
E
m

O
J
a

S
b

a

A
R
R
A
A

K
B
C
G
M
E

1

c
a
c
l
l
s
g
r
e
s
p
i

m
p
j

0
d

Biosensors and Bioelectronics 26 (2010) 477–484

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journa l homepage: www.e lsev ier .com/ locate /b ios

nzyme-based choline and l-glutamate biosensor electrodes on silicon
icroprobe arrays

. Freya,∗, T. Holtzmanb, R.M. McNamarab, D.E.H. Theobaldb, P.D. van der Wala, N.F. de Rooij a,
.W. Dalleyb, M. Koudelka-Hepa

Ecole Polytechnique Fédérale de Lausanne (EPFL), Institute of Microengineering (IMT), Sensors, Actuators and Microsystems Laboratory (SAMLAB), Rue Jaquet-Droz 1, 2000 Neuchâtel,
witzerland
University of Cambridge, Department of Experimental Psychology, Downing Site, Cambridge, UK

r t i c l e i n f o

rticle history:
eceived 16 April 2010
eceived in revised form 9 July 2010
ccepted 19 July 2010
vailable online 11 August 2010

eywords:
iosensor

a b s t r a c t

Brain-implantable microprobe arrays, 6.5 mm shaft-length, incorporating several recessed Pt micro-
electrodes (50 �m × 150 �m) and an integrated Ag/AgCl reference electrode fabricated by silicon
micromachining dry etching techniques (DRIE) are described. The microelectrodes are coated by an
enzyme membrane and a semi-permeable m-phenylenediamine layer for the selective detection of the
neurotransmitters choline and l-glutamate at physiologically relevant concentrations. The functionali-
sation is based on electrochemically aided adsorption (EAA) combined with chemical co-cross-linking
using glutaraldehyde and electrochemical polymerisation, respectively. These deposition methods are
holine
lutamate
icroprobe array

nzyme immobilisation

fully compatible with the fabricated microprobe arrays for the simultaneous detection of several ana-
lytes in different brain target areas. They are spatially controlled and allow fabricating biosensors
on several microelectrodes in parallel or providing a cross-talk-free coating of closely spaced micro-
electrodes with different enzyme membranes. A sensitivity of 132 ± 20 �A mM−1 cm−2 for choline and
95 ± 20 �A mM−1 cm−2 for l-glutamate with limits of detections below 0.5 �M was obtained. The results
of in vitro and in vivo experiments confirm the functional viability of the choline and l-glutamate biosen-

sors.

. Introduction

There is undisputed need for the measurement of neurochemi-
al substances in brain tissue. Its field of application is widely spread
nd ranges from basic research on the functional and anatomi-
al mapping of the brain, over the inter-neuronal monitoring of
arger circuitry to experimental psychology trying to establish a
ink between observable behaviour and concentration variations of
pecific molecules in dedicated brain regions. The major, long-term
oal is certainly the understanding and successful development of
emedies for several neurological disorders such as schizophrenia,
pilepsy or Parkinson’s disease. The neurotransmitters choline (a

urrogate marker of released acetylcholine) and l-glutamate (the
rimary excitatory neurotransmitter in the brain) play a major role

n all these fields.
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Observing recent developments, sensing probes trend to smaller
dimensions and an increased number of electrodes per probe per-
mitting analysis within smaller brain structures at reduced brain
damage and a simultaneous recording of one or multiple analytes
at different locations. This offers a much more three-dimensional,
network-oriented interpretation of local brain circuitry.

Most adequate regarding these aspects are microprobes fab-
ricated by standard microtechnology processes equipped with
multiple enzyme-based electrochemical biosensors. Even if micro-
dialysis probes posses an unequivocal limit of detection, sensitivity
and chemical selectivity when coupled with high-performance
detection techniques (Guerrieri and Palmisano, 2001; Lada et al.,
1997), they have limitations in spatial and temporal resolution
(Fillenz, 2005) and tissue damage upon insertion is likely (Khan
and Michael, 2003). Microwires are very small and suitable to reach
deep brain structures, but have restrictions to record from different
locations. Assembled bundles creating tetrodes (Gray et al., 1995)
or arrays (Ulbert et al., 2001; Musallam et al., 2007) mostly suffer

from a limited accuracy and reproducibility of the relative electrode
positioning and the capacity of only one tip-electrode per wire.

