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Abstract Since the early 70s electrochemistry has been used
as a powerful analytical technique for monitoring electroac-
tive species in living organisms. In particular, after extremely
rapid evolution of new micro and nanotechnology it has been
established as an invaluable technique ranging from experi-
ments in vivo to measurement of exocytosis during commu-
nication between cells under in vitro conditions. This review
highlights recent advances in the development of electro-
chemical sensors for selective sensing of one of the most
important neurotransmitters—dopamine. Dopamine is an
electroactive catecholamine neurotransmitter, abundant in
the mammalian central nervous system, affecting both cogni-
tive and behavioral functions of living organisms. We have
not attempted to cover a large time-span nor to be compre-
hensive in presenting the vast literature devoted to electro-
chemical dopamine sensing. Instead, we have focused on the
last five years, describing recent progress as well as showing
some problems and directions for future development.

Keywords Dopamine - Biosensors - Sensors -
In vivo detection - Implantable sensors

Introduction

Dopamine (DA), which belongs to the catecholamine family
of neurotransmitters, is crucially important in humans. It is
produced in adrenal glands and several areas of the brain,
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and is the most abundant of the catecholamines involved in
brain—body integration (Fig. 1).

Dopamine is formed by decarboxylation of DOPA and is
a precursor of two other neurotransmitters—adrenaline and
noradrenalin (Scheme 1).

Under physiological conditions in the nervous tissues and
body fluids, dopamine occurs in the form of large organic
cations.

As a potent neuromodulator, it affects many aspects of
brain circuitry, neuronal plasticity, and the organization and
control of stress responses; it is also of crucial importance in
the attention span, learning, and memory [1-4]. Dopamine
also affects the cardiovascular and renal systems [5—7] and a
variety of motivated behavior (e.g., perceiving rewards and
pleasure). Low levels or practically complete depletion of
dopamine in the central nervous system is implicated as a
major cause of several neurological diseases, for example
schizophrenia, Parkinson’s disease, and ADHD/ADD
[8—11]. In the neurotransmission process, dopamine acts as
an extrasynaptic messenger molecule via volume transmission
across the synaptic cleft to bind to extrasynaptic receptors (G
protein-coupled receptors) and transporters [12—16] (Fig. 2).
Because all drugs of abuse affect the dopaminergic pathways,
much study of addiction focuses on dopamine [17].

Given the wide range of physiological and pathophysio-
logical implications, the development of a sensor for precise
and selective measurement of dopamine (and/or its metabo-
lites) at the low levels characteristic of living system (26—
40 nmolL ™" [18, 19] and below) can make a great contribu-
tion to disease diagnosis.

Many recently published papers have been devoted to
detection of dopamine. Sampling and separation techniques
for cell or tissue homogenates (microdialysis, low-flow push—
pull perfusion) coupled to analytical techniques such as en-
zyme assays, liquid chromatography, mass spectrometry, cap-
illary electrophoresis, with optical or electrochemical
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detection (e.g., biosensors) are the main techniques used for
measurement of dopamine (and neurotransmitters in general).
However, the most straightforward, rapid, and cost-effective is
the use of electrochemical sensing techniques for detection of
electroactive neurotransmitters, including dopamine.

Recent developments in electrochemical sensors focus on
improvement of their sensitivity, selectivity, and biocompat-
ibility. Miniaturization of such sensors has also been attemp-
ted, with the objective of achieving better spatial and
temporal resolution, and effective multi-analyte detection.
It is beyond the scope of this brief review to cover all these
topics. The interested reader is referred to the paper by
Kennedy [20], and references cited therein. In this paper
we focus solely on amperometric sensors for dopamine.

The 2¢/2H" redox reactions of dopamine under physiolog-
ical conditions constitute the basis of electrochemical detec-
tion (e.g., amperometric, differential pulse voltammetry,
cyclic voltammetry) of this neurotransmitter. Currents gener-
ated in these reactions may be linearly dependent on the
concentration of the electroactive molecules in the extracellu-
lar medium, enabling quantification of these compounds.

o OH H
NH, NH, nn/c ?
HO, HO
NH,
— — —
OH OH OH OH
OH OH OH OH
DOPA Dopamine Noradrenaline Adrenaline

Scheme 1 Sequence of enzymatic reactions generating other catechol-
amines from L-DOPA
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Appropriate design of a sensor system should enable numer-
ous limitations of direct electrochemical detection of catechol-
amines to be overcome. Electrochemical methods have been
widely used for direct measurement for dopamine, with sev-
eral advantages, for example as rapid response with high
accuracy and relatively easy operation. However, early work
by Hubbard and coworkers revealed the effects of adsorption,
orientation of adsorbed molecules, concentration, supporting
electrolyte, etc., on the electrochemistry of dopamine [21, 22].
Other limitations include the relatively large oxidation poten-
tial of direct oxidative detection on the electrode and forma-
tion of phenoxy radicals with subsequent coupling and
formation of passivating polymeric film on the electrode
[23-25], consecutive reactions of dopaminoquinone (DOQ),
a product of electrochemical DA oxidation, resulting in ami-
nochrome formation and electrode passivation [26]. The other
problem which must be solved in the electrochemical detec-
tion of dopamine is the co-existence of many interfering
compounds in biological systems. Among these interfering
compounds, ascorbic acid (AA), epinephrine (EP), and uric
acid (UA) are particularly important because they can all be
oxidized at similar potentials resulting in overlap of voltam-
metric responses [27-29]. It is, therefore, important to develop
an electrochemical method for selective determination of do-
pamine with high sensitivity and a low detection limit (LOD).

In recent years, numerous attempts have been made to
develop such a method. Among these, different electrode
materials have been tested, including metal, carbon, and
boron-doped diamond electrodes [30, 31], and different elec-
trolytes, including ionic liquids [32]. Modified electrodes with
self assembled monolayers [33, 34], covalent modification
[31, 35], nanotubes, nanowires, nanoparticles [36—42], perm-
selective membranes [43], and conducting polymer films have
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been reported to have favorable effects on detection of DA in
the presence of AA, UA, or both AA and UA [38, 44-47].
Conducting polymers have several advantages in the sensor
preparation for DA detection. Some of these have pendant
groups (amine or carboxylic) which interact (e.g., electrostat-
ically) with the analyte or interferent molecules, which results
in better separation of the redox signals of DA, AA, and UA
[44, 46, 48, 49]. Another approach is to modify the electrode
surface for immobilization of enzymes (e.g., tyrosinase), se-
lective toward DA molecules [49-55].

Electrochemical sensors

Electrochemical sensors can be broadly divided in two
classes—biosensors and chemical sensors. According to
the TUPAC definition [56]: “the electrochemical biosen-
sor is a self-contained integrated device, which is ca-
pable of providing specific quantitative or semi
quantitative analytical information using a biological
recognition element (biochemical receptor) which is
retained in direct spatial contact with an electrochemi-
cal transduction element”. In the literature, however,
many authors use a wider definition of biosensors, fo-
cused not on the indispensability of a biological recog-
nition element but on the type of analyte. Throughout
this review, we will use the term “biosensor” according
to the IUPAC convention.

