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Abstract

The heart is an incredibly efficient biological pump, which contracts as a whole
from the coordinated effort of millions of excitable cells called cardiac myocytes. These
cells are considered excitable since they possess the ability to respond to a threshold
activation signal, but only if sufficient time has passed and they have recovered from
their previous excitation. Excitable cells also have the capacity to propagate an
activation signal to their neighboring cells, and collectively are referred to as an
excitable medium. Numerous examples of excitable media exist in nature, including
the heart, forest fires, the intestine, nerves, and certain kinds of chemical reactions.
Engineered artificial excitable media, however, have never been developed before.

The long-term goal of this project, therefore, is to develop the first such artificial
excitable medium from an array of artificial excitable cells, called gel-cells. The
conceptual design of the gel-cell consists of a thin electroactive ion-gating membrane
(polypyrrole), sandwiched between two layers of hydrated polymer (hydrogel) loaded
with different concentrations of potassium chloride (KCl,,) electrolytes. The voltage
controlled artificial membrane initially confines ions to the upper chamber of the gel-
cell, and releases them upon membrane opening into the lower chamber, a process
similar to membrane activation in cardiac myocytes. Potassium sensing electrodes
embedded throughout the gel-cell provide feedback on the location and concentration
of ions within the gel-cell, becoming markers for its activation. The scope of the
research presented here was to construct the biomimetic cell membrane portion of
the gel-cell, and study ion transport through its assembly.

First, the electrochemical response of polypyrrole (PPy) was characterized via
cyclic voltammetry, and its membrane morphology and thickness were observed via
scanning electron microscopy. Experimentally obtained membrane thickness values
were then compared to model predictions, which were subsequently improved by up-
dating membrane density and structure assumptions. Hydrogel pore size approxima-
tions were correlated to equilibrium water content calculations, and KCl,, concentra-
tions were quantified using electrochemical impedance spectroscopy. Time-resolved
KCl,, flux experiments were performed on PPy membranes in solution, providing
real-time concentration profiles of KCl,, as it passes through the membrane. From
the parameter space tested, the optimal membrane preparation and gating potentials
were selected which produced the highest flux rates. Time-lapse flux experiments
(providing piece-wise concentration profiles for KCl,,) were then performed on PPy
membranes in both solution and hydrogel. Ion transport through two nearly iden-
tical membranes produced under different deposition conditions (PPy, and PPyy)
were compared in solution. The slightly denser and thicker membrane (PPy,) pro-
duced nearly an order of magnitude higher flux rates than PPy,, suggesting that an
active component of ion transport occurs predominantly through these membranes
via binding and release mechanisms in PPy. Next, experiments performed on PPy
membranes in hydrogel demonstrated that flux rates through these assemblies were
proportional to hydrogel pore size. In addition, ion transport was reduced by two



i

orders of magnitude through PPy /hydrogel as compared to PPy in solution. Finally,
the potentiometric response of potassium sensing electrodes was quantified in novel
configurations of hydrogel versus hydrogel, demonstrating their ability to observe rel-
ative KCl,, concentrations in this material. These results lay the foundation for the
development of the gel-cell by providing a cardiac myocyte membrane analog made
from electroactive polymer materials, and identify key variables which can be varied
to optimize ion transport in these assemblies.



I dedicate this work to my parents, Louise Viau and Timothy Wash
Haden Jr., who always encouraged me to pursue my dreams.
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Chapter 1

Introduction

The heart is a tremendously efficient biological pump, which beats over 2.5 billion
times in an average lifetime [1]. It is composed of billions of cells, called cardiac
myocytes, that relax and contract in unison to send blood throughout the body [2].
These cells are considered “excitable” as they require a threshold level of activation
to be recruited, and possess refractory periods during which they may not be excited
again for a short period of time. These resting phases ensure that the heart beats
rhythmically and in a coordinated manner, while preventing contractile waves from
traveling back upstream. As a collective, cardiac myocytes are regarded as an “ex-
citable medium” capable of supporting the nonlinear electrical wave propagation that
makes the heart beat. Many other examples of excitable media exist in nature, in-
cluding wild fires [3], certain living tissues (e.g. the heart [4], esophagus [5], intestine
[6] and nerves [7]), chemical reactions [8, 9], and more [10]. However, a man-made
artificial excitable medium has never before been created. The purpose of this
research initiative, therefore, was to develop a conceptual design for such
a synthetic excitable cell (Figure 1.1), and to demonstrate the feasibility
of one of its most critical elements: the artificial cell membrane.

A conceptual model for a synthetic cardiac myocyte (known here as a gel-cell) was

therefore developed, with activation phases described. These gel-cells are intended to
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FiGURE 1.1: The heart is made almost entirely of cardiac myocytes, which are the contractile
cells which work in unison to make the heart beat. An actual cardiac myocyte is shown in the
magnification in the upper right portion of the image. This research lays the foundation for the
development of a biomimetic cell based on such cardiac cells, capable of reproducing its main qualities
of excitability and refractoriness.

possess the most basic characteristics of excitability: 1) a resting phase, 2) the ability
to sense a threshold level of excitation, 3) an “excited state” where the cell performs
its intended activities, 4) a refractory period where the cell is at rest and cannot
be re-excited, and finally 5) recovery to the resting phase where the cell is ready to
be re-excited [11]. Eventually, coupling these individual gel-cells into a continuous
three-dimensional array would enable the propagation of a nonlinear activation wave
with the characteristics of a true excitable medium.*

To this end, this research project aimed to answer the question: can the basic

quality of excitability found in cardiac cell membranes be reproduced by precisely com-

*The nonlinear activation wave of the excitable medium possesses the following characteristics:
1) a definite threshold for activation below which no signal will propagate, 2) once activated, a pulse
of specific shape and speed is propagated without damping, 3) wave fronts mutually extinguish when
they encounter one another, 4) pulses vanish without a trace when they encounter a barrier [12], 5)
pulses follow a dispersion relation, meaning that the wave speed is a function of how much time is
elapsed between activation waves, and 6) the wave speed is a function of the wave front curvature,
where a curved wave travels at a noticeably different speed than a plane-wave [13].



bined polymer materials? A fully functional and successful prototype of the artificial
cell membrane was therefore made using an electroactive polymer embedded in a
potassium chloride-rich hydrogel environment. Similar to voltage-gated ion channels
(VGICs) in cardiac myocyte membranes, the artificial membrane prototype demon-
strated the ability to control transverse ion flux in response to applied potentials.

An electroactive polymer material capable of gating ions in response to the ap-
plication of a voltage was therefore investigated as a synthetic equivalent for VGICs
found in cardiac myocyte membranes. Such biomimetic conducting polymers include
polyaniline, polythiophene and polypyrrole [14]. Of these available options, polyani-
line’s ion gating properties are known to be pH sensitive [15], which was not a desirable
quality for the gel-cell. Polythiophene on the other hand, is most widely used for its
variable optical properties [16]. Finally, polypyrrole was chosen for its easy synthe-
sis, the ability to select the dominant ion species for transport [17], and an extensive
body of research regarding its ion gating ability [18]. Furthermore, to replicate the ion
rich intra- and extracellular spaces found in cardiac myocytes, a semi-solid polymer
matrix loaded with liquid electrolytes was sought to construct the main body of the
gel-cell. Two main options exist which provide a semi-solid material while retaining
liquid ion diffusive behavior within the pores of the material: ionic liquid polymer gels
(ILPGs) and hydrogel. ILPG is composed of a molten salt liquid embedded within a
polymer matrix, whereas hydrogels are a hydrated polymer matrix which can absorb
electrolyte solutions. Although ILPGs were initially chosen for use in the gel-cell, the
molten salts were incompatible with the potassium detection technologies used (see
Appendix A). Hydrogels, however, were shown to easily uptake large concentrations
of electrolytes and posed no interference to a range of ion detection methods used.
Hydrogel materials were ultimately selected for these reasons, in addition to other
qualities such as their biocompatibility, controllable electrolyte diffusivity, and ease
of preparation.

This biomimetic, electroactive polymer membrane represents a critical step to-



wards the development of the whole gel-cell. The scope of this work included the
characterization of both polypyrrole and hydrogel materials for properties relevant to
their incorporation into the gel-cell, using such methods as cyclic voltammetry, scan-
ning electron microscopy, equilibrium water content and electrochemical impedance
spectroscopy, among others. For example, scanning electron microscopy images of
polypyrrole were used to determine their membrane thickness, which were then com-
pared to a theoretical model predicting membrane thickness based on deposition
conditions. The model was subsequently improved based on findings from this work,
to make it a highly reliable membrane thickness prediction tool. Ion transport studies
were also conducted on the polypyrrole gating system in both solution and hydrogel,
which provided valuable information on the optimal membrane deposition and acti-
vation conditions for peak flux rates. These studies demonstrated the feasibility of
the artificial cell membrane based on these materials, and were used to compare its
performance to biology. This work also calibrated an ion selective electrode, which
was employed in the gel-cell as an ion sensing system for cell activation. These data
are presented in detail in Chapter 4, followed by a discussion on their implications as
compared to the literature in Chapter 5.

Potential applications for the technology presented here range from the study of
cardiac wave propagation to the development of a new class of synthetic muscles.
Indeed, connecting the gel-cells into an array would provide a physical model to
simulate cardiac wave propagation and better understand the underlying mechanisms
for dysfunction, such as with atrial and ventricular fibrillation. In addition, harnessing
the known contractile and biocompatible qualities of the materials used in the gel-
cell could produce a new class of artificial muscle with applications in the field of
prosthetics. It would be possible, for example, to capture the biological signaling
cues from surrounding muscle cells of an implant, and couple these to an activation
signal for the gel-cell array, thereby seamlessly linking biology with the artificial

muscle. It is also proposed that the excitable contractile cells could be used as an



array formed into a tube, creating a bio-inspired peristaltic-type pump where the
tube walls themselves propel the fluid forward in waves, similar to the heart. These
are only a few examples of potential applications for these gel-cells.

The details for this work will be discussed in the following order. Chapter 2
reviews the relevant background literature, covering the workings of cardiac myocytes
and the artificial cell conceptual design. This chapter will also give further details
on the polymers employed in this design, and current applications in the literature.
Chapter 3 describes in detail the preparation of both the hydrogel and polypyrrole
materials, as well as presents the methods for flux rate determination through the
membrane. The following section, Chapter 4, will cover the results obtained from
the experiments performed on the artificial cell membrane prototype. A discussion
is provided in Chapter 5, where the results obtained are considered in detail. A
conclusion of this work is found in Chapter 6, where future considerations and overall

direction for this project are considered.



Chapter 2

Background

2.1 Cardiac Myocytes and the Heart

Cardiac cells, namely cardiac myocytes (see Figure 2.1), are the involuntary muscle
cells of the heart, enabling it to contract and circulate blood throughout the body.
They are the most recognizable biological example of an excitable unit capable of
propagating mechanical and electrical signals when arranged in a continuum [19, 20],
and are the biological inspiration for the artificial cells proposed in this research.
These cells are on average 90 ym in length by 20 um in diameter [21], and are tightly

packed one against the other to make cardiac tissue.



F1GURE 2.1: Confocal image of a single human cardiac myocyte. Labeled for nuclear DNA in blue,
actin filaments in green, and mitochondrial DNA in red. The actin filaments (green) are arranged in
a highly defined linear pattern throughout the cell, which is critical as they are part of the contractile
mechanism found in cardiac myocytes. Image by Joe Goodhouse from the Confocal Core Lab at
Princeton University, reproduced here with his permission.

In the healthy heart, a signal is received from the brain to initiate rhythmic pacing
in a subgroup of cardiac cells called the cardiac pacemakers. They have been termed
this way because even in the absence of regulatory signals coming from the brain,
these cells are able to maintain continuous, cadenced activation of the heart [22].
Each heartbeat starts this way: the pacemaker cells release a biochemical impulse
as a signal of their activation, which is passed on through gap junctions to neigh-
boring cells [23]. The membrane potential of these neighboring cells is transiently
affected by the incoming ions, causing them to be activated in turn via recruitment
of voltage-gated ion channels (VGICs) located in the myocyte membrane. However,
this activation is only possible if these cells had sufficiently recovered from their pre-
vious activation and are no longer in a ‘refractory’ state. The refractory period is
defined as a time (on the order of a few hundred milliseconds) during which the cell is
unable to respond to a second stimulus [11]. Effectively, cellular refractoriness ensures
that an activation wave is unable to propagate back on itself, and helps maintain or-

derly wave propagation down the length of the heart. Because the effective resistance



for ions is very low in cardiac tissue between cells [24], this activation transfer occurs
almost instantaneously, making it seem as though the entire heart beats smoothly,
all at once.

More specifically, when charged particles (gap junctional signaling molecules)
travel to neighboring cells, they disrupt the carefully and precisely maintained charge
gradient which exists across the receiving cell’s membrane. Cardiac myocytes sense
and respond to this minute depolarization by rapidly activating VGICs located in the
cell membrane (Figure 2.2), hence making them “voltage gated”. Rapid ion migration
across the cell membrane in this fashion leads to a refractory period immediately
following excitation, as ions are simply not available to reinitiate cellular pathways

immediately after firing.

Voltage-Gated

Lipid Bilayer N Ion Channel
Cell Membrane .:: .,‘. E‘..:.'-.:.:' : :: ; : : RE : (VGIC)
s B it
i f}} : ﬁ}{ifsﬁ m{ﬁﬁ
o &)pen I Cl.o.seczl o Ton

FIGURE 2.2: A schematic representation of the voltage-gated ion channel (VGIC) found in bio-
logical cells, analogous to the PPy membrane. Upon activation, VGICs allow high concentration
extracellular ions to rush into the cell (left), activating intracellular pathways. Image source: [25].

This depolarization cycle is complex, and involves several ions entering and exiting
the cell sequentially (see Figure 2.3); however, the influx of calcium ions in particular
is noteworthy as it is responsible for the activation of intracellular signaling pathways
leading to cellular contraction. These series of events, culminating in cellular contrac-
tion, are collectively known as the “excited state” of cardiac myocytes. These cells are
therefore considered “excitable”, as an activated cell will keep recruiting neighboring
cells to produce a non-linear activation wave that propagates down the length of the

heart.
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F1GURE 2.3: Simplified graphical representation of the cardiac cell cycle. Phases 0 through 4 repre-
sent the ionic fluxes involved in the cell cycle of an action potential, starting with cell activation in
Phase 0, and ending with relaxation in Phase 4. They are represented in the center of this image, as
the numbers on the action potential curve depicted, showing membrane potential versus time. The
cell in the resting state (Phase 4) has a highly negative (around -90 mV) membrane potential, due
to potassium ions being actively pumped out of the cell [26]. Phase 0 represents the threshold acti-
vation of a cardiac cell after its neighbor becomes activated, sending charged signaling molecules via
gap junctions. These incoming charges disrupt the cell’s membrane potential, and this is sensed by
voltage-gated ion channels (VGICs) in the cell membrane. Potassium ion VGICs close, and sodium
and calcium channels simultaneously open [27], causing a large change in the membrane potential
sending it to around +30 mV. Simultaneously, calcium ions induce a biochemical pathway known as
Calcium-Induced-Calcium-Release (CICR), which increases the intracellular calcium concentration
nearly a thousand-fold [28]. Calcium flooding the intracellular space then induces contraction by
allowing actin to bind and form cross-bridge attachments with myosin, which are the fundamental
proteins involved in cellular contraction. Phase 1 is then characterized by a rapid potassium out-
pouring, which briefly repolarizes the membrane. However, this is short-lived, and the membrane
potential plateaus for a few milliseconds in Phase 2, which corresponds to the refractory period of
the cell, during which new recruitment could not result in another activation of the cell. In Phase
3, potassium ion flux is restarted and sodium and calcium channel conductances decrease as their
channels are deactivated. The cell is then returned to its full resting state, in Phase 4, ready to be
activated again.

K+
Phase 0

The ability to segregate ions on either side of a cell membrane is therefore a key
element to the sustenance of life. As shown, nature allows for cellular activation in
cardiac myocytes as needed by opening membrane VGICs, which act as the cell’s
floodgates, responding to changes in the transmembrane potential. Analogous to
VGICs, electroactive polypyrrole (PPy) membranes, which were used in this project

to mimic the biological membrane, also allow for the segregation and accumulation of
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ions to one side of the membrane, and upon voltage activation, the rushing of these
ions across it [29, 30]. These biomimetic polymer membranes will be central to the
research presented, and will be discussed in more detail below.

In the diseased heart, signal transmission between cardiac myocytes is disrupted
[31-33], and refractory periods are no longer clearly defined. This causes cells to
be activated upstream again before the end of their refractory period, thus creating
highly irregular wave reentry patterns throughout the heart (Figure 2.4, A and B).
These wave propagation patterns cannot sustain a normal cardiac rhythm, and cause

the heart to quiver instead of beat, which is known as cardiac fibrillation [34].

C

ECG

FIGURE 2.4: Examples of simulated cardiac wave propagation and their respective electrocardiogram
(ECG) traces. The color gradient represents cellular recruitment, with red having most recently
been activated, and blue corresponds to tissue at rest. Arrows indicate direction of wave travel.
A) A reentrant wave begins, disrupting normal sinus rhythm. B) Instability of the reentrant wave
instigates further wave disturbance, leading to the inability of the heart to contract normally. C)
Example of a normal sinus rhythm propagating from left to right across the simulated tissue, and
its associated ECG. Image adapted from Qu et al. with permission from Wiley. [35]

There are two major types of cardiac fibrillation: atrial and ventricular, which
refer to the location of their occurrence in the heart. While the atria receive both
oxygenated and deoxygenated blood from the rest of the body, the ventricles are
responsible for pumping this blood back into the body. For this reason, ventricular

fibrillation (VF) prolonging for more than a few minutes results in cardiac arrest and
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sudden cardiac death (SCD) [36], as the heart is no longer able to circulate blood
throughout the body. Treatment for VF is therefore needed immediately after its
onset, and typically includes defibrillation or cardioversion, which are highly successful
rescue therapies. Atrial fibrillation (AF), on the other hand, is not instantly fatal but
can ultimately result in significant morbidity and mortality. Although treatments
used to restore sinus rhythm in VF patients can also be used in the case of AF,
such aggressive treatments as defibrillation and cardioversion would be best replaced
by more sophisticated preventative and eradication therapies. AF is characterized
by tachycardia (abnormally fast heartbeats), resulting in a fatigued and eventually
enlarged heart. This can in turn lead to the formation of blood clots, the occurrence of
strokes, and even heart failure [37]. AF is the most common type of arrhythmia found
in developed countries, affecting over 2.2 million people in the United States in 2009
[38]. These two types of arrhythmias (AF and VF) remain major health problems
today, claiming the lives of over 461,000 Americans in the same year [38], despite
decades of research aimed at understanding their underlying initiating mechanisms.

Treatments for AF currently include anti-arrhythmic drugs (AAD) and/or ra-
diofrequency ablation (RFA). Radiofrequency ablation is a technique in which catheters
are sent into the atria of originating reentry behavior, and high frequency waves are
used to burn small incisions in the tissue at random locations, in an attempt at forc-
ing a sinus rhythm on the heart. As compared to drug therapies, RFA treatments
report higher efficacy rates (71 % versus 52 %) and lower complication rates (5 %
versus 30 %) [39], but are still not based on a precise understanding of reentrant wave
initiation, which could improve treatment efficacy rates significantly. One of the long-
term scientific ambitions of this research, therefore, is to develop a physical model
of cardiac tissue to simulate and study cardiac fibrillation initiation and sustenance,
and to assist in the improvement of treatment options.

