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Abstract: This work presents a proof of concept of a novel, simple, and sensitive method of detection
of dopamine, a neurotransmitter within the human brain. We propose a simple electrochemical
method for the detection of dopamine using a dopamine-specific aptamer labeled with an
electrochemically active ferrocene tag. Aptamers immobilized on the surface of gold screen-printed
gold electrodes via thiol groups can change their secondary structure by wrapping around the target
molecule. As a result, the ferrocene labels move closer to the electrode surface and subsequently
increase the electron transfer. The cyclic voltammograms and impedance spectra recorded on
electrodes in buffer solutions containing different concentration of dopamine showed, respectively,
the increase in both the anodic and cathodic currents and decrease in the double layer resistance
upon increasing the concentration of dopamine from 0.1 to 10 nM L-1. The high affinity of aptamer-
dopamine binding (KD = 5 nM) was found by the analysis of the binding kinetics. The occurrence
of aptamer-dopamine binding was directly confirmed with spectroscopic ellipsometry
measurements.

Keywords: dopamine; electrochemical biosensor; aptamer; cyclic voltammetry; electrochemical
impedance spectroscopy; spectroscopic ellipsometry

1. Introduction

Neurotransmitters are chemical messengers that enable neurons to communicate with each
other or to stimulate responses from glandular or muscle cells [1,2]. One important member of this
family is dopamine (3,4-dihydroxyphenethylamine), a member of the phenethylamine and
catecholamine families of compounds. It plays several important roles in the brain and the central
nervous system as well as in the cardiovascular, renal, and hormonal systems [1,2]. Control of
dopamine levels is extremely important; for example, the lack of dopamine is an indicator of
Parkinson’s disease. Other neurological disorders such as schizophrenia and Alzheimer’s also
demonstrate abnormal dopamine levels [1,2]. It is obvious therefore that monitoring dopamine levels
is necessary in the diagnostics and treatment of these conditions.

The detection of dopamine in blood or urine samples is typically done in specialized laboratories
using methods such as ELISA (enzyme-linked immunosorbent assay) as well as other spectrometric,
fluorescence, colorimetric, and electrochemical methods. However, these tests often require complex
laboratory equipment and are expensive and time consuming. A simple point-of-care test would
greatly reduce the time and cost of dopamine determination.
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Electrochemical methods have been proposed due to their relatively high speed of response,
specificity and the use of relatively simple and inexpensive equipment. A large amount of work has
been done on the electrochemical detection of dopamine and other neurotransmitters [2,3]. Dopamine
can be very easily detected in an aqueous solution by electrochemical methods such as cyclic
voltammetry since dopamine undergoes electrochemical oxidation. However, a major issue is the
selectivity since complex matrices such as blood contain a range of other oxidizable compounds such
as urate or ascorbate which would also generate signals, leading to inaccurate readings. Selectivity
towards dopamine is therefore required.

A wide range of electrode materials have been proposed to increase the selectivity of dopamine
detection [2,3]. A few recent examples include the use of materials such as Nafion combined with
graphite [4] or multi-walled carbon nanotubes [5] to improve the selectivity towards dopamine.
Other researchers have utilized graphene-modified screen-printed electrodes [6] or graphene
aerogels [7] as substrates for the selective determination of dopamine. Composites of carbon
nanotubes and graphene oxide could be used to determine dopamine, nitrate, ascorbate, and urate
[8]. Metal nanoparticles have also been utilized, for example palladium nanoparticles combined with
graphene [9], which were used as a base of electrochemical determination of dopamine whereas a
gold nanoparticle/DNA/polymer composite could be used for the simultaneous determination of
dopamine, uric acid, guanine, and adenine [10]. Composites of gold nanoparticles with conducting
polymers have also been used for the selective determination of dopamine [11]. Boron-doped carbon
nanotubes could be used to determine levels of dopamine and ephedrine in the presence of urate [12].
Composites of graphene oxide with Bi2Ssnanorods were used for the electrochemical determination
of dopamine [13], and arrays of cylindrical gold nanoelectrodes could be used for both the detection
of dopamine and for the immobilization and growth of human neural cells [14]. Many other systems
based on organic and inorganic materials have been reported for the sensing of dopamine [2,3].

Synthetic bio-receptors such as aptamers appeared to be highly attractive for selective detection
of dopamine [15-17]. Aptamers are artificial, relatively short single strand DNA or RNA oligomers
having a particular sequence of nucleotides designed to accommodate a target molecule, e.g.,
dopamine. On binding their target, the aptamers adopt a conformational change from a relatively
simple chain structure into a complex 3D shape that wraps around the desired target. A combination
of high selectivity of biological systems with the stability and possibly for large scale synthesis of
artificial systems make aptamers especially attractive for a wide range of applications; several
reviews on the properties and applications of aptamers have been published recently [15-17].