In contrast with biosensors, chemical sensors contain
non-biologically active elements, improving their sensi-
tivity and selectivity in analyte detection. In electro-
chemical sensors, modified electrodes are widely used
as sensing elements. These modified electrodes can be
formed on the basis of different inorganic or organic
materials characterized by good electrical conductivity
and catalytic properties.

Biosensors in dopamine detection

In recent years, much effort has been devoted to improving the
catalytic properties, sensitivity, and selectivity of electrochem-
ical sensors, either by application of nanoscale materials (nano-
particles, nanowires, nanotubes) [57—62] or by use of advanced
membrane materials (sol-gel composites, hydrogels, lipid
membranes) for biomolecule (enzyme) immobilization [63].
Many of the electrochemical biosensors tested for dopamine
detection utilize tyrosinase (Tyr), the enzyme also known as
polyphenol oxidase (PPO), as recognition element. Tyrosinase
is a multifunctional copper-containing oxidoreductase with two
types of catalytic activity in the presence of oxygen:

1. hydroxylation of monophenols to o-diphenols by creso-
lase activity; and

2. oxidation of diphenols to o-quinones by catecholase
activity [64, 65].

The resulting quinones can be further reduced electro-
chemically on the electrode without any mediator, reforming
the original o-diphenol. This reaction constitutes the basis of
amperometric detection at negative potentials and quantifi-
cation of phenolic compounds. By the same principle, do-
pamine, a catechol-like phenolic compound, can be detected
by amperometry with an electrode modified with tyrosinase.
Application of tyrosinase to electrochemical sensing of do-
pamine eliminates several problems connected with consec-
utive reactions of DA oxidation products resulting in the
formation of aminochrome [26]. Application of tyrosinase,
which is sensitive to some classes of reagent only, can also
reduce the problem of many interfering compounds in bio-
logical systems, for example ascorbic acid (AA), uric acid
(UA), and other neurotransmitters.

The crucial issue in the development of electrochemical
biosensors is immobilization of the enzyme on a conductive
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surface (electrochemical transducer). Some prerequisites
should be fulfilled by the enzyme after immobilization:

+ it must be efficiently immobilized on the surface, so loss
of enzyme does not occur during measurement;

e it must retain its biological activity;

* it should be compatible with and chemically inert to-
ward the host structure; and

+ it should be accessible to the analyte;

There are also requirements of the matrices used for
enzyme immobilization:

* the procedure for matrix formation should be simple,
reproducible, and inexpensive;

* the matrix should be chemically stable in the analytical
environment and inert to the enzyme and detected
analytes;

+ if the matrix works as a mediator in an electron-transfer
process, its properties should be reversible; and

+ the conductivity of the matrix should be high, especially
when used in an electrochemical biosensor.

The procedures used for immobilization of enzymes on
different substrates, and their advantages and disadvantages,
have been widely discussed in many reviews of nanoscale
materials [57, 58, 62] and conducting polymers [66—69]. A
review has been devoted to immobilization of laccase (Lac)
and tyrosinase (Tyr) on different substrates [70]. Data were
reported for application of biosensors to detection of phe-
nolic compounds; there were no data on dopamine detec-
tion, however.

Methods of enzyme immobilization can be divided into
two main groups—entrapment in the bulk of the matrix and
entrapment on the matrix surface. Entrapment in the bulk is
expected when the active layer of the biosensor is formed by
mixing the enzyme with the compound used for matrix
formation, e.g., carbon paste, or monomers for chemical or
electrochemical polymerization of polymers. When sensor
active layers are formed by the sol-gel or layer-by-layer
techniques, the bulk entrapment is, again, expected to be
dominant. Of course, some of the enzyme is also bonded to
the matrix surface, but most is trapped within the bulk. In
surface-entrapment processes, physical or chemical adsorp-
tion are used, or the enzymes are immobilized by covalent
bonding to appropriately functionalized matrices. The local-
ization and distribution of the enzyme within the matrix is
crucial and can determine the characteristics and perfor-
mance of the biosensor. For instance, diffusion of analyte
to enzyme trapped in the bulk of the matrix is limited;
physical adsorption, however, the weakness of the physical
interaction and the susceptibility of the binding energy to the
environment (pH, ionic strength, type of ions) can result in
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enzyme losses and instability during practical application. In
comparison, covalent linking of the enzyme to the matrix
seems to be the most effective means of immobilization and
formation of stable biosensors. However, when surface at-
tachment is used for biosensor formation, the main problem
is insufficient enzyme (a monolayer on a surface matrix)
resulting in reduced biosensor sensitivity. Another limitation
is proper orientation of covalently bound enzyme; this also
should be taken into account for biosensors based on the so-
called direct electron transfer (DET) mechanism. It is be-
yond the scope of this review to discuss this type of sensor,
which has already been thoroughly discussed in an excellent
review by Armstrong [71].

Many efforts have been made to improve the properties of
the active layer of biosensors, for example accessibility to
dopamine and loading capacity, by use of conducting porous
and mesoporous materials. Similarly, increased surface active
site density for enzyme immobilization can be achieved by
constructing the matrix with nano-scale materials, for example
metal or oxide nanoparticles, carbon nanowires , nanotubes,
etc. These not only increase the amount of enzyme attached to
the matrix but can also catalyze the enzymatic reaction, af-
fecting kinetic data, sensitivity, and response time of biosen-
sors. Such an approach has also been used for formation of Tyr
biosensors for dopamine detection [49-55, 72—78]. Informa-
tion about different types of matrix for tyrosinase immobili-
zation, type of entrapment, analytical data (sensitivity,
detection limit, linear range), and interferences are collected
in Table 1. All the experimental results presented in this table
were recalculated to present them in the same units for com-
parison purposes.

The best characteristics for dopamine biosensors were
obtained by Njagi et al. [55] and Wang et al. [78]. They
achieved a single-figure nanomole level detection limit for
dopamine. However, it is very difficult to compare the
results, because tyrosinase activity is very rarely determined
after its entrapment in the matrix (in the bulk or attached to
the surface). Also the enzyme loading is generally unknown
and uncontrolled. Such data are given in a few publications
only [55, 76, 77].

Response time is another important analytical property
describing Tyr biosensor performance [50, 51, 54, 55, 75,
76]. The lowest response time (<5 s) for DA detection has
been obtained with biosensors containing SWNT-PPy (sin-
gle-wall carbon nanotubes—polypyrrole) as matrix with ty-
rosinase covalently bound to nanotubes functionalized with
carboxyl groups [54]. The effect of matrix composition on
response time was tested by Njagi et al. [55]. They obtained
the lowest response times (<8 s) for biosensors with a
relatively complex matrix consisting of Tyr-Chit/CF and
Tyr/TiO,/CeO,/Chit/CF, where CF and Chit denote carbon
fiber and chitosan, respectively. Replacement of chitosan in
such a matrix by a sol-gel system resulted in a three or
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Table 1 Analytical characteristics for electrochemical detection of dopamine by use of different tyrosinase biosensors

Layer description (immobilization matrix) Interferents Linearity (molL™") Sensitivity Detection limit ~ Ref.
(mAmol 'L)  (molL ™)

C paste, b.entrp AA, DOPA, DOPAC 1.5x10°-2.5x107* 6.3 1.5x10 73 [72]
Polyacrylamide gel, b.entrp Without AA 5x107°-1x107* 5%107° [73]

