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Abstract: The conducting polymer polypyrrole (PPy) was
electrochemically grown on hydrogel scaffolds deposited on
the surface of microfabricated neural prosthetic devices. It is
shown that the pyrrole monomer can be grown vertically
through the hydrogel layer up to the surface without affect-
ing the adjacent sites on the probes. The electrochemical
properties of the conducting polymer-modified hydrogels
were studied by impedance spectroscopy and cyclic voltam-
metry. It is also found that the conducting polymers could
still be readily grown through the hydrogel after the micro-

structure is disrupted by freeze drying. Impedance measure-
ments at the biologically important frequency of 1 kHz
showed that the minimum impedance of this polymer-mod-
ified hydrogel was 7 k(). This is much lower than the min-
imum impedance of polypyrrole film (~100 k). © 2004
Wiley Periodicals, Inc. ] Biomed Mater Res 71A: 577-585,
2004
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INTRODUCTION

Microfabricated neural prosthetic devices for the
central or peripheral nervous system have evolved
rapidly.’ Details of the interfacial contact between the
electrode and the brain tissue are important not only
for promoting cell adhesion but also for facilitating
charge transport.'* Microelectrodes have proven to be
inadequate for long-term implantation, with cellular
encapsulation playing a significant role in limiting
neural communication.>* Although the precise origin
of implant failure is not yet known, recent efforts have
shown improvements in performance. Some research-
ers advocate that device failures are related to isola-
tion of the electrode sites, which is mainly caused by
scar formation after implantation; others consider the
trauma to neurons caused from micromotion due to
the mechanical differences between the electrode and
brain tissue.” Fibrous tissue encapsulation is the final
stage of wound-healing response to implanted foreign
materials. Generally, it consists of an inner layer of
macrophages, a concentric fibrous tissue, and an outer
vascularized tissue layer.® Presumably the perfor-
mance of these devices could be improved by promot-
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ing better integration within the nervous system and
minimizing the host response.””

Hydrogels are widely used biomaterials that have
found many pharmaceutical and biomedical applica-
tions, including scaffolds for tissue engineering,
wound dressings, and delivery carriers for bioactive
reagents. Hydrogels are generally found to be biocom-
patible due to their high water content and low inter-
facial tension with the surrounding biological environ-
ment.® The mechanical properties of hydrogels can be
tailored to be similar to brain tissue (~10 kPa).’ Hy-
drogel coatings should provide an additional mechan-
ical buffer layer between the hard silicon-based probe
and the soft brain tissue. In addition, the reswelling of
dried gels following implantation should better an-
chor the position of the probe in the tissue. Another
advantage is that various bioactive reagents such as
growth factors or anti-inflammatory drugs can be em-
bedded in the hydrogel coatings. Hydrogels can un-
dergo volume changes in response to external electric
stimuli. However, these electrical stimuli are not rap-
idly transmitted through the hydrogel network be-
cause of the low electronic conductivity of the poly-
mer matrix."

Conducting electroactive polymers including poly-
pyrrole, polyaniline, and polythiophene have been
used to modify biosensors and bioelectronics.'''* Be-
cause the physiological environment involves pro-
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cesses at the interface between electrode and electro-
lyte, there has been considerable experimental and
theoretical attention devoted to increasing the surface
area of the electrodes.””'® Although the conducting
polymer allows itself to be in contact with the electro-
lyte at the molecular level, the intrinsically hydropho-
bic character of most conducting polymers requires
that these processes happen at the surface of the elec-
trode. Surface modification by conducting polymers is
intended to improve probe sensitivity, suppress the
effect of interfering reactions, and encourage desired
tissue responses such as angiogenesis.'® Of these con-
ducting polymers, polypyrrole has been widely stud-
ied because of the aqueous solubility of the monomer,
low oxidation potential, high conductivity, and com-
patibility with mammalian cells."” PSS (Polystyrene
sulfonate) was chosen as the dopant material because
of its stability and biocompatibility.'”” When a poly-
electrolyte with a negative charge serves as the
counter ion, the polymerization process can be repre-

sented as follows:
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where PE™ stands for polyelectrolyte. Based on this

H
mechanism, bioactive surfaces have been created by
incorporating species such as heparin, poly(hyalu-
ronic acid), nerve growth factors, and red blood
cells."® ™ [n vitro studies involving biologic responses
of polypyrrole are already taking place.”* Recent in-
vestigations involve the use of conducting polymers
such as polypyrrole and poly(3,4-ethylenedioxythio-
phene) (PEDOT); and incorporating bioactive mole-
cules such as nerve growth factor (NGF) to enhance
the neural attraction to the electrode.

