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ABSTRACT: In the ever-expanding field of conducting
polymer research, functionalized graft hybrid copolymers
have gained considerable interest in the biomedical engineer-
ing and biosensing applications, particularly. In the present
work, a new biosensor based on conducting graft copolymer
for the detection of phenolic compounds was developed.
Thereby, a robust and novel material, namely “polythiophene-
g-poly(ethylene glycol) with lateral amino groups” (PT-NH,-g-
PEG) hybrid conducting polymer was synthesized via Suzuki
condensation polymerization and characterized with 'H NMR
analysis, UV—vis spectroscopy, gel permeation chromatog-
raphy (GPC) and fluorescence spectroscopy. PT-NH,-g-PEG
architecture was then applied as an immobilization matrix to
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accomplish extended biosensing function. In a typical process, Laccase was utilized as a model enzyme for the detection of
phenolic compounds. Detailed surface characterization of PT-NH,-g-PEG/Lac was performed by cyclic voltammetry,
electrochemical impedance spectroscopy, atomic force microscopy, fluorescence microscopy and scanning electron microscopy
measurements. Optimum pH and polymer amount were found to be pH 6.5 and 0.5 mg polymer, respectively, with the linear
range of 0.0025—0.05 mM and 132.45 pA/mM sensitivity. The kinetic parameters of PT-NH,-g-PEG/Lac are 0.026 mM for

K, P and 7.38 pA for [

max/

respectively. Furthermore, the PT-NH,-g-PEG/Lac biofilm was retained 82% of its activity for 12 days
indicating excellent recovery as tested with artificial wastewater.
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B INTRODUCTION

There exists a wide variety of organic materials that are
developed to be used in many biological processes. These
materials include synthetic polymers, ceramics, carbonated
structures, tissue- or cell-derived natural polymers, and
composites made from variety combinations of such materi-
als."” Apart from many functional organic materials, conducting
polymers (CPs) have presented great potential in the area of
sensors, anticorrosion coatings, batteries, capacitors, actuators
and optical devices.”" These types of polymers (also known as
electro-active conjugated polymers) illustrate tremendous
conductivity and mechanical strengths and processability. By
taking into consideration of the excellent properties of CPs,
they have been used as an immobilization matrix to generate a
supportive layer in biosensing applications. To create a stable
and cost-effective immobilization platform, several immobiliza-
tion strategies such as noncovalent interactions (physical
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adsorption, electrostatic assembly, hydrophobic interactions)
or covalent binding of biological element have been
developed.”™

Among various electro-active conjugated polymers, polyenes
and polyaromatics like polyaniline (PAn), polypyrrole (PPy),
polythiophene (PT), poly(p-phenylene), poly-
(phenylenevinylene) (PPV) classes have been extensively
investigated in chemical sensing applications.'’ Advances in
the field of bioimaging have profoundly impacted the use of
water-soluble biopolymers. Intensive research activity has
focused on the development of fluorescence-based water-
soluble organic conjugated polymers relying on s-electron
delocalization features.'' Among the vast number of -
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conjugated polymers, PTs and its derivatives are the most
promising polymer in terms of relatively good electrochemical,
electrochromic, luminescent, and shielding properties.'”"’
Water solubility, primary essential requirement in biological
process, relies on the existence hydrophilic supports such as
poly(ethylene glycol) (PEG), which comes to the forefront
from a highly versatile class of polyethers. PEG combines
excellent solubility in both water and organic solvents with
biocompatibility. These materials exhibit no antigenicity,
immunogenicity, or toxicity and are consumed in human
body as approved by the U.S. American Food and Drug
Administration." "'

Phenolic compounds are the waste products of current
industrial activity relevant to water, sewage, soil and even food.
Phenolic compounds are also known as toxic structures to the
most living organism. Concomitantly, their toxicity increases
owing to their poor biodegradability.m Nowadays, there are
some developed technical standards to determine phenolics
such as colorimetric, gas and liquid chromatography, capillary
electrophoresis, and their variations.'” Even though, conven-
tional standardized techniques enable accurate data for the
estimation of several phenolic compounds, these approaches
are highly expensive and time-consuming. As a consequence,
novel strategies for the detection of phenolic compounds are
needed. Within this framework, enzymatic biosensors are
manifested as a promising technology via many advantages like
being portable, cost-effective and facile determination of the
phenolic structures.'®

Until now, laccase (Lac), tyrosinase, and peroxidase
biosensors have gained popularity in the determination of
phenolic compounds. Among these three enzymes, Lac
biosensors have gained more attraction and used to combine
to various biodetecting platforms. Lac immobilization was
established to analyze various phenolic compounds via direct
adsorption, covalent binding, entrapment in polymeric gels or
membranes and cross-linking processes. Recently, a number of
new support matrices, namely epoxy resin membranes,"”
multiwalled carbon nanotube (CNT) paste electrodes,”
chitosan/CNT nanocomposites,”’ pyrenehexanoic acid-modi-
fied hierarchical carbon microfibers/CNT composites,22 poly-
(vinyl alcohol) photopolymers,” diglycerylsilane sol—gel
matrix,”* self-assembled monolayers of 3-mercaptopropionic
acid”® and quantum dot modified gold surfaces,” polyethyle-
nimine coated gold nanoparticle modified glassy carbon
electrodes (GCEs),”’ and multiwalled CNTs/PPy electro-
deposited platinum electrodes®® have been developed. In a
recent report, Songurtekin et al. constructed a Lac biosensor by
using newly synthesized histidine intercalated montmorillonite
clay minerals and successfully applied for the analysis of
phenolics.”

