI)

Table 1: Table of different conducting polymers, th eir conductivities (from [21, 22]) and

some applications in biomedical research.

The application of conducting polymers in biologiezsearch are numerous and
they are being extensively used for tissue engingeneural probes, biosensors, drug
delivery and actuators [22]. Their conductivitydngphobic characteristics and reactive
functionalities can be tuned. This allows themeaubed in applications like detecting
binding events[22], timed release of drugs [23Ugddelivery [24] ,tissue engineering[25,
26], neural probe applications [27-29], bio-sen$86532], bio-actuators[33],
electrochemical DNA sensors[34] and new form of poimps used for micro fluidic
delivery in implants[35, 36]. They can be modifieging physical adsorption, entrapment
of molecules, doping (can be done during synthafsise polymers), and covalent
attachment. Such modifications have allowed biocadingineers to use conducting
polymers as a form of tool for sensing, enhancifigeaion and proliferation and also
improve their biocompatibility [14, 22]. Their meatical properties can also be varied by
various means including addition of other polymaraddition of molecules to their
backbones [37]. One of the most common uses ramsducers that pick up signals
produced by elements such as enzymes for biolog@aing applications. These could be
based on measuring current, voltage, resistanseyladince or emission spectra or

mechanical variations.
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Figure 4: Modification strategies used with conduct ing polymers. From Guimard et al [22].

Polypyrole (PPy) has often been used for bioseagplications. In 1994 Wong,
Langer and Ingber studied cell attachments on iAg &ind their dependence on the
proteins in the media by excluding the serum. I$ &iso found that by varying the
electrochemical state (by means of applying pad®ntell adhesion and shape differed.
Thus giving conducting polymers a new useful propg5]. Commercially available
conducting polymers, such as poly(3,4-ethylenediurphene) (PEDOT), are commonly
used as conductive coatings and intermediate layenganic electronics [38]. PEDOT
has the advantage of being transparent and bioddsteog82, 39] while being considered
the most stable (in the atmosphere and oxidizimy@mments) conducting polymer
currently available [40-42]. It allows for simplad(flexible methods for patterning, and
also has the ability to be blended with other payeompounds to create novel materials
with unique properties [43, 44]. By using lithogngptechniques and inkjet printing, it is
possible to create printable, inexpensive, flexéd simple electrodes for biological

experiments.

PEDOT has been found to retain its conductive ptegsebetter than PPy in an
agueous environment [28, 45, 46]. PEDOT has beaveprto have good electrochemical
stability in phosphate buffer solutions, even whetarized [46, 47]. It has been studied as
a neural electrode coating and is considered otigegfromising new materials with
higher charge injection limits and better signahtase ratio in measurements of neural
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activity. [48-50]. However it suffers from delamtran [28] and variation in its conductive
properties which are not always linear nor necdgdatlow any pattern which could be
expressed mathematically. Thanitgals study [28] on the stability of PEDOT showed
that the delamination depends on the substrateEHROT layer is coated on, however
during the course of my work | have found that detation might also be dependent on
the thickness of the layer and the dimensionsesthucture. The delamination occurs
over a period of a few weeks when in a saline gttt 7]. Rezeet al [51] found PEDOT
nano tube based coatings, on their neural eletrodave improved adhesion to the
substrate and the lower impedance provides bettaahsignal recordings. They also
found that the material improved the neural attaafinand neurite outgrowth [52] and by
coating an electrospun biodegradable polymer (ldadh drugs) with PEDOT, they were
able to use electrical stimulations to releasedluzags [53]. Furthermore, Hansetnal
have been able to integrate PEDOT with PDMS sulestita create a more mechanically
strong and adhesive conducting polymer network wban also be considered for creating

the electrodes.

Most CIS setups work at frequencies where thedrignpedance of metal
electrodes is of little concern. However lower fregcies can contain information useful
for curve fit analysis and possibly distinguish ted type. Not only can PEDOT as an
electrode material for CIS to provide a lower ifdgeral impedance but due to its
transparency, cells are accessible to high resolutiicroscopy, which makes this a well
suited material for this application. This thesiegents the development of a cell
impedance measurement device that utilizes PEDCH (B&8ution processable PEDOT
with poly(styrenesulfonate) (PSS) as doping agasithe electrode material. The devices
were fabricated using photolithographic methodsaodmplete impedance measurement
setup was implemented using Labview, which providese flexibility in the device
design and data analysis. A multiplexer was alsigied and implemented for a multi-
well device that allows me to measure eight expenits in parallel. The design has the
same electrode connection lengths, ensuring, ésalts for all the wells are not impacted
by variations in inductance and series resistahtfeeomaterial. The design shows the
possibilities of creating simple and cost effectpatymer based cell impedance

measurement electrode devices.

The electrodes were characterized and compared &lektrodes. Impedance
measurements with 4-(2-hydroxyethyl)-1-piperazihaeesulfonic acid (HEPES) saline
solution showed a lower interfacial impedance reqéiencies below 1 kHz) of

PEDOT:PSS electrodes in comparison to similar seretishaped Au electrodes,
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highlighting the electrical advantage of PEDOT:RS&n electrode material. Through
electrochemical impedance analysis and curveditinthe results to Randle’s theoretical
model [54] of an electrode-electrolyte interfacdetermined that the lower charge transfer
resistance of PEDOT:PSS as compared to Au is gsorefor the reduced interfacial
impedance. Experiments with the epithelial MadimriyaCanine Kidney (MDCK) cell

line showed that the PEDOT:PSS electrodes wenrg ¢albable of being used for CIS. Due
to the fast charge transport capabilities of PEDRSES, the electrodes quickly reach their
equilibrium state. Curve fitting of the experimdrdata to typical electrical models of
biological cells in series with the electrode ealint circuit, show the versatility of CIS as

a method to observe not only cell growth but afeodell-substrate interaction.

Human embryonic stem cells (hESCs) were first teolan 1998 [55] and have
become a hot topic for research due to their p@tleritheir most important property is
their pluripotency, that is their ability to difiemtiate into almost any type of cell. Adult
stem cells can only differentiate in relation teitlparticular germ layers (multipotent).
Another advantage of hESCs is that extraction aftadem cells can be problematic and
they tend to loose their multipotency if cultured foo long. The extraction of adult neural
stem cells is far too risky and it can be difficdtpinpoint where to extract them from. In
such cases hESCs can help provide stem cells iieedeto neurons and related cells for
research and health care applications. Howeverdaeye hard to maintain and require
strict conditions to maintain their pluripotencyhély must be well monitored and their
pluripotency can be checked by staining for trapsion factors (Oct4, Sox2 or Nanog)
that maintain the pluripotency by inhibiting thengs that cause differentiation [56]. It
would be highly beneficial to be able to monitorStEcell cultures in real-time without
the need for staining [57]. Bagnaninehial [44] used ECIS systems from Applied
Biophysics to monitor differences between adipogamnid osteogenic induction, adipose
derived stem cells. | have used hESCs and induesd tising BMP4 to differentiate into
trophoblasts and monitored their impedance chadgesg the induction. Analysis of the
frequency spectrum shows changes in the phase pesksan possibly be used as an

indicator of the cell type.
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Chapter 2:Theory

2.1 Conducting Polymers

There are a vast number of semiconducting and atimduorganic materials that
are produced and characterized. The basis of¢bantuctivity lies in the particular
bonding arrangement, the alternating single andlédoonds along the polymer chain.
This type of arrangement is called a conjugate rdithus the name for these materials,
“Conjugated Polymers”. Before we understand thigugated bonding in detail we need

to look at carbon’s hybrid orbitals.

Electrons are arranged in orbitals around a ngcl€hese orbitals are regions
where the probability of finding the electron igihi Each orbit is a subunit of a shell. Each
orbit is described by its shell number (1,2,3 é@&cprbital type (s,p,d) and if a hybrid type,
it will have a power value which describes how mahthat orbital type, are part of that
hybrid (sg, meaning one s joined with two p orbitals). Thet Ehell is called a valence
shell. According to Pauli’s exclusion principle cbaorbital can have a maximum of 2
electrons and those electrons must be of oppgsite $n the case of carbon, it has 4
electrons in its valence shell (shell 2). Theseaaranged as shown in Figure 1 (a). By
looking at this configuration we would assume tihat2s orbital has reached stability and
has no need for bonding, thus it would only make bends. However this is not the case
in reality and carbon quite often makes four bofidss is due to the fact that carbon
makes hybrid orbitals of various types dependinghertype of bond it will make. In the
case of conjugated polymers it will make & pbrid orbital by combing one s orbital and
two p orbitals in its valence shell. The new coufagion of electrons is shown in Figure 1
(b). The 2p orbital is left un-hybridized.
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Figure 1 : Electron configuration of carbon valence shell. ( a) Basic configuration, (b) with

sp2 hybridization.

Let’s consider the example of ethyleneH.). Two of the 2s? orbitals (one from
each carbon atom) will formos-bond. The other four 28prbitals (two from each carbc
atom) will form covalent bonds with hrogen atoms. The remaining-hybridized 2p
orbitals (one of each atom) will overlap with eaxther, forming ez (pi) bond, and hence
the two carbons form a double bond, that isc bond and one pi bonFigure 2 shows a

representation of this behavi([58]

( ( )}

Figure 2 : (a) 3D representation of hybridized orbital in a carbon atom. (b) Delocalized orbital

p, orbitals are yellow in color and the blue orbital a re the sp °

hybrid orbitals.

in a carbon carbon bond. The

In cyclic conjugated systems such as benzene, n-bonds are shared by t
carbons in the chaiThey are not “fixed” to a single atom araite shared by constan
altemating double and single bonds between the cartmonsa also terme as
“delocalized”. [59T his provides the basis for conductionconjugated polyme. Similar
to semieonductors, there is a valence and condn band for pristine conjugatt
polymers. These are tir-band (highest occupied molecular orbit, HOMO) dren*-
band (lowest unoccupied molecular orbital, LUMOReTenergy difference between -

two provides us with the band gap of these mateaad ives rise to the semiconducti
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properties of conjugated polym. By addng other chemical substances, ter “doping’,
these materials we can create conducting polyriiéinde inorganic semiconducto
produce donor energy levels close to their condaatr valance bands (when dope
conjugated polymers ha a different conduction mechanisirhey rely on charge stora
along the chain. When ionic compounds are used pards, they will cause delocalizati
in the polymer. As such localized states are foraledg the chain where stable defe
are present. Such a mechanism gives rise to-particles called solitonsolarons and
bipolarons. Solitons are -charged and are a local confinement of the gelye
delocalized conjugation. This confinement is causged deformation in the polym
chain. It can only occur in polyacetylene due ®lature of the chain in t material. The
polaron is a similar confinement but occurs duth&éaddition of an extra charge carr
radical anion or cation to the polymer matrix. Tigeoduction of a radical requires higr
energy than the rest of the neutral chain andltmits how many chain lengths t
distortionoccurs ove. Further addition of dopant will generate bipofesoEack
deformation creates energy levels in the bani[60]. As more and more bipolarons
introduced into the chain, continous bipolaron lsawdl form and eventually leato
overlapping of the band gaps causing metallic ¢cieductivity[5S-61].

Conduction
Band

Valence Band _——4————— ' .

Neutral Polymer Polaron Bipolaron Bipolaron Bands

Figure 3:Energy bands of different states of a conjugated polymer w ith variation in states.
[59]

Although polarons and bipolarons are known to leeréason for conductivi over
the chainthe exact mechanism is still not krn. Mott’s variable range hopping (phon
induced hopping) model describes how charges nrowe déne localized state to anotr
Other models use band theory and delocalization thxeeentire chairConduction in
conjugated polymers decreases with lower teratures and thus fails to imitate meta

behaviorruling out perfect delocalizati. Another issue to considel the fact that these
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materials are highly disordered. The exact themrebow conduction occurs in organic
material are still widely debated. Though the aleaange hopping model is perhaps the
most commonly accepted mechanism, it may well bediiery type of organic conductor

or semiconductor will have its own mechanism oylarid of various types [62].
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Figure 4: Polaron formations in PEDOT:PSS. Figure f  rom “On the conductivity of
PEDOT:PSS thin films” , thesis by A. M. Nardes [61].

PEDOT:PSS (poly (3,4 ethylenedioxythiophene) : piyisene sulfonate) is one of
the well known conducting polymers that is commadlgiavailable. PSS acts as the dopant
and also allows solubility in water allowing thelyraer to be spin coated. PSS is an anion
and causes the solution to have a low pH. The PEPSS solution is a colloidal solution
where the PSS surrounds the PEDOT chains. Whepadvger PEDOT:PSS is immersed
in an aqueous solution, the hydrophobic PEDOT avitomatically orient itself in such a
way that the hydrophilic PSS is on the outsidehefdolloidal micelle like particle. The
size of this particle in solution and the condutfiwof the polymer layer after coating will
depend on the temperature the solution is at duhiegpin coating [63, 64]. PEDOT:PSS
Is used for anti-static coatings, as hole-injectayers in organic light emitting devices and
in electrochromic devices. For a conducting polyrntas highly stable in atmospheric
conditions, which is a problem with most organiadoctors and semiconductors. It also
shows good thermal, electrochemical and electsizddility over time and in various
conditions. PEDOT:PSS is a highly disordered polyar& is amorphous. It forms small
globular groups of PEDOT surrounded by PSS ricbriay65, 66]. Figure 5 shows the
AFM results of a PEDOT:PSS film spin coated onl&sg. It shows high surface

roughness.
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Figure 5 : AFM results of a PEDOT:PSS spin coated on a glass slide. The roughness graph

was generated for the data along a path down the mi  ddle (1um mark) from top to bottom.

Additives such as DMSO (dimethyl sulfoxide), etmgeglycol, sorbitol ani
glycerol can be added to PEDOT:PSS torove its conductivitloy as much as 100-300
folds [67-69] This has led to improvements in photovoltaic ather organic electronic
devices. There are differetheories as tavhy this occurs. One states that the |
molecules surround ttPEDOT chains and reduce its overall conductivitySHhas als
been known to move towards the surface and gene&serich surface layers. Thus th
highly polar additives he reduce the PSS enrichment at s&ed give chargtaccess to
the highly conducting PEDOT lay[70, 71]. Kimet al state that the screening effect
such additives between the counter ions and thermolchain arthe cause of improved
conduction [72while Inganaset al consider such additives to act as plazers [73].
Another theory is related to the fact that addgieceange the morphology of tpolymer
once heated. This is due to the reorientation@ttiains and the change in the chen
structure of the PEDOT. The chain varies from azb&hto a quinoid sticture which
allows delocalization over the entire chain incnegsarrier mobility[74]. Hsiao et al
looked into all the theories and deduced that wihiéeobservations shows that all of th
effects were taking place, phase segregatiPEDOT and PSS domains had the m
influence nto increase in conductivity d to the additives [68JAddition of surfactants he
also been found to improve conductivity of PEDOTS[75].

The PEDOT:PSS used in my experimenasacquired from AGFA under tr
product name of Orgacon. | used the 131000 inkriigiet printing and S203, S305 plus -
the spin coating processe:305 plus was a later version of the S203 and htdrt

adhesion and stability properties due to furthefastant addition, albeit the layers we
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thinner and had higher total resistance as a coleseg. The S305 plus solution has 0.54
% (by weight) PEDOT:PSS and includes ethylene ¢I¢fe®) along with surfactants and

stabilizers to improve its properties.

2.2 Electrode Impedance Theory

The moment a metal comes into contact with a ligaigill go through a process of
charge transfer and adsorption with particles (eom$ molecules) in the electrolyte. These
interactions are highly dependant on the conditeomthe energy levels of the electrode
and electrolyte. The interface eventually reachlealance (net charge flow into the
electrode and out of the electrode is equal). Tdlarite can change depending upon
external potential applied to the electrode. Howeweh electron transfer is not in our
interest for cell impedance sensing as this casecan unwanted chemical change in the
biological system being studied. Hence for thasoeave will use impedance spectroscopy
techniques, with low alternating current (AC) silgn@ perform measurements that are

discussed later.

The second interaction that occurs is due to tbegss of adsorption and
desorption, the so called non-Faradaic processhenWhere is no charge transfer across
the interface, then an ideally polarized electnsdermed. However there are very few
practical cases that come close to this ideal (dayu&l metal electrodes and some gold
electrodes)[76, 77]. In all cases however the igd®m creates what is called the electrical
double layer and any charge transfer occurs irtbiddayer. The entire system that
includes the anode and cathode is called a celldr@h only one electrode is looked at,

we call it a half cell which is relevant to thisidy.

2.2.1 Electrical Double Layer

The metal surface will accumulate charge on itkase and the net polarity will
depend on the charge transfer that occurs (if anglithe type of ions/molecules that are
present in the solution side of the system. Thetgwol side of this interface will have two
regions defined as the inner and outer Helmholter& The inner Helmholtz layer (also
called the inner Stern layer) is formed by spealficadsorbed ions and molecules. The
outer Helmholtz layer consists of solvated ions padicles that are attracted due to
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electrostatic forcedBoth these layers will createcapacitancetlie “double layer”
capacitance) orhe surface of the metal and certain theories neee tonsidered whe
modeling thisnteraction with electrical elemer [76, 77]

1 2 3

= 4

1. IHP Inner Helmholtz Layer
2. OHP Outer Helmholtz Layer
3. Diffuse layer

i 4. Solvated ions

i 5. Peculiar adsorptive ions

| 6. Solvent molecule

0d1d2

0

Figure 6: Scheme of the double layer on electrode (Gouy- Chapman -Stern model). Diagram
taken from Wikipedia [78].

The Helmholtz model considers one side of the dggao be the charges at t
metd surface and the other to be the ions at a minirdistance from the surfa (0 to d1
in Figure 6). This model assumes ions to be in a single | andis only valid for high
concentrations. When considering just the Helmholtdlel, the capacitance is given

Eoér Eq 1

C, =
H dohp

Wheredon, (d1 inFigure 6)is the distance from electrode to the outer Helrat
plane,g, is the dielectric permittivity of space ag; is therelative permittivity of the
electrolyte For lower concentrations tlmodel was inaccurate when experimental re:
were consideredThe Gou-Chapmammodel takes into considerat that along with
coulombic forces, thermal motion also influencesdistributionof ions [76]. The ions are

not a single layesitting on top of the electrode but have a varconcentration as we
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move away from the interface towards the bulk sofutorming a cloud of ions with a

gradient of varying potential (layer 3 in Figure Bhis potential is described by:

_x Eq. 2
V(x) = Voe( Ip) a
HereVo is the potential at the electrode an@ the distance from the electrode towards
the bulk.Lp is the Debye length (Figure 7) which characterthesthickness of the diffuse
layer and is given by:
£0e,V, Eq. 3

Lp =

2¢9z%q

V/; is the thermal voltage&kT/d), co is the bulk concentration of ions (ions/§neis the
charge on the ion, arglis the elementary chargéor a solution of concentrations such as
200-300 mM, this length can be approximately 10 girggns. The capacitance due to this
theory is given by:

Eo&r AR Eq. 4

The Stern model as shown in Figure 6, includesratisa of the counter ions onto
the surface (and not just the solvent molecule8). [Fhis means we have a layer of
adsorbed ions and a layer of ions beyond the disttrat is dependent on the radius of the
adsorbed ions. The model is thus essentially a owatibn of the Helmholtz, Gouy-
Chapman and Stern models. The adsorption behawesandance to the Langmuir
adsorption isotherm and is thus dependant on teahperand pressure. The Helmholtz
layers (also called the internal Stern layer) canlivided into two parts, the inner
Helmholtz layer that is due to specific adsorptadmon hydrated ions (or neutral
molecules) and the outer Helmholtz layer whichue tb the hydrated ions. Water
molecules may also adsorb to the surface, eitleenselves or as a hydration sphere of a
counter ion (water molecules surround the ion du#é dipolar nature of water). The
hydration layer is sometimes referred to as thedtiygh sheath and causes an increase in
the activation energy for electron transfer whigh ence influence the Faradaic
impedance path. The total interfacial capacitasdbus the sum of the Helmholtz
capacitance and the Gouy-Chapman capacitance:

1 1 1 Eqg.5
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Figure 7: (a) E xponential decay of electric potential near the electrode against dista  nce from
the electrode (L 4). (b) Interfacial capacitance against electric pot  ential varying with
concentration of the electrolyte. V¢ is the potential where charges are zeroand C is the
value for the Helmholtz capacitance which is domina nt for high concentrations of

electrolyte. Fi gures from Borkholder’s thesis  [79]).

Lp is dependant on t concentration of ions and the applied volt Increasing the
potential causes the ions to move closer to thetrelde causinCg to increase and the
interfacial capacitancis dominated byCy. The affect of this on the value C, is shown in
Figure 7 (b) Considerini Figure 7 (b) and Table e can see that increasing
concentration of ions in the electrolyte causesdrnterfacial capacitance to incree

Molar Concentration Lo (A)
(mMolar)

100( 3.0
10C 9.6
10 304
1 96.2
0.1 304

Table 2: Values for Lp at 25T [76].
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Neutral species can be adsorbed to the surfacg.mbg partake in electron transfer
however if they do not then they can block reactives. As the effective surface area of
the electrode will also change, the double laypacaance will also be reduced. [76, 77,
79-81]

2.2.2 Charge Transfer Resistance

There are Faradaic reactions and redox reactinsgt place at the electrode
interface. These reactions depend on Faraday’s, lthat is the amount of electrons
transfered are proportional to the amount of elgttrpassed). The electrodes are also
called charge transfer electrodes due to this.

