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In an implantable electrode, such as a pacemaker electrode, fibrotic tissue formation due to a foreign body re-
action is an important challenge affecting the efficiency to transmit the electrical signal of the device. The
chemical inertness, biocompatibility, and electrical conductivity of polymer-derived ceramics (PDCs) are
promising features in terms of overcoming this challenge. Here, the electrochemical behavior of polymer-derived
silicon oxycarbide (SiOC) and titanium-doped SiOC (SiTiOC) ceramic electrodes for use as pacemaker electrodes
is investigated by measuring impedance spectroscopy and cyclic voltammetry. In addition, typical stimulation
electrodes such as iridium oxide, titanium nitride, platinum, and glassy carbon were prepared and loaded
simultaneously into a custom-made electrochemical testing platform for comparison with SiOC and SiTiOC
electrodes under identical conditions. The SiOC and SiTiOC electrodes shows a wide electrochemical stability
window in the range of —0.9 to 1.2 V with a double layer capacitance as the charge injection mechanism at the
electrode/phosphate-buffered saline interface. Also, analyzing the voltage transient shows that the maximum
charge injection of the SiTiOC electrode was about 28 pG/cm?2. The results of the electrochemical evaluation and
comparison of SiOC and SiTiOC stimulating electrodes will be helpful to understand fundamental characteristics
for the potential of this material as candidate for next-generation pacemaker electrodes.

1. Introduction Ceramics have been applied as implantable prostheses on the basis of

their biocompatibility, chemical inertness, mechanical hardness, and

An artificial cardiac pacemaker is an implantable medical device that
senses heart beating rate and stimulates the heart muscles to pump blood
[1]. The electrode at the end of the lead in the pacemaker is an essential
component for delivering electrical stimulation to the cardiac muscle
chamber [2]. State-of-the-art metal electrodes for pacemakers cause
inflammation or fibrotic tissue, which in turn increases the impedance of
the electrode, lowers overall electrical efficiency, and reduces battery
life span [3-5]. Various studies to overcome these challenges include the
development of a novel electrode geometry to minimize foreign body
reaction [6,7], functional surface treatment [8], steroids eluted simul-
taneously with electrode insertion [9,10], and application of new
emerging materials such as carbon nanotubes and poly (3,4-ethyl-
enedioxythiophene):poly (styrenesulfonate) [11,12].
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wear resistance [13-15]. Currently, the implantable ceramic prosthesis
includes dental [16,17] and bone implants [13,18], electronic pack-
aging [15] as well as scaffolds for tissue regeneration [19,20]. In
particular, polymer-derived ceramics (PDCs) [21], which are obtained
by the pyrolysis of preceramic polymer precursors under an inert at-
mosphere, are advantageous due to their tunable material properties,
structural 3D shaping [22-26] for implantable electrode application,
and lower temperature required for polymer-to-ceramic conversion
[27-31]. In our previous works, electrical properties of carbon-rich
conductive silicon oxycarbide (SiOC) PDC electrodes were investigated
[32,33], and their passive (unstimulated) cytotoxicity was evaluated for
pacemaker electrode application [34]. Recently, cytocompatibility of a
titanium-doped SiOC (SiTiOC) PDC electrode with 20 wt% Ti content
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was confirmed by monitoring cells under pacing (active stimulation)
conditions [35].

In addition to the conductivity and cytotoxicity of a material for
implantable PDC electrodes, it is also essential to understand the elec-
trochemical characteristics at the electrode/electrolyte and electrolyte/
tissue interface since the charge injection mechanism, impedance, and
potential limits are material dependent [36,37]. Norlin et al. investi-
gated the electrochemical behavior of the state-of-the-art pacemaker
electrodes such as platinum (Pt), titanium (Ti), and titanium nitride
(TiN) [38-41]. Weigel et al. developed a 3D carbon fiber with a 2D TiN
electrode to assess the inflammatory response at the cardiac
tissue-electrode interface [6]. Grossenbacher et al. estimated the elec-
trochemical properties of a microelectromechanical system (MEM-
S)-based glassy carbon (GC) for a pacemaker electrode [42]. Various
materials also have been studied for implantable electrode applications
such as neurological disorder, cochlear implant, and artificial retina
[43-49]. However, to date, studies have been rarely conducted that are
systematically investigating the electrochemical properties of the PDC
electrodes as a stimulating electrode for pacemaker applications, espe-
cially comparing them thoroughly with various types of metal and GC
electrodes.