The electrodes on the surface of the probe are ac-
tively involved in the stimulation and recording of
impulses from neurons. The impedance of polymer-
coated electrodes has been found to be strongly cor-
related to the morphology of the coating.'®*

Kim, Spinks, and Wallace showed that conducting
polymers could be electrochemically synthesized in-
side a hydrogel support matrix.*" This article shows
that polypyrrole can be grown vertically through the
hydrogel layer up to the surface without affecting the
adjacent sites on the neural probes. This conducting
polymer in the hydrogel layer has an extremely large
surface area. This significantly reduces the impedance
of the electrode and promotes efficient signal trans-
port with the neurons. However, to allow neovascu-
larization in the hydrogel layer and the neurons to
grow into the hydrogel layers, the pore size of the
usual alginate hydrogels may not be sufficient. There-
fore, lyophilized hydrogels were also investigated.
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These have a much larger pore size than the unmod-
ified hydrogels as a scaffold for polymerization of the
conducting polymers.

The hydrogels were deposited by a dipping
method, with the use of a 1 wt % alginate solution that
was gelled by ionic crosslinking with 0.5M CaCl,.
After the hydrogel was coated along the shank of
probes, PPy /PSS was grown galvanostatically on the
gold electrode of the probes at a current density of 4.8
mA/cm?. Growth times were restricted to less than 1 h
because the electric forces deformed the hydrogel se-
verely in the monomer solution after approximately
1 h of polymerization. To characterize the polymer-
functionalized electrodes, their impedance and cyclic
voltammetry were compared with those of planar
gold electrodes with the same geometric surface area
by electrochemical impedance spectroscopy (EIS).

EXPERIMENT

Materials

The sodium alginates were purchased form ProNova Bio-
medical (Norway). MVG alginate, a high G-containing algi-
nate (M:G ratio 40:60 as specified by the manufacturer) was
used in this study. The pyrrole monomer and PSS were
purchased from Aldrich and used without any prior purifi-
cation. All other chemicals were purchased form Sigma (St.
Louis, MO) unless otherwise stated. Solutions of sodium
alginate at a concentration of 1 wt % were freshly prepared
by dissolving the alginate powder in double-distilled water,
while mixing with a magnetic stirrer. CaCl, 0.5M was used
as a source of calcium ions to initiate gelation.

Material preparation

Microfabricated silicon probes were provided by the Cen-
ter for Neural Communication Technology at the University
of Michigan. The microfabricated silicon substrate supports
an array of thin-film conductors that are insulated above and
below by deposited dielectrics of silicon dioxide and silicon
nitride. Openings in the upper dielectrics along the probe
define vertical connections to stimulating or recording sites
that are sputtered with gold or iridium on the top dielectrics
for interfacing with the tissue. At the rear of the probe, gold
bond pads are present to connect with off-chip instrumen-
tation.

The hydrogels were deposited by a dipping method, with
the use of a 1 wt % alginate solution that was gelled by ionic
crosslinking with 0.5M CaCl,. After coating the hydrogel
along the shank of probes, PPy/PSS was grown galvano-
statically on the gold or iridium electrode sites (1250 pm? in
area) of the neural probes. The electrical supply was a po-
tentiostat/galvanostat EG&G Model 283. The reaction was
performed in a three-electrode cell. A platinum foil was used
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as the counter electrode and a saturated calomel electrode
(SCE) was used as the reference electrode. A site on the probe
was used as the working electrode. The monomer solution (40
mL) containing 0.2M pyrrole monomer, 0.2M PSS, and 4 mL of
1M CaCl, was purged with N, for approximately 10 min to
prevent oxidation of the monomer before use. In the galvano-
static mode, a current density of 4.8 mA/ cm? was used. The
amount of material deposited onto the electrode site was con-
trolled by changing the deposition time.

