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Abstract

Phenolic compounds used in food industries and pesticide industry, are environ-

mentally toxic and pollute the rivers and ground water. For that reason, detec-

tion of phenolic compounds such as catechol by using simple, efficient and

cost-effective devices have been becoming increasingly popular. In this study, a

suitable and a novel matrix was composed using a novel conjugated

polymer, namely poly[1-(5-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']

dithiophen-2-yl)furan-2-yl)-5-(2-ethylhexyl)-3-(furan-2-yl)-4H thieno[3,4-c]pyrrole-

4,6(5H)-dione] (PFTBDT) and carbon dots (CDs) to detect catechol. PFTBDT and

CDs were synthesized and the optoelectronic properties of PFTBDT were inves-

tigated via electrochemical and spectroelectrochemical studies. Laccase enzyme

was immobilized onto the constructed film matrix on the graphite electrode.

The proposed biosensor was found to have a low detection limit (1.23 μM) and a

high sensitivity (737.44 μA/mM.cm−2) with a linear range of 1.25–175 μM.

Finally, the applicability of the proposed enzymatic biosensor was evaluated in a

tap water sample and a satisfactory recovery (96–104%) was obtained for cate-

chol determination.
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1 | INTRODUCTION

Identification and quantification of phenolic compounds
have received exceptional interest from the scientific
community owing to their high toxicity in nature, water
resources and human health. Between the phenolic
compounds, Catechol (1, 2- hydroxybenzene or 1, 2-
benzenediol), is found in many everyday products, such
as cosmetics, pesticides, pharmaceuticals and food addi-
tives.1 It has been classified as a periodic toxic pollutant.
The US Environmental Protection Agency (US EPA) and
the European Commission (EC) have created a list and
special attention has been devoted to catechol because of
its low degradation rate and high toxicity.2 Different

analytical methods have been utilized for the detection of
catechol, such as fluorescence,3 high performance liquid
chromatography,4 and chemiluminescence.5 However,
most of these techniques are not considered as practical
and up to expected standards mainly due to their low
sensitivity, high cost, extensive time and sample han-
dling/preparation requirements. Enzyme-based electro-
chemical biosensors, that overcome the aforementioned
drawbacks, can be one alternative to the current tech-
niques. Enzyme-based electrochemical biosensors are
generally robust and facile sensing systems with rela-
tively low overall cost.6 Most importantly, enzyme-based
biosensors are highly selective and sensitive due to their
specific high affinity toward their substrate.7 Detection of
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catechol or other phenolic compounds can be achieved
by using tyrosinase, laccase or peroxidase enzyme-based
biosensors.

Laccases (benzenediol-oxygen oxidoreductase,
E.C. 1.10.3.2) are copper containing enzymes found in
higher plants, fungi, bacteria, and insects. They reduce
oxygen to water during oxidation of phenolic compounds
in four electron transfer steps without the formation of
hydrogen peroxide.8 Laccases have found use in various
industries, such as bioremediation, paper and pulp, phar-
maceutical, textile and food industries, besides being used
in biosensors.9 One downside of the laccase biosensors is
their stability. To provide suitable matrix for enzyme
immobilization and to enhance stability, conducting
polymers (CPs) have been used in analytical systems due
to their special optoelectronic properties.10–12