In addition, for electrochemical investigation, a testing platform is
essential to stably assess the electrode properties or to perform in vitro
experiments by considering the varying geometric surface area and the
wiring issues of the electrodes. Hou et al. have successfully developed a
testing platform to investigate the electrochemical properties of a multi-
electrode array [50]. A multifunctional testing platform reported by
Zhang et al. was used to perform electrochemical studies with cell cul-
ture for drug screening [51]. However, a highly integrated platform
capable of reliably analyzing electrochemical properties while main-
taining consistent geometric surface area of different types of electrodes
with various dimensions and even in vitro cell analysis has not been
exploited so far.

In this paper, polymer-derived SiOC and SiTiOC ceramic electrodes
and representative stimulation electrodes such as iridium oxide (IrO5),
Pt, TiN, and GC were fabricated and integrated with a custom-made
testing platform to characterize their electrochemical properties for
pacemaker application. The electrochemical behavior of SiOC and
SiTiOC electrodes at the electrode/phosphate-buffered saline interface
was assessed by electrochemical impedance spectroscopy (EIS) and cy-
clic voltammetry (CV), and the results were compared with those of
other fabricated stimulation electrodes. In addition, electrical current
stimulation was applied to a SiTiOC electrode at the interface to analyze
the voltage transient to estimate the maximum charge injection.
Furthermore, cytotoxicity of the SiTiOC electrode-integrated testing
platform was evaluated by culturing cardiac cells.

2. Experimental
2.1. Fabrication of the stimulation electrodes

A 100-mm-diameter glass wafer (thickness: 525 pm) was cut into 6 x
6 mm? size by a dicing saw (DAD321, DISCO Corp., Japan) as the
electrode substrate and Pt, IrO,, and TiN (50 nm thick for each of them)
were deposited by sputtering (DP 650, Alliance Concept, France). The
front and back sides of the substrate, including the sidewalls, were
coated with above-mentioned metals for the wiring with the electrical
pad on the printed circuit board (PCB).

A 1-pm-thick SiO; layer was wet-oxidized on the surface of a silicon
wafer as a sacrificial layer. SU-8 (GM 1075, Gersteltec, Switzerland) was
spin-coated on the sacrificial layer and patterned using a negative
photolithography process. A 200 pm-thick SU-8 discs structure having a
diameter of 10 mm was then released by wet etching using a buffered
oxide etchant (NH4F 40% + HF 50%, 7:1) for two days. The freestanding
SU-8 structures were cleaned and pyrolyzed in a tube furnace (PEO 601,
ATV Technologies GmbH, Germany) under a constant nitrogen gas flow
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of 2000 mL/min. Another SiO5 coated silicon wafer was placed on top as
a weight to avoid structural deformation during heating/cooling. The
furnace was first heated from room temperature to 200 °C at a rate of 10
°C/min and held at this temperature for 30 min, and then ramped to 900
°C at 10 °C/min and held at this maximum temperature for 1 h. The
furnace was cooled to room temperature at a rate of 10 °C/min. Finally,
a GC electrode with a diameter of 6 mm and a thickness of 100 pm was
obtained. The vertical and horizontal shrinkage were 60 and 50%,
respectively.