Microfabricated probes were presented by several groups using
insulated substrates as ceramics (Burmeister et al., 2000, 2002) or
passivated silicon. For the latter, different approaches are applied
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silicon wafer. A first mask is transferred to a previously grown
thermal oxide (200 nm) and a recess of 10 �m is etched using
KOH (Fig. 1a). The interconnection lines are laid across the inclined
side walls that appear during the KOH etch (Madou, 1997). An
adapted design leads to the shape of the cavity illustrated in Fig. SD1
78 O. Frey et al. / Biosensors and

o structure the microprobes. These include boron-doping used as
et etch-stop (Wise et al., 1970; Najafi et al., 1985; Takahashi and
atsuo, 1984; Leong et al., 1990), combined dry and wet etching

f silicon (Kewley et al., 1997; Yoon et al., 2000), or only dry etch-
ng procedures (Errachid et al., 2001; Wassum et al., 2008; Herwik
t al., 2009) including also the use of SOI substrates (Ensell et al.,
000; Norlin et al., 2002; Cheung et al., 2003). Each probe is pat-
erned with multiple thin-film electrodes along the length of the
haft adapted to specific experimental requirements and allows
arallel recordings from several sites on a single, implanted micro-
robe. Arranging different probes to combs and arrays enables
wo- or even three-dimensional mapping of larger areas in the
rain. Recently, such kind of microprobes became also commer-
ially available (NeuroNexus Tech., USA).

The biosensors used on these microprobes are mostly based on
he amperometric detection of peroxide produced by the enzyme
atalysed reaction of the specific neurotransmitter and oxygen
Wilson and Gifford, 2005; Qin et al., 2008; Robinson et al., 2008).
he involved enzyme choline oxidase (ChoOx) for the detection of
holine or l-glutamate oxidase (GluOx) for l-glutamate is immo-
ilised on the electrode site in a post-processing step (Sarma et al.,
009; Hanefeld et al., 2009). Deposition techniques for the fabrica-
ion of reliable multi-analyte biosensors on microelectrode arrays
equire an excellent spatial control and reproducibility.

A variety of deposition methods exist, mostly developed in par-
llel with the electrode fabrication. Dip-coating for example is
rimarily used for microwires. Multiple immersions in a solution
dsorb the enzyme on the electrode surface, where it is immobilised
ither using a cross-linking agent, such as glutaraldehyde (GA) (Hu
t al., 1994; Xin and Wightman, 1997; Schuvailo et al., 2005) or
EGDGE (Garguilo et al., 1993; Kulagina et al., 1999; Mikeladze et
l., 2002; Mitala and Michael, 2006), or in a polymer (Ryan et al.,
997). For multi-electrode probes and the deposition of discrete

ayers deposited close to (but kept distinct from) neighbouring lay-
rs, this approach may not be suitable.

Dispensing small volumes directly onto the electrode site
Burmeister et al., 2002; Niwa et al., 1998) allows better spatial
ontrol but to ensure reproducibility and a controlled deposi-
ion, high-priced low-volume dispensing equipment is required
Newman et al., 1992).

Considering electrochemically based deposition methods, spa-
ial control is inherent and serial deposition on several electrodes
drop-coating) is replaced by a parallel coating only formed at
he appropriately biased electrodes. A variety of polymers used
or enzyme immobilisation were presented in the last years (for
eview see Cosnier, 2003). One example is poly(pyrrole) (PPy,
oshida et al., 1995; Cosnier et al., 1997), a rather dense matrix

ncreasing the response time of the sensor by up to 1 min. Alter-
atively, poly(phenylenediamine) (PPD) is used for the fabrication
f implantable biosensors (Malitesta et al., 1990; Lowry et al.,
998; O’Neill et al., 2008). Film-thickness estimations for PPD lay-
rs are in the region of 10–30 nm and therefore limiting in the
mount of enzyme loadable. Nevertheless, these two polymers also
how interference-rejection properties against endogenous, elec-
roactive molecules such as ascorbic acid or dopamine present in
he extracellular fluid. Especially the semi-permeable PPD layer
ossesses excellent interference-rejection characteristics and addi-
ionally, protects the electrode surface from fouling (Geise et al.,
991).

Electrochemically aided adsorption (EAA; Johnson, 1991; Lee et
l., 1991; Strike et al., 1995; Matsumoto et al., 2002) or a similar

pproach using electrodeposition paints (Kurzawa et al., 2002) are
urther methods for enzyme immobilisation. They were used in the
ast for different enzymes on planar single microelectrodes. EAA
llows combining an electrochemical technique with the good sen-
or characteristics observed using chemical co-cross-linking with
ctronics 26 (2010) 477–484

glutaraldehyde. It is spatially controlled and allows highly paral-
lel deposition on multiple sites or the incorporation of different
enzymes at different locations on the same microprobe. Therefore
the method is very suitable for three-dimensional microelectrode
arrays. In addition, the majority of the established anti-interference
schemes are applicable before or after immobilisation.