Herein, we describe a novel Lac biosensor where
polythiophene-NH,-g-poly(ethylene glycol) (PT-NH,-g-PEG)
conducting polymer was used as immobilization platform. After
the polymer was drop-coated on the graphite electrode (GE),
surface characterization was performed by using various
techniques such as electrochemical techniques, microscopy,
and so on. Lac immobilization was carried out by cross-linking
of the enzyme on PT-NH,-g-PEG via glutaraldehyde (GA)
through pendant amino groups present in the structure. Prior
to sample application, electrochemical biosensor characteristics
were investigated by using catechol as a model phenolic
compound.

2. EXPERIMENTAL SECTION

Materials. Laccase (Lac; EC 1.10.3.2, from Agaricus bisporus, 8.85
Unit/mg) was obtained from Biochemika. Catechol, glutaraldehyde
(GA) solution (25%, v/v), phenol, ascorbic acid, uric acid, 3-
acetamidophenol, tetrahydrofuran (THF), tetrakis (triphenylphos-
phine) palladium(0) (Pd(PPh,),), thiophene-3-carboxylic acid,
thiophen-3-ylmethanol, phosphorus tribromide (PBr;), N-bromosuc-
cinimide (NBS), 4-(N,N’-dimethyl) amino pyridine (DMAP),
dicyclohexylcarbodiimide (DCC), poly(ethylene glycol) mono methyl
ether (PEG,g), phthalimide potassium salt and hydrazine mono-
hydrate (98%), 2,5-thiophenediboronic acid were purchased from
Sigma-Aldrich. Ethanol was purchased from MERCK. All other
reagents used were of analytical grade.

Measurements. 'H NMR spectra were performed with an Agilent
VNMRS 500 MHz, and chemical shifts were recorded in ppm units
using tetramethylsilane as an internal standard. UV/vis absorbance
measurements were recorded on a Shimadzu UV-1601 spectrometer.
Fluorescence measurements were performed with a model LS-50
spectrometer from PerkinElmer at room temperature. Gel-permeation
chromatography (GPC) measurements were carried out in Viscotek
GPCmax auto sampler system. Instrument was equipped with a pump
(GPCmax, Viscotek Corp., Houston, TX), light-scattering detector (4,
= 670 nm, Model 270 dual detector, Viscotek Corp.) consisting of two
scattering angles: 7° and 90° and the refractive (RI) index detector
(VE 3580, Viscotek Corp.). Both detectors were calibrated with PS
standards in the narrow molecular weight distribution. Three
ViscoGEL GPC columns (G2000HHR, G3000HHR and
G4000HHR) employed with THF in the 1.0 mL min~" flow rate at
30 °C. All data were analyzed using Viscotek OmniSEC Omni-01
software.

Synthesis of 2,5-Dibromothiophene-3-carboxylic acid (1). Thio-
phene-3-carboxylic acid (2g, 15.6 mmol) and NBS (6.4 g, 35.9 mmol)
were added to dry S0 mL of DMF under nitrogen atmosphere. The
solution was stirred at 50 °C under nitrogen for 24 h. The reaction
mixture was washed with brine. After that, the aqueous layer was
extracted with CH,Cl, and the organic layers were combined, dried
over Na,SO, and concentrated under reduced pressure to yield 1 (2.6
g, 60%, white powder). '"H NMR (d-DMSO, 500 MHz): § 7.43 (s,
1H), 13.32 (s, 1H), (Supporting Information, Figure S1).

Synthesis of Dibromothiophene-Functional PEG Macromono-
mers (DBT-PEG). 2,5-Dibromothiophene-3-carboxylic acid (1) (4.1 g,
14.3 mmol), DMAP (174.7 mg, 1.43 mmol), Me-PEG,,,—OH (25.74
g, 12.87 mmol) were dissolved in 100 mL of dry CH,Cl, under
nitrogen atmosphere. To this solution was added DCC (3.246 g, 15.7
mmol) in 20 mL dry CH,Cl, dropwise under nitrogen. Then, the
reaction mixture was stirred for 5 days at room temperature. After that,
the mixture was filtered and washed with 250 mL of CH,Cl, The
organic phase was quenched with 10% NaHCOj; and brine, and then
dried over Na,SO, The solution was concentrated and passed through
a silica-gel column using CH,Cl, as eluent. After removal of solvent in
vacuo, the polymer was precipitated in cold diethyl ether and dried to
yield DBT-PEG (18 g, 85%, white powder). '"H NMR (CDCl,, 500
MHz): § 3.85—3.46 (broad), 3.38 (broad), 7.34 (s, 1H), (Supporting
Information, Figure S2).

Synthesis of (2,5-Dibromothiophen-3-yl)methanol (2). To the
solution of thiophen-3-ylmethanol (6.45 g, 56.5 mmol), in 180 mL of
dry THF, NBS (22.13 g, 12.42 mmol) was drop-wisely added and
stirred for 3 days at room temperature under nitrogen atmosphere.
The solvent was evaporated in vacuo. Then, the remaining crude
material was washed with KOH (1.0 M, 30 mL), extracted with diethyl
ether and purified by flash column chromatography (SiO,, hexan/ethyl
acetate = 4:1, as eluent) to yield 2 (6.4 g, 41% brown oil). '"H NMR
(CDCl,;, 500 MHz): 6 1.91 (broad, 1H), 4.55 (s, 2H), 7,0 (s, 1H),
(Supporting Information, Figure S3).