SiOC was synthesized by mixing polyhydromethyl siloxane (PHMS)
and divinylbenzene (DVB) with Pt Karstedt’s catalyst (Sigma-Aldrich,
Switzerland). In a typical preparation, 2g of DVB was mixed with about
700 ppm of Pt catalyst by stirring for 15 min, and 1g of PHMS was added
dropwise to the DVB mixture. After that, the mixture was stirred at room
temperature for 30 min. The preceramic mixture was then casted in
Polytetrafluoroethylene (PTFE) molds and left at room temperature.
Gelation was observed within 30 min and the gels are left for overnight
at ambient condition (i.e., room temperature in a fume hood). Pre-
ceramic gels were then peeled off from the molds and cured at 80 °C for
48 h to complete cross-linking. The cured preceramic green bodies were
then pyrolyzed in a tube furnace (Carbolite STF 16/450, Germany)
under a constant argon flow. During pyrolysis, temperature was ramped
up to 1000 °C at a rate of 50 °C/h and held for 1 h, and cooled to room
temperature at 50 °C h. For the SiTiOC electrodes, 20 wt % titanium (IV)
ethoxide (TiOET) is mixed with a PHMS/DVB mixture and the rest of the
process was the same as the fabrication process of the SiOC electrodes.
The detailed synthesis procedures of the amorphous SiOC and SiTiOC
PDC electrodes and material characteristics were reported in our pre-
vious works [32,35].

2.2. Manufacturing of the testing platform

A master mold was manufactured using a 3D printer (FDM 400mc,
Stratasys Inc., U.S.A) with ABS-M30 material to create the PDMS multi-
wells. A 10 pm-thick parylene C (C30S, Comelec SA, Switzerland) was
deposited on the surface of the fabricated mold to easily demold the
PDMS multi-wells. The PDMS was filled in the fabricated mold at a rate
of 1:10 wt ratio of curing agent and monomer and cured at 70 °C for 3 h.
After demolding the PDMS structure, a 1 mm-diameter hole was
punched on the center of each well to expose the surface of the stimu-
lation electrodes. The electrodes and PDMS wells were bonded by a
biocompatible glue (EPO-TEK 301, Epoxy Technology Inc., U.S.A) and a
small drop of liquid metal (Ga-In, Sigma-Aldrich, Switzerland) was used
to create electrical contact with low ohmic resistance to the back-side of
the fabricated electrode and electrical pad of the PCB. All electrodes
were wired independently for the individual characterization.

2.3. Electrochemical characterization

The electrochemical properties of all the fabricated electrodes loaded
in the testing platform were characterized by measuring impedance
spectroscopy, CV, and voltage transient. Phosphate-buffered saline
(PBS; 1x, pH 7.4, Sigma-Aldrich, Switzerland) was used as an electrolyte
considering an implantable electrode application, and an Ag/AgCl
reference electrode (Skinny RE, Gamry Instruments, U.S.A) was
immersed into the PBS as third electrode, as shown in Fig. 2 (d). A
potentiostat (Reference 600+, Gamry Instruments, U.S.A) was used to
measure the EIS and CV by maintaining a constant potential level of the
working electrode with respect to the reference electrode.

2.4. Cardiac cell culturing on the PDC embedded platform

Primary rat neonatal cardiomyocytes were isolated by using a Pierce
Primary Cardiomyocyte Isolation Kit, according to the manufacturer’s
instructions. The rat neonatal hearts were collected after birth and cut
into pieces of about 1 mm thickness. The pieces were washed with Hanks
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Balanced Salt Solution (HBSS) to remove blood cells and incubated with
Pierce Cardiomyocyte Isolation Enzyme 1 and 2 for 35 min. Another
washing step was performed and the heart tissue was disrupted in
Complete DMEM for Primary Cell Isolation by pipetting up and down 25
to 30 times. Finally, single cells with a cell density of 10° cells/mL were
seeded in the testing platform and placed in an incubator at 37 °C with
5% CO,. Organ harvesting was performed on sacrificed control animals
from unrelated experiments, according to license VD 3290 designed for
this specific purpose. To evaluate cardiac cell viability after two days,
the cultured cells were stained with a LIVE/DEAD Viability/Cytotoxicity
Kit by Molecular Probes for 30 min. The green fluorescent, calcein-AM
component, stains live cells and the red fluorescent, ethidium
homodimer-1 component of the LIVE/DEAD kit, identifies the dead
cells. A fluorescent microscope (Eclipse TE300, Nikon, U.S.A) was used
to count live and dead cells and quantitative data were obtained using
Image J software (US National Institutes of Health, U.S.A) by counting at
four non-overlapping areas. To quantify the mechanical beating rate of
the cells, movies were acquired by connecting a video camera to the
microscope. Quantification of the beating frequency was performed by a
Pulse software (Cellogy Inc., U.S.A).