In this paper, we present the fabrication of silicon microprobe
arrays with multiple, recessed Pt thin-film microelectrodes and an
integrated Ag/AgCl reference electrode on each shaft. The biosen-
sor functionalisation is optimised for choline and l-glutamate
biosensors using an EAA protocol offering a completely array-
compatible method including reliable enzyme immobilisation as
well as anti-interference layer deposition. Results of an extended
in vitro assessment and functional in vivo tests confirm adequate
characteristics for further in vivo use.

2. Materials and methods

2.1. Layout of the silicon microprobes

The latest developments in silicon microtechnology – especially
in the field of plasma enhanced anisotropic dry etching tech-
niques (DRIE) – offer increased possibility and flexibility in design
of experiment-tailored microprobe array configurations regarding
dimensions and arrangements of electrodes and shafts and their
accurate implementation.

In this contribution, the microprobes are designed for recordings
in the medial prefrontal cortex (mPFC) of the rat brain. Therefore
the dimensions of the microprobe were chosen to be 6.5 mm in
length, 100 �m in width with an allover thickness of 30–100 �m.
Two 50 �m × 150 �m thin-film Pt microelectrodes are integrated in
a 10-�m lowered cavity (recess), separated by 200 �m and located
at 500 �m from the tip (see supplementary data, Fig. SD1). The
recess anchors and protects the enzymatic membrane on the elec-
trodes during tissue insertion and removal. Additionally, a third,
non-recessed electrode with dimensions of 40 �m × 500 �m is
positioned further backwards. Additional electrodes can be inte-
grated on the same microprobe at application-desired positions
with minor widening of the shaft.

2.2. Fabrication of the silicon microprobes

The microprobes are fabricated starting with a 300 �m (1 0 0)
Fig. 1. Complete fabrication procedure for silicon microprobe arrays (see text for
details).
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Fig. 2. SEM micrograph of the front part of the shaft of the fabricated silicon
m
i
e

(
a
p

L
p
p
t
3
a
a
L
a
i
1
f
t
d
m
r
p

s
2
w
2
a
5
o
a
c

t
l
a

PD by cyclic voltammetry. The optimised protocol consisted of 15
icroprobe and close up view of the KOH-recessed Pt microelectrode. The metal
nterconnection track is laid across the inclined side wall appearing after the KOH
tch.

enlarged tip) and Fig. 2-A in Section 3 that essentially decreases the
mount of space required in the lateral dimension (=lower-width
robes).

Subsequently, 200 nm of thermally grown dry oxide and 200 nm
PCVD silicon nitride layers are successively deposited as bottom
assivation. The metallisation (20 nm of Ta and 130 nm of Pt) is
atterned by a lift-off process using a combination of thick pho-
oresist AZ4562 (AZ Electronic Materials GmbH, Germany) and LOR
B (MicroChem Corp., Newton, USA). A total resist thickness of
bout 8 �m is required to reliably cover the edges of the recesses
nd produce well-defined metal structures (b). A second 200 nm
PCVD silicon nitride layer and 200 nm PECVD oxide layer are used
s top passivation that is opened at the recording sites and bond-
ng pads by reactive ion etching (RIE) and a H3PO4 dip (10 min at
60 ◦C; Fig. 1c). The microprobes are formed by a first thinning
rom the backside by DRIE towards the intended shaft thickness
s and a second DRIE etch from the front side to shape the nee-
le contour. For both etching steps, thick photoresist is used as
ask (d and e). Small joints are retaining the microprobes in the

emaining wafer grid, where they are stored and released before
ackaging.

Different types of probes were realised: single probes and 4-
haft combs grouping single probes at a pitch of 550 �m and
mm (see Fig. SD1). Additionally, combs for 3D-array integration
ere fabricated (for details see Aarts et al., 2008; Herwik et al.,

009). For acute measurements in anaesthetised rats, the probes
re attached to custom-made, stick-like printed circuit boards (PCB,
–8 mm × 60 mm). Bonding pads, bonding wires and metal lines
n the PCB are embedded in epoxy glue to mechanically protect
nd electrically insulate the connections. The assembly is simple,
onvenient and compatible with conventional stereotaxic frames.
The larger electrode (40 �m × 500 �m) located 2 mm from the
ip is transformed to an Ag/AgCl reference electrode. First a silver
ayer of 4–5 �m is galvanostatically grown on the Pt surface using
commercial deposition bath (Silver Glo, Rohm and Haas, Buchs,
ctronics 26 (2010) 477–484 479

Switzerland). About 1 �m of the surface is electrochemically trans-
formed into AgCl using again a galvanostatic procedure in a 50 mM
KCl solution.

