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In this study, a photoelectroanalytical sensor for determination of adrenaline based on
deoxyribonucleic acid (DNA) and anatase titanium dioxide (TiO2) nanoparticles sensitized with
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) was developed, which we henceforward
call BEDT-TTF/DNA/TiO2/ITO. The photoelectroanalytical sensor showed high photocurrent
to adrenaline under visible light emitting diode (LED) light irradiation in comparison to each
component of the composite material. Under optimized conditions, the BEDT-TTF/DNA/TiO2/ITO
sensor shows a linear response range from 10 nmol L-1 up to 100 µmol L-1 with a sensitivity
of 8.1 nA L µmol-1 and limit of detection of 1 nmol L-1 for the detection of adrenaline. The
photoelectrochemical sensor showed high photocurrent to adrenaline in comparison to photocurrent
response to ascorbic acid and uric acid. The BEDT-TTF/DNA/TiO2/ITO photoelectrochemical
sensor was successfully applied to urine samples, with recovery values between 96 and 106%.
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Introduction
Adrenaline, also known as epinephrine, is one of
the most important message transfer compound in the
mammalian central nervous system, which exist as an
organic cation in the nervous tissue and the biological body
fluid.1 The level of adrenaline in the body affects a series
of actions of the nervous system including the regulation
of blood pressure, heart rate, lipolysis, immune response
and glycogen metabolism.2 In addition, adrenaline has been
advocated during early cardiopulmonary resuscitation,
early defibrillation and early advanced care in cardiac
arrest for decades.3
Therefore, the quantification of adrenaline in biological
samples is of high interest nowadays. Urine represents
one of the most easily attainable and, consequently, very
common samples in adrenaline clinical analysis and
diagnostics. The levels of adrenaline in biological fluids
such as urine depends on the age and condition of the
patient.4 For healthy people, for example, the physiological
concentration of adrenaline found in urine samples are in
nanomolar level (22-109 nmol L-1).5
A number of analytical methodologies have been
proposed for determination of adrenaline such as
*e-mail: flavio.damos@ufma.br

fluorimetric, 6 spectrophotometric, 7 enzymatic radio
immunoassay,8 gas chromatography,9 high performance
liquid chromatography,10 capillary electrophoresis11 and
electrochemical methods.12-15 Despite the high number of
analytical methods for adrenaline determination, most of
them suffer from some disadvantages such as high cost,
long analysis time, extensive sample pretreatment based
on derivatization, extraction and purification as well as
demands for highly trained users. The fluorometric and
radioenzymatic assays are presently the most widely used
techniques for the estimation of plasma, urine and tissue
adrenaline. The fluorometric assay lacks specificity and
sensitivity. The radioenzymatic assay is significantly more
sensitive and specific but is technically very complex, time
consuming and expensive.12
On the other hand, the electrochemical methods are
cheaper, simple and fast in comparison to several analytical
methods. However, the most of electrochemical sensors for
adrenaline show low linear response range or lack with the
limit of detection and sensitivity necessary to adrenaline
detection in biological samples.13-15
Nowadays, the photoelectroanalytical devices have
emerged as a potentially useful and sensitive system
with advantage of high linear response range.16-18 The
photoelectrochemical transduction is based on photocurrent
detection following light excitation of a photoactive
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material. Since the excitation source and detection apparatus
are from distinct nature, the photoelectroanalytical devices
show high signal-to-noise ratio.18,19
The anatase titanium dioxide (TiO 2) has attracted
high attention in the development of photocatalytic
and photoelectrochemical areas due to its nontoxicity,
hydrophilicity, low cost and stability against photocorrosion.19
In addition, the anatase TiO2 shows a band gap with a quite
deep valence band allowing that generated holes tend to
locates on the surface of the particle, which makes it active
to be harvested by free electrons from molecules.19
However, anatase TiO2 shows some limitations as
photocatalyst including the recombination of photogenerated charge carriers and wide bandgap (3.22 eV)
limiting anatase TiO2 to almost only ultraviolet (UV) light
absorption.20 The wide bandgap of anatase TiO2 limits
their potential applications in photoelectroanalytical fields
because UV light may damage the biologic samples.21
A number of strategies have been proposed to improve the
photoelectrochemical performance of TiO2 under visible light
excitation including the doping with transition-metal ions or
oxygen defects into TiO2 lattice as well as dye sensitization.22,23
Thus, the anatase TiO2 has been sensitized with several
compounds in order to make the titanium oxide properties
more attractive to development of photoelectroanalytical
devices including phthlocyanines,24,25 conducting polymers,26
porphyrins,27 lithium tetracyanoethylenide,28 quantum dots,29
among others.
Tetrathiafulvalene is a strong π-electron donor which
has attracted particular attention in the development
of chemical sensors, 30 superconducting materials, 31
ferromagnets,32 non-linear optic devices,33 biofuel cell,34
and recently in development of dye sensitized solar cells.35
The aim of the present work is the development of a novel
photoelectrochemical sensor based on indium tin oxide
modified with anatase TiO2 nanoparticles sensitized with
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF/TiO2)
for adrenaline detection with visible light emitting diode
(LED) light. The photoelectroanalytical sensor showed
a wide linear range, good stability and selectivity to
adrenaline. To the best of our knowledge, this is the first
photoelectrochemical sensor for adrenaline determination
exploiting the interaction between BEDT-TTF and anatase
TiO2 nanoparticles under visible LED light.