Charge transfer across the interface can alsorbetl by the need for external
potential since some reactions will require extrargy for the charge to be transferred.
The overall energy of the system and the requicgdntial (and the polarity) for charge
transfer depends on the reaction species, the@leegativity, the equilibrium potential
that is established across the interface, the cdratens of the redox species and non-
Faradaic processes discussed earlier. At equitibthe net current will be zero but if a DC
voltage is applied, the electrode potential wiNidée from its equilibrium value and a
current will flow. The additional potential neediddrive the reaction at a certain rate is
termed théover- potential’y (difference between applied potential E and thelibgum
potential Eg). This over potential is the sum of four poterstisdlated to the processes

discussed earlier:

n=n+nq+7 Eq. 6

Heren is the potential required for charge transfgris due to diffusion of reactani; is
potential required for chemical reactions to talee@ at the electrode and precedes charge
transfer. In most casegwill dominate at low voltages and at higher voéisgy will have

a greater effect. For impedance spectroscopy thages are small and thus charge

transfer potential is of most importance.

At equilibrium the net value of current acrossititerface will be zero. The
absolute value of this current however is calleddkchange current and is often measured
as exchange current density It is determined by measuring the charge transfgstance
around the equilibrium potential of the electro@lee Butler-Volmer equation states that

for an applied potential the resulting current dlgris given by:
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7= Jo |e7)

(—ﬁ'Z'ﬁt) Eq. 7
WhereJ is the current density (usually in A/®), J, is the exchange current densp is
the symmetry factoithe energy barrier differences for the oxidatiod eeductior

reactions) andis the number oelectrons transferred per molec[76, 79]
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Figure 8 : (a) Current density against overpotential. (b) Li  near region for small signal

analysis provides charge transfer resistance R;. Figures from Borkhold's thesis  [79].

By looking at theJ andn, relationship we can find a theoretical value f
resistance to represent this charge tranThe exponential termia the equation above
showthat the system behaves like two paréddeal diodesn reverse direction:So it
would be difficult to find a linear relationship.oieverif small signal analysis is appli,
there is a linear region and the slope here caviggais with thecharge transfe

resistanceR; This can be proven mathematicalsing Eq. 7
for 3 =0.5

0.5'Z'T]t) _, (—0.5-2-7“)

1= [e( Ve Ve

From Taylor's Theorem we know th

. oox”_ x* x3 xt
e’ = Z—'—1+X+T+§+E



Theory 36

] 05-z
thusif a = then
t
(@)’ (@)’  (an)’
e =1+ an, + 2; + 3!t + 4!t

2 3 4
e Y =1 — ant + (ant) _ (ant) (“nt)

2! 3! 4!
any)?®  (an.)®
Thus et — g~ Mt = 2 (ant + ( glt) + ( glt) >

However if we consider small signal analysig,<« 1 then the higher order terms become

small enough that they can be ignored, thus:

1= ()

We define charge transfer resistance as Ry = % hence

V. Eqg. 8
R/ (Q.cm?) =] -tz q
o

2.2.3 Warburg Impedance

In the charge transfer resistance section we deresi mostly the effects due to
kinetic processes (charge transfer) and ignoredsthue of mass transport (ions will be
moving in the solution and concentrations at tleetebde varying). As a reaction is taking
place at the electrode, the concentration of isrthanging. The products need to move
away to the bulk and fresh ions need to move fioenbulk to the interface. This creates a
limit on the rate of reaction which is dependentlmmrate of diffusion. As a sinusoidal
potential is applied to the gradient of chargedigplas, they will move in response to the
applied potential. It creates a sinusoidally vagyooncentration of ions. At higher
frequencies the charges find it harder to follow field. Warburg (1899) found that the
concentration wave spreads out further at loweyueacies. He also found that the
concentration and voltage at the electrode sudae@5° and -45° (respectively) out of
phase from the current irrespective of the frequdtits called a constant phase element).
He defined a diffusion zoné)(as the distance from the electrode at which aatnggon is
1/e of the initial value.
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1
2D\2
k=(3)
w Eq. 9
WhereD is the diffusion constant andis the frequency in radians/s. To measure this
impedance with negligible phase distortion the tergj the measurement cell (distance
between both electrodes) should be several cemrmking. Finite length Warburg

impedances will not have an exact 45° behavior wkgasually the case for this research

as the electrodes are spaced almost 2mm apart.

Warburg proposed a model for the impedance dudftesibn:

g, =t iy £4.1

Vo Vo

WhereA,, is the Warburg coefficient also representee astexts and is calculated by:

4 RT 1 N 1 Eq. 11
Y z2F2aV2\DM*ct  pYAch

WhereC? andcC} are the bulk concentration of the oxidizing anduedg species), and

Dy are the diffusion coefficients of the two specis, the number of electrons involved

in the reactionf is Faraday’s constarR the gas constant, is the temperature amlis

the area of the electrode. Derivations and detdilee equations will not be discussed here
and can be found in texts [76, 80, 81]. The Warlmmgedance form shown above is only
valid if the diffusion layer has an infinite thickss. In the case where is not infinite, the

“Finite” Warburg impedance is given by:

Eq. 12

Zy = <3—% —]%:) tanh | & (%)

Whereo is the Nernst diffusion layer thickness. In thedsls and analysis later, | have
used the assumption of an infinite diffusion latfeckness. This will keep the model less

complicated yet sufficiently accurate for the asay[76, 79, 80]

2.2.4 Spreading Resistance and Bulk Resistance

As the dimensions of electrodes get smaller, geacakeffects need to be
considered for the flow of current. The bulk resmte of an electrolyte solution is similar
to that of a conductor, given by Eq. 13.
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pL Eq. 13
R="2
A

Wherep is the resistivity of the electrolyté,is the cross sectional area dnt$ the length.
Geometry of an electrode also plays an importdetand small planar electrodes have a
“spreading resistance’ This spreading resistance is caused due to eantstion the

electric field not being able to spread in a heimesjzal profile. For a circular electrode the
spreading resistance would be found using [82].

p Eqg. 14
R=—
4r

The reference electrodes in the devices used iwamnl are much larger than the
measuring electrode (details in section 3.2). Witbh a large area, the impedance due to

the electrode becomes negligible.

2.2.5 Electrochemical and Impedance Analysis

We have looked at the basic interface of an eddetfrom a physical and chemical
point of view. The elements discussed up to nowtmanalyzed by different methods.
The methods selected are based on the materialg bwiasured and to what type of detail
the overall chemical system needs to be undersidoete are two methods that are
relevant and will be discussed, “Cyclic Voltammétand “Electrochemical Impedance
Spectroscopy” (EISCyclic voltammetry is one of the most commonly usszhniques to
analyze electrochemical reactions. It providesnaight into the reaction/kinetic
characteristics of a half cell. By understanding énergy required for a reaction and the
rates we can determine the half cell redox reasteord by-products. Impedance
spectroscopy will help us evaluate the physicahelats in the form of an electrical circuit
model. Doing so, we can understand the double layerthe Faradaic components of the
system as well as the double layer. | will disdosth methods with impedance
spectroscopy in further detail as it forms the $asicell impedance spectroscopy and most
of the results. Cyclic voltammetry results will @lgive some support to the impedance

spectroscopy analysis for the material comparison.

The concept of impedance and its complex naturapsrtant to
understand CIS. Alternating current (AC) is currévatt is periodically changing its value.
The‘signal’ wave is defined by a sinusoidal function. A sindssignal (current or

voltage) has two important properties (Figure $je Bmplitude of the signal is the value



Theory 39

from the reference to the peak of the sinusoid. dieese is the relativangular position of
the signal in comparison to a reence sinusoid. Whesm AC signal is passed through ¢
materialhaving an impedan, its amplitude and phase meyange. These chani can be
measured through impedance measurement instruiand usedo calculate thi
impedance of that material or compon¢Thus impedanckas two values as well, tl
absolute impedance (|Z|) that represents chandgbe emplitude of the signal, and 1
phase §) that represents changes caused to the phase fiiu polai values (absolute
value and phase&gn also be represented as thd (aorZ’ ) or imaginar (b or Z” ) part
of the impedance when represented as a compleg.|[83]

. . z=a+bhi
imaginary

dimension

1 a

-
—

a & I . .
' : ‘real” dimension

Zl=Na® +b

T O=tan’’ (E)
a

Figure 9: Co mplex and Polar representations are related mathema tically as shown [84].

Impedance gectroscopy works by measuring changes to suajnalsilue to th
impedance of the half cell. By measuring at varifpequencies we can get an impeda
spectrum. These measurements can then be analyZigihly to an equivalent electric
circuit model.Data from an impedance spectrum can be shownltes @Bode or a
Nyquist plot. A Bbde plot shows the absolute impedance (|Z]) anditase 8) against
frequency on the =xis. It can also be used to show the real impezl&£i¢ and the
imaginary impédance (Z”) against frequency. Nyquist plots shbat the results with Z’
on the xaxis and Z” on the -axis of the plot. Both have their merits and wél lisedAn
example of the two plots of a 1nF capacitor in [p@réo a 10kOhm resistor shown in
Figure 10and will be useful when understanding the dent result.
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Figure 10 : Impedance plots of a circuit with 1nF capacitor parallel to 10kOhms resistor.
Bode plot (a ) and Nyquist plot (b). The arrows on the Nyquist  plot show increasing

frequency.

2.2.6 Randle’s Cell Mode

Randle’smode [54, 81] is one bthe most common impedance models usel
electrochemical cells. The mo includes a solution resistantlee electrodispreading
resistanceand the electrodes own Ohmic resisti which is significant irthe case of
PEDOT electrodesall sumned up as a series resistance caRedVhen dealing with
microelectrodes, we also need to add ttreading resistancdhusRs now termed as the
‘total series resistancis in series with a parallel double layer capaci¢ C4 and a charge
transfer resistand& (also called polarization resistance in some te>This circuit is
considered a simplified Randle’s circuit, show Figure 11with the impedance equatic
given by:

1 Eq. 15

1
R—t+a)Cd

The Bode plots and the Nyquist plots for a simplifiechBi&’s circuit are shown i
Figure 12. Tle Nyquist ploiis a semicircle similar to that shownFigure 10 but with a
shift to the right orthe »axis due to the added series resistawhich at highe
frequenciess the only element contributing to the total imaede.This is because at
higher frequencies the impedance of the capacitbbeextremely small, anR; will be
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bypassed. Thue intersect (with the-axis) of the semi circle provides us with the val
of R andRs as shown i Figure 12The graphs also show how increasvalues of theCy
changes the resonant frequen@s the minimum phase peaks are shiftincreasing the
R: increases the maximum values of the impedance.h&ndhing to notice is that tt
phasdalls and then rises agifor a parallel RC circuit with a series resistaadeed bu

did not without it.Also this peak in the curve shifts with varying qoonent value

;=2 Double Laver Capacitance
b V'V NV ° R, = Charge Traunsfer Resistance

R, = Sevies Resistance

Figure 11: Simplified version of = Randel's circuit .
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Figure 12 : Bode and Nyquist plot for simplified Randle  ’s circuit from 1 Hz-1 MHz. R; and C4

values are shown inthe legend as R;// C4. Rsis 1 kQ in all cases.

Now let'sconsidelthe effects due to diffusion, the Warburg impedarFigure 14
shows the impedance plots of a Randle’s circuihw¥arburg impedan (Eq. 16). The
Faradaic path is dominant at lower frequencies,thadtraight line shows that at lov
frequencies the Warburg impedance dominates asrshguhe 4° line that is the tail of

the curve.
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Figure 13: Randle's circuit with Warburg impedance [83].
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Figure 14: Bode and Nyquist plots of Randle's circuit from 1 Hz-1 MHz. R;is 50 Q, Cg 40 pF,
R is 20 Q and the Warburg coefficient A, is 100 Q(black), 50 Q(red) and 10 Q(blue).

1 Eg. 16
Z =R;+ 1 Yy
: d
P
Vo Vo

Figure 15showshow changing values of the Faradaic imped components
affects the impedance of the circuit. As the Warburg idgmee becomes more dmant,
the Nyquist plot straightens out mc In the bode plots of bothigure14 and Figure 15,
we can see that for a large Warburg charge transfer resistance, the lower frequer
will change shape and increase in their impedaatees Theplotsalso show that there is
vital information in he frequencies belc 100 Hz ad even 20 HzThe frequency
spectrum shown in these plots is slightly widengddo 1 Hz) than what was achieva
with the instruments available to me (minimum 2Q.Hi#owever the curve fittin
techniques used mgection5.2 can be accurate enough for our analysis, espegaign the
vast differences between the two types of matetieswill be discussed. We not

necessarily need to cover the frequencies whereawesee the tail of the Warbt
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impedanceThough it would provide more accurate results & ftequencies down to 1 t
were covered as the lower end of spectrum contaore information. This woulcead to
the curve fitting having to fit with more data ptsmwith values that are dominated by

Warburg impedance.

400 :
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Figure 15 : Bode and Nyquist plots from 1 Hz to 1 MHz while varying values of R;and A,,. All

values in the legend are in Ohms.

Thecharacteristics in the plots will help jify the selection of the models tl we
considerfor the electrochemical impedance analysis of teetede material in HEPES

saline.

2.2.7 Constant Phase Eleme

While it is useful to use electrical analogies idealelectrical elements to mod
and analyze electrochemical junctions, we mustze#hat they may not always imite
the actual pysics with perfect accury. One issue often found in electrocherr
modeling is that the elements are frequency depgrCapacitors in EIS show a particu
kind of frequency dependence where the measuresepsandependent of the frequet
but not necessariljaving a phas value of -901ike in ideal capacito. These elements are

called constant phase elements (C. The impedance of a CPE is given

1 Eq. 17

The constanm is an empirical constant that accounts for the-ideal behavior of
the element. It hma value between 1 and 0. Win is 1 the equation reprents an ideal
capacitor. Y is the capacitance of the element. Constant pHaseat behavior is

consequence of various surface conditions: suri@eghness; nc-uniform current
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distribution; or multiple reaction rates at thefage. The double layer capacitance in

Randle’s circuit can be replaced by a CPE to pmwadetter model [76, 85-87].

2.3 Cell Impedance Sensing

Cell — substrate interactions are an important glarésearch in cell biology.
Currently most assays utilize force (laminar flow)@o separate cells which have or have
not adhered to the substrate. They can then baewhich requires either manual
counting, microscopy with image analysis softwareaorimetric assays. The impedance
measurement of cells cultured on a substrate wadearthat started in the 1990’s by I.
Giaever and C. Keese [2]. The technique was sulesgiguinamed by them as Electric
Cell-substrate Impedance Sensing, or ECIS for shadlies on the fundamentals of
electric current flow in solutions and dielectrivghen a potential is applied between two
electrodes, the value of the current will dependhanresistance of the path it crosses. In
the case of an alternating current the resistarmzédibe replaced by impedance, that is
having a real (resistive) and an imaginary (re@ytocomponent. As cells grow on top of
this electrode the impedance of the path will cleakggure 16 shows how the current
would have two paths. Higher frequencies will femger impedance from the cell
membrane and will mostly pass through the cell. &ofkequencies would pass from
around the cell and through the cell — cell juntsias these will be the lowest impedance
paths at those frequencies. This means that deggndithe frequency, we can determine
what the changes mean for the cell culture. Welghoeiable to determine the behavior of
cells, their adhesion to the substrate, and tlediir-ccell interactions [3, 4, 88-91].
Currently Coulter counter methods are availablé tisa electrical means to detect the
number of cells [92]. However they require the £&il flow through an aperture where
they are detected and thus cause massive dist@latioe environment of the culture.
This also makes it impossible to detect the celidarthey are on the surface and spread
out over the surface. By using the ECIS we can tifyahe cell growth, its behavioral
changes to drugs as well as detect cell motility.
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Figure 16 : ECIS theory, how the growth of cells hinders the current path. Diagram from
Applied Biophysics [93].

ECIS has also been adapted into research for datigpg and understanding of c
behavior. Products based on ECIS are already &#l@itand being used for drug testii
Altough the esults are not always conclus, they havehowever provided excelle
quantitative data that reflects the cell growthbehaviorto goaloncside with other test
methods. Recently the method has been advancéefuntby varying the frequency
the signal over a certain range and taking measuren Now considered as an Electric
Impedance SpectroscopylS) it has provided further insight into the elet equivalen
circuit of the entire cell electrode system. Du@&gaon invasive methodologit has been
used to characterize growthmesenchymadtem cells without the use of external mar
[94]. Bouafsouret al characterized adhesion onto different protein arid glectrode:
using EIS [95] Yiling Qui et alhave used it to monitoacdiomyocyte adhesion and us
the results to characterize ederive acircuit model of the syste [10]. Lo et al have
analyzed fibroblasts and done work to understaadnipedance model of cells witf
more elongated sha [96]. Another interesting piece of work is from Xiaocet alis to
develop FEM (finite element method) simulationsnopedance changes due to s on
electrodes [97]They have looked at simulations and results of olapee changes ¢
electrodes partially covered with c. Their modified equivalent model is more accu
for partially covered electrodt but theydid not find the phase part of the impedavery
useful.Results in the later parts of this thesis are @alttory to this assumptioThe
current path can flow in various ways when a cetin top of the electroc It can travel
through the cell layers (tra-cellular) or around the cell membranera-cellular). The

overall impedance would depend on these two pHiks;el-substrate distance, electroc
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and any coating on it (e.g. proteins) ane medium for the culture growth. The freque
and the type of path taken by the current will etftecth the absolute and phase parts of

measurements.
Cell on surface
Weakend electrical
ﬁelds/{r/// =~ _
Reference e e Measuring
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e
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Figure 17 : 3D sketch of a cell on the surface of an electrod e and the effects due to it to the

electric fields. The electrode design here isone u  sed in my experiments describ  ed later.

While terms like ECIS and EIS are usually usedctammercial products ar
electrochemical methods, | will use Cell ImpedaSpectroscopy (CIS) throughout tl
thesis for clarity.

2.4 RelevantCell Biology Backgrounc

2.4.1 Eukaryotic Cells

The animakukaryotic cell is one of the most basic buildimgck of a biologica
mammal. It consists of an outer plasma membrarteatia as the cell boundary whi
contains the cytosol, organel, the nucleusthe cytoskeleton as well as proteins
molecules The cytosg, or intercellular fluid, is a solution filled with amy different form:
of molecules and fills most of the volume of thél.CEhe nucleus of the cell is where t
DNA is stored and is tt control center for the cellhe organelles allittle sub-units
inside the cell that perform specific functionstsas generating, transporting, sorting

storing proteins, along with many otssuch as generating ATP, the energy source ft
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functions in a cellThe cytoskeleton is a set of te types of protein filaments that provi

structural integrity to the cell as well as transgathways

Nucleolus

Nucleus

Ribosome

Vesicle

Rough endoplasmic reticulum
Golgi apparatus {or "Golgi body")
Cytoskeleton

Smooth endoplasmic reticulum
Mitochondrion

10. vacuole

11. Cytosol

/4. Lysosome

13. Centriole

e Al

Figure 18: The eukaryotic cell. Image from [ 98]

Animal cells are very complex and a human bodyealwas over 230 different kinds
cells. They can be separated and growcell cultures Detaileddescriptiols and in-depth
discussion of cells is beyonhe scope of this work but | will describe somelaf
important aspects of cells essential tll impedance spectroscopy. These are the ov
cell structure that is being measured through A@edance measurements and
behavior that affects the merements as well. [99]

2.4.2 Plasma Membran and Lipid Bilayer

A cell is a composition of various organelles, wud, proteins and many chemi
compounds all wrapped up inside a kle like membrane. This outer shell is called
plasma membrane. The membrane is composdifferent organic componer, most
important of whicharethe phospholipids that create the lipid bilaxThe phospholipids
are long fatty chain@mphiphatic mleculesyvith a charged head group making one
water soluable and the other hydrophobic. Throwhassembly, they create a bila’
where the hydrophilic ends are set outw:and the hydrophobic ends come together.
creates a membrane where by a wall is createdwathr regions on both sides. T
plasma membrane also includes unique complex pretaictures that act as gateways
chemical interactions (signaling) atransport of chemical substances when required.
membrane is also se-permeable to certain gases and small molecules.alllows &
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unique set up where the cell can exchange certalaaules and still keep its intercellu

functionality separated fm the outside. [99]
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Figure 19: Plasma Membrane. Image from [ 100]

2.4.3 Cytoskeleto

The cytoskeleton is eintricate network of protein filaments that extemisl©ughout the
cytoplasm and gives the cell a structural integiitye cytoskeleton is highly dynamic a
is also responsible for transport pathways indigecell as well as the movement of

cell itself. It is built on the framework of three typdgootein filaments: the intermedis
filaments; the microtubules; and the actin filansefithe intermediate filaments ¢
composed of a large family of proteins. They arepee like structure and are most
durable of the three types of filaments. Their nfaimction is to providd¢ensile strength to

the cell.

The microtubules provide organization in a celleYlare stiff hollow tubes that bec
from a single location called ticentrosomend extenaut towards the cl periphery.
They are built byubulin molecules and can rapidly disassemble afpoig and assemb
at another. They allow organelles to anchor to theohare the tracks along whi

organelles, vesicles and other cell componentimove.