The use of conducting polymer films to improve ana-
lytical performance appears to be a strong candidate for
the development of biosensors. CPs permit easy localiza-
tion of biomolecules on transducer surface and enhance
the charge transfer between the active site of the
enzyme and the electrode. Accordingly, they enhance
the stability, sensitivity and the response time of the bio-
sensors by providing a suitable matrix for enzyme
immobilization.13 Thieno[3,4-c]pyrrole-4,6-dione-TPD
has been used as an acceptor moiety in various conju-
gated polymers utilized for organic solar cells. TPD has
a simple, symmetric, fused, planar and compact struc-
ture leading to electron delocalization through the back-
bone of the polymer.14–17 Due to geometric strain, it
exhibits decreased steric repulsion between the neigh-
boring units. Additionally, the interactions between the
sulfur and oxygen atoms lead to backbone planarity.
These features make TPD-based polymers to have rela-
tively lower band gaps and closer π-π interactions,
consequently facilitating the improved charge trans-
port.18 Its strong electron-withdrawing effect leads to
lower highest occupied molecular orbital/Lowest unoccu-
pied molecular orbital (HOMO/LUMO) energy levels and
makes TPD a good accomplice in both intermolecular and
intramolecular interactions.19,20 Besides, TPD is able to
stabilize itself by gaining a quinoidal thiophene-maleimide
structure during excitation resulting in lower band gap
energy.21 TPD moiety can also be modified easily through
the donor benzodithiophene-BDT, mostly to improve poly-
mer's solubility via the introduction of alkyl chains. Thus,
due to its remarkable features, TPD moiety has been
widely incorporated into conjugated polymers via Stille
polycondensation reaction.

One of the most critical steps in the fabrication of
enzyme-based biosensors is enzyme immobilization. In
this step, it is important to attach the recognizing ele-
ment effectively. Otherwise, enzyme may leak from the

electrode surface during analysis hence reducing the sig-
nal and sensitivity of the biosensor. Over the last
20 years, the use of nanomaterials in the construction of
biosensing devices offer unique characteristics that give
sensitive detection of catechol, such as carbon
nanomaterials, metal and metal alloy nanoparticles, and
metal oxides. The small dimensions of nanomaterials
contribute greatly in obtaining a surface that has an
excellent adsorption property. Since nanomaterials have
high chemical stability and high surface to volume ratio,
they provide biocompatible matrices for biosensor appli-
cations.22 Carbon dots (CDs) are a relatively new class of
zero- dimensional (0-D) carbon nanomaterials.23 Even
though CDs have become powerful tools in chemo- and
bio-sensing applications, they have not been explored
widely in electrochemical biosensor applications.24–26

Their excellent properties like low cytotoxicity, simple
synthesis, remarkable conductivity and tunable lumines-
cence activity enable CDs to be useful nanomaterials in
electrochemical biosensor applications. Besides, their
large surface area, ease of modification and excellent bio-
compatibility allow them to increase the amperometric
response significantly.27

Motivated by the abovementioned shortcomings of
current techniques in catechol detection, we constructed
a new biosensor using a thienopyrrole based conjugated
polymer (PFTBDT) and CDs on graphite electrode. While
carbon dots increase electrochemical signal of biosensor,
the polymer enhances the stability and reduces the
response time in the constructed biosensor for catechol
detection. The use of an enzyme-based electrochemical
biosensor is a simple, sensitive and low-cost alternative to
other analytical methods for catechol determination. The
developed sensor was found to have a wider linear
dynamic range (LDR), lower limit of detection (LOD)
and higher sensitivity compared to other catechol biosen-
sors based on laccase. The results obtained in here show
that the biosensor is most sensitive and has a potential
use for catechol detection.

