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Abstract

The design and the fabrication of an ion-sclective electrode array platform aimed at in vitro intracellular recording are presented. The
platform is composed of two parts: (i) a glass chip with microchannels whose bottom part is patterned with a platinum layer and (ii) a silicon
chip in which an array of 50 wm long silicon nitride micropipettes with an inner diameter of 5 um are structured. The 24 micropipettes are
individually filled with a Ca™ selective membrane, based on the neutral ionophore ETH 129. Preliminary tests in Ca** buffered solutions
have shown a linear range from 107 to 0.1 M Ca™* with a sensitivity of 27 mV/decade.

1. Introduction

Since the 1980s, the measurement of ion activities in liv-
ing tissues is subject of an intense research effort. In par-
ticular the intracellular calcium activity is highly regulated:
rapid oscillatory local changes in calcium concentration con-
trol numerous cellular enzymes and propagation of these
changes as intracellular calcium waves functions as a sig-
naling messenger |1]). Detection and measurement of intra-
cellular ion concentrations have relied on various methods.
Historically, Ca®? -selective electrodes have been used con-
comitantly with absorption indicators (2]. However, interest
in these indicators and in ion-selective electrodes (1SEs) has
been eclipsed by the introduction, in the mid-eighties, of flu-
orescent CaZt probes such as indo- 1, fura-2, and fluo-3 [2,3].
Despite the incontestable benefits of fluorescence imaging,
ion-selective electrodes present some unique advantages,
such as their almost unaltered behavior by the intracellular
environment, their possibility to determine a wide concen-
tration range of Ca>* and the unchanged actual intracellular
Ca*t concentration [2,4-6].

Standard glass capillary ion-selective electrodes have been
extensively used for both extra and intracellular measure-
ments |4,5]. In order to gain better understanding of the cell
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physiology on the network level it would be a great advan-
tage to be able to perform parallel measurements of a num-
ber of cells in the culture. Although the glass capillaries can
be made very small, this technology is not very convenient
for the realization of arrays and therefore, the measurements
are limited to a few cells only. A number of research groups
and several companies are investigating parallel patch-clamp
recordings on planar surfaces [7-10]. Arrays of ion-selective
electrodes have also been proposed for the detection of K*
and Ca* in biological samples [11]. However, these elec-
trodes, with an active area of 0.03 mm?, are not suitable for
intracellular measurements. In Ref. [12] a microfabricated
sensor array is described that is sensitive towards pH and
K*. This Kapton-based array is used for in vivo measure-
ments in a beating heart. The smallest single sensors had
internal reference elements with a diameter of 0.25 mm.
Our efforts have been aimed at developing arrays of
micropipettes, with tip diameters corresponding to the
conventional glass ion-selective electrodes, that is about
0.5-2 wm. The final aim of our work is to use these arrays
of ion-selective microelectrodes for the intracellular mea-
surements of Ca>* activities in hepatocyte cell cultures.
In order to evaluate the technological feasibility, the de-
sign and the microfabrication of arrays of slightly larger
ion-selective microelectrodes (5 wm inner diameter) has
been carried out. Micropipette technology for such dimen-
sions was investigated by a few research groups. Fujita and



coworkers [13] developed a technology to create silicon
oxide micropipettes for injection of genetic materials into
cells, whereas Luginbuhl et al. [14] fabricated silicon oxide
micro nozzles dedicated to the formation and injection of
femtoliter size droplets for DNA mass spectromeltry.

The approach described in this paper is similar to that
presented in Ref. [13], except that the micropipettes are made
of low stress silicon nitride which is stiffer than thermal
oxide and thus, allows the fabrication of thinner micropipette
walls. In this paper. we report on the fabrication of array of
silicon nitride micropipettes realized by a combination of
KOH and DRIE etchings as well as a directional SFg reactive
ion etching. Furthermore. preliminary tests regarding the
calcium sensitivity were performed.

2. Principle, design features, and fabrication
2.1. Principle and design of the microsystem

The schematic view of the ion-selective microelectrode
array platform is depicted in Fig. I. It is composed by
three parts: a reservoir, containing the physiological solu-
tion medium and the cell culture, a silicon part in which the
micropipettes are structured, and a Pyrex bottom plate that
contains the microchannels with Pt microelectrodes. The
ion-selective membrane cocktail is drawn in the imicrochan-
nels by capillary forces. The Pt microelectrode is the inter-
nal contact of the ISE. Although this interface is not well
defined, Pt has been chosen to simplify the technology. For
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Fig. 1. Schematic cross-section of the platform for in vitro intracellular recording of jon concentration. designed for hepatocyte cell colture.
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Fig. 2. Schematic design of the array of microelectrodes. and of the microchannels that allow the distribution of the ion-selective membrane into the
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the next generation, a better defined interface, for example

Ag/AgCl, will be used. The measurements are performed us-
ing a conventional Ag/AgCl reference electrode. The design
consists of 24 micropipettes arranged in a 2 x § array with
150 wim spacing and four additional electrodes located on
both sides of the array at 300 pwm (Fig. 2). The micropipettes
arc designed with an inner diameter of 5 pwm, and have a to-
tal length of 50 wm, of which a few microns protrude from
the silicon surface.