Currently, a better understanding of the wave propagation disruption in AF is

afforded by biological experiments and computer simulations. In the biological ex-
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periments, AF is induced in animal models, which are either chronically instrumented
with an array of electrodes placed in the heart to detect arrhythmias [40-43], or sacri-
ficed to observe protein expression [44, 45] and wave patterns using a voltage sensitive
dye [46-48]. While biological experiments are necessary for their insight into cellu-
lar pathway activations occurring in situ, they are also constrained by their need
for animal models and the limited spatiotemporal information these relay, as bas-
ket catheters placed in the atria carry restricted numbers of electrodes [49-52], and
voltage-sensitive dyes give only two-dimensional wave propagation information at the
surface [53, 54]. Even studies recording the transillumination of voltage-sensitive dyes
encounter difficulties with signal-to-noise ratios and cannot accurately evaluate wave
propagation in 3-D [46]. To overcome this limitation and uncover the critical 3-D char-
acteristics underlying fibrillation, computer simulations have been developed which
are capable of modeling the wave propagation occurring in the heart [55, 56]. Al-
though highly accurate and physiologically relevant as they are based on the models
of ionic transport across the cells membrane, the Nernst equation, and physiologi-
cal data; they too are limited by their ability to only model a restricted number of
elements due to their computational complexity [57]. Most recently, computer simu-
lations have managed to model up to around 100,000 nodes for the heart [58], but this
is still a far reach from the >200 million elements needed to properly treat activity
at a cellular scale [59].

The breakdown of orderly cardiac wave propagation to a turbulent or fibrillatory
state is enormously complex, and the treatment of cardiac fibrillation is very diffi-
cult. Data on the efficacy of currently available treatments reflect a persisting lack
of fundamental understanding into the mechanisms that initiate and sustain the dis-
rupted cardiac wave propagation on a biochemical and structural level. In fact, an
expert panel from the National Heart, Lung, and Blood Institute convened in 2008
suggested that, among others, there was a great need for improving non-invasive

technologies which could help better understand the influence of heart structure on
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the incidence of AF [37]. Indeed, the development of a 3-D, structurally accurate,
biomimetic artificial heart has the potential to provide a better understanding of 1)
the loci of AF formation, 2) where to best focus RFA therapy, and 3) the effects of
cardiac geometries on wave propagation and reentry sustainability.

Molding a coupled array of micron-scaled gel-cells could produce a physiologically
accurate model of the shape, layout, and thickness of the human heart. Electrical
activation signals produced by each artificial cell could then be read by a computer,
effectively mapping a 3-D representation of the wave propagation as it occurs in real-
time through the geometry of a heart. This information could help better understand
the effects of geometry on cardiac wave propagation, which are believed to be of great

importance in the initiation and maintenance of AF [60].

2.2 A Biomimetic Heart Cell

In order to achieve the long-term goals outlined above, the aim of this work was to
develop the conceptual design of an artificial excitable cell, determine the materials
required for its fabrication, and demonstrate its feasibility through a prototype of
the most critical portion of the gel-cell: the biomimetic cell membrane. The work
outlined here lays the foundation for the eventual production of a complete gel-cell

prototype, to be used as a building block in engineered excitable media.
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FiGURE 2.5: Conceptual design of the artificial excitable cell layout. Hydrogel comprises the main
body of the cell (light blue hues). A PPy membrane (purple) controls the ionic flux from the upper
portion to the lower portion of the cell. Potassium ions are free to move about the cell body, however,
they have a harder time moving through the lower conductivity hydrogel (darker blue, middle left),
and hence preferably move through the PPy membrane when it is open. An ion sensitive switch and
a potassium ion selective electrode are used to ensure excitability and refractoriness of the cell by
ensuring a lapse in time before re-excitation, and signaling when the cell has been activated.

Electro-active polymers (EAPs) were selected in order to control and direct ion
transport, and to measure localized ion concentrations, thus reproducing the main
events of the cardiac myocyte activation cycle. Hydrogel was chosen to make up
the bulk of the upper and lower chambers of the gel-cell (Figure 2.5). Mimicking
the ion-rich environments of biological cells, ions are free to move about in hydrogel
material, making it a suitable foundation for the gel-cell [61]. For simplicity, instead
of having a variety of ions permeating around the cell as found in biology, the gel-cell
is simply filled with a potassium tracer ion.* As these ions cycle through the gel-cell,
they are transported in a unidirectional, clock-wise cycle around the cell, driven by

voltage gradient fields produced by electrodes placed at the top and bottom of the

*Potassium was chosen since it has the smallest hydrated shell and the fastest rate of flux through
the gating membrane [62]. However, sodium ions could also be used instead, since they have a flux
rate very similar to that of potassium: K, = 5.74 x 1072 mol-s™'-em~2 and Na, = 5.63 x 107°
mol-s~t-cm™2.
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cell design.

An ion gating membrane made of polypyrrole (PPy) separates the upper and lower
chambers of the gel-cell, mimicking the biological cell membrane described above.
Similar to VGICs found in the biological cell membrane, a PPy membrane remains
impassible to ions until activated, when it funnels them into the lower chamber of the
gel-cell. Before opening the PPy ion gate, however, the gel-cell must first determine
whether it is in the correct phase to respond, i.e. not in a refractory period. It does
so by probing the local ion concentration in the upper chamber using an ion-sensitive
switch [63].

Once ions migrate to the lower portion of the cell, they trigger an ion selective
electrode (ISE) probe placed there to produce a voltage, which is used to propagate
the signal of activation to neighboring cells. After this step, ions are driven back
to the upper chamber via electrodes to restore its resting state; but this time they
travel through the low-conductivity hydrogel in a slow diffusive process, as the PPy
gate has been closed. When a sufficient concentration of ions has reached the upper
chamber of the cell again, it is then available for re-activation, as determined by the

ISE probe and switch located there.

2.2.1 Operating Sequence for an Excitable Gel-cell

The gel-cell is designed to cycle through five main phases, undergoing a process
similar to the cardiac myocyte activation cycle. A brief description of the events
occurring in each phase are found below, along with a schematic representation in

Figure 2.6.

Phase 4 The gel-cell is in the resting phase and ready to be fired. The upper driving
electrode is negatively charged to attract the tracer cations. The PPy membrane

is closed and impassable to the tracer ion.

Phase 0 The gel-cell receives a signal to fire (green pulse) from a neighboring cell,
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FIGURE 2.6: A sequence diagram illustrating the five phases in the artificial excitable cell cycle.
Potassium tracer ions go through a clockwise rotation around the gel-cell as they are directed by
electric fields down through the PPy membrane upon cell activation, and back up through the
low-conductivity ILPG upon their return to the resting state.
analogous to gap junctional conduction in myocytes. This signal charges a neg-
ative electrode located in the ion-sensitive switch, increasing the local tracer ion
concentration (if available) above threshold. An ion-selective sensing electrode

relays the local concentration of ions by opening transistor gates in the switch,

thus allowing the activation signal to continue to the rest of the cell (red pulse).

Phase 1 A polarity reversal at the driving electrodes causes the tracer ions to migrate
to the barrier of the low-conductivity hydrogel and PPy membrane, but cannot
yet pass through the closed PPy membrane. A positive voltage is concurrently

being supplied to oxidize and open the PPy gating membrane.

Phase 2 The PPy membrane rapidly becomes permeable and tracer ions pass into

the lower chamber. Ionic flux into the lower chamber occurs preferentially
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through the PPy membrane as it offers the path of least resistance to ionic move-
ment. The ion selective electrode (ISE) sensor in the lower chamber measures
an increasing ion concentration and outputs an increasing voltage analogous
to the action potential found in cardiac myocytes. Furthermore, as tracer ions
leave the upper chamber, the ion concentration there drops and the ion-sensitive
switch reverses to its initial state, causing the PPy membrane to become im-
permeable to ions again. At this point the gel-cell is in the refractory stage and

cannot be fired again.

Phase 3 The driving electrodes have now returned to their baseline polarities, and
the PPy membrane is impermeable to ions again. The tracer ions are forced to
diffuse back up through the low conductivity hydrogel. The amount of time it
takes for ions to pass through this area dictates the refractory period duration

for the gel-cell.

2.2.2 Biomimetic Cell Components

The main components of the artificial cell are: 1) the hydrogel medium, which
is the polymer equivalent to the biological intra- and extra-cellular space, 2) the
polypyrrole (PPy) gating membrane, analogous to a cell membrane with voltage-
gated ion channels (VGICs), 3) the potassium sensitive electrode, and 4) an ion
sensitive switch. The scope of the project presented here covers the production and
testing of the first three gel-cell components, as they are most critical to the overall
conceptual design’s feasibility. Future work will involve combining all four major
elements to produce the fully assembled artificial excitable cell prototype. A review
of each component and the details of their fabrication methods are discussed below.
The results obtained from testing the first three components will be further discussed

Chapter 4.
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2.2.2.1 Polypyrrole

Polypyrrole is a thin electroactive polymer membrane, produced by electrochem-
ical polymerization from pyrrole. It is a very versatile polymer due to its responsive-
ness to applied voltages and has been used, among others, as an ion gate, potassium
selective electrode, actuator, transistor, supercapacitor and in batteries [64-69]. Of
particular interest in the context of this research, is its ability to act as a gating
membrane capable of controlled ion permeability, opening and closing in response to
an applied voltage as it switches between oxidation states, a behavior analogous to
VGICs.

Polypyrrole (PPy) is a polyheterocycline organic polymer made from pyrrole (Fig-
ure 2.7), which was first reported synthesized in the early 1960’s [70-72]. By the
1980’s, PPy was gaining attention as a novel metallic polymer, due to its uncharacter-
istically high electrical conductivity, ranging from 10-100 S / cm at room temperature
[73, 74]. These high electrical conductivities are due to the overlapping and partially
filled molecular orbitals of pyrrole, which allow for electron mobility throughout the

m-conjugated polymer lattice [75, 76].

FiGUrE 2.7: Chemical structure of pyrrole, the monomer which forms a polypyrrole chain after
deposition.

In 1982, Burgmayer et al. discovered an additional capability for polypyrrole; this
time a variable ionic conductivity. Their group noted the polymer’s ability to switch
between oxidative states in response to low voltages, and how these corresponded to
two distinct ionic permeability states, one open and one closed; making it useful as
a switchable ion gate [77]. Since then, more in-depth studies have shown that the

nature of the counterion placed into the membrane during polymerization controls
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the polarity of the ions allowed to pass through the membrane [78].

Several uses for polypyrrole membranes have further emerged since their discovery.
A wide variety of applications harness the myriad of mechanical, optical, chemical
and electrical properties displayed by these fascinating polymers. For example, PPy
responds to a voltage application by swelling or relaxing, depending on ionic uptake,
to preserve electronegativity. This has been harnessed to provide motion, and sev-
eral studies have demonstrated the actuating capability of PPy membranes [79-83].
They are additionally being investigated for use in solar cells, rechargeable batteries,
biosensors, electrochromic devices, anti-static coatings and many more [75, 84-91].

The membrane is formed from the electrochemical polymerization of a pyrrole
monomer and a counterion of choice, onto the working electrode of a 3-electrode elec-
trochemical cell (see Chapter 3 for more details). Deposition time dictates membrane
thickness, which is on the order of a few microns [92]. These films possess a char-
acteristic cauliflower-like morphology under scanning electron microscopy (SEM, see
Figure 2.8). Transport of a variety of ions through these membranes has been demon-
strated, including potassium ions [93]. In fact, potassium ions have a very rapid flux
rate through PPy membranes due to their small hydrated ion diameter, or effective

ionic radius of 3 A [62].

FIGURE 2.8: Scanning electron microscope (SEM) imaging of PPy membranes. Left: Image taken
at UVa of a PPy membrane produced in the Soft Materials Lab. Right: SEM image taken by Davey
et al., 1999, reproduced with permission from Elsevier. Notice the features at the same length scale
are nearly identical in both images.

Polypyrrole’s ability to gate ionic conductivity is based on its electrochemical re-
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dox state (Figure 2.9). Upon the application of a positive voltage, the PPy membrane
becomes oxidized and in this state is permeable to ions. Conversely, upon the applica-
tion of a negative voltage, membranes are chemically reduced, and their permeability
to ions is decreased about a thousand-fold [29]. This ability to control ionic flux
makes PPy membranes analogous to a biological membrane and therefore very useful

in the design of the gel-cell.

®
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FIGURE 2.9: PPy is an electro-active thin membrane produced through electrochemical deposition.
Upon application of a negative voltage to the membrane (-1 V), the membrane is chemically reduced,
and in this state is impermeable to ions (left). When the voltage is reversed (+1 V), the membrane
becomes chemically oxidized and is open to ion passage (right).

2.2.2.2 Hydrogels

The ideal material base for the gel-cell is a semi-solid, aqueous environment in
which potassium chloride (KCl) is easily incorporated and traced. The material that
best suits these criteria is a water swollen polymer network, known as hydrogel. Hy-
drogels are made from polymers which would be glass-like if produced in the absence
of water. In its presence, however, over 20% of its weight in water is absorbed by
the polymer matrix, producing an elastic gel material instead [94]. The equilibrium
water content, EWC (see Eq. 2.1), is a measure of the amount of water absorbed by
hydrogels and is a function of the hydrophilicity and network structure of the base

polymer [95]. It dictates mechanical properties of the gel, ion permeability, and can be
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correlated to hydrogel pore size, making it the most valuable and telling characteristic

of hydrogels [96].

EWC — weight of water in the gel

1 2.1
total weight of swollen gel X 100% (21)

Hydrogels can be made from a broad range of polymers. A few examples include
2-hydroxyethyl methacrylate (HEMA) [97], acrylamide (AAm), N,N’-methylene-bis-
acrylamide (MBAAAm) [98], N-vinyl pyrrolidone (VP) [99], polyvinyl pyrrolidone
(PVP) [100], polyvinyl alcohol (PVA) [101], and methyl methacrylate (MMA) [102].
They have been used in a wide variety of applications: as biomaterials in drug re-
lease and soft contact lenses [94, 103], in agriculture [104] and electrophoresis [105].
Hydrogels have also been used in microfluidics, which motivated the development of
new methods for the direct photopatterning of these materials on a micrometer-scale
[106]. Producing large arrays of micropatterned gel-cells becomes a reality in light of
these technological developments.

There are three classifications for hydrogels based on pore size: 1) macroporous
hydrogels contain pores larger than 100 nm, 2) microporous hydrogels with pores
between 5 and 100 nm, and 3) nonporous hydrogels which do not contain any true
pores [96]. Direct and indirect methods for pore size determination exist. Exam-
ples of direct pore size determination include electron microscopy [107], the bubble
point method [108], gas adsorption [109], differential scanning calorimetry [110], NMR
spectroscopy [111], Fourier transform infrared spectroscopy imaging [112], and more
[113]. Indirect measurements involve the use of theoretical models to estimate pore
size information, such as the Equilibrium Swelling Theory [113].

Since none of these direct analysis methods were readily accessible to the Soft
Materials Lab, the polymer ratio to cross-linking agents were correlated to known
porosity data found in the literature. The acylamide hydrogels chosen for this project
were based on two recipes produced by Barthus et al. [114], who determined their

pore sizes to be an average of 0.52 nm and 2 nm by Equilibrium Swelling Theory,
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and correlated to polymer cross-linker ratios. An even smaller pore size hydrogel
recipe was prepared for the purposes of this work, with a polymer ratio of 0.065 and
estimated pore size of 0.1 nm.

In addition to the above qualities, hydrogels have good demonstrated compatibil-
ity with the electroactive polymer polypyrrole (PPy), which has a central role in the
artificial cell design. In fact, Barthus et al. showed that PPy could be electrochemi-
cally prepared within a hydrogel environment, in the case of a controlled drug release
device [114]. Hydrogel’s ability to swell and contract depending on environmental
conditions makes them interesting for use in drug delivery system [115]. In fact, they
can be made to respond to cues such as temperature, pH, light, electric or magnetic
fields simply by changing the end group chemistry on the polymer chains [116-120].
Interestingly, this ability to swell and shrink led Kuhn et al. to dub them “chemical
muscles” in the early 1950s, in one of the very first descriptions of hydrogels [121].

Work has also been done by Horkay et al. to study the interaction between the
hydrogel polymer structure and alkali metal salt solutions (such as aqueous potassium
chloride) at physiologically relevant concentrations [122], confirming their ability to
be integrated into hydrogels. Horkay’s group described the theoretical distribution of
ions within a hydrogel network based on the principal of electronegativity, free energy
and Bjerrum length. They found that if the distance between ions is much larger
than the characteristic (Bjerrum) length, then ions would be distributed uniformly
throughout the gel. If the opposite were true, however, ions would be closely bound to
the polymer chains, in a process known as counterion condensation. The elasticity of
the polymer was not affected by the presence of any of the ions either, meaning that
there is likely no association between the polymer chains and ions in solution. This
quality maximizes the mobility of ions within hydrogels, making it another desirable

attribute of these polymers.
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2.2.2.2.1 Solute Diffusion Several studies have quantified KCl,, flux through
hydrogels as well [98, 123, 124], and determined theoretical models for ion transport
[125]. Capillary pore diffusion and solution-diffusion models were used to describe
solute diffusion through PMMA and other materials used as dialysis membranes [126].
According to these studies, the speed of solute diffusion in hydrogels is dictated not
only by chemical interactions between ion-ion, ion-water and ion-polymer; but also
by the characteristics of the polymer medium through which it passes including pore
size, tortuosity and water content.

In the simple capillary pore diffusion model by Pappenheimer [127], perpendic-
ular pores of equal diameter run the length of a material, and flow through them
follows Poiseuille’s law. This model is overly simplistic, however, and was modified
by Verniory [128] to include frictional resistance in consideration of Stoke’s law de-
scribing flow of a sphere through a channel. Yet another description of solute behavior
in hydrogels, the free volume model of diffusion, correlates water content in polymers
to ion mobility [129], which could be helpful, but fails to account for the chemical

interactions of the solute with polymer chains.

2.2.2.2.2 Biocompatibility A long term goal for this project is to eventually
interface gel-cells with living tissue. To this end, material biocompatibility must be
a consideration. Luckily, many examples already exist of hydrogels interfacing with
the human body, including soft contacts [94, 103], burn dressings [130], cell culture
[131], artificial cartilage implants [132, 133] and drug delivery [134]. It is the high
water content of hydrogels which leads to good biocompatibility; as impurities can
easily be washed out before use, the soft and pliable nature of the material reduces

mechanical stress on living tissues, and provides low interfacial tension [96].
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2.2.2.3 Ion Selective Electrode

A versatile polymer, polypyrrole has also been used as a solid state ion-selective
electrode [135, 136]. It does so by binding ions in solution to the ion exchange
counterion within PPy, which in turn produces a voltage drop with respect to a
reference electrode. However, the PPy and ion exchanger combination have a poor
detection limit. The addition of ionophores such as valinomycin [137] or a crown ether
[138] in polyvinylchloride (PVC) to the surface of PPy has been shown to greatly
increase the detection limits for these sensors. In fact, Pandey et al. [138] showed a
detection for potassium ions as low as 15 uM by the addition of dibenzo-18-crown-6
in PVC to the PPy membrane (see Figure 2.10).

The long-term stability of PPy potassium sensors was investigated by Momma
et al. [139], who showed that the thicker the PPy membrane base, the higher the
stability of the ion-selective electrode over time. They also demonstrated that the
sensor fared better in higher concentrations of KCl,, than in lower ones, likely due to
the structural stability afforded by the presence of the binding agent. These properties
are each useful in the design of the gel-cell, and will be used to detect the local

availability of potassium chloride in the various steps of the activation cycle.
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FIGURE 2.10: Voltage drop of PPy doped with dibenzo-18-crown in response to varying concentra-
tions of KCl,4, as seen by Pandey et al. Reprinted from [138], with permission from Wiley.