2.3. Chemicals

The following chemicals were purchased from Sigma–Aldrich
(Fluka Chemika), Buchs, Switzerland: choline oxidase
from Alcaligenes sp., bovine serum albumin (BSA),
3-aminopropyltriethoxysilane (APTES, 99%), Triton X-100, glu-
taraldehyde solution (25%, w/v in water) and m-phenylenediamine.

Following calibration stock solutions were prepared (dissolved
in DI-water): choline (10 mM; from choline chloride, Fluka),
l-glutamate (10 mM; from l-glutamic acid monosodium salt mono-
hydrate, Fluka), dopamine (2 mM; from dopamine hydrochloride,
Sigma) and ascorbic acid (200 mM; Fluka).

Home-made 0.01 M phosphate buffered saline (PBS) solution
consisted of (for 1 l PBS): 9 g NaCl (Fluka), 1.367 g Na2HPO4·2H2O
(Merck) and 0.368 g NaH2PO4·H2O (Merck), adjusted to pH 7.2.
l-Glutamate oxidase from Streptomyces sp. was purchased from

Yamasa Corp., Japan, H2SO4 from Merck.

2.4. Functionalisation

Step 1: The surface of the platinum electrodes was first cleaned
and electrochemically assessed by cyclic voltammetry in deaerated
1 M H2SO4. The electrodes were scanned 15 times over a range of
−0.2 to 1.35 V vs. an Ag/AgCl reference electrode (Metrohm Schweiz
AG, Zofingen, Switzerland) with 100 mV/s.

Step 2: Prior to the enzyme immobilisation, the microprobes
were pretreated by a vapour silanisation procedure in a petri dish
together with 4–5 drops (∼50 �l) of APTES and left there for 2 h.

Step 3: The immobilisation of the appropriate enzyme was per-
formed out of a 1 ml-volume: 15 mg of BSA and the enzyme were
dissolved in 940 �l PBS. 4.5 mg were used for choline oxidase
(∼45 units), ∼3 mg for l-glutamate oxidase (50 units), respectively.
Additionally, 20 �l of Triton X-100 solution (3 g/l) was added to
the mixture to increase the wettability, when the microprobe is
immersed into the solution. Without the surfactant, occasionally,
air bubbles were entrapped in the electrode recess. Once thor-
oughly dissolved using a magnetic stirrer, 40 �l of glutaraldehyde
(GA) was added just before the deposition giving a concentration
of 1% (v/v).

For the deposition, a platinum wire and an Ag/AgCl wire were
used as counter and reference electrode, respectively. Directly after
microprobe immersion, the deposition protocol is started by apply-
ing 25 pulses, each pulse consisting of 5 s at 1.8 V followed by 10 s
at 0.4 V.

After deposition, the electrodes were rinsed with DI-water and
left to air-dry for 1–2 h. Multiple electrodes on a comb are coated in
parallel. Two different enzymes are immobilised consecutively in
two different solutions by applying the above-described procedure
(step 3) for each electrode.

2.5. Anti-interference scheme

Selectivity of the biosensor was achieved by a two-way
approach: the application of a semi-permeable layer blocking inter-
ferants by size discrimination and using the differential method:

Step 4: An m-polyphenylenediamine layer was deposited by
electropolymerisation from a monomer solution of 100 mM m-
cycles from 0 to 0.9 V vs. Ag/AgCl with a scan rate of 50 mV/s per-
formed after the immobilisation of the enzyme layer.

Step 5: To implement the differential method, the second elec-
trode on the same microprobe placed at a distance of 200 �m from
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he first active one was coated with a membrane containing only
he BSA protein (19 mg/ml in the deposition solution). The deposi-
ion was performed after the enzyme immobilisation on the first
lectrode and followed the same protocol. The inactive protein
embrane is required to generate an equal diffusion barrier for

he molecules to the electrode surface and match the temporal
ecording behaviour of the two microelectrodes. Therefore the m-
PD layer was also applied on the inactive electrode and deposited
n parallel to the active one. After polymerisation the electrodes

ere kept for 15 h in PBS solution at room temperature.

.6. In vitro calibration set-up

Calibration measurements were performed in PBS or artificial
xtracellular fluid (aECF) at a temperature of 37 ◦C using an Ag/AgCl
eference electrode and a platinum wire (both from Metrohm) as
he counter electrode. The biosensor was connected to an electro-
hemical recording system (PalmSens expanded by a 8-channel
ultiplexer, Palm Instruments BV Netherlands or eDAQ Quad-

tat, Australia) using a three-electrode configuration. A potential
f 0.7 V vs. Ag/AgCl was applied. The calibration was started as
oon as a constant background current was achieved (20–30 min).
hen, aliquots of neurotransmitter were consecutively added in
× 10 �M steps followed by manual stirring. Biosensors were also

ested against ascorbic acid (AA) and dopamine (DA). Between mea-
urements the biosensors were stored in PBS at 4 ◦C.

