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Fabrication and Characterization of Nonplanar
Microelectrode Array Circuits for Use in Arthroscopic
Diagnosis of Cartilage Diseases

Eric Quenneville, Jean-Sébastien Binette, Martin Garon, Anne Légaré, Michel Meunier, and Michael D. Buschmann*

Abstract—A process to fabricate nonplanar microelectrode
array circuits was developed and the microelectrodes were
characterized. These platinum microelectrode arrays are for
recording streaming potential signals generated during in-
dentation of articular cartilage. The nonplanar substrate
was produced by permanent deformation of a 7-in-diameter
circular stainless-steel wafer to form 32 semi-spherical caps
(radius of curvature = 4.65 mm and height = 250 pym)
at the periphery. The wafer was covered with a 2.5-pm-thick
layer of insulating polyimide. Standard microelectronic processes
were applied to produce 32 circuits (60 mm long X 4 mm wide)
with 37 exposed circular microelectrodes (diameter = 100 pm)
centered over each semi-spherical cap. A 2.5-pm-thick pho-
todefinable polyimide layer encapsulated the conducting lines.
Capacitances between one microelectrode and either another
microelectrode or the metallic substrate were 14.6 + 2.0 and
34.4 4+ 3.3 pF, respectively, at 100 Hz. The impedance of the mi-
croelectrodes in a 0.15 M saline bath (PBS) was 0.25 4+ 0.08 M
while the crosstalk (Vinduced/ Vappliea) between two microelec-
trodes was 0.20 + 0.11%, at 100 Hz. Indentation measurements
were performed on articular cartilage in vitro showing streaming
potentials that indicate electrode-tissue contact times and genera-
tion of streaming potentials.

Index Terms—Cartilage electromechanics, microfabrication, Pt
electrodes, streaming potentials.

I. INTRODUCTION

RTICULAR cartilage is the dense weight-bearing connec-
A tive tissue covering the ends of bones in diarthroidal joints.
It assures frictionless articulating joint surfaces during move-
ment and distributes joint forces to the underlying subchondral
bone [1]. Unfortunately, a variety of mechanical, chemical, and
biological agents can damage articular cartilage [2]-[5]. Since
adult cartilage is avascular, it has no access to normal wound
repair processes and such injuries often slowly progress to dis-
eases such as Osteoarthritis [6]. The lack of diagnostic tools ca-
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pable of detecting cartilage degeneration in the early and poten-
tially reversible stages of the disease, in addition to the absence
of nerves in cartilage, may explain why diagnosis usually takes
place at a symptomatic and essentially irreversible stage. At this
point, few options other than joint replacement are available to
the patient [7], [8]. In order to provide some specific indication
of cartilage health versus disease, several instruments have been
developed for in vivo cartilage diagnostics over the past decade
[9]-[12]. Most of these diagnostic devices are based on mea-
surements of cartilage stiffness (except [12] which uses electro-
mechanical surface spectroscopy). In contrast, we have devel-
oped a diagnostic method using electrical (streaming) potential
measurements obtained with an array of microelectrodes and
have shown that this electromechanical technique bears certain
advantages over purely mechanical tests [13]-[15].

Articular cartilage is characterized by solid and fluid phases,
which represent 20%—-35% and 65%—-80% of the total mass,
respectively. The solid phase is composed of a cross-linked
collagen network (~ 60%), proteoglycans (~ 30%), in addition
to other proteins and glycoproteins. The main proteoglycan in
cartilage, aggrecan, is composed of negatively charged gly-
cosaminoglycan chains attached to a central core protein. These
molecules are entrapped within the collagen network via the
formation of large (i.e., ~ 100 MD) aggregates of aggrecan and
thereby generate an excess of mobile positive ions in the fluid
phase to maintain electroneutrality [16]. Under equilibrium
conditions, with no load or fluid flow, these opposite charges
are symmetrically arranged so that no net macroscopic electric
field exists. However, compression of the cartilage produces
streaming potentials via the induction of a flow-generated
displacement of the positively charged mobile counterions rel-
ative to the fixed, nonmobile, negatively charged proteoglycans
[17]-[20]. Because they are related to the composition and
the integrity of the extracellular matrix, streaming potentials
created at the articular surface during compression have been
shown to be sensitive indicators of cartilage health or stage of
degeneration [21], [22].

The geometry of indentation testing is well suited for in vivo
assessment of cartilage function through arthroscopic portals
[23]. To record the streaming potentials during cartilage com-
pression, a microelectrode array needs to be integrated into the
surface of the indentor. The shape of the indentor, as well as the
microelectrode distribution, should be optimized in order to fa-
cilitate cartilage evaluation. The use of a semi-spherical indentor
presents some advantages over the other possible shapes. For ex-
ample, the shape of the region of the indentor in contact with the
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cartilage is independent of the orientation of the indentor rela-
tive to the cartilage surface (this is not the case for a plane-ended
indentor). This shape also minimizes generation of stress con-
centrations in the cartilage (e.g., such as those at the border of a
plane-ended indentor) [24]. Also, the use of a high-density mi-
croelectrode array provides a great amount of information char-
acterizing the manually applied indentation, since a distinct and
sharp temporal response is produced by each electrode when it
touches the tissue. Thus displacement and speed of the indentor
as well as the indentor-cartilage contact area during cartilage
compression can be monitored with high temporal resolution.