Lyophilizing the hydrogel

The detailed lyophilizing procedures are described else-
where.?” Briefly, sodium alginate dissolved in double-dis-
tilled water was cross-linked on the electrode with calcium
ions. Freezing of the gels was accomplished by either plac-
ing the hydrogel in a —20°C freezer, or by submerging them
into liquid nitrogen (—196°C) immediately after gelation to
prevent drying of the gel. The frozen plates were transferred
to vacuum vessels and lyophilized at <10 mbar until dry.

Impedance spectroscopy measurements

An EG&G electrochemical impedance system was used to
obtain impedance spectra of the electrode sites. The appara-
tus was comprised of an EG&G Model 283 potentiostat/
galvanostat and an EG&G Model 1025 frequency response
analyzer. The system was operated under computer control
with the use of an EIS software package from EG&G. A
solution of 0.1M phosphate buffer solution (pH = 7) was
used as the electrolyte in a three-electrode cell. The elec-
trode setup was the same as that used in the electrochem-
ical deposition. An ac sinusoidal signal of 5-mV ampli-
tude was used, and the dc potential was set to 0 V. The
value of the impedance was determined over a range of
10-100,000 Hz.

Cyclic voltammetry

Cyclic voltammetry (CV) was performed with the use of
a house-designed potentiostat, combined with a phase-
lock amplifier (Stanford Research System SR 830) and
multiplexer (National Instruments SC-2062). The three-
electrode cell setup was the same as that used for imped-
ance spectroscopy. A scan rate of 100 mV /s was used and
the potential on the working electrode was swept between
—0.9 and 0.5 V versus SCE. These limits were wide
enough to include the reversible redox reaction and nar-

Figure 1. Optical microscope images of the hydrogel coat-
ings on the probes by dipping method. (a) Overall view of
the hydrogel coatings at low magnification, (b,c) closer
views of coatings with various thicknesses [~100 wm for (b),
~50 pm for (c)].
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Figure 2. The dehydrated hydrogel coating on the probe in
ambient air.

row enough to avoid overoxidation and remain within the
water window. Before each CV was recorded, several
cycles were swept to ensure that the film reached its stable
state.

Acute neural recording

Acute experiments in guinea pig were used to verify
and characterize in vivo electrical functionality of the hy-
drogel itself. NIH guidelines for the care and use of
laboratory animals (NIH Publication No. 85-23 Rev. 1085)
have been observed. The detailed procedures are given
elsewhere.'® The guinea pig was anesthetized with ket-
amine and xylazine. The animal was then placed on a
DC-powered heating pad to prevent a drop in core body
temperature. The skull was fixed with a high degree of
stability to a rigid bar after incision on the head of 1.5 in.
A craniotomy was performed to expose the dorsal surface
of the cerebellum, the dura was removed, and the probe
was inserted. The brain was then covered with a warm
agar solution to prevent desiccation and reduce brain
pulsation. The hydrogel-coated probes with various thick-
nesses from 15 to 50 wm were advanced until a neuron
was recorded at every single site. Neural data were re-
corded and analyzed to find the neural spikes for each
channel with various thicknesses of hydrogels.

RESULTS AND DISCUSSION

Hydrogel coating on the surface of the probes

Uniformly coated hydrogel layers with various
thicknesses have been successfully produced along
the shank of micromachined probes to provide an
additional mechanical buffer layer and anchor the po-
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sition of the probe in the tissue. The optical micro-
graph shown in Figure 1 demonstrates the hydrogel
layer on a silicon probe. Figure 1(a) shows the overall
view of the hydrogel coatings at low magnification,
and Figure 1(b,c) shows closer views of coatings with
various thicknesses. In this study, the thickness of the
hydrogels was kept at less than 100 pm to prevent
ingrowing neurons from possible oxygen depriva-
tion.® Figure 2 shows the dehydrated hydrogel coating
on the probe. The dip-coated hydrogel dried quickly
in air and shrunk in volume. The hydrogels can be
readily returned to nearly their original shape by re-
absorbing water.*®

The thickness of the hydrogel layer was controlled
by changing the number of dips of the probes into
alginate solution as well as the concentration of the
alginate in the solution. A uniform coating was rela-
tively easy to obtain by using a low concentration of
alginate solution. As the dipping proceeded, the hy-
drogel layers grew thicker (~50 pm/20 dips).