.7. In vivo measurement set-up

Male Lister hooded rats (200–400 g) were anaesthetised with
rethane (1.5 g/kg; intraperitoneal) and placed in a flat-skull posi-
ion in a stereotaxic frame (incisor bar −3.3 mm relative to the
nteraural plane). All animal experiments were carried out in
ccordance with the European Communities Council Directive
6/609/EEC. The soft tissues overlying the skull were removed and
craniotomy was performed to expose regions of the frontal cortex.
he dura mater was removed prior to insertion of the microprobe
o as to minimise mechanical deformation of the brain tissue dur-
ng microprobe insertions. Relative to the skull landmark bregma,
robes were inserted vertically targeted to the medical prefrontal
ortex (AP +2.5–3.5, ML 1.5, DV 5.5).

For local drug delivery, the biosensor microprobes were assem-
led in two ways: (a) with 31-gauge stainless steel injectors or
ulled glass micropipettes or (b) with fabricated SU-8 microin-

ectors, in a way that the fluid outlet is placed between the two
ensor electrodes at a vertical distance of approximately 100 �m
described in Frey et al., 2010). Injections were performed using
precision 5-�l syringe controlled by a motorised pump (Hamil-

on Bonaduz AG, Switzerland) with a flow-rate of 500 nl/min when
ot otherwise stated. Two electrochemical set-ups were used: (a)
three-electrode configuration with a home-made, 125-�m thick
g/AgCl reference electrode and a 100-�m thick Pt wire (99.99%,
ldrich) counter electrode or (b) the integrated Ag/AgCl electrode
n the microprobe was used as combined reference/counter elec-
rode in a two-electrode configuration.

All measurements were acute; i.e. biosensors remained in the
rain for 4–8 h depending on the measurements performed. Once

mplanted the required potentials were applied. Experiments were
tarted as soon as the signal reached a constant current level (set-
ling curve, 30 min). Biosensors were calibrated immediately before
nd after their implantation. Concentration scale bars in graphs of

ection 3 refer always to the calibration measurement performed
efore the tests.

Following the conclusion of each experiment rats were sac-
ificed with an overdose of sodium pentobarbitone (200 mg/ml)
nd perfused with 4% paraformaldehyde via the transcardiac route.
ctronics 26 (2010) 477–484

Brains were removed, sectioned on a microtome and stained with
Cresyl Violet.

3. Results and discussion

3.1. Microprobe arrays

Fig. 2-A shows a SEM micrograph of the front part of a sin-
gle silicon microprobe with the two KOH-recessed electrodes and
the larger reference electrode. The DRIE process allowed well-
reproduced shape of the probe with respect to the designed masks
(<2 �m accuracy). Very sharp tips facilitating the brain insertion
were achieved.

An assessment of the quality of the Pt microelectrodes by
cyclic voltammetry in 1 M H2SO4 solution showed good surface
characteristics and a roughness factor of <2 determined using
the hydrogen desorption charge (210 �C/cm2, Bard and Faulkner,
2001). The AgCl layer on the larger electrode has a homogeneous
thickness and good coverage of the underlaying Pt. A packaged
4-shaft comb is shown in Fig. 2-B.

3.2. Functionalisation—general remarks

Electrochemical aided adsorption highly qualifies for the
functionalisation of microelectrodes in a three-dimensional con-
figuration because it allowed to deposit well-localised membranes
with incorporated choline oxidase, l-glutamate oxidase or simply
BSA on dedicated electrodes in a very controlled way. Connecting
several electrodes resulted in equal depositions on all electrodes.
The exact mechanism of the electrodeposition is assumed to be
either electrophoretically driven (Strike et al., 1995; Kim and Oh,
1996) or a consequence of local pH decrease (Matsumoto et al.,
2002).

The deposition protocol, the concentration of the ingredients
in the deposition solution and the microprobe pretreatment were
optimised with respect to sensor performance, immobilisation effi-
ciency and reproducibility. In comparison to previous published
protocols, where several galvanostatic pulses were used (Strike et
al., 1995; Frey et al., 2007a), a higher reproducibility was obtained
using a series of potentiostatic pulses. It has the additional advan-
tage, that the protocol has not to be adjusted when the all over
coating surface is changing (e.g. for parallel depositions, larger
electrodes). Duration and potential of the pulse are critical. The
first, relatively high potential (5 s at 1.8 V) generates enough elec-
trophoretic force to aggregate the negatively charged enzymes and
protein for cross-linking with GA without electrochemical dam-
age of the electrode metal. The no-effect, second potential (10 s at
0.4 V) reestablishes the bulk concentration near the electrode. The
pulse time and quantity are a trade-off between very thin layers
with low enzyme load (<2 s, <15 pulses) and uncontrollable mem-
brane growth (>10 s). More than 25 pulses resulted in no further,
significant sensor enhancement. The thickness of the membrane is
approximately 8–10 �m.