2.2.2.4 Ionic Switch

The inclusion of a novel ion-sensitive switch will be critical for the development of
an excitable gel-cell. The ion-sensitive switch has yet to be fully designed, and is left
for future consideration. The concept however will likely contain the ISE described

above, and soft polymer transistors for gating logic.

2.2.3 Potential Applications of the Artificial Cell

The development of an artificial excitable cell prototype and its testing are the first
steps in the larger scope of a research project aimed at producing artificial excitable
tissues. There has been a large body of work aimed at producing whole artificial
cells, as reviewed in a recent book by Chang [140], however, none have used PPy as
an analogous cell membrane in the way this research demonstrates. Eventually, the
biomimetic gel-cells developed here will be connected with one another, and produced

at the micron scale. Large numbers of these will then be coupled into 3-D arrays, and
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molded into complex shapes. A variety of applications will become possible through
the development of such a novel artificial excitable tissue.

For example, if the artificial tissue were constructed into the shape of a physiolog-
ically accurate heart, it could be used to model the complex wave propagation and
re-entry behavior seen in atrial fibrillation. Physical modeling of cardiac wave propa-
gation and the initiation of arrhythmias would complement current research into the
fundamentals of cardiac fibrillation by uncovering the critical 3-D wave propagation
characteristics in real-time. This would provide a powerful alternative to computa-
tionally intensive simulations which can only capture activity through small sections
of the heart at a time. Indeed, producing a physiologically accurate model of the
heart could provide a better understanding of 1) the loci of AF formation, 2) where
to best focus RFA therapy, and 3) the effects of cardiac geometries on wave propaga-
tion and reentry sustainability, thereby improving our fundamental understanding of
the influence of heart structure on the incidence of AF.

Gel-cells also have the potential to become a new class of artificial muscle, by har-
nessing the inherent contractile qualities of the materials from which they are made.
Indeed, both polymer materials used to produce the gel-cell, polypyrrole and hydro-
gel, possess the ability to change configuration and produce movement [81, 141-143].
Harnessing their individual contractile qualities synergistically, hydrogel and polypyr-
role could make a gel-cell contractile in response to activation. Next, by combining
thousands of these miniatuarized contractile gel-cells through nanoimprint lithogra-
phy [144], for example, they could be produced into a macroscopically contractile 3-D
tissue and even an artificial heart (Figure 2.11, bottom left).

As a final example, the technology being developed here could be used in lightweight
tubes capable of driving fluids as they propagate contractile waves down their length
(Figure 2.11, bottom right). Peristaltic waves, similar to those produced by the in-
testines to move food through the digestive track, could propel fluid down the length

of the tube. Such a technology could eliminate the need for heavy conventional
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pumps in space craft, where the need for lightweight materials and energy and space

conservation are of prime importance.

FFFFFFFFFFFFFFF

FIGURE 2.11: The gel-cell may some day be used to produce an artificial heart for the purpose of
studying cardiac arrhythmias, or even serve as a replacement for a defective heart (bottom left). It
may also be used as a tube pump where the artificial cells in an array are used to form the tube
walls, and propagate a contractile wave down their length (bottom right). There are many more
potential applications for this technology, as they could conceivably define a new class of artificial
excitable contractile tissue.
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Chapter 3

Methods

In this chapter, methods for the preparation of both polypyrrole and hydrogel
are presented. In addition, techniques employed for PPy thickness determination are
discussed, along with an overview of potassium chloride assay methods in solution
and hydrogel. Finally, experimental methods for the quantification of flux rates in

both solution and hydrogel are shown.

3.1 Polypyrrole

Electropolymerization of polypyrrole involves four critical steps which are highly
susceptible to variability. These steps are: monomer oxidization, radical-radical cou-
pling, deprotonation, and chain propagation [145]. Since the morphology of the result-
ing membranes is highly variable and dependent on each of these steps, consistency in
membrane preparation was necessary. Steps to provide reproducibility included the
distillation of pyrrole monomer prior to experiments, deaeration during deposition,
and temperature fixing by performing depositions on ice. These preparations assured,
to the best of our ability, that resulting membranes were comparable. The details for

membrane electropolymerization are described in more detail below.
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3.1.1 Polypyrrole for Flux Experiments

A membrane preparation made from polypyrrole and counterion p-toluenesulfonate
(TOS™) was performed as described by Zhao et al. [146]. This particular recipe for
polypyrrole was chosen for its demonstrated ability to gate potassium chloride ions
in solution. The preparation included the use of distilled water as solvent, and an in-
expensive stainless steel working electrode for PPy deposition. Stainless steel mirror
finish plates were used to produce very thin membranes (on the order of a few mi-
crons), which could be peeled off easily and used free-standing in ion flux experimental

setups.

3.1.1.1 Materials

Counterion p-toluenesulfonate sodium salt (TOS™) was used as received from
VWR. Pyrrole, from Sigma-Aldrich, was distilled* and stored at 4 °C' in a nitrogen

(N,) environment prior to use.

3.1.1.2 Preparation

A solution containing 0.2 M pyrrole and 0.05 M TOS™ in distilled water (diH,O)
was dearated under N, gas on ice for 30 minutes. A mirror finish stainless steel (#304,
0.105” thick), obtained from McMaster-Carr, was used as the working electrode. The
sheet was cut into smaller electrode pieces with surface area of 3.24 cm?, secured to a
copper dipping electrode via double sided copper tape (Ted Pella, Inc.), and covered
in insulating paint (XPS2000).

Depositions were carried out in a 3-electrode electrochemical cell system designed
in the Soft Materials Lab (see Figure 3.1). A simple 60 ml beaker was used as the
bath, and a lid was designed in SolidWorks, then cut from a 5/8” thick black Delrin

*The pyrrole distillation process is noteworthy as it is hazardous. Pyrrole has a flash point of 36
°C, and yet to be distilled its temperature must be elevated above a boiling point of 130 °C. This
must be done with caution, as an explosion will occur if the vapor concentration of pyrrole in air
is between 3.1 % and 14.8 %. Therefore, pyrrole solution must be slowly heated up while allowing
pyrrole vapor to saturate the airspace above it before reaching the flash point.
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disk using a CNC Rapid Milling Machine from the Bio-Inspired Engineering Research
Labs. The design of the lid allowed for the precise placement of the working electrode,
reference electrode and counter electrode within the electrochemical cell, as well as
a location for nitrogen gas to be supplied to the solution during deposition’. The
stainless steel electrode was used as a working / sense electrode, a saturated calomel

electrode (SCE) as reference, and platinum mesh as counter electrode.

Reference Electrode

Counter
FElectrode

Working
Electrode

FIGURE 3.1: A three-electrode electrochemical cell used for the deposition of polypyrrole onto
the working/sense electrode. A saturated calomel reference electrode and platinum mesh counter-
electrode are needed to supply the appropriate voltage to the working electrode.

Galvanostatic depositions were carried out at 2 mA /cm? and 5 mA /cm? vs. SCE,
using a VersaSTAT 3 potentiostat (Princeton Applied Research) for 5 to 35 minutes.
Membrane survivability after detachment from the plate dictated a minimum of 15
minutes for deposition was required at 2 mA/cm? and 5 minutes at 5 mA /cm?.

After deposition, PPy membranes were peeled off of the mirror finish working

"In this arrangement, electrons are transferred between a working electrode upon which the
polymer grows, and a platinum mesh counter-electrode placed some distance away from it. A third
electrode, in this case a saturated calomel reference electrode, is placed in close proximity to both of
these electrodes to provide an appropriate reading on the voltage drop existing between it and the
working sense electrode connected in series to the working electrode. The placement of this reference
electrode is critical as it dictates the appropriate voltage to be applied between the working and
counter electrodes.
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electrodes as shown (see Figure 3.2), rinsed thoroughly in distilled water and stored
in diH,O until needed. Flux experiments were typically performed immediately after

depositions were completed, or the following day, as noted.

FIGURE 3.2: A mirror finish stainless steel #304 electrode is shown. The resulting PPy from a
galvanostatic deposition for 25 minutes at 0.5 mA/cm? can be easily peeled from the surface to
produce a freestanding membrane, ready for use in flux experiments.

3.1.2 Polypyrrole for Ion Selective Electrodes

Although the PPy/TOS™ membranes described above are suitable for use in ion
selective electrodes, it was found that preparations based on work by Tietje-Girault
et al. resulted in stronger signal responses to potassium [147]. Their group used
an acetonitrile (CH;CN) solvent instead of water, and new counterion tetrabutylam-
monium tetrafluoroborate (Bu,NBF,). This recipe only successfully deposited onto
noble metals, and for this reason, gold mesh was used as the working electrode instead

of stainless steel.

3.1.2.1 Materials

Tetrabutylammonium tetrafluoroborate (Bu,NBF,, 95 %) from Acros Organics
and acetonitrile (CH;CN) from Sigma-Aldrich were used as received and stored at
room temperature. Pyrrole, also from Sigma-Aldrich, was distilled and stored at 4

°C' in a nitrogen environment prior to use. Gold mesh was purchased from Unique
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Wire Weaving Co., Inc (www.uniquewire.com). Wire diameter was 0.0025”, with 100

x 100 mesh size (56 % open area) and 99.99 % purity.

3.1.2.2 Preparation

A solution containing 0.1 M distilled pyrrole, 0.1 M Bu,NBF,, and 1 % wt diH,O
in acetonitrile was prepared and deaerated under nitrogen gas for 30 minutes on ice.
The gold mesh working electrode was cleaned with ethanol, rinsed in diH,O and cut
into 0.5 cm by 2 cm rectangles prior to use. A portion of the mesh was secured to
the copper dipping electrodes using double sided copper tape, leaving a 0.5 cm by 1
cm area of the mesh extending beyond the electrode, which would be freestanding in
the deposition solution. The copper tape and copper dipping electrode were covered
in insulating paint, as shown in Figure 3.3. Using a VersaSTAT 3, potentiostatic
depositions were carried out at +0.8 V vs. SCE for 1 hour in the standard 3-electrode

cell described above.

FiGURE 3.3: Gold mesh secured to the copper dipping electrode via double-sided copper tape
(left). After deposition, PPy is shown on the gold mesh (right). These meshes do not represent the
dimensions described above. However, they are representative of the gold mesh electrode attachment
and painting process.

3.2 PPy Thickness

As membrane thickness directly influences the flux rate of potassium chloride by
affecting the mean free path of travel for ions, a theoretical model predicting PPy

membrane thickness was sought. Theoretically obtained values were then compared
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to experimentally determined thickness values to test the model validity. The meth-
ods for both theoretical and experimental thickness determination are demonstrated

below.

3.2.1 Theoretical Prediction

Theoretical predictions of PPy membrane thickness were computed based on work
by Farrington et al. [148], whose model relates the membrane thickness (d), to the

charge accumulation (@) during deposition, as follows:

P VR »

Membrane thickness values were calculated for PPy / TOS™ membranes (as pre-
pared for flux experiments), with n being the number of electrons, 2, involved in the
polymerization process. F' is the Faraday constant, and A is the surface area of the
electrode onto which PPy is deposited. The PPy film density, p, was approximated
as 1.1 g/cm? by Farrington et al. [148]. The number of pyrrole units per counterion,
y, was also approximated at 3 by their group. M; and M, are the molecular weights
of pyrrole and counterion TOS™, respectively. The charge density (Q) for deposition
was calculated from the current density applied at the membrane (.J), the working

electrode surface area (A), and duration of the deposition () according to Equation

3.2 below:

Q=J At (3.2)

Results obtained from this model are presented and discussed further in the results,

Chapter 4.
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3.2.2 Scanning Electron Microscopy

Cross-sectional images of the membranes were taken using a scanning electron mi-
croscope (SEM, JEOL JSM-6700F cold field-emission gun). After deposition and in
preparation for imaging, membranes were covered with 120 A of gold-palladium to in-
crease conductivity and reduce membrane charging during imaging, using a Precision
Etching Coating System (PECS, Gatan 682) located in the Nanoscale Materials Char-
acterization Facility. Membranes were then mounted on a 90-degree angle vertical
bore SEM specimen mount using double-sided carbon tape (Ted Pella, Inc.). Cross-
sectional views of each membrane were analyzed using the measurement tool within
the JEOL software to determine exact thickness. An example SEM cross-sectional
view is shown in Figure 3.4, below. Results obtained will be further discussed in

Chapter 4.

LEI 5.0kY X2,000 WD 9.8mm 10um

FIGURE 3.4: The cross-sectional view at 2000X of a PPy / diH,O membrane (galvanostatic de-
position at 2 mA / cm? for 35 minutes) is shown, taken on a JEOL 6700F cold field-emission gun
SEM. The instrument’s software measurement tool was used to sample three locations across the
membrane for an average thickness reading.
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3.3 Hydrogel

Hydrogels possess many qualities that make them attractive for use in the gel-cell.
Among others, their high water content, excellent ion mobility within their matrix,
and proven compatibility with polypyrrole motivated their selection. Preparation was
based on a recipe from Barthus et al., which originally used the hydrogel as a support

matrix for the growth of polypyrrole [114].

3.3.1 Materials

All materials were used as received. N,N’-methylene-bis-acrylamidde (MBA) from
Sigma-Aldrich, and acrylamide from Cole-Palmer, were stored at 4 °C upon reception.
N’.N,N’.N’-tetramethylethylenediamine (TEMED), also received from Sigma-Aldrich,
was stored at room temperature. Potassium peroxodisulfate (PTS, 99%) from VWR
International was stored at room temperature, and capped under nitrogen atmo-

sphere.

3.3.2 Preparation

Hydrogels of different pore sizes were prepared by mixing varying ratios of MBA
to acrylamide, known as cross-linker ratios, into 8 ml of distilled water (diH,O).
Mixtures were then deaerated under nitrogen gas for 10 minutes, followed by the
addition of 10 uL. TEMED and 10 mg PTS. Hydrogel pore sizes of 2 nm and 0.52
nm, provided in Table 3.1, are based on work by Barthus et al. [114]. The smallest
pore size, 0.1 nm, was approximated by extrapolation from the two other known pore
sizes.

The final solution was then placed into molds and left to gel for approximately 30
minutes. Once removed from the molds, hydrogels were soaked in diH,O to remove

any impurities for over 24 hours.
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TABLE 3.1: Hydrogel Composition Ratios with Resulting Pore Sizes

Hydrogel Compositions

MBA 0.020 mg | 0.044 mg | 0.044 mg

Acrylamide 0.418 mg | 0.816 mg | 0.676 mg
Cross-linker Ratio 0.048 0.054 0.065
Pore Size 2 nm 0.52 nm 0.1 nm

3.4 Potassium Chloride Detection

To quantify the presence of potassium chloride in hydrogels, and ultimately within
the gel-cell, two ion measurement methods were employed. The first, adapted from
known electrochemical impedance spectroscopy (EIS) methods and performed via a
customized probe, was developed to detect real-time and direct measurements of the
salt in solution and in hydrogel. Although this method was highly successful and
provided valuable information for the flux rate calculations, the complexity of the
data capture system (involving the use of a potentiostat) made the technique limited
in application for the gel-cell.

A secondary detection method was therefore tested, which involved the use of
potassium sensors based on polypyrrole, as developed by Pandey et al. [138]. This
ion-selective electrode (ISE) method for detecting potassium was more simple to run
than the EIS probe, and is anticipated for use in the final gel-cell design.

The preparation and methods for these two detection systems (EIS probe and
ISE sensor) are described in detail below, with results obtained from these systems

discussed further in Chapter 4.

3.4.1 Electrochemical Impedance Spectroscopy
3.4.1.1 Materials and Preparation

Electrochemical impedance spectroscopy (EIS) probes were prepared using two
platinum squares (each 0.5 cm by 0.5 cm, and 0.004” thick, from ESPI Metals) in

parallel and 0.5 ¢cm apart from one another (see Figure 3.5). Electrical wires (14
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gauge) were soldered onto the back sides of the platinum electrodes and covered in
XPS2000 insulating paint. The two electrodes were held parallel and in place by a

custom designed U-shaped plastic guide (not shown).

_WE/SE

J—RE/ CE

FIGURE 3.5: An electrochemical impedance spectroscopy (EIS) probe made from two parallel plat-
inum squares is used to quantify the resistance of the material between it’s leads (solution or hydro-
gel), which is calibrated to represent ion concentration.

The working / sense leads of a VersaSTAT 3 potentiostat were connected to one
platinum electrode, and the counter / reference to the other. An alternating current
2 mV in magnitude and 0 V DC offset was applied to the platinum electrodes, while
sweeping the AC frequency from 150 kHz to 0.1 Hz. The resulting real and imaginary
impedances were used to gain information about the resistivity of the solution (or
hydrogel) present between the probes.

The EIS probe response behavior can be described by the equivalent electrical
circuit seen in Figure 3.6. The equivalent circuits for the surfaces of the platinum
plates, which were confirmed by observing the bode response of an impedance sweep
applied through the system, are represented by the capacitors and resistors in parallel,
R; / Cq, and Ry / Cs. The resistivity of the solution between the probe plates is
represented by a resistor, Rg, which will vary as a function of ion concentration, and

can be determined via impedance measurement of the system.
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Pt Plate 1 Pt Plate 2

FIGURE 3.6: Equivalent electrical circuit of the EIS probe system. Each platinum electrode is
represented by a resistor and capacitor in parallel. Resistor Rg represents the solution between
the electrodes. As described below, the concentration of ions in solution can be determined in the
solution from this equivalent circuit using impedance spectroscopy to relate solution resistivity to
ion concentration.

A frequency sweep of alternating current is applied to the circuit of the EIS probes
via the potentiostat, from 0.1 to 150 kHz. At high frequencies, capacitors act as
electrical short-circuits in the above equivalent circuit, revealing only the value of Rg
in the complex impedance response. As seen in Figure 3.7 below, when placed in
solution, the EIS probe produces a linear response to varying concentrations of KCl,,
in the high frequency domain, starting above approximately 3000 Hz. This allowed
the probe to be sampled only at a high frequency (150 kHz) repeatedly, to obtain time-
varying concentrations of KCl,,. This single frequency impedance approach became
critical for the time-resolved data obtained during membrane flux experiments, as
will be discussed in the following Chapter 4. Calibration curves in both solution and

hydrogels are presented and discussed further in the following Chapter 4, as well.
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Fi1GURE 3.7: Electrochemical impedance spectroscopy response of the probes showing the impedance
magnitude (|Z]) over the frequencies tested. The EIS probe is in aqueous solutions of KCl ranging
from 0.001 M to 1 M. In the high frequency regime, near 60 kHz, the average |Z| response represents
the Rg value of the solutions tested. A linear response to KCl,, concentrations is observed in this
region.

3.4.2 TIon Selective Electrode
3.4.2.1 Materials and Preparation

Potassium ion selective electrodes (ISE) were produced according to Pandey et
al. by using an ionophore coating to amplify the innate potassium detection ability
of PPy [138]. PPy membranes were prepared as described above in acetonitrile base
(see Section 3.1.2) on a gold mesh working electrode. Immediately following depo-
sition, the membrane was rinsed in acetonitrile and dried under a stream of N, gas.
Meanwhile, a mixture of 56 mg of poly(vinyl chloride) (PVC, Sigma-Aldrich) powder
and 1.2 ml tetrahydrofuran (THF, Sigma-Aldrich) was combined and set aside (S;).
A second solution (Sy) was prepared with 2 mg of dibenzo-18-crown-6, 0.24 ml of

dibutyl phthalate, and 1.5 mg of tetraphenyl borate (also from Sigma-Aldrich). After
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mixing thoroughly, 0.12 ml of S; was added to S;. The PPy membrane was then cov-
ered with 8 drops of this mixture and left to dry for 15 minutes. This was repeated
a total of three times on each side of the membrane, after which it was conditioned
in 0.01 M KCl,, for 20 hours.

