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Recording of cell action potentials with AlGaN/GaN field-effect transistors
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An AlGaN/GaN electrolyte gate field-effect transistor array for the detection of electrical cell
signals has been realized. The low-frequency noise power spectral density of these devices exhibits
a 1/f characteristic with a dimensionless Hooge parameter>ofl63. The equivalent gate-input

noise under operation conditions has a peak-to-peak amplitude @¥185ne order of magnitude
smaller than for common silicon-based devices used for extracellular recordings. Extracellular
action potentials from a confluent layer of rat heart muscle cells cultivated directly on the
nonmetallized gate surface were recorded with a signal amplitude pi/7&8nd a signal-to-noise

ratio of 5:1. ©2005 American Institute of PhysidDOI: 10.1063/1.1853531

Recording of electrical activity of cells with planar de- erties for sensor applications in liquid and electrolyte
vice arrays is a promising approach for the study of biologi-environmentg®%°
cal networks as well as for the realization of whole-cell bio- Here, we report the recording of electrical signals from a
sensors, in which cultured cells act as the biological receptotardiac myocyte syncytium cultivated on the surface of
unit.>® Such hybrid sensors benefit from the high sensitivityAlGaN/GaN heterostructure EGFET arrays.
and selectivity of the specific receptors in the cellular mem-  Transistor arrays consisting of44 individual devices
brane and the signal amplification in second messenger pativere processed on AlGaN/GaN heterostructures grown by
ways of the cells. These cell-sensor hybrids are suitable for metalorganic vapor phase epitaxy on sapphire substrates.
variety of applications, such as drug discovery and screeninhe heterostructures consisted of a 24—-26 nm undoped
in pharmacology, detection of toxins, and environmentalAlGaN barrier and a 3 nm undoped GaN cap, grown on a
monitoring>* Most of these applications require a noninva- 1.5 um GaN buffer. For some devices, the GaN buffer was
sive multisite recording system suitable for long-term mea-compensated by Fe doping. The Al content in the AlGaN
surements under physiological conditions. This excludes thbarriers was between 20% and 30%, as determined by high-
utilization of conventional invasive patch-clamp techniques resolution ~ x-ray diffraction measurements. Room-
or voltage-sensitive dyef’swhich are toxic on illumination.  temperature sheet carrier concentrations and mobilities ob-

Extracellular monitoring of electrical cell activity can be tained from Hall measurements were betweex1D' and
performed by microelectrode arrdy3or field-effect transis-  1.2x 103 cm™ and from 1100 to 1240 chiVs, respec-
tor (FET) device arrays, as first reported for muscle fiberstively. Single-transistor elements with a channel width of
and neuronal slice¥. Silicon-based electrolyte oxide FETs 35 um and a source-drain spacing of g were patterned
are generally used as transducers for this purpbddThe by Ar-ion-beam etching. The gate length was defined by pho-
main drawbacks of these devices are their long-term drift irtolithographically opening the epoxy-based passivation layer.
electrolytes due to the electrochemical instability of the SiO The FET arrays were mounted on a standard 28 DIL ceramic
surfacé” and a high noise level due to mobility fluctuations chip carrier, wire bonded, and partially encapsulated to form
caused by trapping and detrapping of carriers to and fronan electronic culture dish.

trap states at the interface to the gate oxide Ié?/é'lhere- The preparation for the cardiac myocyte cells of embry-
fore, alternative conce ts such as buried-channel FEF&l  onic Wistar rats(Charles River GmbH, Sulzbach, Germany,
floating-gate devicé$*® have been developed. E 19 was adapted from previously published protoc?@ls.

Another approach is the application of alternative mate-The AIGaN/GaN chips were cleaned with 7G%v) ethanol
rial systems for the realization of electrolyte-gate FETS(p.a) and coated for 30 min with 2@l of 12.5 ug/ml fi-
(EGFETS such as AlGaN/GaN heterostructure FETs. Groupbronectin(Sigma-Aldrich in Hanks’ balanced salt solution
llI-nitrides are chemically stable under physiological condi-(HBSS at 37 °C. The surfaces were rinsed with Phosphate-
tions and nontoxic to living celtd and AIGaN/GaN FETs puffered saline (PBS buffer solution (137 mM NacCl,
have recently been demonstrated to exhibit promising prop2.7 mM KCI, 4.3 mM NaHPOQ,, 1.4 mM NaHPO,, pH
7.39). The cells were then plated onto the chips at densities of