As expected, the variation of the GA concentration at constant
enzyme/protein concentrations has a strong influence on the sensi-
tivity of the sensors as well as the pot life of the deposition solution.
Low GA concentrations (<0.1%) produce very low or no immo-
bilisation of the enzyme. Higher concentrations of GA (e.g. 2.5%)
partially resulted in very high sensitivities of the biosensors (up to
27.7 pA/�M, corresponding to 370 �A mM−1 cm−2 for choline), but
could not be practically used. Time between mixing of the solution

and its complete cross-linking was less than 20 min and some-
times produced cluster-like structures overlapping the electrode
not guaranteeing reproducibility and spatial control. For a GA con-
centration of 1% (v/v), the solution could be used for at least 2 h.
Complete gelification occurred after about 6 h.
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Silanisation with APTES is widely used for surface modifica-
ion and immobilisation of biological elements (Subramanian et
l., 1999). While it improves the adhesion of the enzymatic mem-
rane to the electrode (Vandenberg et al., 1991), it enhances two

mportant parameters: (a) storage and functional lifetime, and (b)
eproducibility of enzyme deposition.

The m-PPD deposition protocol was optimised for the EAA-
odified electrodes with respect to the AA-blocking properties of

he electropolymerised layer. In contrast to other groups (Bruno et
l., 2006; McMahon et al., 2006) using potentiostatic deposition,
e observed best results and durability using cyclic voltammetry.

t also has to be noted, that the layer is deposited after enzyme
mmobilisation and on active and inactive electrodes in parallel. A
receding deposition is not compatible with EAA (non-conduction

ayer) and further, Osborne and Hashimoto (2004) observed a good
ffinity of m-PPD with GA and immobilised enzymes.

.3. In vitro characterisation

The obtained functional parameters for both, l-glutamate and
holine biosensors are summarised in Table 1. Graphs A and B in
ig. 3 show typical calibration curves for respectively a choline and
lutamate biosensor upon consecutive addition of neurotransmit-
er and interferant aliquots to reach concentrations in the expected
ange (Fillenz, 2005; Zhang and Mao, 2005). Measurements were
erformed on day one after the functionalisation of the microelec-
rode.

The sensitivities of 9.9 ± 1.5 pA/�M (n = 16) for the choline
iosensor and 7.1 ± 1.5 pA/�M (n = 20) for the glutamate sen-
or are lower compared with results obtained with deposition
olution formulations with higher GA concentrations and/or with-
ut silanisation (see supplementary data, Fig. SD2-B). However,
eproducibility and lifetime could be substantially improved and
ensitivities in the range of 10 pA/�M compare well with results
btained by other groups (Mitala and Michael, 2006; O’Neill
t al., 2008; Burmeister et al., 2008). Further, the lower sen-

or performance resulting from the pretreatment with APTES is
mall compared to results from other groups reporting a 6–8-fold
ecrease of the sensitivity using a similar silanisation after enzyme

mmobilisation (Chen et al., 2002).

able 1
ensor in vitro characteristics.

Analytical property Choline sensor Glutamate sensor
Value ± S.D. Value ± S.D.

Sensitivity 9.9 ± 1.5 pA/�M (n = 16) 7.1 ± 1.5 pA/�M (n = 20)
Linear response 300 �M (R = 0.998) 100 �M
Detection limita 0.30 �M 0.42 �M

Response time
t90%

b 6 s 6 s
t95% 10 s 10 s

Temperature dependencec 2.2%/◦C (n = 16) 1.9%/◦C (n = 9)
Lifetimed −0.1 pA �M−1 d−1 ∼Const. within exp. error
Oxygen dependencee 92 ± 11.2% (n = 3) –

a 3 times the background noise.
b Measured in a specially developed microfluidic device allowing subsecond con-

entration changes (Frey et al., 2007b).
c Calculated by comparing calibration curves measured at 37 ◦C and room tem-

erature.
d For the first two months (see Fig. SD2-A). Notwithstanding such long-term

tability, calibration measurements have to be performed before in vivo use to
etermine the actual sensitivity.
e Measured in PBS solutions equilibrated with respectively 21%, 10% and 5% oxy-

en (Fig. SD2-D). The sensitivity decrease lies within previously published results
Burmeister et al., 2003; McMahon et al., 2006). This percentage represents the lower
imit of the O2 concentration expected in the extracellular brain fluid (Dixon et al.,
002).
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Choline and glutamate biosensor calibration curves performed
in artificial extracellular fluid (aECF) showed only slightly lower
values with respect to the sensitivity (<10%), but similar behaviour
with respect to the noise level and the lifetime.