Theory 49

Actin filaments are responsible for cell motilityhey areformed by subunits of actin ai
are usually unstable but can form stable structuwreslls when required. They perfo
different functions by working with different actinnding protein. They can influence the
shape of a cellnd interact with myosin to perform a muscle likadtion for a ce. They
also create a contractile ring that helps sepéhateytoplasm during cell divisio[99]

Figure 20 : Fluroscent staining of the cytoskeleton of a cell . Actin is shown in red, the

nucleus is shown in blue and the intermediate filam ents in gree n. [101]

2.4.4 Cell Cycle

Eucryotic cells reproduce by replicating DNA andritperforming cell divisior
They have a complete cell cycleich determines the timeline for what the cell nis
and when it must do so. There four phases in their cell cycts shown irFigure 21. 1)
M phase, where theplits and creates daughter ¢. 2) S phase, where the cell replice
its DNA. 3) G phase, which occurs between the M phase and S,phlsee the cel
grows and prepares itself (accumulates require@cnteds and materials) for DN
synthesis. 4) Finally the, phase which occurs after the S phase. A cell measty stat
and controlsvhen to begin each phase by cyclically activating sactivating ke)
proteins and protein complexes that regulate DNAigation, mitosis, and cytokines.
Each type of cell hastime approximation for their cell cycles to comp and multi
cellular organismsust insure that this organization and timelinstigtly regulated els

abnormalities can occ .

In the G1 phase, or the first gap phase, is whereell manufactures all tl
necessary proteins which are required for DNA ogpion. This is the longest phase-
12 hours from a 24 hour cell cycle). Once it msdg the DNA replication takes plein
the S phase. Then another gap phase, G2, takesddang which the synthesis of all t
material required for the actual cell division talgace. Finally M phase occurs where
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cell nucleus dividesnfitosis) and the cell splits in twaytokiness) daughter cells. In
mitosisthe cell must perform pairing, alignment and safian of duplicatec
chromosomes. Inytokinesi the cell performs the physical procedure of spiitinto two
new cells. At times cells may also go into a GOgghahere thy enter a quiescent ste
and wait for a signal to -enter their cell cycle. This can often be the easse confluenc

in a cell culture is achieve[99, 102]

cell division
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Figure 21: The Cell cycle . Phases G1 and G2 are the growth phase in between ph  ase M
(mitoses) and Phase S (DNA replication). The daughter cells then start the cycle once again.
[103]

2.4.5 Cell Adhesiol

The extra cellular matrix (ECM) is a collectionwarious proteins and carbohydra
which surround the cellular membrane in a cellurelt They are present in any cult
media which is supplemented with serum. The ECBbgential for connections to fol
between cells and for cells to adhere to ttbstrate. Cells also generate ECM compot
themselves. The ECM must itself attach to the satessurface and by controlg how the
ECM attaches to the surface, we can control thevaehof cells on the surfac

Fibronectin is an importa plasma glycoproteia component of ECM) for cell adhesi
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and is quite often used to coat the surface befelie are seede It is mede by hepatocytes
and fibroblasts and consists of two disulfide lickmlypeptide chains which poss
severalktructural domains which can react with cells drelECM (example heparin a
collogen).It binds itself to the surface aiallows the cells tattach themselvi to it. The
regions where cells adhere are cafocal contactor adhesion plague Cells themselves
detach and attach to 1 disulfide linked polypeptide sequenakfibronectin througt
transmembrane proteins callintegrins The integrins themselves are connected to the
actin filament through a chain of other proteind anchor the cells cytoskeleton to

surface.

Actin

4 filament
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\ e
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Substrate

Figure 22: A schematic of the mechanism of ¢ ell adhesion to a substrate . Special proteins
take part in the mechanism to help the integrin pro teins to help anchor the cell to the

fibronectin which is adsorbed to the substrate. From thesis by D. A. Borkholder  [79].

Cells use the fibronectin and ECM components tdhvanthemselves to the surface ¢
move over itIn order for a cell ttmove, three interrelated processes must occurl&
three involve actin. The cell must 1) create anusabn towards the front, 2) adhere to
surface at the front, 3) and drag the rest of tliefarward by traction. For the fir:
process, the actiflaments grow in the direction of the movementetsthing the
membrane forward. Once the membrane reaches afdegratch of surface, a prote
present in the plasma membrane, integrin, will lilegpcell stick to it. The integrin attact
internallyto the actin filaments and after anchoring the, celhtractions take place at t
back end of the cell. Thus the force helps rel¢élaseadhesion at the back and pulls
entire cell forward. 7S, 99, 102, 104].
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Figure 23: Cells u se focal contacts to pull themselves forward. The actin filaments can

rearrange themsel ves to roll the front end of the cell . When the c ell creates a new focal
contact , the actin filaments at the backend will be  reorganized allowing the cell to release

itself at the back and continue moving forward. Figure by Gwen Childs [105]

2.4.6 Cell —Cell Junctions

Many cells create tissues that perform specificfiams inside the body. Oe cells come
closer and interact with each other (especiallyfloent cultures), they form junction
These junctions can be of different types, clasdiiccording to their function. Tl
“Tight” junction seals neighboring cells together to préypassage of water soluk
molecules easily. They are formed from proteinged:claudinsandoccludins “Adheren”
junctions join actin bundles of neighboring cetis<teate mechanical attachmel
“Desmosome’junctions join the intermediate filaments and baidfheren and desmosoil
junctions are built using proteins callcadherins “Hemidesmosomejunctions anchor
the filaments to the basal lamina (or fibronectiaing integrin proteins. Finally thGap”
junctions are small passageways that allow molscartel ions to pass between cells. T
are created by protein complexes caconnexongwhich are present in the membra
protruding into the membrane of another cell am@ viersa. In the case endothelial
cells, before they reach confluence, they haveapesBimilar to that of fibroblasts. Th
proliferate and show motility as well. Once celtstact each other and form junctio
they behave differently. Their cytoskeleton willacige its sape and the cells move intc
rest state where they stop growing and reprodudihgy also stop responding to grov

factors. This is essential as they can move tovexcloom wounds and then maintain tr
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layer once confluence is reached so that tis no breach in systems such as ve<99,
106].
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Figure 24: (Left) Cell - Cell junctions. Taken from “Essential Cell Biology” by B. Alberts [99].
(Right) Confluent cell layer (bottom) and sparse ce |l layer ( top), taken from “Endothelial cell -

cell junction” by E.Dejana [106].

2.4.7 Embryonic Stem Cel

Stem cells have the ability to differentiate inpesialized cell types. They a
important for replenishing adult tissues as wellhespost fertilization development of
embryo. There are two types of stem cells, embryand adult stem cells. Emlonic
stem cells are isolated from the inner cell madsladtocysts and adult stem ce

harvested /extracted from adult bod[55, 99]
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Figure 25 : Stem cells differentiate into other cells that cr ~ eate the orga ns and the rest of the

cells in the body. Diagram by M. Jones f rom Wikipedia [107].

Stem cells have the ability to self renindefinitely unlike most common cells that hav
limit to how many times they can divide beforey reach the Hayflick lim [108-111].
Cell cultures of regular cells usually degraderadteertain number of passages. In
event that there is a need to generate a large ewoflcells, this property of stem cells ¢
be really useful. For instance if there was a rieegenerata litre of blood, we woul
require over a trillion cells. It would not be pids to do so by culturing blood cells aloi
The ability of Stem cells to differentiate into blbcells without degradatic would help in

such large quantities of cell generati
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Chapter 3:Materials and Methods

When | started on this project in the beginnin@@10, | had no understanding of
the complications involving interfacial capacitaneepedance measurement technology or
cell biology. Initially | went on to create my ovimstrument using a National Instruments
Data Acquisition Module, the PCI-6221. This workeell however lacked the accuracy
and the bandwidth required. The connection methsmllamited the accuracy further (2-
port connection). My initial devices were also ¢egbusing inkjet printing which proved
difficult to work with. After almost eight monthstlirned to using an Agilent Impedance
Analyzer (A-4294) and a better designed devicei¢abed using standard
photolithography steps. In time, the setup was awpd with an automated LabView
measurement program and a QuadTech 1920 LCR mateused for a secondary setup as

described under “Instrumentation” later.

3.1 Materials

Commercially available poly (3,4 ethylenedioxythieme) poly(styrenesulfonate)
(Orgacon S305 plus,AGFA) was used which is a 0.58%veight agueous solution of
PEDOT:PSS. The S305 plus includes binders to ldpsion to substrates and stabilizers
for improved environmental stability. SU8-3005 (kMichem, Newton, MA, USA) and
Microposit S-1818 (Shipley, Coventry, UK) photoists were used for fabrication. EC
solvent (Ethyl Lactate, Microposit, Shipley, CowsntUK) was used to develop SU-8,
and MicroDev (Microposit, Shipley, Coventry, UK) svased for S-1818 development
after a 1:1 dilution with RO water. The glass stdists used were 50mm x 75mm
microscope slides (Corning, Amsterdam, The Nethdda Acetone, methanol and iso-
propanol (Sigma Aldrich, Dorset, UK) were useddl@aning the substrates and devices at
various steps. Wells were created using u-slideeB-aulture dishes (lbidi, Munich,
Germany).
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3.2 Device Design and Fabrication

There were basically three phases of the developai¢he devices. The first
device design was one inspired by Giaever’s orightaks [112]. The original design was
simply two or more lines of a metal / conductingten@l coming from their respective
contact points inside a chamber capable of holtlind. These were insulated with wax
and exposed at the ends to create electrodes atattpoints respectively. One electrode
had large dimensions and this was the referencérete. These were good for initial
testing of the theory and for my own cell cultuearming. They were also fabricated using
inkjet printing which provided a fabrication methwatth flexibility in design changes and
used material where required, reducing waste. Hewtine fabrication output was rather
inconsistent (Figure 28) and became terribly in@ment not only to fabricate but also to
analyze the results. The insulation layer was hpmdted PMMA and the connections
were carefully soldered wires to silver conductraint on the PEDOT:PSS electrodes.
This initial version was not good enough and a nem@ved device was then developed
based on lithographic techniques and with a prefeatrical contact and cable design. My
aim with the device fabrication was that they sddag simple, should use all the materials
that are commonly available and that those magesiabuld be relatively cheap. So the
second type of device used glass slides as sulsstat the well size was made so that
simple cut outs of Eppendorf 1.5 ml containers ddad used as the wells. It usadrbof
SU-8 as the insulation layer and the electrodeeslapl sizes were designed by looking at
products available from “Applied Biophysics”. Itdhéhree wells (Figure 27) so that three
experiments could be measured in parallel. Theudson of the instrumentation for this
setup and its evolution is done under its own headihe connector patterns were initially
sized and placed so that the device could easityrgio PC connectors. However later |
found it more convenient to use a customized cdonedgth soldered pins which provided
more reliability in the connections. The designhaft connector was done according to the

patterns already set for the PC connectors.



Materials and Metho 57

Plastic Tube @=11mm

Figure 26 : A culture dish available from Applied Biophysics. The device design was based
around the design of these devices as shown in the schematic on the right . The blue parts

are the exposed electrode surface and the black par  ts are the insulated ones. [93]

The third device was initiated due to the realmatihat threqarallel experiments
were not enogh and biological cell experiments requimeasurement tmore wells and
cultures under similar conditiorMost of my time with the earlier version was was
with constant failures in a single well due to cell isameasurement failures, or rand
issues such as loss in media volume due to evaporetito Another failure in the seco
device was that the Eppendorf tubes were handnclitial not have proper covering tt
allowed easy handling and reliability. The mechahdaesign was flawed and tii
constantly wasted in device fabrication and restguithe experiments. So | designe
device with eight wells and used culture dishesweae acquired from Ibidi. The numk
of wells was limited by the dish design availabhel ghat the size of eaclell was roughly
1 cmx 1cm. Thase culture dishes/wells were ideal to be applredutstrates which we
microscope slides of dimensions that were easwtallle and easily available (50n
x75mm glass slides). The overall mechanical desigsnot flimsy like the three well
design and all the electrodes had the same lemgtith provided more similarity in tr
results. The Ibidi culture dishes also had propdéesigned covers that worked very wel

would be expected.
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Figure 27: (Top left) Inkjet printed PEDOT:PSS on a plain transparency . (Top Right) Pictures

of the 2™ and 3™ generation device s. (Bottom) Schematic diagrams of the two devicesw ith

rd

only one row of the 3 ™ generation device shown

Thedesign and sizes the electrodes wepetty much constant for the varic
device designs (apart from the first one which hal exposed front ends for electrod
When considerig the electrodes, the work electrode should be much smaller thar
respective reference electroBy doing so, changes on the reference electrodet(@aell
growth etc) will be minimized in comparison to tmeasuring electrode. The impedanc:
the reference electrode will also be minimized ttuigs large areéFor the second design,
based on aassumption that the average cell diameter um, | felt that a 25 um
diameter would be a good estimate for the measw@lggjrode for initial testing as tt
would give enough space fapproximately 150 cells. For theference electrode, | choc
the geometry of 85 mmrectangle. The reference electrode was desigr a shape
similar to devices available from “Applied EPhysic§, encompassing thmicroelectrode
and being much larger than the measuring eleceadires that it has minimal impact
the impedance measurements as the area coveresifipjecell is much smaller.y the
third design | started using £ um diameter measurirggectrodes as | felt them mc
appropriate for cell coverage and provided betsults. After getting good results ar
impedance values that were in acceptable rangésdméow and not too high based on
measurement capabilities of the instrume | decided to stay with these valt During
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the course of my work, | also explored using ibigiitated electrodes but these covered
such a large area over the device that the seahgstiivchanges in the cell culture was
reduced and it was not possible to analyze their@through microscopy at all the
locations in a suitable manner. | deemed it simgdye able to look closely at a single
point (the center) of the culture and relate therahtanges in the measurements.

Patterning PEDOT:PSS reliably, at resolutions be2®wm , is difficult using the
chemical oxidation process described in sectiorB3herefore | have used a larger
PEDOT:PSS microelectrode pattern (2mm diameter)fagwl created a 250 pm window in
the insulation layer instead. This way the microetale area is far more accurate. The
device needed to have more than one well as thisdradlow me to have a control well,
and more experiments running at the same time uhdesame conditions. Given the
space of the slide and the requirements, | sebthénumber of wells to three. Later this
was increased to eight wells. Figure 29 and Fi§0Orehows the final device design.

3.2.1 Evolution of the Device Fabrication

The device fabrication is fundamentally based guiating the solution processing
capability of conducting polymers (especially PEDPSS). PEDOT:PSS can be patterned
by many methods. These include inkjet printingyvgra printing and lithographic
procedures. Gravure printing is good for mass produand requires proper stamps, not
something easily done in our lab and it is diffidol create new designs quickly with this
process. Inkjet printing is good for quick desigipiementations and prototyping but lacks
reliability unless one can control the drops muettdy than | was able to. The technique is
very sensitive to the surface energy (wetting) Whiay not necessarily remain constant
over the entire duration of the printing. Humiddtfythe surrounding can also affect the
results and can be difficult to control unlessthiater is modified to do so. The final
inkjet printed pattern is also bound to have a hosigrface and non-vertical edges. This
can make the dimensions of the electrodes andrpati@reliable. Figure 28 shows some
good and bad printed patterns using a Dimatix DN8B&2inkjet printer from Fuijifilm
(USA).
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Figure 28:(Top) Inkjet printed patterns of the minimum possible res olution with the
praticular cartridge type that was used. Lower reso lution s should be possible but it is much
harder to achieve. Note how there are vertical line patterns. This is because the printer
prints in a raster format from left to right. Verti cally adjacent drops do not join together as

the time duration between themis  long enough for the first drop to dry out before th e
second line is reached. (Bottom) Pictures of prints gone wrong. The white scale bars are

marked as 200 microns.

Liquid flow (and hence the spot covered by a draphighly dependant on tt
surface terisn of the ink and the surface energy of the sexf#icthe surface tension ol
liquid is higher than the surface energy of thdase than the drop will not spread out o
the surface to form a film. Furthermore the liquitl move to the adjacent ot where a
new drop is fallsdr vice vers), to create larger spots leaving gaps and cre
inconsistency in the pattern. As the surface energycreased, the drop begins to spr
out more but will have poor adhesion once dry. Acimhbigher surface energy would all¢
the drop to spread but in this spreading means the dimensions of the wegigidn by the
drop increases, limiting the resolution of the prOne way of controlling these factors
to alter the properties of the ink by adding sudats, however in the case of the Orga
ink used, it already has such additivHeating the surface catsohelp create smaller
spots (with the same drop) but then a dried upgoxtill not flow to join new drop:
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causing the formation of a rough inhomogeneoussarfGetting the ink formulation
correct, along with printing process and parameagten®t trivial and often a trial and error
method is used to find them. The biggest probléacéd was that these parameters would
vary from day to day (most possible due to atmosplwenditions). Keeping the substrate
surface characteristics consistent was difficulival since the effects of a oxygen plasma
clean (to increase the contact angle) can wear duattrn a few hours if not minutes.
[113-115]. I thought of various other methods iniethl could control the shape of drops
on the surface of the substrate. One of these WWaato use surface micro patterns but due
to time constraints | was not able to pursue Rjdhprinted patterns suffered from poor
adhesion in cell culture media and the cost ofrikget cartridges which were difficult to

be reused since the pores would clog quite oftedenit prohibitive. It just did not seem
reliable nor feasible as the fabrication methodlds project. | felt that inkjet printing and
improving my process would be too time consuming) &as a project on its own right. |
thus opted to use photolithography. Photolithogyaphs an excellent choice given the
facilities available and the insulation used infinal step fit well into this scheme as | was
able to use SUS8 photo resist. It is a materiabalyeused quite often with biology. Its
thickness and resistive properties fit well witle ttriteria and it is highly transparent. It can
also be hardened and made chemically un-reactige @évelopment by heating at 180°C.
Photolithography masks for our features can alsprbduced relatively cheaply by using
plastic (acetate) laser printed sheets temporsitigk on a quartz slide. This is a good
alternative (given that feature sizes are largan thO um) to the chrome and ferric masks
used traditionally but which are far more expensind time consuming to produce. It also
encouraged me to explore various designs withoutyi about cost or perfecting my

designs before | had masks made.

The scheme of the device fabrication is listedWwednd is followed by a detail

description of each step:

Substrate cleaning and alignment layer
PEDOT:PSS layer and patterning

SU8 insulation layer and patterning

A

Attaching wells and preparing connections
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Figure 29 : Mask patterns used for photolithography. (left) f or the Alignment layer, (middle)
for the PEDOT:PSS layer, (right) for the SU -8 layer.

Well :l
BlPEDOT:PSS —
Reference ) /\ ) | )
(eg > S Window & ! ’
N\ - |@
< ~—

' #
\F X il e
V/Working electrode -, |__-_|

Figure 30 : Diagram showing a single row of the device (left) with the insert showing the SU-

8 window that defines the working electrode geometry. The fa  brication steps are shown on
the right , a)PEDOT:PSS is spin coated onto the surface, b) S 1818 photoresist (red) is spin
coated onto the surface, c) the photoresist is expo sed and developed, d) the exposed
PEDOT:PSS is oxidized using bleach and the photores  ist removed using acetone, e) SU -8
(vellow) photoresisit is spin coated onto the patterned poly mer and substrate, f) the
photoresist is exposed and developed to give window s that create the electrodes and

contacts for the device.

3.2.2 Substrate Cleaning and Alignment Lay

The glass slic is rinsed (ultrasonic batlm) acetone, methanol, and -propanol for
3 min eachS1818 photo resist is spun at 3000 RPM fc sand dried for min at 90°C
on a hot plate. Exposure of the pattern is perfarusing anMA6 mask aligner for 1's
and a power density of 7.1 mW/?. Note that thexposure duration for glass substrz
will be higher tharfor silicon substrates since the reflectidmsn the substra are
reducedDevelopment is done | a developer solution (1:1 RO watermicroposit
developer) for 73, rinsd in RO water and dried. The alignment le is a 30 nm layer of

Al (aluminum)patterned as shown Figure 29,and it is done by evaporating in Plassys

Bwell

Affar ECIS w13
FEDOT
-+
-+
—+
Bwell

Affar ECIS w13

Su8 250um
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Il and followed with a liftoff procedure (. min in a&etone in a £°C hot bath and then an

ultrasonic bath for Bnin).

3.2.3 PEDOT:PSS Laye and Patterning

The glass slide wi an aligmentayer is again rinsed in acetone and lithen it is
cleaned in an oxyggulasma asher for 3 min at 180. Wrgacon S305 is spin coatec
1000 RPM for 30 and then baked on & °C hot plate for 1 mirThis is then repeated ¢
more time as each layer is approxima50-60 nm thick ad it is important to have abc
100nm thickness of PEDOT:PSS. T provides reliability of the devics electrical
connections atha more appropriaconductivityfor our work. Thinner layers often ha
high series resistance in the measurement havebreaks in the patterns caus frequent
device failue, however additional layers do always adhere well tpreviously deposited
PEDOT:PSS layerard peel off during experiments as showrrigure31 . The device is
then baked for an extre min on a 95 °C hotplate and anothenin in a 120 °C oven. It is
important to bake the device 0195 °Chotplate to dry the wet layers before placing ir
oven since otherwisemall craters form in the layer as showrrigure32 (a), using
differential interference microscopy (Normaski nogcopy) on a Leica INM2
microscopeThis is most probably since in an oven the tap gigthe spin coated lay:
gets dried firswith vapors being released by the lower pf it at the same time. Th
leads to holes beingenerate and deformations as those vapors try to esc

Figure 31: PEDOT:PSS second layer peeling off of the first.