Synthesis of 2,5-Dibromo-3-(bromomethyl)thiophene (3). To the
solution of 2 (6.4 g, 23.52 mmol), in 30 mL of dry CH,Cl, at 0 °C
under nitrogen atmosphere, PBr; (4.5 mL, 47.88 mmol) was added
drop-wise and stirred at room temperature under nitrogen atmosphere
for 24 h. Then, the solvent was evaporated in vacuo and oil residue
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treated with NaHCO; (30 mL, 10%) at 0 °C and extracted with
CH,Cl,. The organic layer was evaporated and purified by flash
column chromatography (SiO,, hexan) to yield 3 (5.6 g, 71%, white
solid). 'H NMR (CDCl,, 500 MHz): 5 4.38 (s, 2H), 6.99 (s, 1H),
(Supporting Information, Figure S4).

Synthesis of 2-((2,5-Dibromothiophen-3-yl)methyl)isoindoline-
1,3-dione (4). To the solution of 3 (4.0 g, 12 mmol) in 10 mL of
dry DMF, potassium phthalimide (3.3 g, 18 mmol) were added. After
stirring for 24 h at 160 °C in a Schleck tube under nitrogen
atmosphere, the reaction mixture was poured into water. The
precipitate was washed with water, purified by flash column
chromatography (SiO,, CH,CL,), precipitated in ethanol and dried
under vacuum to yield 4 (3.2 g, 66%, white solid). '"H NMR (CDCL,,
500 MHz): & 4.77 (s, 2H), 699 (s, 1H), 7.93—7.69 (m, 2H),
(Supporting Information, Figure SS).

Synthesis of (2,5-dibromothiophen-3-yl)methanamine (MA-
DBT). The solution of 4 (3.2 g, 7.98 mmol) in 150 mL of absolute
ethanol with 25 mL of hydrazine were stirred at 90 °C for S h in a
Schlenck tube. After allowing to cool to room temperature, the solvent
was evaporated in vacuo and residue treated with NaHCO; (SO mL,
10%) and extracted with CH,Cl, to yield MA-DBT (0.5 g, 74%, yellow
oil). '"H NMR (CDCl,, 500 MHz): 6 2.35—1.94 (m, 2H), 3.74 (s, 2H),
6.95 (s, 2H), (Supporting Information, Figure S6).

Synthesis of Polythiophene with Primary Amine and PEG Side
Groups (PT-NHy-g-PEG). The reaction solution was prepared with 30
mL of THF and 20 mL of aqueous 2.0 M K,COj; solution under
nitrogen. Prior to use, this solution was degassed by bubbling nitrogen
over a period of 30 min. In the 10 mL of the reaction solution, MA-
DBT (0.81 g 3.0 mmol), DBT-PEG (2.3 g 1.0 mmol), 2,5-
thiophenediboronic acid (0.704 g, 4.1 mmol), Pd(PPh;),) (0.092 g,
0.08 mmol) was dissolved in a Schlenk tube under nitrogen. The
reaction mixture was freed from air by freeze—thaw technique and
then stirred at 70 °C for 4 days under vacuum. After stirring, the
reaction mixture was extracted with CH,Cl, and small amount of
water. The organic phase was concentrated and precipitated in excess
diethyl ether to yield PT-NH,-g-PEG (1.57 g, white powder). 'H
NMR (CDCl;, 500 MHz): § 1.94—1.65 (broad), 3.38 (broad), 3.45—
3.8 (broad), 7.58—7.01 (broad).

Biosensor Fabrication. Initially, the GE was polished on wet
emery paper and rinsed with distilled water. Afterward, 1.0 mg of PT-
NH,-g-PEG was dissolved in 2.0 mL of a sodium phosphate buffer (50
mM, pH 6.5)/THF (19:1 v/v) mixture. To construct the modified
electrode, we mixed 5.0 L of the PT-NH,-g-PEG solution (0.5 mg/
mL), 1.0 mg of Lac (2.5 yL in sodium phosphate buffer (50 mM, pH
6.5) and 2.5 uL of GA (2.5% in sodium phosphate buffer (50 mM, pH
6.5)) and dropped onto the electrode and allowed to dry at ambient
conditions for 90 min. Prior to measurements, the electrode surface
was rinsed with distilled water to eliminate the unbounded residues.

Surface Characterization. Cyclic voltammetry (CV) measure-
ments were performed to investigate oxidation and reduction current
peaks in the potential range of 0.005—0.2 V, in the presence of 5.0 mM
[Fe(CN)¢]*~* as redox probe and 1.0 mM KCl as supporting
electrolyte. Electrochemical impedance spectroscopy (EIS) measure-
ments were performed in sodium phosphate buffer (S0 mM, pH 6.0)
in the presence of 5.0 mM, [Fe(CN)s]*”/* and 0.1 M KCl with a
frequency range from 0.03 to 1000 Hz at 0.18 V. CV and
chronoamperometric measurements were carried out with a PalmSens
Potentiostat (Palm Instruments, Houten, Netherlands). A CHI 6005C
electrochemical analyzer (CH Instruments Incorporation, Austin, TX)
was utilized for the EIS analysis.