Experimental
Materials

All chemicals were of analytical grade and used
as received without any further purification steps.
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Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF),
double-stranded deoxyribonucleic acid (ds-DNA),
adrenaline and indium tin oxide coated glass slides (ITO)
were purchased from Sigma-Aldrich (Saint Louis, USA).
2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES), boric acid, citric acid, phosphoric acid, disodium
and monosodium phosphates (Na2HPO4 and NaH2PO4),
were acquired from Synth, São Paulo, Brazil. All solutions
were prepared with water purified in an OS100LXE system
from GEHAKA Company (Gehaka Ltd., São Paulo,
SP, Brazil). The actual pH of the buffer solutions was
determined with a Quimis pH/Ion Analyser Q400AS model.
The anatase TiO2 nanopowder with nominal particle size
of 25 nm were acquired from Sigma-Aldrich (Saint Louis,
USA). The double-stranded template deoxyribonucleic
acid with UV absorbance ratio (A260nm/A280nm) of 1.9 were
isolated from the calf thymus. The double strand DNA used
in present work is a double helix of a chain of nucleotides
constituted of about 41.9 mole% G-C (guanine-cytidine)
and 58.1 mole% A-T (adenosine-thymine).
Apparatus

Photoelectroanalytical measurements were carried out
with an Autolab PGSTAT 128N potentiostat/galvanostat from
Metrohm Autolab B.V., Utrecht, the Netherlands controlled
by GPES software. All photoelectrochemical measurements
were carried out in a three-electrode system positioned in
a box, which was used for control of the light incidence in
the photoelectrochemical cell. The photoelectrochemical
measurements were performed with a cheap commercial
20 W white LED light as the source of irradiation energy
with emission between 380 and 680 nm. The bare or
modified SnO2/In2O3 coated glass slide (ITO) with surface
resistivity of 8-12 Ω sq-1 was used as the working electrode.
The ITO photoactive area was 0.5 cm2. The ITO glass slides
were of 1.1 mm of thickness and nominal transmittance
of 84% (nominal at 550 nm). The photoelectrochemical
measurements were performed by front side illumination.
A Pt wire was used as counter electrode and Ag/AgCl(saturated)
was used as reference electrode.
Construction of the BEDT-TTF/DNA/TiO 2 photoelectro
chemical sensor

