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Introduction

There has been growing interest in ion-sensitive field-effect
transistors (ISFETs) as label-free transducers for biorecogni-
tion events.[1] Different ISFET-based biosensors have been
developed, which include devices that monitor biocatalytic
transformations,[2] that probe antigen–antibody binding pro-
cesses[3] and DNA hybridization,[4] and very recently, that
follow the formation of complexes between aptamers and
low molecular weight substrates.[5] In all of these biosensor
systems the biocatalytic processes or the biorecognition
events alter the gate potential of the ISFET devices, thus al-
lowing the electronic transduction of the sensing processes.
In the present study we demonstrate the detection of dop-

amine (1) by a functionalized ISFET device, and also dem-
onstrate the use of three different ISFET systems to follow
the activity of tyrosinase (TR). TR oxidizes phenol deriva-
tives, such as tyrosine or tyramine (3), in the presence of O2

to form their respective catechol derivatives, for example, l-

3-(3,4-dihydroxyphenyl)alanine (l-dopa) or 1, which are fur-
ther oxidized by the enzyme to form their respective qui-
none products (Scheme 1).

Elevated amounts of TR were detected in melanoma
cancer cells, and the enzyme is considered to be a marker
for this type of malignant cells.[6] It was also reported that
the loss of 1 in neurons might cause diseases such as Parkin-
son?s disease.[7] Compound 1 is a central neurotransmitter,
and its sensitive detection, particularly by using integrated
miniaturized devices, could be valuable for the invasive
monitoring of neural responses. Different methods to ana-
lyze 1 were reported, which included electrochemical[8]

means or optical methods that involved the 1-induced for-
mation of Au nanoparticles.[9] TR was probed electrochemi-
cally by the enzyme-stimulated formation of 1 on electrodes
and the voltammetric detection of the product by labeling it
with the redox-active ferrocene–boronic acid.[10] Similarly,
TR activity was monitored through the biocatalyzed oxida-
tion of tyrosine to form l-dopa and the product-mediated
formation of Au nanoparticles, which were optically detect-
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Scheme 1. Oxidation of 3 to 1, and subsequently to dopaquinone by the
enzyme tyrosinase.
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ed.[9] Alternatively, CdSe quantum dots (QDs) were func-
tionalized with methyl ester of tyrosine, and the enzyme-cat-
alyzed oxidation of the substrate to dopaquinone resulted in
the fluorescence quenching of the QDs, thus enabling the
optical biosensing of TR activity.[11]

Results and Discussion

Scheme 2 shows one configuration for detecting 1 and ana-
lyzing TR activity. The Al2O3 gate of the ISFET device was
functionalized with an aminopropylsiloxane film that was
further treated with 4-carboxyphenyl boronic acid (2). The
resulting 2-functionalized gate was then employed as the
active surface for the association of 1 (Scheme 2, route a).
The formation of the charged boronate complex on the sur-
face of the gate alters the gate potential, thus enabling the
quantitative analysis of 1 by the ISFET device. Figure 1A
shows the gate-to-source potential changes of the 2-func-
tionalized device after interaction with different concentra-
tions of 1 for 20 min. The detection limit for analyzing 1 is
7@10�5m, which is very similar to the detection limits for
electrochemical[8] or optical[9] methods previously reported.
The 2-functionalized ISFET device was also employed to

analyze TR activity. To achieve this aim, 3 was treated with
different concentrations of TR for a fixed time interval of
20 min before the enzyme was thermally deactivated. The

resulting mixture that consisted of 1 and dopaquinone was
then reduced with citric acid to give 1 as the sole product,
and the resulting solution was analyzed by using the ISFET
device (Scheme 2, route b). The association of 1 with the
boronic acid ligand resulted in the changes in potential on
the surface of the gate (Figure 1B). As the concentration of
TR increased, the concentration of 1 generated also in-
creased and the potential changes were enhanced. The gate
potential leveled off at a concentration of around 1.2 U of
TR, and the detection limit for the analysis of TR was
around 0.25 U. It should be noted that treatment of the 2-