2 | EXPERIMENTAL

2.1 | Materials and methods

Thiophene-3,4-dicarboxylic acid, 2-(tributylstannyl) furan,
laccase (Lac, EC 1.10.3.2 from T. versicolor, 21.8 Unit/
mg), glucose, ethanol, glutaraldehyde (50% wt in H2O),
catechol (as a substrate), and all reagents were pur-
chased from Sigma–Aldrich (Europe) and used without
further purification. 4,8-bis[5-(2-ethylhexyl) thiophen-2-yl]-
2,6-bis(trimethylstannyl)benzo[1,2-b:4,5-b'] dithiophene was
purchased from Solarmer Materials Inc. (Beijing, China).
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NMR spectra were recorded on a Bruker Spectrospin
Avance DPX-400 Spectrometer. Number-average (Mn)
and weight-average (Mw) molecular weights of the poly-
mer were obtained by size exclusion chromatography via
a Shimadzu LC-20AT GPC in chloroform at 40�C. All
electrochemical measurements were performed with a
three-electrode system. A platinum (Pt) wire and a silver
(Ag) wire were used as the counter and the reference
electrodes, respectively, while indium tin oxide (ITO)
coated glass substrate was used as the working electrode.
All potentials are referred to the pseudo-reference Ag
electrode (+ 0.3 V vs Fc/Fc+). Spectroelectrochemical
measurements were conducted with Varian Cary 5000
UV–Vis spectrophotometer and cyclic voltammograms
(CV) of the polymer films were recorded using a GAMRY
Reference 600 potentiostat. In chronoamperometric mea-
surements, a modified graphite electrode (RW001 type,
0.07 cm2) was used as the working electrode. Ampero-
metric studies were performed with PalmSens
potentiostat. Crystallinity of carbon dots was investigated
via X-ray diffraction (Rigaku Ultima-IV). Surface charac-
terizations of the modified electrodes were performed by
scanning electron microscopy (SEM) using a JEOL
JSM–6400.

2.2 | Syntheses of monomers and CDs

CDs were synthesized according to a previously reported
hydrothermal method with a minor modification.28 The
details are given in Supporting Information (Figure S1).
Desired molecules were synthesized according to
reported procedures (Scheme 1).29 PFTBDT was synthe-
sized via Stille polycondensation reaction.

2.3 | Preparation of modified electrode
for biosensor application

To prepare the modified electrodes, bare graphite elec-
trodes were first polished with emery paper and then
thoroughly washed with distilled water. First, 0.5 mg ml−1

CDs solution was prepared and dispersed in N, N-
dimethylformamide (DMF). Five microliters of the pre-
pared solution was drop cast on the cleaned graphite
electrode and allowed to air-dry for 1 h at room tempera-
ture. Afterwards, 10.0 μl of the PFTBDT solution
(1.25 mg per 1.0 ml of chloroform) was coated on CDs-
modified electrode. CDs/PFTBDT-modified electrodes
were allowed to air-dry followed by a distilled water wash

SCHEME 1 Synthetic pathway for the monomer and the polymer [Color figure can be viewed at wileyonlinelibrary.com]

3338 YASA ET AL.

http://wileyonlinelibrary.com


before enzyme immobilization. Ten microliters of laccase
enzyme (10.9 U) in phosphate buffer solution (pH 7.0,
50 mM) and glutaraldehyde solution (1% in H2O) as a
cross linking agent were added onto the modified elec-
trodes and CDs/PFTBDT/Lac electrodes were allowed to
dry at room temperature for 2 h. Finally, the electrodes
were washed with distilled water to remove any unbound
enzyme molecules, before used.

2.4 | Amperometric measurements for
detection of catechol

Amperometric measurements were carried out at ambi-
ent temperature in a sample holder that contains 10 ml
sodium acetate buffer (50 mM, pH 5.5). After the working
electrode reached to equilibrium, catechol solution
(as the substrate) was added to buffer solution and the
current of the working electrode was monitored until a
new equilibrium was established. The difference between
two steady state current values (μA) were recorded as the
biosensor's response. After each measurement, the elec-
trodes were washed with distilled water and reaction
medium was refreshed. Amperometric measurements
were performed at −0.3 V which represents the biological
activity of the enzyme. Additional experimental details
and full characterization data including the NMR spectra
are given in Supporting Information.

2.5 | Computational methods

Density functional theory (DFT) calculations were per-
formed by using the B3LYP/6-311G*hybrid functional30–32