3. Results and discussion

Six types of stimulation electrodes were used in our studies consist-
ing of metal (Pt, IrO5, and TiN), SU-8 derived GC, and PDC electrodes
(SiOC and SiTiOC), as shown in Fig. 1a. The fabrication process for the
all metal electrodes (i), GC (ii), and PDC electrodes (iii) is shown in
Fig. 1b. The fabricated stimulation electrodes were integrated into our
testing platform to investigate the electrochemical behavior, as shown in
Fig. 2a. The testing platform was assembled with a PCB, the fabricated
electrodes, and PDMS multi-well plates, as shown in the exploded view
of Fig. 2b. The platform consists of 4 by 4 PDMS multi-wells and each
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single well has two channels to load the working electrodes (WE) such as
IrO; (n = 3), TiN (n = 3), Pt (n = 2), glassy carbon (n = 2), SiOC (n = 3),
and SiTiOC (n = 3) on the right side and Pt as counter electrodes (CE) on
the left side. The fabricated electrodes were exposed at the bottom of
each PDMS well through the punched 3 mm-diameter cut-out resulting
in a geometric surface area (GSA) of all electrodes of 0.706 cm?. Between
each well a narrow channel was defined to connect both wells by the
electrolyte. Fig. 2c shows an optical image of the fabricated testing
platform.

Phosphate-buffered saline (PBS; 1x, pH 7.4) was used as the elec-
trolyte, and the Ag/AgCl reference electrode (RE) was immersed into
PBS for a three-electrode cell method, as shown in Fig. 2 (d). EIS was
measured to evaluate the electrochemical behavior of the fabricated
stimulation electrodes. To avoid overlapping plots, the results were
assorted into two categories as metal electrodes and GC/PDC electrodes.
Fig. 3a and b shows Bode plots of magnitude and phase versus frequency
for representative EIS spectra of metal electrodes in the range of 1
Hz-100 kHz. The magnitude of impedance decreased as the frequency
increased with a phase shift from 0 to —90°. We analyzed the low-
frequency (10 Hz) impedance considering the electromyography and
pacing, and the high-frequency (1 kHz) impedance for general neural
recording/stimulation, respectively [38]. The impedance of IrO, was the
lowest at 8.7 + 1.1 kQ at 10 Hz, and the impedance of Pt was the lowest
at 350 + 18 Q at 1 kHz. Fig. 3c and d shows the magnitude and phase for
the GC, SiOC, and SiTiOC electrodes. The impedance of both PDC
electrodes at 10 Hz was relatively higher than that of the metal and GC
electrodes, respectively, while the impedance of the SiTiOC electrode at
1 kHz was at a similar level with that of the IrO, electrode. The detailed
impedance of each electrode at 10 Hz and 1 kHz is shown in Table 1. In
addition, these EIS results were fit to an equivalent electrical circuit
model by analysis software (Echem Analyst, Gamry Instruments, U.S.A),
as shown in the inset of Fig. 3c. The elements of the equivalent circuit
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Fig. 1. (a) Optical image of the fabricated platinum (Pt), iridium oxide (IrO,), titanium nitride (TiN), glassy carbon (GC), polymer-derived silicon oxycarbide (SiOC)
ceramic, and titanium-modified silicon oxycarbide (SiTiOC) ceramic electrodes. (b) Schematic drawing of the fabrication process for the (i) Pt, IrO,, TiN electrode (ii)
GC electrode, and (iii) polymer-derived SiOC and SiTiOC ceramic electrodes [20]. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 2. (a) Schematics for the electrochemical testing platform to characterize polymer-derived ceramic electrodes with various stimulation electrodes. The inset is
an enlarged single well embedded with a working electrode (WE) and a counter electrode (CE) (b) Exploded view for manufacture of the platform, which consists of a
printed circuit board (PCB) for electrical connection, polydimethylsiloxane (PDMS) based multi-wells to contain electrolytes, and stimulation electrodes, (c¢) Optical
image of the manufactured electrochemical testing platform with various stimulation electrodes. (d) Schematic drawing showing the three electrode method to
investigate electrochemical behaviors of the stimulation electrodes (RE: reference electrode).