Several research groups have studied the use of aptamers as the recognition elements in
dopamine sensors. A 58-nucleotide aptamer could be combined with gold nanoparticles to give a
colorimetric sensor for dopamine where the process of aptamer-dopamine binding facilitates
aggregation of gold nanoparticles and subsequent color change [18]; a linear detection range of 5.4 x
107M to 5.4 x 10-°M and a detection limit of 3.6 x 107 M were reported. In other work, aptamers for
dopamine and gold nanoparticles were combined; the resultant composite underwent fluorescence
resonance energy transfer with rhodamine B, quenching its fluorescence. Addition of dopamine
prevented this, allowing the detection of dopamine between 2.6 x 108 M to 2.9 x 106 M with a
detection limit of 2 x 10°M [19]. Surfaces modified with small neurotransmitters such as tryptophan
or dopamine have been shown to selectively bind aptamers from solution [20].

Electrochemical methods have also proved suitable. An aptamer for dopamine could be
electrostatically adsorbed onto an aminothiol modified gold surface. Binding of dopamine at such
aptamer-modified gold electrodes allowed the detection of dopamine by direct oxidation in the
physiologically relevant concentration range of 1 x 107M to 5 x 10 M [21]. In other work, gold
nanoparticles could be chemically modified with a single-stranded DNA that was complementary to
a dopamine aptamer [22]. Addition of the aptamer led to formation of the duplex on the nanoparticle
surface. In addition to dopamine, the duplex was disrupted with the aptamer binding to dopamine,
the gold nanoparticle is released and adsorbs onto a carbon nanotube modified electrode and
detected by differential pulse voltammetry, allowing determination of dopamine at levels as low as
1 x10*M. A glassy carbon electrode modified with gold and platinum nanoparticles could also be
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used to immobilize a single stranded DNA complementary to a dopamine aptamer, addition of the
aptamer caused the formation of duplex that could then act as a host for intercalated methylene blue,
which is detectable by differential pulse voltammetry [23]. Addition of dopamine caused disruption
of the duplex, release of methylene blue and subsequent decrease in the electrochemical signal.
Dopamine could be determined between 1 x 10°M to 3 x 108 M with the detection limit of 2.2 x 100 M.

In the above cases, the use of aptamers combined with either optical or electrochemical
indicators and sometimes oligonucleotide counter-strands was required. In this work, we report on
a simple electrochemical detection of dopamine using a specific aptamer labelled with redox group
(ferrocene). This approach was utilized earlier by Marty for detection of mycotoxins, particularly
ochratoxin [24], and it was recently successfully adapted for detection of heavy metal ions (Hg? and
Pb?) in water [25]. This work is therefore focused on expanding the principle of electrochemical
sensing using redox-labelled aptamers for detection of dopamine.

2. Materials and Methods

2.1. Aptamers and their Immobilization.

A DNA-based aptamer against dopamine was obtained from Sangon Biotechnology Co. Ltd.
(Shanghai, China) has the following sequence of nucleotides [18]: C5'-GTC TCT GTG TGC GCC AGA
GAA CACTGG GGC AGA TAT GGG CCA GCA CAG AAT GAG GCC C-C3'" and was functionalized
with thiol groups and ferrocene labels at C3' and C5' termini respectively. The aptamers were
immobilized on the surface of gold screen-printed electrodes following the protocol described
previously [25]. Stock solution of the required aptamer was diluted to 1 uM in phosphate binding
buffer (PBB) supplemented with 1 mM of 1,4-dithiothretiol (DTT) and 3 mM of MgClz. The addition
of DTT led to splitting of the S-S bridge joining two aptamers subsequently releasing thiol (SH) end-
groups for binding to the gold surface, while the Mg?* ions stabilize the secondary structure of the
aptamer. Before immobilization, the aptamer solution was activated by rapid (1 min) heating up to
95 °C followed by 1 min cooling at 4 °C using a conventional thermocycler PCR (polymerase chain
reaction) unit (TECHNE PCR, TC-3000). Immobilization was carried out by casting aptamers solution
onto the screen-printed gold electrode surface; the samples were then incubated for 4 h at room
temperature in a 100% humidity chamber. The unreacted aptamers were removed from the electrode
surface by several rinses with non-folding buffer (HBB), then the screen-printed gold electrode with
immobilized aptamers were kept in HBB in the fridge to prevent aptamers from coiling. The
electrodes with immobilized aptamers could be kept in such conditions for a long time (few weeks)
without losing their functionality. The aptamers, which may change their stable secondary structure
during storage, can be revived by thermocycling the electrodes immersed in PBB [25]. The electrodes
with immobilized aptamers can be also recovered after the use by thermocycling (which causes
aptamers to uncoil and release the analyte molecules) and subsequent washing out of the released
analytes [25].