2.2. Fabrication

Fig. 3 illustrates the fabrication steps of the micropipettes
in a (100) silicon substrate (Fig. 3, steps 1-v), as well as
the fabrication of the microchannels with the metallic elec-
trodes n a Pyrex substrate (steps vii—vii). The design con-
sists of an array ot 24 cylindrical cavities (50 wm deep with
a diameter of 5 wm) made by DRIE in silicon (step 1). After
DRIE. a 500-nm thick low stress Si,N, layer is deposited
by a LPCVD process (deposition temperature: 800 “C) (step
11). Then. the silicon 1s thinned down by KOH etching (40%,
60) "C) on the top side to provide a protection cavity for the
micropipettes (step ). The remaining silicon nitride s re-
moved by SFq plasma etching to allow a subscquent thin-
ning of the top side sihicon until the nitride tips are exposed
(step iv). The nitride caps of the tips are then etched via re-
active 1on etching and hinally, a thin thermal oxide (200 nm)
fayer 1s grown onto the top side sihicon surface (step v).

The second part of the plattorm is madce of a Pyrex water
in which 20 pm deep microchannels are HF-etched (20%
HF). by using a 400-nm thick polysilicon mask (step viii). A
150-nm thick Ti/Pt layer is deposited by e-gun cvaporation
and then patterned at the bottom of the microchannels by a
lift-of technique (step vii). The photoresist was spray coated
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Fig. 3. Overview of the fabrication sieps of the platform for on-selective
microclectrodes array. The micropipeties are ctehed 1o silicon by DRI,
coated with a sihicon mitride layer and bonded onto o Pyrex plate, with
HE-ctched macrochannels (see text {or details).

to msure a homogeneous layer on the whole water, especially
in the microchannels. Finally, the 50-wm thick silicon chip
is anodically bonded (1000 V at 450 ~“C during 2 min) on the
Pyrex substrate (step vi).

Fig. 4. Top view (SEM picture) of u Si;Ny micropipette. with 5 pum inner diameter and 6 pim outer diameter.
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3. Results
3.1, Redalization of the microsystem

Fig. 4 shows a SEM photograph of a realized mi-
cropipeute. The 500-nim thick silicon nitride micropipetle
wall 1s perfectly shaped and is reproducible at the wafer
level. The reactive 1on clching process used to remove
the nitride layer is directional enough, so that it perfectly
etches the top of the micropipette, whercas the vertical

Fie. 5. SEM side view of a micropipette. This micropipette was coated with an additional 200 nm CVD SiO> layer that explains the smoothness of the
\‘

walls are preserved (Fig. 5). The length of the protruding
part of the micropipetics i1s about 16 wm. As they are partly
enmbcedded in the silicon, their overall length 1s 50 um. The
nucropipettes are separated by 150 um and the overall arca
of the array is 0.4 mm-~ (Fig. 6).

The advantage of using DRIE technology, instead ot KOH
ctching, to form the micropipette is its excellent control of
the openings (inner diameter) of the capillanes. Indeed, this
technology 1s quile independent on the etching depth. In
addition, the protruding height ot the micropipettes 1s well

Fie. 6. Partial view (SEM) of an array of micropipeties, separated by 1530 wm (the array is ulted at 80" ).



Iig. 7. Picture of the 20-pm deep and 50-pm wide microchannels (dimensions at the end of the channels). with a 15-pm wide Pt layer patterned at the

hottont of cach microchannel.

determined by controlling the ctching time in KOH solu-
tion. At this point, the height of the micropipettes should
be chosen as a function of the target ccll size. |
Fig. 7 shows the network of the microchannels with therr
metallic clectrodes patterned at the bottom of the channels.
Despite the depth of the channels (20 wm), the hift-oft pro-
cess turned out well and electrodes as small as 10 pwm could
be patterned. The 90-pm wide channcl-inlcet, that widens

mnto a much larger channel (290 pm). i1s shown in Fig. 8. It
allows the dispensing of the ion-selective cocktail.

The rcady-to-use device is presented ain Fig. 9. A glass
rescrvolr is glued on the silicon chip, in the middle of which
the cavity containing the micropipettes array is located. The
inlets for the membrane Alling can be scen on both side
of the silicon chip. The overall dimensions of the chip are
18 mm x 20 mm.