modeling are as follows: the polarization resistance (Rp), electrolyte
solution resistance (R), constant phase element (CPE), and Warburg
impedance for diffusion (Wq). CPE is used to investigate the double layer
effect at the electrode/electrolyte interface as the double layer capaci-
tance is not a perfect capacitor. The admittance of CPE (Ycpg) can be
described using the following equation [52].

Yepe = Yo(jo)* (@)

where o denotes the angular frequency (rad/s) and « is a parameter to fit
a constant phase (i.e., frequency independent) and ranges from O to 1
(CPE represents the ideal capacitor if « = 1), and Yo denotes double layer
capacitance of the stimulation electrodes. The primary mechanism for
transferring charge at the electrode/electrolyte interface is double layer
capacitance and faradaic reaction [36]. Double layer capacitance in-
cludes redistribution of charged chemical species in the electrolyte
without transferring the electron, while the faradaic reaction is induced
by a reduction or oxidation with transfer of electrons. Yy of the TiN and
GC electrode (3.2e77 and 2.5e 7 S-s%) was significantly higher than that
of IrO, and Pt (5.9¢"° and 8.3e-° S-s%), which is consistent with the
charge injection mechanism of TiN and GC is ‘capacitive’ while the
mechanism of IrO, and Pt is a ‘faradaic’ reaction at the interface. Yo
values of SiOC and SiTiOC PDC electrodes (1.8¢ 7 and 3.3e 7 S-s*) were
larger than those IrO; and Pt, and are at a similar level with those of TiN
and GC electrodes. Therefore, the double layer capacitance is dominant
in the charge injection mechanism of the SiOC and SiTiOC PDC elec-
trodes. In addition, the faradaic impedance (Zp) was derived as follows
[53]:

(2)

The Zg of the GC and PDC electrodes was relatively higher than that
of other electrodes, identifying the capacitive charge injection as the
dominant charge injection mechanism. The fit parameters of all stimu-
lation electrodes were described in Table 2.

Zg = Rp + Wal(jw)'?
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Fig. 4a shows the CV curves of IrO,, TiN, and Pt at a sweep rate of 25
mV/s. The IrO, electrode shows distinct oxidation and reduction peaks
at 0.25 (peak number: 1) and 0.2 V (peak number: 2), and the reduction
peak of Pt was observed at around —0.4 V (peak number 3). The results
are consistent with the charge injection mechanism of IrO5 and Pt being
faradaic reaction. Fig. 4b shows an enlarged CV curve of the TiN elec-
trode in (a), which differs from the CV of IrO, and Pt electrodes. Redox
peaks were not observed in the range of —0.9 to 1 V, which confirms that
the charge injection mechanism of the TiN electrode is capacitive. Also,
as shown in Fig. 4c, no redox peaks were obtained in the CV curve of the
GC electrode, confirming the capacitive charge injection mechanism.
Magnified CV curves of the SiOC and SiTiOC PDC electrodes are shown
in Fig. 4d. Larger potential limits were applied to identify the electro-
chemical stability window without having any redox reaction. For the
SiOC electrode, the reduction peak (peak number 1) was observed at —1
V, and SiTiOC electrode shows the oxidation peak (peak number 2) at
around —1 V. Therefore, the water window of SiOC and SiTiOC was
approximately in the range of —0.9 to 1.2 V. The charge injection
mechanism of the PDC electrodes was capacitive in the water window.
The electrochemical characteristics of each stimulation electrode ob-
tained from EIS and CV are summarized in Table 1.