and basis set, using 10−8 RMS density matrix convergence
and 10−6 energy change criteria in Gaussian09 (Revision
A.02).33 Successful results were achieved previously at this
level of calculations for donor-acceptor studies in the liter-
ature.34,35 Results are validated by novel and promising
TPSSh functional.36 HOMO, LUMO, electrostatic poten-
tial surfaces (ESP), counterpoise corrected interaction
energy of PFTBDT with catechol and effect of catechol
on the electronic structure such as charge transfer were
calculated for the geometry optimized structures of tetra-
mer model oligomers with methyl side chains. Vertical
excitation energy of the first singlet excited state S0 ! S1
were calculated by TDDFT calculations in acetonitrile
solvent effect. Vertical ionization potential and vertical
electron affinity were calculated by the energy difference
between the neutral tetramer and cation state of the opti-
mized ground state geometry. Reorganization energies
(λreorg) for the holes were estimated based on the formu-
lation by Bredas et al.37 Periodic cells were minimized by

molecular mechanics methods to understand packing
structure of polymer by adopting polymer consistent
force field38 for 10,000 steps with 12 Å cutoff atomic dis-
tance for vdW interactions and Ewald summation for
electrostatic interactions.

3 | RESULTS

3.1 | Electrochemical and optical
properties of PFTBDT

CV technique was used to investigate the electrochemical
behavior of PFTBDT polymer. Using the CV technique,
redox behavior and doping characteristics of the polymer
were examined. Also, HOMO energy level was calculated
from cyclic voltammogram of the polymer by spray-
coating the polymer solution (6.0 mg of PFTBDT in
1.0 ml of chloroform) onto the glass substrate coated with
indium tin oxide (ITO).

Three electrode system was used in CV experiments,
constructed using a silver wire as the pseudo-reference,
platinum wire as the counter and the prepared ITO as
the working electrode, respectively. The CV studies
were performed at a scan rate of 100 mV/s, under a
potential range between 0 and 1.7 V in 0.1 M TBAPF6/
ACN electrolytic medium. The polymer is p-dopable. It
was doped at 1.47 V and de-doped at 0.98 V. The
HOMO energy was determined as −5.67 eV via onset
value of the corresponding oxidation potential using
Equation 1 where the normal hydrogen electrode was
taken as −4.75 eV against vacuum. The corresponding
oxidation potential was determined from the inter-
ception of the tangent line drawn from the peak and
the baseline in the related cyclic voltammograms
(Figure 1(A)).

HOMO= − 4:75+Eox,onsetð Þ eVð Þ ð1Þ

The LUMO energy was determined from the differ-
ence between the optical band gap at neutral state and
value of HOMO energy level. The LUMO energy level
was found as −4.15 eV. Summary of the electrochemical
parameters for the polymer is shown in Figure 1(B).

Spectroelectrochemical studies were performed to
complement the electrochemical investigation of
PFTBDT thin films. The experimental procedure for the
preparation of the thin film was almost the same with
electrochemical studies. Here, stepwise potential with
appropriate increments was applied to the thin film. The
response of the film to the applied potential was detected
using UV–Vis Spectrophotometer (Figure 2(A)). The
maximum absorption peak of polymer-coated thin film
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in the neutral state was observed at 515 nm. The intensity
of this peak was decreased with increasing applied poten-
tial. Conversely, a polaron band arose with the increasing
applied voltage. The polymer film was reddish green at
1.7 V, while it was dark red in neutral state. Optical band
gap of the polymer was calculated as 1.52 eV using the
onset value which was obtained from the intercept of the
baseline and the tangent from the maximum absorption
peak at neutral state.

Colorimetric investigations of the polymer film were
also performed to determine L, a and b values defined by
CIE (Commission Internationale de l'Eclairage) where L
stands for luminescence, a stands for red/green and b
stands for yellow/blue coordinates, respectively. The
observed color change along with the corresponding L, a
and b values are depicted in Figure 2(B).

PFTBDT polymer films are known to oscillate between
their neutral and p-doped states. Hence, the kinetic studies
were performed to obtain the optical contrast, the percent
change in transmittance, and switching times of the

polymer using UV–Vis Spectrophotometer. Measurements
were performed via the application of varying square-wave
potentials between 0 and 1.7 V within 5 s periods. Percent
optical contrasts between neutral and p-doped states were
measured as 9 and 30% at 515 and 755 nm, respectively.
The switching times were determined as 2.5 and 0.9 s at
515 and 755 nm, respectively from the time duration
between the two applied voltages at a 95% contrast. Per-
cent transmittance changes of the polymer film at 515 and
755 nm are depicted in Figure 3(A) and the obtained
kinetic parameters are given in Figure 3(B).