Macroscopic techniques are not well adapted for the produc-
tion of high-density microelectrode arrays. Processes developed
for microelectronics are more appropriate for such miniaturiza-
tion requirements. However, these processes are currently only
compatible with highly flat and smooth substrates. Since the mi-
croelectrode arrays need to lie on a semi-spherical surface, a de-
formable substrate needs to be embossed at different locations
before the fabrication process begins. The main problem that
arises here when using nonplanar substrates in microelectronic
processes, in particular photolithography, is that a significant
gap between the photomask and the substrate surface in some
regions is unavoidable. This gap reduces the spatial resolution
of the process due to optical diffraction. However, if the smallest
dimension to be transferred from the photomask to the substrate
is compatible with this loss of resolution, standard photolitho-
graphic processes on minimally deformed substrates can still be
used.

In this paper, the fabrication process for microelectrode array
circuits on nonplanar surfaces is presented along with their
electrical characterization. This microelectrode array consti-
tutes the sensing element of a minimally invasive hand-held
arthroscopic device (Arthro-BST™, Bio Syntech Canada Inc.,
Laval, Canada) for the objective evaluation of articular carti-
lage structure and function for early diagnosis of arthritis and
characterization of tissue repair.

II. MATERIALS AND METHODS

A. Nonplanar Microelectrode Array Fabrication

A schematic of the fabrication process is shown in Fig. 1.
Reagents were chemical grade unless otherwise noted. A
stainless-steel foil type-316, ~ 100 pm thick, (#69395, Pre-
cision Brand, Downers Grove, IL) machined as 7-in circular
wafers was used as a substrate. They were deformed with a
custom deformation press in order to create 32 semi-spherical
caps (curvature radius = 4.65 mm, cap height = 250 pm,
and cap diameter = 3.5 mm) at the periphery of the wafer
[Fig. 1(A)]. These spherical caps were made prior to the
photolithographic process in order to avoid disruption of the
thin film layers during embossment. The deformation profile
of every spherical cap and the positioning of each cap on the
wafer were critical since photolithography masks were aligned
with the top of these caps with a lateral precision of £25 pm.

The conducting metallic substrate was insulated with poly-
imide. The wafers were first thoroughly cleaned using heated
solvents in the following order: Opticlear™ (NDIOE-101,
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Fig. 1. Fabrication process for the microelectrode array circuits. (A) Semi-
spherical caps were embossed in a stainless-steel substrate using a deformation
press. (B) Layer of polyimide was spin-coated over the substrate. (C) Lift-off
resist (LOR) and a positive resist were applied onto the polyimide layer
and exposed to UV through a metallic layer mask. (D) Positive resist was
developed and (E) LOR layer chemically etched. (F) The metallic layer
(20 nm Ti followed by 180 nm Pt) was sputtered over the wafer, and
(G) the unwanted metal was removed by lift-off. (H) Encapsulation layer of
a photodefinable polyimide was spin-coated and exposed to UV through the
encapsulation layer mask. (I) Encapsulation layer was developed and cured
to expose 100-pm-diameter measurement points (37 per spherical cap in a
hexagonally pattern + one reference electrode 1 cm away from the center of the
cap) and the 0.8 x 0.8 mm? square pads for connection to the data acquisition
system. The wafer containing multiple microelectrode circuits was then diced.
The back of the spherical cap was filled with glue and the circuit was glued
over a stainless-steel support.

DiaMed Lab Supply Inc., Mississauga, ON), acetone, iso-
propanol and water. They were then dried with a nitrogen gun
and baked in a wafer oven at 200 °C for 30 min. A promoter
(VM-651, HD MicroSystems, Parlin, NJ) of polyimide adhe-
sion to the metallic substrate was spin-coated onto the wafer
surface followed by a thin layer of polyimide (PI-2555, HD
MicroSystems) [Fig. 1(B)]. The polyimide layer was cured in
40% RH lab air up to 300 °C followed by nitrogen up to 350 °C
(2 °C/min) for 2 h. Thickness after cure was approximately
2.5 pm and surface roughness was less than 0.1 gm according
to the profilometer (Dektak 3030, Veeco Instruments Inc.,
Woodbury, NY). Wafers were again cleaned and dried with the
method described above.