Immediatelyafter the PEDOT:PSS layer is dried (it is spin coged with an
$1818 layer and bad on a 95°C hot plate for 2-5 miki is then patterned
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photolithography similar to that done in the aliggmhlayer for the S1818 patternit
When creating PEDOT:P: patterns of less than 50rul found that the S1818 pattel
would lose adhesion and break off during this dgwelent process. | tried using so
primer to help with the adhesion but to no avdiefe is also a slight color charfrom
grayish blue to alight brown shde of the PEDOT:PSS thiatexposed when S1818
being developed. | had looked at the variationsoimductivity of PEDOT:PSS (and th
any sign of oxidation) when exposed to the micsipdeveloper but it did not cause ¢
problems. Tts leads me to believe that the byproducts of tiveldpment process cais
oxidation of the PEDOT:PSS layer which possiblyum leads to adhesion loss. Howe
| was not able to explore the problem due to timestraints, especially given | cot

escpe the problem by using larger dimensions for tBBOT:PSS patterr

Figure 32 : Pictures taken during fabrication (Normasky micrs copy). (a) Shows a well defined
line and (b) shows an overexposed pattern. The firs  t figure also sh ows the crevices that

form when baked in an oven at high temperatures.

After development, the device is placed in a 1.68ad¢h solution (2 mL NaClO
10% with 100 mRO water) for rsand immediately rinsed under an RO wate[116].
This step will etch the exposed PEDOT:PSS by @iratlizing it and then physicall
stripping the weakened layer by the flowing walkthe oxidized layer is left, it shou
theoreti@lly be passive and should not conduct. Howevoundthat in most cases there
is residuakonductivity in the laye andeven though it is highly resistive, given the
coverssuch a large ar, thisconductivity significantly hinders our measuremetits
possible that the total number of ions that reattt hhe PEDOT:PSS chains are of
right amount required to etch the exposed areanahdeep into the required conduct
pattern. Once the rfaity of ions are used up, the speed of the reaatduce:
significantly due to lower concentration of ionglaallows flexibility on the processir
times (which is quite fast, s, and difficult to manually processexactly the same way (
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each occasion)However bleach often degrades over time and iesdamncentration keej
changing in storagéue to this reason the bleach was usually sirdiplyed in a 2:1 wate
to bleach solution ratio instead of using the aamuvalues mentioned above. Twould
possibly cause over oxidation due to the anisotropture of the process, but given
large dimensions of the electrodes it should ndtenalhis was one of the limiting factc
when | tried to create PEDOT:PSS inter digitatetiebdes of vdths less than ! um.
Some SEM images are showrFigure 33 It was possible to create um interdigitated
electrodes, but there were far too marrors and while the picture shows a good s¢
them, the entire device may not have a good yAhdther problem was that for such tt
lines, | was not able to over expose and complettlly the exposed PEDOT:PSS. 1
meant that there was a resistcontact between lines, which was large in its tase bu
detrimental to our impedance measurement expersnkidre work on the oxidation ai

patterning process done by J. Zaveri is availablgs dissertatio[117].

There are other methodscreating PEDOT patterns, such as synthesizin
polymer directlyonto the substrate. Loret alalso managed to create nano wires using
same method, but this makes the total fabricatioremmomplicated and expensi'
Patterning of PEDOT:PSS halso been done using reactive ion etcl[118] I did try this
however the time taken using, plasma was over 20 nsrior a 12' nm layer, thus making
it an expensive process and therefore | stuckitggushemical oxidation instea[119]
Agrose stamps and gravure printing can make usberhical oxidation to mass proce
such devices as wgll.19]

SE 28-Mar-11 WD19.3mm 5.00kV x50 28-Mar-11

Figure 33 : SEM images of interdigitated electrodes. The imag e contrast is created due to the
different conductivities between exposed and unexpo sed patterns. (left) Well defined 100
um lines, (right) overexposed 50 pm lines.
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Finally the S1818 resist was removed by rinsingaatone and IPA. The device
was then dried out on a 95 °C hotplate for 5 mih B20 °C oven for 2 min as PEDOT:PSS
absorbs some solvents during the processes. Thatetlice was cleaned for 20-24 s in the
oxygen plasma asher for the next step. This |asinph clean can be quite important and
one of the possible reasons why Su-8 peels ofhidwell cultures. The other possibility is
that thinner layers of PEDOT:PSS will absorb watkich (since the absorption follows a
diffusion pattern [120]) will reach the bottom, ilog its own adhesion as well as allowing

water under the SU-8 layer. This usually ends ena#ll culture failing as well.

3.2.4 SUS8 Insulation Layer and Patterning

SU-8 3005 (5 um thickness) is used for the ingaddayer as it is thick enough for
a reliable and decent insulation layer while netating an entire wall for cells to climb in
and out off. Its processing is far easier as wakmwcompared to the SU-8 3050 (50 um
thickness), which takes far longer baking times exypbsure times. Immediately after the
plasma ash step in the last process, the devicspuasoated with SU-8 3005 at
3000RPM for 30 s and baked on a 95 °C hotplategdo 15-20 min. This ensures all
bubbles and deformations are removed as unexposegdt cross-linked) SU8 has a glass
transition temperature around 50°C [121]. Afteés,th is exposed in the MA6 with the
appropriate mask for 28 s. Post exposure bakeggyhimportant and was done on a 95 °C
hotplate for 1-3 min (The pattern edges shouldibible after cooling). Development was
done in EC solvent for 1 min, rinsed in IPA ancedrout. Finally a bake at 170 °C-180 °C
for 5-10 min on a hot-plate was performed to harthenSU-8 layer else it can be prone to
adhesion problems when the device is rinsed wi# BEthanol. SU-8 is commonly
hardened at 180°C in an oven. The oven is not iseahy baking as the PEDOT:PSS
releases vapors that will form bubbles in the Sldy@r above. Perhaps a longer bake
before the SU-8 layer is spun would be a good aptat | did not wish to bake the
PEDOT:PSS too often as | need to consider each bakte can also degrade the polymer.
A final plasma clean in the oxygen asher was dé60e/ for 2 min) as | found that it
reduced failures due to cells not adhering to tHe8Surface, or not looking very healthy
in many experiments. As mentioned earlier, a prodiéaced was delaminating of the SU-
8 during cell culturing (after a day or two). Ongknation to this is that as the
PEDOT:PSS absorbs water it expands slightly. THemaso penetrates between the SU-
8 and the PEDOT:PSS layers. This causes the SUe8¢amdhesion and the experiment
can fail as water creeps in and the actual sudae® of the electrode varies. Also in the
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case of stem cells, they would usually die arolmedarea, possibly due to release of
chemicals under the SU-8 (IPA etc). Perhaps thé8®l6eds a longer exposure time by a
slight amount. The very bottom of the SU-8 is maiss linking properly and would
delaminate over longer exposure to the solveritswlever found that baking at 180 °C for
15-20 min really improves this issue which couldter explain the need for longer
exposure for cross linking. The extra exposure weowdrsen the resolution for the
lithography though. In the final set of deviceséd 35 s exposures and this improved the
situation. There could be other causes as well.\Whe devices were scratched at various
areas, the SU-8 showed that it is a thin crustgra@nline resources talk about this
problem. It is related to stress in the SU-8 duertss-linking and subsequent baking.
Some people have also considered that the UV expaser long periods of time (more
than 20 s) causes stress and needs to be domgp# Btcould also be due to poor adhesion
to the glass substrate which could be improveddiesion promoters (such as AP300).
There are techniques of varying SU-8 charactesisticlowering or increasing temp and
time during prebake. This is due to the solverdgrgbn being manipulated [122, 123].
Another possible cause for these failures coulthaethe SU-8 was old. When | used
fresh SU-8 at the end of research, | found thertateebe smoother and had no failure in
adhesion. However | had only two devices with tee/1I8U-8 and not enough experiments
with those devices, along with the fact that | ldake them at 180°C as well, and feel that
there may not be enough evidence to completeladishie other possibilities discussed.
The final baking can cause PEDOT:PSS to createl poekets of air/solvent that create
little bubbles in the SU-8 (Figure 34). These avehvoles, just semi spherical bubbles and
do not really cause any known adverse effectsda#vices. This can be prevented by
baking before spin coating SU-8 and baking on alhté¢ before any baking in a
convection oven. Thus the final baking was a mtabaate process and is described in

the device fabrication summary.
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Figure 34 : PEDOT:PSS electrode with deformation due to bubble formations , between the
PEDOT:PSS and the Su -8 layers, being used in experiment with MDCK cells.

| also fabricated devices that had micropillar ctinues on the working electrode ¢
the experiments i€hapter 8. The fabrication of these devices was the samerabdi
regular devices. The only difference is the magdusr the lithography of the -8 must
include the pattern for the pillars. | used two ksa® a single lithography step but t
separate exposures. One mask had the originatadegbattern and the second «

exposed only the square pillars on top of the ededet
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Figure 35: Micrograph showing 7 pm x 7 pm SU-8 micro pillars placed 7 um apart fabricated

on Au electrodes.
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Au electrode devices were made using a lift-offigesss. First a glass substrate was
cleaned thoroughly using acetone, methanol angrgpanol. It was then cleaned using a
oxygen plasma for 3 min at 180 W. The substratetivas coated with S-1818 at 3000
RPM for 60 s and baked for 1-2 min on a 95°C ha¢pl@he resist was then exposed under
the appropriate electrode mask for 10 s in the MA-&as then developed ina 1:1
microposit developer and RO water solution for &hd thoroughly rinsed with RO water.
First 2 nm of Ti are evaporated onto the surfatlevi@d by 60 nm of Au (using Plassys
MEB) and then the device was left in acetone fo~3D min, with the beaker in a 50°C
water bath. The beaker was removed and sonicatdltnasonic bath for 3 min. The
device was then removed and rinsed with acetonesangropanol. After a oxygen plasma
clean (180 W, 3 min) the device was coated with&&005 at 3000 RPM for 30 s and
baked for 20 min on a 90 °C hotplate. The SU-8tasas patterned using
photolithography in the MA-6 (35 s exposure, depelbin EC solvent for 1 min and
rinsed in iso-propanol) to define the electrodedeins, contacts of the device and the

micropillars if required.

3.2.5 Attaching Wells and Preparing Connections

The PEDOT:PSS connection ends were coated witbrsibnducting paint to help
the contact with the device connector pins. Thisdseo be baked on a hotplate at 50-
80°C. Later this coating was also not required drimgan usingZEBRA” elastomeric
connectors on the PCB. The wells were attachdgetaevices using silicone glue which
was non-toxic to the cells. An epoxy resin wadatit used in some of the second
generation devices on the outside to give mechbsiiength but due to its toxic properties
was not used in the third generation of the deviegmlly the devices need to be rinsed
with 70% ethanol to sterilize them. This was doyeimply adding the solution to the
wells using a pipette and leaving it for 10 s, themoving it using a pipette and leaving
the device to dry. Just before any cell experimigrgt,devices were exposed to oxygen
plasma (120 W, 1 — 2 min) in the asher. This wilevi@d by any protein coating if
needed and then cells were seeded.

3.2.6 PEDOT:PSS Device Fabrication Summary

This is the final fabrication procedure used atehd of my work:
Substrate Cleaning

1. Clean the substrate using acetone, methanol afatag@nol for 3 min each.

2. Clean the substrate using oxygen plasma at 180r\& ri@n.
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Alignment Layer and Lift Off

3. Spin coat S-1818 photo resist at 3000 RPM for 60 s.

4. Expose the resist in the MA-6 with the alignmensknfor 10 s (7.1mW/cA).

5. Develop the resist in Microposit developer (dilufed with RO water) or MF 319
developer for 60 s followed by rinsing in RO waded drying.

6. Evaporate 30 nm of Al onto the sample surface uBiagsys MEB

7. Leave the sample in a beaker of acetone. Pladeethieer in a 50 °C water bath for
30 min.

8. Place the beaker in a ultrasonicator for 3 miratilthe excess metal has lifted off
the surface.

PEDOT:PSS Layer

9. Clean the substrate in fresh acetone and iso-pobpan

10.Clean the substrate using oxygen plasma at 180r\& fiain.

11.Spin coat PEDOT:PSS (Orgacon S305) at 1000 RPMG&

12.Bake for 30 s on a 95 °C hotplate

13.Spin coat a second layer of PEDOT:PSS at 1000 Ri?KA(f s

14.Bake for 5 min on a 95 °C hotplate

15. Spin coat S-1818 photo resist at 3000 RPM for @dsg. a primer coating if
adhesion is poor.

16.Bake for 1 min on a 95 °C hotplate

17.Expose the resist in the MA-6 with the electrod#gya mask for 10 s

18. Develop using only Microposit developer (diluted)ifor 60 s, rinse in RO water
and dry. DO NOT USE MF319 as the byproducts wild@e the PEDOT:PSS and
cause the required pattern to lose adhesion and tiue quality

19.Expose to a 5% bleach solution for 10 s and theserunder flowing RO water till
all the exposed PEDOT:PSS is stripped away.

20.Rinse in acetone to remove the S-1818.

21.Bake on a 95 °C hot plate for 5 min to help remang solvent that may have been
absorbed by the polymer during fabrication. Follgswvith 5 min baking in a 120

°C oven.
SU-8 Layer

22.Clean in oxygen plasma for 30 s at 80 W.
23.Spin coat SU-8 3005 at 3000 RPM for 30 s.
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24.Bake on a hot plate at 95 °C for 20 min

25.Expose the resist using the MA-6 with the contacis electrode pattern mask, for
35s.

26.Perform a post exposure bake for 1 min on a 956@l&te.

27.Develop using EC solvent for 1 min. Rinse usingpsopanol.

28.Bake the finished device on a 95 °C hotplate forib, followed by a bake in the
120 °C oven for 5 min and a 2 min bake in the 18@¥Yen.
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3.3 Instrumentation: Design and Development

The impedance measurement kit was designed antbgedeby myself and was an
important part of the project. It went through mamanges and alterations over the course
of my work. The final setup used a commercial ingrex measurement instrument along
with self made software and hardware and is sunz@at the end of this chapter.
Initially 1 tried to develop a system for impedameasurement using a NI data acquisition
(DAQ) device PCI 6221. A PCB was designed to conhtiexdevices and also provided a
high pass filter, attenuator and an amplifier fa teceiving end. By applying a signal
which was the sum of sinusoids at different freques) and performing a fast Fourier
transform on the received signal, it was possibleéasure multiple frequencies at very
fast rates, without having to generate them seglgrad Labview program was made to
perform all the tasks for generation, measurentening and display. This setup however
suffered from the fact that the DAQ could not bedufor frequencies higher than 25 kHz
as its maximum sampling rate was 250 kS/s andg#desamples were taken per period,
the accuracy of FFT was reduced as well as theativeeasurements. | felt that | needed
to look at a larger bandwidth. The lower frequespgctrum is important for the
electrochemical analysis of the interfacial impemawhere the Warburg impedance and
impedance of the interfacial capacitance are higliiégher frequencies (up to 500 kHz)
are useful for cell impedance measurements. A twe @onnection was inappropriate for
the accuracy required for the experiments as fessifrom cable parasitic and contact
resistance. Thus | started to use a proper Impedanalyzer (Agilent 4294A) with proper
4 wire sensing (Kelvin connections) which removes dable parasitic and contact
resistance. It also allows us to place a multiplexeuit in the connection path to the

device under test without too much adverse effiectbe results.
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Figure 36: The setup with the Agilent 4294A in the lab.

In time | also used a Quadtech 1920 LCR meter tasue from 2 Hz to 1 MHz
as the Agilent analyzer’'s minimum frequency wa Hz (maximum of 11 MHz). It
allowed me to have two setups as | was lookingedsuaring humaembryonic stem cell
differentiation whilecontinuing my MDCK experimen.
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Figure 37: Measurement Setup

The measuremeisetup has four components as showhigure37. The first is the
LABVIEW program created and run from desktop PGsTgrogram controls aof the
equipment, records the measurements and storesinifdes and folders named accordi
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to the experiment and the well measured. It alloargfiguration of the hardware and the
experimental parameters such as measurement tinoglgpevoltages of the signals,
bandwidths of measurements etc. The program witldseribed in detail after the

hardware which constitutes the rest of the setagldeen described.

The second component is the national instrumengsatguisition (NI-DAQ) unit
which provides an interface between the hardwadetla® LabView program. Multiple
ones were used (PCI 6221, NI-USB 6211 and NI-USB%throughout my work
depending on where | was working and with whichadetquipment. It does not make
much of a difference as they simply provide logipot and ADC conversion if the sensor

data was utilized.

The third component of Figure 37 is the impedaneasurement instrument which
is either the Agilent 4294A or Quadtech 1920 LCReaneBoth instruments work using an
auto-balancing bridge (Figure 38). The auto-balagbiridge techniques allow us to
measure impedance with frequencies up to 110 Mz avé terminal connection. The 4
terminal connections are based on the Kelvin caimremethod whereby separating the
current and voltage measurement cables we redacfércts of stray parasitic and cable
impedances (the voltage cables carry very littleent reducing the effects of series
resistance etc). The signal source will generateentithat will pass through the DUT (Ix)
from the Hc (high current) terminal. The Hp (higbtgntial) terminal is isolated so that
accurate measurements of the voltage (Vx) can ferpeed. The current Ix flows into the
Lc (low current) terminal. If there is any potehtgg@nerated at Lc this can cause stray
capacitance to be formed between it and the gréaading to errors. The null detector
creates a feedback loop that has a virtual grotitftea_c terminal. This null detector can
be a differential amplifier in a voltage followenrdiguration but for accurate
measurements above 100 kHz the circuit is more Goatpd and not discussed here. The
current Ir will flow through the Rr (range resistand balances Ix. By measuring the

voltage drop across Rr we can measure the cumehfirad the impedance of the DUT.
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Figure 38: Auto-balance bridge

Measuring impedance can be complicated and depgodithe actual impedan
value of the device under test (DUT) and the fregyethe problems vatas does the
method of connection for the 4 terminalso.The cable connection configuration can
extremely important for the accuracy and precisiorhefrneasurements over the en
frequency rangelhe configurations will affect the accuracy of theasurements eith
for the range of the impedar or the bandwidth of the test signit can be pretty
complicated to find the right kind of configuratiand in many cases, where |
theoretical convention failed me | resorted tol aiad error by measurira self designed
calibration PCBThe PCB was a replica of the electrode patternthidevices wh

discrete componestSMD component package type used was ).

The typeof configuration | aimed for was the four termimpalr which also uses tt
cable shielding to form a loop for the return cotrd his allows us to cancel mutt
inductance betweethe cable as the signal current flowing throdghdores is opposite
direction but same in magnitude to the return eurflewing in the shieldThe
configuration is supposed to cover a wide rangenpedance values mQ to 10MQ) and
in the requied bandwidth (20 H- 1 MHz).Eventually | also found that connecting
ground of the multiplexer to the cable shields keifith noise reduction. The cabl
themselves have a finite length along with interealtance and inductance that a
affect hie cabling. In the case of the Quadtech LCR mitleasinternal settings the
compensate fotm length coaxial cable inaccuracies. In the casleeoAgilent impedanc
analyzer the cables were longer (extensions attiche to the instruments size shape
requiring it to be placed in a manner further friira cable port of the incubator. This I
some adverse effects aFigure 39 demonsdtes the large error above 1kHz. In some
experiments | have de the analysis with a bandwidth from 40 Hz to 161z KkMatlab

scripting) without any adverse effects as the imi@tion above 100 kHz is not essentie
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was able to reduce the error to a satisfactoryl later using calibration procedures in the
impedance analyzer. However calibrations to a restandard did not necessarily remove
all measurement problems over the entire bandwidik.cable configuration (even with
calibration) is dependant over the impedance vdbegsy measured and the bandwidth.
Certain cable configurations work best for larg@@&tance values at lower frequencies but
are inaccurate for impedances at higher frequeniigare 39 shows measurements plots
of a 51 K surface mount resistor on the calibration PCBgiflire Agilent impedance
analyzer. The blue plot shows the PCB directly emted to the instrument (no 1 m cables
or multiplexer). The measurement is accurate anftéguencies above approximately 500
kHz it shows a small change (negative) in the philis is likely due to the parasitic
capacitance of PCB pads that the resistor is saidden. The red plot shows the
measurement of the same resistor but with theroglalpplied and the multiplexer as well.
After approximately 100 kHz the impedance measurgrsieows inaccuracies. | found that
calibrations would improve the higher frequency sugaments but at a loss of accuracy at
lower frequencies or with some noise being obser&éthis point we can consider that
our measurements are of parallel resistor and d¢apaacuit. That means higher
impedance at the lower frequencies and lower impeglat the higher end of the
bandwidth.

h
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Figure 39: 51 kOhm measurement results with the cal  ibration PCB inside the incubator and
connected through the system (System) and the PCB ¢ = onnected directly to the

measurement instrument using a adaptor close to the ports (Direct).
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Thus | measured the impedance of kOhm resistor in parallel with ¢ nF capacitor
(SMD) on the calibration PCEHFigure 40shows the results of the measured values o
circuit and the impedance results calculated fromathematically modeled circuit wi
the same values. The results show an excelleatd prove that the accuracy of t

system ovesuch impedan« conditions is good.
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Figure 40 : Plots of the measured and modeled impedance value s of a circuit with a 51kOhm

resistor in parallel with 1nF capacitor.
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Figure 41: Measurement configuration and parasitic elements.

The overall system configuration is showrFigure 4l1along with the possibl
parasitic coupling and cross talk paths expectdzktpresent in the multiplexer PCB. T

cross talk between channels of the ADG726 woulthbreite in comparison to tt
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inductance and resistance of the PCB traces antbtifding between electrodes etc. These
values may not be measured as easily as | would liled but by measuring known
elements (calibration PCB) | felt confident in tlesults. When considering the
PEDOT:PSS electrodes own resistivity and the fzat the material would not behave like
some ideal metal, the errors were small, and cagrimeed. What is important is that the
measurement system should be able to measure agovell in the mega Ohm range for
frequencies below 1 kHz and below 100 kOhms atdriffequencies (conforming to the
impedance spectrum of a typical capacitor andtase in parallel, which is what

corresponds to anticipated values in the cell nreasent).