2.2. Electrochemical Measurements

The measurements of cyclic voltammograms (CVs) were carried out using a DropSTAT4000P
potentiostat from DropSens controlled by Autolab software and DropSens screen-printed gold
electrodes (SPGEs). These electrodes have a conventional three-electrode configuration with gold
working and counter electrodes, and Ag/AgCl pseudo-reference electrode. CV measurements were
carried out on electrodes with immobilized aptamers, first, in pure buffer solution (HBB), then in
HBB with the sequential addition of different concentrations dopamine, e.g., 0.1, 0.5, 1.0, and 10 nM L.
Typical incubation time was 3 min, which secured the saturation of the response (see the kinetics
study in the experimental results section below). The selected range of concentrations corresponds to
typical amounts of dopamine in blood [1,2].

The voltage range between —0.5 and +0.5 V was selected for these measurements in order to
observe the characteristic peaks of the ferrocene group. The selection of a fixed voltage of +0.2 V for
further analysis allowed monitoring of both the oxidation and reduction currents peaks considering
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their 0.2 V expansion on both sides. The aptamer/dopamine binding kinetics at different
concentrations of dopamine were studied by recording the time dependence of the cathodic currents
on the SPGEs at a fixed potential of 0.2 V. Control measurements were taken on electrodes without
immobilized aptamers. Also, negative control measurements were carried out on aptamer-
functionalized electrodes using another analyte molecule, ie., vitamin C, which is not
complementary to the aptamer used.

Electrochemical impedance spectra (EIS) were recorded using an impedance spectroscopy
instrument PARSTAT 4000 A and gold interdigitated electrodes (from Metrohm, DropSens)
containing 250 fringes on each side spaced by 5 um; the overlapping length was 6.76 mm. The AC
voltage amplitude was 5 mV, and the frequency was varied from 0.1 Hz to 100 kHz; no DC bias was
applied. Similar to CV measurements, the EIS measurements were carried out on electrodes both
coated and non-coated with aptamers, in buffer solutions containing different concentrations of
dopamine and vitamin C (negative control).

Complementary optical characterization of aptamers layers immobilized on 25-nm thick gold
films thermally evaporated onto microscopic glass slides was carried out with spectroscopic
ellipsometry using a J. A. Woollam M2000VI instrument operating in total internal reflection mode
(TIRE) [26]. The process of dopamine binding was monitored by changes in the thickness of the
aptamer layer as a result of coiling of the aptamer around the target analyte.

3. Results

3.1. Cyclic Voltammograms (CV)

Typical CVs recorded on DropSens screen-printed three-electrode assemblies with immobilized
aptamer in buffer solutions containing different concentrations of dopamine are shown in Figure 1a.
Both anodic and cathodic peaks observed at about 0.4 and 0.2 V, respectively, are associated with
redox activity of ferrocene-labelled aptamers. The relative changes in the amplitudes AI/I = (I - Iry) /
Iirs of both anodic and cathodic currents are correlated with the concentration of dopamine in buffer
as illustrated on the inset in Figure 1a; the increase of dopamine concentration from 0 (pure buffer)
to 10 nM L causes increases in both cathodic and anodic currents. The observed saturation of current
is caused by the saturation of molecular receptors, e.g., aptamers. Negative control measurements in
PBB containing 10 nM of vitamin C, which is not complementary to the aptamer used, showed no
response.

1.0

I {nA)

V (V) (b)

(a) (b)

Figure 1. Typical cyclic voltammograms (CVs) recorded on electrodes with (a) and without (b)
immobilized aptamers in PBB containing different concentrations of dopamine. Inset in Figure 2a
shows the relative changes of both anodic and cathodic currents vs. dopamine concentration.
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Control measurements carried out on bare electrodes without immobilized aptamers show very
small (less than 1 pA) current, which increases slightly with the increase in dopamine concentration
(see Figure 1b) because of the redox activity of dopamine [27]. All measurements were repeated from
3 to 5 times, and typical results are presented.

The results shown in Figure 1a could be understood in terms of the following model. Binding of
dopamine causes a change in the aptamer conformation, which brings the ferrocene label closer to
the electrode surface, thus enhancing the charge transfer. Such processes illustrated schematically in
Figure 2 cause the increase of the amplitudes of characteristic anodic and cathodic current peaks in CVs.