A two-resist photolithographic process was applied prior to
deposition of the metallic layer [Fig. 1(C)—(E)]. First, a 1-ym
-thick layer of lift-off resist (LOR) (LOR-10 A, MicroChem
Corp., Newton, MA) was spin-coated and prebaked at 140 °C
for 35 min in order to dry the LOR film and to establish its de-
velopment and undercut rate. Then, a second 1-pm-thick layer
of positive photoresist (HPR-504, OCG Microelectronic Mate-
rials Inc., East Providence, RI) was spin-coated over the LOR
layer and softbaked at 110 °C for 30 min in the wafer oven.
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Fig. 2. Schematics of the setups used for the electrical characterization of the microelectrode arrays. (A) Capacitance between each microelectrode of the array
and either the central microelectrode or the metallic substrate was measured using a LCR meter at 100 Hz. (B) Impedance of the microelectrodes to the passage of a
100-nA sinusoidal current was evaluated using an in-house computer-driven current source and voltmeter in the frequency range 0.1 to 2500 Hz. For the current to
flow, the array was immersed along with a 1 ctn? Ag/AgCl reference electrode in a 0.15 M PBS bath. The equations used in the impedance analysis are also shown.
(C) Crosstalk level between electrodes was evaluated in the PBS bath by applying a 500-mV sinusoidal voltage between the Ag/AgCl reference electrode and
the central microelectrode of the array and then by measuring the induced voltage signals between the reference electrode and each of the other microelectrodes.
The simplified equivalent electrical circuit used to analyze the frequency behavior of the crosstalk is also shown [28].

This layer of photoresist was exposed [Fig. 1(C)] to UV light
(G-line, A = 436 nm) for 8 s through the metallic layer pho-
tomask (custom-design 7 in x 7 in x 0.120 in Sodalime AR
Chrome produced by Image Technology, Palo Alto, CA) in the
mask aligner (KSM MA 4, Karl Siiss, Germany). During expo-
sure, the mask was not in full soft-contact with the embossed
wafer. Rather, only the tops of the 32 spherical caps were in
soft-contact with the mask while the flat region of the wafer was
separated from the mask by the height of the caps, i.e., 250 pm.
The positive photoresist was developed for 40 s and then hard-
baked at 125 °C for 30 min in the wafer oven. The patterned
LOR layer was then removed by etching for 45 s in the chem-
ical etchant solution (LDD-26 W, MicroChem Corp.) that also
created a 1.5-pum undercut [Fig. 1(E)]. The remaining resists
were then hardened at 120 °C for 30 min in the oven.

A platinum layer was sputtered over the wafer (magnetron
sputtering) [Fig. 1(F)]. To improve the adhesion of this layer
onto the polyimide coating, a 20-nm titanium layer was applied
prior to the platinum layer. This single deposition process gave
a 200-nm metallic layer composed of a 180-nm platinum layer
on top of a 20-nm titanium layer. The unwanted regions of the
metallic layer were removed by dissolving the resist layer in a
liquid etchant for the LOR (Remover PG, MicroChem Corp.) in
order to form the electrodes, the contact pads and the electrical
conductors [Fig. 1(G)].

An encapsulating layer of photosensitive polyimide (PI-2723,
HD Microsystems) was spin-coated over the wafer and then
softbaked at 75 °C for 1 h in the wafer oven. The polyimide
film was exposed to UV (G-line, A = 436 nm) for 90 s through
an encapsulation layer photomask (custom-design 7 in x 7 in
% 0.120 in Sodalime AR Chrome produced by Image Tech-
nology) in the mask aligner [Fig. 1(H)]. Since this polyimide

behaves like a negative working resist, the regions not exposed
to UV were dissolved for 70 s in a polyimide developer fol-
lowed by 2 min in a rinse solution (DE-8180 and RI-9180, HD
MicroSystems). A 10-s (50:50, DE:RI) transition step between
the developer and the rinse steps was also included. Wafers were
gently dried with the nitrogen gun and then cured as for the first
polyimide layer. The thickness of the cured layer was approxi-
mately 2.5 pm. Two types of patterns were transferred by pho-
tolithography onto the encapsulation layer: 1) the circular open-
ings over the microelectrodes (diameter = 100 pm) and 2) the
0.8 mm X 0.8 mm square windows to create contact pads for
signal acquisition.

Each of the 32 electrode circuits was then diced using scissors
(a wafer saw or a die cutting technique could also be used).
The back of the spherical cap was filled with glue (to increase
its stiffness) and the circuit was glued onto a thick stainless-
steel type-316 support using medical grade cyano-acrylate glue
(#4011, Loctite, Mississauga, ON, Canada).

B. Electrical Characterization of the Microelectrode Array
Circuits

The capacitance between each microelectrode x and either
the stainless-steel substrate, C.,/,, or the central microelec-
trode of the array, C,,/.,, was measured using an LCR meter
(4274 A, Hewlett-Packard) at 100 Hz [Fig. 2(A)]. These capac-
itances are mainly due to the conducting path from each mi-
croelectrode to its contact pad rather than to the microelectrode
itself since the former has a much larger area than the latter.