In the presence of potassium ions, the ISE sensor produces a voltage drop with
respect to a reference electrode which is proportional to the ion concentration. To
test the sensor, an apparatus for dipping the ISE in potassium chloride was setup as
shown in Figure 3.8. A PEEK frit (2 pm pore size, Upchurch Scientific) separated the
test solution from a potassium phosphate buffer solution (pH 7, Fisher Chemical), in
which a customized silver / silver chloride reference electrodet was placed. A voltage

drop was read across this reference electrode and the ISE as shown in Figure 3.8, via

LabVIEW using a Data Acquisition (DAQ) device.

*The silver chloride electrode was made from small glass tubes (3 mm OD) inserted with a silver
wire from VWR International. The silver wire was treated in chlorox for several hours before use.
A 3 mm OD frit (from Upchurch Scientific) was secured to the tip of the glass tube using heat
shrinkable tubing, and filled with 1 M KCl,, [149].
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FiGURE 3.8: The testing setup for the ion selective electrode is shown. A dipping bath on the
right hand side is filled with a potassium testing solution for the ISE. A frit separates the testing
solution from a buffer solution (pH 7) in which the in-house Ag / AgCl reference electrode is placed.
Using alligator clips to interface with the system, voltage drop readings across the ISE and reference
electrode are measured via a DAQ card and recorded via LabVIEW.

The ISE sensor was also used to detect the presence of potassium ions in hydrogel.
Sensing electrodes were prepared as described above and encapsulated in a cylindrical
hydrogel, to allow a direct contact between the hydrogel and the electrode surface
(Figure 3.9). The hydrogel / sensor combinations were then soaked twice in diH,O as
a pre-treatment, and tested in increasing concentrations of KCl,,, starting at diH,O
and ending at 1 M KCl,,. Calibration curves for the sensing electrode were produced
by recording voltage readouts as a function of ion concentration, and compared to
sensor results in solution, as shown below in Figure 3.10. It is interesting to note that
the sensor response in hydrogel offers an improved sensitivity over solution at higher

concentrations of KClg,.
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FI1GURE 3.9: Two sensing electrodes produced in the Soft Materials Lab at UVa are shown side by
side. They have been covered in a cylindrical hydrogel of 2 nm pore size.
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F1GURE 3.10: The voltage drop is shown for ISE sensors in solution and hydrogel as a function
of KClg, concentration. The averaged response of two potassium sensing electrodes for each curve
is shown. From these data it can be seen that the sensor response in hydrogel offers an improved
sensitivity over solution at higher concentrations of KCl,.
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3.5 Flux Rate Measurements

The flux measurement of potassium ions through polypyrrole was performed in
a two-chamber transport cell designed in the Soft Materials Lab. The flux cell was
designed to hold a PPy membrane in place hermetically between two solutions, while
in contact with an electrode capable of supplying potentials to modulate its conductive
states. Experiments were inspired by the work of Mirmohseni [150] and Partridge et
al. [151]. Details of the flux cell are given below, followed by procedures for flux rate

measurement.

3.5.1 Flux Cell

A PPy membrane was prepared as described in Section 3.1.1 above, on a stainless
steel plate and rinsed in diH,O following deposition. It was then placed against a
thin platinum (Pt) ring working electrode, and secured in place between two halves of
a flux apparatus by a C-clamp (see Figure 3.11). The platinum ring electrode (0.01”
thick) was custom prepared by Precision Tool & Die for the flux cell according to the
design shown in Figure 3.12, and the flux cell was cut from a piece of white Delrin

(McMaster-Carr) according to the design shown in Figure 3.13.
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FIGURE 3.11: Schematic of flux cell layout. Two delrin pieces are held together by a C-clamp,
which maintains the PPy membrane tightly in place between the two chambers and in contact with
the platinum ring electrode. A feed solution containing high concentrations of KCl,4 is on the right
and a receiving solution containing diH,O is on the left. An EIS probe is placed in the receiving
solution and connected to a potentiostat. The feed solution contains the platinum mesh counter
and SCE reference electrodes, also connected to a potentiostat. Micro stir bars are placed in both
chambers.

0.200

"\__0.320 min. THRY

FIGURE 3.12: Schematic of the platinum ring electrode which contacts the PPy membrane supplying
it with current. The electrode was produced by Precision Tool & Die.
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FIGURE 3.13: Schematic representation of the flux apparatus including positioning of the platinum
ring working electrode, against which the PPy membrane is placed. The piece was cut from Delrin
and the platinum ring was secured via a thin strip of Scotch Tape 3M.

A potassium ion gradient was created across the membrane in order to observe
ion transport, by filling one bath with 1 M KCl,,, and the other with diH,O. Within
the source bath of 1 M KCl,,, a saturated calomel reference electrode (Accumet)
and a customized platinum mesh counter electrode were placed, as shown in Figure
3.14. Micro stirring bars (Fisherbrand, Fisher Scientific) were placed in each well to
agitate the solutions. In the receiving bath containing diH,O, an EIS probe is placed
to quantify the presence of potassium ions as they move through the membrane. The
Pt ring was used as the working electrode (WE), a saturated calomel electrode as
reference (RE), and a platinum mesh electrode as counter (CE), and all interfaced

with a potentiostat.
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FIGURE 3.14: Picture of the flux cell showing the emplacement of the EIS probe, SCE reference
and platinum mesh counter electrodes relative to the working electrode. Also shown is the C-clamp
holding the two sides of the flux cell together.

3.5.2 ‘Time-Resolved’ versus ‘Time-Lapse’ Measurements

Measurement of potassium chloride flux rates through PPy was performed in
either of two ways, as depicted in Figure A.9 below. The first method, time-resolved
data capture, involved the use of two potentiostats working in parallel during the
flux experiments. One instrument was used to capture the EIS probe concentration
readouts, while the second was used to apply the various potentials at the membrane
to modulate its conductivity. This allowed a continuous read-out on the potassium
concentration in the receiving bath, and provided valuable information for the short
term flux kinetics through the membrane, as will be discussed more in the Results,

Chapter 4.
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FIGURE 3.15: Flux experiment sequence, shown for both time-resolved and time-lapse capture
modes. The two approaches proceed identically through steps 1-4, however in the time-resolved case a
continuous read-out of the KCl,, concentration is provided by the EIS probe, since two potentiostats
are used in parallel. In the case of time-lapse measurements, an EIS reading is performed after each
step instead, using a single potentiostat. Step 1: a baseline EIS reading is performed on diH,0O. Step
2: a negative control reading is taken after a 5 minute wait post KCl,, addition. Step 3: the PPy
membrane is opened by cycling voltages across it for 10 minutes, Step 4: the membrane is closed.

The second method, involving time-lapse data capture, proceeded through the
exact same sequence of steps at the membrane, however, this time in the presence
of a single potentiostat for data capture. This method was developed to circumvent
feedback loops occurring between two potentiostats when time-resolved data capture
was performed on PPy / hydrogel sandwich structures. The time-lapse data capture
was performed, as shown in Figure A.9, by following the same sequence of steps, how-
ever, this time the same potentiostat would be disconnected from the three electrodes
controlling the membrane oxidation state, and attached to the EIS probe to perform
2 minutes of concentration reading.

The sequence of steps applied at the membrane were: 1) a baseline EIS probe
reading on diH,0; 2) adding 1 M KCl,, to the source side well, a 5 minutes wait, and
a second EIS reading; 3) cycling oxidizing / reducing potentials on the membrane

for 10 minutes at 1 V vs. SCE with 50 second pulse width (unless otherwise speci-
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fied), immediately followed by an EIS probe concentration reading; and 4) applying
a reducing potential (which closes the membrane to ion flux) at the membrane for
another 10 minutes, and taking a final EIS reading. The EIS probe measurements
described were always performed continuously at 150 kHz AC for 2 minutes. Results

obtained from these experiments will be discussed further in the following Chapter 4.

3.5.3 Flux through PPy / Hydrogel

Preparation of a PPy / hydrogel structure (as shown in Figure 3.16) for flux
experiments was performed as described here. After PPy deposition, hydrogels were
added on both sides of the membrane via cubic molds with 0.5 ¢m side dimensions.
Once the hydrogels were solidified on the membrane, the PPy / hydrogel sandwich
structures were carefully extracted from the mold, and soaked in diH,O overnight.
The membrane / hydrogel assemblies were then secured in the flux apparatus as

shown in Figure 3.17.

/ Hydrogel

—— PPy

FIGURE 3.16: A PPy membrane with encapsulating hydrogels, as prepared for placement in the
flux cell. The hydrogels were added to the PPy membrane using a cubic mold with 0.5 cm sides.
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FIGURE 3.17: A PPy / hydrogel sandwich structure is shown wedged between the two chambers of
a flux cell. The hydrogel protrusions fit snugly within the openings of the chambers.

The time-lapse flux measurement method was applied to the PPy / hydrogel sand-
wich structure for data acquisition, as described in Figure A.9. The only difference
from before being the EIS probe placement directly on the hydrogel, as the EIS probe
width was the same as that of the hydrogel. Results for these experiments will be

described in detail in the next chapter.
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Chapter 4

Results

The results presented here have been divided into four main sections for clar-
ity. The first section covers the characterization of polypyrrole membranes; via cyclic
voltammetry, imaging, thickness and density determinations. The second section cov-
ers the characterization of hydrogel; its water content, and electrochemical impedance
spectroscopy calibration response. Thirdly, flux experiments in solution and through
PPy /hydrogel structures are shown. And lastly, the detection of potassium ions via

ISE is demonstrated in hydrogels.

4.1 Polypyrrole

Polypyrrole membranes have been successfully produced and characterized exper-
imentally via cyclic voltammetry, scanning electron microscopy, and gas pycnometry
to determine criteria meaningful for their incorporation into the gel-cell design. The
electroactive polymer’s ability to gate ions was observed and quantified in both solu-
tion and hydrogel, achieving high ionic flux rates in both of these media, as shown in

more detail in the sections below.
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4.1.1 Cyclic Voltammetry

Immediately following the deposition of PPy onto a stainless steel plate working
electrode (as described in Section 3.1.1 above), membranes still on the working elec-
trode were rinsed in diH,O and placed in a three-electrode cell setup where they were
characterized via cyclic voltammetry. A linear voltage sweep from -1 V to +1 V vs.
reference electrode was applied at the membrane for a total of 10 cycles at 100 mV /s
(152, 153]. As denoted in Figure 4.1 below, positive voltages at the membrane oxidize
the polypyrrole, while negative ones reduce it. The membranes were characterized
in either 1, 2 or 4 M KCl,, electrolyte solution. The currents obtained from these

varying potentials give information on the reaction kinetics between the membrane

and KClg,.

0.1 . . |
— 1 MKCl(ag)
~—2 M KCl(aq)
—4 M KCl(aq)
___0.05¢
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FIGURE 4.1: Cyclic voltamograms of PPy membranes on stainless steel plate electrodes, dipped in
either 1 M (blue curve), 2 M (green) or 4 M KCl,, (magenta). A voltage is linearly swept from
-1 V to +1 V vs. SCE for 10 cycles at 100 mV /s rate. The currents obtained from these varying
potentials give information on the reaction kinetics between the membrane and KClyq. As denoted,
a positive voltage oxidizes the membrane, while a negative one reduces it.
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Immediately evident from Figure 4.1 is the charging behavior of the membranes
becoming more pronounced in the presence of increasing KCl,, concentrations, as the
lines fan out from blue, to green, to magenta (1, 2 and 4 M KCl, respectively). These
increasing currents correspond to the membrane’s increasing ion uptake from the
surrounding solution during redox cycling. As expected, these charges increase with
increasing surrounding concentrations of the salt, as more charge capture events occur
due to their increased availability. These ions may be up-taken via weak association
to charge balance the membrane, or may be involved in ion-polymer binding events.

As the solution concentration increases from 1 M to 4 M KCl,,, so does the hys-
teresis seen between voltage cycles, with the smallest hysteresis occurring at 1 M KC1
(Figure 4.1, blue curves). The largest hysteresis is seen in 4 M KCl,, solution (ma-
genta curves), where the initial cycle is depicted by the dotted line, and subsequently
fans outward in the direction of the black arrows over each following cycle. In fact,
the larger the electrolyte concentration, the larger the hysteresis.

Based on key findings by Akieh and others [154, 155, 155-157], it is known that
during PPy oxidation, anions (or in this case Cl~ ions) are uptaken into the mem-
brane to neutralize the newly formed cationic centers. Conversely, during membrane
reduction KT ions are uptaken to charge neutralize the semi-immobile TOS™ counte-
rions in the membrane, while chloride ions are expelled. Although TOS™ counterions
are somewhat mobile within the membrane, only those located at the surface of PPy
will be lost to the surrounding electrolyte during long intervals of redox. Therefore,
charge compensation via electroneutralization occurs predominantly from KCI salt
exchanges within the membrane during short time periods.

Given this knowledge and the concentration dependent hysteresis seen in Figure
4.1, we hypothesize that this represents a shift in the ion exchange process, due to
a more stable ion pair formation between K* and the remaining TOS™ counterion
within the membrane when the salt is present in such high concentrations. These ions

left behind after reduction are known as retention, according to Majumdar et al. [158],
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and may cause creep or fatigue in the membrane over many cycles. These retained
ions may even form stable bonds with the cationic centers on the polymer chains,
reducing the redox capability of the membrane by interfering with the 7-centers*. It
is recommended, therefore, that despite the appeal to increase flux rates with larger
concentration gradients of KCl across the membrane, to stay below levels which induce
large hysteresis in the CVs. This information dictated that flux experiments should

be performed in no more than 1 M KCl,, feed solutions.

4.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of the surface and cross-sectional
view of PPy after deposition (see Section 3.2.2 for details) are shown below in Figure
4.2. The surface morphology of PPy (Figure 4.2, left) displays distinct cauliflower-
like nodules typical of these membranes. The cross-sectional view of PPy (Figure
4.2 center) reveals the membrane thickness, which was determined as a function of
deposition duration and charge (see Section 4.1.3). The image on the right in Figure
4.2 below shows the morphology of the back side of PPy, which grew in contact
with the stainless steel working electrode, leaving a smooth finish with details of the

working electrode imprinted onto its surface. These results are typical of the literature

[159].

*m-centers are regions of delocalized and overlapping electron orbitals situated between the carbon
atoms of the pyrrole aromatic ring. The overlapping electron orbitals and electron sharing occurring
at these centers allow for the easy travel of electrons (and hence high electronic conductivity) down
the PPy polymer chains. m-bonds are therefore the central areas which make polypyrrole a conductive
material.
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FIGURE 4.2: Scanning electron microscopy images of PPy. Left: The surface morphology of PPy is
shown at 2,500X magnification, with visible cauliflower-like nodules. Center: A cross-section of PPy
is shown at 2,000X magnification. The flat top half of the membrane corresponds to the electrode
side of the PPy, and the softly undulating surface to the bottom is the membrane’s surface, same
as shown to the left. Right: The back side of PPy, which was in contact with the working electrode
during deposition, is also shown at 2,500X magnification. The smooth morphology here is due to
the mirror finish stainless steel electrode.

Evident from these SEM images is a lack of a pore structure at the magnifications
shown. In fact, higher magnifications still show no observable pores in PPy, implying
that the membrane’s structure is very finely meshed and ion transfer must occur
through nanometer size pores.

Finally, the asymmetry of PPy from one surface to the other and the unknown
effects these morphologies may have on the flux of ions through the membrane under-
scores the importance of consistent directionality when placing the PPy membrane
in the flux chamber setup. As such, the smooth side of PPy (Figure 4.2, right) was
always placed facing the feed solution (1 M KCl,,) for reproducibility during these

experiments.

4.1.3 Thickness Determination and Prediction

Membrane thickness values were determined via SEM for a range of deposition
times and current densities (Figure 4.3, red and black circles). These data help to
understand the effects of deposition parameters on the membrane properties, and
provide the necessary knowledge to adjust the membrane characteristics in order to
satisfy ion gate design criteria. These data were also used to test the validity of a

membrane thickness estimate (see Equation 4.1) set forth by Farrington et al. [148].
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Indeed, having a reliable predictive model for the thickness of PPy would replace the
need for SEM on membranes.

The empirical values obtained via SEM were therefore compared to the theoreti-
cal predictions derived from Farrington’s model (Figure 4.3, O and X marks, respec-
tively). All variables used in the Farrington model (Equation 4.1) were as described
in Section 3.2.1, including the assumptions of a fixed membrane density p = 1.1 g/cm?

and a fixed number of pyrrole units per anion y = 3.
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FIGURE 4.3: PPy thickness measurements via SEM (O marks) are compared to theoretical predic-
tions (X marks) based on work by Farrington et al. Red represents PPy membranes produced at
5 mA/cm?, and black represents those at 2 mA/cm?. The original assumption that PPy density
is approximately 1.1 g/cm? is maintained in Equation 4.1. The theoretical model overpredicts the
PPy thicknesses for both deposition current densities.

As seen in Figure 4.3, Farrington’s model (X marks) overestimates the actual
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membrane thickness (O marks) for both deposition conditions, i.e. at 5 mA/cm? and
2 mA/cm?. A likely explanation for this discrepancy is the model’s assumption of
a fixed PPy density at 1.1 g/cm?®. Many groups have assumed a rounded value for
density, including Akieh et al., who approximated an even lower density of 1 g/cm?
[160]. However, according to other research on PPy, the lower the current density
deposition, the higher the density of PPy membranes [158, 161]. Since densities
clearly cannot be approximated as a constant, the fixed density assumption for PPy
is an oversimplification in Farrington’s model and may at least partially account for
the predicted thickness values being so far off (See Figure 4.7: where red and blue
bars represent the percent error between empirical and theoretical values). It was
hypothesized that the density approximation of 1.1 g/cm?® was likely the main cause
for error.

Membranes were therefore sent for testing via pycnometer at the Micromeritics
Analytical Services laboratories to determine their absolute densities. The results,
as seen in Figure 4.4, show that PPy density is indeed poorly represented by the 1.1
g/cm? assumption. In fact, all of the measured densities are well above 1.1 g/cm? and
show a nonlinear response to deposition times and current density. It is interesting
to note that membrane density drops significantly with deposition time. This may
be a result of a decreasing charge density available at the end of extending polymer
branches, making polymerization events there more infrequent as they extend away
from the electrode. It is also apparent that higher charge densities lead to lower
density membranes, as seen when comparing equal deposition lengths of time. More
data would be needed, however, to determine exactly why density varies with charge

density and deposition time.
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FIGURE 4.4: Experimentally determined absolute density values are shown as a function of de-
position time in PPy membranes produced at either 2 mA/ecm? (O) or 5 mA/cm? (0). A gas
density method using a pycnometer was performed on n = 10 membranes at each condition at the
Micromeritics Analytical Services laboratory.

To correctly predict membrane thickness, this nonlinearity must be considered in
the Farrington model. These experimentally obtained density values for PPy were
therefore used for a new calculation on the predicted thickness of the membranes,
as shown in Figure 4.5, on the right (which is placed next to the original thickness
predictions from Figure 4.3, for ease of comparison). It is clear that the experimental
membrane density values offer a significant improvement in thickness prediction for

the Farrington model.
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FIGURE 4.5: Left: The original assumption that PPy density is approximately 1.1 g/cm? is main-
tained in Equation 4.2, and the theoretical model significantly over-predicts the PPy thickness.
Right: The densities used to calculate thickness via the Farrington model are experimentally de-
rived, bringing the Farrington model closer to the experimental thickness values obtained.