The electronic and electrochemical properties of the
unmodified hydrogel were measured with the use of
electrochemical impedance spectroscopy (EIS) and cy-
clic voltammetry (CV).'®** Figure 3 shows the imped-
ance spectra of hydrogel coatings on the electrode
compared with the gold electrode spectrum as a con-
trol. After being coated with hydrogel 100 um thick or
less, the impedance was slightly higher than the bare-
gold electrode over the 1-1-kHz range and similar to
the bare gold beyond 1 kHz. Because the reswollen
hydrogel absorbed water and a variety of ions from
the buffer solution, this result is consistent with ex-
pected high conductivity of the ion-laden water.

To ensure that the hydrogel coating along the shank
of the probe did not affect neural recording and stim-
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Figure 3. Impedance spectra of hydrogel coatings with

various coating thicknesses on the electrode compared with
the gold electrode spectrum as a control.
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Figure 4. Acute recording data from the cerebellum of a
guinea pig.

ulating properties, in vivo recording tests were per-
formed at the Kresge Hearing Research Center. The
acute recording data from the cerebellum of guinea
pigs showed that every single electrode of the hydro-
gel-coated probe could transport charge as efficiently
as the uncoated probes (Figure 4).

Polymerization of the PPy/PSS in the hydrogel
coatings

It was found that the pyrrole monomer can be
grown vertically from the site to the surface of the
hydrogel layer without affecting the adjacent sites.
Figure 5(a) shows the optical microscope images of the
extent of conducting polymer growth in the hydrogel
coating. The top view of the conducting polymer
shows a cloud-like morphology instead of the dense
film structure usually observed.'®®® The film was
blackish in color, which is characteristic of the oxi-
dized state of polypyrrole. The optical microscope
images show that the conducting polymer is not
placed just on the electrode. The lateral view reveals
the three-dimensional cloudlike morphology of the
conducting polymer within the hydrogel directly
above the electrode. Because new polymer formation
can presumably only be initiated electrochemically at
a conducting surface, these results suggest that the
entire polypyrrole phase is interconnected.'®® The
detailed morphology of this system is currently being
investigated with the use of SEM and TEM.

In contrast to the conducting polymer films that are
deposited directly on the electrode, this conducting
polymer deposited in the hydrogel layer evidently has
an extremely large amount of surface area, as shown
schematically in Figure 6. This reduces the impedance
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of the electrode and should promote efficient signal
transport with neurons. These hydrogel electrodes
coated with conducting polymers are interesting for
sensor applications because of the larger surface area
over which electrolytes can access the electrode. Fig-
ure 7 shows the change in impedance as a function of
polymerization time, and as a function of dehydration.
After 20 min of polymerization of the polypyrrole, the
impedance was significantly decreased over the fre-
quency range from 10 to 100,000 Hz*® compared to the
bare gold electrode with the same geometric surface
area. The impedance of this polymer at the biologi-
cally important frequency of 1 kHz was 120 k(). Ad-
ditionally the impedance of the conducting polymer-
modified hydrogel was much lower than the
impedance of intact hydrogel coatings. This means the
conducting polymer-modified hydrogel can compen-

e —————— i ——— e ——
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Figure 5. Optical microscope images of the extent of con-
ducting polymer growth in the hydrogel coating. (a) Top
view of the conducting polymer, and (b) lateral view reveal-
ing the three-dimensional cloud-like morphology (white ar-
row) of the conducting polymer within the hydrogel directly
above the electrode.
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Deposited PPy

Gold electrode
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Deposited PPy Hydrage\:etwork
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Figure 6. Schematic of the film-like conducting polymer on
the gold electrode (a) and the cloud-like conducting polymer
on the gold electrode polymerized through the hydrogel
matrix (b).

sate for the slight increase in impedance due to the
intact hydrogel coatings. This will presumably allow
us to modify the surface of the probes with little or no
change in impedance by embedding various growth