The impedance of the microelectrodes was evaluated in the
frequency range of 0.1-2500 Hz by immersing the array tip in a
0.15 M phosphate buffered saline solution (PBS) and injecting
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a sinusoidal current of £100 nA through individual microelec-
trodes in the PBS and then out of solution via a 1 cm? Ag/AgCl
electrode [Fig. 2(B)]. An equilibration time of 15 min was al-
lowed prior to measuring the impedance using a custom bidi-
rectional-output voltage controlled current source with buffered
feedback described in [25, Fig. 4-37]. The amplitude, phase and
total harmonic distortion (THD) of the impedance were calcu-
lated based on the fast Fourier transform (FFT) of 20 cycles
of the signal and neglecting the impedance of the bathing so-
lution and the reference electrode. The THD was calculated as
the inverse ratio of the amplitude of fundamental frequency of
the FFT to the sum of the amplitudes of the next seven har-
monics. In the frequency range 10-2500 Hz, results were de-
scribed by | Z..| = K/(27f)™ where | Z,| is the impedance
amplitude of the microelectrode x, K has the dimension of an
ohmic impedance and, m is determined by the electrode mate-
rial. This model also predicts a constant phase of —mm /2 [26].

Crosstalk between microelectrodes x and y is defined as the
ratio of the induced potential on z divided by the potential ap-
plied on y. The level of crosstalk between microelectrodes was
determined with the array circuit immersed in a PBS bathing
solution and referenced to the Ag/AgCl electrode [Fig. 2(C)]. A
500-mV sinusoidal signal in the frequency range 0.1-2500 Hz
was applied between the central microelectrode of the array [on
its contact pad, i.e., V, in Fig. 2(C)] and the reference electrode
using an electrically isolated current source in the mV/V mode
(model 2200, A-M Systems, Carlsborg, WA). The crosstalk sig-
nals induced on the other microelectrodes were then transferred
to the acquisition system. A programmable electronic condi-
tioning module was used for amplification (30 x) and filtering.
Then signals were transferred to a data acquisition card (PCI-
6031E, National Instrument) in a computer (Intel Pentium 4,
1.7 GHz) for digitization with 16-bit resolution at a sampling
rate of 40 times the measured frequency [27]. The amplitude,
phase and THD of the crosstalk signals were calculated as for
the impedance. The frequency behavior of the crosstalk was an-
alyzed with a simplified electrical equivalent circuit model de-
scribed in [28] and presented here in Fig. 2(C). This model pre-
dicts the crosstalk to be

Ve J- 27Tf . Ce.r/ey

Ve . (1)
Vvy 7 27Tf . (Cem/ey + CSZ) + ZLFT

where V,, and V,, are, respectively, the induced and applied
voltages, j is v/—1, f is the frequency of the applied signal,
Cex /ey 1s the capacitance between microelectrodes z and y,
and Z., and Cj, are, respectively, the impedance and the shunt
capacitance to the solution of the microelectrode recording the
crosstalk signal. The value of shunt capacitance, Cy,, should
be of the same order as 2C,, ., since the polyimide encap-
sulation layer has almost the same thickness as the insulation
layer (see the discussion). With the measured values of the
different parameters (see the results section), it can be assumed
that Ze,—1/[727f - (Cerjey + Csz)] for the frequency range
under consideration and the ratio of the induced signal over the
applied signal can be simplified to [28]

Ve o .
7 gJ'Q’/Tf'ZEZ'Cem/ey- (2)
y
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Fig.3. Electromechanical testing apparatus for in vitro indentation of articular
cartilage attached to bone. (A) Cartilage sample was fixed to the bottom of
the testing chamber using screws. The test chamber was filled with buffered
saline solution and (B) mounted on two linear and two angular actuators
used to orient the cartilage surface perpendicularly to the compression axis of
(C) the vertical linear actuator. (D) Microelectrode array circuit was glued onto
a stainless-steel shaft such that (E) the microelectrode array on the spherical
cap faces the cartilage surface. The streaming potentials measured by the array
were acquired by (F) a high-impedance acquisition system composed of a
conditioning card and (G) an electronic conditioning module. (H) Amplified
signals were then transferred to a computer with custom software for data
acquisition and analysis.