A previous study has already verified the cytocompatibility of SiTiOC
electrodes under electrical stimulation, i.e., pacing [35]. Here, the
maximum charge that the SiTiOC electrode can inject at the electro-
de/electrolyte interface was investigated by analyzing the voltage
transient. Fig. 5a shows the voltage signal measured at the RE by
applying a charge-balanced biphasic stimulus current between the
SiTiOC electrode and the Pt counter electrode. Fig. 5b shows an enlarged
graph of the green dotted rectangle in (a) and the current applied at this
time. The input current pulse was in the range of —20 — 20 pA with 1 ms
pulse width of each positive/negative, and the rise/fall rate was 20
mV/s. The voltage transient response consists of the following param-
eters [37,54]: Ejpp (inter-pulse potential; i.e., DC bias of the WE versus
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Fig. 3. (a) Magnitude and (b) phase of the representative electrochemical impedance spectroscopy (EIS) for the iridium oxide (IrO,), titanium nitride (TiN), and
platinum (Pt) electrode (c) magnitude and (d) phase of the representative EIS for the glassy carbon (GC) and polymer-derived SiOC and SiTiOC ceramic electrodes.

The inset of (c) is an electrical equivalent circuit model to fit the EIS results.

Table 1

Magnitude of the impedance, charge injection mechanism, electrochemical potential stability window, and cathodal charge storage capacitance.
Stimulation electrode IrO, TiN Pt SU-8 derived Glassy carbon SioC SiTiOC
Impedance at 10 Hz [kQ] 87 +1.1 18 £2.3 31+4.8 71 + 23 100 + 25 99 + 23
Impedance at 1 kHz [Q] 490 + 42 1100 + 170 350 + 18 310 + 39 2200 + 970 520 + 140
Mechanism Faradaic Capacitive Faradaic/Capacitive Capacitive Capacitive Capacitive
Electrochemical stability window [V] -0.6-0.8 —-09-1 —0.6-0.8 -1-1 -09-1.2 -09-1.2
cCSC [|.1C/cm2] 1200 50 170 1050 38 120

Table 2

The characteristic parameters of electrochemical impedance spectroscopy obtained by fitting the model in Fig. 3 (c).
Stimulation electrode IrO, TiN Pt Glassy carbon SioC SiTiOC
R, [ohm] 430 1010 320 290 1100 210
Yo [S5%] 5.9 x 107 3.2 x 107 8.3 x 107 2.5 x 107 1.8 x 107 3.3 x 107
o 0.75 0.71 0.90 0.93 0.90 0.85
Wy [Ss12] 2.7 x 10712 2.1 x 10713 1.4 x 10715 1.1 x 107 1.8 x 1078 1.2 x 10°°
R;, [kohm] 15 327 17 68 21 250

RE), V, (the access voltage associated with ohmic electrolyte resistance),
Ema (maximum positive polarization), and Ep,. (maximum negative po-
larization). Both E,, and E;. are calculated by the following
relationships:

3
4

Emc = Vmax, neg — Va
Ema = Vmax, pos ~ Vu

where Vipax, neg and Vimay, pos are the maximum negative/positive voltage
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transient. As shown in Fig. 5b, the measured Ejp, was —0.71 V, V, was
0.07 V, and the corresponding En, and Ep. were —0.65 and —0.87,
respectively. Since E,. almost reached the negative side of the electro-
chemical stability window of the SiTiOC electrode (i.e., —0.9 V), the
maximum charge injection (Qj,) was obtained by multiplying the
applied current with the pulse width, and by dividing the GSA of the
electrode. Therefore, the Qi of SiTiOC calculated at the PBS interface
was about 28 uC/cm?, and does not damage the electrodes or tissues by
the irreversible faradaic reaction at the interface until the corresponding