AA 3x1078-1x107¢ 3x1078
Polypyrrole modified, b.entrp AA 5x10 %-8x107° 59 5x10°8 [74]
Poly(vinyl alcohol) ferrocene-Pd-sol-gel, b.entrp 0.125 5x107° [75]
Polythiophene, b.entrp Upto2x107* 133 1x1077 [76]
Biocomposite gel (agar, guar gum), b.entrp 2x107°%-1x107° 9x1077 [77]
Amine-terminated BDD, surf., cov. bond. AA 5%x10 %~ 1.2x107* 68.6 [50]
MWNT/Nafion, b. surf. entrp 5x10°2.3x107° 12 52x1077 [51]
Eggshell membrane, GA, surf., phys. ads 5x1077-2.5x107* 2.5x1076 [52]
Chit/GC AA 9.7 1.9x107° [53]
Ti0,/Ce0,/Chit/GC, b. surf. entrp 14.9 2.4x1078
SWNT/Ppy, surf cov. bond AA 5x10%-5%x10°° 467 5%x10°¢ [54]
Fe;04/Chit, b. surf. entrp AA 2x10 8-7.5%107° 46 6x107° [78]
Ti0,/CeO,/Chit/CF AA JUA, DOPA, DOPAC, 1x108%2.2x10* 142 1.1x107° [55]
Chit/CF SE, EP, NorEP 5x107%-1.2x107* 7.3 1.4x1077
TiO,/CeO,/sol-gel/CF 1x1077-1.8x107* 334 4x10°8
sol-gel/CF 2x107-2.6x107* 6.4 8x10°®
PIn5COOH surf. cov. bond AA <1x10 *molL"! 5%x10 72x107° 2,200 1x1077 [49]

UA <1x10 *molL™" 6,200

AA/UA 12.5 1,290

b.entrp., entrapment of tyrosinase in matrix; surf. entrp., entrapment of tyrosinase on matrix surface; surf., cov. bond, entrapment of tyrosinase on
surface, covalent bonding; surf., phys. ads, entrapment of tyrosinase on surface, physical adsorption; Chit, chitosan; CF, carbon fiber; PIn5SCOOH,
poly(indolo-5-carboxylic acid); SWNT, single walled carbon nanotube; MWNT, multi walled carbon nanotube; BDD, boron-doped diamond; GC,
glassy carbon; GA, glutaraldehyde; AA, ascorbic acid; UA, uric acid; DOPA, 3,4-dihydroxy-L-phenylalanine; DOPAC, dihydroxyphenylacetic

acid; SE, serotonin; EP, epinephrine; NorEP, norepinephrine

fourfold increase of response time. This was ascribed to the
diffusion barrier imposed by this matrix.
The important features for practical use of biosensors are:

1. sensor stability;
2. reproducibility of sensor readout, and
3. life-time.

These properties depend very much on biosensor con-
struction and its working environment (pH, ions, interfer-
ents, inhibitors). The reproducibility, determined in several
cases [54, 55, 78], has been found to be in the range 2.2—
2.5 %. The stability varied from a week to a few months [52,
55, 75, 77, 78]. The biosensors usually retained approxi-
mately 90-95 % of their original response after one week
under the same experimental conditions. In the long-term
the stability gradually decreased to 70 % or less. The best
results were obtained by Pandey et al. [75]. They found their
biosensor was stable over three months, retaining 95 %
reproducibility when stored at 4 °C. However, the procedure
used to evaluate stability was not described precisely. The
most complex measurements of stability and reproducibility

were made by Njagi et al. [55] for tyrosinase biosensors
containing mixed oxides (TiO,, CeQO,). It was shown that
the presence of oxides improved biosensor stability; this can
be attributed to strong adsorption of the enzyme on the
metal oxides.

For practical purposes dopamine biosensors should be
tested using real biological systems, and several papers
report testing of Tyr biosensors in real biological (in vivo)
measurements [55, 74, 77]. In another strategy, detection of
dopamine was performed in the presence of different inter-
ferents, usually ascorbic acid (AA) [49, 50, 53-55, 72, 73]
but also uric acid [49, 55], L-DOPA, DOPAC [55, 72], and
even the presence of another catecholamines—serotonin
(SE), norepinephrine (NorEP), and epinephrine (EP) [55].
It is generally accepted that Tyr biosensors can be used for
selective detection of dopamine in the presence of AA, UA,
and SE.

As already mentioned, in practical use all of the proper-
ties of dopamine biosensors discussed above are very im-
portant. However, to understand the mechanism of the
response of the biosensor, why interferents affects its ana-
lytical performance, analytical performance, for example

@ Springer



3758

K. Jackowska, P. Krysinski

detection limit and sensitivity (assuming similar values of
enzyme activity and loading) depend substantially on the
type of matrix and on immobilization procedures, one
should also determine physicochemical data for the enzyme,
namely the values of Ky, Viax, and k.. These data are
crucial for proper characterization of enzymatic reactions.
Ky, the so-called Michaelis-Menten constant is defined as
the substrate concentration with which half of the maximum
reaction rate is achieved, or half of the active enzyme sites
are filled. V.« 1s the maximum rate of the enzymatic
reaction (maximum turnover rate), and k., reflects the turn-
over number of the enzyme, i.e. the number of molecules of
substrate converted to product per unit time when the en-
zyme is working at its maximum efficiency.

A popular definition of Ky, (but only valid when there is
a appropriate relationship between rate constants—#k>k,
for the enzymatic reaction, where &, and k, are the reaction
rate constants for complex formation and dissociation, re-
spectively) is that it is a measure of the strength of enzyme—
substrate [ES] complexes or a measure of the affinity of
formation of such complexes. There are many publications
on different biosensors, and on detection of different sub-
strates (analytes); surprisingly enough, however, kinetic da-
ta for such sensors are very limited. Values of Ky, Vinax
(or I hay), with the active layer and type of Tyr entrapment in
biosensors for dopamine detection are listed in Table 2. The
values of Ky; and V.« for dopamine in solution containing
tyrosinase were determined spectrophotometrically. They
are 2.0x10 *molL ™" and 5.2x10 °molL "min"", respec-
tively [77]. By comparing this Ky, value with those obtained
for immobilized tyrosinase one can conclude that entrap-
ment of Tyr in carbon paste has not affected the catalytic
step of the reaction. The higher Ky, values obtained for
chitosan, from eggshell membranes, results from some dif-
fusion limitation for dopamine. The lowest value of Ky, was
obtained for the enzyme covalently bound to the carboxyl
groups of the polymer. However, for proper characterization
of biosensors we must know not only kinetic data but also
the enzyme load and its activity after immobilization. Un-
fortunately, such complex investigations have not been con-
ducted. There is also no specific information about the effect
of interferents, for example AA and UA, on kinetic data for
the enzymatic reaction.