It was hypothesized that in addition to variable densities, the value of y (which
is the number of pyrrole units per anion) should also be considered variable, instead
of given an arbitrarily fixed value [148]. In fact, since the density of membranes
decreases over time during deposition, it is likely the structure of the PPy itself
changes dramatically as strands extend further away from the working electrode and
experience lower charge densities. It is hypothesized that this could alter the ratio of
pyrrole units to anions considerably, justifying increasing values of y as a function of
deposition time in the Farrington model. The values of y were therefore iteratively
increased at each time point until they minimized the percent error between the model
and the experimental thickness values.

Although this approach will require further consideration as it remains speculative,
the new y values and experimentally determined densities, combined, allowed for
significantly improved predictions of the membrane thickness, as seen in Figure 4.6,
on the right. The percent error before and after these corrections also reflect the
model’s improvement, as seen in Figure 4.7 (colored vs. black bars). These data
demonstrate the precision of the modified Farrington model at predicting membrane

thickness values at 2 mA /cm? current density. However, the model appears to remain
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inadequate at predicting the thicknesses produced at 5 mA /cm?, suggesting a more

complex phenomenon occurring at the higher current densities, which may not be

accounted for in the model.
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FIGURE 4.6: PPy thickness measurements via SEM (O marks) are compared to theoretical pre-
dictions (X marks) based on work by Farrington et al. Red represents PPy membranes produced

at 5 mA/cm?, and black represents those at 2 mA/cm

2

. Left: The original assumption that PPy

density is approximately 1.1 g/cm? is maintained in Equation 4.2, and the theoretical model fails to
accurately predict the PPy thickness. Right: The densities used to calculate thickness via the Far-
rington model are experimentally derived, and y values are a non-linear function of charge density.
Comparing to SEM thickness data, the model now more accurately predicts the PPy membrane
thickness, especially in the case of membranes produced at 2 mA/cm? (black X and O’s overlap

nearly

perfectly).
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FIGURE 4.7: Graphs representing percent error between Farrington’s model prediction and measured
membrane thickness values are shown, before and after model assumption changes. Left: Red bars
represent percent error when using the original model assumptions of p = 1.1 g/ecm? and y = 3 for
membranes deposited at 2 mA /cm?. Superimposed black bars represent the percent error after using
experimentally determined p values and adjusted y values. Right: Blue and black bars represent the
same as red and black bars, however this time in membranes produced at 5 mA /cm?.

Regardless, these data do validate the use of the Farrington model for predicting
membrane thickness, especially in the case of lower current density, while hinting at
PPy’s structural properties varying significantly in response to deposition conditions.
Indeed, it is useful to possess a precise model for the prediction of membrane thickness
(and avoid the need for SEM) when seeking to modify deposition parameters in order
to adjust membrane properties.

Suggested revisions to Farrington’s model would account for density (p) and num-
ber of pyrrole units per anion (y) as functions of the charge density seen at the
membrane during deposition (see Equation 4.2). The exact nature of the relationship

between density, y and charge density is left for future consideration.
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4.1.4 Comparable Membranes from Different Deposition Schemes

Now that density has been addressed in terms of thickness modeling, it is of inter-
est to revisit membrane density and thickness directly. Two membranes are of partic-
ular interest in the figures above, which despite being produced at different current
densities (2 and 5 mA /cm?) and different deposition durations (25 and 15 minutes),
result in comparable membrane thicknesses (as seen in Figure 4.8 below). These
are the 5 mA /cm?, 15 minute deposition membrane (PPy,), and the 2 mA /cm?, 25

minute membrane (PPy,), which have 9.3 and 9.6 pm thick membranes, respectively.
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FiGURE 4.8: PPy thickness measurements via SEM are shown for membranes produced at 5

mA /cm? (red), and 2 mA/ecm? (black). Two membranes resulted in comparable thickness mea-
surements despite being produced under different conditions: PPy, and PPy,, as marked.

Although they have similar thicknesses, according to Muramatsu et al., they likely
exhibit significant structural differences, as evidenced by the changing viscoelastic
material properties their group observed between identical PPy membranes produced

at 0.5 mA/cm? and 6 mA/cm? [157]. The thickness difference between PPy, and
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PPy, is small enough that it is of interest to compare them, but we cannot neglect it
either, as flux rates will be influenced by small differences in travel distance through
the material. Despite this, it is useful to find and compare two membranes of similar
thickness, synthesized under different current densities, to test how much of an effect

this will have on their structural properties, and ultimately their ion gating ability.
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FIGURE 4.9: Experimentally determined absolute density values are shown as a function of de-
position length in PPy membranes produced at either 2 mA/cm? (O) or 5 mA/ecm? (0). A gas
density method using a pycnometer was performed on n = 10 membranes at each condition at the
Micromeritics Analytical Services laboratory.

In fact, looking at the results from Figure 4.9 and comparing the points for PPy,
and PPyy,, at first glance their densities look nearly identical. However, upon closer
inspection and by one-way ANOVA, the two densities are determined to be signifi-
cantly different (p = 0.005), with the slightly thicker membrane having a more dense
core. One would expect, intuitively, that a thicker and denser membrane would pro-
vide increased resistance to ion flow, resulting in smaller flux rates through PPy, if

flux were simply a function of passive diffusion when the membrane is in the open
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state. However, this is not the behavior we observe in PPy membranes, as will be
presented in Section 4.3, which hints at an active component of ionic cycling through
PPy. This will be discussed further as we compare the flux rates between these two

specific membranes.

4.2 Hydrogel

Hydrogels have two key properties that make them very similar to, and compatible
with, biological tissues: a high water content and rubber-like mechanical properties.
They display both macroscale solid mechanical stability, while retaining liquid phase
diffusive behavior within their pore structure. In these studies, the water content
for hydrogels is reported, and the concentration of potassium chloride ions loaded
in acrylamide hydrogels is successfully characterized via electrochemical impedance
spectroscopy. These data give insight on the liquid phase behaviors of these materials
and the ions that permeate through them, findings which will be leveraged for the

development of the artificial cell.

4.2.1 Water Content Determination

Polymer crosslinking is directly related to water content and material properties
of hydrogels, such as Young’s Modulus and solute diffusivity. The crosslinking den-
sity, defined as the number of polymer chain crosslinks divided by the number of
monomers, can be used to fine-tune water and solute diffusion within the polymer
matrix, qualities very relevant in application to the gel-cell. A correlative value to
cross linking density in hydrogels is the equilibrium water content (EWC), which is
determined by the weight difference between fully hydrated hydrogel and it’s dehy-
drated equivalent [95, 162], as shown in Equation 4.3:

Wwe - W by
EWC (%) = ;V—dy x 100 (4.3)

wet
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The EWC ratios obtained for 2 nm pore size (4.8 % crosslinker) hydrogels (first
soaked in various concentrations of KCl,, for over 48 hours, then dried for several
days) are shown in Figure 4.10 below. The descending EWC ratio values indicate KClI
salts were left behind in the hydrogel structures as they dried. This provided first line
evidence that KCl,, was being absorbed into the hydrogel pore structure, which is
expected since cations are known to be absorbed non-reversibly in hydrogels. In fact,
this ion-structure capture quality in hydrogels has been harnessed to remove metallic
ions such as Cu®" impurities from wastewater [163]. From these data, however, it
was impossible to determine the molarity of KCl,, absorbed into the polymer, and

therefore a more precise measurement tool was needed.
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FIGURE 4.10: Equilibrium water content of 4.8 % crosslinker acrylamide hydrogels, pre-soaked in
varying concentrations of KCl,,, from diH,O to 1 M.
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4.2.2 Electrochemical Impedance Spectroscopy

The ability to detect the presence of potassium ions and their concentration in
precise locations within hydrogels is critical for the development of the artificial cell
and to determine ion flux rates achieved through the artificial membrane. Electro-
chemical impedance spectroscopy (EIS) was hypothesized as a potential measurement
technique which could do just that: detect small changes in material conductivity at
the location of it’s probes in the hydrogel as a result of changing KCl,, concentra-
tions. This method was first tested in solution to determine its baseline sensitivity
for potassium chloride ions in diH,O. Once successfully calibrated there, the method
was used in hydrogel samples soaked in the same KCl,, concentration range. The sen-
sitivity of EIS within hydrogel was found to be only slightly lower than in solution,
and nearly unaffected in the pore sizes tested (Figure 4.11). As a result, the in-house
parallel plate EIS system was used to detect the presence of potassium chloride in
the flux experiments, both in solution and hydrogel.

Calibration curves in aqueous potassium chloride solutions ranging from 107> M
KCl,, to 1 M KCl,, were performed. A log-log linear response is observed by the EIS
probe between 107* M and 1 M KCl,,, placing the detection limit of the probe in

solution at 10 M (Figure 4.11, magenta curve).
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FIGURE 4.11: EIS probe calibration curves are shown here in solution (magenta) and two different
pore size hydrogels (0.52 nm and 2 nm; green and blue, respectively), with respective curve fit
overlays (black lines). The impedance magnitude response of the probe (|Z] (Ohms)) is shown
versus a range of KCl,, concentrations (n = 3). Hydrogels were soaked in KCl,, solutions for 48
hours before testing. Best fits to the data are also shown for EIS in solution (+), 0.52 nm hydrogels
(¢0) and 2 nm hydrogels (O). The EIS in solution was best represented by a dipole fit, where y =
12.392 x —449/500 " GQince EIS in both hydrogels followed the same trend down to 10~2 M KClgg,
a piecewise fit was applied to these data. The dipole fit extended to 102 M, below which an
exponential curve was fit to both hydrogels. For the 0.52 nm and 2 nm hydrogels, respectively, y =
a- exp®® and y = c-exp®® + e-exp/® (where a = 3379, b = -170 , ¢ = 1442, d = -84 , e = 338, and
f=-6174).

The EIS probe was also calibrated in hydrogel of two different pore sizes; 2 nm
and 0.52 nm (Figure 4.11 - blue and green curves, respectively). It is apparent from
these curves that in addition to the EIS response in both hydrogels being linear
above 1072 M KCl,,, that all three curves coincide in this region. This means the
calibration produced in solution may be used interchangeably for hydrogels in this
higher concentration domain. These curves also show a detection limit for potassium
chloride in hydrogel of 10~* M for both pore sizes. The sensitivity to KCl,, is reduced

between 1072 and 102 M, likely due to a predominance of the hydrogel polymer
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structure on the impedance reading. The lower detection limit found in hydrogels is
still quite suitable for use in the studies on gel-cells, as the concentration of KCl,,
found in hydrogel will be on the order of 1 molar. The higher detection limit, however,
will reduce the probe’s sensitivity to small ion fluxes across the membrane at short
time periods.

As seen in Figure 4.11, the dipole curve fit for EIS in solutions was excellent when
applied between 1 and 0.0001 M KCl,,, with R* = 0.999. In hydrogels, however,
a deviation from the solution response started around 0.01 M KCl,,, requiring a
piecewise calibration for hydrogels. The piecewise curve fit consisted of the solution’s
fit until the break off concentration (0.01 M), followed by exponential curve fits for
both 2 nm and 0.52 nm hydrogels, with R? = 1 and 0.9947, respectively. These
calibration curves and their curve fit relationships were used to determine the precise
ion concentrations in liquid and hydrogel environments in order to determine ionic

flux rates across PPy membranes in both of these environments.

4.3 Flux Experiments

Studies were performed to determine optimal membrane preparation and cycling
conditions for maximum ion flux through the membrane. First, time-resolved ex-
periments quantified potassium chloride flux rates immediately following membrane
opening, and helped select optimal membrane cycling parameters for peak flux. Sec-
ondly, time-lapse experiments highlighted the importance of membrane density and
thickness effects on flux rates. Finally, flux experiments were performed for the first

time on a PPy /hydrogel system using the optimal membrane conditions.

4.3.1 Time-Resolved Concentration Readings

The standard protocol used to determine flux rates through PPy involves removing

samples from the receiving solution at discrete time intervals, and testing these for
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the presence of ions [154]. Physically removing samples from the experimental setup
in small aliquots (sometimes up to 5 % of the overall volume of solution) presents
many obvious drawbacks. Most importantly, however, discretized sampling of the
receiving solution at large time intervals makes it impossible to determine the short
term kinetics of ion flux through the membrane.

To obtain more detailed information regarding the short-term response of the ion
gate in solution, a time-resolved recording of the concentration profiles of KCl,, as it
passes through the membrane was produced. This was made possible, as described
in the methods chapter, in Section 3.5.2, by connecting two potentiostats in parallel
for simultaneous reading on the EIS probe and voltage application at the membrane.

An example signal response from EIS is seen in Figure 4.12, which shows the
concentration of KCl,, in the receiving solution over time. Signal noise from the
probe was filtered, as shown, using a Loess filter, which is a quadratic local regression
fitting tool available in the Matlab software package. An interpolation of the data

was also performed as shown.
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FIGURE 4.12: Example time-resolved concentration profile for KCl,, through a PPy/TOS™ mem-
brane, obtained via EIS probe and filtered. A: Membrane is at rest for 5 minutes. B: A cycling
potential (&1 V) is applied in 50 second pulse widths at the membrane for 10 minutes. A delayed
ionic passage is observed here (130 seconds), which is in excess of a full uptake-and-release cycle on
the membrane. The ionic flux rate immediately following this was calculated for At = 100 seconds.
C: The membrane is closed via the application of -1 V vs. SCE. Solid line (-) represents the raw
data captured using a VersaSTAT 3 potentiostat by Princeton Applied Research. The sampling rate
of the data is one point / second. To reduce signal noise, a Loess filter (local regression using a

quadratic fit) was applied to the data (=), followed by an interpolation to reduce the number of data
points for ease of analysis (O).

To the best of our knowledge, a real-time recording of in situ ion concentrations
as they flow through the membrane has never been done before. The information
gathered from these real-time readings provided insights into the short-term kinetics
of ion release during redox cycling of PPy/TOS™ membranes, as demonstrated in the
following sections and further considered in the Discussion (Chapter 5).

Immediately apparent in Figure 4.12, is a delay of 130 seconds before the de-
tection of ionic passage, following the application of a cycling voltage to open the

membrane. This time represents the membrane “loading time” over a full =1 V cycle
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(100 seconds), in addition to some time where ions are being released in the receiving
solution, but remain within the noise of the EIS probe reading. Membrane loading
time will be explained in more detail in the Discussion.

Molar flux rate of KCl,, through the membrane for the 100 seconds immediately
following detectable ion concentrations, as depicted by At in Figure 4.12, is calculated
to be 2.36 x 1078 moles/cm?-s (using Equation 4.4). At the peak of ion transport, flux
rates reach 1.03 x 1077 moles/cm? - s, and over the duration of the entire 10 minutes
of potential cycling, an average flux rate of 5.47 x 10~® moles/cm? - s is calculated.
It should be noted, however, that this calculated average slightly underestimates the
actual flux for KCl,, through the membrane of 6.61 x 10~® moles/cm? - s, which was
averaged over 500 seconds instead of 600 seconds to account for the ionic transport
delay caused by membrane loading. The calculations for all molar fluxes shown from
here on, therefore, were corrected by simply reducing the time span used to calculate
flux rates by the “membrane loading” time, or 100 seconds, to represent a more

accurate estimate of the flux, in the following equation:

_ Amol;

Ji = ANt

(4.4)

where Amol; is the molar influx to the receiving solution of ion 7, A, is the surface

area of the PPy membrane and At is the duration of flux.

4.3.1.1 Membrane Activation Parameters

The average flux rates of KCl,, through identically prepared PPy/TOS™ mem-
branes were compared for different cycling potential pulse widths, which are expected
to affect the active transport efficiency of the membranes (Figure 4.13). An EIS probe
was used to detect the concentration of KCl,, in the receiving solution as a 1 V cy-
cling potential was simultaneously applied at the membrane. Flux rates represent the
amount of KCl,, to have passed through the membrane in the 100 seconds following

visible membrane “opening”.
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Pulse widths of 10, 30, 50, 70 and 90 seconds were tested. A significant difference
is seen between both 10 and 50 and 90 seconds and the 30 and 70 second cycling
conditions (p < 0.05). However, no difference exists between the 10, 50 and 90
second cycling conditions, or between 30 and 70 seconds (p > 0.1). Clearly, these
data are highly nonlinear as a function of cycling rate, with a possible resonance trend
emerging from these data, where 10, 50 and 90 seconds seemingly show improved flux
rates. However, more experiments are needed to determine if this trend is real and if
there is an optimal peak resonance frequency for membrane activation. Regardless,
these data hint at complex mechanisms for transport that should be investigated in
future work. For the purpose of investigating flux rates though PPy membranes, and
to remain comparable to literature [78, 146, 154, 160], the 50 second pulse width was

selected for all subsequent flux experiments.
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FIGURE 4.13: The instantaneous flux rates of KCl,4 through membranes produced under identical
conditions (2 mA/cm? current density for 35 minutes) are shown at either 10, 30, 50, 70 or 90 second
pulse widths during voltage cycling. An EIS probe was used to quantify KCl,, concentration in the
receiving solution simultaneous to voltage cycling at the membrane to allow ion passage. These
data represent the ionic flux through PPy/TOS™ during the 100 seconds following visible cycling
initiation. The 10, 50 and 90 second pulse widths produces significantly better fluxes than the 30

and 70 seconds pulse widths (p < 0.05). However, there is no significant difference between 10, 50
and 90 second pulsing, or between 30 and 70 seconds (p > 0.1).

4.3.1.2 Membrane Performance Variability

The flux performance of membranes produced in our lab within the same solution
preparation, synthesis conditions, and within a few hours of one another was compa-
rable (see Figure 4.14). In contrast, however, membrane groups produced on different
days displayed wide variability (see Figure 4.14, comparing sets of three membranes).
Although precautions were taken during synthesis to minimize variabilities in mem-
brane morphologies, the exact cause for the observed fluctuations is unknown. It is
hypothesized that pyrrole monomer age since distillation likely affects the membrane

integrity significantly. As they age, pyrrole solutions self-oxidize in the presence of air
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and light, producing short polypyrrole strands in solution (turning the pyrrole solu-
tion dark as their concentration increases). The presence of these polymer strands in
the preparation solution, it is hypothesized, could affect membrane integrity by the
incorporation of these short polymer strands into the PPy, creating localized defects
in the membrane. These defects would in turn affect electron transfer through the
disrupted membrane and reduce the membrane’s redox efficiency [69], making it very
important to distill pyrrole prior to every experiment.

It is noteworthy that PPy membrane performance variability is a common criti-
cism of these materials within the literature, and no universal synthesis conditions to
prevent this occurence have yet been established [164-166]. Nonetheless, these results
underscore the need for multiple experimental observations, from different days, to
draw meaningful comparisons between data sets. As a result, the data analysis was

always performed on membranes from different days to ensure validity in results.
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FI1GURE 4.14: Concentration profiles of potassium chloride over time in the receiving solution for two
groups of identical membranes produced on separate days. The first three PPy/TOS™ membranes
(O) were produced in the same deaerated pyrrole solution, one after the other, and tested the same
day. These membranes produce internally consistent flux rates. The next three membranes (0)
were produced the next day, in a fresh solution from the same distilled pyrrole stock under the same
conditions. Although these three curves are also internally consistent, they show reduced flux rates

compared to the previous day. These data demonstrate the day to day performance variability which
exists between these membranes.