Finally the fourth component in Figure 37 is theltmplexer (MUX) circuit (Figure
42) which allows measurement of multiple wells aha time. This circuit utilizes
ADG726 integrated circuits (IC’s) to connect a@ktlectrodes to the measurement
equipment. Initially | used the ADG904 (4:1) muléper IC’s which provided very low
‘ON’ resistance and bandwidth up to 1 GHz. This beer limited the number of
experiments | could perform at a time and was latrilj the second generation devices.
After | realized that | required more wells, | sefied to the ADG726 which has a good
bandwidth (-3dB @ 34 MHz) for our requirements amtkecently low ‘ON’ resistance (4
Ohms). The ADG726 is dual 16 channel analog metigt thus allowing four 16 channel
multiplexing using only 2 IC’s (for a 4 probe Kaivconnection). The current and voltage
paths are joined right after the multiplexer sd @reors due to the IC’s are reduced in the
path. This is another reason why using the foub@method is essential as it negates
effects of the impedance due to the IC’s in thé gahilar to what happens to cable
parasitics. The IC’s are powered with a 2.5V ard.@V supply. The circuit is connected
to the main power supply and NI-DAQ units via a BB@nnector. The main power
supply is a DC power supply that provides 12V, -E\ a ground. The circuit has its
own power supply regulation (using Low drop outulatprs LDO’s) so that it can provide
5V,-5V, 2.5V and -2.5V supplies to IC’s and sensoard. The NI-DAQ provides all the
logic for the multiplexing and all the IC’s are ¢mtted to the same 4 bit data connection.
This way each MUX is configured for the same inputput for each measurement. This
can limit the device design but provides a simpl€B layout and reduces the chances of
creating errors due to logic and programming. P& was made on a double sided
board, meaning it was not possible to shield taeks. However the paths from the point
where the high and low contact would join (aftesgag through the IC) to the contacts of
the device were not very long. Ideally it woulddmod to have some form of four layer
PCB with ground planes above and below the trankissaparate contacts for each voltage
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and current wireResults shown iFigure 40show good accuracy over the requi
frequencies and around the expected impedances. Therefore | did not spend mc
time improving the PCl

The circuit board also has a sensor board whiclaltesperature and humid
sensor, outputs of which arent through the DB25 connector to the ADC’s of Iii-
DAQ unit. This was used initially to understand the effedtemperature and tf
surroundings especially when the incubator door oyeEned frequently by other use
Later once | started using a cainer to cover the device (aedded up usingn incubator
exclusively for my proje) and the circuitit did not matter much. The power supply ¢
the sensors were on separate PCB’s which coultbtied easily using board ed
connectors. This alloweme to play around with my multiplexing switch PC8styn
without having to constantly redo the power sugpéiad sensor circuitry. The MUX boe
is also the connector for the device. For the segameration devices this was a horizo
board edge cone®or and the device was simply slotted into it.dratith the -well
devices, | changed to something more differentleedlmany mechanical failures due
scratching of the device connections (PEDOT:PSSamdgilver paint). | designed tl
PCB such thiait could host pins that were bent (allowing famachanical spring actiol
that would connect to the device and were tightdnefibrce applied with screws on t
PCB. Later the pins were chéd togold “ZEBRA” elastomeric connectors that tr
alloweddirect connection to the PEDOT:PSS layer withosetrieed for silver conductir
paint.

Figure 42 : Multiplexer circuit board, layout (left) and hold ing a device inside the plastic

container.

The LABVIEW prograrrdiffers for the two impedance measurement syster
how it collects the data, but overall is the sam&ims of storing that data and hov
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displays it. Initially it will configure the instraent and save all the configuration details in
a file (“expparam.txt”). The program creates a &oldith the experiment name (set by the
user) and saves the configuration data file in fiblaer. All the files for the particular
experiment will be saved in the same folder. Thiextremely important for all the
MATLAB scripts that are used to generate differgiraiphs and analyze data (results
section) as all the scripts have a general methémhding the data into memory before
processing it. It will then move into a while lotpmat will have its iterations separated by a
time gap which is set by the user. This time gapesdelay between each measurement
and must be larger than the overall time takerhkyiristrument to complete measurements
of all 8 wells. The total time taken depends onttial number of frequency points that are
measured and at which kind of accuracy setting ¢@h 1920 has different modes of
accuracy that affect its measurement time per #rqy point). In most experiments the
number of frequency points was set to 50 and alsetféor the minimum delay was 5
minutes. The program will end once the user stobpshtire program from running. The

configurations cannot be changed once the progesstarted.

Inside the while loop we have sequences whichrooee after the other.
Each sequence will first set the logic for the mpldixer to connect the appropriate
electrodes to the instrument. Then the instrunmeenélled upon to measure the data and
pass it on to the program which will then arrarfgedata to be sent for graph display and
file storage. Each while loop iteration will alsave the data files to a network location
specified. This allows me to monitor my experimdndsn any location. The length of
each experiment can be long and the program nedus paused or stopped when media is
being changed or pictures taken of the cells. hébthat if the program is paused and run
over the entire duration of more than 2 days, tec&n run out of memory and the
program crashes. This is a problem (possibly dubd@raphs being displayed) as
memory is not being used in a efficient mannerhBes there is a need to specify memory
release however this would not be possible if tlzgid was being used to display graphs. It
was not an essential requirement and | proceedathiply stopping instead of the pausing
the program. The folders were separated by nun#tehe end of the experiment name

and the data was later put together using a MAT Is&Bpt.
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Figure 43: MUX PCB holding the device inside the co  ntainer. This is the final result of all the

fabrication and system design work which sits insid e the incubator.

3.4 LABVIEW Software Design:

| used Labview to create a control program forrtteasurement devices and experimental
setup. There were two different instruments udeel Quadtech 1920 LCR meter, and the
Agilent 4294A Impedance analyzer. This required tifterent programs as the LCR
meter did not do frequency sweeps, thus the prodpaaito cater for this. For the
impedance analyzer, it only needed to be providig tive input parameters and triggered
for each frequency sweep. Then the data can baatett and the iteration repeats once all

the wells have been measured.
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Figure 44 : Screen shots of the Labview pr ogram. (Left) Front panel, (Right) block diagram

window.

Figure 44shows the screen shots of mainprogram. The front panel contains the t
inputcontrols and the graphs to display the data whieeixperiment is being run. T
block diagram contains all the Vls (virttinstrumen}. The Vs for the interface betwe
the PC and the instruments were taken from theoNatiinstruments database. se were
then used to create my o VIs that were part of the maprogram. The program starts
storing all the user input information (voltagend started, folder name, total numbe
frequency points etc) and stores them in a filggparasetup.tx§’which is essential fc
the MATLAB scripts to generate the graphs. The pogwill then enter a loop (this ol
will continue till the user presses stop) wherertteasurement, graph generation and
storage VIs will perform their functions. The mekement VI has the Vs th
communicate with the instrument via GPIB protoaud also provide the logic for tf
multiplexer via a NIDAQ (National Instrument Data Acquisition) hardwalevice. Thes
are run in a loop until the final well is also mee] ad the data is stored in arrays t
are passed to the main program once the iteragiensompleted. In the case of the L
meter, a single frequency is measured, the frequsnthanged and the measurernr
started again until the final frequency is nured before the multiplexer switches
another well. Once all the measurements are dbaajat will be passed to the graphs ¢
data storage VIs which will display them in therft@ontrol panel and store the data in
respective files and folderThe network upload VI will store all these filestora network
storage drive so that the data can be monitored &oywhere. Once this is all finishe
the main program will wait till the delay periodtiveen each measurement iteration
the experimenhas elapsed before beginning another one. The vpinotgam will stog

only once the user requests it. The graphs carebergted using the data files ¢
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MATLAB scripts. The curve fitting algorithms andrgats also use the same files
analysis.

Input
Parameters

- Initialize

Measure
single
frequency
Store Data

Change
frequency

Equal to Array in

Final Memory
Frequency?

Process
Data

Figure 45 : Flow diagram for the Labview program to control t he 1920 Quadtech LCR meter.

3.5 Curve Fitting Using Complex Nonlinear Least

Square Method:

Regression analysis helps to understand the charagdependant variable tc
independent variable by keeping other independerdhlas constar A Regression model
will relate the dependant varialY to the independent variab¥eas shown in equaticin
Eq. 18, wher¢ are the unknown paramett

Y ~ f(X,B) Eq. 18
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Non-linear least square method is a type of regresmalysis that tries to minimize the

sum of the squares of the residuals (Eq. 19).

Eq. 19

SB) = ) i~ fxu I

The Levenberg-Marquardt algorithm most commonlydusesolve the problem of
minimizing the function. The method is iterativedanill vary each parameter separately
till it finds the minimum residual. In complex ndinear least square (CNLS) complex data
is used to find parameters of a complex functitmirhplementation in MATLAB is not so
straight forward and the real and imaginary pamssalit into two parts but form the same
array. The real parts are placed first (assomember of elements) and the imaginary
parts of each of th" real part is placed at+k in the array. This is then used as a single
set of data for thisgcurvefitfunction of MATLAB and the complex results of theaction
being fitted are placed in a similar manner iroitg function file. It is important to make
sense of the results of the curve fitting as onstmealize that the numbers could be
simply providing a good curve fit but not necedgaralistic values. Some of the
unknowns can be calculated (suciraandR;) and be used as initial conditions for the

curve fit with some limits applied.

3.6 Summary Of Instrumentation Setup

The final kit was based on around a Quadtech LCRintleat connected to the
fabricated device via a multiplexer circuit. Theltiplexer circuit allowed 4 probe
connections (Kelvin connections) by having four npléxer for each current and voltage
line. The connections would join just before theaheonnector that would touch the
connector pattern on the fabricated device (thespaint coated ends). This was not ideal
as there would be contact resistance, howevemibved impedance due to cabling and the
multiplexer IC’s sitting in between. It was limited such due to PCB design constraints
and can be improved in the future by simply addimgge contacts and separating the metal

traces at the contacts. The setup could measuneérhgedance values (approximately up
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to 3 MQ) below a frequency of 100 kHz and low impedan@p aximately under 50¢k)

above that frequency.

The multiplexer circuit board also acted as a meah housing for the device and
had its own power regulation, requiring only pagtand negative 12 voltage inputs (along
with a reference ground) and digital logic (froiMational Instrument data acquisition
device). The multiplexer circuit was the only compnt from the setup that required to be

placed inside an incubator during an experiment.

A software program (made using Labview) ran theekit, measuring each well of
the fabricated device. The software provided vemmin voltages, biasing, and timing of
the data acquisition. It also allowed the datagstored continuously onto a network drive
for external access. The data was analyzed usinigscripts which could generate

graphs and perform curve fitting to custom mathé&abhimodels.
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Chapter 4 Early Experiments

During the course of my work performed quite a few experiments that would |
me gain confidence in each step as | went alomgzeShe fabricatiorthe electrochemical
impedance, and the cell culturing are all relaiteid,important to alleviate oursees of any
conflicting thoughts else it could affect the othealyses as well. These experiments

presented here.

4.1 Fabrication Chemical Test:

In order to insure that the chemicals involved infdi®ication process did n
degrade the polymer, | performed a few tests tordest happens to the polynm
impedance when exposed to them. The experimeritad {Figure46) was simple and not
the most accurate but helps provide enough infoomatbout the effects of the chemic:
whether they totally degrade the polymer or havgigible effect orit. The experiment
was done using strips of glass substrates coatibdREDOT:PSS. The ends were coe
with silver conducting paint and soldered with witeat were connected to an impeds
analyzer. A cubff from a tube was glued onto the centerha strip fully covering the tw
edges. Measurements were started and the chenmasgboured just enough to cover
PEDOT:PSS layer. The end values showTable 3are the measurements ai

approximately Imin.

Plastic Tube
Wire xz

Silver Conducting  PEDOT:PSS
Paint

Figure 46 : Chemical test experimental setup.



Early Experiments 87

Chemical |Z| @ @ 20Hz, Start |Z|Q @20Hz, End (after 1 min)
Acetone 1269 1296

Bleach 1667 349140

Microposit Developer 1000 1309

RO water 1558 1645

Table 3: |Z] measurements of conducting polymer str  ip exposed to chemicals.

There is the possibility that current will travietough the solvent as well, especially in the
event the PEDOT:PSS strip looses its conductivatggch). Nevertheless the results can
be indicative of chemical behavior. RO water an@tdoe do not do anything significant
but the Microposit developer does increase thetiggy slightly, and the bleach shows
expected results due to its oxidative behavior.eDlaions during fabrication tell me that
the byproduct produced while developing S1818 @#dicroposit developer) cause
serious oxidation of the PEDOT:PSS. | have notquaréd any tests or experiments to
prove this however | have seen the PEDOT:PSS Ey@osed to the developed S1818
become brownish and shows loss of adhesion. It doeshatter for my fabrication step as

the mask is positive.

4.2 Tests with Saline Solutions and Temperature

Dependance

In order to be certain out about our controls miyithe experiments, | measured the
characteristics of the different media that woutdused over 24 hrs. Interestingly all types
of media used showed a constant change in |Z|.chlaisge would be reset (in all the
wells) when media was changed during cell expertmérhis behavior could be related to:
changes in pH (should not really happen with cdntetlls); absorption of C&(should
probably be a logarithmic change with time as itilddoe a diffusion process [124]);
interactions on the electrode-electrolyte interféggt®uld not happen over such long time
periods); or could be related to changes in comatah due to evaporation of solvent once
placed in the incubator. In the case of PEDOT:R$8n also be due to the polymer
changing its chemical characteristics by absorkiater or ions travelling into and out of

it, its redox state or slow dissolution.

| did some tests using a 0.154 molar NaCl solutioth a Au electrode device to
understand the effects due to possible evaporafisnlvent leaving behind an increase in
ionic concentration, or what happens if | add nmoeglia to the wells. The first one (Figure
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47) shows the impedance of different volumes of @maes salt solution. A higher volun
has larger impedance at the lower frequi showing higher impedance in tFaradaic
path.If we look at the earlier modeling shownFigure 15we can see that the increas
lower frequency impedance with a flattening of phase (and straightening of thyquist
plot) shows that the majority of the incrent here is in the Warburg impedanlf we
consider the finite length Warburg impedance moaled, assume that the Nernst diffus
layer is larger than the height of the liquid ie thell, then this increase in the Warb
impedance can be related tcincrease in the length of the solution. Electretds will not
only travel a path parallel to the surface but gflan out into the solution. Since -
solution is now higher, the path length for thectrle field has increased hence increas

the vdue of the Warburg impedan
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Figure 47 : Impedance of a 200mmolar NaCl solution, 400 pL and 200pL.

Second test | did was to use same vol (400uL) of solutions with differen
concentrations of NaCFigure 48shows the measured impedar with an insert showing
the lines at 10@Hz. The insert shows there is substantial changeilies resistance
well. At both of the frequency ends we can see that l@eecentrations lead to high
impedance. In the case of the lower freqies we would usually analy the Faradaic
path However the impedance due to the capacitandeeadauble layer is in péllel and
will also contribute if it changes. As explaine( 2.2.1and shown b'Figure 7, the

capacitance will increase for higher concentratioinsns. By increasing the concentrat
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of the solution, we have thus reduced the impediThe Warburg impedands also
inverselyproportional to the concentration however lookihgha results of the volunr
experiment above, we can observe that the differéne to concentration is mostly due
changes to the interfacial capacitance. The chaagsfer resistance is not depert on
the concentration of the solution, though neutpalcges and a lesser access to ions ¢

increase itAt higher frequencieit is simply a case of lower concentrations having

Impedance(kohms)

conductivity.
Impedance spectrum
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Figure 48 : Changing the so lutions salt concentration, results of two wells . The

concentrations in the legend show Molar ( Mol/dm 3) values.

Another thing to consider is ttemperature. During my MDCK experime, |
found that the setup was susceptible to temperaharges even the incubator door was
opened for a short duration (5 seds or less). This is highlighted Figure 49. The
temperature shown in the plot is lower byC due to an offset error in my setup. Eve
change of 2°C can cause the impedance to changédoge amount especially in the c.
of Au electrodesThe resistance of a 0.1 M NacCl solution for 3mnst@hce betwee
electrodes) at 37 °C is 2X8and at 35 °C is 234 (calculation shown in Append.i.
Figure 49shows the change in |Z| to be of almost @5ak 100 Hz. That is too large to
due to simply a change in the resistivity of thectlolyte.Figure4S also shows that the
change is dependent on the frequency and largéovi@r frequencies. Hence this
have to do with R Ay and the interfacial capacitance; & all three are dependent on
thermal voltagand hence the mperature. It is therefore expecthat the variation in
temperature will play an important role in the irdpece measureme, especially at

lower frequencies.
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Chapter 5:*G old vs Pedot”: A Comparison
Study

Cell impedance measurement sensitivity is depenaletite characteristics of the
electrode-electrolyte interface. The interfacigd@atance and charge transfer resistance
are the most crucial in this respect. Higher impedavalues due to the two can result in
the noise obscuring the impedance changes due tetls. It also means any
measurements of current/potential at the electr@elesmple the action potential for
electrodes used in neural implants) will have highedance in its path that is undesirable.
(These characteristics are related to the matesid, electrode geometry, applied
potential and the media being used. The media wesing is chosen in regards to the cell
being used and cannot be altered else it couldtattdl growth and behavior. The
electrode geometry can be altered; however we wideddo keep it as small as possible if
we want to focus on single or handful of cells. Thanges due to fewer cells being would
have a larger effect on the measurements and wWaliidin understanding the
experiments. If we prefer to look closer at thdsc#drough a microscope then to see the
entire well plate and having a small electrode siedpinsure that the results are related to
only the area being monitored. The electrode sarfaiea can also be increased using
methods such as platinization to create platinuslglbut this leaves us with a question
about what affect does the surface morphology badewhat actually is the exact surface
area. The material choice for electrodes is cruamal having different available options is

very useful.

We investigated the differences between using PEPSS and Au as electrode
materials for CIS. The basic differences betweenwmo in their physical characteristics is
common knowledge, but the electrical behavior efttho electrode materials under cell
culture conditions needed to be studied furtherliéaesearch had shown the benefits of
PEDOT:PSS for its charge injection capabilities asaelectrochemical behavior. Here we
would like to assimilate those studies and use tteecompare the electrochemical
characteristics of the two materials. The mateaa¢éscompared by analyzing results of a

cyclic voltammetry experiment and looking at thgpedance models of the electrode
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interface.By using complex nc-linear least square (CNLS) curve fit techniquescae
find values for our electrical models of the eledt interface that match the impeda

measurementsom experiments

5.1 Cyclic Voltammetry

The cyclic voltammetry ws done with a Keithly 2400 series source meter.
electrolye used was HEPI saline (HS solutionand a silver wire with silver chloric
coating (AgAgCl) was used as a reference electr The instrument was controlled usi

Labview and theoltage swep rate was 0.1V/sec, ranged frol5V to 0.5V
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Figure 50 : Voltammetry results of (a) PEDOT:PSS electrodes ( and Au electrodes) and (b)

only Au electrode, with HS solution.

The PEDOT:PSS resu (Figure 50 (a)) show an erras the start of the forward and 1
end of the reverse current are far apehis was most probably due to some form of d
and setup of the instrument as it would ree if measurements we started constantly at

quick rates one after another. The second eriteidiscontinuity between the forward
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and reverse paths which can be seen in both grapissis because the setup was not
designed to start again from the same positiveagelfor the reverse sweep but just
continues on from the forward sweep and doesn’tsoneethe first voltage for the reverse
sweep in the manner it should. These features tlnegate the validity of the results and
are accurate enough to support this discussionfifdtgraph (a) shows results from
PEDOT:PSS electrodes and Au electrodes both. Tfexafice in current is so vast (almost
by a factor of 300) that the gold curve looks liké#at line. The current and rate of voltage

change relationship is given by Eq. 20

av Eq. 20

I=C- —
dt

This indicates that for the same rate of changeltidge, the current is proportional to the
capacitance of the electrodes. Thus PEDOT:PSS hagher interfacial capacitance that
requires a larger charging current. This is furi@ven with electrochemical impedance

analysis of the electrodes.

5.2 Electrochemical Impedance Spectroscopy:

Impedance spectroscopy results of Au and PEDOT#&$rodes were used to
find the model parameters that will characterizedlectrodes. The electrodes were of the
same dimensions, with a working electrode areai®dL0* cnf? (230 pm in diameter)
and the reference electrode area being xtf¥, which is sufficiently large enough to
have minimal contribution on the impedance valueasared. The amplitude of the
signals used for the electrochemical comparison2@asV, which is low enough to work
in the linear region of the current-over potentedationship [76, 79]. The amplitude for
CIS measurements was kept higher (80mV) which whafter it was observed to be free
of any noise when measured using both types ofreles. It is small enough to be free of
harmonic distortion and neither caused any adweffset to the cell culture. | have used
complex non-linear least square (CNLS) curve fittia find the values for the theoretical
electrical equivalent model. | have also appliedgis to the curve fit to better evaluate
the results. Initially the model used was a singalpacitor (the double layer capacitance
‘Cql") in parallel with a resistor (charge transferiseence R;’) and both in series with
another resistor (solution plus any other serisstanceRy).