Chemical sensors in dopamine detection

As remarked above, biosensors based on the enzyme tyros-
inase have been successfully used for selective determina-
tion of dopamine in the presence of ascorbic and uric acids
in a biological environment. The main problem in the prac-
tical application of such biosensors is their poor long-term
stability and reproducibility. One strategy used to overcome
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problems with DA detection is the development chemical
sensors, usually chemically modified electrodes. In the last
decade many of different materials have been tested to
improve catalytic affinity, to enlarge the reaction space,
and to eliminate the effect of interferents. A huge amount
of research has resulted in more than hundred publications
in the last three years. In 2010, Compton et al. [79] reviewed
the literature on amperometric detection of DA in the pres-
ence of interferents, for example AA, UA, and serotonin .
They provided a brief description of modifying layers: pol-
ymers, carbon nanotubes, and other types of surface modi-
fication. In this section we focus on some new materials
used for electrode modification, for example graphene
[80-90], ionic liquids [91-98], and nanoparticles [99-119].
We mostly discuss articles published within the last three
years. The linear range of DA detection, sensitivity, detec-
tion limit, and short descriptions of electrode composition
are presented in Tables 3—6.

Graphene

Data for selective determination of DA by use of electrodes
modified with graphene (GR) are listed in Table 3 [81-89].
An excellent, short review on the applications of graphene
for electrochemical sensing and biosensing was recently
published by Pumera et al. [80]. Graphene is a very prom-
ising material for electrochemical applications because of its
very large electrical conductivity, large surface area, and
relatively low cost of preparation. Electrodes can be modi-
fied with graphene suspension [81], powder [87], and gra-
phene composites [86]. Graphene sheets [88] can also be
used as electrodes. Use of reduced graphene oxide (rGO) for
DA detection has recently been studied [82—-86, 88]. It is
accepted that the reduced GO enhanced the electrochemical
response as a result of the presence of oxygen-containing
groups on the reduced GO surface [80]. In many articles the
rGO is also called reduced graphene (rGR), but this is not
correct. The DA sensors with the best detection limit (1—
10 nmolL™") and linear range were obtained by use of
electrodes modified with graphene prepared by GO reduc-
tion [82—86, 88]. It is difficult to compare the results be-
cause of lack of information about the surface properties of
he graphene-modified electrodes. Some FTIR and Raman
spectra can be found for graphene electrodes modified with
organic compounds [82, 84, 88], and XRD and TEM have
been used for their characterization [89]. There are no ki-
netic data for DA oxidation. The stability and reproducibil-
ity of electrodes modified with quercetin (Qu)/GR [82] and
PPy/GR [84] have been investigated. The relative standard
deviation was found to be lower than 2 % [82] or 3 % [84]
and stability was approximately two months for Qu/GR.
Graphene-based electrodes have been used to monitor DA
in biological samples, for example rat striatum [82], mouse
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Table 2 Kinetic data for tyrosi-
nase biosensors for dopamine

Layer description (immobilization) Ky (molL™h) Vinax OF Lnax Ref.
C paste, b.entrp 1.1-2.3x107* 0.342 pA [72]
Biocomposite gel (agar, guar gum), b.entrp 5x107° - [77]
MWNT/Nafion, b, surf. entrp 6x107° - [51]
Chitosan, b. surf. entrp, TiO»/CeO,/Chit/GC,  7.99x10™* - [53]
b. surf. entrp
Eggshell membrane, GA, surf, phys. ads 6.7x107* 0.08 mmolL 'min”"  [52]
PInSCOOH surf. attach, cov. bond 1.2x10°° 5.5 pAcm 2 [49]
1.33x10°¢ 16.5 pAcm™

The abbreviations are explained
in the footnote to Table 1

(AA, UA>100 pmolL ™)

hippocampus tissues [83], and human serum and human
urine [84, 85].They have also been used for simultaneous
determination of DA, AA, and UA [90].

Ionic liquid composite electrodes

Wai and Ivaska [96] recently reviewed the applications of
ionic liquids (IL) in electrochemical sensors. The ionic
liquids have unique properties—they are salts with melting
points near room temperature, they have a high ionic con-
ductivity and large electrochemical windows, and can ac-
celerate electron transfer in several reactions. Different ionic
liquids have been used to form composite IL electrodes—
OPPF¢—N-octylpyridium hexafluorophosphate [91, 92],
BMIMPF4—1-butyl-3-methlimidazoliumhexafluorophos-
phate [93, 95], and PMIMCH;COO-1-(3-chlorine-2-
hydroxypropyl)-3-methylimidazolium acetate [94]. The
worst detection limit (LOD) was obtained for carbon paste
containing PMIMCH;COO [94]. The low LOD of this
electrode could, however, result not only from the type of
IL but also from application of Ni/Al hydroxide layers. The
kinetic data for the sensor developed in this work, for
example the electron-transfer rate constant, k., and the

charge transfer coefficient, o, were 1.66 s ' and 0.43, re-
spectively. These data are somewhat lower than those
obtained for functionalized ordered mesoporous carbon/ion-
ic liquid gel/glassy carbon (f~OMC/ILgel/GC) electrodes
[95], for which the detection limit was 4.1x10 “molL ",
ks=2.5 sfl, and «=0.55. For the f-OMC/GC electrode, but
without IL, these authors obtained the lower value of k=
0.97 s, indicating that the presence of IL facilitates elec-
tron transfer between dopamine and the electrode surface
[95]. The stability and reproducibility of such electrodes
modified with IL were also examined. The RSD was in
the range 1.5-3 % [91, 92, 94] and stability was ca 1 month
for the Ni/Al-layered double hydroxide/carbon ionic liquid
electrode (Ni/Al-LDH/CILE, ca 10 % response decrease).
The molecular sieve/carbon ionic liquid electrode (MS/
CILE) was used for monitoring DA levels in human serum
[91]. Analytical data for electrodes containing ionic liquids
(IL) are listed in Table 4.

Metal and semiconductor nanoparticles

Substantial growth of applications of metal and semiconduc-
tor nanoparticles for electroanalysis has recently been

Table 3 Analytical data for electrooxidation of dopamine at graphene-modified electrodes

Electrode Method Interferents Linearity Sensitivity Detection limit Ref.
(molL™) (mAmol 'L) (molL™)
PPy/GR/GC cv AA 5x107-1x107° 94 1x1077 [81]
Qu/GR/GC DPV AA, UA, others 3x10 %4x107* - 1x107° [82]
GR/CFE cv AA, UA 1x1078-1x107* - 1x107% [83]
PPy/rGO/GC DPV AA, UA 1x107-1.5%x107* - 23x107 [84]
TCPP/GR/GC DPV AA, UA 1x107-1x107° - 22x107° [85]
EDTA/GR/Nafion/GC silanized DPV AA 2x107-2.5%10°¢ - 1x10°® [86]
GR/GC DPV AA 4x1075-1x107* - 2.64x107° [87]
8-CD/GR/GC sheet cv AA 9x107°-1.3x107° - 5x107° [88]
GR-Chit/GC Ccv AA, UA 5x10°%2x10* - - [89]

GR, graphene; rGO, reduced graphene oxide; GC, glassy carbon; CF, carbon fiber; PPy, polypyrrole; 3-CD, 3-cyclodextrin; Chit, chitosan; Qu,

quercetin; TCPP, meso-tetra(4-N,N,N,N-trimethlanilinium)porphyrin
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Table 4 Analytical data for electrooxidation of dopamine on ionic liquid-modified electrodes