Furthermore, a significant decrease in membrane performance was observed when
the same membrane was used twice; once before and again after soaking in diH,O
overnight (see Figure 4.15). On the second day, the membrane not only underper-
formed, but appeared to lose the ability to pass ions entirely shortly after the appli-
cation of a cycling voltage. PPy membrane aging has also been described by other
groups [167], with reports of membrane degradation over time being due to oxidative
cycling [165]. In fact, Cheung et al. described how oxidation voltages in excess of 0.7
V vs. SCE on polypyrrole caused irreversible damage to the membrane, including loss

of mass [168]. However, the CVs of the current membranes (Figure 4.1) do not show
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the severe hysteresis produced by electrochemical degradation, as shown in Cheung
et al.’s PPy membranes after even a single cycle through overoxidative potentials
[168]. The variation in their response may be a function of the materials used for
their preparation, including a non-aqueous acetonitrile base and different counterion.
Nonetheless, it remains possible that the membranes tested here may be experiencing
some level of degradation over the cycling period, leaving them susceptible to further
oxidative degradation overnight. In addition to oxidative cycling damage, another
possible explanation for this behavior is ion retention in the membrane from the pre-
vious day’s experiment, as suggested by Majumdar et al. [158]. These experiments
shed light on the limited lifespan of PPy membranes and that is a characteristic that
should be taken into consideration for the long-term viability of PPy as an artificial

cell membrane.
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FIGURE 4.15: An example flux comparison for the same membrane tested on two consecutive days
is shown. A PPy/TOS™ membrane produced at 2 mA/cm? for 35 minutes, was activated with £1
V, 50 second pulse width cycling on the first day (O). The membrane was stored in diH,O overnight,
and the exact same conditions were applied the next day ({). A visible and significant change in

performance is observed. A) Membrane is at rest. B) A cycling potential applied at membrane and
C) at rest again.

In summary, the time-resolved concentration readings of KCl,, demonstrate some
important information regarding the PPy membrane flux rates, including performance
variability from day to day, and within the same membrane after multiple uses. It
was also determined that ion movement across the membrane in solution is delayed
by the time needed to complete a full oxidation / reduction cycle on the PPy, which
should be considered in the calculation of flux rates. Membranes were also found to
have nearly linear flux rates after initial opening, which justifies the use of time-lapse
measurements of the ion concentration in solution before and after the application of

a cycling potential, so long as the delayed onset flux is taken into consideration.



7

4.3.2 Time-Lapse Concentration Readings in Solution

Unfortunately, real-time measurement of KCl,, as it moves through hydrogel en-
capsulated PPy membranes is not feasible. The presence of hydrogel created a feed-
back mechanism between the two simultaneous potentiostats and introduced signifi-
cant noise into the EIS readings. Instead, the flux of ions in this scenario was measured
via EIS time-lapse, similar to the discretized measurement methods used by Akieh
et al. [154, 160] and many others. EIS time-lapse readings performed in this manner
related KCl,, concentration readings without the need to remove aliquots from the
receiving solution.

EIS time-lapse of KCl,, concentrations were obtained using a single potentiostat
to control both the membrane oxidation state of PPy, and the EIS probe sequen-
tially. This method of switching back and forth between measuring the concentration
of KCl,, and controlling voltage application at the membrane produced the concen-
trations profiles of KCl,, seen in Figure 4.16. From the time-resolved flux curves
obtained in the previous section, we know the slope of ion transport produced by
time-lapse measurement is oversimplified. However, flux rates calculated on these
slopes are easily corrected to reflect this discrepancy, by using At = 500 instead of
600 seconds in Equation 4.4. Flux rates obtained using this method were then used
to compare membranes produced at different current densities, as will be discussed

next.
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FIGURE 4.16: An example time-lapse concentration profile for KCly, in receiving solution is shown
versus time, as it travels through a PPy/TOS™ membrane (5 mA /cm? for 15 minutes). By using a
single potentiostat to alternatively measure solution conductivity using the EIS probe, and apply a
voltage at the membrane, discretized concentration results were obtained. A: The membrane is at
rest and no ionic leakage is observed after the addition of 1 M KCl,, to the feed chamber. B: The
membrane is cycled at £ 1 V with 50 second pulse widths for 10 minutes, at the end of which an EIS

recording measures the potassium chloride concentration in solution. C: The membrane receives a
-1 V potential to ‘close’.

4.3.2.1 Comparing Membrane Deposition Schemes

The effect of membrane deposition conditions on the flux of KCl,, through PPy/TOS™
membranes was studied by use of two deposition schemes, PPy, and PPy, which were
previously described and summarized below in Table 4.1. PPy,, which was deposited
at 5 mA/cm? for 15 minutes, resulted in a 9.3 ym thick membrane, while PPy, was
deposited at 2 mA/cm? for 25 minutes, and resulted in a slightly more dense and
thicker membrane (see Table 4.1).

Flux rates obtained across these two different membranes under identical concen-

tration gradients and activation conditions are shown in Figure 4.17 below. As seen,
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TABLE 4.1: PPy, and PPy,: Membrane Summaries

PPYa PPYb
Current Density 5 mA /cm? 2 mA /cm?
Duration 15 mins 25 mins
Thickness, ¢ 9.3 pm 9.6 pm
Density, p 1.456 g/cm? 1.461 g/cm?
| Flux, ¢ [ 0.26 x 1077 moles/cm? - s | 1.34 x 1077 moles/cm? - s |

there is a significant difference between the flux rates obtained through these two
membranes. Since the difference between PPy, and PPy, is arguably negligible in
terms of their membrane thickness and density, these data point to underlying struc-
tural polymer differences in the membranes affecting flux rates, which are a result
of deposition conditions. These data and their significance will be discussed in more

detail in the next chapter.
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FIGURE 4.17: Flux rates of KCl,, through PPy/TOS™ membranes prepared in two separate ways
are compared. PPy,: 5 mA/cm? deposition for 15 minutes (9.3 pm thick). PPy,: 2 mA/cm?
deposition for 25 minutes (9.6 pm thick). Membrane densities measured by Micromeritics Analytical
Services (n = 10), with x-direction standard error shown. A 50 second pulse width at £1 V vs. SCE
were applied for 10 minutes on each membrane, and flux rates across the membrane are shown with
respective y-direction standard errors (n = 6). It is interesting to note that despite having similar
density and thickness, PPy, demonstrates a significantly higher flux for KCl,, than PPy,.

4.3.2.2 Comparing Concentration Gradients

The effects of increased concentrations of KCl,, in the feed solution were tested to
observe the possible effects of salt retention between cycling events in the membrane.
Flux rates were compared through PPy, membranes cycled under identical conditions
(1 V and 50 second pulse widths, n = 3), and their results reported in Table 4.2
below.

As evident from these data, the conditions tested offer no significant difference in
flux rates as a result of feed solution KCl,, concentrations, in the ranges of 1 M to 4

M KCl,, tested. This indicates that the effects of residual salts, in the range tested,
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TABLE 4.2: Flux Rate Comparison: PPy, in Varying Feed Solutions

Feed Concentration (KCl,,)
1M 2 M 4 M
Flux, ¢rcr (moles/cm? - s) [ 1.34 x 1077 | .73 x 1077 | 1.55 x 1077
Standard Error 3.68x107%[239x 108 [ 7.75x 10°®

do not interfere with the gating abilities of PPy/TOS™. It is also interesting to note
that there appears to be a saturation limit for flux of ions through PPy,, which was
reached already at 1 M KCl,,. A purely diffusive membrane would offer increased flux
rates in the presence of increased concentration gradients. Since it is not the observed
case here, it lends further confirmation of the importance of the active binding and

release mechanism for ion transport through these membranes.

4.3.3 Time-Lapse Concentration Readings in PPy / Hydro-
gel

The next step towards preparing an artificial excitable cell membrane is to demon-
strate the functionality of PPy membranes in the presence of a hydrogel environment.
From the results obtained on PPy membranes in solution, the PPy, membrane depo-
sition scheme was chosen for testing in the hydrogel environment since it produced
the fastest flux rates. Flux experiments were therefore performed on a PPy, /hydrogel

sandwich structure as shown in Figure 4.18, with results reported below.
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FIGURE 4.18: A PPy/TOS™ membrane is shown encapsulated by two hydrogels. These structures
were used in the experimental setup to measure the flux rate of KCl,, through the encapsulated
membrane.

A time-lapse concentration profile of KCl,, as it diffuses into the receiving gel of
a PPy /hydrogel structure with 2 nm pore size (PPy;,/hydrogels,,) is shown, before
and after cycling (Figure 4.19). The continued flux of ions observed after membrane
closing (Region C), which differs from the immediate flux dampening observed after
membrane closing in solution, is hypothesized to be due to a diffusion lag induced
by the presence of the hydrogel. Indeed, it is known that the diffusivity constant for
KCl,, is lower in hydrogel than in solution [98], which would account for the ion pair
taking longer to reach equilibrium in the hydrogel after crossing the PPy membrane.
Flux rates for Regions B and C in Figure 4.19 were calculated to be 7.96 x 10719 and
10.84 x 1071° moles/cm? - s, respectively, and their difference was not found to be
statistically significant (p > 0.1). These data demonstrate that membrane closing in
hydrogel, therefore, does not immediately stop ion migration through the hydrogel,
and ions are still reaching equilibrium throughout the gel up to 10 minutes after

membrane closing.
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FIGURE 4.19: Time-lapse concentration profile for KCl,, in receiving hydrogel is shown versus time,
as it travels through a PPy, /hydrogels,,,, structure (n = 3). A: The membrane is at rest and no
ionic leakage is observed after the addition of 1 M KCl,, to the feed chamber. B: The membrane
is cycled at + 1 V with 50 second pulse widths for 10 minutes. C: The membrane receives a -1 V

potential to ‘close’. Flux rates in Regions B and C were calculated to be 7.96 x 107'° and 10.84 x
10719 moles/cm? - s, respectively.

The flux rates of KCl,, as a function of varying hydrogel pore sizes (0.1 nm, 0.5
nm and 2 nm) are shown in Figure 4.20 below for hydrogel covered PPy,/TOS™
membranes. A linear trend between flux rate and hydrogel pore size is observed,
with flux rates increasing with pore size. The transport rates of potassium chloride
through 0.5 and 2 nm hydrogel covered membranes were compared using a Kruskal-
Wallis ANOVA, and determined to be significantly different (p <0.05). However,

there is no significant difference between the 0.1 and 0.5 nm pore size flux rates.



84

12"-10_9 - -
0
n 1- -
R
= 0.8f 9 .
(&)
n 0.6} !
<
o
S 04} ]
= 02f 9 :
3 |
0.1 0.5 2

Hydrogel porosity (nm)
FIGURE 4.20: Flux rates of KCl,, through hydrogel encapsulated PPy/TOS™ membrane stacks
are shown as a function of pore size. Clearly, flux rates are highly dependent on hydrogel pore
size. However, even at 2 nm pore size, the flux rates through PPy,/TOS™ are still two orders of

magnitude lower than for identical conditions applied in solution. Standard error bars shown, n =
3 for each pore size.

The purpose for using hydrogel to encase the ion-gating PPy membrane was to
produce a semi-solid containment region in which ions are free to move, mimicking
biological intra- and extracellular spaces. However, the average flux rate through the
PPy, /hydrogels,,,, structure was reduced by over two orders of magnitude compared

to flux rates through the same membrane in solution alone (see Table 4.3).

TABLE 4.3: Flux Rate Comparison: PPy, in Solution and Hydrogel

PPy, PPy, /hydrogela,,
Flux, ¢rc; (moles/cm? - s) | 1.34 x 1077 7.96 x 10710

These data confirm that polypyrrole membranes retain their ion gating ability in

the new hydrogel environment. The presence of the hydrogel, however, slows ionic
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flux through the membrane by two orders of magnitude, due to the lower diffusivity
of KCl,, in the porous network. This also causes the PPy, /hydrogel system to appear
insensitive to membrane closing, showing significantly delayed response as compared
to solution. The variable hydrogel porosity, nonetheless, offers an additional degree of
control over flux rates through the polymer network, which can be used as slow-return
valves as described in the conceptual gel-cell design. These results demonstrate the

feasibility of using this system as an artificial cell membrane.

4.4 Potassium lIon Selective Electrode

Having established the feasibility of the ionic gate as a basic artificial cell mem-
brane, the focus turns to the ability to make this membrane excitable. A potassium
sensor (ISE, see Figure 3.9), as previously discussed, is critical for accomplishing this
in two areas of the artificial cell. It will be needed within the ion switch to trigger
membrane opening, and again to detect potassium ions once they pass through the
membrane as a marker for cell activation. Since the ISE typically produces a voltage
drop with respect to a reference electrode, it was hypothesized that a voltage drop
could be produced between the two ISEs within the artificial cell instead, to simplify
the artificial cell membrane design (See Figure 4.21). Experiments demonstrating

feasibility are shown below.
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FIGURE 4.21: Schematic representation of the ISE probes placed on either side of a PPy membrane.
This configuration is hypothesized to produce voltage drops across the membrane in response to
KCl,q concentrations.

ISE sensors were tested opposite one another in a variety of combinations, as
listed in Table 4.4. First, a voltage drop was read between an ISE electrode placed
in 1 M KCI and reference electrode in buffer, as a positive control (Table 4.4, a).
Next, two ISE electrodes were used instead within the same configuration as before.
Surprisingly, the voltage drop produced between the two ISE electrodes was larger
than between ISE and reference electrode (Table 4.4, b). To further investigate the
feasibility of this setup in the context of the gel-cell, where there would be no buffer
solution, in c) an ISE sensor was placed in 1 M KCl,, and read relative to a low
concentration KCI solution instead (i.e. 107* M KCl,,). As expected, the voltage
drop response in this scenario decreased significantly, by an order of magnitude (Table

4.4, c).



TABLE 4.4: ISE Recordings
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Electrodes Setup Voltage Drop (V)
a) ISE vs. RE 1 M KCl,, vs. Buffer 1.1783
b) ISE vs. ISE 1 M KCl,, vs. Buffer 1.5412
c) ISE vs. ISE 1 M vs. 107* M KCl,, 0.1866
d) | ISE/Hyday, vs. ISE/Hyda,, | 1 M vs. 107> M KCl,, 0.6672

Finally, PPy sensors were molded into 2 nm pore size hydrogels and investigated

using a new test setup, depicted in Figure 4.22. For this setup, two hydrogel covered

PPy sensors were pre-soaked in 1 M KCI and 10~ M KCl, respectively, and placed

into contact with one another. The voltage measured over time across these PPy

sensors is shown in Figure 4.23, and the calculated voltage drop is reported in Table

4.4, d.

FIGURE 4.22: Hydrogel covered ISE sensors are shown, before and after being placed in contact. A
voltage drop was recorded between the two sensors, as one was pre-soaked in 1 M and the other in

107° M KCl,, for 24 hours prior to testing.
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FiGure 4.23: Example voltage drop readings over time for hydrogel covered ISE probes coming
into contact with one another around the 2 second mark. One ISE sensor was pre-soaked in 1 M
and the other in 1075 M KCl,, for 24 hours before testing. The gradual upward sloping of the
voltage response indicates the flux of ions redistributing to equilibrium between the two hydrogels
after contact. The default output from the voltage reader was filtered using median and Loess filters
to reveal a baseline reading of 1.4 V in the absence of an external voltage.

The slow increase in voltage seen in Figure 4.23 is a result of the migration of
potassium ions across the hydrogels as they tend towards an equilibrium between the
high and low concentration hydrogels.

These results establish that ISE sensors can be used in the artificial cell assembly
to detect the presence of potassium ions in a simplified configuration, and in fact,
appear to exhibit improved performance in the hydrogel environment. A spectrum
calibration of the relative voltages should be performed, and is recommended for

future work.
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Chapter 5

Discussion

This chapter examines the suitability of both polypyrrole and hydrogel materi-
als as artificial cell components. In the first section, polypyrrole’s potential as a
biomimetic artificial cell membrane is considered, with particular attention to the
maximum flux rates obtained, and their analogy to voltage-gated ion channels. In the
following section, hydrogel is examined as a potential artificial intra- and extra-cellular
matrix analog, with emphasis on the flux results obtained through the PPy/Hydrogel

stacks, and how these compare to biology.

5.1 Polypyrrole as an Artificial Cell Membrane

Polypyrrole is an electroactive polymer material capable of reversibly allowing
the passage of ions in response to voltage stimulus, analogous to the voltage-gated
ion channels found in biological cell membranes. To the best of the knowledge of
the author, no prior research exists aimed at using PPy as an artificial excitable cell
membrane, despite their excellent gating properties and high flux rates.

Several groups have, however, modeled voltage-gated ion channels using pores in
a variety of different polymers (none of which are PPy) [169-172]. For example, one

group created K*-gated titania nanotubes capable of blocking the flow of large anions
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through the membrane in the presence of potassium ions [173]. Yet another produced
synthetic voltage-gated ion channels from conical pores in polymer [174]. Many exam-
ples exist of artificial VGICs where ionic flux rates through these structures were not
provided, offering proof-of-concepts without being directly comparable to biological
transfer rates.

A few groups did provide flux rate data for solute passage. For example, a VGIC
analogous membrane produced from carbon nanotubes was able to transfer large
molecules at up to 6 x 107! moles/cm? - s [175]. Although the disparity in size
between KCI and the molecules used in their study makes it impossible to compare
flux rates directly, their flux rates were several orders of magnitude lower than those
achieved through polypyrrole in this lab, as seen in Table 4.3. The flux rates of the
PPy membranes in this work outperform any comparable membrane gating technolo-
gies currently available, making them ideal for use as an artificial ion gating membrane
in the proposed gel-cell. The main results obtained on these membranes are discussed

in more detail below.

5.1.1 TIon Gating

As stated by Majumdar et al., the optimal design of ion gating membranes involves
maximizing their delivered flux rates and minimizing their leakage and retention rates
[158]. Their minimum performance criteria, stated in 2011, called for leakage flux
rates lower than 10722 mole/cm? - s, and maximum delivered flux rates greater than
10718 mole/cm? - s. By iterative optimization of a computational set of parameters
involved in redox activation, Majumdar’s group determined the maximum flux rate
to be 1.74 x 107 mole/cm? - s through the membrane. Just a few months later
in the same year, however, Akieh et al. [154] demonstrated flux rates for potassium
(KT) through PPy/TOS™ membranes up to 3.6 x 107'° mole/cm? - s, which are
several orders of magnitude higher than predicted. Even better still, work shown here

demonstrates molar flux rates through PPy/TOS™, reaching 1.6 x 10~7 mole/cm? - s.
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These higher flux rates, however, are in part due to stronger driving concentra-
tion gradients across the membrane, which are expected to improve ionic conductivity
across the membrane [176]. A source solution of 1 M KCl,, was used in our experi-
ments, whereas Akieh et al. used 0.1 M KCl,, [154]. Inspecting Fick’s First Law of
diffusion, it is noted that diffusion flux is proportional to concentration gradient in

Equation 5.1;

99

J=-p%
ox’

(5.1)

where J is the flux, D is the diffusivity, ¢ is the concentration and x the position.
From this equation we know that the concentration gradient increase in our experi-
ments should produce no more than one order of magnitude increase in the resulting
fluxes. However, the current results offer three orders of magnitude improvement over
Akieh et al.’s flux rates, which is a significant improvement [154]. These excellent flux
rates provided us the opportunity to investigate the effects of density and structure

on the ionic conductivity of the membrane.