Upon electrochemical characterization, microscopic techniques
were used to prove surface modification. Morphology of the modified
surface was imaged by scanning electron microscopy (SEM, Jeol JSM
6400 model, Japan). Furthermore, atomic force microscopy (AFM,
Nanosurf AG FlexAFM model with a 10 ym high resolution scan head,
Switzerland) and fluorescence microscopy (Olympus BXS3F,
equipped with a CCD camera (Olympus DP72)) were also used for
the surface imaging after deposition of the biofilm on transparent
indium tin oxide (ITO) glasses by spin-coating technique.

Electrochemical Measurements. Electrochemical measurements
of the PT-NH,-g-PEG/Lac responses were carried out chronoampero-
metrically in working buffer solution by applying a potential of —0.05
V. A three-electrode system consisted of the GE as the working
electrode, platinum as the counter electrode and Ag/AgCl electrode as
the reference electrode was used. Briefly, when the analyte is
introduced into the reaction cell, immobilized Lac is oxidized by
molecular oxygen and then, reduced again by phenolic substrates,
acting as electron donors for the enzyme regeneration and then, the
phenolic substrates are converted into quinone, phenoxy radicals, or
both, and subsequently, these products can be reduced at the electrode
surface.>® All amperometric measurements were performed in a batch
mode. The enzyme electrode was initially equilibrated in 10 mL of S0
mM sodium phosphate buffer (pH 6.5). Prior to the substrate
addition, current signal was reached a steady-state value. Differences in
the current responses after catechol injection into the reaction cell,
were recorded as current signal (¢A). Working buffer was refreshed
and the electrodes were rinsed with distilled water after each trial. Each
measurement was repeated at least three times. All reported data were
calculated as the mean + standard deviation (S.D).

Sample Application. Following the optimization and character-
ization steps, PT-NH,-g-PEG/Lac biosensor was applied for the
analysis of phenolic compounds in artificial wastewater sample with
highly acidic and salty nature. The samples were injected instead of the
substrate and recovery (%) was calculated using the standard curve for
the phenol. Experimental analyses were performed in three replicates.
Data were recorded as the mean + SD. The measurements were

carried out at ambient conditions (25 °C).

3. RESULTS AND DISCUSSION

Synthesis of Polythiophene with Primary Amine and
PEG Side Groups (PT-NH,-g-PEG). Discovery of the CPs
paved the way for a new era in the field of organic materials.
CPs, which present a number of considerable advantages
consisting of biocompatibility, entrapment ability, controlled
release of the biological molecules, ability to transfer charge
from a biochemical reaction, are beneficial materials in drug
delivery, tissue-engineering scaffolds and biosensors.’"* Even
though it was synthesized several CPs to create a host structure
for the biological studies, new pathways has to be developed for
enhancing the specificity on cellular adhesion and improving
biological sensing elements. By functionalizing the CPs, novel
architectures on a basic CP backbone was successfully
accomplished to use in biomedical engineering and biodetect-
ing technologies.”> > Among these type of functionalized CPs,
graft copolymers that were generated with well-defined PEG
chains are in attention, recently and provide more biocompat-
ible and increased hydrophilicity.**™** In this concept, a graft
copolymer was synthesized by incorporating PEG and -NH,
moieties to the main-chain PT structure. In related works from
the authors’ laboratory, it was previously reported that PTs can
be combined with various synthetic polymers by the electro-
polymerization of the corresponding thiophene macromono-
mers.””* The strategy for obtaining the designed novel
architecture referred as “PT-NH,-g-PEG” pertains to the
independent synthesis of the Suzuki coupling components.
First, water-soluble thiophene macromonomer with PEG chain
was prepared by taking advantages of Steglich esterification
which is well-known method under mild conditions with the
favorable catalytic action of 4-dimethylaminopyridine
(DMAP)."" The macromonomer, DBT-PEG was readily
synthesized by a two-step procedure: (1) N-bromosuccinimide
(NBS) bromination of thiophene-3-carboxylic acid and (2)
esterification reaction of 2,5-dibrominated 3-thiophene carbox-
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ylic acid (1) with commercially available poly(ethylene glycol)
monomethyl ether (Scheme 1).*

Scheme 1. Synthesis of Dibromothiophene-Functional PEG

Macromonomers, DBT-PEG
o]
0O~
7\
Br S Br
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o s Iﬁ
N\ NBS CH3-PEG-OH
S B
DBT-PEG

r DMAP Dcc

To pave the way of amino functional conducting polymers
with water-soluble sequences as effective candidates for
biological applications, the other component, 2,5-dibromothio-
phen-3-yl)methanamine (MA-DBT) was prepared via Gabriel
sysnthesis** through transformation of primary alkyl halides
into primary amines. The synthetic work presented in Scheme
2 involves two different bromination techniques of thiophen-3-

Scheme 2. Synthesis of Primary Amine Functional
Monomer, MA-DBT

HO HO Br
NBS PBr;
g o o
S Br S Br Br S Br
o 3
(j:é”"\ DMF
o
0
N
Br Br S Br
4

MA- DBT

ylmethanol to reach the intermediate 3. Then, the substitution
reaction with the conjugate base of phthalimide gave the
corresponding N-alkyl phthalimide, 2-((2,5-dibromothiophen-
3-yl)methyl)isoindoline-1,3-dione (4). The yield of reaction
was considerably increased by using preformed potassium salt
of phthalimide, instead of phthalimide, facilitating the reaction
to be conducted in a polar protic solvent such as DMF under
homogeneous conditions. Reaction of the imide derivative, 4,
with hydrazine in the presence of methanol results in the
formation of the final primary amine, MA-DBT. Phthalhy-
drazide formed as a byproduct was readily eliminated due to the
low solubility in organic solvents.