Electrode Method Interferents Linearity (mol L") Detection limit (mol L") Ref.
MS/CILE SWV AA 5%x10 %-8x107* 1x10°® [91]
Pglycine/CILE SWV AA 1x107-3x107* 5x107° [92]
SCP/CILE SWV AA to 1x107* 2.6x1077 [93]
Ni/Al-LDH/CILE cv AA, UA, others 1x107°-1.1x1073 5x10° [94]
f-OMC/ILgel/GC DPV AA, UA 1x107-5x107* 4.1x107° [95]

MS, molecular sieve; CILE, carbon ionic liquid electrode; Pglycine, polyglycine; SCP, screen printing; Ni/Al-LDH, Ni/Al, layered double
hydroxide; f-OMC/ILgel, functionalized ordered mesoporous carbon/ionic liquid gel

observed [62, 118, 119]. These nanoparticles perform several
important functions, including an increase of the sensing
surface and facilitation of electron transfer. They also facilitate
electrical contact between the redox center of a biomolecule
and the electrode surface. They can also be modified further.
Analytical data obtained from use of electrodes modified with
nanoparticles to detect DA in the presence of AA and UA are
listed in Table 5. Data for simultaneous determination of DA,
AA, and UA are listed in Table 6

Comparing of detection limits showed the best result for
selective determination of DA in the presence of AA was
obtained by use of a sensor containing conducting polymer
(PEDOT) and inorganic Cu crystals of appropriate size [110].
It was demonstrated that optimization of the thickness of
PEDOT, surface coverage of PEDOT by Cu nanocrystals,
and their diameter, resulted in a sensor operating in the nano-
molar concentration range. This high sensitivity was related to

formation of a Cu(Il)-o-quinolate complex and its promotion
of subsequent DA oxidation [110]. There is insufficient data
describing the properties of the surface of electrodes modified
with nano-scale materials and used for DA monitoring. Some
information on surface coverage, morphology, and loading
can be found for PNPy/Pd(nanoclusters) [112] and Au(nano-
particles)/PANI [111] composites. We were impressed by the
publication describing an electrode with methylene blue
adsorbed on a phosphorylated zirconia—silica (MB)SZP for
which surface properties and electrode composition, for ex-
ample amount of zirconia, phosphorus content, surface area,
the type of surface bond, were determined [116]. Analytical
data for electrodes used for simultaneous determination of DA
and other analytes show the best results for simultaneous
determination of DA and UA were obtained by use of an
electrode modified with polypyrrole and Cu nanoparticles,
CuNP/Ppy [113]; for detection of DA in the presence of AA,

Table 5 Analytical data for electrooxidation of dopamine on modified electrode with different nano-scale materials (selective detection of

dopamine)
Electrode Method Interferents Linearity (molL™") Sensitivity Detection limit Ref.
(mAmol'L)  (molL™")
CD-MWCNT Plw/AuNP/GC ~ DPV AA, UA, other 1x107%-5x107° - 1.9x1077 [99]
Pt-DEN/GC FIA UA - - 19 ppb [100]
AuNP UV-visible ~ AA, DOPA, other 54x107-54x107° - 3.6x1077 [101]
Au/Pt/Pd/TiO,NT/Ti DPV AA, UA 5%x10°83x107° - 3x10°® [102]
AuNP/TiO,NT/Ti 6% 5x1074-2.5%1073 - - [103]
DHBPD/TiO,NP/CP DPV 8x1078-2x107° - 3.14x1078 [104]
CNP/f-silicate particles/ITO DPV AA, UA, NADH, other 3x1077-1.8x107° - 3.6x1077 [105]
Au nanostructured DPV AA 1x107°-1x107* 139 5x107° [106]
a) CuONP/CP DPV AA 3x1077 - 1.8x1077 [107]
b) CuONP/CP 2x107° - 55x10°®
nanoZnO/GC DPV AA 1.1x1077-8x107* - 6x10°% [108]
Fe,05-SWCNT/PGE SWV AA 3.2x10%-3.1x107° - 3.7x1077 [109]
Cu(CR)-PEDOT/Pt DPV AA 12x107%-6.9x107® 9,000 4x107° [110]
3x1077-2x10°° 313

[3-CD, B-cyclodextriny MWCNT, multi-walled carbon nanotubes; SWCNT, single-walled carbon nanotubes; Plu, poly(luminal); NP, nanoparticles;
NT, nanotubes; DEN, dendrimers; f, functionalized; CP, carbon paste; PGE, pyrolytic graphite electrode; DHBPD, N,N-(2,3-dixydroxybenzyli-
dine)-1,4-phenylenediamine; CR, crystals; PEDOT, poly(3,4-ethylenedioxythiophene); a) rod-shaped CuO nanoparticles; b) flake-shaped CuO

nanoparticles
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Table 6 Analytical data for
electrooxidation of dopamine on Electrode Method Compound Linearity (molL™")  Sensitivity Detection limit Ref.
electrodes modified with nano- (mAmorl L) (mOILil)
scale materials (simultaneous
detection) Chit/GR/GC DPV DA 1x10°-2.4x107° [90]
UA 2x107°4.5x107°
AA 5%x107°-1.2x107
MWNT/IL/GC DPV DA 1x107-1.2x107° 6x107°  [97]
SE 2x1078-7x107° 8x107°
CILE/CP DPV DA 2x107°-1.5x1073 1x10°  [98]
UA 2x107%-2.2x107* 1x107°
AA 5x107°-7.4x107 2x107°
AuNP-PANI/GC DPV DA 7x10°-1.4x107* 3x107°  [111]
UA 2.9x107°-7.2x107* 2x107°
PANC/PMPy/Pt DPV DA 1x107-1x107° 710 12x107%  [112]
UA 5x1077-2x107° 280 2.7x107"
AA 5x107°-1x107° 5.6 7x10°°
CuNP/PPy/GC DPV DA 1x107°-1x107" 8.5x107'°  [113]
Chit. chi GR. aranh UA 110 °-1x10°3 8x10°"
t 1 ; 5
P, b o CNE eabon HBNBH/TIO,NP/CP SWV DA 8x107°-1.4x107° 43.9 84x107  [114]
: Lo UA 1x1046x10% 42
nanofibers; MWNT, multi-
walled carbon nano tubes; IL, PANC/PFu/Pt DPV DA 5x107-1x107*  478.4 4.82x10°%  [115]
ionic liquid; CILE, carbon ionic AA 5x10°-1x107°  21.3 7.13x10°°
liquid electrode; NP, nano par- ACOP 5x107=1x107%  263.7 7.64%x10°8
ticles; NC, nanoclusters; (MB)SZP/C DPV DA 6x107-1x10 17310 [116]
HBNBH, 2,2'-[1,7-hepthandiyl- -5 —4 -6
o - X UA 2.2x107°-3.5x10 3.7x10
bis(nitriloethylidine))-bis-hydro- 4 5 6
quinone; PANI, polyaniline; AA 1310 7-1.6x10 8.3x10
Ppy, polypyrrole; PMPy, poly PANP/CNEF/C DPV DA 5%x1077-1.6x107* 2x1077  [117]
(N-methylpyrrole); Pfu, poly- UA 2x107%2x107* 7x1077
furan; MB, methylene blue; SZP, AA 5%x105-4x1073 1.5%107°