——HG

—&— Bare Gold

—2— 20 min Deposition
—0— 40 min
—4&— 40 min Deposition (Dehydrated)

Impedance (Ohms)

Frequency (Hz)
Figure 7. Impedance spectra as a function of polymeriza-

tion time, and as a function of dehydration. The impedance
of the conducting polymer-modified hydrogel was much
lower than the impedance of intact hydrogel coatings.
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Figure 8. Cyclic voltammetry (CV) of the conducting poly-
mer-modified hydrogel. Within a single voltage sweep cycle,
the anodic peak was at —0.15 V and cathodic peak was
—0.19 V versus SCE.

factors or antiinflammatory drugs in the hydrogel lay-
ers.

The selectivity of each single electrode is an impor-
tant feature for gathering the electric signals from
single neurons. To ensure that the vertically grown
conducting polymer did not significantly affect the
adjacent electrode site, the impedance of the adjacent
site was measured. Within experimental error, the
measured impedance was equal to the unmodified
hydrogel coating, and this implied that the cloud-like
polypyrrole chains were not linked to the neighboring
electrode. Presumably this will allow us to decrease
the size of the electrode to get the more specific signals
from single neurons without affecting charge trans-
port efficiency, and should improve the ability to dis-
tinguish action potentials from different neurons. The
value of the impedance of these probes at 1 kHz was
the lowest after 40 min of polymerization, with a value
of 7 k). The dehydrated 40-min sample shows the
impedance measured before reswelling in the buffer
solution. The impedance of the dehydrated sample
was a bit higher than that of the hydrated sample in
the low frequency range (<2 X 10°Hz). However, the
impedance of the dehydrated sample was much
higher than the hydrated one in the high frequency
range (>2 X 10°Hz). These differences reveal the im-
portant role of the local environment (density of the
coating) in limiting charge transport to the probe. For
polypyrrole incorporated with large counter ions such
as PSS, the ionic movements are very different. The
redox reaction is accompanied by the movement of
small cations in and out of the films. Within a single
voltage sweep cycle, the anodic peak was at —0.15 V
and cathodic peak was —0.19 V versus SCE (Figure 8).
The charge capacity of this novel conducting polymer
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dimensional porous hydrogel is recommended for
creating a sufficient space to allow ingrowth of axons.
This porous hydrogel is prepared with the use of a
three-step procedure.” The first step is gelation of the
alginate with CaCl,, followed by freezing of the hy-
drogel and finally lyophilization to produce a porous
hydrogel. In this study, liquid nitrogen (—198°C) and
a conventional refrigerator freezer (—20°C) were used
for solidification of the hydrogel. The lyophilized hy-
drogel at —20°C shows a much more porous micro-
structure (~40-60 um in domain size) compared to
the hydrogel dried at —198°C (~5-20-um domain
size) as seen in the optical images (Figure 9), presum-
ably due to the differences in the rate of solidification.
The conducting polymer grown in the macroporous
hydrogel scaffolds shows substantially different mor-
phologies from that obtained in the homogeneous hy-

(b)

Figure 9. Optical microscope images of the hydrogel net-
work: (a) liquid N,-frozen hydrogel, (b) freezer-frozen hy-
drogel.

in the hydrogel polymerized with the use of 5 wC on
a 1250 pm? was calculated as 7.01 nC. Normalizing
with the use of the electrode area charge storage for
this system gives 560 mC/cm?, which greatly exceeds
the values of platinum (6 mC/cm?)* and activated
iridium (61 mC/cm?).*°

To allow neovascularization and ingrowth of the
neurons into the hydrogel layers, the pore size of the
as-deposited MVG alginate hydrogel may not suffice.
Lyophilized hydrogels that have a much larger pore
size than that of intact hydrogels, and how these ly-
ophilized hydrogels act as scaffolds for polymeriza-
tion of conducting polymers, have also been investi-
gated. The preparation and characterization of a three-

(b)

Figure 10. Optical microscope images of the extent of con-
ducting polymer growth in the lyophilized hydrogel coat-
ing. (a) Top view and (b) lateral view of the conducting
polymer.
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Figure 11. Impedance spectra as a function of frequency of

bare gold electrode, film-like PPy, PPy grown in the intact
hydrogel, and PPy in the lyophilized hydrogel.