functionalized gate with ther-
mally deactivated TR within
the same concentration range
resulted in minute potential
changes (DV=2 mV), which
implies that nonspecific adsorp-
tion of TR to the gate is not oc-
curring, and thus the potential
changes are as a result of the
formation of the 1–boronate
complex.
Although the analysis of TR

by the 2-functionalized ISFET
device is feasible, the activation
of the biocatalytic oxidation of
3 in solution, the need to ther-
mally deactivate the enzyme,
and the subsequent association
of the reaction product onto
the gate surface, turn the ana-
lytical protocol into a complex
procedure. To facilitate the
analysis of TR, we looked to
design a surface-confined pro-
cess that would enable the sep-
aration of the reaction product
from the enzyme, and would
eliminate the time interval re-
quired to bind the reaction
product to the functionalized

Scheme 2. Schematic representation of the detection of 1 (route a) and the analysis of TR activity (route b) by
using a 2-functionalized ISFET device.

Figure 1. A) Calibration curve that corresponds to the analysis of 1 by
the 2-functionalized ISFET device. B) Calibration curve that corresponds
to the analysis of different concentrations of TR.
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gate. Scheme 3 shows the configuration of the ISFET device
for the analysis of TR on the surface of the gate. The amino-
propylsiloxane-functionalized gate was treated with glutaric
dialdehyde, and subsequently with 3 (Scheme 3, route a).
The modified surface was then treated with TR (under air)
to yield the 1–dopaquinone mixed film. The subsequent re-
duction of the dopaquinone units with ascorbic acid yielded
the 1-modified gate, in which the gate potential was control-
led by the quantity of redox-active 1 present. Note that the
biocatalytic transformation on the surface of the gate, and
the subsequent reduction of the surface-confined reaction
product by ascorbic acid allowed the stepwise separation of
the 1-modified gate from the enzyme and the reducing
agent, and the rapid generation of clean 1-modified ISFET
devices.
Figure 2 shows the changes in the gate potentials upon

treating the 3-modified ISFET with TR (2 U) for different
time intervals, according to route (a) in Scheme 3. As the re-
action time increased, the changes in the gate potential were
enhanced, and they leveled off to a saturation value of
DVgs=70 mV after about 15 min. These results are consistent
with the increase in the concentration of 1 on the surface of
the gate as the reaction with TR is prolonged. When 3 is
fully oxidized, the gate potential reaches its saturation
value. To prove that the TR-induced oxidation of 3 leads to
the formation of dopaquinone and that the reduction of the
latter by ascorbate is essential to yield the 1-functionalized
gate, the gate of an ISFET device was directly modified

with 1 (Scheme 3, route b). This device was fabricated by
the covalent attachment of 1 to the glutaric dialdehyde
modified gate (instead of 3).
Curve a in Figure 3A shows the changes in the potentials

of the gate modified with 1 upon treatment with different
concentrations of TR for a fixed time interval of 20 min.
The changes in the gate potentials increase as the concentra-
tion of TR increases, and they level off at a TR concentra-
tion of 1.6 U. Each of the 1-modified gates treated with TR
(results shown in Figure 3A, curve a) was subsequently
treated with ascorbate. The base potential of the 1-modified
gates was observed for all of the devices (Figure 3A, curve

Scheme 3. Analysis of TR activity by using a 3-functionalized ISFET device (route a) and a 1-functionalized ISFET device (route b).