C. Electromechanical Indentation of Articular Cartilage

A block of articular cartilage (2 cm X 2 cm) attached to a
thick layer of subchondral bone (1 cm) was harvested from the
load-bearing region of a 2-year-old bovine shoulder and fixed to
the base of a testing chamber [Fig. 3(A)] that was connected to
a mechanical testing apparatus (Mach-1™ Mechanical Tester,
Bio Syntech Canada Inc., Laval, Canada) (Fig. 3). The micro-
electrode array circuit [Fig. 3(E)] was mounted on the vertical
linear actuator of the tester with the spherical cap facing down
[Fig. 3(D)]. The testing chamber was filled with 0.15 M PBS
solution and the cartilage surface was oriented perpendicularly
to the compression axis using the angular actuators [Fig. 3(B)],
so that the spherical cap would indent the cartilage surface per-
pendicularly with the central electrode of the array touching the
cartilage surface first. Five ramp-release indentations were then
applied using a compression amplitude of 300 pm and speed
of 100 pm/s followed by a 2-s wait phase (plateau) and a re-
lease at —1000 pm/s. The indentations were performed at the
same position on the sample with a rest time of 1 h 30 min be-
tween compressions. The streaming potential signals measured
with the microelectrode array were recorded by a high input
impedance acquisition system [Fig. 3(F)—(H)]. The electrical
potential signals were first transferred to a conditioning card
designed to buffer signals with high input impedance followers
(OPA4350, Burr-Brown, Tucson, AZ). Signals were then trans-
ferred from the conditioning card to the programmable elec-
tronic conditioning module then to the data acquisition card of
the computer (as for the crosstalk measurements). The acquisi-
tion rate was 600 Hz/channel and a 100-Hz low-pass filter was
used [27]. Each signal was referenced to the potential of a 38th
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TABLE 1
AVERAGE VALUES AND STANDARD DEVIATIONS (1 = 100) FOR THE ELECTRICAL CHARACTERISTICS OF THE MICROELECTRODES AT 100 Hz
R a b b
Capacitance Impedance Crosstalk

Central Substrate Amplitude Phase THD Amplitude Phase THD
Electrode (pF) (pF) MQ) ©) (%) (%) ©) (%)

Average 14.6 [17.2] 34.4 28] 0.25 [0.24] -69 [-66] 0.71 0.20 [0.23] 50 [24] 8

St.Dev. 2.0 3.3 0.08 6 0.76 0.11 5.5 5

The values predicted by the different models for the capacitance (Fig. 2A), impedance (Fig. 2B), and crosstalk (Fig. 2C) are presented in square brackets.
 Capacitances between one electrode and either the central microelectrode of the array or the metallic substrate.
® Values obtained when the central microelectrode of the array is injected with 500 mV.

Fig. 4.

(A) Completed microelectrode array circuits (n = 32) on one wafer prior to dicing. (B) Schematic of the metallic layer of one completed microelectrode

array. (C) Schematic of the 37 microelectrodes over the semi-spherical cap at one end of the circuit.

platinum microelectrode with the same dimensions as the other,
but located 1 cm away from the center of the spherical cap. This
differential referencing minimized noise pick-up, microphonic
effects, as well as the electrical drift of the platinum microelec-
trodes in the saline bath. The contact between the microelec-
trode array circuit and the conditioning card was achieved with
a custom 15 cm long polyimide-copper flexible circuit (from
Flexible Circuit Technology Inc., St. Paul, MN).

III. RESULTS

A. Nonplanar Microelectrode Array Fabrication

Thirty-two microelectrode array circuits on a 7-in stainless-
steel wafer are shown in Fig. 4(A). The arrays were fabricated
on top of semi-spherical caps embossed at the periphery of the
metallic wafer at the beginning of the process. All of the thin
film processing steps were completed for the wafer shown in
Fig. 4(A) and this wafer is ready for dicing. A schematic of the
metallic layer of one completed microelectrode array circuit is
presented in Fig. 4(B). The 38 contact pads are located on three
columns at the bottom of the figure. The microelectrode array
on the semi-spherical cap is located at the top end of the circuit.
A thin platinum-conducting line with a 25-ym width links each
microelectrode to its corresponding contact pad. A schematic
enlargement of the top end of the circuit is presented in Fig. 4(C)

where 37 microelectrodes are shown over the semi-spherical
cap. The distance between any two adjacent microelectrodes
(500 pm) is five times their diameter (100 pm). A 38th micro-
electrode, with the same diameter and used for referencing the
other microelectrodes, is located 1 cm away from the center of
the spherical cap (not shown).