5.1.2 Active Ion Pumping through Cycling

The method by which polypyrrole thin membranes actively pump ions through
is known as charge compensation “capture and release”. Davey et al. [62] showed
that p-toluenesulfonate (TOS™), the counterion used for the preparation of PPy in
these studies, is a large polyelectrolyte that lodges itself semi-permanently into the
polymeric chain (see Figure 5.1). Upon electrochemical reduction (-1 V vs. SCE),
the membrane initiates the incorporation of small positive ions (K™ ions in our case)
to compensate for the negative charge accumulation within PPy (charge compensa-
tion capture). When the potential at the membrane is returned to positive through
oxidation (+1 V vs. SCE), the cations are then expelled from the membrane and

move preferentially down their concentration gradient (charge compensation release).
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To maintain electroneutrality, negatively charged chloride ions are simultaneously en-
trained through the membrane with potassium ions to balance the flux of positive
charges across the membrane. As a result of this capture and release mechanism, the
largest flux of potassium chloride is seen during oxidation and reduction cycling as

compared to a static voltage application at the membrane.

FIGURE 5.1: Graphical representation of ion pumping through a PPy membrane by potential cycling
between oxidation and reduction. A: The membrane at rest is in the neutral state and a double
layer forms at the surface in contact with the electrolyte solution. B: With the application of -1V vs.
SCE, the membrane is reduced. Once the energy barrier is overcome for the ions to break through
the double layer, they incorporate into the membrane to charge neutralize the m-bonded sites. C:
Upon the application of +1V vs. SCE the membrane is oxidized and ions are expelled down their
concentration gradient.

In addition, the polarity of the first voltage applied at the membrane during cycling
controls the delay observed before concentrations of KCl,, become detectable, as seen
in Figure 4.12. In this case, a positive voltage was initially applied at the membrane,
followed by a negative voltage. The entire first £1V cycle represents membrane
loading with available ions, after which, the application of a positive voltage results in
the first ions to be released into the receiving solution, which accounts for the observed
response delays. This is easily accounted for in flux rate calculations, as described
previously, by reducing the time span used to calculate flux rates in Equation 4.4 by
the “membrane loading” time, or 100 seconds.

Flux rates of KCl,, through the membrane are also highly dependent on mem-

brane structure and properties. Figure 5.2 below depicts the primary, secondary and
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hypothesized tertiary structures of the compounds involved in the formation of PPy
chains and membrane pores. As seen here, a pore is hypothesized to arise due to
the incorporation of tolysate (TOS™) counterions in the polypyrrole structure. These
pore structures occur randomly and are interspersed throughout the PPy membrane
at intervals and frequency determined by deposition conditions. It is through these
pores that charge compensating hydrated ions travel as they make their way across

the gating membrane.

Pyrrole Unit Polypyrrole Chain Doped Polypyrrole Chain
H
A </ >\ > N /
N N
H H
n
________________________ - 1:3 Anion Incorporation
1
Pyrrole - Pyrrole PPy - PPy ! Anion: p-tolysate
Interraction Interraction =, !
i\ 1
1
\ B \ SN
1
1

Q N \\ ~J

>

C

~{
R S

FIGURE 5.2: A) Primary structure representation of pyrrole, PPy chain formation, chain doping
and counterion p-tolysate (TOS™). B) Secondary structure of pyrrole-pyrrole and chain-chain in-
teractions involving m-center co-localization. C) A tertiary structure is proposed for PPy with large
immobile TOS™ anions embedded, forming a pore structure in which hydrated ions may be uptaken
and then released.

As membrane density and thickness increase, so do the tortuosity, mean free path
and complexity of the channels ions must travel through. In the case of passive
diffusion, ionic flux rates through a membrane normally decrease with increasing
density and thickness. However, the opposite is true for PPy. As seen in Figure
4.17, despite PPy, being slightly thicker and denser than PPy,, the flux of KCl,,

through this membrane is significantly higher than through PPy,, by nearly an order



94

of magnitude (¢, = 2.15 x 107 moles/cm? - s and ¢, = 1.12 x 1077 moles/cm? - 5).
These two flux rates are the average of six separate experiments each, cumulated
over three different days, to assure the effects of day-to-day variability in membrane
performance was taken into account. Given this precaution and the statistically
different results between these membranes (p = 0.04 by one-way ANOVA analysis),
these data confirm the presence of active cycling in PPy/TOS™ membranes.

The active component of ion cycling through PPy membranes has been hypoth-
esized by other groups (as early as 1982 by Burgmayer and Murray [77] and since
[160]). However, here we show for the first time compelling data which strongly sug-
gests active cycling predominately controls flux rates through these membranes, as
opposed to being controlled by conformational changes due to PPy strand charging,
as many others have hypothesized [159, 177, 178|.

Despite having a slightly increased resistance to ion diffusion, the higher density
membranes (PPy,) are hypothesized to contain an increased number of binding sites
available for the uptake and release of potassium ions, which exert an overwhelming
influence on the flux rate of KCl,,. In fact, these data hint at complex non-linear
interplay of mechanisms required to optimize ionic conductivities of the membranes.
It is no longer sufficient to improve flux rates in PPy by minimizing mean free path
and hydrated ion radius, as suggested by Madden (MIT Thesis [179]). There is
likely an optimal membrane thickness / density combination that will provide the
lowest resistance to ion movement while maximizing the number of binding sites for
active pumping, which is a function of the deposition process. Indeed, two deposi-
tion schemes (PPy, and PPy;) resulted in membranes of nearly identical density and
thickness, with remarkably different flux rates, which is presumably due to the dif-
ference in number of binding sites. Binding assays to test this theory and for finding
the optimal combination of membrane properties is left as a consideration for future

work.
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5.2 Hydrogel as Artificial Intra- and Extracellular
Space

The extracellular matrix (ECM) is the space in which cells exist and permeate in
viwo and in vitro. The ECM is composed mainly of collagen and glycosaminoglycans,
in varying ratios depending on the cell type producing it, resulting in adaptable struc-
tural and mechanical properties. Functionally, the ECM is a space where signaling
proteins, activation factors and mechanotransduction events occur to interact with
cells [180]. For our purposes, however, it is considered a holding space for extracel-
lular fluid, which is composed mainly of water and ions such as sodium and chloride
(both roughly at 0.1 M in biology).

Intracellularly, one finds the cytoplasmic matrix, which is less well known in com-
position than the ECM. Certainly more complex than the latter, it houses and helps
partition numerous intracellular organelles. Once again, however, it may be consid-
ered more simply as a hydrated space in which ions permeate, including potassium
at roughly 0.1 M concentration.

Hydrogel provides an excellent biomimicry of these intra- and extracellular envi-
ronments; it possesses a high water content, the ability to store large concentrations
of ions, and a comparable polymer structure. In fact, the ECM structure is strikingly

similar to hydrogels, which favors their comparison [181-184].

5.2.1 Hydrogel Water Content

The measured equilibrium water content (EWC) of hydrogels, as reported in Fig-
ure 4.10, offer a good indicator for the diffusivity of solutes within their structure,
with diffusivity increasing with water content [124]. Hydrogels soaked in water had a
97 % water content (4.8 % crosslinker, n = 9), which corresponds well to the literature
for identical hydrogels [113]. The choice of initiator for the preparation of hydrogel

appears to significantly affect their water content, as much lower EWC values were
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reported in identical hydrogel preparations, paired simply with different initiators
(98, 185]. With such a high level of hydration, the hydrogels produced in this lab
make an excellent choice for use in the artificial cell membrane.

Lobo et al. found that the Fickian diffusion coefficient (D) of KCl,, in 1 %
crosslinker acrylamide hydrogels was reduced by nearly an order of magnitude as

compared to solution (see Table 5.1) [98].

TABLE 5.1: KCl,, Fickian Diffusivity in Solution and Hydrogel

KCl,, in Solution | KCl,, in Hydrogel

Diffusivity (D) 1.9 x 107° 8.4 x 1071 m? ™!

The reduction in ionic mobility seen in the hydrogel environmnent is caused by
several factors related to the presence of a polymer network, including the molecu-
lar dynamics of the polymer chains and their interaction with the permeating solutes
(ion-polymer interactions). As these ion-polymer interactions are dependent upon the
chemical structures involved, diffusivity through hydrogel also varies with electrolyte
composition. In fact, Lobo et al. found that the flux rate of KCl,, through acry-
lamide hydrogels was significantly affected by their equilibrium water content, even
more so than for a comparable salt, lithium chloride (LiCl) [98]. They hypothesized
this was due to the water structure-breaking abilities of both chloride and potassium
[186], which significantly impacted their mobility in low water content polymer en-
vironments (although their diffusivity was greater than that of LiCl in higher water
content environments).

It is noteworthy that the water content of hydrogels exerts such a significant
impact on the flux rates of KCl,,, underscoring the importance of hydrogels being
manipulated and stored in an exsiccator at 100 % humidity, or in solution, in order

to maintain their water content prior to, and especially during, experiments.
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5.2.2 Solute Diffusivity in Hydrogel

In addition to water content, hydrogel pore size also significantly affects the flux
rate of KCl,, through hydrogels, as confirmed from results shown in Figure 4.20. As
seen, flux rates through the PPy/hydrogel structure increase with increasing hydrogel
pore size. This is caused by increasing water content, and also by changes in the
conformation, microstructure and coagulation structures of the hydrogel (known as
secondary, tertiary and quaternary factors) as a result of the increasing crosslinker
ratios [126].

Based on Fick’s First Law of diffusion (Equation 5.1) and the findings of Lobo et al.
regarding the relative diffusivities of KCl,, in solution and in hydrogel (Table 5.1), the
effect of hydrogel on the flux rate through PPy/TOS™ should only be approximately
one order of magnitude [98]. However, as seen in Table 5.2 below, the flux rate of
KCl,, through hydrogel encapsulated PPy/TOS™ is two orders of magnitude lower
than in solution.

A possible explanation for these decreased flux rates may be an increased charge
accumulation at the surface of PPy/TOS™ due to the presence of the hydrogel. Tt
is known that a double layer resistance forms on the outside of the membrane in
solution, shown using Poisson-Nersnst-Planck equations to model the membrane [187].
According to Majumdar et al., it only takes a few seconds to electroneutralize these
charges at the membrane in solution, allowing ionic forces to overcome the double
layer resistance [187]. However, in the presence of hydrogel, we hypothesize that
charges on the polymer strands, in addition to the decreased diffusivity of ions here,
compound to increase the time and ionic strength necessary to overcome the double
layer resistance. In addition to a longer time before flux may initiate, the hydrogel
structure is likely also blocking the passage of ions by covering a portion of the surface
of PPy and obstructing pore access.

Despite the significantly lower transport rates of KCl,, through hydrogel covered

PPy/TOS™, these results compare favorably to biology. In fact, Piwnica-Worms et
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TABLE 5.2: Flux Rate Comparison: PPy,, PPy;/Hydrogel and Biology

PPy, PPy,/Hydrogels,,, | Transmembrane®
Flux, ¢rc; (moles/cm? - s) | 1.34 x 1077 7.96 x 10710 3x 10711

®Transport rates for C1™ calculated across a chick cardiac cell membrane in vitro [188].

al. determined biological transmembrane flux rates of chloride to be on the order of
30 x 1072 moles/cm? - s in cultured chick heart cells (see Table 5.2) [188]. Having
established an order of magnitude improvement in flux rates over biological data in
the PPy, /hydrogels,,, structure, this work establishes an excellent system to mimic
the ion gating capabilities of cell membranes in an artificial polymeric system. To
the best of our knowledge, such an artificial excitable cell membrane has never been

developed before, and these results present the first such prototype.
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Chapter 6

Conclusions and Future Work

The conceptual design for an autonomous artificial excitable cell analogous to the
cardiac myocyte has been developed, along with a novel artificial cell membrane made
from electro-active polymers which was tested for the first time. A summary of the
results obtained in this work is presented below, followed by some recommendations

for future work, and a brief discussion on the broader impacts of this research.

6.1 Summary of Results

Below is a summary of the key results characterizing both polymers, PPy and
hydrogel. A quick review of the ISE experiments and their implications is then
presented, followed by a recap of the main findings from the ion transport studies in
both solution and hydrogel.

The research results described in this dissertation make the following contribu-
tions to the field of electro-active polymers. The first ever conceptual design for a
fully synthetic heart cell was created, along with a prototype of a biomimetic cell mem-
brane constructed from polypyrrole and hydrogel. In order to measure ionic flux rates
through the artificial cell membrane, a novel electrochemical impedance spectroscopy

probe was developed that is capable of electrolyte concentration measurements in
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both solution and hydrogel. This technique allowed for the measurement of the real-
time concentration profile of potassium chloride in flux experiments, revealing the
first ever insights into ion transport profiles within seconds after membrane open-
ing. Furthermore, it revealed the effects of polypyrrole deposition conditions such as
current density and duration on membrane structure and their effects on ion trans-
port performance. Measured ionic flux rates in the hydrogel-PPy-hydrogel structure
demonstrated successful operation as an artificial cell membrane and, additionally,
were shown to surpass ionic flux rates observed in biological cardiac cell membranes.
Also, first ever density measurements of PPy revealed that the assumption of 1.1
g/cm? is inaccurate, and that membrane density varies as a function of deposition
conditions. Finally, an ion selective electrode detection method for potassium ions
was used in a novel configuration for measuring relative potassium concentrations
between two hydrogels, with an improvement in sensitivity in hydrogel over that

observed in aqueous solutions.

6.1.1 Polypyrrole and Hydrogel

Cyclic voltammograms on PPy membranes revealed increasing hysteresis with in-
creasing electrolyte KCl,, concentrations. These data likely represent the formation
of irreversible ion-polymer pairs in the membrane, which affect the electrochemistry
and hence gating capabilities of the electroactive polymer when exposed to concentra-
tions of 2 M KCl,, and above. This was later confirmed in flux experiments, where ion
transport through the membrane did not increase with increasing KCl,, concentra-
tions above 2 M. From these data, and the hysteresis observed in the CVs, it appears
likely that the membrane’s ability to capture potassium ions saturates at 1 M. It is
therefore concluded that the optimal feed solution KCl,, concentration should be no
more than 1 M.

Polypyrrole membrane surfaces were also imaged via scanning electron microscopy,

and shown to exhibit cauliflower-like morphologies at the electrolyte surface, with a
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smooth surface at the working electrode side. These surfaces are consistent with the
literature and confirm the successful deposition of polypyrrole. Additionally, SEM
images were also used to determine the actual thickness of membranes as a function
of deposition conditions. These values were then compared to membrane thickness
predictions of the Farrington model. Since the model overpredicted thickness val-
ues in all cases, a modification to the Farrington model is proposed, which reflects
experimentally obtained membrane density measurements. In addition, the model’s
prediction for y, or the number of pyrrole units per anion, was varied to reduce the
percent error of the model. It was found that the Farrington model, with such modi-
fications, could be used to predict the thickness of membranes prepared at 2 mA /cm?
with an average percent error of 3.5 %, as compared to 83 % for those deposited
at 5 mA/cm?. These data imply a fundamental structural difference in membranes
produced at the higher current density, which is not captured by the standard as-
sumptions underlying the Farrington model.

Finally, equilibrium water content studies performed on hydrogels established that
salt retention is occurring in their polymer matrices after soaking in various concentra-
tions of electrolyte. This will impact the cyclical flux of KCl,, through the proposed
gel-cell and should be considered in future work, as a reduced concentration of KCl,,
will be available for transport after the initial ion-polymer binding events within
both the polypyrrole and hydrogel. In addition, EIS probe calibration curves were
performed in the presence of potassium chloride, in both 2 nm and 0.52 nm pore size
hydrogels. These calibrations facilitated the use of EIS probes for the quantification

of KCl,, in hydrogels during flux experiments.

6.1.2 Flux Experiments

Ion transport studies across polypyrrole in both solution and hydrogel were per-
formed to better understand the parameters controlling flux rates in these systems,

and compare with biology. Time-resolved experiments provided valuable information
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on the flux kinetics shortly after membrane cycling. It was shown that a 100 second
delay exists before the onset of ion passage into the receiving solution. This time de-
lay corresponds to the duration of a full £1 V cycle at the membrane, during which
the membrane is first oxidized and then reduced, which loads it with KT, ready for
release with the next oxidizing potential. Theoretically, the delayed response could
be diminished by the reversal of charges: by first applying a reducing potential to
load the membrane with K* and then reoxidizing it to release them (F1 V instead
of £1 V on the first cycle). This should cut the response delay by 50 seconds, and is
left here for future consideration.

The effect of varying cycling pulse width (between 10, 30, 50, 70 and 90 seconds)
on the flux rate of KCl,, through PPy was considered. It was found that the 50 second
pulse width provided a rapid flux through the membrane while also displaying a low
variability between experiments. For these reasons and since cycling pulse widths in
the literature are often 50 seconds as well, this pulse width was chosen as the activation
standard. Furthermore, time-resolved flux experiments demonstrated significant ion
transport variability from day to day. It was concluded, therefore, that experimental
data should be averaged over several days to avoid observing data bias. Finally, it
was also seen that PPy membranes are unable to be used for flux experiments for
two consecutive days without losing significant ion transport capability, meaning that
membranes should always be prepared and used for flux experiments on the same day.

Time-lapse experiments, on the other hand, conveyed oversimplified ion flux pro-
files across the membrane in response to cycling. It was determined that a simple
correction to account for the 100 seconds delay in ion transport onset could be applied
to the flux rate calculation, and this adjustment was applied to all flux rates obtained
from the time-lapse data. This was possible since the transport of ions appears to
be nearly linear during membrane cycling in the time-resolved KCl,, concentration
profiles obtained in solution.

Time-lapse experiments were also used to investigate the effects of membrane
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structure differences arising from different deposition schemes on ion transport rates.
Two membranes, produced at 2 mA/cm? and 5 mA/cm? (PPy, and PPy, respec-
tively), possessing nearly identical thickness and densities were compared. Despite a
slightly thicker membrane and denser core (although nearly identical in value, both of
which should slow diffusion through the membrane), the PPy, membrane performed
strikingly better than the other, with flux rates an order of magnitude higher than
PPy,. This large discrepancy in flux rates between the two nearly identical mem-
branes, therefore, can only be presumed due to an increased number of accessible
binding sites for K™ within PPy membranes formed under these conditions. Future
experiments should strive, therefore, to optimize flux rates by adjusting membrane
density, thickness and deposition current density. The effect of current density dur-
ing deposition on binding site availability in the membrane could be confirmed via
binding assays, and is left here for future consideration.

Finally, time-lapse experiments were also performed on PPy /hydrogel assemblies,
which are an analog to the biological cell membrane. It was found that the pore size
of hydrogel had a significant impact on the flux rates through the membrane, and
highest flux rates were obtained in the largest pore size tested. Flux rates through the
PPy, /hydrogels,,, assembly, however, were still two orders of magnitude lower than
those through PPy, in solution. This is in part due to an order of magnitude lower
diffusivity constant (D) for KCl,, in hydrogel, as compared to solution. It is also
possible the reduced flux rates result from the hydrogel material covering a portion
of the inlet and outlet pores in the PPy. Despite the diminished ion transport in
hydrogel, average flux rates through PPy, /hydrogels,,, are still an order of magnitude
greater than the transmembrane flux rates of C1™ in chick cardiac cells. The artificial
membrane system from PPy, /hydrogels,,,, therefore, offers an excellent mimicry of
biological cardiac cell membranes; both showing improved flux rates as compared to

biology and responding to voltage activation in a similar way to VGICs.
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6.1.3 Ion Selective Electrode Studies

In order to overcome the reliance on an expensive potentiostat for the continu-
ous monitoring of potassium concentrations in the proposed gel-cell, an inexpensive
ion selective electrode (ISE) was tested in novel ways. The potentiometric response
of the ISE was first measured in a standard cell environment relative to a reference
electrode in buffer solution. Next, the reference electrode was replaced by an ISE,
to examine the ISE vs. ISE potentiometric response in solution. This configuration
produces a higher voltage drop than the ISE vs. reference electrode. The ISE vs. ISE
experiments were then performed in a KCl,, concentration gradient of 1 M vs. 0.0001
M KCl,q, to represent the ion gradients which would be present in the gel-cell. This
configuration produces a lower voltage drop than the previous configuration of 1 M
vs. buffer solution, as expected. Finally, the ISEs were coated in hydrogel and tested
relative to one another in the absence of the cell environment, with a KCl,, concen-
tration gradient of 1 M vs. 0.00001 M loaded in each hydrogel. The potentiometric
response here is stronger than that recorded in solution. These experiments therefore
demonstrate that ISEs could be used in the gel-cell as a marker for cell activation,
by producing a voltage drop in response to KCl,, concentration variations across the
artificial cell membrane.