silica/zirkonia/phosphate

and UA the best results were obtained by use of electrodes
containing poly(N-methylpyrrole) and Pd clusters [112]. In-
teresting results were also obtained for simultaneous detection
of DA, UA, and AC on a PANP/PFu/Pt electrode [115]. It is,
however, very difficult to compare results obtained with nano-
particles and clusters because the amount used is usually
uncontrolled and, therefore, unknown. There are also insuffi-
cient data to enable comparison of kinetic data, for example
electron-transfer rate constant for DA electrooxidation. Some
data are given for nanoparticles of CuO/CP and Fe,Os-
SWCNT/PGE electrodes [107, 109], and it was pointed out
that particle shape (CuO) and electrode composition (Fe,Os-
SWCNT) affect & values. What can be compared for NP-
modified electrodes, however, is separation of anodic peaks
for the AA—-DA and DA—UA pairs. The best separation results
were obtained by use of Pd nanoparticle-modified electrodes
—PdNP/CNF (0.244 V, 0.148 V) and PANC/PMPy/Pt
(0.205 V, 0.201 V) [112, 117]. The reproducibility and stabil-
ity of such electrodes has also been monitored by several
workers. RSD, when determined, was found to be in the range
2-5 %. The electrodes retained 90-92 % of their initial re-
sponse after storage for 7-14 days [99, 105, 112, 113]. The
electrodes were tested with real biological samples (human

urine or human serum) [102, 112, 113, 117] and with phar-
macological dopamine injections [99, 104, 108, 109, 114].
Taking all these data into account it is clearly apparent

that the best results for selective, simultaneous determina-
tion of DA can be obtained by use of electrodes modified
with conducting polymers and nanoclusters, and/or nano-
particles of selected metals (Pd, Cu). However, the proper-
ties of the surface active layer should be optimized. In our
opinion, there is no need to prepare sophisticated compo-
sites or materials that are not carefully chosen and properly
characterized; such an approach will not improve sensor
performance and is more expensive.

Finally, comparison of biosensors with chemical sensors
reveals it is possible to obtain comparable detection limits.
However, the advantage of chemical sensors is the possibil-
ity of simultaneous detection of DA, AA, and UA. Most
result also show that the long-term stability of chemical
sensors is higher than that of biosensors. However, their
stability also decreases over longer time periods, most prob-
ably as a result of adsorption of oxidation products, formed
during successive measurements, on the electrode surface.
Investigation of surface properties after such measurements
has not been conducted.
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In-vivo and in-vitro sensing—miniaturization

Use of the sensors and biosensors described above for real time
in vivo and/or in vitro monitoring of clinically relevant physio-
logical analytes, for example dopamine and other neurotrans-
mitters has, with few exceptions, been restricted to laboratory
use. This is primarily because they suffer from poor selectivity
and sensitivity when used in a biological or biomimicking
environment. Other factors that restrict their application include:

1. most of the sensors developed in laboratories on the
bench are too large to be used for implantation because
of extensive tissue or cell damage; the same restriction
applies to in-vitro extracellular measurements;
bio-incompatibility of materials used in their development;
long term stability;

frequent fouling compromising their sensitivity; and/or
concern about selectivity to the analyte of interest.

vk

Recent developments in nano and microtechnology have
enabled the manufacture of electrochemical sensors
(electrodes) in the range 1-30 pum in diameter. These are now
available with different geometry (disc, rod, band, etc.) and
materials (C, Au, Pt, Ag) [120, 121] and are expected to take
full advantage of the results described in the previous sections
of this brief review. With use of appropriate electrochemical
techniques (e.g., fast scan cyclic voltammetry, FSCV), micro-
electrochemistry has enabled the real-time, in-vivo and/or in-
vitro measurements with high spatial and temporal resolution
of fluctuations of the neurotransmitter concentration because of
its transient release and uptake by living cells. The advantages
of miniaturized electrodes (whether implantable or not) for
electrochemical sensing of redox neurotransmitters, for exam-
ple dopamine, can be briefly summarized as follows:

1. they have improved signal-to-noise ratios, because ana-
lytical Faraday currents are substantially increased by
the higher rates of mass transfer of hemispherical diffu-
sion of the electroactive compounds;

2. their response times are much faster because of the
small double-layer capacitance charging currents and
time constants, resulting in the capability of high tem-
poral resolution of neurotransmitter fluctuations; and

3. the so-called iR drop is of less concern because the total
analytical currents measured by such electrodes are much
smaller than those measured with typical large-scale
electrodes.

Nevertheless, for such a small dimensions, the major
issue, relatively easily resolved for laboratory bench sen-
sors, is the design and fabrication of the sensor—solution
interface and its effect on sensitivity and selectivity toward
the target dopamine and interfering agents.

@ Springer

Relatively few papers have addressed design of the sensor—
solution interface for miniaturized implantable electrodes;
most research has focused on development of the electro-
chemical methods. However, for clarity it is necessary to state
that not all state-of-the-art electrochemical techniques, for
example scanning electrochemical microscopy, SECM, can
be applied to in-vivo measurements for awake, moving ani-
mals, for obvious “geometric” reasons. Until now SECM has
been restricted to cell cultures or (at most) to small anaesthe-
tized animals [122, 147]. Nevertheless, use of micro or ultra-
microelectrodes (UMEs) and microfabricated electrode arrays
(MEAs) is not restricted by any particular electrochemical
technique and can be used both in vivo and in vitro. Here,
we will summarize the state-of-the-art of electrochemical
methods used for in-vivo detection of dopamine, mostly for
awake, mobile animals. This will be followed by an overview
of surface modification of implantable electrodes to improve
biocompatibility and selectivity for dopamine, with the provi-
so that although such modifications can be effective at reduc-
ing interferences, they may also reduce the efficiency of the
electron transfer kinetics, reducing sensor sensitivity.

Electrochemical techniques for detection of dopamine
with implantable electrodes

Since the early work of Adams and colleagues [123, 124]
which introduced electrochemistry to the neurosciences, nu-
merous electrochemical techniques and electrode materials
have been used to identify and resolve catecholamines. In direct
electrochemical detection of in vivo and in vitro dopamine,
potentiostats with a three or two-electrode configurations have
been used. The two-electrode configuration, consisting of a
working electrode (microelectrode or UME) and a reference
electrode, is usually preferred, because the measured currents
are sufficiently small to preclude polarization of the reference
electrode at ca 150 mmolL ™" chloride concentrations in phys-
iological electrolytes. The reference electrode is typically a
micrometer diameter silver wire coated with a silver chloride
layer, positioned next to the working electrode. The techniques
most commonly used for direct detection of dopamine (or other
electroactive neurotransmitters) are constant-potential amper-
ometry (DC amperometry), differential-pulse voltammetry
(DPV), and fast-scan cyclic voltammetry (FSCV), the last
being a so-called “dynamic” technique.