Fig. 8. SEM picture of the inlet of & microchanne! for the filling of the ion-selective membrane. A Pt electrode is visible al the bottom of the channel.
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3.2, Filling of the micropipettes with the ion-selective
cocktail

Betore filling the micropipettes with the membrane, the
device was dehydrated at 90°C in a convection oven tor
24 h and then silamized to improve the adhesion of the mem-
brane to the nitride inner walls. A vapor phase silamzation

0. 9. Photograph of the entire device mounted on

a PCB. A gliss reservorr 18 glued on top ol the clnp.

as carried out by using N N-dimethyltrimethylsilylamine
(puruim, Fluka), during 60 min.

The ion-selective membrane cocktail was prepared with
the following components: 4.2wt.% ETH 129 (calcium
1onophore 1), 0.8 wt.% sodium tetraphenylborate. 80.2 wt. %
2-nitrophenyl octyl ether. 14.7 wt.% poly(viny! chloride)
high molecular weight [15,16]. The membranc components

Fig. 10. ESEM pictures of a micropipette (tilted at 75 ) filled with the membrane cockuail. Due to the high surface tension, the membrane does not overflow.



(244 mg) were dissolved in 0.4 ml cyclohexanone (all Se-
lectophore. Fluka). Cyclohexanone was preferred to THF,
which 1s generally used for microelectrodes applications,
since it has a lower evaporation rate.

Following a partial evaporation ot cyclohexanone to

slightly thicken the mixture [16], the 10n-selective mem-
brane was dispensed 1n the microchannels with a syringe.
The membrane was dried for 24 h under ambient condi-
tions. The observation of the filled micropipettes tn an
environmental scanning  electronic microscope (ESEM)
(Fig. 10), showed that the surface tension at the top of the
micropipette, was high enough, so that the membrane did
not overflow. Then. the reservoir was filled with a 1074 M
CaCl> solution (p.a., Merck) and electrodes preconditioned
during 24 h.

2 . .
3.3, Ca*t calibration curve

The measurements were carried out with a flexible
mint-Ag/AcCl/3M KCI reference electrode (DRIREF-2,
World Precision Instruments) and a home-made high
impedance (10 ) input amplifier. Calcium buffers
(CALBUF-1, 117}) purchased trom WPI were used for the
calibration tests. A typical example of the Ca~t response
from one microelectrode i1s presented m Frg. 1. It can
be seen that the lincar region extends from 107°M to at
lcast 10 ' M with a slope of 27 mV/decade. It should be
mentioned that the responscs were measured 10s after the
filling of the sample solutions n the reservoir. This scems
to indicate that the response time of the sensor is rather
fast.
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Fig. 11. A wypical response of a Cu-t calibration curve. Calcium buffers
were used for these measurements. that were recorded [0 s afler the hlling
ol the sample solutions.

3.4. Biocompatibility of the microsystent

A cell culture experiment was performed in order to
check the biocompatibility of the microsystem. Prior to
the cell culture. the device was UV exposed for 30 nun
for stertlization, then the physiological medium was added
tn the reservorr as well as the cells. HepG2 human hepa-
tocellular cell ine were used [ 18]. After 48-h incubation,
the cclls have prohiferated and grown to confluency on
the array of microclectrodes indicating that array is not
loxic and thus biocompatible for cells m culture. Fig. 12
shows a picture of the cell culture next to several mi-
cropipettes.

Fig. 12. HepG2 human hepatocellular cells afier 48-h incubation, The arrow shows a 5 wm inner diaimeter micropipenie in the middle of an hepatocyte.



4. Discussion and conclusion

In this paper, we reported the design and the fabrication
of an array of ion-selective microelectrodes, with inner and
outer diameters of 5 and 6 wm, respectively. The micro-
electrodes were made of silicon nitride micropipettes that
were filled with an jon-selective membrane based on neu-
tral ionophore ETH 129. These micropipettes could be made
in a very reproducible manner and their filling with a vis-
cous ion-selective cocktail containing 14% PVC could be
achieved by capillary forces. The established technology is
currently used for the fabrication of an array of microelec-
trodes with smaller dimensions (1.7 wm inner diameter) that
are more appropriate for hepatocyte intraccllular recording.

Preliminary measurements in calcium buffered solutions
were realized and very promising results were achieved. For
solutions with Ca®* activities ranging from 10 % to 107! M
Ca>' a ncarly Nernstian response behavior was obtained.
Further measurements intended to increase the concentralion
range and to define the sclectivity and the responsc lime of
the sensors are in progress.
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