B. Electrical Characterization of the Microelectrode Circuits

The capacitance at 100 Hz between any two microelectrodes
and between a microelectrode and the substrate were 14.6 £2.0
and 34.4 £+ 3.3 pF, respectively (n = 100) (Table I). The
impedance of a 7.9 x 10> ¢m? platinum microelectrode was
0.25+0.08 M2 at 100 Hz (n = 100) (Table I). Microelectrode
impedance varied with frequency from 10 to 2500 Hz similarly
to that predicted by the model [Fig. 5(A)] [26]. The best fit of
the experimental data to the model over this frequency range
was obtained with K = 26.4 M2 and m = 0.73. When the fre-
quency was below 10 Hz, the model overestimated the electrode
impedance. The crosstalk measured at 100 Hz was 0.204+0.11%
(n = 100) (Table I). The variation of the crosstalk with fre-
quency, at frequencies below 200 Hz, was close to that pre-
dicted by the simplified equivalent circuit model described in
the method [Fig. 5(B)] [28]. At higher frequencies greater than
200 Hz the discrepancy between measured crosstalk values and
the model became significant.
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and K’ = 26.4 Mf). (B) Representative behavior of the crosstalk amplitude versus frequency measured on an adjacent electrode when a 500-mV sinusoidal signal
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Fig. 6. (A) Representative streaming potentials measured during indentation of articular cartilage attached to bone with the microelectrode array on the
semi-spherical cap. A 300-gm compression at 100 pm/s was applied followed by a 2-s wait phase (plateau) and then a release at —1000 pm/s. Four
representative streaming potential signals (corresponding to the numbered electrodes in B) show the initial time of contact (arrows), followed by increasing
negative potentials up until the peak where compression stopped. Partial relaxation occurred during the plateau followed by a quick return to ground at release.
(B) The hexagonal electrode pattern is shown in gray scale where lighter tones indicate higher absolute potentials at the time corresponding to a 250-um

compression of the central electrode (vertical dotted line in A).

C. Electromechanical Indentation of Articular Cartilage

The spatial distribution and time-dependence of the electrical
potentials measured by the microelectrode array on the spher-
ically shaped tip during indentation of articular cartilage are
shown in Fig. 6(A). After perpendicular alignment and deter-
mination of the height of contact with the articular surface, in-
dentation at constant velocity resulted in an increasingly neg-
ative potential once the electrode contacts the articular surface
[arrows in Fig. 6(A)]. When interpreting these results, it is im-
portant to note that streaming potential is approximately propor-
tional to interstitial fluid pressure [27]. Given the semi-spherical
geometry of the indentor tip, each microelectrode contacted the
cartilage surface at a different time with the central microelec-
trode contacting cartilage first. Knowing the curvature of the in-
dentor and the contact time of each signal, it was possible to
deduce the point of contact of the indentor with the cartilage
surface and to calculate the speed at which the cartilage was
compressed. For all the microelectrodes, the highest streaming
potential amplitude was measured at a displacement of 300 pm
corresponding to the end of the applied compression. During
the subsequent 2-s wait phase, or plateau, streaming potentials
decreased due to fluid flow-related relaxation and dissipation of

interstitial fluid pressure. The indentor was then released and
all the potentials returned to zero. For the five successive in-
dentations, the maximum streaming potential amplitudes were
—41.5, —41.0, —40.5, —39.9 and —39.5 mV, respectively, and
the radial profiles were almost identical (not shown). These re-
sults were not averaged. A snapshot of the two-dimensional
(2-D) potential profile across the hexagonal array at the time
when the central electrode was at a 250-um depth shows the
2-D distribution of potentials with higher values (and, therefore,
pressures) within the central region that decrease toward the pe-
riphery [Fig. 6(B)].

IV. DISCUSSION

The deformability of the composite substrate (a polyimide
thin film over a metallic foil) constitutes a major advantage over
rigid semi-conductor wafers commonly used in microfabrica-
tion. In particular, this deformability allows the substrate to be
embossed to create semi-spherical caps for use in cartilage di-
agnosis via electromechanical indentation. Also, it allows the
resulting circuits to be deformed in order to conform to almost
any shape of the solid support. We have verified that the circuit
can be permanently bent to a radius of curvature down to 3 mm
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(perpendicularly to the metallic traces) without thin film frac-
ture or variations in the recorded potentials.

The most obvious difficulty when using standard microfab-
rication processes on nonplanar surfaces results from optical
diffraction of the UV light by the photomask during photolithog-
raphy. In our case, the mask is placed about 250 pm above
the lower nonembossed flat regions of the substrate during the
soft-contact with the top of the semi-spherical caps. Thus, op-
tical diffraction increases the area exposed to UV in the resist
layer to be slightly larger than that of the clear area on the pho-
tomask. In order to design the photomask, it is necessary to
know the minimal pattern dimension that can be resolved with
this gap. Based on Rayleigh’s criterion, in the approximation of
Fraunhofer diffraction for multiple linear gratings, the minimal
pattern dimension that can be resolved with this gap is about
15 pm (i.e ~ 1.4 - (X - gap)'/?) [29]. Using this theoretical di-
mension as a reference, we decided on 25 pm as the minimal
pattern dimension on the photomask. For multiple linear grat-
ings of 25 pm spaced by 250 pum from the substrate, it can be
calculated that only 3% of the total illumination will exceed the
pattern boundaries defined by the photomask. If the exposure
time is controlled to avoid overexposure, the resist can still be
patterned with the original mask layout, but diffraction will re-
sult in poor wall definition [30]. This situation will compromise
any attempt to use standard lift-off processes.