Zelectrode = Rs + - 1 Eq. 21
jwCy + I
t
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Figure 51shows the results of the curve fit to this modehid/the model doe
show significantly close behavior in the real &} and the imagina part (X) of the
impedances, the fit is not perfect. The points redrk and 2 show large deviations (
values are with a factor of ). At point 1 the measured R is lower than the catedl@ane
At point 2 in the plot for R, we can see how theuatmeasurements have higl
impedance in the middle region of the spectrThe phase shows similarity in shape
are positioned differently over the frequency speut It can be judged that ther a

further frequency dependenelement required in the model.

Au Electrode simple curve fit
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Figure 51 : Curve fitting results for Au electrodes with HEPE S saline solution using a simple
model. Blue line (circle marker) is the results of using the initial para meters, the red line
shows the real measurements, and the green (star ma  rked) line shows the final curve fit

results.



“Gold vs Pedot”: A Comparison Stu 95

< 10° Au Electrode simple curve fit
—=—Fits e s
4« Meas Ml 1 x10 .
2 A .
/}‘ % 4\ “:\:
G «f- = K‘ .
= /o G . :
"2 wg‘ é 2y \“‘
L = A R
;E‘: LT —;.g
10 S
N /\1010
TG '
0 ' X ~N 10°
0 5 10 >
Z'Q 5 REAL 0 40°  Frequency
x 10
Figure 52 : Nyquist and 3D plots of the curve fit results. In the left figure the blue line is the

fitted result and the red dots are measured data. In the right pl ~ ot, the blue line shows results

using initial values and the green plot shows the f inal curve fit results.

Parameter Value

Rt (Ohms) 1.73x10

C, (Farad) 2.48x10°
Rs (Ohms) 31.44x16
Avg. Residual 44193

Table 4: Values of parameters used to fit the simple model to the measured data.

This then required me to look into more advancedetsand further i
electrochemical methods and modeling. The Warblenment is quite important ¢
discussed in sectidh2.%. | then focused on the Randles’ circuit (with ardlag element
which is considered to be the simplest model thatides a good interpretation of
electrochemical cell catering for both the doublgelr capacitance anhe Faradaic
components [54]. have used a Warburg element model that assumiedigite Nernst
diffusion layer thicknes:For far more accurate modeling we would requiredinsider the
diffusion model in even more detail and considexredower frequencies in 0
measurements. This was not possible with the tomstcaints and the equipment availe
to me at the timeéAs a figure of merit for the curve fit, | have takéhe mean of th
absolute value of the residuals at each pointexfufency (with the weighting remove
and called this valueAvg. Residual’' TheAvg. Residuabf the new model for e gold
electrode reduces by more than a factor of 25 veoempared to the simple Randl
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circuit used initially. The largest impedance vaitsid.436x1° Ohms for the gol
electrode (at 20 Hz) and ti/Avg. Residualising the new model is less than 0.0rcent of
this impedance value. This allows me to assumethieanev model used is sufficientl
accurate for this analysiThe model used varied slightiyom the original Randle’s circu
as it had a frequency dependant double layer dapaei that is 10odeled mathematically
as a constant phase elem[86] as discussed in section 2.2I7 also provided the be
curve fits as shown iFigure 53 and the Nyquist plot in Figure. 34is constant phas
element behavior could risee to surface roughness (more likely in PEDOT?),
distribution of reaction rates with the many cheshmmpounds present in HEPES sal
and non uniform current distribution paths as tleeteodes are not directly facing ee
other [76, 85]Thus once again, using CNLS curve fitting | fouhd valueor the double
layer capacitanced’ and ' (modeled as a constant phase element, WCq=Q(j)™*
andZc,e = 1/Q(jw)"), charge transfer resistanR, series resistance of the bulk solut
and electrodesRs’ and the Warburg impedance coefficieA,’. Eq.22 shows the total

impedance for the electrode, whw is the angular frequency.

Zelectrode = Rs + 1
w

QUw)" + Y\

i, Eq. 22
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Figure 53 : Plots of curve fitting results (Au electrode) usi ng the Randle's circuit model with

CPE to model the double layer behavior.  The blue lines are the results using the initial

parameters and the green plot in the final curve fi  t results to the data points (red dots).
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Au Electrode CPE curve fit
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Figure 54 : Nyquist and 3D plot of curve fit results (Au elec  trode) using Randle's circuit
model with CPE. In the left figure the blue line is the fitted resu It and the red dots are
measured data. In the right plot, the blue line sho  ws results using initial values and the

green plot shows the final curve fit results

Parameter Value
Aw (Ohms) 9.41x10
Rt (Ohms) 3.16x10
Rs (Ohms) 0.78x16
Q (S.9) 2.12x10°
n 0.95

Avg. Residual 1737.6

Table 5: Values of parameters used to curve fit (Au electr ~ ode) using Randle's circuit with
CPE.

The valuesTable5) of the curve fit to this model are quite interegtiiihe value
of the charge transfer resistance is quite I'This shows relatively inert bavior of the
noble metal in the particular electroh The Warburg impedance coefficient is quite
as well. Itmay simply be reflecting high impedance in Faradai path. We must not
forget that curve fitting is a mathematical procémsg can be roneous and high
influencesour interpretation of the results. From Nyquist plots irFigure 54, we can see

one red marker (data point of mea:d impedance) in between the 6° and 4x16 values
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of Z" as a slight bend in the curve. This maybenalkerror or beginning of the tail due to
the Warburg impedance. It may require further agialysing different electrode
dimensions and lower frequency measurements torltbthe Warburg effect in order to
precisely measure it. Considering these resultetaithin acceptable accuracy standards,
we can however be confident that the Warburg impeel@lays little part as there is very
little charge transfer in any case. This kind ofgNigt plot and behavior is typical of noble

metals [85, 125], even with larger electrodes.

The series resistance is quite low. The Au is rou§@ nm thick and thus will
show some resistivity (resistance of the electradésulated to approximately 15 Ohms,
with resistivity assumed {0=2.4x10° Ohms-m) and the rest can be attributed to the
solution and geometrical spreading resistance. arahteresting value is that nfwhich
is near 1. This shows a highly polarizable surfaweé behavior very close to that of an
ideal capacitor. Again this is not unexpected falole metals and the results give
confidence in the model and the electrochemicalyarsa Figure 55 shows the results of
the curve fit to measured data for PEDOT:PSS ades with HEPES saline. Apart from
the slight deviation at the higher frequency ehd,majority of the fit is quite good. The
high frequency bend in the measured impedance ¢muttle to errors in the measurement
or shows a behavior of PEDOT:PSS (such as indub&avior due to length or low
mobility of charges or even related to the floncbarges in the solution) that is not yet
fully understood by me. This can be ignored asriportant part of the curve fitting for
electrochemical analysis is the lower frequencyspen. Table 6 shows the values of the

parameters found from the curve.
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Figure 55: Curve fit results of PEDOT:PSS electrodes in HEPES
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Parameter

Value

Aw (Ohms)
Rt (Ohms)

Rs (Ohms)
Q(S.s)

n

Avg. Residual

0.057x10
0.016x10
69.9x16

133.2x10°
0.907
934.8

Table 6: Values of parameters from the

curve fit ting results for PEDOT:PSS electrodes using

Randle's circuit with CPE.

Figure 56shows the comparison between absolute impedangal{igsmeasured
with HEPES saline using Au and PEDOT:PSS electroelgsectively. The table Figure

57 shows the resulfger unit areiof curve fit to the model shown Figure 56. Two values

for Rsare shown, one that is per unit area and the athih is the actual value. This

because in the case of PEDOT:PSS, the majoritye$éries resistance will be duehe

electrode to connector length and not necessailidyant to the understanding of |

impedance model of the electrode or bulk of thetsmh. It can also be argued that due
the added resistivity of the PEDOT:PSS, the agiatgntial drop acroshe electrode-

electrolyte interface is not the same anymore. H@aneggiven the fact that we are alree

in the linear region of the current and ¢-potential relationship, the charge trans



“Gold vs Pedot”: A Comparison Stu 100

resistance value will hold true even for smalleltages. Als,, given that the serie
resistance in the case of PEDOT:PSS is less tHathbavalue oiR;, the potential drop
across the interfacial impedance will still be Er¢ghan 10 mV and the difference betw:
the two materials is stisignificantly large. Figure 56hows the comparison betwe
absolute impedance |Z| values measured with HEBE® s1sing Au and PEDOT:P¢
electrodes respectively. The te in Figure 57shows the results of curve fit to the mc
[85, 87] shown irFigure56(mathematically represented in Eq).2the blue lines in the
plots represent impedance predicted by the theatatiodel using the results of the
Each frequency point is marked and thephs show a tight fit to the measured impede
values (the red dots).The results show that thelActrodes are more polarizable and
high values for thé&aradai impedance components of the circuit. PEDOT:PSSreldes
show low Faradaionpedance and a larger double layer capacitandel@ter value o
‘n’, meaning that its characteristics are furthenfrat of an ideal capacitc

6
£ 10 |Z] Gold and PEDOT
3 Zcpe
o Gold ¥
4 —PEDOT |1 R |
. U
E 3 —e
G
=2
1 Rt ZW
1 A, A
0 —_ W
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Figure 56: Absolute impedance (|Z|) results of PEDOT:PSS and A u electrodes ( 230 pm
diameter) with HEPES saline solution and the interf  acial impedance equivalent circuit
model. Z ¢ is the impedance of the frequency dependant double layer capacitance (a

constant phase element). Z , is the Warburg impedance.

Bobackeaet a. have show that PEDOT:PSS has fast charge transport
electrode to the electrolyte and that the polynaey dn excess of supporting electro
which provides good charge transfer capability.ndede-Labradoet al. have discussed
diffusion of ions into the piymer layer due to its porous nature causing a &eqy
dependant Warburg behav[120, 126] The results here are in clcagreement to those
cases, however we must consider that the PEDOTI®B@8here, since it has been s
coated, is not as porous or thick as what they haslgmerized electrochemically in the
experiments. The possibility of excess solvenhanPEDO:PSS electrodes is al

supported by the signs of adhesion loss after pgad exposure to aqueous solve
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during our experimen. The requirements of CIS however, do not necessatagdurthel

inquiry into this electrochemical resear

6 4 )
Element Gold | PEDOT:PSS 5% 10 AU gx 10 —P.EDOTIPSS
——Fit » ——Fil »
cemrle e | TR ] o)
uS.s"fem? - . e KL
n ([dimensionless) | 0.96 0.90 9 3 j,/“}{ \Ogta@s“ 9 4 ;tﬁ \&5"’-'*“’(\
R, (02.cm?) 032 |29.0 N2 of N 2 7
Actual R_ (k) 0.7 70 1 0 f
R, (kQ2.cm?) 13.1 | 0.068 o )
Aw (kQ.s%5cm2} | 39.1 | 0.239 0 5 10 ‘6 8 10 12
22y 20 4o

Figure 57: (Left) Table and (Right) Nyquist plots of curve fit results using the model shown
in Figure 2 for the impedance of both types of elec  trodes. Z’ is the real value and Z” is the

imaginary value of impedance (Z) measured from20H zto 1 MHz.

Table 7shows results collected from three different the$as work D. Borkholc
provide some calculated values and those from Rg Bae aange of maximum t
minimum values measured for his Flex MEA device®tgles made using platinum. \
can see how the results for the FlexMEA'’s vary smim One thing to mention here is t
the models used are similar but the same. While most haveagssthe basic Randle
circuit, the results from my work consider CPE’s tioe interfacial electrodes whi
provide better curve fits if compared to those inTRng’s work, once again emphasiz
the importance of the element itself. While valoas becalculated they may not be
accurate as one may think. As discussed earliantigels for electrodes are by no me
a complete description for what occurs at the ebelet interface. It is also hard to cre
similarities amongst electrodes and thalues when the design and experime
parameters such gsiality of the metal depositiodistance from reference and shape
can change the overall results. The table howewes dhow that vast difference betw:

all those metal based electrodes ¢he PEDOT:PSS electrodes.
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Element Gold PEDOT Pt-bare R. Tang
Measured Measured Calculated Measured
(Borkhold) FlexMEAs Pt-bare

Ci (nF) 2.12 1333 - 2-0.5
Ci (pF/um?)  0.05 3.2 0.7 -
Rt (MQ) 31.6 0.16 - 254- 0.97
Rt (G2 -pm?) 1313 0.006 3.3 -

Table 7: Results comparison with those from Theses by D. A. Borhold [79] (both for
154mMolar NaCl solution) and R. Tang [127] (100mMol ar NaCl solution). The values of C, for
my results shown in Gold measured and PEDOT measure  d are taken from Q assuming it
can be considered as the interfacial capacitance. R . Tang’s results show large variations

even for a similar design but separate electrodes.

5.3 Effects Due To Over Heating PEDOT:PSS

If the PEDOT:PSS based devices were baked at bighdratures in order to better cure
the SU-8, they were prone to degradation and sh@anethalous behavior over the
frequency spectrum. Hence results from controlsaadl three different experiments were
looked at. The devices in each case had a difféireitbake during their fabrication.
These baking temperatures were 120 °C, 150 °C @dQ. Figure 58 shows the results
of an MDCK experiment done using a device that baled at 170°C for almost an hour
before processing for cell seeding. In this expentwells 1 and 2 were the control wells
and the rest had similar number of MDCK cells sdadghem. The impedance spectrum
of the control well (welll) shows how the impedaatéigher frequencies has increased
above that of the lower frequencies making it behaike a parallel RC circuit or a
Randle’s circuit. The impedance measurements awershow how the impedance is
constantly increasing for all wells over time ahdre are large fluctuations at the points of
media change and even when just removed for migpyseneaning temperature variation
Is just as significant. The overall absolute impestavalues of the electrodes have also
increased for a typical PEDOT:PSS device with adew diameter of 50Qm.
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Figure 58 : PEDOT:PSS device heated to 17 0deg for 1 hour to bake SU -8. (a) Impedance
Spectrum of the control well 1 at O hrs. (b)The results of the MDCK experiment show s how
impedance instability increases. Red vertical lines shows med ia change, black vertical line
shows device removed only for microscopy (hence variation in temperature , time delay and

disturbance of th e solution all affect the measurements at this poin t).

These results were some of the last few experintrie and it is possible that
affected by the PEDOT:PSS solution passing itsrgxgate (12 months as specified by
manufacturer)Figure59 shows plots of changes in the control wells (nésgelhe plots
were taken from fouexperiments of different types of devicd$iree of the devices we
PEDOT:PSS electrode devices and was from a Au electrode dev. Since the time
points where media is changed is not consi, the large spikesccur at different tim
points One of the deviswas a Au electrode device, the others were usimg@EPSS

electrodes with different findbaking recipes. Measurements from two frequencie
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shown. The Au electrode shows large but consist@mation at 40 Hz but almost |1
observable change at 4 kHz. The PEDOT:PSS deviteaxinal bake for 10 min at 1°C
shows very little change andttles down very fast when there is a change imkdia.
The device baked at 1°C has more variation in comparison to the°C baked device,
with spikes of roughly 2.5Q. The last device which was baked for much longelr at &
higher temperature sho spikes as large as those shown by the Au deviakatdooth low
and high frequencies. It also shows constantlyemsing impedance after the first init

drop, which is opposite to the Au behavi

Impedance changes in controls Impedance changes in controls
after media changes@4kHz 5 after media changes@40 Hz
— 10min @120deg
0 . 50 ol [[TAu
. ~ 3 — thour @170deg
-—=-10min @150deg

AZ| (k)

0 10 20 30 40 500 10 20 30 40 80

—120 deg
-—-Au

-—-150 deg
{—170 deg

AlZ|Z]

12 24 36 43701 12 24 36 a8
Time (Hrs) Time (Hrs)

Figure 59 : |Z| changing when media is changed. The data was collected from the control
wells of different experiments of known devices, th us the time points of media changes
varies for each device, but the sudden (almost vert  ical) changes in the values are the points
where the me dia was changed for the specific device. = Bottom two graphs show the

normalized graphs (with reference to the first meas  urement at Ohrs).

There is a clear relationship with this instabibkityd the fabrication proce<Table 8
provides values of the absolute impedance (|Zheatwo frequencies. The instability
seen in Figure 59ncreases for the device (at that frequency) whias a higher |Z|. Th
holds for the Au electrode device as wFigure 60shows the impedance spectrum of
three PEDOT:PSS devices. We can see that the desf@sl at higher temperatures h
higher impedance over all frequencies. The devatet) at 17°C for 1hr (used in Figure
58) shows far higher impedance than the other two ésvand also abnormaliin the
curve shapat higher frequencies. This mbe due to degradation of the conduct

polymer backbone, or the morphology of the filmdaghanging (PSS moving to the 1



“Gold vs Pedot”: A Comparison Stu 105

of the film, hole formatin in the polymer layer etchn all cases, we can see that
change is a shift up of the curve, shcg an increment in the ses resistanceRy).
Another thing is tht the changes during impedance measurement over timarges for
the devices with higher base impedance (that ignilial impedance at that frequenc
Now Au electrode also show lar variation at frequencies where the base impedar
higher. It could be that this behavior is more ¢ondth the base impedance then
chemical structure of the PEDOT:PSS devices it

Device |Z| K2 @ 40Hz |ZkQ @ 4kHz
PEDOT:PSS 10min@12°C 23.65 21.2¢
PEDOT 10min@15(°C 33.79 31.5¢
PEDOT 1hr@17(°C 70.48 68.4¢
Au 237.5 4.78¢

Table 8: |Z| values for the devices at 40 Hz and 4 kHz.
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Figure 60 : Impedance spectrum of all three PEDOT:PSS  devices (control welll). All

measurements are from the beginning of the experime  nts.
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Parameter 120 °C 150 °C 170 °C
Aw (Ohms) 220x10 162x10 133.38x10
Rt (Ohms) 30.5x16 9.88x10 29.38x16
Rs (Ohms) 19.3x16 31.4x16 68.6x10
Q(S.9) 1131x10° 715x10° 559x10°

n 0.89 0.95 1

Avg. Residual 51.04 105.6471 4560

Table 9: Curve fitting results for the three device s at the beginning of the experiments. Avg.
Residual values show the devices are becoming diffc ult to fit to the same model for higher

baking temperatures.

Table 9 shows the curve fit results for the thrE®BT:PSS devices. The data to which

the fitting was done was taken from the first measwent (shown in Figure 60) of the
experiment. The Avg. Residual is higher for the thewices that were baked at 150 °C and
170 °C. For the device baked at 170 °C, the fitttnwgyorse due to the odd trend after 10
kHz which is far from the model used. In the ottvew cases, the capacitan€@) {alues

are really high and in the case of the 120 °C dethe curve fitting gives varying results
depending on the initial parameters and restréirigacts in the nyquist plot suggests that
the proteins in the solutions have an effect. Igghbse measurements should be done in a
simple NaCl solution. The results show trend of@asing series resistance,increasing

value, and a decreasing capacitance for highengakmperatures.

This limits the final bake temperature and timeahhtan be problematic as the possibility
of device failure due to Su-8 adhesion loss duangxperiment increases. The adhesion
loss could also be due to the Su-8 being expireddyrhowever a final bake above 150°C
will alleviate the problem significantly. It may Itiee Su-8 adhesion to glass itself or it

could possibly be due to PEDOT:PSS absorbing legsantities of water.
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Chapter 6:MDCK Experiments

6.1 Cell Growth

There are two things that need to be considerezhwhblls are grown. One is that
when the cells are seeded and successively groat,iwkhe difference in results when
they grow over the measuring electrode alone areghwihey grow over the entire well?
Secondly what kind of a difference does it makevieen simply adhered cells and those
that make tight confluent layers. In order to die tthegan my experiments by
containment of the cells on and around the meag@iectrode. This was quite tricky and
after some well design changes (used square wslisad of round) and the use of Ibidi
cell culture inserts, cell death was avoided. Txgeements were performed in an
incubator set to 37°C with a 5% carbon dioxide emment. For all cell experiments the
first steps were to rinse them with a 70% ethaohlteon followed by a rinse with HEPES
saline and the then the media that was to be Uisieére was a need for a poly-L-lysine
(PLL) coating (or anything else) this was doneratie HEPES saline rinse. If culture
inserts were to be used, it was important to letstirface dry out to allow the inserts to
stick to the surface, and then all the compartmensed with the media to remove any

excess salts.

The first set of results that will be discussedendone using the second generation
devices. MDCK cells were seeded for 24 hrs usiniiinserts placed in such a way that
the reference electrodes were kept out of the mutthamber of the inset. This allowed
seeding of cells directly on and around the worlgtegtrodes. The inserts were then
removed and the measurements over time were stdtiednedia used was DMEM and a
PLL coating was applied. Figure 61 shows the @ltbe start of the measurements. At
this point there were very few cells on the edgthefreference electrode. The experiment
was performed over 5 days, Figure 62 shows thdtsesu
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Figure 61 : Well 1 and 2 measuring electrodes, 24  hrs after cell seeding . The red circles show
the boundary of the working electrode and allthe a  rea outside those circles is covered with
SU-8.
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Figure 62: Results of an MDCK experiment using the 2 " generation devices and culture
inserts. The |Z| values are normalized to the initial impedance and phasev  alues of
electrodes without cells.  Well 1 was seeded with MDCK at O hrs  but the cells failed to cover
the electrode completely. Well 2 also had MDCK'’s seeded and well 3 was the control.