3.2 | Electrochemical and surface
characterization of electrodes and carbon
dot nanoparticles

Characterizations of the effective surface area of the modified
electrodes were investigated via CV. Voltammograms
were recorded in a solution containing 5.0 mM [Fe(CN)6]

3−,

FIGURE 1 (A) Cyclic

voltammogram of thienopyrrole

based conjugated polymer

(PFTBDT) in 0.1 M TBAPF6/

ACN solution and

(B) electrochemical parameters

of PFTBDT [Color figure can be

viewed at

wileyonlinelibrary.com]

FIGURE 2 (A) Electronic

absorption spectra and

(B) Colorimetric measurements

of thienopyrrole based

conjugated polymer (PFTBDT)

thin film in 0.1 M TBAPF6/ACN

solution [Color figure can be

viewed at

wileyonlinelibrary.com]
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[Fe(CN)6]
4−, 50 mM phosphate buffer solution (pH 7.0)

and 0.1 M KCl under a potential range between −0.6
and 0.8 V at 100 mV/s scan rate. Figure 4 displays the
CVs of the bare graphite electrode (GE), modified elec-
trode (GE/CDs/PFTBDT) and modified electrode with
laccase enzyme (GE/CDs/PFTBDT/Lac) at ambient tem-
perature. Randles-Sevcik equation affirms the direct
relation between effective surface area and the peak cur-
rent.39 The reaction taking place on the working elec-
trode is as the following;

Here, at bare GE electrode, the peak current was
obtained as 86 μA. The peak current jumped to the value
of 202 μA in the GE/CDs/PFTBDT electrode. The
enhancement in the peak current proves the effect of
charge transfer on effective surface area of the modified
GE/CDs/PFTBDT electrode (0.21 cm2). When laccase
enzyme was immobilized onto modified GE/CDs/
PFTBDT electrode, peak current was recorded as 150 μA.
The decrease in the peak current resulted from the insu-
lating character of the biomolecule indicates the effective
immobilization of the enzyme molecule onto the modi-
fied electrode.

Figure 5 displays the surface characterizations of
GE/CDs/PFTBDT and GE/CDs/PFTBDT/Lac electrodes
by SEM. Surface morphology of the only carbon dot-
coated graphite electrode was not observable with SEM.
That is attributed due to small size of the CDs. Image of
GE/CDs/PFTBDT film shows the uniform cauliflower
structure (Figure 5(A)). This uniform cauliflower struc-
ture increased the effective surface area and provided a
proper surface for enzyme immobilization. After laccase
immobilization, surface of the electrode became
smoother compared to GE/CDs/PFTBDT modified elec-
trode (Figure 5(B)). The smoothness of the surface can be
considered as an evidence for successful enzyme
immobilization.

3.3 | Optimization of the modified
biosensor

First, the parameters such as the amount of carbon dots,
PFTBDT, enzyme and pH of the working medium that
affect biosensor performance were optimized to enhance
the response and performance of the modified biosensor.
To determine the optimum amount of CDs, GE/CDs/
PFTBDT/Lac electrodes with varying CD concentrations

FIGURE 3 (A) Percent

transmittance change at 515 and

755 nm with respect to time and

(B) kinetic parameters obtained

for thienopyrrole based

conjugated polymer (PFTBDT)

thin film in 0.1 M TBAPF6/ACN

solution at 515 and 755 nm

[Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Cyclic voltammograms of GE, modified GE/CDs/

PFTBDT, and GE/CDs/PFTBDT/Lac electrodes. CDs, carbon dots;