Experimentally, PT-NH,-g-PEG was synthesized by Suzuki
polycondensation of the DBT-PEG macromonomer and MA-
DBT in combination with 2,5-thiophenediboronic acid.
Polymerization was carried out in homogeneous suspension
of THF/water with potassium carbonate in the presence of
palladium catalyst (Scheme 3). The reaction time was
deliberately prolonged to 4 days so as to overcome steric
limitations of the macromonomers and obtain graft copolymers
with adequate molecular weight. Molecular weight character-
istics of the starting macromonomer and the final polymer are
given in Table 1. Expectedly, the graft copolymer has much
higher molecular weight compare to that of the macro-
monomer. The broader molecular weight distribution of the

Scheme 3. Synthesis of Polythiophene with Primary Amine
and PEG Side Groups (PT-NH,-g-PEG)

ffnﬁ

MA-DBT DBT-PEG

Pd(PPhs) | THF / H,0

PT-NH,-g-PEG

Table 1. Molecular Weight Characteristics of the Starting
Macromonomer and Graft Copolymer

polymer M, (g mol™")* M, /M,
DBT-PEG 5500 1.24
PT-NH,-g-PEG 9100 2.06

“Determined by GPC with light scattering detector according to
polystyrene standards.

graft copolymer may be attributed to the nature of the step-
growth polymerization.

The structure of PT-NH,-g-PEG was confirmed by "H NMR
analysis. As can be seen Figure 1, in addition to characteristic

PEG, b

CDCI, a
ap <) O~
HaN °
TN s lr N s
| S N S WA
T T T T T T T T T T T
8 7 6 5 4 3 2 1 0
&/ppm

Figure 1. "H NMR spectra of PT-NH,-g-PEG (a) before and (b) after
proton exchange.

signals of PEG and PTs units, the primary amine protons
appear at 1.58 ppm. Notably, these protons disappear after D,O
proton exchange clearly verifying the presence of primary
amine groups in the structure.

Photophysical properties of the graft copolymer were also
investigated in dilute DMF solution. As can be seen from
Figure S7 (Supporting Information) where UV—vis absorption
spectra of PT-NH,-g-PEG and its precursors were recorded, the
final graft copolymer exhibits strong broad absorption band at
300—425 nm arising from the supplementary conjugated
thiophene rings in the main chain.

Figure S8 (Supporting Information) shows the fluorescence
spectra of PPP-NH,-g-PEG with a nearly mirror-image relation
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Figure 2. (A) Cyclic voltammograms of modified surfaces on graphite electrodes. (B and C) Scan rate effect of PT-NH,-g-PEG coated and PT-NH,-
g-PEG/Lac coated surfaces. (D) Nyquist diagrams of modified surfaces on graphite electrodes. [Measurements were carried out in S0 mM sodium
phosphate buffer (pH 6.5) in the presence of 5.0 mM [Fe (CN)s]*/#" and 0.1 M KCI].

between absorption and emission spectra. It is also seen that
while the excitations in both solvents present similar trend, the
corresponding emission in water is slightly blue-shifted relative
to that in DMF. Table S1 (Supporting Information)
summarizes photophysical data of the studied polymer in the
dilute DMF and water solution. The absorption and emission
of the graft polymer are essentially determined by the basic
chromophore system of coumarin 1 solution according to the
IUPAC technical report.*”

It should also be noted that the fluorescence spectrum has a
small shoulder emission at lower wavelength which may arise
from the random placement of the macromonomer sequences
in the backbone. Moreover, the aggregations that are taking
place during the nanoparticles formation through the self-
assembling of PT's backbones in solution create the blue-shifted
shoulders in asymmetric shape.*”*” In fact, this aggregation
derives from strong interactions between hydrophobic back-
bones and aromatic 7—x stacking of conjugated backbone in
water that severely decreases their water solubility and
photoluminescent quantum efficiency.**™>°

Preparation and Surface Characterization of PT-NH,-
g-PEG/Lac Biosensor. Biosensor was prepared by the
immobilization of enzyme Lac onto PT-NH,-¢g-PEG. The
amine groups present in the structure of the graft copolymer
enables cross-linking of the enzyme with the aid of GA. PT-
NH,-g-PEG/Lac biofilm covered on graphite electrode was
characterized using both electrochemical and microscopic
techniques. As the electrochemical techniques, CV and EIS
measurements were performed to detect the electrochemical
behavior on GEs. CVs for bare electrode, PT-NH,-g-PEG and
PT-NH,-g-PEG/Lac surfaces were compared via current
responses in the CV diagrams (Figure 2A). The decrease in
the anodic and cathodic current peaks was monitored step-by-
step. The oxidation and reduction peak potentials are obtained