Welll and the contr well (Well3) show sudden rise and fall in the |Z

approximately 5@irs. This change corresponds to the change in thearaed the initia
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temperature variation of the media. Even thoughtbdia was pre-warmed, the time
between seeding and starting the experiments ishwt enough to keep the media
temperature from dropping from 37 °C. Welll howestlees not show much about the cell
growth and has failed as for some reason the eeller covered the working electrode
surface very well. Well2 shows a change after atrB0shrs. At 56.3 hrs, again there is a
very odd variation which corresponds to the meti@nge. However instead of |Z| having
a rapid rise and an exponential fall, it nearlyctess the initial values of |Z| near 200
kohms and then rises once more back to above 2at&kat 60 hrs, approximately taking
4 hrs to return to the values before the mediaghalRurther on, |Z| and phase then seem
to be changing in a fashion similar to before tregla change, as if to show that if the
media change was not done it would have continmedithout abnormalities. One
explanation here would be that when the devicetaleen out for a media change, the cells
were exposed to a change in temperature by monelldRC (room temperature was 22°C)
which could have been adverse. Another possibdithat the media change was turbulent.
Perhaps this caused the cells to react by redul@igtight adhesion to the surface if not
totally loosing it. The media change and microsctmmk around 5-10mins and the device
was placed back in and measurement started onee Aiber those 4 hrs the growth has
returned back to normal. Figure 63 shows the cellvth over the measuring electrodes
and the center of the wells. Cell density is exegbnmigh over and around the measuring
electrodes but sparse over the edges of the referdactrode. The difference between
Welll and Well2 is that the cells have not complespread and covered the measuring
electrode of Welll as they have in Well2. The cdbbsnot seem to have made a healthy
looking confluent layer either over the measurilegiode. It might explain why the

impedance measurements of Welll do not show muahgeh
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Figure 63: Cell growth after 3days

Then we need to consicwhy in Well2does |Z| begin falling after hrs. At the
end of these measurements, the media was remodati@wells were rinsed with F
using 0.5 mL of HSFigure64 shows the results of the rinse. The cells weréaihyjt
seeded on the right side area of this picture. Grew most confluerthereafter and made
a tight epithelial monolayer which lost adhesiornie substa. Eventuall) the cells would
have Ist adhesion to the surface as the light rinse waagh to displace them and tr
were floating in the media as can be seen by theedaatch in the middle of the pictu
Interestingly the cells that are still growing oviee reference electrode aiot at the same
stage as the cells that have lost adhesion. Thaynce to grow and are still attachec
the surface and the tissue which thus is floatimgattached on one end to the refere

electrode.
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Figure 64: Well2 after rinsing with HS . Reference electrode is in the left half of the pi  cture

and has cells adhered to it.

The resultshow that cell growth over the reference electisd®t as important ¢
the need for a tight confluent layer still attachedhe mesuring electrodin order to see
relatively large observak changes in |Z|.ooking at the control well we can see t
variation in phase due to media change is only pmentover allfrequencies by a similar
factor (remember these results are normd). These variations due to media chanare
discussed in sectidnZ.

| also fabricated interdigitated electrode deviaed did experiments ug MDCK'’s with
them. Some pictures of the experiment are shovFigure 65 The PEDOT:PSS strips ¢
be seen as shades of gray lines. While thesices are good to measure changes ove
entire well, it is harder to relate the electrichnges to the optical observations as the
too much area thad relevant. The electrical changes are also snyadlecell as the overe
electrode area becces rather large. Due to this | returnedisingthe single measuring
electrode device.
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Figure 65 : Point 4, day 7 pictures of both wells  (Welll left, Well2 right) .

To investigatehe comparison experimentsMDCK proliferationwhen using Au and
PEDOT:PSS electrodethe3™ generation devices were us@tie electrodes for the:
experiments had an approximate area of = cn¥, that is a 500 pn diameter window
Figure 66 bBows results of the CIS setup measuring all 8 wedisg PEDOT:PSS and #
electrodes. Well 1 and 2 (both black lines) aremdnvells in each case and the rest of
wells were seeded with approximately 8 »° cells. The results show real time impece
changes due to the cell coverage on the electiadi®ce. The plots show the difference fr
the initial impedance values, thalA|Z| andA6 (phase angle)nitially the cells begir
attachment to the substrate and start coveringldatrode whichauses a considerat
change in the phase but the total chancA|Z| does not look significa. This behavior can
be attributed to a more capacitive effect as aslecage acts like a capac. After
approximately 20 hr&@3 hrsfor Au electrode results), the cell growth incresaard cells
begin to achieve confluence which cauA|Z| to increase as the cekll junctions restrict the
current flow and cause higher resistance in thk. In the case of PEDOT:PSS the ph
changes due the cells, at this frequency, is increagingbative where as the experiment v
Au electrodes shows increasingly positive phasaegés This is a rather interesti
variation.A|Z| for both devics are constantly decreasing initially and shwudden changes
right after media is change. The change after tediz is changedhas a trend similar that
observed at the start of the experiment. This cmean it is related to chemical change
the media over time. This could be due to pH/chel changegdue to buffer etcover time.

Judging from observation of the control wellssitikely to be due to changes
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Figure 66 : Results of MDCK experiments using PEDOT:PSS and A u electrodes . Data at 1
kHz of all 8- wells is presented. Values shown are the changes fr  om measurement taken at 0
hrs. The black vertical line shows the time point wher e media was changed. Wells 1 and 2

are the controls (marked C).

Figure 67showsresults of experimentshere cells were seeded in a region ak
the working electrodes using cell culture inseFigure 67 bottom). After allowing th
cells to settle, spread and migrate foihrs, the inserts were removed and
measurements were started. This allows us to measlircoverage of an electie by the
meansof migration in a particular direction instead obliferation over the entire wel
somewhat similar to a wound healing experimerdldb insures that there is
contribution to the impedance measurements dueltgmowth on the refience electrode.
Media was changed each day and the micrographseché&-d) were taken at the specifi
time points. The experiments were stopped whereheonfluence was observed
optical microscopy inspection. The inserts wereplated at precily the same distances
from the working electrode, thus the times for $beded cells growing and reaching
electrodes are not exactly equal for both the empets. The observed changes in
measured impedance for both electrode systemsspamd o the cells covering th
electrode area. Changing the media everhrsreduced the effects of variation in p
However, each time media was changed (indicatadtidoyertical dotted lines), tt
electrochemical balance of the electrode was mamnignaffected. PEDOT:PS
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electrodes recovered faster from these effectsdes in Figure 67) than Au electrodes.
This is most probably due to the fast charge teredfthe electrode interface. At lower
frequencies the electrochemical variations affaciefectrodes more than what is observed
with the PEDOT:PSS electrodes and can reduce liabitgy of the measurements but

could be alleviated by continuously pumping frestdma.

Results of Figure 67 (a) show, that after approxéhye380 hrs we find that the real
part of the impedance at the lower frequency (4PKeep increasing but the phase part
settles. This shows that at these frequencieshthiege is mostly resistive. At higher
frequencies the real part settles but the phas&keaps changing which indicates a
reactive behavior. The variation of changes in idgnee at the two frequencies shows

how they are sensitive to different facets of thpédance due to cell growth.



MDCK Experiments 115

A lZ] (k)

100 : — o
: —40Hz
40| —--3.7 kHz|! 5 ol r37KHE A ]
: 2 ! Media _i
20 N i Change i
0 a Ot : ]
-20 . . .
@ m
o 1 O)
£ 1o =. &
: o s
'20 : w"'-"h-‘_,.,_,ﬁh; <]
bi
-30 L '@- L
12 24 36 48
Time(hrs)
Working -
f_\:{ \a Electrode (%?{%7% | ‘.
N Vi
ol v LI :ﬁh .
‘/ EEE Bl
eSS ¢ 4
(=N pans
Q= »
Cell Culture Reference @: /;\L:_\é»/.:.j-q ’
Insert Electrode b e
Cells Seeded in Insert Insert Removed Cells Proliferate

Figure 67 : Results of MDCK using PEDOT:PSS electrodes (Left , where (a) is the start and (b)
shows pictures of the well at the end ) and Au electrodes (Right , (c) and (d) show pictures at
the start and the end respectively ). The graphs are the differences in absolute imped  ance |Z|
and the phase O from the initial values. The electrode windows in the SU-8 are indicated by
the white rings and the dotted black vertical lines show when the media was changed.
Bottom diagram shows how the culture insert is plac ed at a distance from the electrodes
and cells are seeded inside that insert. Once the ¢ ells hav e adhered to the surface the insert
can be removed to allow the cells to grow in an out ~ ward direction. The cells will eventually

start covering the working electrode and reach conf luence.
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6.2 Cell Impedance Modeling

Figure 68(a) shows how the impedance spectrum changed diedl troverage i
the PEDOT:PSSlectrode experiment shown Figure 67 The impedance and phe
values shown are not the actual values measurethédifference from the measureme
taken after 1 hour of beginning the experimentsTelps to negate any changes dt
initial electrochemical variations. By taking the differericom a time point where tt
electrodes have no cell coverage we assume thahffeglance due to cells is in serie:
the electrode impedance electrical model. Y et al [10] have used a similar approact
measuring the ceBubstrate distance for cardiomyocytes, where the were modeled b
a simple reistor in parallel to a capacitor. The disadvantaigeuch an assumption is tt
the model is not valid for partial electrode coygrand holds true once the cells h
covered the majority of the electrode. Xiaoquiet al.[97] have discussed a model tl
considershe cell coverage of the electrode but their modelschot consider the effects
phase changes. Our approach to this was to keepdtel simple and use the theory

electrical elements similar to Y Qet al.[10] but with a certain additior
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Figure 68: (a) Change in Impedance from a reference measurement (1 hr after startingt he
experiment) over the frequency spectrum. (b) Curve fit results for the ¢ ell model curve fit
from 25 hrs onwards (when the model becomes valid) and also sho  ws results for R’s. (c)

Biological cell electrical model (red) in series wi th the electrode impedance (blue).
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Figure 68 (a) shows that at 31 hrs #j&| spectrum is similar to the impedance
spectrum of a parallel resistor and capacitor @i{@&C circuit). However an inspection of
the A6 shows that the phase does not match a paralle€iiRdt. Instead the results show a
closer match to a resistor in parallel to a capaeiith both in series to another resistance,
R’s. This series resistance can be theoreticallyagx@tl as a constriction of current in the
small gap under the cell similar to that which Giaaever and Keese have discussed [91].
Reen can be attributed to the resistance to curremt Between gaps of adjacent cells and
Ccenis due to the capacitive effect of cells adhermthe surface. | have used this simple
parallel RC circuit in series with a resistancentdel the cell (as shown in Figure 68 (c)
and mathematically in equations Eq. 23 and Eqagd,further analyze the results using
curve fitting techniques similar to that applied floe electrode analysis in section Chapter
5: 5.2. The model for &, was used to fit the measured change in impedaaoedfter 1

hr of the experiment being started.

1 Eq. 23

Zee = R’s +

+ (2ntwC
Reoll CrwCeen)

Eq. 24

Zrotal = Zetectrode T Zcell

Figure 68 (b) shows the results of the curve fitdeanges after 25 hiR’s can be found
directly asA|Z|at higher frequencies. This is because at hifyaguencies the majority of
the current will flow througiC.e; which will provide the path of least impedance &mas

the impedance seen at these frequencies is dRigdtbne. We have then used tR§

value in the curve fit for the cell model. Initialihe parallel RC model does not exist as
the cell coverage of the electrode does not exist wot enough to have a significant effect
on the curve fit. As the impedance increases, tineecfit results in values fdR.ei, which
follows changes in the impedance results showngarg 67 (a) for 40 Hz. Values for

Ccell Can be estimated at this point as well and afipraimately 30 hrs the value Gf
reaches a value around 2.5 nF and is very slowheasing towards 3 nR’s has a

constant increase and at just before 30 hrs,rilsstecreasing with a faster rate once the
cells begin covering the electrod®e keeps increasing and this would show that the cell
cell gap is tightening (increasing confluency).isTshows that once the electrode has been
fully covered and the cells create a confluentiaiRe has a more significant contribution
to the impedance changd%$ie increase iR.ejandR’s can be portrayed as a decrease in

cell-substrate distance [10, 94] and tighter casritdayers.
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Now while the model comes closepredicting the cell behavior to a certain exteins
importantto know how accurate it really is. By measuringithpedance at hight
frequencies and considering solthe dependency of dR’s, we have improved the cur
fit, however the lower frequencies are not as taghfor example, the curve fits of t
electode models. This is solely because a cell modelavbave to be far more compl
than arRC circuit. Secondly the changes in the media hactectrode surface are like
to be included in the subtracted diéFigure 69shows how the model’s real part fits gt
well but the imaginary part shows some very différghape to what would be expec
from a RC circuit. The initial positive imaginargplues are very interesting and difficult
explain. Therénas been work on cell impeda models for cell counting LoC devices.
would also be interesting to consider these amuladsapt the different frequencies ¢

digital signal processing techniquesed in such devices [128].
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6.2.1 Comparison of Sensitivity
The sensitivity of the system can be defined byZsgwhereA|Z| is the change in
impedance due to cells. If gkrode>> A|Z| then the sensitivity of the system is minute.

|Z|Electrode
Sensitivity = 1 — Eqg. 25
IZlElectrode + A|Z|

From the observations above we can assume a maxijjmof 40 kOhms at 40 Hz.
Assuming a single cell is a circular disk with tz&lil5um (an area of approximately 7X10
cn?) means that for an electrode with an area of apmrtely 2x10° cn?, to be fully
covered would require approximately 285 cells. Trwery two cells contribute 280.7
Ohms to the change in impedance. For the expergygmwn in Figure 5 the
PEDOT:PSS electrodes have |Z| of 23 kOhms andaldestectrodes have |Z| of 170
kOhms at 40 Hz which can be considered agdéliefor each case. Thus, for two cells
covering the electrode the sensitivity would bel@.@nd 0.00164 respectively. This shows
the improvement in sensitivity of PEDOT:PSS eled#®due to the significantly lower
interfacial impedance which would also allow thgpadance measurement instrument to
work well above its SNR threshold at lower frequeacThe added improvement of
reaching electrochemical stability faster than ga&ttrodes would also mean reduction in
errors in the measured impedance. At higher fregjesr{above 1 kHz) however, Au
electrodes would be better as their |Z| due tekbdetrode would be lower.

The absolute impedance |Z| incorporates both @dearel the imaginary
components of the impedance. Ph&agq not an absolute value but a relative polar
position that will repeat after its maximum of 360hey can be compared by looking at
the relative changes as a ratio of the maximumilplesshange of 360 degrees. From the
values in Figure 70 (a), at 40Hz, we can see tlatimmumA6 due to cell growth on
PEDOT:PSS electrodes is approximately 8°, hencetin@is approximately 0.02 and that
on Au electrodes is 35° which give us a ratio 600. Here Au has a phase change that is
larger by a factor of 5. Considering the maximurlugaf the phase changes (at whichever
frequency that may be) from both electrodes, that25° change (0.069) for PEDOT:PSS
electrodes and a 50° change (0.138) for Au eleesathows that the latter have an
improvement on the phase variation due to cell Eye by a factor of 2. The plots also
show an interesting trend difference between tleedlectrode material. The Au electrodes
show peaks in|Z] andA® in the same regions of the frequency spectrumhand similar
shape. PEDOT:PSS electrodes on the other handveayéifferent impedance change

spectrums.
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Impedance change spectrum due to cell growth
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Figure 70: (a) Bode plots of changes in impedance due to cell grow th. The changes shown
are against reference measurements that is the meas  urements taken after 1 hr of starting
the experiment. Values taken at times where the ph ase changes were maximum (at 48Hrs
for PEDOT:PSS electrodes and 65Hrs for Au electrode  s) in the experiment shown in  Figure
67. (b) Plots of the same re sults but normalized ( AZ/Zp,se and AB/O,.s.) to the impedance

and phase values of the reference measurement.

Figure 70(b) shows the normalized impence changes. Here the impedance differe
(for each frequency) was divided by the refereneasarement (for that particul
frequency) taken after 1 hr of starting the expenimthe same reference measurer
used to find the impedance change. The electrode normalized|Z| plot shows that tF
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peak is around 6 kHz. The PEDOT:PSS electrode riaaaeplots have the same shape

owing to the more flat electrode impedance spectiarshown in section 5.2.
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Figure 71: Sensitivity plotted for entire spectrum. Measurements used to calculate the
sensitivity were taken from the time points where i mpedance change was highest in the

respective experiment. Values for Z  ¢ecroge Were taken from the start of the experiment.

Figure 71 shows the sensitivity plotted for evaggliency. The values were calculated
assuming\|Z| for the equation was the change due to tws ceNering each electrode.
The measurements used to calculate impedance dwe tells were taken from the time
points where the impedance at 40 Hz was highedtrgl&r PEDOT:PSS device and 84
hrs for Au device. Then sensitivity for each freqeewas calculated accordingly. The has
a similar trend to what we see in Figure 70 shovinetjer sensitivity below 200 Hz for
PEDOT:PSS devices but eventually with Au devicesidating the higher frequency
spectrum. Both types of electrodes have their litsnafvarying frequencies. PEDOT:PSS
electrodes simply provide lower impedance at lofneguencies and the benefit of higher

transparency.



Human Embryonic Stem Cell Experiments 122

Chapter 7:Human Embryonic Stem Cell

Experiments

Since the advent of human embryonic stem cell (HNE8€earch, they have been
the source of controversy and ethical debates degatheir source. However from a
research point of view, their potential is enormdlseir ability to differentiate into any
type of cell and almost infinite ability of selfrrewal is extremely promising for curing
diseases. While adult stem cells have similartdslj albeit not of the same level, their
extraction and maintenangevitro remains a problem, especially for cells relateth&o
nervous system. Recently there has been develophemuced pluripotent stem cells
(IPSCs). By enforced expression of particular tcapsion factors (such as OCT4), it is
possible to reprogram somatic cells into pluripotares. While there is are many
similarities to hESCs, including pluripotency arehg expressions, there are also many
differences. Apart from that, iPSCs are still nelely new and there is need for more

research before they can be utilized in therapendéidical applications.[129-132]

While the ability of hESCs to differentiate intoyaform of cell is of great
importance, maintenance of their pluripotencyitro is difficult. Given the fact that they
could have progressed into any of the germ laylssraakes it difficult to distinguish cell
types. It can become a difficult issue to reseacteemaintain their cultures over long
periods of time. While culture mediums have beerisiied to help maintain pluripotency
while allowing self-renewal and proliferation [J3&e overall maintenance and constant
screening of the cells is cumbersome. It would>ieeenely useful if there was a way to
monitor cell differentiation using real-time, lakfete and non-invasive techniques [134].
Cell impedance measurement techniques have bdizeditio look at mesenchymal stem
cell differentiation. [7, 8, 57]. We have used @IS device setup described in this thesis to
measure hESC differentiation and considered usimgval approach to distinguish

between the two cell types.
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7.1 Induced Stem Cell Differentiatior Experiment

The experiments were performe« collaboration with the embryonic stem c
research grougscott Cowan, who is a PhD candidate, performethaltell culturing
media changes, staining, and fluorescent imagintgeotells. The device fabricatic
experimental setup, measurements eata analysis were done by me. We choose
differentiate hESCs to trophoblg, which are the cells that create the outer layer
blastocystWhile this may not be relevant to most currentdpeutic research, it was ide
for us. This was due toe fact that the overall differentiation procedwweompleted it
approximately 72rs and the morphological differences between the t@ibtgpes are
quite distinct and optically visible. The largedicsize of the trophoblas (compared to
pluripotent cellsould also providesignificant differencen the impedanc (capacitive
and resistive) of the two cell tyg. Xu et al [135]reported using bone morphoge
protein (BMP4) to induce hESCs to differentiateitrophoblasts

Pluripotent

Figure 72 : From pluripotent hESCs to trophoblasts. Note the larger size of the trophoblasts

in comparison to the pluripotent stem cells.
Device Preparation:

The device, after fabrication is rinsed with ethaarad allowed to dry for an hour. It is th
plasma ataned in an , plasma asher for 2mins at 120 W power. It is theatexd with
0.3mg/ml fibronectin (MERCK), for 1mins and then rinsed with PB-Ca/-Mg)
(Invitrogen). This procedure is done just priocel seeding
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Cell Culture Day 1: Seeding of cells

Once at desired confluence (in petri dish), cedsgaven a 2 hour pre-treatment with
10uM of the Rho kinase inhibitor Y-27632 (ROCK ibitor, Calbiochem) in Stempro
complete media (DMEM F12+ glutamax (Gibco), StemBFM growth supplement
(Gibco), 25% BSA (Gibco), 50mM mercaptoethanol i 20ug/ml bFGF (R&D
Systems)). After 2 hrs, stempro is removed and eedished with PBS (-Ca/-Mg). 1.5 ml
of TrypLE select (Invitrogen) is added and cellgireed to incubator to dissociate to
single cell (2-5 min). 1.5 ml of Stempro is addedviell to deactivate TrypLE select. At
this point cells are titrated using 5 ml pipettaio dissociation of cell clumps. Cells are
counted, spun down at 1200 RPM for 3 min and reeuded in stempro complete media
and10uM Y27632. Cells are reseeded at a densiy1¥ cells per well in stempro and
10uM Y27632.

Cell Culture Day 2-4: Induce Cells

Remove media from well and replace with MEF meBIKEM (invitrogen), 10% FCS
(Invitrogen), 1x pen/strep/glutamine (Gibco)) dfdng/ml Recombinant human BMP4
(R&D systems). Return cells to incubator.

Cell Culture Day 5: End experiment

Remove media from well and wash 3x in PBS(-Ca/-Mgld 4% PFA (Parafarmaldehyde
(Sigma)) to wells and leave for 20 min at room temagpure. Wash further 3 times and

store at £4C with some PBS for subsequent staining.