First, an ITO coated glass slide was sonicated and
copiously washed with ethanol and water to remove any
adsorbed species. After that, a suspension was prepared
by mixing 50 mg of anatase TiO2 nanoparticles and 5 mg
BEDT-TTF in 2.5 mL of dimethylformamide (DMF) with
the aid of sonication. The suspension was filtered and the
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solid washed with water and it was let to dry at 70 ºC for
2 h to give BEDT-TTF/TiO2 composite.
Then, 5 mg of the BEDT-TTF/TiO 2 composite
was dispersed in aqueous solution of single-stranded
DNA (ss‑DNA), and the resultant mixture was stirred
for 1 h. The ss-DNA solution was prepared heating
ds-DNA solution at 90 °C for 2 h. After cooling to
room temperature, the resulting materials were then
centrifuged and washed three times with distilled
water to remove excess ss-DNA. The as-prepared
BEDT-TTF/DNA/TiO2 composite was obtained.
Then, 1.0 mg of the BEDT-TTF/DNA/TiO2 composite
was mixed with 50 µL of water with the aid of sonication
for 10 min. Finally, 10 µL of this suspension was placed
directly onto the photoelectrode substrate and allowed
to dry at 50 ºC for 10 min to form BEDT-TTF/ds-DNA/
TiO2/ITO photoelectrochemical sensor. The amount of
BEDT-TFF/DNA/TiO2 dissolved in water was chosen
taking into account the capability of the paste to cover ITO
surface and produce more stable films. Films prepared with
amounts of BEDT-TFF/DNA/TiO2 composite higher than
1 mg dissolved in water produced surfaces that are more
fragile. On the other hand, films prepared with amounts
of composite lower than 1 mg do not produced films with
homogenous surfaces.
Preparation and analysis of urine samples

Urine samples were collected into the plastic tubes
and 6 mol L-1 HCl was added to each one to give solutions
with 1% of HCl.36 The acidified samples were centrifuged
for 30 min at 2500 rpm.37 The supernatant was filtered and
then diluted 10-times with the phosphate buffer solution
(pH 7.0). The solution was transferred into the voltammetric
cell to be analyzed with the photoelectroanalytical sensor
in three replicates. The standard addition method was used
for the determination of adrenaline in real samples.

Results and Discussion
Electrochemical characteristics of the BEDT-TTF/DNA/TiO2
composite photoelectrochemical sensor

Figure 1 shows the amperometric response of 1 mmol L-1
of adrenaline (ADR) in 0.1 mol L-1 phosphate buffer
solution (pH 7.0) on ITO, TiO2/ITO, BEDT-TTF/TiO2/ITO,
BEDT-TTF/TiO2/ITO and BEDT-TTF/DNA/TiO2/ITO
under LED light on and off. The values of the photocurrents
to each one of photosensors previously presented
were 0.0011 ± 0.0002, 0.17 ± 0.01, 1.69 ± 0.05 and
1.91 ± 0.02 µA, respectively.
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Figure 1. Photocurrent response of BEDT-TTF/DNA/TiO 2/ITO,
BEDT‑TTF/TiO2/ITO, TiO2/ITO, and ITO. Experiments carried in
0.1 phosphate buffer solution (pH 7.0) containing 1 mmol L-1 adrenaline.
Eapp = 0.25 V vs. Ag/AgCl.

As can be seen, the BEDT-TTF/DNA/TiO2/ITO shows
higher mean value of the photocurrent as well as presented
lower standard deviation to seven measurements of
photocurrent. The BEDT-TTF/DNA/TiO2/ITO photosensor
presents a photocurrent to adrenaline about 11-fold higher
than that to TiO2/ITO, indicating the high performance of the
BEDT-TTF/DNA/TiO2/ITO photosensor in photo-generate
electrons and holes improving the photoelectrochemical
efficiency. It is probable that the capability of DNA to
form stable biocompatible films can improve the stability
and sensitivity of the platform. In addition, the negative
character of DNA due to phosphate groups in their chains
can favor the interaction between the photocatalyst and
adrenaline molecule, since the last is positively charged at
physiological pH.
Figure 2 shows schematic diagram for the proposed
mechanism to photoelectrochemical oxidation of adrenaline
on BEDT-TTF/DNA/TiO2/ITO. Under white LED light
irradiation, the BEDT-TTF complex adsorbed on anatase
TiO2 nanoparticles surface can absorb the LED light such
as electrons of the dye are excited from highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) state since the BEDT-TTF
complex shows an absorption band at visible region of
the electromagnetic spectrum with maximum at about
460 nm justifying its ability to harvest photons from LED
light.38 The excited electron can then be transferred to the
conduction band of the TiO2 and finally be transferred to
ITO electrode to originate the photocurrent.
On the other hand, the addition of adrenaline to
photoelectrochemical cell can improve the spatial separation
of photogenerated charges such as the holes from TiO2 can
localize on adrenaline and electrons localize within the
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Figure 2. Proposed mechanism for the photoelectrochemical detection
of adrenaline.