20616

as 0.28 and 0.14 V for bare electrode (peak-to-peak separation
of 0.14 V), 038 and 0.08 V for PT-NH,-¢-PEG modified
electrode (peak-to-peak separation of 0.3 V) and 0.4 and 0.04 V
for PT-NH,-g-PEG/Lac electrodes (peak-to-peak separation of
0.36 V). The observed values indicate that the electron transfer
between electrode and electrolytes were hindered due to the
presence of the coating on the surface, demonstrating
successful immobilization of Lac and polymer on GE. In a
previous study, a similar behavior was observed when GE was
coated with poly(BODT-co-FMOC) conducting copolymer
film to monitor the inhibition effect of drugs on immobilized
acetylcholinesterase/choline oxidase. Likewise, the peak
potentials was shifted and decreased after coating the
electrode.”” 1Tt is quite reasonable that randomly adsorbed
polymer on the electrode could affect the peak currents after
the modification due to the PEG groups on the backbone of
PT. PEG residues could also interact with the graphite and
impede the contact of water-soluble redox probe with the
surface. Additionally, a diffusion problem due to the presence of
both biomolecule and polymer cross-linked on the surface, may
also contribute to the observed drop. On the other hand, to
monitor the electrocatalytic property of the polymer, a broad
potential range between —0.4 and 1.4 V was applied to PT-
NH,-g-PEG coated and bare electrodes in 50 mM pH 6.5
phosphate buffer without using the redox mediator. As depicted
in Figure S9 (Supporting Information), the peak currents
belong to the PT-NH,-g-PEG significantly increased compare
to the bare graphite due to the presence of PT structure
indicating successful covering of the surface with the
conducting polymer.

To understand the diffusion phenomena on modified
surfaces, we investigated anodic and cathodic current peaks
belong to PT-NH,-g-PEG and PT-NH,-g-PEG/Lac according
to electrochemical mechanisms at various scan rates (5.0—200
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Figure 3. AFM 3D and phase histograms of the plain ITO, PT-NH,-g-PEG/ITO, and PT-NH,-g-PEG/Lac/ITO surfaces.

mV/s) in the presence of [Fe (CN)¢]>~/*" containing 0.1 M
KCl solution. According to the results presented in Figure
2B,C, polymer coated and polymer-enzyme coated surfaces
created a semilinear diffusion controlled electron transfer in a
manner similar to that of the physical adsorption of intercalated
montmorillonite and microbial cells.'” The linear equations
obtained from the scan rate effect were defined by the following
equations; for PT-NH,-g-PEG anodic and cathodic linear
equations are y = 26.2x + 7.5 (R* = 0.997) and y = 74.28x —
5.97 (R* = 0.998), for PT-NH,-g-PEG/Lac anodic and cathodic
linear equations are y = 18.17x + 4.32 (R* = 0.991). At higher
scan rates, the current peaks deviated from linearity. The
linearity designates that the magnitude of the current is
dominated by the diffusive mass transport, although the
deviation at high scan rate indicates that insufficient solute
reaches to the electrode surface. The exponential peak currents
were monitored at the higher scan rate from 100 mV/s for PT-
NH,-¢-PEG film and 75 mV/s for PT-NH,-g-PEG/Lac film.

The peak potentials were also found to be dependent on the
scan rate indicating a quasireversible character of the electrode
process. Beside these, a further study with CV technique was
conducted to calculate the thickness of the polymer modified
electrode by scanning the electrode between —0.4 and 1.4 V at
100 mV/s. The thickness of the PT-NH,-g-PEG film formed by
physical adsorption was found as 3.0 nm (equivalent of a 0.135
mC charge).

EIS analysis also gives idea about the surface modification
processes. In this study, after the detailed CV interpreting, EIS
measurements were carried out to prove the modification of
polymer-enzyme biofilm. In a Nyquist plot, the semicircular
corresponds to the electron-transfer resistance at the higher
frequency range, which controls the electron transfer kinetics of
the redox probe on the electrode—electrolyte solution interface.
The diameter of the semicircle defines resistance of electron
transfer. In general, the spectra consist of both the semicircular
and linear parts. The obtained spectra can be modeled with
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equivalent circuit models, which are helpful for interpreting the
electrical properties of the surface of the biosensor. As shown in
the Figure 2D, the EIS spectra from the modified surfaces
contain both a semicircle and a linear part. Randle’s equivalent
circuit model was applied to fit results. The circuit model
includes the solution resistance (R), the Warburg impedance
(Z,,) resulting from the diffusion of the [Fe(CN)¢]*~/*~ redox
probe, the double layer capacitance (Cy) and the charge
transfer resistance (R.).””>> The properties of the electrode
interface are defined by R, which is highly sensitive to the
surface structure. According to the semicircle diameters, there
was a dramatic increase due to the modification of electrode.
The corresponding R values are 249 Q for bare graphite, 321
Q for PT-NH,-g-PEG and 493 Q for PT-NH,-g-PEG/Lac film.
This issue can be explained by the modification of the film.
Moreover, it can be seen that the findings from CV results are
in accordance with EIS results.

In addition to the electron transfer properties of PT-NH,-g-
PEG/Lac surface, microscopic techniques such as AFM,
fluorescence microscopy, and SEM investigations were carried
out to illustrate the differences between modified surfaces using
transparent ITO electrodes. AFM is the one of the most
adopted method for the characterization of polymers, since
nonconductive materials can also be analyzed. Moreover, its
sample preparation procedure is easier and it gives more useful
information than SEM and transmission electron microscopy
analyses.”* In the Figure 3A,B, the basic information about
classic ITO topographic surface and also phase histograms are
presented. Topography map bestows morphological data such
as roughness and phase diagram. Accordingly, it can be
understood from the phase differences between the sam;)les,
whether the studied surfaces was uniformly coated or not.”> 3D
Topographical maps show that plain ITO have more
homogeneous pattern than PT-NH,-g-PEG coated on ITO.
Moreover, Lac immobilized PT-NH,-g-PEG/ITO surface also
generated a uniform layer (Figure 3A,C,E). Apart from this, the
roughness data of the samples illustrates the difference between
modified surfaces as plain ITO, PT-NH,-g-PEG/ITO, and PT-
NH,-g-PEG//Lac/ITO have the values of 3.61, 2.31, and 2.06
nm, respectively. Phase histograms gives more information than
topographic map as the amount of details contained is limited
by the surface roughness.’® According to our study, ITO
surface have homogeneous rough area and showed one phase
on the phase histogram. On the other hand, polymer coating
changes the surface roughness and both polymer and ITO
phases could be seen in the phase histograms at the same time.
Additionally, as illustrated in phase histograms (Figure 3B,D,F),
enzyme coating caused a significant decrease in roughness.