GE, bare graphite electrode; Lac, laccase; PFTBDT, thienopyrrole

based conjugated polymer [Color figure can be viewed at

wileyonlinelibrary.com]
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ranging between 0.1 and 1.0 mg.ml−1 were prepared and
tested (Figure 6(A)). The best response towards catechol
was achieved with 0.5 mg.ml−1 CD concentration as

depicted in Figure 6(A). Therefore, in the further optimi-
zation steps, CD concentration was kept constant at
0.5 mg.ml−1. The PFTBDT amount was optimized via

FIGURE 5 SEM images of modified surfaces A) GE/CDs/PFTBDT (B) GE/CDs/PFTBDT/Lac. CDs, carbon dots; GE, bare graphite

electrode; Lac, laccase; PFTBDT, thienopyrrole based conjugated polymer

FIGURE 6 The effect of (A) CD amount, (B) polymer amount, (C) laccase amount and (D) pH on laccase biosensor response

3342 YASA ET AL.



using polymer solutions with varying PFTBDT concen-
tration on the CD coated GE electrode (GE/CD). The
polymer solutions with PFTBDT concentrations of 1.75,
1.50, 1.25, 1.0 and 0.75 mg.ml−1 were tested to obtain the
best response. The highest signal was recorded for the
GE/CDs/PFTBDT/Lac electrode with 1.25 mg.ml−1

PFTBDT (Figure 6(B)). Here, the higher concentrations
of PFTBDT were found to be preventing the electron
transfer, while the lower concentrations of PFTBDT were
found to be insufficient for effective charge transfer. The
laccase amount was optimized next. To determine the
optimum enzyme amount, different amounts of enzyme
(4.36–17.44 U) were immobilized onto GE/CDs/PFTBDT.
The highest response for catechol biosensing was
obtained with 10.9 U of laccase as given in Figure 6(C).
For enzyme activity, the pH of the working medium is
also extremely important. Accordingly, to determine the
best response of the laccase biosensor, the sensor was
tested in different buffer solutions with varying pH values
(pH 4.5–7.5). For GE/CDs/PFTBDT/Lac biosensor, the
highest current was obtained in acetate buffer solution at
pH 5.5 (Figure 6(D)). In addition, the optimization exper-
iments for constructed biosensor were performed in the
presence of 125 μM catechol at room temperature.

3.4 | Analytical merits of the catechol
biosensor

Analytical characterization of the catechol biosensor was
examined under the optimized conditions at –0.3 V. The

amperometric response of the modified biosensor was
monitored via the injection of varying catechol amounts.
For GE/CDs/PFTBDT/Lac biosensor, the LDR was
obtained between 1.25 and 175 μM catechol with the
equation of y = 48.31x + 0.4147 (R2 = 0.9994), while the
LOD was calculated as 1.23 μM based on S/N = 3
(Figure 7(A)). Amperometric responses of the modified
electrode in presence of different concentrations of cate-
chol were also represented in Figure 7(B). Additionally,
sensitivity of the biosensor was calculated as 737.4 μA.
mM−1.cm−2 and the response time of the developed bio-
sensor was about 8 s. Stability of the catechol detection
using GE/CDs/PFTBDT/Lac biosensor was also verified
via the recording of amperometric response for 10 mea-
surements under the optimized conditions in the pres-
ence of 125 μM catechol in reaction medium. In order to
test the reproducibility, three different electrodes were
prepared with the same modification and the response of
these three electrodes showed low standard deviation in
the presence of 125 μM catechol. The SD of 10 measure-
ments was found to be as ±0.072, and SD of measure-
ments of three different electrodes was found to be as
7.80% indicating the reproducibility, high reliability and
the robustness of the developed biosensor.

Analytical performance of the developed catechol bio-
sensor was compared to other catechol biosensors using
the same laccase system in Table 1. The comparison
clearly reveals the wider LDR, lower LOD and higher
sensitivity of the developed biosensor in this work.