lattice of TiO2, which suppress the recombination of charges
and consequently improve the photoelectrochemical
performance of the composite to adrenaline oxidation.
Thus, a higher response to photoelectrochemical adrenaline
oxidation is achieved, when more surface complexes are
formed between the adrenaline and TiO2.
After that, the electron in LUMO state of dye is
transferred to the conduction band of anatase TiO2
nanoparticles and the holes in HOMO state promote the
adrenaline oxidation. In addition, adrenaline can act as a
scavenger of holes generated at TiO2 nanoparticles improving
the spatial separation of charges at valence and conduction
bands of TiO2 nanoparticles. Therefore, the response of the
photosensor depends on adrenaline concentration.

Figure 3. Influence of buffer solution on the photosensor response for
100 µmol L-1 of adrenaline. Measurements were carried out in 0.1 mol L-1
phosphate buffer solution. Eapp = 0.25 V vs. Ag/AgCl.

and potassium ions making possible a better charge
transportation in solution, which may favor the better
charge compensating during the adrenaline oxidation. In
this sense, the phosphate buffer solution was chosen for
further experiments.
After that, the response of the BEDT-TTF/DNA/TiO2
photoelectrochemical sensor to adrenaline was investigated
in phosphate buffer solution with pH ranging from 5.0 up
to 8.0 under an applied potential of 0.25 V vs. Ag/AgCl(sat)
(Figure 4).

Optimization of the BEDT-TTF/DNA/TiO2 photoelectro
analytical sensor response

The influences of buffer solution, solution pH and
applied potential on the BEDT-TTF/DNA/TiO2 sensor
response were evaluated in order to found the best
experimental conditions for adrenaline determination.
In order to evaluate the photocurrent response, the
amperometric response was recorded while the LED light
was turned on and off. Initially, the effects of solution buffer
on the photocurrent of the BEDT-TTF/DNA/TiO2/ITO
obtained for adrenaline was investigated. Figure 3 shows
the response of the BEDT-TTF/DNA/TiO 2 modified
photoelectrode to adrenaline in different buffer solutions,
such as, phosphate, HEPES and Britton-Robinson at
0.1 mol L-1 and pH 7.
The values of photocurrents to 100 µmol L-1 of adrenaline
on BEDT-TTF/DNA/TiO2 modified photoelectrode in
phosphate, HEPES and Britton-Robinson buffers were
0.80 ± 0.04, 0.61 ± 0.02 and 0.45 ± 0.02 µA, respectively.
The best response to adrenaline at phosphate buffer solution
may be due to the high ionic mobility of the phosphate

Figure 4. Influence of pH of the solution on the photosensor response for
100 µmol L-1 adrenaline. Measurements were carried out in 0.1 mol L-1
phosphate buffer solution. Eapp = 0.25 V vs. Ag/AgCl.