3.4. Interference rejection

The deposition of the m-poly(phenylenediamine) layer resulted
in a close to 100% rejection of dopamine (DA) and ascorbic acid (AA)
(see for example Fig. 3-A and -B). The selectivity refers to a ratio of
the neurotransmitters sensitivity over the interferants’ such as AA
(SensNT/SensAA). Selectivity ratios over 100:1 (=99% rejection) are
desirable, but ratios of 20:1 (=95%) are still acceptable and were
determined as the minimal rejection ratio for in vivo measure-
ments. For an electrode with a selectivity below 100% (Fig. 3-A),
complete elimination of the interfering signals can be achieved
using the differential method (solid curve).

A slight decrease (−3%) of the rejection properties of the m-
PPD layer was observed during the first two weeks of the biosensor
lifetime (cf. Burmeister et al., 2008). The results of two batches of
choline biosensors (n = 4–6 for each batch) and two batches of glu-
tamate biosensors are shown in Fig. SD2-C. However, all biosensors
show average rejection rates over 30:1 (=96.6%). m-PPD degrada-
tion may be caused by a locally high H2O2 concentration. Long-term
stability for chronic use has to be further investigated.

It has to be noted, that beside the possibility to completely
eliminate interferences, the differential method allows also to sub-
stantially reduce external influences such as electrical noise or
artefacts.

3.5. Parallel depositions and reproducibility

Fig. 3-C shows off-setted, parallel-recorded in vitro response
curves of four simultaneously coated electrodes by biasing the
four front electrodes on a 4-shaft comb. The result shows identi-
cal characteristics for all single biosensor regarding sensitivity and
anti-interference characteristics, emphasising the reproducibility
of the deposition method and its compatibility for large-scale inte-
gration.

When electrodes were coated in parallel a variation of the
sensitivities for choline was 6.8% on average (n = 8) and 8.6% for
glutamate biosensors (n = 6). In the example in Fig. 3-C the average
choline sensitivity is 6.1 ± 0.1 pA/�M (n = 4), i.e. a variation of less
than 2%.

3.6. Spatial control and cross-talk

As mentioned above, the EAA method is perfectly suited to
coat closely spaced electrode sites. Fig. 3-D shows the response
of a microprobe, where one electrode of the microprobe is coated
with choline oxidase and the second with glutamate oxidase.
Each electrode responds to only the corresponding injection of
respectively choline or glutamate samples. This measurement illus-
trates, that the immobilisation method is first, not sensitive to
cross-contamination or unspecific adsorption during serial enzyme
depositions and second, no cross-talk is observed during the mea-
surement for two electrodes separated by 200 �m. The absence of
cross-talk is also confirmed in Fig. 3-A and -B.

3.7. In vivo characterisation
The following in vivo measurements aim to demonstrate the
proper function of the developed microprobe biosensors prepared
by the above-described procedure and chosen for in vivo use upon
criteria similar to other groups (Bruno et al., 2006; Michael and
Borland, 2007).
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Fig. 3. (A) Response of a choline biosensor upon consecutive additions of choline (10 �M), glutamate (10 �M), dopamine (2 �M) and ascorbic acid (200 �M). The dash-dotted
trace represents raw-data of the enzyme electrode, the dashed trace of the control electrode (recorded at 37 ◦C). The solid trace shows the difference and the complete removal
of interferant contributions. (B) Response of a glutamate biosensor upon consecutive additions of glutamate (2 × 10 �M), dopamine (2 �M) and ascorbic acid (200 �M). The
c ecording of four simultaneously coated choline biosensors on a 4-shaft comb (curves are
s amate biosensor (solid) on a single microprobe separated by 200 �m upon additions of
5 ine and 8.1 pA/�m for the glutamate biosensor (non-optimised deposition solution used
h
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urve was recorded in PBS at room temperature. (C) Raw-data of a parallel in vitro r
eparated by 10 pA for better visibility). (D) Response of choline (dashed) and glut
�M glutamate and choline, respectively. Sensitivities are 20.0 pA/�M for the chol
ere).