Besides AFM analysis, fluorescence images were taken to
confirm PT-NH,-g-PEG deposition and enzyme covering. The
self-fluorescence properties of the polymer enables to visualize
the modified surface and immobilized enzymes can clearly be
seen as spots under the fluorescence microscope (Figure 4).

As a final surface characterization optimized biofilm layer was
monitored via SEM technique. The general morphology of the
PT-NH,-g-PEG/Lac on graphite rod was evidently shown in
Figure S10 (Supporting Information). The figure suggests that
the surface of graphite is completely covered by the polymer
and enzymes could be covalently linked through the cross-
linking reaction of GA favored by the porous structure resulted
from the presence of hydrophilic PEG segments.

Optimization and Analytical Characterization. The pH
change in the environment of biologically active structures like

Figure 4. (A) PT-NH,-¢-PEG and (B) PT-NH,-g¢-PEG/Lac surfaces
on ITO glass.

enzymes affects their three-dimensional structure and charge.
Accordingly, the success of the enzymatic catalysis process
strongly depends on the pH conditions. Therefore, defining
optimum pH values for the enzyme electrode is one of the
important parameters. Biosensor response was recorded at
various pH values using phosphate buffer systems in the range
of 5.5=7.5 using 0.0125 mM catechol as phenolic substrate.
Higher peak current was obtained at pH 6.5 (Figure S).

1101

100

90

Biosensor Response %
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Figure 5. Effect of pH on the responses of PT-NH,-g-PEG/Lac
biosensor. Measurements were carried out at —0.05 V vs Ag/AgCl and
50 mM sodium phoshate buffer in the presence of 0.0125 mM
catechol under ambient conditions. Error bars show the standard
deviation (+SD) of three measurements.

Generally, the maximum activity of Lac immobilized on solid
supports was observed between 5.0 and 6.0.°”°° Further
biosensing applications were carried out at pH 6.5 phosphate
buffer solution.

The effect of polymer amount used in biosensor construction
was also examined. Following the preparation of biofilm layers
by using different amounts of the polymer, calibration curves
were generated with the addition of catechol standard solutions.
Figure 6A demonstrates the general behavior of the PT-NH,-g-
PEG/Lac biofilms prepared in different amounts. The
biosensor constructed with 0.25 and 1.0 mg PT-NH,-g¢-PEG
gave a similar linear equation. For 0.25 mg PT-NH,-g-PEG, the
linear range is between 0.0075—0.1 mM defined by the
equation of y = 14.43x — 0.023 (R* = 0.997). When 1.0 mg
polymer was used, the linearity was in the range of 0.01-0.5
mM and defined by the equation of y = 13.19x — 0.099, (R* =
0.998). Apparently, the biosensor constructed with 0.5 mg PT-
NH,-g-PEG showed the highest higher current responses in
compared to the others. The detection range was 0.0025—0.05
mM (y = 132.45x + 0.183, (R* = 0.998)). In the case of
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Figure 6. (A) Calibration curves belong to different polymer
concentrations used in immobilization of Lac and (B) the calibration
curve of PT-NH,-g-PEG/Lac within the highest sensitivity. (B, Inset)
Graph showing the 0.015 mM catechol addition. Measurements were
carried out at —0.05 V vs Ag/AgCl and 50 mM sodium phoshate
buffer in the presence of 0.0125 mM catechol under ambient
conditions. Error bars show the standard deviation (+SD) of three
measurements.

detection ranges for these calibration curves, 0.5 mg PT-NH,-g-
PEG exhibits better detection features with the concentration
of 2.5 uM catechol (Figure 6B). Furthermore, greater
sensitivity was obtained within this concept as 13245 pA
mM ™" when it was compared to other biosensors prepared with
Lac (Table 2.) On the other hand, the response time for all

constructed PT-NH,-g-PEG/Lac biosensors were similar and
less than 4 s.

The kinetic parameters of the constructed sensor which gave
the best sensitivity were characterized using Lineveawer-Burk
Diagrams..59 The apparent Michaelis—Menten constant (K,,**)
and maximum current (I,,,,) were calculated as 0.026 mM and
7.38 uA, respectively. It is known that the low K, *? value
observed corresponds to a high enzyme affinity toward the
substrate. In addition, the limit of detection (LOD) value of the
PT-NH,-g-PEG/Lac biosensor was calculated according to the
equation 3S,/m, where S, is the standard deviation of 10
measurements for the lowest concentration in the calibration
curve, and m is the slope of the linear regression equation. It
was found that the LOD of the proposed sensor system was
0.01 uM.