J. Jang et al.

—

D

—

— 250
£ 200,
< 150
3 100
2 50/
e 0
3 50
& 71007 Ir0,
= -150] _
ey -2004 T|N
&)
2501 —Pt
40 05 00 05 10
Potential Vs. Ag/AgCI [V]
(c)
— 200
E ——GC
5 150- :
2 o0l SiOC
= — SITiOC
2 501
2 4] T
S
o -50
£ -100-
e
O -150-
-200

45 10 -05 00 05 10
Potential Vs. Ag/AgCI [V]

15

Ceramics International 47 (2021) 7593-7601

(=2

—
S—

— 15
2 s
>
3 0
c
S 5y
(0]
D -10
©
S 151
—20 T T T T T
10 -05 00 05 1.0
(d) Potential Vs. Ag/AgCI [V]
£ %|[——sioC
< 20{——SIiTiOC
> 101 2
2
o 9
©
o -10-
2
© -20
e
O 3]

45 10 -05 00 05 10 15

Potential Vs. Ag/AgCI [V]

Fig. 4. (a) Cyclic voltammetry (CV) curve of the iridium oxide (IrO,) electrodes; peaks number 1 and 2 are the redox reaction of IrO,; peak number 3 is reduction of
surface oxide. (b) Enlarged CV graph of the titanium nitride (TiN) from (a) (c¢) CV curve of the glassy carbon (GC), polymer-derived SiOC and SiTiOC ceramic
electrodes (d) Enlarged CV graph of SiOC and SiTiOC electrodes; peak numbers 1 and 2 are the reduction and oxidation, respectively.

—_

Q

~

l—|-0'5_

=) .

-0.7 1

<

[o))

<

[7)

>_0_9,

)

(@)} L

@

=

o

> 11 ‘ : : -
1 3 5 7

Time [s]

(b)
>,
@)
()]
=L
()]

s Z

2 =

) 8

S 2

&) 5

- ] o

3

""""""" e 0

1 2 3 4 5 6 >

Time [ms]
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this figure legend, the reader is referred to the Web version of this article.)

charge injection.

To address the current challenges of pacemaker electrodes caused by
fibrotic tissue in a foreign body reaction, the SiOC and SiTiOC PDC
electrode have been investigated owing to its low creep rate, chemical
inertness, and wear resistance. As a starting point for PDC to be used as
an implantable electrode, the electrochemical properties were charac-
terized and compared with those of other types of stimulation electrodes
such as IrO, TiN, Pt, and GC. Although the SiOC and SiTiOC electrode
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has a higher impedance than the metal electrode at low frequency, it has
a wide electrochemical stability window (—0.9 — 1.2 V) and double layer
capacitance as the primary charge injection mechanism, which is similar
with TiN and GC electrodes. However, the maximum Qj,; of SiTiOC is
relatively low compared to that of other stimulation electrodes [37], but
considering that no surface treatment was performed, it can be improved
further by surface modification and functional coating as future work
[55-58]. In addition, further investigation such as long-term impedance
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evaluation, aging test, and evaluation of the corrosion characteristics
should be performed to understand the possibilities of SiOC and SiTiOC
PDCs for fabrication of pacemaker electrodes [47,59-61]. It is also
important to understand immunological properties at the cardiac tis-
sue/PDC electrode interface for practical applications [6]. In addition,
state-of-the-art PDCs with various phase structures such as amorphous,
glassy, and crystalline have been proposed with a variety of synthesis
and processing methods [62-65]. Further assessment could be con-
ducted in the near future to compare and analyze the electrochemical
properties of these advanced PDC materials in view of a potential use as
stimulating electrodes and explore their respective characteristics.