Figure 2. The scheme of electrochemical aptasensing of dopamine.

3.2. Electrochemical Impedance Spectroscopy Measurements (EIS)

Figure 3a displays typical EIS recorded on interdigitated electrodes with immobilized aptamers
immersed in PBB containing different concentrations of dopamine. The Nyquist plots in Figure 3a
are almost perfect semi-circles (a typical feature of electrochemical processes not limited by diffusion)
with the diameter strongly dependent of dopamine concentration. The increase in dopamine
concentration causes both the reduction in Nyquist semi-circle diameter and their shift to lower
values of Zr.. Such behavior could be explained in terms of a simplified (without diffusion-associated
impedance) equivalent circuit model [28] shown as an inset in Figure 3a.
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Figure 3. Nyquist plots of electrochemical impedance spectra (EIS) data on electrodes with (a) and
without (b) immobilized aptamers at different concentrations of dopamine. Arrows show the
direction of frequency increase. Insets in Figure 3a shows the equivalent circuit model (left) and the
dependence of Ror on dopamine concentration (right).
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According to this model, Z_Re”0=R_DL + R_S at low frequencies (w=0, far right end of Nyquist plot), while
Z_Re”=R_S at high frequencies (w=c, far left end of Nyquist plot) [28], where RDL and RS are respectively the
resistances of a double layer and electrolyte solution. Therefore, the characteristic parameter of RDL can be found
by subtracting Z values at lowest and highest frequencies: R_DL=Z_Re”0-Z_Re"*e. The dependence of RDL on
the concentration of dopamine is shown as inset in Figure 3a. The reduction in RDL upon increase in dopamine
concentration is in line with the CV results as well as with the electrochemical aptasensing model in Figure 2.

EIS measurements on electrodes without immobilized aptamers in buffer solution with the lowest (0.1 nM
L") and highest (10 nM L) concentrations of dopamine show practically no changes in Nyquist plots (see Figure
3b), which confirms the CVs results in Figure 1b. Negative control experiments using a non-complementary to
the aptamer used target molecule (vitamin C) showed no changes in the EIS graphs. The EIS measurements were
repeated from 3 to 5 times, and typical results were presented.

3.3. Evaluation of Low Detection Limit

The values of low detection limit (LDL) in CV and EIS measurements were estimated,
respectively, from the dependencies of relative changes of current (Al/I') and double layer
conductance (1/Rp,) against the total concentration of dopamine in semi-logarithmic coordinates shown
in Figure 4. Because both CV and EIS measurements were carried out in a series of scans with
sequential increasing of dopamine concentrations (i.e., 0.1, 0.5, 1, and 10 nM), the total concentrations
of dopamine bound to aptamer were 0.1, 0.6, 1.6, and 11.6 nM.

The accuracy of CV measurements was in the range of 1%, thus LDL was found by linear
extrapolation of the AI/I vs. C dependence (Figure 4a) to a triple level of noise estimated as 0.03. The
LDL values of 60 pM and 90 pM were found for anodic and cathodic current, respectively. The EIS
measurements allowed the evaluation of Ror with the accuracy of about 1Q . For LDL evaluation, it
is more convenient to use the reciprocal value of a double layer conductance (Sp, = 1/Rp;). Using
the values of Rp about 1 kQ at low concentrations of dopamine, the Sp; noise level can be estimated
as ASp, = ARp,/Rj, = 107° S or 0.01 mS, which is practically a zero level in Figure 4b. The intercept
of the linear approximation of 1/Rp,vs. C graph at low concentrations yields the LDL value of 20 pM
for EIS measurements. The above LDL estimations showed that the EIS method is more sensitive as
compared to CVs.

l -
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0.8 - ’
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0.6 1 cathodic
= ] ' o
<
04
»
a
0.2 4 (@)
0 . .
0.01 0.1 10
C(nMm)
25 4
e
20 A
€ 15 ]
e 10 ]
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sy . (b)
0 +—==— T T T
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Figure 4. Evaluation of low detection limit (LDL) in CV (a) and EIS (b) measurements.
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3.4. The Study of Aptamer-Dopamine Binding Kinetics

Typical time dependencies of cathodic current (at—0.2 V) at different concentrations of dopamine
are shown in Figure 5. As one can see, the increase in dopamine concentration leads to faster
saturation and smaller current changes. The full saturation of responses was practically achieved in
60 s, which justified the 3 min incubation time in CV and EIS measurements. The analysis of binding
kinetics was carried out using the differential equation for adsorption/desorption processes on
molecular binding sites on the surface [29,30], which is particularly suitable for a monolayer of
aptamers immobilized on the surface of screen-printed gold electrodes. According to this approach,
the binding kinetics is best described by a rising exponential function with the reciprocal time
constant (1/7) dependent of analyte concentration (C) as:

I=l,(1-e7); =kt (1)

where k, and kg are, respectively, the rates of adsorption and desorption. The values of time
constant (T) were found at every concentration of dopamine, and the linear plot of 1/7 vs. C is
shown as inset in Figure 5. The values of k, and kg were obtained from that graph as the gradient
and intercept, respectively. Then both the association (K,) and affinity (Kp) constants of binding can
be determined as:

KA = ka/kd and KD = 1/KA (2)

The obtained values for aptamers-dopamine binding are Ka =1.81 x 108 M and Kp = 5.52 x 10~
M or 5.52 nM, which confirmed the high affinity of the aptamer used, similar to that of antibodjies.

0.0
-01 4
-0.2 4
>
(o]
G -0.3-
® 1 1/=k C+k,
a 0.4 k,=0.08792 (nmol s)
= 1 k =0.48558 (s")
T .05
1 10
-0.6 4 C (nmollL)
07 T T T T T
80 100 120
ti(s)

Figure 5. Time dependencies of Ic (at —0.2 V) at different concentrations of dopamine. Inset shows the
linear dependence of 1/7 vs, C and the values of k, and k, found.

3.5. Spectroscopic Ellipsometry Measurements

The method of total internal reflection ellipsometry (TIRE) was used in this work as a
complementary technique to confirm the process of binding dopamine to aptamer. The method of
TIRE being a combination of SPR (surface plasmon resonance) and spectroscopic ellipsometry proved
to be particularly useful for detection of small molecules, such as mycotoxins, in direct assays either
with specific antibodies or aptamers, as was outlined earlier in several publications, for example [26].
The schematic diagram of TIRE is shown as inset in Figure 6. In contrast to traditional SPR which
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records the amplitude of reflected p-polarized light, in TIRE, both the amplitude-related parameter
¥ and phase-related parameter A are recorded with the latter being much more sensitive to changes
in the film thickness [26]. A series of TIRE measurements were carried out on samples of thin (25 nm)
gold films evaporated onto glass slides with dopamine-specific aptamers immobilized on the gold
surface, a typical set of A spectra are shown in Figure 6.

As can be seen, the spectra of A progressively shift to the left (to shorter wavelengths) after
binding dopamine, which corresponds to decrease in the aptamer layer thickness. These results

confirmed once again the model of electrochemical aptasensing outlined earlier and presented in
Figure 2.

300

200|- |

100|- .

Ain degrees

-100 . I L_—
540 550 560 570 580
Wavelength (nm)

Figure 6. Typical series of total internal reflection ellipsometry (TIRE) A-spectra recorded in

phosphate binding buffer (PBB) on aptamer layer (1) and after consecutive steps of binding dopamine
at 0.1 nM (2), 1 nM (3), and 10 nM (4) concentrations.

4. Conclusions

The research carried out proved a concept of electrochemical detection of dopamine using a
specific aptamer labeled with ferrocene and immobilized on the surface of gold screen-printed
electrodes via a thiol group. Both the CV and EIS measurements were capable of detecting dopamine
in low concentrations in the range from 10 nM to 0.1 nM. The LDL (low detection limit) estimated at
the relative current level corresponding to the triple level of noise is about 60 pM for anodic current
and 90 pM for cathodic current measurements; LDL for EIS measurements was estimated as 20 pM.
The estimated LDL values are lower than those reported earlier in [18] and [19]. It also shows that the
EIS method is superior to CVs in terms of sensitivity, and perhaps, more promising for future sensor
development.

The study of aptamer-dopamine binding kinetics revealed a very high specificity of binding with
an affinity constant Ko of about 5 nM. The obtained values of Kp indicate high selectivity of the
aptamers used, therefore a zero response to a non-complementary target such as vitamin C is not
surprising. Independent optical measurements using TIRE confirmed the reduction in the aptamer
layer thickness caused by changes in their secondary structure caused by dopamine binding.

A simple and cost-effective electrochemical aptasensing technology outlined in this work could
be very promising for the detection of dopamine in human body fluids as a possible diagnostic tool
for the early detection of Parkinson’s disease as well as other neurological disorders such as
schizophrenia and Alzheimer’s disease. Further thorough investigation is required to fulfil such
ambitious tasks, which should include stability, reproducibility, and additional cross-sensitivity tests,

and, of course, the detection of dopamine in a complex media including real samples of blood serum
or other body fluids.
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