The phototocurrent to adrenaline oxidation on
BEDT‑TTF/DNA/TiO2/ITO increased from pH 5.0 up to
pH 7.0. The changes in the solution pH could significantly
affect the relative energies of the sensitizer excited states
and the ITO acceptor states, and accordingly sensitized
photocurrents. It is possible that the LUMO energy levels
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of the dye increase with increasing solution pH, being
favorable to the anodic photocurrent generation. After
that, the response of the BEDT-TTF/DNA/TiO2/ITO to
adrenaline decreased from pH 7.0 until pH 8.0 (Figure 4),
which can be due to the adrenaline decomposition at higher
pH values. Therefore, all subsequent measurements were
carried out in phosphate buffer solution at pH 7.0.
The applied potential was varied from 0.1 up to 0.6 V
in order to evaluate the effect of the electric potential on
the photosensor response to adrenaline (Figure 5). The
photoelectrochemical response of BEDT-TTF/DNA/
TiO2/ITO to adrenaline were 0.21 ± 0.01, 0.72 ± 0.01,
1.04 ± 0.02, 1.27 ± 0.01, 1.34 ± 0.05 and 1.30 ± 0.03 µA
to applied potential of 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 V,
respectively.
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Figure 6. Photocurrent of photoelectrochemical sensor obtained under
optimized conditions to adrenaline concentrations between 0.01 and
100 µmol L-1. Inset: analytical curve.

The photoelectrochemical sensor showed a linear
response range to adrenaline from 10 nmol L-1 to 100 µmol L-1,
which can be expressed according to equation 1 (inset of
Figure 6):
Iphotocurrent (nA) = (25 ± 3) + (8.1 ± 0.1)[Adrenaline] (µmol L-1) (1)

Figure 5. Influence of applied potential on the photocurrent for
100 µmol L-1 of adrenaline. Measurements were carried out in 0.1 mol L-1
phosphate buffer solution.

As can be seen, the photoelectrochemical response of
BEDT-TTF/DNA/TiO2/ITO to adrenaline showed a high
increase until an applied potential of 0.4 V. Therefore, the
measurements with the proposed photoelectrochemical
sensor were carried out in 0.1 mol L -1 phosphate
buffer solution at pH 7.0 under an applied potential of
0.4 V vs. Ag/AgCl(sat) for all subsequent determinations
of adrenaline.
Analytical performance of the BEDT-TTF/DNA/TiO2/ITO
sensor

Figure 6 shows the amperometric response of
BEDT‑TTF/DNA/TiO 2/ITO sensor under an applied
potential of 0.4 V to successive additions of adrenaline into
0.1 mol L-1 in phosphate buffer solution (pH 7.0) under light
off and on, respectively.

with a correlation coefficient of 0.999 (for n = 7).
A detection limit (LOD) of 1 nmol L-1 was determined
using the equation LOD = 3 σbl/slope, where σbl is the
standard deviation of the blank response which is obtained
from 10 replicate measurements of the blank solution
and slope is the sensitivity of the analytical photosensor.
The linear range of response and limit of detection were
analyzed in comparison to electrochemical sensors to
adrenaline reported in the literature (Table 1).39-51
As can be seen, the BEDT-TTF/DNA/TiO 2/ITO
photoelectroanalytical sensor shows a linear range of
response of four orders of magnitude and a limit of
detection of 1 nmol L-1, which were as good as the best
electrochemical sensors to adrenaline. The precision of
measurements using the BEDT-TTF/DNA/TiO 2/ITO
photoelectroanalytical sensor was investigated from
intra-day and inter-day repeatability studies. The relative
standard deviation for 10 determinations of 100 µmol L-1
adrenaline carried out in the same working day was
3.0%. The inter-day reproducibility was performed by
comparing the analytical response of the photosensor for
10 determinations of 100 µmol L-1 adrenaline. The relative
standard deviation of photosensor response for adrenaline at
ten different days was 5.3%. This set of results indicates a
high precision in terms of repeatability and reproducibility
of the measurements obtained using the BEDT-TTF/DNA/
TiO2/ITO photoelectroanalytical sensor.
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Table 1. Comparison of some analytical parameters of sensors for determination of adrenaline
Electrode
DTT-DDT/AuNP/AuE

Technique

Linear range / (µmol L-1)

LOD / (µmol L-1)