Figure 2. Time-dependent gate-to-source potential changes (DVgs) upon
analyzing the activity of TR (2 U). Measurements were performed in
phosphate buffer (0.01m, pH 6.3).
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b), which implies that all of the enzyme-generated dopaqui-
none was reduced to form the 1-functionalized surfaces. In
fact, the TR-stimulated oxidation of 3 to dopaquinone and
the back reduction of dopaquinone to 1 are fully reversible
(Figure 3A). These results confirm that the oxidation of 3
on the surface lead to the formation of dopaquinone, which
is reduced by ascorbate to form the 1-functionalized surfa-
ces. Furthermore, the results imply that the 1-functionalized
ISFET devices may be used as biosensors to follow TR ac-
tivity, and that the reduction of the dopaquinone product
may be used as a means of regenerating the interface.
The development of the 3-modified ISFET device as a

bioelectronic device that transduces the biocatalyzed forma-
tion of 1 on the surface of the gate enabled us to construct a
new biosensor configuration for analyzing TR activity. Fig-
ure 3B shows the changes in the potential of the gate modi-
fied with 3 upon the analysis of different concentrations of
TR. In these experiments, the 3-modified ISFETs were
treated with different concentrations of TR (for a fixed time
interval of 20 min), and the resulting dopaquinone-function-
alized gates were reduced with ascorbate (Scheme 3, route
a). As the concentration of TR was increased, the change in
the gate-to-source potential (DVgs) was enhanced, which is
consistent with the fact that the coverage of 1 on the surface
of the gate was increased.

Conclusion

In conclusion, the present study has demonstrated the novel
use of ISFET devices for the analysis of 1 or for the assay of
TR. The 2-functionalized ISFET could provide a useful min-
iaturized implantable electronic system for monitoring the
neurotransmitter 1. Similarly, 3- or 1-functionalized ISFETs

could be useful sensing devices to monitor TR activity for
the rapid detection of melanoma cancer cells. In the present
studies we used two different principles to control the gate
potential. The first approach involved the alteration of the
change associated with the gate by linking the product of
the biocatalytic transformation with the boronic acid ligand
that was attached to the ISFET device. The second method
to control the gate potential included the generation of a
redox-active product (dopaquinone) that gave an electro-
chemical potential on the surface of the gate. All previous
methods for the analysis of TR activity involved metallic
nanoparticles,[9] semiconductor QDs,[11] or functionalized
redox molecules,[10] as labels for the optical or electrochemi-
cal detection of TR activity. The present study demonstrates
a label-free procedure for analyzing TR activities with com-
parable sensitivities to previous methods.

Experimental Section

Materials : Compounds 1, 2, 3, TR, 3-aminopropyltriethoxysilane, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC), as-
corbic acid, citric acid, and glutaric dialdehyde were purchased from
Sigma or Aldrich and used as supplied. Ultrapure water obtained from
Barnstead NANOpure DIamond was used in all experiments.

Preparation of the modified ISFET devices : The primary modification of
the Al2O3 gate of an ISFET device was achieved by treating the ISFET
with a solution of 3-aminopropyltriethoxysilane (0.2 mL, 10% (v/v) in tol-
uene) at room temperature for 12 h.

Preparation of the 2-functionalized ISFET: The silylated chips were thor-
oughly rinsed with toluene followed by a HEPES buffer solution (10 mm,
pH 6.3), and were subsequently dried in air at room temperature for
30 min. Compound 2 was then covalently linked to the aminosiloxane-
functionalized gate interface by treating the gate with HEPES buffer
(0.2 mL) solution that contained 2 (1 mm) and EDC (10 mm) for 2 h. The
resulting modified ISFET devices were thoroughly rinsed with the
HEPES buffer solution and dried in air for 30 min.

Preparation of the 1- or 3-functionalized ISFETs: Compound 1 was cova-
lently linked to the aminosiloxane-functionalized gate interface by treat-
ing of the gate with glutaric dialdehyde (0.2 mL, 10% (v/v) solution in
water) at room temperature for 20 min. The chips were rinsed with water
and then with a HEPES buffer solution (10 mm, pH 6.3) and then treated
with 1 (0.2 mL, 1 mm in HEPES buffer solution) for 20 min. The 3-modi-
fied gates were prepared by the same procedure as described for 1.