Initial experiments consisted of the local delivery of the spe-
ific neurotransmitter in the vicinity of the biosensor. The aim was
o verify, if the biosensor is able to detect the externally injected

olecule in the neural environment and can discriminate between
ifferent concentration increases. Fig. 4 shows the raw-data of a
holine biosensor (A) and a glutamate biosensor (B). In both cases
he single microprobe was assembled with a 31-gauge stainless
teel injector. The outlet was positioned between the two modified
icroelectrodes with a vertical distance of around 100 �m for the

holine and 50 �m for the glutamate sensor.
Both graphs show graded responses of the choline and gluta-

ate biosensors to injections of a 200 mM choline and glutamate
olutions, respectively. The apparent non-linearity of the responses
an have several causes: (a) it may reflect signal saturation at
he relatively high doses of choline/glutamate employed and the
on-linear concentration distribution of the diffusion controlled
eurotransmitter dispersion, (b) arise from transmitter induced
ransmitter release, causing an avalanche of local neural activ-
ty which might last a long time and produce its own increases
n choline and glutamate concentration. Nevertheless, the signals

ere very stable and highly reproducible. Signal amplitudes are
trongly depending on the biosensor/injector separation and the
ocal diffusion and neurotransmitter clearance in the brain. There-
ore it is very difficult to compare different experiments which each
ther.

Endogenous choline concentrations were detected in two dif-
erent experiments: KCl-induced ACh release was repeatedly
easured in the mPFC by detection of choline—the break-down
roduct of ACh generated by a reaction involving acetyl-
holinesterase (AChE). A choline biosensor microprobe combined
ith a glass capillary used as injector was implanted at the follow-

ng stereotaxic coordinates: A/P 1.7 mm, M/L 0.7 mm, D/V 3 mm.
Fig. 4. Raw-data of the recorded signals of a choline (A) and a glutamate sensor (B)
in the PFC upon volume-varied injections of the specific neurotransmitter solution.
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ig. 5. KCl and nicotine evoked ACh release: (A) response curve upon injections
nhibition of ACh hydrolysis via AChE using neostigmine. Curves were recorded u
ubtracted.

hree different volumes of 70 mM KCl solution were injected at
flow-rate of 750 nl/min (injection time is marked by a horizontal
ar; volumes are 63, 125 and 250 nl). Fig. 5-A presents the recorded
esponse of the biosensor. Each curve represents the average (solid
race) and standard deviation (dashed traces) over three repeated
njections at each volume. As expected, the three different volumes
esulted in a variation of ACh release. The time and concentration
ange of the response are comparable with other published data
Mitchell, 2004). Similarly, signal shape and amplitude strongly
epends on the chosen injection parameters.

In a different experiment, we reproduced a double-injection
rotocol that has already been carried out by other groups (Parikh
t al., 2004; Bruno et al., 2006). Nicotine (20 nM in filtered 10 mM
BS) was used to evoke a presynaptic ACh release in the PFC (coor-
inates: A/D 2.5 mm, M/L 1 mm, D/V 3 mm). A volume of ∼1 �l was

nfused over a time of 5 and 10 s and the variation in choline con-
entration was measured by an adjacently placed choline biosensor
upper traces in Fig. 5-B). The interval time was 90 s. The first
njection of ∼1 �l was performed over 10 s, all other over 5 s. The
hemical stimulation resulted in a detectable release of ACh. Sub-
equently, neostigmine (80 nM in filtered 10 mM PBS) – a known
nhibitor of AChE – was infused (2 �l over 30 s) into the same brain
rea using the second channel of a SU-8 microinjector. 20 min later,
nother three nicotine injections were performed (lower traces).
his time, no current increase could be detected in the choline
iosensor signal. Neostigmine efficiently inhibited AChE demon-
trating that choline signals are dependent upon the hydrolysis of
Ch via AChE and giving evidence, that previously detected choline
ignals are a direct result of the nicotine stimulation.

In the experiment, rather small concentrations of nicotine and
eostigmine were used. This required the injection of comparably

arge volumes over a short time period to evoke a detectable con-
entration change. The decrease of all 6 current signals may result
rom a temporary dilution of the local ECF or the high flow-rate

ight have caused a volume displacement of the local brain tissue.

. Conclusions

We presented the fabrication of silicon microprobe arrays
ulfilling the requirements for brain implantation including micro-

robe dimensions, mechanical stability, Pt-microelectrode quality
nd application-specific design. The developed functionalisation
ethod for the deposition of the enzymatic membranes and anti-

nterference layers on the microelectrodes allows (a) a parallel
eposition and is compatible with two- and three-dimensional
erent volumes of KCl (70 mM). (B) Nicotine-induced ACh release and subsequent
he differential method having the signal of the inactive control electrode already

microprobe arrays comprising several microelectrodes for local
monitoring in different brain regions and (b) creation of closely
spaced multi-biosensor arrays for simultaneous measurement of
different analytes in the same area without cross-talk. This feasibil-
ity was demonstrated on single microprobes and combs providing
evidence of adequate biosensor performances for the detection of
choline and l-glutamate in the physiologically relevant concen-
tration ranges. The next step will be to translate our biosensor
technology into a package suitable for use in awake, behaving ani-
mals.
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