The first set of experiments were done using du®isd generation devices (Figure
27 section 3.2) and helped understand the diffeebetween cells that were pluripotent
and those that were in the process of differentiator had already differentiated to
trophoblasts. The cells were first seeded on thecdeind the measurements were started
once they had reached confluence or were close sodThis would help distinguish
changes due to cell growth and those due to diffexon. It is however not possible to
curb growth and this is an ever present issuegider during analysis. Once the cells

reached a certain level of confluence that seemptbariate enough, ROCK inhibitor
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media was used in the well that will now be calleel “Pluripotent well” and MEF media
with BMP4, was used in the “Induced differentiatiwwall” in which we wish the cells to

differentiate. The control well had the media uk®dhe induced differentiation wells but

well 1

well 2

well 3

without cells.
Z (kOhms) _ Measured Phase (Degs)
600 ' ‘ 0
| ; 5 —0.02kHz
: | ; —1kHz
200/ | | : { -40 . ; 1 —10kHz
0
600
400+
2000 s e
608
400¢
0 i i ‘ -30 ‘ ‘ i
11 21 32 43 11 21 32 43
Time(hrs) Time(hrs)

Figure 73: Results from the induced differentiation experiment, Welll is the control, Well2 is
the pluripotent well. Well 3 is the induced well. T he values are the actual measured values,

not normalized nor results of any subtraction.

One of the major differences we see are the ldugéufations in the values for the
differentiation well (well3) in comparision to tipduripotent well (well2). This could
possibly be attributed to the high activity and titgtof cells during the biological
changes or it could be their morphological variasioLarger sized cells (trophoblasts
much larger than hESC) will cause more variatiothenimpedance with their motility.
Well3 also shows rapid changes immediately aftdirapthe inducing BMP4 media. At
43 hrs the absolute impedance values of the twts waties however the phase seem very

similar.

Experiments were then conducted thoroughly with8tveell setup. Figure 74
shows the results of changes in impedance reladitiee first measured impedance. The
cells were seeded at 0 hrs and then induction nveasaintroduced in wells 5-8 (marked D
for differentiation). The pluripotent wells are W&eP-4 (marked P) and show smoother and
slower increase in comparison to the differentiatiells, which themselves show the
traits discussed for the results of Figure 73. dtwetrol (welll marked Cc in legend) seems
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to be quite stable other than the typical spikgistrafter the redia changes associatec
chemical and temperature variatioThe values of the absolutapedancechange 4|Z])
for the differentiation wells are lar¢in comparison to the pluripotent we. In order to
analyze this further, we will focus on two wtin particular well 4 for pluripotent cell

and well 6 for differentiation induced cel

AZ For All Wells @3.211kHz

BMP4 1 ! o Wellt | Cc
20k '.'FQP'FF‘F’.M,_@ ...... #._‘_..‘.k;:."“.'.‘fl..-.;\.ﬁ,\\_.u.\.‘ﬁ.'-.-.'T.-r*.x,...,é_k.;‘..r._;“f.‘. .............. . Well2 | P
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Figure 74 : Results of stem cell induction experiments. Vertical red lines indicate points of
media changes and microscopy. Ccis the control well (welll). The wells marked P
(pluripotent) do not have any BMP4 added to them an  d those marked D (differentiation)

have BMP4 added to the media at the time point mark  ed (roughly 22 hrs).
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Figure 75 : Impedance change s for a pluripotent well and well with induced diff erentiation.
Vertical red lines indicate media change  and the first vertical red line indicates introduction

of induction media in differentiation cells (22.5 hrs).

One might assume that the sudden for the differentiation wel shows that the
cells change their morphology very quickly, howetrer pluripotent well also shov
immediate increase (smaller in comparison thoufikj the first media chan. This could
simply be due to cell growth and elrode coverage similar to the MDCK ¢
experiments. It wou require further experiments (with time lapse) toegitain the actu
reason or reasons that cause this rapid changeapltevariations in the impedan
results for the differentiatn well make it difficult to considethe absolute impedance as a
factorof differentiation.The A|Z| at 20 HZor the differentiation we also falls after
approximately 50rs, making it further more confusin@ould it be that the stem ce
loose adhesion after a certain time poHowever at higher frequenciA|Z| is still

consistent which would mean that the cells aréasdihering.

Let us focus on tt behavior of changes for various frequencies insiTheA|Z| of
the different frequencies of tlpluripotent well tends to reach a particular vadne ther
seems to be consistant. The phase values for tbe fiequencies aalso settled after
approximately 4%ir< as well. The differentiation well hagwsiar values for phase but aft
approximately 7rs, the phase at 3 kHz and 10 kHz startseasing (that is, becomii
less negative This observation is consistent for all the difetiation wells Figure 74).
Thus | considered looking at the spectrums at uartome points for each of the we as
shown in Figure 7@mpedance values may go up and down but the fray of the phase
minimum (or the minimum phase frequen, for thepluripotent well (well4, is lower than

theminimum phase frequencof the differentiatiorwell (well6) at 9Chrs.
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Figure 76: Impedance spectrum for well4 and well 6

Consideringhis observation I looked at t minimum phase frequenciover the
experiment time period, shownFigure 77 We can see a clear distinction betweer
mean value, with well4 approximately 550 Hz andl\welpproximately 16C Hz. There
aresome quantization errors in the measured valueshadre limited by the measurem:
setup. It can be reduced by increasing the tog¢gluency points. However these res
show there is a possible factor which could be useatdearly distinguish betwn
pluripotent and differentiated cell cultu using the minimum phase freque. After 70

hrs,the values become even further ap:

200 Well4 Pluripotent o0 Well 6 Differentiation
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Figure 77 : Resonant frequency plots for well 4 and well 6. G reen line shows the mean value

for all the data points (measurements shown are for after 30  hrs).

Using this method we cecollect data from the two welknd the bar plots i
Figure 78show a clear distirtion in the phase minimum frequenc for the two different
cell types.The results showin Figure 78 were calculated bgking the mean of tl

frequencies from thwtal experiments of the particular cell type. Hueor bars wer:
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created using the standard deviation of thosetsestie pluripotent cells types show
lower phase minimum frequencies in comparison écdifferentiated cell types. If the

cells are considered as electrical elements, Huw's that the pluripotent cell layer has a
larger capacitance value. Just as we saw with tDEK] the effect due to confluent layers
on the impedance is far greater than that duestogde cell or complete electrode coverage
by multiple cells as well. The fact that the valbesome further apart after 70 hrs raises
the question of whether this is due to the cebieihéng confluence after the time period or
Is it due cells completing their differentiationobg. An interesting observation was that all
the differentiated wells had a similar increaseraf0 hrs and the differentiation cycle for
these cells is approximately 72 hrs. To completédprove the possibility that the
frequency is dependent on the cell type and notdmduence, we would need to perform

multiple observations of the cells at differenteipoints.
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Figure 78 : Statistical results for the resonant frequency me asurements for all wells. The red

line seperate the two types of cells, left are plur  ipotent and those on the right a

differentiated cells.

Figure 79shows the flucescent images of at the end of thperiment. Here, the

cells have been stained for the pluripotency trapan factor OCT4 (red), thactin

filaments (green) and the nucleus using DAPI stdihe top three pictures are for

pluripotent wells. Thibottom four are for the differentiation wells. Ttferentiation

wells have lost their pluripotency and show eithene, or very little OCT4This helps

validate theresults inFigure 78.
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Well 2 Well 3

Figure 79 : Fluorescent images at the end of the experiment. Blue stain is the DAPI stain for
the nucleus. Red shows the OCT4 marker in the pluri  potent cells and th e green stains are
for the actin. Wells 2 -4 show the OCT4 stain, proving their pluripotency. Wells  5-8 do not

show OCT4 (or very small traces) and hence most cell in those wells have differentiated.

Oneissue encountereduring these experiments was ttieg stem cells do n
differentiate very well if the density of the celdstoo high. They also make it difficult
stain them. This creates a problem as the CIS memsmt procedure used in this proje
works best with confluent layers as explaine section 6.2Finding the perfect balan
has been difficult and reduced the success oufpudraexperiments. | am workir
towards improving theell impedance model and measurement procedurelbas
improving our experimental technique with Scotbrder to get more results and make

technigue more reliabl
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Chapter 8 Microstructure Devices to

Measure Deformation of Cell:

One of the interests for our research was to egplew forms of electrodes a
applications of CIS. It was why we opted to dedassmplete fabrication procedure
that we could customize our devices rather thadefgend on commercially availak
products. One interesting idea was put forward by Dativt Riehle which was based
research published tDavidsonet al.[136]. Theyhave shown how cell nuc can deform
on microstructures into the gaps. They fotthat cancerous cell lines deform and t
shape of the micro pillars that had dimensionseatioselated to those of a cell nucle
They cultured SaO2-and MC-63 cells on micro pillars (squares ¢um by 7um and 4
um tall) and show that the cell defcs into the grooves and the nucleus deforms
inside or partly stretches on top of the pillarslevhanging into the grooveFigure 80 and
Figure 8). When HOP cells were cultured onto the structthiey were not as flexible ai
while they did adhere to the surface, they diddesorm.Therefore it is assumed that 1
cell behavior on such a structure is related tdlthebility of the cell type

50 microns

Figure 80 : Deformation of cells over microstructures. SaOs -2 and MG-63 are cancerous cell

lines, showing deformation, and HOP are osteoblasts . Picture by Davidson et al[136].

Davidsonet alhave used this behavior to distiish between cancerous and -
cancerous cell lines owing to their different flaikties. | aimed to use CIS, along with tl
behavior of cells, to see if there is any possipiif using the two techniques to distingu

between the two cell types iral time using impedance changes. Due to shortagmef
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| was na able to prepare the microstructures on PEDOT :@88rode, learn to work
with cancerous cell lines and present the work.HEnes isongoin¢, however | was able to
try some preliminarexperiments of trying a similar theory to measufieentiation in
hESCs using Au electrode devices with similar microsture:.. The results presented he
are not to prove the concept but simply to presemk under progress and t

observations made.

20 microns 20 microns

Figure 81 : The nucleus doesn’t necessarily slip into the gro ves, it can also stretch over the
pillar as shown on the left. The blue stain is for the DNA, the green is for the cytoskeleton

and the red is for the nucleus membrane

The microstructures on the device were similahtd tised by Davidscet al
These were square shaped pilla um x 7um dimensions space«um apart (in all four
directions)but were um high, something that will be rectified in futiegperiment. The
optical images of a single w (well3) where the hESGsere induced to differentiate in
trophoblasts are shown Figure 82. Image (b) showise Oct4 marker expression in 1
cells. By taking a closer look at two regions ofyiag brightness, on top of tt
microstructure, we find that not all the cells hévs their pluripotency. However ti
images show that the pluripotent cells deform rinto the pattern than titrophoblasts.
This could lead to an interesting change in theedamce which could help show c
differentiation.Figure83 shows the impedance measured during tlurse of the
experiment over twérequencies. Welll was the control, wei2vere induced, and wel
6-8 were to remain pluripotent. We can see a suddenir theA|Z| the moment BMP4
added to the wells. Ts is something we did not see in the experimentdwshowed ver
good results when stained) showrFigure 74 in Chapter 7:however it is something

have observed in other experime and nay be related to higher density of c. We can
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also see the rapid fall and rise of the impedantenimedia is changed, similar to-
MDCK experiment oFigure 62 and it is more prominent in the differentiatioelis. The
pluripotent cells do not get affected in a simit@nner. It could be an indication of h
cell that are undergoing a differentiation cycle sensitive to changes in surround.
They possiblyjose their adhesion and gain it very quickly orfee ¢onditions ar

normalized.

Figure 82 : Some preliminary results of stem cell differentia tion on microstructure pillars.  (a)
shows the microstructure pillars on a gold electrode. (b) shows Oct4 pluripotency marke  r
fluorescent image on the same electrode at the end of the experiment. The cells shown in

(c) show lower Oct4 than th ose in (d), and they (cell in (d)) a Iso deform more than those in
(c).

Figure 83shows the impedance resuThe differentiation wells show highA|Z|
at the beginning and then after approximatelhrsit begins to fall The results,
especially thosat 1 kHz, show the impedance of the differentiation wellsirigl below
that of the pluripotent oneAnother thing to notice is that at 1 kFA® for differentiation
wells increases with increasiA|Z| just when BMP4 is induced, anen at the end this
relationship changes to increasA® but decreasing |Z|. This could be an indication

the cell deformation reduci for trophoblasts, as shownigure82. Now is this due to
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the stiffness of the cytoskeleton and cell fundidy, or if it is due to the change in siz
This can only be answered by some more experinh@oiting into thesize changes and
further analysisThe exjeriments with a flat PEDOT:PSS electroFigure 74) show
similar reduction in the impedance and this createbiguity with regards to the effect
the stiffness of the cells and the microelectrodeag impedanceesults. However the
impedance changes in with these microstructurectegewould look more distinbetween

each well and could be improvement on the flat electrodes.
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Figure 83 : Results of the experiment over two different freq uencies. The thin dotted red
lines indicate media change and microscopy time poi nts. Well 1 was the control, well 2,3,4
and 5 were induced using BMP4, and wells 6,7 and 8  were main tained as pluripotent and no
BMP4 was added to them.

Unfortunately this is only one experiment, whichm aot fully confident o

especially since we lost tipluripotentwells during removal of the glued we, thus losing
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the possibility of optical observations for theiissaof pluripotent wells. The cells have not
fully differentiated in the others either, most ipably due to the high density of cells when
seeded, hindering the process. These images hodewow some interesting properties
that should be explored further. It would be mastddicial to look at the impedance
results of such an experiment using PEDOT:PSSrelies where lower frequencies can
be measured more accurately and the phase charglesedh to the circuit model
discussed in section 6.2. Another issue that tdaéep as mentioned in the earlier section
was that the electrode area was halved due to igrestructures. This would need to be
tackled else it could lead to a wider and lesscéiffe phase result as observed by myself

during the course of my work.
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Chapter 9:Conclusion

The application of conducting polymers, partictjd?EDOT:PSS, to CIS is
potentially very interesting. The work here hasveidow it can improve the measurement
capabilities of the technique due to its inherdnilitst of fast charge transfer with an
electrolyte. Its properties of transparency andadopatibility make it ideal for cell
culturing and being a polymer, it presents the gy of integration with topographies.
Furthermore, the many options of processing PEDSS;Respecially through agueous
solution based processes, give it a great advaimtagemmercial manufacturing. Coupled
with the use of SU-8 photo resist for insulatidre work presented here also shows that
opportunity of using only polymers (including sulast) to create culture wells for CIS

applications.

A complete setup for the impedance measuremergwtes inside an incubator
was developed and implemented. This involved thegnation of commercial impedance
measurement with software developed using LabViewatform for connection to
custom made devices for cell culturing was desigaretideveloped using SMD
components integrated onto a PCB. This platforra misluded the multiplexers that
would allow multiple experiments to be monitored aneasurements performed using a 4
probe connection for higher accuracy. The setugwaltl measurements of up to 8 different
cell cultures over multiple frequencies. It allotlie user to control the time between each
set of measurements, displays graphs, stores thdatdhe experiment and also copies
that data to a network drive for mobile access.létascripts were made for reading the

data and generating custom graphs as well as parfgrcurve fit analysis.

While the development of the device was aimed td#/apst effectiveness and
simplicity, it was not trivial. Conducting polymemnsust be processed with great care and
the fabrication procedure needs to be optimizeataer to achieve good reliability and life
span of the device as well as similar electrochahularacteristics between different
devices. While using Inkjet printing is useful fanototyping, it does not provide a
homogenous surface and reproducibility that caadiweved through spin coating and
photolithography. Gravure printing would improve tiime required to process, but such

techniques are best left for mass manufacturirgtblsy can be costly and reduce the
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flexibility for making changes, which is a necegddr research. Temperature processing is
critical for the fabrication process and will natlyp affect the morphology of the electrodes
but also the subsequent impedance and measurewtgmsused for CIS. Another thing
which is critical is the oxidation using bleach.i¥method is extremely simple and
provided good results. However it cannot be usethifgh resolution patterning as the
solution penetrates under the masking layer andizes more parts of the polymer then
required. Coupled with the fact that oxidized PEDRSS is not entirely a complete
insulator, and hence must etched off completelg, rstrains us from shortening the time
of exposure to the oxidizing agent and limits thsotution of the technique further. To
create smaller dimensions requires using techniguels as reactive ion etching. Such
complications can be easily eluded by changinglésggn, such as those used for the
devices used in this study. By using larger elelgrdimensions but smaller windows in
the insulation we can have smaller electrode gewesethich satisfy the requirements for
CIS.

The electrochemical characteristics of PEDOT:PS& lagso shown promising
results for its use in CIS. Its lower interfacia@dedance means that lower frequencies can
be measured with more accuracy and lower noisealakectrochemical changes in the
media. This lower interfacial impedance is dutghfast charge transfer between
PEDOT:PSS electrodes with the electrolyte whicmstéom its ability to absorb ions and
solvent into itself. It is less sensitive, in compan with Au electrodes, to the changes in
media at lower frequencies as the absolute impedeaiaes are far lower. While the
absorption of water and ions significantly reduitesinterfacial impedance, it also creates
a disadvantage when using the polymer as an etiectfaue to the water absorption it
tends to lose adhesion to the substrate. This esfithe overall life span of the electrodes
when in agueous media. One thing to consider istiigasubstrates used in this study were
glass and PEDOT:PSS has better adhesion to polyharglass substrates. This could be
rectified by using the polymer blending devisedlbyHanseret al[44]. They have
managed to integrate PEDOT:PSS and PMMA creatmgr&@ mechanically stable
conducting polymer layer on a polymer substrateuing polymer substrates we could
eradicate the problem. Another method would bed¢ate a new polymer blend by cross
linking PEDOT and PMMA as shown by G. Zhagigal [137]. This may affect the
electrochemical behavior of the electrode and woeled to be characterized further. If the
adhesion is still insufficient, we could fabricaibe electrodes in such a way as to slightly

emboss the electrode into the polymer substratie vilis at glass transition.
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The PEDOT:PSS electrode devices waceessfully tested with MDCK cells.
The results were compared with those from Au ebelets. The results showed significant
improvement in the measurements for lower frequeenand more stability over time.
When changes in impedance due to cells were mahdhey showed a uniquely different
phase result in comparison to that shown by theldatrodes. When the changes were
observed over the entire frequency spectrum, there found to mimic an electrical
circuit, a parallel resistor and capacitor in sexgth another resistor. This was used to
model the cell impedance against a mathematicaliyeld electrical circuit and the values
of the individual elements plotted over time. Tpisvided information about the cell
substrate adhesion and the cell behaviour. Thimigae is not novel and has been
performed by others, but the electrical model usad slightly different and simpler to

implement. The model does not fit perfectly andurezs more work to be improved.

Since the implementation of conducpatymers to CIS was successful, the
devices and measurement setup were applied tautg lsuman embryonic stem cell
differentiation in real time. The experiments ink&d measuring the impedance of the
pluripotent cells during proliferation and then itigrdifferentiation to trophoblasts, after
being induced using BMP4. The results showed diffees in absolute impedance
immediately after induction. In order to find fuethdistinctness in impedance of the two
cell types, the impedance spectrums were obsefesdlg and analyzed. Results showed
that the frequency of the curve minima for the ghetsange over time, were distinct for
the two cell types. This has the potential to bee@anmew method of using CIS to analyze

stem cell differentiation.

The idea of distinguishing cell types based orfinability and adaptability of the
cytoskeleton of cells, as shown by Davidsebm@l [136], was also explored. Devices were
fabricated using Au electrodes with square shapetbrpillars on them. Preliminary
results using stem cells show pluripotent cells@enore adaptable and sinking into the
grooves of the microstructures. The trophoblastsvdiess flexibility in comparison. This
is a highly promising application of CIS and funtieork is ongoing to prove the concept.
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Appendix

Calculation of conductivities for 0.1 M NaCl

We would like to find out the conductivity of a ML NaCl solution over different
temperatures. As the data was not readily availdbised data from JENWAY [138] for
the conductivities of various NaCl dilutions aswhan the table below.

Temperature(C) | 0.5 g/l 1g/ 10g/I 5.8¢g/I
5 652 1272 11140 6569
10 746 1462 12760 7594
15 841 1639 14340 8619
20 936 1828 15910 9644

25 1037 2030 17610 10669
30 1136 2230 19180 11694
35 1246 2440 20900 12719
40 1370 2640 23000 13744
45 1470 2870 25000 14769
50 1595 3080 26800 15794
Table 10: Conductivities of NaCl solutions in uS cm™. The last column shows the results for

the calculated conductivities of a 0.1 M solution.

These conductivities are plotted in Figure 84. Graient of the three dilutions (0.5 g/l, 1
g/l and 10 g/l) are calculated using a linearTitiese gradients are then used to find the
slope for a 5.8 g/l (0.1 M) solution (Figure 85%@asing the relationship between the
concentration and the gradient is linear. 0.1 M N#&S a equivalent conductivity of
106.69 crA S mol* [139] at 25 °C. This means that a 0.1 M solutias & conductivity of
10669uS cn'. Hence we can use this to determine the lineaatésyufor the particular
concentration and find that the conductivity a85and 37 °C is 12718S cmi* and
13129uS cm’ respectively. The resistivity is then calculated’8.62Q cm and 76.16
cm. The gaps between the electrode in the devi@ghly 3mm which gives us a
resistance of 23.8 and 22.802.
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Figure 84: Conductivity of different NaCl solutions plotted against temperature. The

equations shown are for the linear fits.
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Figure 85: Gradient values for the lines plotted in Figure 84. The point with the circle is the

value for 0.1 M NacCl solution.