Finally, the interference effects on the proposed bio-
sensor was investigated in the presence of different

FIGURE 7 (A) Calibration curve of the modified electrode for catechol (in 50 mM acetate buffer, pH 5.5, 25�C, −0.3 V)
(B) Amperometric responses of the modified electrode in the presence of different concentrations of catechol [Color figure can be viewed at

wileyonlinelibrary.com]
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substrates. Urea, ethanol and ascorbic acid were used as
the interfering agents. A volume of 0.05 mM of these
agents were injected into 50 mM acetate buffer at pH 5.5.
Results showed that there was no obvious current change
in the presence of interfering agents. On the other hand,
response of the modified electrode was highly stable
towards catechol (Figure 8(a)). The results obtained in
here clearly demonstrates the specificity and the sensitiv-
ity of the proposed biosensor for catechol detection.
Apart from interfering substances, response of the elec-
trode to other phenolic compounds was investigated. A
volume of 0.05 M of catechol, phenol and hydroquinone
were injected to the system and the only non-negligible
response obtaines was belonging to the catechol (Figure 8
(B)). This clarifies that the proposed system was highly
specific to catechol.

3.5 | Real sample analysis

The analytical applicability of the proposed biosensor
was investigated using tap water. Results are given in
Table 2. Recoveries were obtained by determination of
catechol concentration in the tap water sample after
spiking with known concentrations of catechol. Three
different concentrations (125 μM, high 25 μM, medium
and 5 μM, low) of catechol was chosen for the spiking
experiments. The quantitative recoveries were found to
be as 104, 100 and 96% for the spiked catechol concen-
tration of 125, 25, and 5 μM, respectively. The recoveries
which are near 100% clearly indicates the reliability of
the method for catechol detection. The obtained data
proved that the GE/CDs/PFTBDT/Lac biosensor was
highly accurate and effective for the detection of cate-
chol in real samples.

3.6 | Computational results

Two different conformations were determined for
PFTBDT tetramer. Thiophene sulfur of the TPD acceptor
and furan bridge oxygen have the same direction in the
first conformer (Figure 9(A)). This conformer (conf1) has
a star shape from the edge view due to the dihedral angle
6� angle between TPD and furan at the both sides and
10� average angle between donor group and furan bridge.
Furan oxygens and pyrrole-4,6(5H)-dione oxygens are on
the same side in the second structure (conf2) where dihe-
dral angle between TPD and furan group as well as donor
and furan group are less than 2� in the optimized geome-
try as given in Figure 9(B). Although conf2 has highly
planar geometry which makes it a better candidate as
donor-acceptor conducting copolymer, star shaped conf1
of PFTBDT tetramer is 0.31 eV more stable per donor-
acceptor pair due to the repulsion between furan oxygens
and pyrrole-4,6(5H)-dione oxygens in conf2. DFT calcula-
tions performed for both conformers since molecular
mechanics calculations (Supporting Information) showed
that planar conf2 is more stable in multichain packing
structure contrary to the single chain energy comparison.
This means that both low density star shaped conf1 and
planar well-packed conf2 can present in the PFTBDT
film. ESP mapped onto the conf1 and conf2 showed that
both polymers show a sequential well-differentiated

FIGURE 8 The response of the modified biosensor toward (A) different substrates including catechol (B) phenol derivatives including

125 μM catechol in 50 mM acetate buffer (pH 5.5) at - 0.3 V [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Determination of catechol in tap water

Sample Cadded (mM) Cfound (mM) Recovery (%)

Tap water 0.125 0.130 104

0.025 0.025 100

0.005 0.0048 96
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donor-acceptor structures (Figure 9(C),(D)). Highest elec-
tron density was interestingly observed on the pyrrole-4,6
(5H)-dione oxygens of TPD acceptor that overlap with the
high electrostatic potential of electron donor groups. This
was valid for both conformers, especially can clearly be seen
in the ESP of conf2 (Figure 9(D)). Overlap of electron den-
sity of TPD oxygens with donor is one of the important
properties that provide enhanced effective coupling between
the electron donor and acceptor groups and put TPD for-
ward as an acceptor when it is used with suitable donor.54

Both HOMO and LUMO orbitals mapped on the
PFTBDT are delocalized and distributed along the chain
(Figure 9(E)-(H)). Optical band gap was determined as
1.93 and 1.75 eV for conf1 by B3LYP and TPSSh func-
tionals, respectively. There wasn't a significant difference
between band gap values of conf1 and conf2. Hole reor-
ganization energies are as low as 0.07 eV and 0.08 eV for

two conformers which indicates high carrier mobilities
for the pristine state.