drogel. Figure 10(a) shows the conducting polymer
that was grown in the hydrogel frozen by liquid ni-
trogen. In contrast to the conducting polymer in the
intact hydrogel [Figure 4(a)], the conducting polymer
in the lyophilized hydrogel [Figure 10(b)] is more
densely concentrated around the electrode. This is
likely due to the larger pore size of the hydrogel
allowing pyrrole monomer to more easily diffuse to
the electrode during polymerization. There was not a
large difference found between the morphology of the
polypyrrole grown on the freezer-frozen hydrogel or
the liquid N,-frozen hydrogel. This evidently means
that the pore size of the hydrogel caused by either
method of freezing is large enough to allow the pyr-
role monomer to readily diffuse into the hydrogel.
From the lateral view of these samples it is clear that
the conducting polymer in the lyophilized hydrogel
grows straighter toward the surface, instead of
spreading out around the electrode, in contrast to the
conducting polymer grown in the intact hydrogel [Fig-
ure 4(a)]. The value of the impedance of the PPy in
lyophilized hydrogel (LHG) was slightly higher than
that of PPy in intact hydrogel (HG) (Figure 11). The
variation in the impedance of these systems was quite
large, but always much lower than the direct deposi-
tion. This is consistent with the strong correlation of
the impedance and the morphology of the PPy on the
electrode.'®*

The impedance behavior at 1 kHz as a function of
deposition charge is shown in Figure 12. In the LHG,
the impedance at 1 kHz initially decreased sharply as
the polymerization proceeded, then reached a mini-
mum value at 3 pC. The impedance then gradually
increased until 15 pC. Above 15 pC, the hydrogel was
deformed because of the electric force in the monomer
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solution and then eventually slipped off the probe. In
the HG, the impedance decreased relatively slowly
with charge. Unfortunately, after 15 wC the impedance
of the pyrrole in the hydrogel could not be measured
because of the deformation of the hydrogel layers.
Judging by the trend of this plot, the impedance of this
system may be decreased more if the hydrogel could
facilitate a longer polymerization time. Ongoing stud-
ies are investigating synthetic hydrogels and co-
valently cross-linked hydrogels as more stable scaf-
folds for the pyrrole polymerization.

CONCLUSIONS

By using a dipping method, hydrogels could be
coated uniformly with a desired range of thicknesses
along the shank of the micromachined probes to pro-
vide an additional mechanical buffer layer between
the hard probe and the soft brain tissue, anchor the
position of the probe in the tissue, and embed bioac-
tive reagents. Pyrrole monomer could be reproducibly
grown vertically through the hydrogel scaffold up to
the surface without affecting the electronic properties
of adjacent sites. This conducting polymer grown in
the hydrogel scaffold has an extremely large amount
of surface area and caused a significant reduction of
the impedance of the electrode (more than two orders
of magnitude). This should promote more efficient
signal transport with neurons. The impedance of the
electrode could be controlled by changing the poly-
merization time at fixed current density. The value of
the impedance of these probes at 1 kHz was the lowest

—&— PPy in HG
10° ——PPyin LHG
] —O—PPy
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=
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Figure 12. The impedance behavior of film-like PPy, PPy
grown in the intact hydrogel (HG), and PPy in the lyophi-
lized hydrogel (LHG) at 1 kHz as a function of deposition
charge.
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after 40 min of polymerization in the hydrogel scaf-
fold, with a value of 7 k(). This is much lower than
that of polypyrrole film (~100 k(). The impedances of
the pyrrole in the different types of LHG scaffolds
were similar. The impedance behavior at 1 kHz as a
function of charge in the LHG showed the impedance
sharply decreasing as the polymerization initiated,
then reaching a minimum value at about 3 wC. For
HG, the impedance decreased relatively slowly with
charge. Judging by the trend of decrease of imped-
ance, presumably the impedance of this system may
be decreased more if the hydrogel can facilitate longer
polymerization times. Future work will involve syn-
thetic hydrogels and covalently crosslinked hydrogels
as scaffolds for the conducting polymers.
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