Potentiometric ISFET measurements : ISFET devices (IMT, NeuchMtel,
Switzerland) with Al2O3 gates (20 mm@700 mm) were used in all experi-
ments. A conventional Ag/AgCl electrode was used as a reference elec-
trode. The 2-functionalized gate was immersed in a working cell com-
posed of phosphate buffer solution (0.8 mL, 0.01m, pH 8.8), which con-
tained 1 (1 mm). To follow the time-dependent potential changes on the
surface of the gate, the measurement of the gate-to-source potentials
were monitored for a time interval of 30 min. To extract the calibration
curve for 1, the 2-functionalized ISFETs were exposed to various concen-
trations of 1 for 20 min, and the resulting devices were immersed in a
working cell composed of phosphate buffer solution (0.8 mL, 0.01m,
pH 8.8).

To follow the activity of TR, a solution of 3 (1 mm) was treated with vari-
able concentrations of TR in phosphate buffer (200 mL, 10 mm, pH 6.3)
for a fixed time interval of 20 min. Subsequently, the enzyme was ther-
mally deactivated by heating the sample at 808 for 2 min. The resulting
mixture consisted of 1 and dopaquinone. The mixture was treated with
citric acid (1 mm) for 5 min to reduce to 1 any dopaquinone that had
been generated. The 2-functionalized ISFET devices were then treated
with the mixtures (0.2 mL) for a time interval of 20 min. The resulting de-

Figure 3. A) Gate-to-source potential changes upon analyzing different
concentrations of TR by using the same ISFET device functionalized
with 1. Curve a) shows the potential changes as a result of oxidation of 1
by different concentrations of TR that yield the dopaquinone. Curve b)
shows the changes in the gate-to-source potential after treatment of the
dopaquinone-modified ISFET with ascorbic acid (1 mm) in phosphate
buffer (0.01m, pH 6.3). The results indicate the regeneration of the base
potential of the ISFET device prior to analysis of any of the TR concen-
trations. B) Gate-to-source potential changes upon analyzing different
concentrations of TR by using the 3-modified ISFET. Measurements
were performed in phosphate buffer (0.01m, pH 6.3).
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vices were immersed in a working cell composed of phosphate buffer
(0.8 mL, 10 mm, pH 6.3).

To follow the TR activity by using the 3-functionalized ISFET, the modi-
fied device was immersed in a working cell composed of phosphate
buffer (0.8 mL, 10 mm, pH 6.3) that contained TR (2 U), and the re-
sponse of the device was monitored for a time interval of 20 min. The
calibration curve for analyzing TR activity by using the 3-modified
ISFET devices was extracted by interacting the modified sensing devices
with different concentrations of TR in phosphate buffer (0.8 mL, 10 mm,
pH 6.3) for 20 min. The resulting devices were then treated with ascorbic
acid (1 mm) for 5 min to transform all of the dopaquinone that was gener-
ated to 1. The resulting gate was then immersed in a working cell com-
posed of phosphate buffer (0.8 mL, 10 mm, pH 6.3), and the potentiomet-
ric responses of the devices were monitored.

The analysis of TR activity by the 1-functionalized ISFET was achieved
by exposing the modified device to samples that contained different con-
centrations of TR outside of the working cell for 20 min. The resulting
device was immersed in a working cell composed of phosphate buffer
(0.8 mL, 10 mm, pH 6.3) and its potentiometric response was monitored.
To regenerate the 1-functionalized sensing ISFET device, the TR-treated
ISFET was then treated with ascorbic acid (1 mm) for 5 min. In all of the
ISFET devices, the potentiometric signal between the source of the
ISFET and the reference electrode was recorded by using a semiconduc-
tor parameter analyzer (HP 4155B). The parameter that was monitored
was the change in the gate-to-source voltage (Vgs), whereas the drain cur-
rent (Id) or the drain-to-source voltage (Vds) remained at a constant value
(Id=100 mA or Vds=1.5 V). All of the measurements were carried out
for 5 min at ambient temperatures without stirring to simulate the condi-
tions for possible future in vivo applications. Reproducibility of the meas-
urements was �2 mV in a number of experiments (n=3). The detection
limits were estimated according to IUPAC recommendations[12] as the in-
tercept of the two linear segments in the calibration curves.
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