In order to assess the cytocompatibility, cardiomyocytes, which
constitute the cardiac muscle and are involved in the contractile func-
tion for blood pumping [51,66], were cultured on a testing platform
integrated with a SiTiOC PDC electrode. Primary cultured -car-
diomyocytes in the testing platform were stained with a LIVE/DEAD
Viability/Cytotoxicity Kit to evaluate the cytotoxicity of the testing
platform with SiTiOC electrodes. As shown in Fig. 6a, cultured cells in
the PDMS channel between the two electrodes were analyzed using a
fluorescent microscope. Fig. 6b (i-ii) shows the cell viability by repre-
sentative fluorescent images with green and red, which were stained by
calcein-AM and ethidium homodimer-1, respectively. As shown in
Fig. 6b (iii), 90% of live cells were identified on the testing platform with
the SiTiOC electrode, confirming biocompatibility of our testing system.

(a)

Cell me

PCB

(b)
(i)

(i)
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Also, as shown in the supporting video V1, the beating behavior of
cardiomyocytes were observed after five days of cell seeding, demon-
strating a good cytocompatibility of SiTiOC with cardiomyocytes. In our
previous studies, the cytotoxicity of SiOC and carbon-rich SiOC (50 wt %
doped with the precursor) were evaluated using C2C12 myoblast cells
for 24 h, which confirms the cytocompatibility of the SiOC PDCs [34].
Recently, the assessment of cell viability and metabolic activity was
performed by cultivating normal human dermal fibroblasts (NHDF) with
SiOC and SiTiOC for five days, confirming the cytocompatibility of SiOC
with no harmful effect by Ti fillers [35]. These results are consistent with
previous studies with Ca and Mg ions doped SiCaMgOC PDCs [67]. In
the present study, the cytocompatibility of SiTiOC with cardiomyocytes
was assessed for potential pacemaker applications. Further studies using
cardiomyocytes at the cardiac tissue/PDC electrode interface are
possible based on this testing platform, and subsequent in vitro studies
such as cell beating modulation or electrocardiogram recording [51]
could be performed in the near future.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ceramint.2020.11.098

4. Conclusion

In this paper, electrochemical behaviors of polymer-derived ceramic
SiOC and SiTiOC electrodes were investigated for their application as

Cardiomyocytes

Microscope
(iii) 100 -
80
T 70
2 60
B
= 50—
< 40+
= 30
e
20
10 - JT_
0

Live Dead

Fig. 6. (a) Schematic drawing of the cardiomyocytes seeding in the testing platform loaded with polymer-derived ceramic (PDC) electrode and platinum (Pt)
electrode (b) Live/Dead cell viability assay coated slide at day 2: (i) optical fluorescent image of live (green) and (ii) dead (red) cells. Scale bar: 100 pm (iii) Viability
of the cells (n=4). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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pacemaker electrodes and the properties were compared with those of
typical stimulation electrodes such as IrO,, Pt, TiN, and glassy carbon
electrodes. The fabricated stimulation electrodes were integrated with a
testing PDMS-multiwell platform to efficiently analyze the electro-
chemical characteristics of various stimulation electrodes simulta-
neously and under identical experimental conditions. The impedance of
the SiOC and SiTiOC PDC electrodes was determined by measuring the
EIS spectra, and its double layer capacitance was obtained by fitting the
electrical equivalent circuit model. The impedance of the SiOC and
SiTiOC electrodes was higher than that of Pt and IrO2 electrodes, but
similar to that of TiN and GC electrodes. In addition, a ‘capacitive’
charge injection mechanism was identified for the SiOC and SiTiOC
electrodes with a relatively wide electrochemical stability window,
similar to the cases of TiN and GC. Furthermore, the maximum charge
injection of the SiTiOC PDC electrode was investigated by analyzing the
voltage transient induced by applying biphasic stimulating current
pulses. Finally, to demonstrate the applicability of various stimulation
electrode-embedded platforms to conduct future studies for the tissue/
electrode interface, cardiomyocytes were cultured on the testing plat-
form with the PDC electrode and its biocompatibility was evaluated and
confirmed.
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