Reference

CV

0.1-8

0.06

39

Pt-AuNPs/GCE

DPV

63-400

57

40

PtNP/BMI.PF6/LAC/CPE

SWV

0.99-210

0.29

41

Poly(methyl-Py)/GCE

SWV

0.75-200

0.17

42

P(tau)/GCE

DPV

2-600

0.3

43

PR/PIGE

DPV

3-90

0.8

44

Au/PP/GCE

DPV

0.3-21

0.03

45

PP/MWCNT/GCE

DPV

0.1-8

0.04

46

CHIT/IL/SWCNT/GCE

DPV

1-580

0.09

47

IL/CNT/CPE

DPV

0.3-450

0.09

48

HT/MWCNT/GCE

DPV

0.078-0.2

0.02

49

CuFe2O4/ILs/CPE

SWV

0.1-400

0.07

50

BDDFE

SWV

0.7-60

0.21

51

BEDT-TTF/DNA/TiO2/ITO

PEC

0.01-100

0.001

this work

LOD: limit of detection; DTT: dithiothreitol; DDT: dodecanethiol; AuNP: gold nanoparticle; CV: cyclic voltammetry; GCE: glassy carbon electrode;
DPV: differential pulse voltammetry; PtNP: platinum nanoparticle; BMI.PF6: ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate; LAC: laccase;
CPE: carbon paste electrode; SWV: square-wave voltammetry; Poly(methyl-Py): polymethoxyphenol; P(tau): polytaurine; PR: polyrutin; PIGE: paraffinimpregnated graphite electrode; PP: polypyrrole; ; MWCNT: multi-walled carbon nanotube; CHIT: chitosan; ; IL: ionic liquid; SWCNT: single-walled
carbon nanotube; HT: hematoxylin; BEDT-TTF: bis(ethylenedithio)tetrathiafulvalene.

In order to evaluate the selectivity of proposed
photosensor, the influence of potential interfering agents
commonly existing in the human urine was investigated
(Figure 7).

Figure 7. Photocurrent obtained for proposed photoelectrochemical sensor
toward several foreign species in comparison to that obtained for adrenaline
under optimized conditions at an applied potential of 0.4 V vs. Ag/AgCl.
The concentration of all species was fixed at 100 µmol L-1.

Thus, the effects of substances frequently found in
urine samples, such as ascorbic acid, uric acid, urea,
glucose, folic acid and barbituric acid on the response of
BEDT‑TTF/DNA/TiO2/ITO photoelectroanalytical sensor
were investigated. Solutions of 100 µmol L-1 of these

compounds were freshly prepared under the same conditions
of adrenaline (0.1 mol L-1 phosphate buffer solution, pH 7.0)
at four different concentrations. The photocurrent response of
foreign species was monitored and compared with the signal
obtained to adrenaline. The variation in the photosensor
response was evaluated by amperometry under dark/light
conditions at +0.4 V vs. Ag/AgCl. It was interesting to note
that high concentrations of these foreign compounds showed
very low photoelectrochemical response under the same
conditions of adrenaline (Figure 7).
The stability of the photoelectrochemical sensor
evaluated by successive measurements of the photocurrent
of the BEDT-TTF/DNA/TiO2/ITO sensor to 100 µmol L-1
adrenaline in 0.1 mol L-1 phosphate buffer solution at
pH 7.0. After 100 measurements the photocurrent shows
a decrease of only 6% in respect to the first measurement
of the photocurrent.
Application of BEDT-TTF/DNA/TiO2/ITO photoelectro
analytical sensor in urine samples

The standard addition method was applied for
analysis of human urine samples spiked with adrenaline
for evaluation of the practical usefulness of proposed
photoelectrochemical sensor. The average results of
three replicate measurements of adrenaline with the
BEDT‑TTF/DNA/TiO2/ITO photoelectroanalytical sensor
are summarized in Table 2.
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Table 2. Recovery values of adrenaline (ADR) obtained for two urine
samples (n = 5)

Sample

[ADR] added /
(µmol L-1)

[ADR] founda /
(µmol L-1)

A

B
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