Catechol formed two hydrogen bonding interactions
with the pyrrole-4,6(5H)-dione oxygen on TPD acceptor
in the lowest energy complex formed by PFTBDT and
catechol. Although HOMO orbital does not show any sig-
nificant difference, LUMO orbitals are more localized
onto the TPD acceptor which form complex with catechol
(Figure 9(I),(J)). ESP maps point out a significant charge
transfer from PFTBDT to catechol and disruption in the
sequential (Figure 9(L),(M)). The amount of charge trans-
fer from polymer to catechol based on the electrostatic
potential fitting55 is determined as 0.04 e−/catechol for
both conformers. Vertical electron affinity became more
negative from −2.2 eV to −2.4 eV and vertical ionization
energy is increased from 5.6 eV to 5.7 eV for pristine and
catechol interacted PFTBDT. Most importantly, basis set

FIGURE 9 (A) Star shape

conformation of thienopyrrole

based conjugated polymer

(PFTBDT) (conf1), (B) planar

conformation of PFTBDT

(conf2), (C) Electrostatic

potential surface (ESP) of conf1,

(D) ESP of conf2, (E) Contour

plots of the highest occupied

molecular orbitals (HOMO) for

conf1, (F) HOMO for conf2,

(G) lowest unoccupied

molecular orbitals (LUMO) for

conf1, (H) LUMO for conf2,

(I) LUMO for conf1 and

catechol complex, (J) LUMO for

conf2 and catechol complex,

(K) interaction and ESP of conf1

and catechol complex, (L) ESP

of conf2 and catechol complex,

(M) interaction and ESP of

conf2 and catechol complex

[Color figure can be viewed at

wileyonlinelibrary.com]
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superposition error corrected interaction energy between
catechol and PFTBDT is calculated as −0.46 and
− 0.57 eV per catechol for conf1 and conf2, respectively.
Higher interaction energy observed for planar conf2 is
due the additional interaction between donor side chain
hydrogens and oxygen atoms of catechol (Figure 9(M)).
Two strong hydrogen bonds between catechol and
PFTBDT, charge transfer from polymer to catechol, dis-
ruption of electrostatic potential surface, localization of
unoccupied orbitals on the acceptor group were deter-
mined as the main mechanisms for the observed current
decrease given in Figure 8 leading to the successful
design of catechol electrochemical biosensor with high
sensitivity and selectivity by using PFTBDT.

4 | CONCLUSIONS

In this study, the construction of a catechol electrochemical
biosensor by laccase immobilization onto the modified
working electrode via physical adsorption technique was
reported. Modification was provided with CDs and
PFTBDT coating on the graphite electrode. The proposed
enzyme-based biosensor was optimized in terms of amount
of carbon dots, amount of PFTBDT, enzyme unit and
pH. The constructed biosensor exhibited linearity between
1.25 and 175 μM catechol, with a LOD of 1.23 μM and sen-
sitivity of 737.4 μA.mM−1.cm−2. The probe was also highly
selective toward catechol such that it did not show any
response to the tested interfering agents. The applicability
of the biosensor was demonstrated in tap water via the
obtained high recovery rates. In conclusion, a novel, robust
and a highly sensitive biosensor for catechol determination
using carbon dots and PFTBDT was developed in here and
compared to the previously reported studies the developed
biosensor is advantageous due to its wider LDR, lower
LOD and higher sensitivity. We believe the developed
method can be a reliable alternative to the routine quantifi-
cation of catechol in various matrices.
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