In DC amperometry, a constant potential is applied which
is sufficient to oxidize dopamine (or reduce dopaquinone)
and the current, related to the amount of dopamine by Fara-
day’s law, is recorded as a function of time. With current
sampling rates in the kHz range, this technique can resolve
signals on time scales below milliseconds. This technique
has been successfully used for studies of catecholamine
concentrations in the brain and in brain slices [125, 126],
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exocytosis of the small synaptic vesicles [127], neuroblas-
toma, and other cells [128, 129]; it has the best temporal
resolution because of sampling rates down to 1 ms. How-
ever, the disadvantage of DC amperometry is that it is
essentially nonselective, because all electroactive com-
pounds that oxidize (or reduce) at the applied potential will
produce a faradaic response at the electrode. Moreover,
much amplification is required so the technique is suscepti-
ble to noise artifacts arising as a result of animal movement.
In a variant of DC amperometry, chronoamperometry, the
potential is stepped from its initial value, where no redox
reaction occurs, toward a potential at which an oxidation or
reduction of the analyte molecules proceeds. Then, after a
given holding time, the potential is stepped back to its initial
value. This variant has been applied to real-time measure-
ment of dopamine concentrations in the cerebral fluid of the
brain [130, 131]. Yet again, it suffers from limited chemical
selectivity. Nevertheless, both techniques can be successful-
ly used to measure dopamine dynamics evoked by an elec-
tric stimulus (for example deep-brain stimulus, DBS) [132]
or reward-induced firing of dopaminergic neurons [133].

Differential pulse voltammetry (DPV) is more sensitive and
selective. It uses square potential pulses of constant height
superimposed over a linearly increasing potential from the initial
to a final value. The potential pulse of constant frequency is
typically ca 25 mV. Response currents are sampled before the
potential pulse and at the end of the potential pulse. The differ-
ence between these current responses is plotted against the
potential of the linear ramp. Because DPV is a differential
technique, the response is a current peak of amplitude propor-
tional to analyte (dopamine) concentration and its position
shows the half-wave potential (for reversible systems). By ex-
cluding the first few milliseconds of each pulse (usually lasting
tens of milliseconds), the effect of the capacitative current arising
as a result of charging and/or discharging of the electrical double
layer at the electrode interface is typically minimized. Although
differential pulse voltammetry is more sensitive than the previ-
ous techniques [133—135], it has limited time resolution, be-
cause one full scan can take longer than seconds.

Finally, perhaps the most frequently used technique for in
vivo detection of neurotransmitter trafficking is fast-scan cyclic
voltammetry (FSCV). This technique provides high temporal
resolution without compromising very good selectivity. Since
its early application by Whitman’s group [136, 137], this
technique has proved effective for multi-analyte detection of
catecholamines with chemical selectivity [2]. In FSCV, the
voltage applied to the microelectrode is rapidly cycled in a
triangular fashion at a rate higher than 100 Vs™'. The limits of
the triangular wave are chosen so that oxidation and reduction
of, e.g., dopamine, lic within this potential window and the
current (both faradaic and capacitive) resulting from the pro-
cess is monitored. FSCV is usually performed with bare elec-
trodes, for which rates of electron transfer are much faster than

for modified electrodes. When used with appropriate ultra-
microelectrodes (UMEs), FSCV can provide high spatial res-
olution [2, 138] and time resolution. This fast scanning limits
diffusion distance to the electrode and minimizes electrode
fouling [20, 139, 140]. To eliminate the capacitive contribution
that scales linearly with the scan rate (high-frequency cycling),
careful and precise background subtraction is necessary to
eliminate the signal from capacitance build-up at the electrode
interface [139]. This is usually achieved by analog background
subtraction, use of the Hilbert transform, or by principal-
components analysis; it is beyond the scope of this work to
analyze the advantages and drawbacks of each method. The
interested reader is referred to Refs. [20, 139, 140] and refer-
ences cited therein for more detailed description.

The experimental techniques and approach used for in-vivo
experiments with awake Japanese monkeys (Macaca fuscata)
during cue—reward trials are summarized in Figs. 3 and 4 [133].

Lee et al. recently introduced pair—pulse voltammetry (PPV)
in which a selected binary waveform with a defined time lapse
is applied to an electrode which is held at a negative potential
between each of two pulses [141]. This enables recording of
two simultaneous, yet different, voltammograms, and enables
discrimination of analytes on the basis of their adsorption
behavior on the electrode [141]. More detailed information
about electrochemical techniques as bioanalytical tools for in-
vivo and in-vitro experiments can be found in several excellent
recent reviews [142—148]. Here we briefly summarize the three
techniques most commonly used for monitoring catechol-
amines in vivo by use of implanted (ultra)microelectrodes.

Electrode materials, surface functionalization and coatings

Electrode materials and the components of electrodes are
selected carefully to improve sensor sensitivity, selectivity,
reproducibility, robustness, and long-term stability and/or
resistance to fouling in the biological environment. As al-
ready stated, a variety of noble metals have been used for
microelectrode fabrication, because of the relative ease
preparation and subsequent modifications, yet most research
on dopamine release and uptake in vivo cited in this review
relies on fiber microelectrodes fabricated from carbon, be-
cause of the apparent biocompatibility of this material.
However, irrespective of electrode material, relatively few
papers address the design of the sensor—solution interface
for miniaturized implantable electrodes. Below we discuss
some recent approaches to this problem.

Carbon and carbon-derived ultramicroelectrodes
Carbon fiber (CF) microelectrodes are the basis of a vast

amount of experimental work in neuroscience. Electrochem-
ical characterization of dopamine oxidation on these
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Fig. 3 Applied waveforms and current recordings for fast-scan cyclic
voltammetry (FSCV; top row), square-wave differential pulse voltam-
metry (SW; middle row), and constant-potential amperometry (bottom
row). The lefi column shows the potential applied to the Ag/AgCl
reference electrode. The middle column shows the actual current

electrodes has been well described and optimized [2, 140,
146]. These microelectrodes have been shown to be relatively
unsusceptible to fouling by products of dopamine electroox-
idation and much superior to other types of material for in-
vivo electrochemical experiments [120]. It has been suggested
that electrochemical detection of dopamine and other cationic
neurotransmitters depends on their adsorption by the CF mi-
croelectrode. Therefore, to improve sensitivity and selectivity,

@ Springer

measured for each waveform at the carbon fiber. For square-wave,
only one pulse is indicated. The right column shows the current
measured at the diamond microelectrode. Typical recorded currents
in PBS (black) and in high (10 and 100 nmolL ") concentrations of
dopamine (green). (Adapted, with permission, from Ref. [133])

carbon fiber microelectrodes have undergone many treat-
ments, for example overoxidation to develop the surface area
and/or to control the surface chemistry [149—152]. Other
approaches include modification of CF electrodes with carbon
nanotubes, either adsorbed [152, 153] or self-assembled on
the surface of a functionalized microelectrode [154]. Also, by
use of appropriate surface polar functional groups to modify
the CNTs used on CNT-modified carbon-based electrodes, the
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Fig. 4 Experimental methods. (a) Side view of the tips of the carbon
fiber (Cf) and diamond microelectrode (BDD). Scale bar=500 pm. (b)
Scanning electron microgram of the tip of the diamond microelectrode.
(¢) Circuit of potentiostat. (d) Electrode positions for recordings in

electron-transfer kinetics have been adjusted to enhance the
sensitivity to cationic neurotransmitters (dopamine and sero-
tonin). However, an unexpected result was obtained for neg-
atively charged CNTs (carboxyl groups)—an equivalent
signal increase for negatively charged ascorbic acid, a well
known interferent, was also observed, suggesting that for this
particular molecule, electrostatic interactions are of secondary
importance [152]. A procedure for renewing the surface of a
carbon microelectrode, by regenerating its electrochemically
active surface while simultaneously reducing or removing
fouling problems and improving electron-transfer kinetics,
has recently been reported [155].