By using two resists (a standard positive photoresist over a
chemically etched resist) instead of a single resist, the lift-off
process can be realized successfully (Fig. 7). With a single resist
[Fig. 7(A)], diffraction will cause a significant thickness varia-
tion in the resist walls and the sputtered metallic thin film will
form a continuous layer over the whole wafer. This will reduce
access of the solvent to the resist layer and compromise the re-
moval of unwanted metal. A second underlying resist, that can
be chemically etched, solves this problem of the resist wall pro-
file [Fig. 7(b)]. No extra lithographic step is needed to define
the underlying resist, since it is self-aligned with the first resist
layer. The etching time is however optimized to completely re-
move the resist where the metallic layer is needed and to create
an undercut that is compatible with the lift-off process. Note that
excessive etching time will cause the top resist layer (thinner
at the edge) to collapse on the substrate and the result will be
equivalent to the single resist case. Once the metallic layer is
sputtered over the wafer, the unwanted metal is completely re-
moved by dissolving the bottom resist in its associated solvent.

Since the thickness of the polyimide isolation layer is very
small, a capacitance between each microelectrode trace and
the metallic substrate can be significant and must be measured
[Fig. 2(A)]. Using the relative dielectric constant for the poly-
imide [33], 3.4, the average capacitor surface, 2.3 mm?2, and
the average polyimide layer thickness, 2.5 pm, the average
capacitance of the microelectrode traces with the substrate,
Cen /s> should be around 28 pF. This estimate is close to the
value shown in Table I of 34.4 + 3.3 pF. Thickness vari-
ations in the polyimide layer, particularly at the top of the
semi-spherical cap where it is thinner, could be responsible
for the higher measured values. The capacitance measured
between each microelectrode and the central microelectrode
of the array results from the series combination of the capac-
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Fig. 7. A standard lift-off process compared to a LOR lift-off process for the
lithography of the metallic layer. (A) In a standard lift-off process, diffraction
on the photomask (spaced by a 250-pm gap) will cause a significant thickness
variation in the resist walls, so that the sputtered metallic thin film will form a
continuous layer over the whole wafer and the unwanted metal will be difficult
to remove. (B) The use of a second underlying resist that can be chemically
etched solves the problem of the resist wall profile. The underlying resist is
self-aligned with the top photoresist layer. The etching time is optimized to
completely remove the resist where the metallic layer is needed and to create
an undercut that will facilitate the lift-off of the unwanted metal.

itance between each microelectrode and the substrate, i.e.,
Cex/ey —Vex/s" Cey/s/(cez/s+oey/s) zC(ex/s/2 =17.2pF,
also close to the measured value, 14.6 + 2.0 pF (Table I).
Notably, the direct capacitance between adjacent microelec-
trode traces on the polyimide layer is negligible due to the
thinness of the metallic layer. Since the Young’s Modulus of
the polyimide layer is very high (~ 2.7 GPa), a variation of
the capacitance due the contact pressure observed during a
measurement (1-20 MPa) will be also negligible.

The reduction of the microelectrode impedance with the fre-
quency can be well described by K/(27 f)™, in the frequency
range from 10 to 2500 Hz, and is similar to what has been previ-
ously reported in the literature [26], [31]. This model was used
by de Boer et al. to fit impedance measurements on small flat
platinum electrodes over the same frequency range [26]. This
group found m = 0.75 and KA values in the range 1.0 to
1.8 kQ2-cm?, where, A, stands for the electrode active area (A =
5x 10~* cm?). The best fit of this model to our impedance mea-
surements is obtained using m = 0.73 and K = 26.4 M. For
our 7.9 x 10~® ¢cm? microelectrodes this corresponds to K A =
2.1 kQ - cm?. The close match of the m values is an indica-
tion that the electrode material behaves as expected for a plat-
inum electrode while our value found for K A is slightly higher
than the reported range, possibly due to the smoothness of our
thin film microelectrodes compared to the macroscopically pro-
duced electrodes of [26]. With our m value, the predicted phase
is —66° while the measured value was —69 + 6° (Table I).