To investigate the interference effects on the biosensor
response, several substrates such as uric acid, ascorbic acid,
ethanol, and acetamidophenol (10 uM) were added to the
reaction medium together with 12.5 uM catechol. The same
catechol amount was also introduced into the reaction cell, and
it was observed that initial and last catechol signals were similar.
There was no dramatic change in the current responses when
the 10 uM interferants were added into the reaction cell, as
shown in Figure 7. As a result, constructive biosensor possessed
good selectivity for the detection of phenolics in the presence
of possible interfering compounds.

Other analytical parameters such as repeatability and
operation stability, were also investigated. In a period of 12
days, operational performance of the PT-NH,-g-PEG/Lac was
investigated through 105 measurements, and it was found that
the sensor retained 82% of its initial activity. It should be
pointed out that the optimized biosensor was kept at 4 °C
when not in use and standard deviation (+SD) and coefficient
of variation were found to be 0.05 and 4.1%, respectively. All
these results reveal that the described biosensor exhibits higher
accuracy and stability compare to the systems prepared by
physical adsorption. Besides the operational stability, repeat-
ability was tested upon 10 successive measurements in the same

day.

Table 2. Comparison of the Various Laccase Biosensors for the Detection of Phenolic Compounds

linear range

modified electrode immobilization method (mM)

AuNP/Fullerenols/SPE covalent immobilization 0.03-0.3
(sAM)
SiO,—PA NPs/GCE adsorption 0.0009-0.103
ERM/Pt entrapment/cross-linking 0.0005—0.05
modified graphite/CPE entrapment 0.197-3.24
nafion/BP2000/GCE entrapment 0.003—0.005
polyethersulphone membranes/Pt entrapment 0.002—0.014
electrode

mesoporous silica/ GCE encapsulation 0.002—-0.1
polyethersulphone membranes/Pt covalent immobilization 0.01-0.110
HMDA/Graphite electrode covalent immobilization Up to 0.1
MB-MCM-41/PVA/Au electrode entrapment 0.004—0.088
PT-NH,-g-PEG/GE adsorption 0.0025-0.5

sensitivity K, P Iy

(uA/mM) (mM) (uA) op. stability ref
ND 0.66 6.00 87% in 120 days 60
ND ND ND 80% in 40 days 61
ND 0.0387 0,31 60% in 10 months 19
ND 3.87 ND ND 62
99.84 1.79 51282  96.1% in 20 days 63
0.0566 ND ND ND 64
2.63 ND ND 100% in SO days 65
0,0216 ND ND 38% in 38 days 66
196 0,18 45 No decrease in 67

30 days
ND 0.256 69.589 ND 68
132.45 0.026 7.38 82.08% in 12 days this
work

Op. stability, operational stability; AuNP, gold nanoparticle; SPE, screen printed electrode; SAM, self-assembled monolayer; SiO,—PA NPs, phtyic
acid coated silica nanoparticles; GCE, glassy carbon electrode; ERM, epoxy resin membrane; Pt, platinum electrode; CPE, carbon paste electrode;
B2000, Black Pearl 2000 electrochemical catalyst; PVA, poly(vinyl alcohol); MB, methylene blue; MCM-41, mesoporous silica sieve; ND, not

detected.
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Figure 7. Effect of some substrates (10 #M) added into the cell on the
sensor response measured at —50 mV in pH 6.5 phosphate buffer.
Catechol was added to be 15 yM in the cell for comparison; (EtOH)
ethanol, (AA) ascorbic acid, (AP) 3-acetamidophenol, and (UA) uric
acid.

Sample Application. In the final part of the work, the
developed biosensor was applied to detect phenol in artificial
wastewater which was prepared using 1.0 M HCI solution
containing 50 g/L NaCl and 100 g/L phenol. Prior to sample
application, a new calibration curve for phenol was produced
with the equation of y = 19.1x + 0.063, (R* = 0.993) and at the
detection range of 0.005—0.1 mM phenol. Following the
definition of phenol linearity characteristics, artificial waste-
water was diluted 10 times in the working buffer, and the final
solution was added into the reaction cell for the application.
The corresponding results were compared with those obtained
using known concentrations and 101.8% recovery (n = 4) was
achieved. These results indicate the graft copolymer immobi-
lized with Lac is an efficient biosensor for the detection
phenolic compounds.

4. CONCLUSION

A functional conducting polymer decorated with the PEG
groups was synthesized by Suzuki coupling process in several
steps, and the obtained amino functionalized matrix was
successfully conducted to biosensing applications for the
analysis of phenolic compounds. In the synthetic strategy,
PEG and amine functional dibromothiophenes were prepared
independently and subsequently used in Suzuki polycondensa-
tion in conjunction with 2,5-thiophenediboronic acid using
palladium catalyst to yield the desired graft copolymer. The
data obtained from intense surface characterization suggest that
the hybrid graft PT-NH,-g-PEG copolymer immobilized with
Lac was successfully coated on the surface of the electrode by
generating a homogeneous thin film. Kinetic parameters
(sensitivity, K,*P, I..) of the proposed biofilm bearing
biocompatible PEG residues demonstrate the enhanced
biosensor performance with the retaining activity of enzyme
compare to the other reported works (Table 2). The distinct
advantages of the biosensor also include a good recovery and
applicability to real samples as demonstrated with artificial
wastewater test. Inspired by the successful immobilization of
Lac enzyme and subsequent application as biosensor for the
determination of phenolic compounds, further studies are being
carried out in our laboratories focusing on the use of other
enzymes and their corresponding biosensor applications.
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