To summarize, use of carbon fiber microelectrodes seems
to enable control of surface functional groups to satisfy most
of the criteria for ideal implantable electrodes for dopamine
detection: they are easily and reproducibly fabricated and
small enough to be located in specific areas with minimal
tissue damage. It has also been suggested that carbon elec-
trodes modified with graphene perform better than multi-
walled carbon nanotube-modified electrodes in selective
detection of DA because of m—7 stacking interactions be-
tween dopamine and the graphene surface. Apparently,
these interactions accelerate electron transfer for DA but
hinder oxidation of ascorbic acid on the graphene-
modified electrode, completely eliminating the interfering
signal from ascorbic acid [89]. Another material recently
considered for in-vivo electrochemical detection of dopa-
mine is boron doped diamond (BDD). BDD is known to be
a robust, durable, biocompatible electrode material with low
charging (capacitive) background currents and a wide range
of potential [156]. It is also highly resistant to biological
fouling of its surface [133, 147]. It has been found that
extensive anodic polarization before in-vivo use improved
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mouse brains. (e) Left: elongated diamond microelectrode and guide
cannula. Right: microelectrode positions on the monkey head. POT,
potentiostat. (Adapted, with permission, from Ref. [133])

the selectivity of such electrodes for dopamine, most prob-
ably because of the formation of a carboxyl or hydroxyl-
terminated surface. Such electrodes were found to be less
sensitive to dopamine than CF electrodes, however.

Metal electrodes

Metal electrodes, usually Pt and Au, enable both versatile
surface modification and microfabrication of electrode
arrays for multi-analyte monitoring and multiplexing, par-
ticularly for “lab-on-a-chip” (LOC) monitoring, differentia-
tion, and reporting of catecholamines [121, 157-160]. Gold
has the beneficial properties of adsorbing and preconcentrat-
ing catecholamines on its surface, thus increasing the sensi-
tivity of gold electrodes to these compounds. The gold surface
can, moreover, be easily modified by covalent bonding with
thiol groups, enabling formation of self-assembled mono-
layers (SAMs) with different functionality facing the external
solution [161]. Miniature gold electrodes prepared in this way
have been used to characterize a variety of neurotransmitters
(including dopamine) and interfering agents, and the results
have been compared with analogous results obtained by use of
carbon fiber microelectrodes [120].

Miniaturized enzymatic electrodes; biosensors

As already mentioned, there are relatively few reports of
fabrication and use of miniaturized enzymatic biosensors for
in-vivo experiments. Early reports describe ceramic-based
lithographically prepared electrode arrays for electrochemi-
cal measurement of neurotransmitters [162]. These arrays
were coated with glutamate oxidase crosslinked with bovine
serum albumin via glutaraldehyde treatment. Their
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voltammetric performance was characterized in the presence
of dopamine and hydrogen peroxide yet they were not used
for in-vivo dopamine measurements. A polyphenol oxidase
has also been used to prepare electrochemical microsensors
for detection of dopamine and glutamate [74]. However, this
enzyme was not selective for dopamine. Catalytic com-
plexes that mimic the active site of catecholases have also
been used in sensors of phenolic substrates [163—165].
Despite the innovative technology used in the nanosens-
ing devices discussed above, as far as we are aware only one
in-vivo enzymatic microbiosensor for dopamine detection
has been reported [55]. This biosensor was fabricated by
immobilizing tyrosinase in a matrix consisting of chitosan
and ceria-based metal oxides (CeO, and TiO,) deposited on
a carbon-fiber microelectrode. The chitosan coating resulted
in a biocompatible sensor and, after optimization, the bio-
sensor was reported to have an extremely large linear range,
between 10 nmolL ™' and 220 umolL ™' dopamine, and
sensitivity of ca 14 nApmol 'L. Sensor selectivity against
ascorbic acid (AA), uric acid (UA), serotonin, norepineph-
rine, epinephrine, and L-DOPA was also tested. Lack of
responsive to AA and UA was attributed to the low operat-
ing potential of the sensor, and insensitivity/low sensitivity
to serotonin, L-DOPA, norepinephrine, and epinephrine was
attributed to the bulkier structure of these compounds,
which cannot reach the active site of tyrosinase [55].

Conclusions and perspectives

In this brief review we have discussed recent achievements in
the development of dopamine sensing. Many advances have
been made in the construction of sensors in laboratories, on
the bench, leading to a wealth of information on the produc-
tion of DA electrochemical sensors with detection limits in the
picomolar range, selective and specific toward DA, yet easy to
operate and reusable or single-use but cost-effective. The
biosensors described above are based on tyrosinase attached
to different types of immobilizing and signal-transducing
substrates, which enable electroanalytical detection. However,
the analytical performance of some of these biosensors, for
example low detection limit and low linear range of sensor
response, clearly indicate that, in the presence of dominant
interferents, determination of dopamine at the nanomolar lev-
els characteristic of living system is rarely possible. The
situation is very similar for the chemical sensors used for
dopamine detection. Many new materials, for example carbon
materials (carbon fibers, carbon nanotubes, graphene), nano-
particles, clusters (Au, Ag, Pd, Cu, semiconducting oxides,
magnetic oxides, among others), conducting polymers, and
ionic liquids, have been used for sensor construction to im-
prove their performance. However, the desired nanomolar
limit of detection has been obtained in a few cases only, when
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electrodes modified with conducting polymers and metal (Pd,
Cu) nanoclusters and/or nanoparticles have been used for
selective, simultaneous determination of DA in the presence
of a variety of interfering agents.

Rapid progress in the use of these new materials for
sensor construction has not been accompanied by appropri-
ate characterization of the sensors. For biosensors, tyrosi-
nase activity is very rarely determined after its entrapment in
the matrix (in the bulk or attached to the surface). Enzyme
loading also is usually unknown and uncontrolled. The
situation is similar for chemical sensors also—surface prop-
erties and nanoparticle load are rarely controlled.

To our surprise, few kinetic data have been reported for
enzymatic reactions of tyrosinase in the presence of dopa-
mine, so it is impossible to compare kinetic data for DA
electrooxidation, for example electron-transfer rate constant,
or to relate these to the surface properties and analytical
performance of such sensors.

To summarize, proper characterization of sensors, i.e.
determination of kinetics and analytical performance, then
correlation of these with material properties is more impor-
tant than relentless application of increasingly sophisticated
composites or new materials to sensor construction.

Currently available methodology for miniaturization
could take advantage of developments in real-time mapping
of neurotransmitter release zones on cell surfaces, with high
spatial and temporal resolution both in vitro and in vivo,
e.g., for monitoring of dopamine synaptic trafficking. Al-
though technology, including sensor arrays, is available for
combined monitoring of multiple catecholamines, design of
sensor—solution interfaces for determination of the selectiv-
ity and sensitivity of sensors awaits further improvement.
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