dauthor to whom correspondence should be addressed: electronic mais000—5000 cells/mfrexposed chip are@ffective chip sur-
eickhoff@wsi.tum.de face: 6.2 mm). The chips were kept at 37 °C and 5% £O
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Aldrich) containing 5%(v/v) foetal bovine seruniFBS), 1%
(v/v) penicillin-streptomycin(10 000 units/ml penicillin and  FIG. 3. (a) Typical noise power density spectrum of a single AlGaN/GaN
10 mg/ml streptomycin, Sigma-Aldrighand 0.5% (v/v) EGFET e_lement aVGS=_O V.A1/fY dependence_ witly=0.95 is_ observed.
insulin/transferrin/seleniuniiTS) (Sigma-Aldrich, adjusted Ejt.’) Variation of the noise power spectral density as a functioVef for
. . different frequencies. Lowest noise levels were observed at the highest

to pH 7.2 was replaced several times. After 5 to 6 days iNyansconductance of the devices.
culture a confluent monolayer of cel(syncytium) devel-
oped, which spontaneously contracted with stable frequency
and the electrical signals of the cells were recorded. There- Low-frequency nois€l Hz<f<1 kHz) was measured
fore, the culture medium was replaced by extracellular soluin the common source configuration for different gate-source
tion (145 mM NaCl, 3mM KCI, 2mM MgCJ, 3mM  Voltages at room temperature. From the observed drain-
CaCl, 10 mM N-2-Hydroxyethylpiperazine/N2—ethane- ~source current noise, the equivalent gate-input noise was cal-
sulfonic acid(HEPES, 8 mM glucose, adjusted tpH 7.3  culated byS,cs=Sas/ 0o
with NaOH). Figure 1 shows cardiac myocyte cells on the  Figure 3a) displays a typical noise power density spec-
gates of the AlGaN/GaN transistors. trum, which shows a If? frequency dependence. The expo-

For electrical measurements, the potential of the electrobent y varies withVgs betweeny=0.9 and 1.3. The corre-
lytic gate of the devices was defined by an Ag/AgCl-wire sponding dimensionless Hooge parametefRef. 23 was
reference electrode, which was connected to ground poter@lculated to be %107 at Vgs=0V from the relative
tial. As cell action potentials occur at low frequencies, a low-Source-drain current spectral densfBps/I5s The noise
pass filter at 3 kHz was used to reduce the noise level duringower spectral density exhibits a minimum fdvgs
signal recording. Figure 2 shows the transconductance of a~1.8 V, as shown in Fig.(8) for different frequencies. The
single AlGaN/GaN-EGFET element as a function of the€duivalent gate-source voltage_ noise under these_ conditions
gate-source voltagé/ss). Under usual operating conditions Presents a peak-to-peak amplitude of 4%, which is one
(drain-source voltagd/ps=0.5 V), the devices exhibited a ©Order of ma n_'zt}ﬂde smaller than for comparable silicon-
maximum transconductanag, of 0.2 mS atVes=-1.8 . Pased devices.

Under these conditions, the leakage currgg{through the The high signal-to-nois€S/N) ratio of our AIGaN/GaN
electrolytic gate was found to be negligitle2 nA). EGFET device is demonstrated in Fig. 4, which presents the

change in equivalent gate-source voltage calculated from the

T T T T
200 20t ]
0 WMWVM MVJ\MW
150 20L i
7 s -of -
= 100 =
£ @ 60 -1
o >
<
50 sor 1
V. =05V
V, =-18V
0 -120 b
-3 2 -1 0 0 50 100 150 200 250 300
Ves V] time [ms]

FIG. 2. Transconductance of a single AlIGaN/GaN EGFET as a function ofIG. 4. Transient response of a single AIGaN/GaN EGFET element to a

gate-source voltage for different drain-source voltages. 100V pulse applied for 100 ms via the electrolyte gate.
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100 In conclusion, the recording of the spontaneous extracel-
gg lular action potentials with AIGaN/GaN EGFET arrays has
z gg been demonstrated. The devices show stable operation under
= % physiological conditions and, due to the low noise, a much
-jg higher signal resolution than currently used Si-based devices.
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