These results, therefore, represent the first example of an artificial excitable poly-
mer cell membrane, capable of voltage-gated ion transport and high flux rates. These
experiments represent the foundation for the development of the gel-cell and demon-
strate concept feasibility. The work left ahead for the development of the gel-cell is

briefly outlined below, with some recommendations for future work and focus.
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6.2 Recommendations for Future Work

6.2.1 Excitability and Refractoriness

Future work on this project will aim to reproduce the two key heart cell charac-
teristics of excitability and refractoriness. This will require the use of the potassium
sensing electrodes to detect the presence of the ions within the gel-cell. Initial exper-
iments were performed to demonstrate the feasibility of these sensors in the hydrogel
environment and their ability to read concentrations relative to each other. Next, it
will be important to test the sensor’s ability to perform across the gating membrane,
and in the presence of the activating voltage placed on the latter.

The proposed ion switch, needed to make the gel-cell excitable, also remains to be
produced and tested. The potassium sensors, as demonstrated in this work, establish
the foundation for their successful development. It is recommended that the use of
polymeric transistor logic be considered next in the production of the ion switch, such
as that developed by Tybrandt [189].

Refractoriness will be imparted to the gel-cell via regions of lower salt diffusivity
in hydrogel. As demonstrated in this work, the flux rates of potassium chloride are
greatly affected by the porosity of hydrogel. This offers a very direct approach for
the addition of a slow return pathway for ions in the gel-cell. As these modifications
are made to the hydrogel material, future work should consider the material and

mechanical properties of the hydrogel as well [190].

6.2.2 Connecting Gel-Cells

Eventually, the marker of cell activation from one gel-cell will need to be coupled
to neighboring cells and used for their recruitment, in turn, to produce an excitable
medium capable of propagating activation waves. The first step towards a more
complex 2-D (and eventually 3-D) array will be to first develop the technology to

couple two cells together, using the voltage drop produced at the lower potassium
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sensor to energize the neighboring cell’s ion switch.

6.2.3 Cell Contractility

Recent work shows PPy membranes are capable of generating stresses larger than
skeletal muscle, with strains up to 12 % [191]. In addition, work done by Rajagopalan
et al. reported hydrogels which respond to the presence of a critical concentration of
calcium ions by contracting [192]. Harnessing these two materials and their responses
in a synergistic configuration of concentric cylindrical shapes, it might be possible to
achieve a gel-cell both electrically and mechanically responsive to the flux of ions. This
would enable the development of a novel type of artificial muscle, with wide ranging

applications from peristaltic tube pumps, to the possibility of creating artificial hearts.

6.2.4 Component Improvement

Since the longevity of PPy membranes is of great importance as they should be
viable for extended periods of time, future work may benefit from research by Chang
et al., which used high gravity PPy deposition to improve the membrane’s resistance
to electrochemical cycling degradation [193]. Also, to solidify the adhesion between
the gating membrane and the hydrogel, a method for producing the PPy directly
within the hydrogel, as shown by Kim et al., may be useful [162].

Additionally, a new method to maintain hydrogel water content will be needed for
the final gel-cell design, as the flux experiments through PPy /hydrogel were performed
while submersed in solution. No comparable work currently exists, but ideas include
the use of sealants to encapsulate water inside the gel, such as wax, or a pore-less

hydrogel mixture.
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6.2.5 Miniaturization

Eventually, the gel-cells will need to be produced on a microscopic scale to be
interfaced by the thousands, as this project aims to produce the first of its kind
synthetic cardiac tissue. Improvements in the design and assembly methods of the
gel-cell will be needed, and previous work by other groups on microfabrication and mi-
cropatterning will be helpful. For example, polypyrrole membranes were successfully
microfabricated by Jager et al. on a very small scale using nanolithography and etch-
ing [194]. PPy was also aligned and micro-array patterned into nanowires via electron
beam lithography by another group [195]. Alternatively, a chemical PPy synthesis
could be performed instead for micropatterning gel-cells on a large scale as accom-
plished elsewhere [196, 197]. Additionally, an excellent method for micropatterning
acrylamide hydrogels with a resolution of 2 ym was demonstrated by Benedetto et
al. recently [198]. These methods should be combined to facilitate the production of

large arrays of nano-gel-cells.
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Appendix A

Summary of Failed Experiments

A.1 Ionic Liquid Polymer Gels

Tonic liquid polymer gels (ILPG) are composed of an ionic liquid (i.e. a molten
salt) combined with a polymer scaffold to form a highly porous semi-solid material
in which ions permeate freely [199]. It is their ability to integrate mobile ions that
initially made them an attractive candidate for the gel-cell.

The mixture of ionic liquid with PVDF according to a recipe by Fuller et al.
[200] creates a network of continuous channels within the gel, forming a solid state
ionic liquid with very high specific ionic conductivity, on the order of 1073 S/cm
[201]. The consistency of the ILPG is similar to that of a very soft rubber, with a
Young’s Modulus around 70 MPa [142]. Given the pliability and high ionic mobility in
ILPGs, ion movement within the material has been harnessed to produce deformation.
Fukushima et al. [202], for example, were able to induce a shrink / swell response
in the ILPG by the application of an electrical field to a disproportionately sized ion
pair, driving small anions and large cations within the material towards the anode
and cathode, respectively (Figure A.1).

FI1GURE A.1: Schematic representation of ion redistribution and deformation produced in the ILPG,
in response to an external electrical field. Left: Undeformed gel with random distribution of ions
BMIm™ and BF} -. Right: A gradient in ion distribution is seen: large cations accumulate and swell
at the cathode, and smaller anions accumulate at the anode. Fluid entrainement brings liquid in
the gel away from the anode and towards to cathode.

Fuller et al. found that the ionic conductivity of ILPG could be changed merely by
altering the polymer to ionic liquid ratio (see Figure A.2) [200]. The idea of shrinking
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material pore size to control the flux of ions was ultimately used in the gel-cell with
hydrogels instead, in order to fine-tune the refractory period length via the return
valve.

lonic Conductivity

Polymer :: lonic liquid ratio

F1cURE A.2: Top: Ionic liquid polymer gels created in the Soft Materials Lab at UVa, with increas-
ing ratios of polymer to ionic liquid from left to right. Visible material property changes, including
shape integrity and material opacity along with an increase in Youngs modulus. Graph: Increasing
the polymer to ionic liquid ratio in the ILPG results in reduced ionic conductivity of the gel.

For use in the gel-cell, potassium chloride salts were added to the ILPG prepa-
ration at varying ratios. Initially incorporated at 16.67 wt %, KCIl remained as a
sediment instead of dissolving into the mixture. Its concentration in the ILPG was
therefore reduced until a gel was produced with fully dissolved KCI. The final recipe
for the KCl-containing ILPG consisted of 2.5 wt % KCl, 33 wt % PVDF(HFP) and
65 wt % BMiBF,, and was produced as described above.

A.1.1 Mass Spectroscopy

Mass spectrometry (a method used to determine the elemental composition of a
sample) was performed on samples of 1 uM, 100 pM, 10 mM and 1 M KCl,,, along
with samples of ionic liquid, and ionic liquid saturated with KCl. Erin Jeffre from the
Mass Spec Center at the University of Virginia ran these tests. Unfortunately, the
presence of KCI was not detected in the samples, likely because of the volatilization
temperature of KCI was much higher than the capacity of the spectrometer available.
Another technique, electrospraying the samples, was then attempted. This technique
also revealed no presence of KCI in the samples.

A.1.2 Ultraviolet-Visible Spectroscopy

Spectroscopy in the ultraviolet range (UV-Vis) was then performed on the same
samples as above to detect the presence of KCI between 190 and 700 nm. However,
the wavelenthgs of importance for KCl were within the bandwidth of a large response
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for the ionic liquid, overshadowing the presence of KCl in the sample, invalidating
this detection method as well (see Figure A.3).
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FIGURE A.3: UV Visible spectroscopy of 1 M KCl,, (green), BMIBF, (blue) and BMIBF, + KCl
(red). Tt is readily apparent from this graph that the presence of KCl can not be distinguished from
the ionic liquid. Data collected in collaboration with Jerome Ferrance.

A.1.3 Mohr Method

Potassium chloride salts were finally shown to be present in the ionic liquid via the
Mohr method, which is an argentometry technique used to quantify the presence of
chloride ions in a solution. The procedure involves the addition of a known molarity of
silver nitrate (AgNO,) and potassium chromate (K,CrO,) to the test solution. Silver
ions then react with any available chloride ions in the sample to produce a silver
chloride precipitate (AgCl(s), see Reaction A.1). When there are no more chloride
ions left, excess silver ions react with the available chromate ions to produce a red
hued precipitate of silver chromate (see Reaction A.2). The solution changes color
as the end point indicator accumulates, allowing the molar concentration of chloride
ions to be calculated by stoichiometric equivalence.

Agl, + Cl,, — AeCly, (A1)
2Ag(;, + CrO4,,) — AgyCrO, (A.2)

A calibration curve was first produced using the Mohr method to assertain its
detection limit. A range of KCl,, solutions were produced and tested, from 10 M to
1 M KClI in diH,O (see Figure A.4). The detection limit for the Mohr method was
found to be around 1 mM KCl,,.

The Mohr method was then used to test four samples containing ionic liquid
(BMIBF,) and either 0.05 M, 0.1 M, 0.5 M or 1 M KCl, all of which were well
above the detection limit. However, most of these solutions displayed significant KCI
precipitation. Results showed that the saturation of KCl in ion liquid was lower than
the concentrations added to solution (see Figure A.4). The maximum KCI detected
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F1cURE A.4: The Mohr method, which quantifies the presence of Cl™ ions in solution, was first
used to produce a calibration curve on a range of KCl,, solutions. It was then used to test samples
of the ionic liquid BMIBF, containing varying concentrations of KCI(s). A detection limit of 1 mM
KCl,q was found, and a saturation limit within the ionic liquid around 27 mM KCIL.

in IL was 27 mM (n = 2) in the case of 1 M KCI added, indicating a mere 2.7 % salt
incorporation.

Since the IL was found to be miscible with water, it was hypothesized that the
saturation limit for KCI within the ILPG could be improved via their combination. A
rapid investigation, however, showed the ILPGs resulting from the addition of water
to their preparation were poorly formed, containing large open pores where water
later evaporated.

In a further attempt to improve the saturation limit of potassium within the IL,
a new salt for incorporation was investigated. Work by Giroud et al. showed that
an LiBF, salt could be dissolved in BMIBF, at concentrations up to 4 molar [203].
Their work inspired the addition of KBF, as a source for potassium in the ionic liquid.
Since the Mohr method detects the presence of CI™ ions only, a new way to probe
the samples for the presence of K™ was needed.

A.1.4 EIS Probe and Ion Selective Electrodes

An EIS probe impedance measurement of ionic liquids saturated with KBF, was
performed and compared to control solutions containing KBF, dissolved in solution.
Unfortunately, the EIS probe was unable to distinguish the presence of the added salt
in the ionic liquid.

Finally, the ion selective electrode which can detect the presence of potassium ions
in solution was also used on varying concentrations of KBF, in ionic liquid, with a
similar negative result.
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A.1.5 Conclusion

The presence of potassium chloride tracer ions could not be quantified within
the ILPG via either mass spectroscopy, or UV-Vis. The Mohr method for chloride
detection revealed a very low salt incorporation within the ionic liquid, and therefore
the solubility of KBF, in IL was investigated instead. The presence of KBF, could
neither be determined via EIS probe or ISE. For these reasons, the ILPG was rejected
as a potential material for the gel-cell, and hydrogel material chosen instead which
was known to uptake large concentrations of electrolyte (of KCI salts and others).

A.2 Working Electrode Material

Polypyrrole was prepared on a variety of working electrodes before settling on the
stainless steel plates. Initially, depositions were carried out on metal mesh electrodes
in order to retain electrodes within the PPy structure during potential cycling for ion
transport experiments. However, after several failed experiments on stainless steel
and gold meshes, the idea of an integrated mesh was dropped for a free-standing
membrane to be placed against a platinum working electrode in the flux cell instead.
A summary of the different working electrodes and their respective reasons for failure
are covered below.

A.2.1 Stainless Steel Mesh

Stainless steel (304) mesh was purchased from Unique Wire Weaving Co., Inc.
Wire diameter was 0.001”, with 400 x 400 mesh size (36 % open area). The mesh
was cleaned using ethanol, rinsed in diH,O and cut into 2 cm by 8 cm rectangles.
A portion of the mesh was secured to a copper dipping electrode using double sided
copper tape, and covered in insulating paint.

Deposition was initially performed potentiostatically at +1.2 V vs. SCE for two
hours. This resulted in membranes which appeared to fill in the gaps of the mesh
very nicely (see Figure A.5), however upon flux testing they were shown to leak ions
passively. Therefore, alternative conditions for polymerization were investigated, and
ultimately galvanostatic depositions were carried out a 0.5, 1, 2 and 3 mA / cm?
for 1 to 6 hours total. The best resulting membranes were obtained with 3 mA
galvanostatic depositions for 6 hours.
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F1cURE A.5: Chronoamperometric response for a potentiostatic deposition of PPy on stainless steel
mesh at +1.2 V vs. SCE is shown. An inlay of the resulting PPy membrane is also shown.

In the process of applying +1 V vs. SCE to the PPy covered stainless steel mesh
in the flux cell, it became apparent that the electrode was corroding from underneath
the polymer. In a separate experiment to confirm this, a stainless steel mesh was
used as the working electrode in a 3-electrode setup. Using a platinum mesh counter
and SCE reference, all three electrodes were placed in an electrolyte solution of 0.1
M KCl,, and +1 V vs. SCE was applied at the working electrode. This resulted in
significant corrosion of the mesh within a few minutes, confirming that stainless steel
could not be used in the flux apparatus.

A.2.2 Gold Plated Stainless Steel Mesh

The stainless steel mesh was then plated with a thin layer of gold in an attempt
to protect it from corrosion. Plating was performed using a gold cyanide solution
(434 HS RTU, Technic Inc.), a two electrode cell and a voltage source which applied
1.5 V between a platinum mesh counter electrode and a stainless steel mesh working
electrode (see Figure A.6). The plating was performed for varying amounts of time,
from 1 to 2 minutes total, to obtain different gold coatings between 400 and 900 A
thick.
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F1GURE A.6: Gold electroplating was performed by connecting a voltage source across a platinum
mesh counter and a stainless steel mesh working electrodes. The electrolyte solution contains gold
cyanide, allowing gold ions to plate out onto the cathodic stainless steel mesh.

The resulting gold plated stainless steel mesh electrodes were then tested in a
simulation of the redox conditions in the flux cell. A 3-electrode cell was filled with
60 ml of a 0.1 M KCl,, electrolyte, and +1 V vs. SCE was applied to the stainless
steel working electrodes for one hour. Below are three gold-plated stainless steel mesh
electrodes prepared in this way, before and after reduction. It is apparent that the
gold plating was not enough to protect these electrodes from degradation in the setup
(see Figure A.7).

FicURE A.7: Three stainless steel steel meshes with increasing gold plate thicknesses from 400 to
800 A (top, from left to right). The bottom row shows the same mesh electrodes after one hour
reduction in potassium chloride electrolyte.
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A.2.3 Gold Mesh

Gold mesh was purchased from Unique Wire Weaving Co., Inc (www.uniquewire.com).

Wire diameter was 0.0025”, with 100 x 100 mesh size (56 % open area) and 99.99
% purity. The mesh was cleaned with ethanol, rinsed in diH,O and cut into 2 cm
by 8 cm rectangles prior to use. A portion of the mesh was secured to the copper
dipping rods using double sided copper tape, leaving a 2 cm by 6 cm area of the
mesh extending beyond the electrode, which would be freestanding in the deposition
solution. The copper tape and copper dipping electrode were covered in insulating
paint (see Figure A.8).

F1GURE A.8: Gold mesh secured to the copper dipping electrode via double-sided copper tape
(left). After deposition, PPy is shown on the gold mesh (right). Pinsize holes still exist in the mesh,
however, regardless of deposition conditions.

The deposition was carried out in the same 3-electrode electrochemical cell as
mentioned above, with the gold mesh used as working / sense electrode, a saturated
calomel reference electrode, and platinum mesh counter electrode. Now using a Ver-
saSTAT 3, potentiostatic depositions were carried out at +0.8 V vs. SCE for 1 to up
to 6 hours on the gold meshes in an attempt to fill in the pinsize holes left in the PPy
depositions. Unfortunately, none of the deposition schemes resulted in water-tight
membranes suitable for flux experiments, and it was concluded that the mesh size
needed to be reduced significantly. Obtaining a finer gold mesh, however, was cost
prohibitive.

A.2.4 Conclusion

Stainless steel mesh electrodes were used for the electrodeposition of polypyrrole
in a water solvent preparation. These electrodes were originally considered to pro-
duce PPy and were to be used to apply a current directly to the PPy during flux
experiments. However, it was found that the stainless steel material degraded under
the voltages applied at the membrane to open and close it.

To resist corrosion, gold-palladium material was electrosputtered onto the surface
of the stainless steel mesh electrodes. Unfortunately, the corrosion of the electrodes
coated with Au-Pd persisted. A gold mesh working electrode was then used for the
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deposition of PPy, however the mesh size was too large and large pores in the resulting
membranes lead to leaking in the flux experiments.

Ultimately, stainless steel polished plates were considered and used successfully
for the deposition of thin removable PPy membranes which could be placed directly
in the flux cell.

A.3 Time-Resolved Hydrogel Flux Experiments

The time-resolved concentration profile readings for KCl,, in the receiving solution
provided valuable information on the ion transport kinetics through PPy in solution.
These experiments were performed by using two potentiostats in parallel within the
flux cell. One instrument was used to continuously apply a high frequency alternating
current to the EIS probe, while the second potentiostat controlled the potentials
applied at the PPy membrane to control its oxidation state.

Unfortunately, in the case of PPy in hydrogel, a feedback mechanism was observed
between the two potentiostats in the EIS probe readings. This interference masked
the EIS response, making it impossible to quantify the concentration profile of KCI
in the receiving hydrogel.

For this reason, an alternative to the time-resolved EIS capture was established,
which allowed for only one potentiostat to be used at one time on the flux cell setup,
alternating reading on the EIS and applying a potential at the PPy membrane. This
data capture method was referred to as the “time-lapse” data capture method (see
Figure A.9).
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FIGURE A.9: Flux experiment sequence, shown for both time-resolved and time-lapse capture
modes. The two approaches proceed identically through steps 1-4, however in the time-resolved case a
continuous read-out of the KCl,q concentration is provided by the EIS probe, since two potentiostats
are used in parallel. In the case of time-lapse measurements, an EIS reading is performed after each
step instead, using a single potentiostat. Step 1: a baseline EIS reading is performed on diH,0O. Step
2: a negative control reading is taken after a 5 minute wait post KCl,, addition. Step 3: the PPy
membrane is opened by cycling voltages across it for 10 minutes, Step 4: the membrane is closed.