Crosstalk is observed between microelectrodes, but its ef-
fect on the recorded signals during cartilage indentation is neg-
ligible. This is true even for signals with amplitudes at least
two times higher (500 mV) than any typical streaming poten-
tial measured during cartilage compression. At 100 Hz, the av-
eraged crosstalk amplitude was 0.20 + 0.11% (see Table I).
This crosstalk level is compatible with what can be found using
the simple equivalent circuit model for crosstalk described in
the methods section. With the capacitance and the impedance
values of Table I, the predicted crosstalk is 0.23% (i.e., 2 - 7 -
100 Hz - 0.25 MS2 - 14.6 pF). The simplified model describes
the general frequency behavior of the crosstalk, but underesti-
mates its value at high frequency. This may be due to the con-
tribution of different sources of capacitance, neglected in the
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model, that become more important at higher frequencies (e.g.,
the shunt capacitance with the solution, capacitance between
conductors in the flexible interconnection circuit or in the ac-
quisition system). In the case where the same electrical signal
is simultaneously recorded on 36 of the 37 microelectrodes of
the array, the crosstalk signal on the 37th microelectrode could
be as high as 36 x 0.23% = 8.3% at 100 Hz. At first sight,
this perturbation level may seem unacceptable [32], however,
for the particular application of measuring streaming potentials
of cartilage, much of the frequency content of the signal is below
30 Hz. In this frequency range, the crosstalk induced by one
electrode is lower than 0.1% [Fig. 5(B)], leading to less than
3.6% crosstalk for the total microelectrode array. Moreover, the
streaming potentials are not all of high amplitude simultane-
ously over the spherical cap and the small signals measured by
almost half of the microelectrodes will cause only a minimal
crosstalk (Fig. 6). For these reasons, crosstalk is normally lower
than 2% when measuring streaming potential signals with these
circuits.

The indentation measurements on cartilage were done in
order to verify that the streaming potentials measured by the
microelectrode array are compatible with the known electro-
mechanical properties of articular cartilage. The indentation of
articular cartilage with a microelectrode array bearing spherical
tip showed a spatial distribution and time-dependence of elec-
trical potentials that indicate: 1) the contact of each electrode
with the articular surface; 2) the electromechanical induction
of streaming potentials corresponding to the expected rise of
interstitial fluid pressure; 3 ) fluid flow-related relaxation; and
4) the release of indentor contact [Fig. 6(A)]. Although there is
no published theoretical description of the poroelastic electro-
mechanical behavior of cartilage during spherical indentation,
the measured potential distribution and its time evolution during
the indentation can be surmised from models and experiments
performed in unconfined compression [27], [33]. The measured
streaming potentials are expected to be negative due to the
negatively charged proteoglycan entrapped in the collagen
network. Linear infinitesimal models [17]-[19], [34] suggest
proportionality between the local streaming potential and the
local pore pressure. Because cartilage is more compressed
near the center of the indenter, the local pore pressure, as well
as the potential, is higher in magnitude [Fig. 6(A)—(B)]. At
the periphery, the pressure is almost zero and the measured
potentials are also very small. The reduction in the potential
amplitude observed for all microelectrodes during the 2-s
plateau is also expected via the poroelastic model due to the
reduction of the pore pressure caused by water flowing out
of the sample. In addition, each microelectrode of the array
measured a different potential signal in terms of amplitude
and/or noise confirming what was found by direct probing
on the contact pads of the microelectrode array circuit that
there was no open- or short-circuits. The reproducibility of
the measured streaming potential signals was also very good
for all microelectrodes during the five indentations. The small
reduction in the maximum potential recorded by the central
electrode is correlated with the time at which the experiment
was done. This reduction may be due to a slow degradation or
the cartilage during the 6-h experiment.
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Biocompatibility of the materials constituting the micro-
electrode array is an important aspect, even though they will
only be temporarily in contact with body tissues and fluids.
Materials that could possibly enter in contact with body tissues
(stainless-steel type-316, polyimide, platinum and medical
grade glue) have been selected since they are known to be bio-
compatible. Stainless steel type-316 is an alloy used extensively
in the fabrication of a broad spectrum of medical grade tools.
Studies of commercially available polyimide used as substrates
for cochlear prostheses have also shown good biocompatibility
after long-term implantation [35], [36]. An in vitro study of
five types of polyimide demonstrated that these materials do
not elicit any cytotoxic response, and induce little haemolysis
and only a moderate degree of coagulation (97-98% of normal
for Kapton™) making polyimides an attractive candidate
as biosensor encapsulants [37]. Platinum, a noble metal, is
generally reported as nontoxic [38] while the medical grade
cyano-acrylate glue (Loctite, 4011) also complies with the
Loctite ISO-10993 Biocompatibility test program.

V. CONCLUSION

Microelectrode array circuits that can be used for the de-
tection of compression-induced streaming potentials on artic-
ular cartilage were developed and characterized. An array of
37 circular platinum microelectrodes with exposed diameters
of 100 pm was produced on a minimally deformed semi-spher-
ical surface using standard microelectronic processes. The loss
of resolution in the lithographic steps, caused by the gap be-
tween the mask and the wafer (250 pm), can be tolerated due
to the relatively large minimal pattern dimension in the circuit
(25 pm) and the use of two layers of photoresist. The composite
substrate formed by the application of a polyimide layer over
thin stainless-steel substrate allow the circuit to be deformed
and shaped to access different portions of the articular carti-
lage surface in a joint. The electrical characterization of the mi-
croelectrodes, determined by recording the streaming potential
distribution during cartilage indentation and by measuring elec-
trode capacitance, impedance and crosstalk, demonstrated that
the circuits could be used for accurate and reliable assessment
of cartilage properties.
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